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A probabilistic analysis of the implications
of instrument failures on ESA’s Swarmmission
for its individual satellite orbit deployments
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Abstract

On launch, one of Swarm’s absolute scalar magnetometers (ASMs) failed to function, leaving an asymmetrical
arrangement of redundant spares on different spacecrafts. A decision was required concerning the deployment of
individual satellites into the low-orbit pair or the higher “lonely” orbit. I analyse the probabilities for successful
operation of two of the science components of the Swarm mission in terms of a classical probabilistic failure analysis,
with a view to concluding a favourable assignment for the satellite with the single working ASM. I concentrate on the
following two science aspects: the east-west gradiometer aspect of the lower pair of satellites and the constellation
aspect, which requires a working ASM in each of the two orbital planes. I use the so-called “expert solicitation”
probabilities for instrument failure solicited from Mission Advisory Group (MAG) members. My conclusion from the
analysis is that it is better to have redundancy of ASMs in the lonely satellite orbit. Although the opposite scenario,
having redundancy (and thus four ASMs) in the lower orbit, increases the chance of a working gradiometer late in the
mission; it does so at the expense of a likely constellation. Although the results are presented based on actual MAG
members’ probabilities, the results are rather generic, excepting the case when the probability of individual ASM
failure is very small; in this case, any arrangement will ensure a successful mission since there is essentially no failure
expected at all. Since the very design of the lower pair is to enable common mode rejection of external signals, it is
likely that its work can be successfully achieved during the first 5 years of the mission.

Findings
Introduction
After 12 years of planning, ESA’s Swarm mission finally
launched at 13.02 on 22 November 2013. This is the first
low Earth-orbit satellite mission comprised of three iden-
tical satellites that are able to fly simultaneously, allowing
a “constellation” approach to satellite magnetometry. Sep-
aration of the three constituent satellites was successful
about 90 min after launch, and all three (Alpha, Bravo and
Charlie) entered orbit. Within the following hours health
checks from the satellites indicated that all was well, with
the only exception being that the absolute scalar mag-
netometer (ASM) on Charlie did not wake. This left an
asymmetry in the instrument configurations of the three
otherwise identical spacecrafts. Each satellite is equipped
with a 3-component vector field magnetometer (VFM)
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and a star-camera, the so-called advanced stellar compass
(ASC), that enables oriented vector field measurements
to be made. Calibration of the VFM is performed using
data from the ASM.We shall not discuss the other instru-
ments on each satellite that are concerned with electric
fieldmeasurements andGPS acquisition (see, for example,
ESA 2004).
The constellation plan of the mission proposed two

satellites at low altitude flying closely side-by-side with a
small east-west separation; this configuration comprises
essentially a gradiometer that should allow the determi-
nation of east-west gradients in the crustal field that are
otherwise so difficult to determine. An additional advan-
tage of the gradiometer concept is the “common rejection
mode” for external signals, whereby a difference of the
two signals on the satellites can effectively reject large-
scale time-varying external sources that are normally so
difficult to handle, leaving only the internal signal. This
then presents the opportunity for determination of a high-
resolutionmodel of the crustal field of the Earth. The third
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satellite would fly at a higher altitude with an orbit that
gradually drifts relative to the orbit of the lower pair. After
a few years, the two orbits become perpendicular (sepa-
ration in time of 6 h or 90° in longitude), leading to an
ideal configuration for other science aspects of the mis-
sion, namely the determination of the internal field and
also the ability to perform electromagnetic sounding of
the mantle. Both these science goals require an excellent
separation of the internal and external fields, and this is
most easily achieved when the local time coverage of the
Earth is maximal.
In the original mission plan, Charlie was the satellite

that was planned to be placed in the higher “lonely” orbit.
With the failure of its spare ASM, one should consider the
risk associated with the assignment of spacecrafts to dif-
ferent orbits, considering the fact that a subsequent loss of
the only operating ASM on Charlie would leave that par-
ticular spacecraft with no absolute control on its vector
measurements made by the VFM. In the following analy-
sis, I consider failure scenarios probabilistically that allows
a determination of the risk to the two scientific goals of the
mission. The probabilities of failure are presented in terms
of the probability of the failure of a single instrument per
year, and the conclusions are rather generic. Nevertheless,
I use the so-called expert elicitation (e.g. Aspinall 2010;
Cooke 1991) to assign specific probabilities and thus give
estimates of failure rates. The overall conclusion is that
the safest assignment is to place Charlie, with only one
operable ASM, into the lower orbit, and to place one of
the satellites with a redundant spare ASM into the higher
orbit. This determination is in agreement with the deci-
sion taken by ESA in early 2014, which was to place Bravo
into the higher orbit and to place Charlie as one of the
lower pair.

