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Diverse taxa use Earth’s magnetic field in combination with other sensory
modalities to accomplish navigation tasks ranging from local homing to
long-distance migration across continents and ocean basins. Several animals
have the ability to use the inclination or tilt of magnetic field lines as a com-
ponent of a magnetic compass sense that can be used to maintain migratory
headings. In addition, a few animals are able to distinguish among different
inclination angles and, in effect, exploit inclination as a surrogate for lati-
tude. Little is known, however, about the role that magnetic inclination
plays in guiding long-distance migrations. In this paper, we use an agent-
based modelling approach to investigate whether an artificial agent can
successfully execute a series of transequatorial migrations by using sequen-
tial measurements of magnetic inclination. The agent was tested with
multiple navigation strategies in both present-day and reversed magnetic
fields. The findings (i) demonstrate that sequential inclination measurements
can enable migrations between the northern and southern hemispheres, and
(ii) demonstrate that an inclination-based strategy can tolerate a reversed
magnetic field, which could be useful in the development of autonomous
engineered systems that must be robust to magnetic field changes. The find-
ings also appear to be consistent with the results of some animal navigation
experiments, although whether any animal exploits a strategy of using
sequential measurements of inclination remains unknown.
1. Introduction
Earth’s magnetic field is a useful source of information for engineered [1,2], and
biological systems ([3–5], the special edition on magnetosensing by the Journal
of the Royal Society Interface (2010)). Extending from the crust up through the
atmosphere, the magnetic field is a three-dimensional omnipresent vector
signal that can be used to gain insight into both orientation, and absolute
and/or relative position [1]. One way to parameterize the Earth’s magnetic
field is to use its inclination angle (i.e. angle from the local horizontal as defined
by the direction of gravity), direction of magnetic North (i.e. the reading a com-
pass would give) and field intensity (i.e. also known as field strength) [6,7].
Figure 1 provides several illustrations of the magnetic field.

In autonomous engineered systems, magnetic field information can be useful
in a variety of navigation applications, including situations where GPS signals
are unavailable or unreliable, and scenarios where other sensory modalities are
compromised [1,2,8]. In biological systems, magnetic reception appears to be a
sensory modality that, alongside other sensory cues, helps several animals
achieve remarkable feats that parallel the goals of engineered systems (e.g. sea tur-
tles migrating across oceans [9–11], insects navigating on the scale of continents
[12,13], and birds in transcontinental migrations [14–17]). However, magnetic
reception and its interaction with other sensing modalities remains poorly under-
stood (e.g. the special edition on magnetic reception by the Journal of the Royal
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Figure 1. (a) Map of constant lines of inclination across the world. As can be seen, inclination generally increases from the Southern Hemisphere towards the
Northern Hemisphere. (b) Illustration of the magnetic inclination from the South Pole (−90° latitude) to the North Pole (90° latitude) for the prime meridian,
and meridians that are 90°, 180° (International Date Line), and 270° from the prime meridian. As can be seen, for all four meridians, the inclination angle generally
increases from the South Pole to the North Pole. (c) Illustration of a present-day field (blue arrows on the right) versus a reversed field (orange arrows on the left).
The curved arrows on the right show that in the present-day field, the inclination angle increases as one moves north, and decreases as one move south. Data for (a)
and (b) taken from National Oceanographic and Atmospheric Administrations’ (NOAA’s) Enhanced Magnetic Model (EMM) (https://www.ndgc.noaa.gov/geomag/
geomag.shtml).
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Society Interface (2010), [5,18,19]). While laboratory animal
behaviour experiments are a powerful tool, their limitations
prevent them from showing the full context and scope of an
animal’s behaviour (e.g. [20]). Additionally, the sensory mech-
anisms of magnetoreception are still not conclusively known
[21–28], so connecting behaviour to its sensory underpinnings
is difficult.

