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SUMMARY

We present a basic algorithm for optimal experimental design in distributed fibre-optic sensing.
It is based on the fast random generation of fibre-optic cable layouts that can be tested for
their cost-benefit ratio. The algorithm accounts for the maximum available cable length, lets
the cable pass through pre-defined points of interest, avoids obstacles that the cable must
not traverse, permits the adaptation of geometric complexity of different cable segments and
allows for the incorporation of topography. Furthermore, the algorithm can be combined with
arbitrary measures of the cost-benefit ratio, and its simplicity enables easy adaptations to the
needs of specific applications. In addition to a description of the basic concept, we provide
examples that illustrate the circumnavigation of obstacles, the steering of geometric complexity
and the cable layout optimization in the presence of topographic variations.
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1 INTRODUCTION

Optimal experimental design (OED) is a family of methods used
to find the best possible balance between cost and benefit in the
presence of limited resources. In the context of geophysics, OED
frequently involves the positioning of a finite number of receivers
or sources such that some measure of the obtainable information
is close to its maximum. Practical OED methods have been de-
veloped, for instance, to design seismic networks (e.g. Kijko 1977;
Hardt & Scherbaum 1994) and for various forms of seismic imaging
(e.g. Curtis 1999a, b; Curtis & Maurer 2000; Maurer ef al. 2009,
2010, 2017) and geoelectrical sounding (e.g. Stummer et al. 2004).
Adaptations of geophysical OED have appeared recently in medical
ultrasound tomography (Korta Martiartu ez al. 2019).

The emergence of distributed acoustic sensing (DAS) has pro-
found impact on seismic experiments, for example, in subsurface
reservoir monitoring (e.g. Daley et al. 2013, 2016; Mateeva et al.
2014), volcanology (e.g. Klaasen et al. 2021, 2022; Fichtner et al.
2022b; Jousset et al. 2022), glaciology (e.g., Walter et al. 2020;
Hudson et al. 2021), earthquake-induced ground motion analysis
(e.g. Spica et al. 2020; Yang et al. 2021) and seismic event detec-
tion and monitoring (e.g. Lindsey et al. 2017; Martin et al. 2017,
Thrastarson et al. 2021). The particularities of DAS add complica-
tions and desiderata to OED that are of lesser or no concern when
individual receivers can be placed independently. These include
the requirements to (1) account for the maximum available cable
length, (2) traverse specific points of interest, such as defined start
and endpoints of the cable, (3) avoid obstacles and areas that the

cable is not allowed to cross, (4) account for topography and (5)
steer the geometric complexity of the cable layout as a function of
anticipated data analyses or practical considerations of the cable
deployment. Furthermore, an OED method for DAS should be sim-
plistic in order to enable fast and easy adaptations to specific use
cases. The introduction and illustration of such a basic algorithm is
the primary objective of this work.

The development of an OED method for DAS was motivated
by the actual need to design an active-source experiment around
the EastGRIP ice core drilling project on the Greenland Ice Sheet,
a site characterized by no-go areas and impassable infrastructure.
Alluding to the Greenlandic town where the following concepts were
developed, we refer to the method as the Kangerlussuaq algorithm.

2 THE BASIC KANGERLUSSUAQ
ALGORITHM

The Kangerlussuaq algorithm rests on a simple concept for the
random generation of cable layouts that fulfill the above-mentioned
desiderata and can be tested for their cost-benefit ratio, however
defined. The basic version of the algorithm may be modified and
adapted depending on the needs of a specific application.

2.1 Random generation of admissible cable geometries

At the initial stage, the interpolation points that the cable is re-
quired to pass are connected by straight lines of lengths ¢, ¢5,..., as
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Figure 1. Illustration of successive refinements in cable geometry, starting in panel (a) with two straight cable segments that are required to pass through
the blue interpolation points. The stage-1 refinement in panel (b) is based on the random drawing of new segment lengths ¢; ; from probability densities p;
and the assignment of new interpolation points in accord with the requirement to avoid any obstacles. The identical procedure is repeated in (c) for a stage-2

refinement.L

illustrated in Fig. 1(a). The lengths of the segments must sat-
isfy Y ;¢; < L, where L is the maximum available cable length.
Subsequently, the first segment of length ¢; is refined randomly
by drawing the lengths ¢, | = ¢, , of two new segments from
a probability distribution p;. These new segments subdivide ¢,
as shown in Fig. 1(b). Two ways of subdividing ¢, are pos-
sible (solid black and dashed grey), and one of them is cho-
sen randomly (solid black). Similarly, ¢, is subdivided by ran-
domly drawing ¢, | = ¢, , from a distribution p,. However, in-
stead of choosing randomly between the two refinement options,
only the one that does not cross the red shaded obstacle can be
selected.