Definitions
Consider a single ASM chosen at random from the space-
crafts. Since all instruments are identical we believe a
priori that they all have identical probabilities of failure,
typically from space radiation. Failure of the ASM is the
event F , and the probability that it will fail during one year
is

p1(F) = f (1)

and consequently the complementary probability of con-
tinued perfect operation, termed operability O for short,
is

p1(O) = o = 1 − f . (2)

In what follows, we use notation p(ab) for the events a and
b both occurring, where each event refers to an individual
magnetometer. The notation ab stands for the event ab
not occurring. Clearly O = F and vice versa.

We assume a memoryless process; the probability of
failure is independent of the time already passed, dur-
ing which the instrument functioned. Rice (1995) analyses
this process and argues that the mathematical form is
uniquely determined by its memoryless property. I make
the simplifying assumption that the probability for an
instrument to fail does not depend on it being switched
“on” or “off”. I do not consider any type of instrument
aging; my primary concern is that of damage to the instru-
ment through radiation dose. Thus, this is not the same
as the problem faced with a car (G. Hulot, personal com-
munication 2014). A garaged car tends to live longer than
one that is used. Since I consider radiation dose, it is likely
that the effect is the same whether the instrument is “on”
or “off”. In the car analogy, in this case, leaving the vehicle
in the garage does not help to prolong its life. Since there
remain open questions concerning the real reasons con-
cerning instrument failure, I simply state my assumptions
clearly here.
The memoryless process is described by the exponen-

tial distribution, so that the probability of a lifetime T
(continued operability) being at least t is

p1(O) = e−λt (3)

The probability of failure in interval t → t + dt is
λ exp(−λt)dt, consistent with the fact that the probability
of failure in 0 → T is

p1(F) =
∫ T

0
λ exp(−λt)dt = 1 − exp(−λT) (4)

Clearly, λ is the instantaneous rate of failure, but this is
not a quantity we are used to dealing with. We see below
in the examples that we are more used to reporting failure
rates over finite time periods, such as a year or a decade.
We now consider two ASMs together on one satellite.

For the two magnetometers both to have failed we have

p2(FF) = (1 − e−λt)2 (5)

and thus the probability of at least one ASM still working
is

p2(FF) = 1 − (1 − e−λt)2 (6)

Examples
Let us take as an example, a 10 % probability per year that
an ASM will fail. Using our model, this means when t is
measured in years, the probability of failure when t ∈[ 0, 1]
is 1− exp(−λ) = 0.1. We use this to discover an appropri-
ate value of λ: −λ = ln(0.9) or λ = 0.105. Note that this is
not quite the same as one would have deduced for λ if one
had considered the statement of the failure rate to have
been an instantaneous one; the instantaneous rate assigns
λ = 0.1, but we consider that it is better to interpret the
statement of failure under the given finite time and hence



Jackson Earth, Planets and Space (2015) 67:113 Page 3 of 5

set λ accordingly. As a result, we introduce a notation we
shall use henceforth when we work in integer numbers of
years N ; We take o = exp(−λ) (o = 0.9 in the present
example), and thus operability after N years is just oN .
We find from the preceding formulae that the chance of

a working ASM after 6 years is 0.53 and after 10 years 0.35.
We can see that when two ASMs are together, the chances
of one of them still working is 0.78 after 6 years and 0.575
after 10 years. One sees that for a gradiometer configura-
tion with three ASMs (i.e. one satellite has one ASM and
the other has two), the probability of operability after 10
years is 0.35 × 0.575 = 0.2. Conversely, with both being
dual ASMs, the probability of operability is (0.575)2 =
0.33.
With three ASMs, the probability of at least one contin-

uing to work after 10 years is 0.73.

Gradiometer
Let us now find the probabilities of a working gradiometer
in the following two cases: when a) both satellites have two
ASMs and b) when only one satellite has two and the other
has one. I use the symbol∇j to denote a gradiometer in the
low orbit being considered where one of the satellites has
j ASMs. It should be noted that the second satellite in the
low orbit will always be equipped with two ASMs. I also
use the notation Cj to discuss what I call “constellation”
measurements, which rely on having a working ASM in
both a high and a low orbit; j is now, in this case, the index
stating the number of ASMs on the high-orbit satellite.