Mathematical modelling of magnetoreceptive behaviour is
an attractive complementary research tool because it allows
aspects of a behaviour or environment that are difficult to
examine in a laboratory or field setting (e.g. temporal shifts
that happen over the course of thousands of years) to be
implemented and experimentally manipulated in a simulation
or model [29,30]. Some works have focused on theoretical
moment-to-moment (i.e. sequential) modelling approaches
thatwould account for detailed decision-making along a trajec-
tory [31–35]. Others have examined the ecological impacts of
high-level navigation behaviours, such as actively swimming
at specific locations or waypoints along a migratory route
versus passively drifting the rest of the time [20,29,30,36,37].
Results from these types of studies can generate hypotheses
and insights about howa behaviour is executed. These hypoth-
eses and insights can be compared to, reconciled with, and
used to help guide real-world animal behaviour experiments
to shed light on how a given behaviour is generated and per-
formed. Such work has led to advances in both engineered
system development and biological understanding in a variety
of other areas (e.g. [38–44]).

Animals are known to use magnetic information in
several different ways. Many exploit the geomagnetic field
as a source of directional or compass information for main-
taining consistent headings. Two functionally different
magnetic compass types exist in animals; one type uses the
inclination of field lines in combination with gravity to deter-
mine a direction of travel [14–17], while the other type uses
the polarity or direction of the field (e.g. [45]). In addition,
a few species of animals derive positional or map information
from the geomagnetic field by sensing a combination of
magnetic features such as inclination and intensity [10].

Diverse animals, including fishes, birds and mammals,
undertake transequatorial migrations [15,17,46–51]. In prin-
ciple, because magnetic inclination varies from −90° at the
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Figure 2. Illustration of the spherical coordinate system used in this study. (a) Definitions of all vectors and associated angles. ϕ and θ are the depression, and polar
angles, respectively. The vector triad in gold is the frame in which velocities are defined. (b) Illustration of the final spherical coordinate frame relative to the fixed
XYZ frame.
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South Pole to 90° at the North Pole, this parameter might pro-
vide a signal that an animal could use to determine whether
it is in the Northern or Southern Hemisphere. In addition,
because inclination varies predictably across the Earth’s
surface, it might be used to guide movements across long dis-
tances if migratory animals monitor inclination as they travel.
Little is known, however, about how long-distance magnetic
navigation strategies are organized. An additional question
that has been difficult to resolve is how navigational strat-
egies based on magnetic fields might be affected by the
reversals in Earth’s field that periodically occur [6,52,53].

This paper explores possible strategies for using magnetic
inclination to execute transequatorial migrations via an
agent-based simulation. Specifically, we explore (i) different
strategy implementations that use sequential measurements
ofmagnetic inclination, and their ability to execute a transequa-
torial migration, (ii) whether a proposed method would be
tolerant of a magnetic field reversal, and (iii) the implications
of a strategy on the required sensitivity of any potential under-
lying sensory mechanisms. We emphasize that there is no
experimental evidence to suggest that animals do or do not
use sequential measurements of inclination to determine a
direction of travel, and our presentation is not intended to
say that they do. However, the results appear consistent with
some previous animal experiments, illustrate the sensitivity
that might be required for navigation based on inclination
angle, and could be useful for developing autonomous engin-
eered systems that are tolerant of changes in themagnetic field.
2. Methods
We implement two strategies for executing multiple transequator-
ial migrations. To test these strategies, we have an artificial agent
(representative of an animal or engineered autonomous vehicle)
begin at one location and then attempt to complete several transe-
quatorial migrations. Two of these migrations are in a magnetic
field that resembles the present-day field, while the other two
are in reversedmagnetic fields. This allows us to ascertainwhether
a given strategy can execute a transequatorial migration, and
whether it can tolerate a field reversal. Themigrations are intended
to mimic the seasonal migrations of birds in which a full migration
loop might consist of migrating from north to south, then south
to north. This section first describes the agent’s motion model, fol-
lowed by the implementation of themagnetic field. It then outlines
two magnetic field navigation strategies. It concludes with an out-
line of our experiments, and an analysis that examines the viability
of the strategies. We emphasize that this is a conceptual study, and
only focuses on whether a strategy can execute a migration across
the Equator. It is not concerned with identifying a specified
target location. This section states only high-level concepts, and
mathematicswhere necessary. Detailedmathematics are presented
in appendix A.
2.1. Motion model
Our agent’s motionmodel is kinematic, and based on forming vel-
ocities in spherical coordinates ([54], and figure 2). This is done to
mimic moving around a globe without the complexity of imple-
menting an oblate spheroid model [55]. The coordinates for our
system are radial distance (ρ), and depression (i.e. motion along
a specific meridian—similar to latitude) (ϕ) and polar/azimuthal
direction about the north–south axis (similar to longitude) (θ)
(figure 2). Note that ρ is a length, while ϕ and θ are angles. Here
and throughout the rest of the paper, a dot represents the time
derivative of a quantity (e.g. _f ¼ df=dt).