To address the optimal design problem, a large number N,
of random stage-1 refinements, as described above, is gen-
erated and inserted into the objective function x that evalu-
ates the problem-specific cost-benefit ratio of a cable geome-
try. Typically, N; will be proportional to the number of ini-
tial segments, and a useful value will most likely be the re-
sult of some trial and error. The geometry with the lowest cost-
benefit ratio is then selected for stage-2 refinements, illustrated in
Fig. 1(c).

As in stage 1, the segments ¢; ; are refined by drawing the lengths
of new segments ¢, ; , from probability distributions p; ;, where i
ranges from 1 to the number of initial segments, and j and & are
either 1 or 2. The choice of one or the other refinement option
is made in accord with the requirement to not cross any obstacle.
The algorithm proceeds by randomly drawing a large number N,
of stage-2 refinements, finally selecting the one that minimizes .
Depending on the complexity of the fibre geometry that is desirable
or tolerable, the same procedure can be repeated with stage-3, stage-
4, etc., refinements.

2.2 Probability densities for new fibre segments

The properties of the Kangerlussuaq algorithm are largely con-
trolled by the choice of the probability densities p;_ that determine
the lengths of new cable segments ¢; ; . Creativity in choosing p; .
is only limited by few constraints on the support of these distribu-
tions. Taking the example of stage-1 refinements, the total length of a
new segment £; ; must be at least half of ¢;. Denoting by ¢™" and ¢/
the lower and upper bounds within which p; is non-zero, this trans-
lates to ¢ = ¢, /2. Analogously, the maximum cumulative length
of new segments must be less than the maximum available cable
length. This implies Y, €M < L/2. At the same time, {™ > ¢min
is required to ensure a non-empty support of p;. One of inifinitely
many possibilities for the choice of £ is "™ = L{;/2) " ¢;.
These upper bounds produce new segments with lengths ¢; ; that
are statistically proportional to the length of the original segment
L.

2.3 Circumnavigating obstacles

Obstacles that block the direct path between two interpolation points
generally lead to the requirement of longer cables. If the maximum
available cable length is insufficient, the circumnavigation of the ob-
stacle may not be possible. The Kangerlussuaq algorithm attempts
to find new interpolation points that are permitted in the sense that
none of the new cable segments traverses the obstacle. In case a
randomly drawn ¢; _ can only place a new interpolation point inside
an obstacle, the random trial is repeated at most n times. Failure
to find a new interpolation point that avoids obstacles after # trials
leads to the termination of the algorithm with the message that the
maximum available cable length is insufficient given the set of re-
quired interpolation points and obstacles. Empirically, n = 20 is a
useful choice.

3 EXAMPLES

We illustrate the basic Kangerlussuaq algorithm with a realistic
example from the EastGRIP camp site, summarized in Fig. 2, where
acable of at most 7 km length and with 10 m receiver (DAS channel)
spacing records waves emitted by 38 sources. Various obstacles are
shown with grey shading. Three points through which the cable
must pass are plotted in blue. For simplicity, we define p; _ as the
uniform distribution in the interval [£M", €],

The goal of the active-source experiment was to constrain az-
imuthal anisotropy and velocity changes with depth. Since the ice
stream can be considered a laterally homogeneous medium over
length scales of few kilometres, this could be achieved through
a sequence of 2-D tomographies, each with source—receiver pairs
within a narrow azimuthal bin. To achieve comparable resolution,
the offset coverage for each azimuth bin should be similar. How-
ever, azimuthal and offset coverage are antagonistic and mutually
dependent. A straight cable offers maximum offset coverage but
implies zero azimuthal coverage. A circular cable has the opposite
effect. In order to find a suitable compromise, we note that each
source—receiver pair is characterized by its offset d and azimuth ¢.
Their ensemble defines a discrete offset-azimuth distribution p(d,
¢) for a given cable geometry. Aiming for a geometry that produces
a broad and evenly distributed range of distances and azimuths, we
define the objective function x as the L, distance between p(d, ¢)
and the normalized uniform distribution p. = const. As discussed
in Section 5 other objective functions can easily be used within
the Kangerlussuaq algorithm, depending on the requirements of
specific applications.