Both double ASMs in low orbit
I call this scenario ∇2 since there are two ASMs on both
low satellites. Operability occurs with probability

p2(FF)p2(FF) =
[
1 − (

1 − oN
)2]2 (7)

Single ASM in low orbit
I call this scenario∇1 since there is one ASM on one of the
low satellites. Operability occurs with probability

p1(O)p2(FF) = oN
[
1 − (

1 − oN
)2] (8)

Constellation
Let us now find the probabilities of a working constella-
tion, by which I mean that there is one working ASM in a
high orbit and a minimum of one working ASM in a low
orbit. We treat the following two cases: when a) the lonely
orbit satellite has one ASM and b) when the lonely orbit
satellite has two ASMs.

Table 1 Probabilities for operability for various scenarios. Each of
the six rows are for the probability supplied by one of the MAG
respondents. Values in columns one and two are of f and its
complement o supplied by respondents. The four following
probabilities are for the probability of operability of the
gradiometer with one ASM or two ASMs, and then for the
constellation with one upper ASM and two upper ASMs. Values
are for N = 10 years

f = p(F) o = p(O) p(∇1) p(∇2) p(C1) p(C2)

0.1 0.9 0.2 0.33 0.29 0.41

0.096 0.904 0.22 0.36 0.31 0.44

0.066 0.933 0.38 0.57 0.47 0.66

0.13 0.87 0.11 0.19 0.17 0.25

0.04 0.96 0.59 0.78 0.66 0.85

0.0025 0.9975 0.974 0.998 0.975 0.999

Both double ASMs in low orbit (i.e. lonely ASM)
I call this scenario constellation 1, or C1, since there is one
ASM on the lonely satellite.

pfail(C1) = p1(F)p4(FFFF) + p1(O)p4(FFFF)

+ p1(F)p4(FFFF)
(9)

pfail(C1) = (
1 − oN

) [
1 − (

1 − oN
)4] + oN

(
1 − oN

)4
+ (

1 − oN
) (
1 − oN

)4
(10)

We report the complement of these probabilities (i.e. the
probability of operability) in Tables 1, 2, 3, 4 and 5.

Three ASMs in low orbit and double ASM in lonely orbit
I call this scenario constellation 2, or C2, since there are
two ASMs on the lonely satellite.

pfail(C2) = p2(FF)p3(FFF) + p2(FF)p3(FFF)

+ p2(FF)p3(FFF)
(11)

Table 2 Probabilities as in Table 1. Values are for N = 8 years

f = p(F) o = p(O) p(∇1) p(∇2) p(C1) p(C2)

0.1 0.9 0.29 0.45 0.39 0.55

0.096 0.904 0.31 0.48 0.40 0.57

0.066 0.933 0.48 0.68 0.56 0.76

0.13 0.87 0.18 0.30 0.26 0.38

0.04 0.96 0.66 0.85 0.72 0.90

0.0025 0.9975 0.98 0.999 0.98 0.999
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Table 3 Probabilities as in Table 1. Values are for N = 6 years

f = p(F) o = p(O) p(∇1) p(∇2) p(C1) p(C2)

0.1 0.9 0.41 0.60 0.5 0.7

0.096 0.904 0.43 0.63 0.52 0.72

0.066 0.933 0.58 0.78 0.65 0.85

0.13 0.87 0.29 0.46 0.39 0.56

0.04 0.96 0.75 0.91 0.78 0.94

0.0025 0.9975 0.98 0.999 0.985 0.999

pfail(C2) = (
1 − oN

)2 [
1 − (

1 − oN
)3]

+
[
1−(

1−oN
)2] (

1−oN
)3+(

1−oN
)2(1−oN

)3
(12)

We report the complement of these probabilities (i.e. the
probability of operability) in Tables 1, 2, 3, 4 and 5.

The scenarios as a function of time
In Fig. 1, I plot these results for the different constella-
tion scenarios for the purely notional value of f = 0.1, as
discussed in previous examples. Note that it follows that
scenario C2 implies ∇1 and C1 implies ∇2.

Expert solicitation exercise
I asked ESA’s Swarm Mission Advisory Group (MAG)
members to supply me with their personal probability that
a single individual ASM chosen at random would fail over
a year. In all, there were six respondents who supplied a
value for f .
The responses are given in Tables 1, 2, 3, 4 and 5 along

with probabilities pertinent to the constellation and the
gradiometer for N = 10, 8, 6, 5, 3 years based on the
formulae above.