Qualitatively, the agent’s velocity is specified in a spherical
coordinate frame that changes orientation based on spatial location
(figure 2b). To compute the agent’s position, the spherical
coordinate velocity is first expressed in a fixed XYZ coordinate
system, and then numerically integrated via Euler steps (see
appendix A(a) for mathematical details).

A spherical coordinate approach was chosen for ease of
implementation, though it has several drawbacks. Notably, it
cannot easily cross the poles due to singularities, so moving
directly past ϕ = 0 or 180 can generate counterintuitive trajectories.
An approach that uses a method such as quaternions would be
more robust [55]. However, the spherical coordinate approach is
simpler to implement and was deemed acceptable for initial
concept exploration.
2.2. Magnetic field
We model the magnetic field as a vector field with unit magni-
tude at every point. Although the real magnetic field has a
magnitude that varies with space (i.e. magnetic intensity, see
figure 1), because this study is only concerned with inclination
angle, a unit magnitude eases implementation. The direction of
the field is based on figure 1, which shows that the inclination
of the field mostly increases as one moves from the South Pole
to the North Pole (i.e. −90° to 90°). Even in the case of the
prime meridian, the inclination monotonically increases from
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Figure 3. (a) Illustration of the 3D coordinate system used to define the magnetic field vector. The n̂p0n̂0 is first rotated by θ about the Z-axis. It is then rotated by
ζ about the p0 axis. Note that θ is the same as in spherical coordinates, and ζ is related to the spherical coordinate depression angle by ϕ = ζ− 90°. The resulting
frame resembles an east-north-up frame. (b) Illustration of the final n̂p0n̂0 frame relative to a fixed XYZ frame on a sphere. (c) Illustration of the ways in which
inclination angle can be defined.
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Figure 4. (a) Illustration of inclination angle around the world in a present-day field. (b) Illustration of inclination angle around the world in a reversed magnetic
field.
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about −30° latitude all the way to the North Pole (90°). Therefore,
we model the magnetic inclination as a linear function whose
inclination is −90 at the South Pole, 0 at the geometric equator,
and 90 at the North Pole. In reality, the magnetic and geometric
equators do not necessarily coincide, and as figure 1c shows,
inclination is really a sigmoidal function of latitude. However,
as figure 1c shows, inclination is linear over a large swath of
latitudes. Furthermore, the strategies that we present are only
concerned with whether an inclination measurement increases
or decreases with agent motion, not specific numerical values.
Lastly, as will be seen in §§2.5 and 3, our model has a shallower
inclination slope over the central latitudes than the real world
magnetic field. This means that across the Equator, our model
would be more difficult to navigate than the real world because
the inclination changes more slowly with north/south motion.

Qualitatively, we specify the magnetic field vector relative to
a coordinate system that resembles an east-north-up frame [55].
Similar to a spherical frame, this coordinate system changes
orientation based on location. The field vectors can be defined
using figures 3 and 4.

It is convenient to define the magnetic field vector’s angle
(referred to as λ) from the unit vector n̂. The standard definition
of inclination (referred to as α) measures inclination angle from
the unit vector n̂0. Putting all of this together and noting the
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Table 1. Goal angles and locations for the agent. Angular distances are in
degrees, and transnational distances are in metres.

ϕ θ x y z

1 170 0 1.7365 0 −9.8481
2 10 90 0 1.7365 9.8481

3 170 180 −1.7365 0 −9.8481
4 10 270 0 −1.7365 9.8481
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geometry of figure 3, we can make the following definitions for
the inclination angle and magnetic field vector. Note that these
angles and vectors are given relative to the n̂� p̂0 � n̂0 frame.