Optimal geometries for different refinement stages are shown
in Fig. 2(a) in different styles. By design, they avoid all obstacles
without exceeding the allowable cable length, while homogenizing
the offset-azimuth distribution as much as possible. Increasing re-
finement stages improve the distribution at the expense of a more

202 Yoley L) uosenb Aq 8/G€89/62¢/1/€€2/aI01ME/IB/WOo dno-olwapede)/:sdiy woly papeojumod



(a) Optimal geometries after 0, 1, 4, 5 refinement stages

3000 | * * | stage 0
i * Xrel = 1.00
* *
* *
1
2000 * * stage
: L i Xrel =0.48
* *
—_ * stage 2 5
‘E‘ 1000 | » * * * * * *x * *x K Xrel =0.39 :
~ El
g
stage 5 5
0 Xrel =0.28
-1000
0 1000 2000 3000

x [m]

stage 0 (initial)

Optimal design for fibre-optic sensing 231

(b) Offset-azimuth distributions for refinement stages 0 and 5
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Figure 2. Optimal cable geometries as a function of refinement stage. (a) Experimental setup with sources marked by red stars and obstacles by grey shaded
areas. Points through which the fibre must pass are shown in blue. The total allowable fibre length is 7 km. Optimal cable layouts for different refinement stages,
including the initial stage, are show in different colours and line styles. Relative objective function values x| for stages 0, 1, 2 and 5 are indicated to the right.
After five refinement stages, the optimal layout, shown as solid black curve, produces an objective function value of xr] = 0.28, relative to the initial value,
which is set to 1. (b) Offset-azimuth distribution of all surface ray paths between sources and DAS channels for the initial geometry and the optimal geometry
after five refinement stages. By design, the final geometry leads to a more homogeneous distribution of offset-azimuth pairs.

complex layout, but after five stages, additional refinements do not
lead to significant further improvements. This slow-down of con-
vergence is typical for optimization algorithms that approach the
optimum, though it may not generally occur after five stages. Using
5000 random realizations per stage, this example took less than 2
min compute time on an Intel(®) Core™ i9 processor. A comparison
of the offset-azimuth distributions in the initial and the fifth stage is
shown in Fig. 2(b). The initial stage, where two straight segments
connect the three required points, produces a heterogeneous offset-
azimuth distribution with few non-empty bins. In contrast, nearly
all offset-azimuth bins are non-empty for the five-stage optimal
solution from Fig. 2(a).

4 VARIATIONS OF THE THEME

The simplicity of the Kangerlussuaq algorithm permits easy adap-
tations to the needs of specific use cases. Below, we describe two
of these, the steering of geometric complexity of different cable
segments and the incorporation of topography.

4.1 Steering complexity

Controlling the geometric complexity of cable segments can be ad-
vantageous in various applications. For example, specific segments
may need to be nearly linear in order to facilitate analysis techniques
such as f~k filtering. Other segments may be given more flexibil-
ity in order to circumnavigate obstacles. Cable complexity can be
controlled through the design of the probability densities p; . To
have more flexibility than in the examples of Section 3, we may
generalize the uniform distribution in [€[", £*] to the uniform
distribution in [€"™, £ + w;  A¢; ], with A¢; = £ — ¢r,
and some weights w; _ between 0 and 1. Assigning numbers close to
0 to certain weights, forces the corresponding segments to be closer
to a straight line, thereby giving more freedom to other segments.
Two examples that illustrate the effect of the weights w;_ are
shown in Fig. 3. The scenario is similar to the one in Fig. 2, but
includes a fourth interpolation point that the cable is forced to
traverse. Assigning the weights w; = 0 to the first segment results
in minimal complexity, that is, a straight line. The weights w,__

= 0.3 for the second segment permits more flexibility but still
results in a nearly straight segment after five refinement stages.
Finally, w; = 1 grants maximum flexibility to the third segment.
For comparison, letting all weights equal 1, gives full flexibility to
all segments, thereby leading to a lower objective y . at the cost
of higher geometric complexity, which may be challenging during
cable deployment.