Conclusions
My conclusions are based on the probabilities in Tables 1,
2, 3, 4 and 5.

• The majority of respondents hold that with a single
ASM in the lower orbit, the gradiometer will operate
for 3 years with a probability more than 66 %

Table 4 Probabilities as in Table 1. Values are for N = 5 years

f = p(F) o = p(O) p(∇1) p(∇2) p(C1) p(C2)

0.1 0.9 0.49 0.69 0.57 0.78

0.096 0.904 0.51 0.71 0.59 0.79

0.066 0.933 0.65 0.84 0.71 0.89

0.13 0.87 0.37 0.56 0.47 0.65

0.04 0.96 0.79 0.93 0.81 0.95

0.0025 0.9975 0.987 0.999 0.987 0.999

Table 5 Probabilities as in Table 1. Values are for N = 3 years

f = p(F) o = p(O) p(∇1) p(∇2) p(C1) p(C2)

0.1 0.9 0.68 0.86 0.73 0.91

0.096 0.904 0.69 0.87 0.74 0.92

0.066 0.933 0.79 0.93 0.81 0.96

0.13 0.87 0.58 0.78 0.65 0.85

0.04 0.96 0.87 0.97 0.88 0.98

0.0025 0.9975 0.992 0.999 0.992 0.999

(Table 5, column 3) and will work for 5 years with a
probability of more than a half (Table 4, column 3).

• The same respondents hold that with two ASMs in
the upper orbit, the constellation will operate
successfully for more than 8 years with a probability
of more than a half (Table 2, column 6).

• The respondents hold that with a single ASM in the
upper orbit, the constellation will operate with a
probability of half for more than 6 years (Table 3,
column 5) but not more than 8 years (Table 2,
column 5).

Although the results are presented based on actual
MAG members’ probabilities, the results are rather
generic, excepting the case when the probability of indi-
vidual ASM failure is very small; in this case, any arrange-
ment will ensure a successful mission since there is essen-
tially no failure expected at all!

Fig. 1 Probabilities for p(∇1) (solid), p(∇2) (dotted), p(C1) (long
dashes) and p(C2) (short dashes) when f = 0.1 as a function of mission
duration
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Fig. 2 Probability p(λ) deduced from the memoryless model given the survival and failure evidence for the six ASMs in the mission until May 2015

The common mode rejection of large-scale external
signals from the lower pair is ideally suited for this gra-
diometer to successfully perform its work in the first part
of the mission in a worst-case scenario. Most respondents
consider that it will reach the upcoming solar minimum
nevertheless.
Obviously, a decision needs to be taken by ESA on

the actual assignment of orbits for the spacecrafts. An
independent analysis by ESA concluded, in line with the
analysis of this letter, that the safest option was to place
redundant ASMs in the lonely orbit. Therefore, in early
2014, spacecraft Charlie became part of the low orbiting
pair, and Bravo was assigned to the lonely orbit.
As a postscript, it should be noted that the second ASM

onboard Charlie stopped functioning the 5th of Novem-
ber 2014. This unfortunate event leaves Charlie with no
ASM. One must really scrutinize the model that assumes
that failure is a random process, since two failures on
one satellite argues against this model. The failure has
prompted the development of efforts to calibrate Charlie
against its neighbour Alpha.
If one were to take the random model seriously, despite

these misgivings, one can use the performance of the
ASMs to date to discover a value of λ from them. We
will not take this exercise very far, as the evidence points
against randomness, but we can indicate how it would
proceed. We have to date (May 2015) the following evi-
dence: failure at times (in years) t1 = ε and t2 ≈ 0.96 and
operability of four ASMs for at least t3 . . . t6 = 1.5; ε is a
small but unknown number associated with the first fail-
ure. One can use the rules of probability to discover a pdf
for λ given the evidence so far, namely

p(λ|{ti}) = p({ti}|λ)p(λ)

= (1−exp[−λt1] )(1 − exp[−λt2] ) exp[−λt3]4 p(λ).
(13)

Since ε is small the following pdf is accurate when one
takes a flat prior for λ:

p(λ|{ti}) ≈ λε(1 − exp[−λt2] ) exp[−λt3]4 . (14)

The small value ε now just scales the whole probability,
not affecting its shape, and so in Fig. 2, I plot this prob-
ability density for an arbitrary value of ε = 0.01, and we
find that the most likely value for λ would be about 0.3, of
course many times higher than any of the values supplied
in column 1 of Table 1.
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