I
Q

n ¼
cos (l)

0
� sin (l)

2
4

3
5: (2:1)

To make the inclination angle λ a linear function of the
depression angle ϕ, we use the point slope formula

l ¼
�

l2 � l1
f2 � f1

�
(f� f1)þ l1: (2:2)

Figure 4 shows various magnetic field inclination angles rela-
tive to their associated depression angles in both present day, and
reversed magnetic fields. In the present-day, the field points out
of the Earth in the Southern Hemisphere and into the Earth in the
Northern Hemisphere, with magnetic flux lines exiting the South
Pole and re-entering the North Pole (figure 1d, blue arrows).
When the field is reversed, it points out of the Earth in the North-
ern Hemisphere, and into the Earth in the Southern Hemisphere,
with magnetic flux lines exiting from the North Pole and reenter-
ing at the South Pole (figure 1d, purple arrows). Regardless of
whether values for either the regular or reversed field are
selected, the slope term in equation (2.2) is positive, which
makes our proposed strategies possible.

By selecting two points in either figure 4a or b, and substitut-
ing the associated values into equation (2.2) we can construct the
magnetic field vector relative to the n̂� p̂0 � n̂0 frame. To relate
the standard definition of inclination α to λ, we can again use
the point slope formula with α and λ at two separate latitudes
(see appendix A(b)).
2.3. Sequential strategies
These strategies operate by assuming that sequential measure-
ments of the inclination or one of its related properties (figures
3 and 4) should continually increase or decrease as one makes
progress towards a goal latitude.

To provide context, figure 5 illustrates a quantity q at three
locations: the current time step (k), the previous time step (k− 1)
and the goal (goal). Defining qΔt = qk− qk−1, and qg = qgoal− qk,
one can see that if qΔt and qg have the same sign, then all three
points are in order (i.e. ascending or descending from k− 1 to
goal). If the signs of these terms are not equal, then the terms are
not in order. If an agent wishes to travel to goal, it can determine
if it is moving in the correct direction by determining if the signs
of these twoquantities are the same. If they are, then it can continue
moving in the same direction. If they are different, then its com-
manded direction must be reversed. In the case of moving along
a meridian (i.e. the focus of this study), this is accomplished by
reversing the sign of the turn rate _f.
2.3.1. Sequential inclination
This strategy assumes that the simulated agent is capable of
directly measuring the magnetic inclination as it is typically defined
(i.e. α in figure 3c). If the magnetic field structure coincides
with the present magnetic field (i.e. pointing towards the Earth
in the Northern Hemisphere, and out of it in the Southern
Hemisphere), then one could migrate north by moving in a direc-
tion that continually increases the measured inclination angle.
Presumably, an animal would know what direction to travel
based on numerous factors such as the goal location’s properties
(e.g. magnetic inclination, temperature, food availability), learn-
ing from other conspecifics, and previous experience. Using the
notation of figure 5, and replacing q with the inclination angle
α, if the sign of αg does not match the sign of αΔt, then the turn
rate ( _f) of the agent is reversed. Otherwise, it stays the same.

2.3.2. Sequential inclination complement
This strategy directly compares the magnetic field with the gravity
vector. Mathematically, this can be accomplished through the dot
(i.e. scalar) product, which gives a mathematical way of obtaining
the cosine of the angle between two vectors via the following:

k IQ kk gQ k cos (b) ¼ I
Q † g

Q
, (2:3)

where kAk is the vector magnitude, I
Q

is the magnetic field vector
and g

Q
is the gravity vector. This may be plausible because cosine

weighting occurs in many biological sensing phenomena [56]. We
use unit vectors for I

Q
and g

Q
because we are only concerned with

vector directions, so the magnitudes in equation (2.3) are unity.
We compute three dot products: (i) the dot product between

the goal inclination vector and gravity (δgoal), (ii) the dot product
between the current inclination vector and gravity (δk) and
(iii) the dot product between the inclination vector at the previous
time and gravity (δk−1), where k again represents the time step.
Again, using the notation of figure 5, and replacing q with δ, if
the sign of δΔt equals that of δg, then the agent is moving in the cor-
rect direction. Otherwise, it reverses the sign of its turn rate (i.e. _f).

2.4. Experiments
We investigated whether the described strategies are capable
of executing transequatorial migrations in both present-day and
reversed magnetic fields. For each strategy, the agent seeks
four-goal depression angles (ϕ) at different values of azimuthal
angle (θ). This results in two round-trip migrations that consist
of a total of four migration legs: geographical north-to-south
and south-to-north migrations in a present-day field, and geo-
graphical north-to-south and south-to-north migrations in a
reversed field. The goal depression angles and corresponding
xyz locations are given in table 1.