4.2 Incorporating topography

The basic version of the Kangerlussuaq algorithm can be extended
to cases with surface topography. While an exact version of such
an algorithm would require the calculation of distances on curved
surfaces, a pragmatic approximation requires only minor modifica-
tions. For this, we continue to connect points with randomly drawn
distances by straight lines. In the early refinement stages, cable
segments may therefore be located above or below the surface.
However, as the algorithm proceeds, these misplacement artefacts
become increasingly unimportant. This is illustrated in Fig. 4(a). An
adaptation of the example from Fig. 2 to a scenario with topography
is displayed in Fig. 4(b). Again, by construction, the cable avoids the
obstacles defined in the x-y-plane without exceeding the maximum
allowable length of 7 km, while homogenizing the offset-azimuth
distribution.

5 DISCUSSION AND CONCLUSIONS

We presented an algorithm for OED in distributed fibre-optic sens-
ing based on successive refinements of the cable geometry with in-
creasing complexity. The algorithm meets basic desiderata of typical
DAS experiments and is deliberately simplistic in order to enable
easy application-specific adaptations.

In addition to adaptations that handle complexity and topogra-
phy, more flexibility can be added by drawing start or endpoints
randomly and looping the algorithm over these random locations.
Increased flexibility in the construction of trial geometries may
also be desirable. For example, allowing refined segments to have
different length (¢, ; # ¢, ,, etc.) would facilitate the avoidance
of obstacles. However, this enhancement of the algorithm would
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(a) Cable segments with variable complexity (b) Cable segments with equal complexity
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Figure 3. Steering cable complexity through the design of probability densities p; ... (a) The weights w; _ control the width of the support of p; .. Small values
lead to more linear segments, whereas larger values provide more geometric flexibility. The scenario is the same as in Fig. 2, but with the addition of a fourth
interpolation point. The map is cut above y = 1100 m. (b) Setting all weights to 1 grants maximum flexibility, which leads to a lower relative objective xre|

than in the more constrained case with smaller weights.
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(b) Optimal cable layout in the presence of topography

Figure 4. Incorporating topography into the Kangerlussuaq algorithm. (a) A cable that follows topography is approximated by straight lines. The approximation
improves with increasing refinement stages. (b) Adaptation of the examples in Fig. 2 to a scenario with topography.

require an additional set of probability densities to control these
lengths.

Variations of the Kangerlussuaq may be used for OED with
fibre-optic sensing technologies that are not based on DAS. This
includes, for instance, transmission fibre-optics systems that are
characterized by a position-dependent measurement sensitivity that
is controlled by local cable curvature (Marra et al. 2018; Mecozzi
et al. 2021; Bowden et al. 2022; Bogris et al. 2022; Fichtner et al.
2022a). High-curvature segments along the cable thereby mimic a
distributed sensing system that should be optimally designed in or-
der to maximize resolution of Earth structure or earthquake source
parameters.

The choice of a simple resolution proxy for the objective function
x in Sections 3 and 4 has the benefits of being independent of the
a priori unknown medium properties and of providing an intuitive
illustration that interested readers may reproduce within minutes.
Alternatives may account for the directional sensitivity of DAS or
gauge length effect. Conceptually similar resolution proxies based
on various forms of ray coverage are known in traveltime tomog-
raphy or array analysis (e.g. Rost & Thomas 2002; Schifer ef al.
2011). In applications where the inverse problem is sufficiently lin-
ear, objective functions may alternatively be defined in terms of
the posterior model resolution or covariance matrices (e.g. Curtis
1999a; Stummer et al. 2004). Adaptations of the algorithm that
maximize the value of information (e.g. W.J.Trainor-Guitton ef al.
2014) may equally be imagined.

Actual field deployments will mostly be less accurate than sug-
gested by the algorithm, for instance, due to limited navigation
accuracy. Small deviations from the optimal layout will usually re-
sult in only small deviations in coverage, implying that the result
would still be useful.

Along similar lines, we finally note that the Kangerlussuaq algo-
rithm does not necessarily find the global optimal cable geometry, a
property it shares with any other practical optimization algorithm.
It finds, however, cable geometries that are useful and potentially
better than an intuitive guess, especially in the presence of obstacles.
Useful Experimental Design would certainly be the more reasonable
technical term.
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