To ease visualization, each migration is plotted on a different
meridian of a sphere. ρ is set to 10m for all experiments. The final
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values of ϕ and _f for a given migration are used as the initial
value of ϕ and _f in the next migration. Δt is set to 0.1s. The initial
depression angle for the simulation is ϕ = 10°.

Two general scenarios were run: a deterministic scenario to
verify whether the strategies were capable of transequatorial
migration under ideal circumstances, and a stochastic scenario
where noise was injected into the polar and meridian velocities,
and measurements were taken at a prescribed frequency. We
injected noise to examine the robustness of the strategies under
non-ideal movement conditions. Each scenario is described in
the following subsections.

2.4.1. Deterministic
In this scenario, _r ¼ _u ¼ 0 (i.e. no polar or radial velocity). The
magnitude of _f is set to 10° s−1, with the sign being determined
by the given strategy. In this way, the agent only moves north/
south along a given meridian at the prescribed angular velocity.
Additionally, in this scenario, magnetic measurements are com-
puted at every time step, and success is declared if the agent
moves within 0.5 m of the goal. It is possible to look for a goal
location in the deterministic scenario because the agent starts
and ends on the same meridian and altitude as the goal point,
so searching for a goal location is akin to searching for a goal
depression angle. This is not the case in the stochastic scenario.

2.4.2. Stochastic
In the stochastic scenario, several additional factors are included.
First, magnetic measurements were only taken every 10 time
steps, which simulates an animal only checking in with the field
every so often [13,45], or an engineered system that has a pre-
scribed measurement frequency. Second, noise was added to
both the polar and meridian velocities (i.e. _u and _f, respectively).
The polar velocity was modified such that

_uk ¼ z, (2:4)

where ζ is a random number drawn from a zero mean normally
distributed random distribution with variance s2

z . For this study,
sz ¼ 20�.

The meridian velocity _fk was modified such that when a
measurement was taken, the agent moved in the correct direction
for a period of time before becoming corrupted by noise. This effec-
tively allowed the agent to start moving in the correct direction,
while forcing its meridian motion to eventually turn into a
biased random walk (see appendix A(c) for mathematical details).

In this scenario, the agent declared success if it moved within
3° of the goal depression angle. We had the agent seek a goal
depression angle instead of a goal location in the stochastic case
because nothing in the agent’s strategy was designed to locate a
specific target. The strategies only executed general north–south
transequatorial motion. In both the deterministic and stochastic
case, the software computed the ideal travel time with no noise,
then gave the agent four times this amount of time to complete
the migration. While this amount of time is arbitrary, four times
the ideal travel time represents two round trip migrations. It was
felt that if the agent was unable to complete the task within
this time period, then it would take an excessively long time to
accomplish the task and should be considered a failure.

2.5. Analysis
To put our results in a real-world context, we examine the sensi-
tivity of inclination to latitude for the real geomagnetic field
between the Equator (0°), and 20° of latitude for both the prime
meridian, and meridian 270° from the prime meridian (circles
and squares in figure 1c). These meridians were chosen because
they represent steep (prime meridian), and shallow (270°) incli-
nations with respect to latitude. Zero degrees and 20° of latitude
were used because these represent areas where the inclination
appears to be linear with latitude, which facilitated the analysis
(i.e. directly measuring slopes versus numerically approximating
derivatives). To examine the sensitivity, we compute the slope of
the inclination with respect to latitude for both meridians. These
slopes physically represent how much the inclination angle
changes for each degree of latitude change. We then compute
how much the inclination would change for 1°, 0.5° and 0.25° of
arc along a meridian, along with the linear distance spanned by
each one of these latitude increments. For this analysis, we
assume that the Earth is a sphere, and use the semi-major axis
of the Earth as an approximation for its radius (given by [55]) as
6378 km. While this assumption is not truly correct (Earth is an
oblate spheroid [55]), it simplifies the analysis while realistically
framing our results.
3. Results
Figure 6a,b shows deterministic trajectories for each of the
strategies presented in appendix A(b). As can be seen, the
sequential inclination and sequential inclination complement
strategies are both capable of autonomous transequatorial
migrations in both present-day, and reversed magnetic fields.

Figure 6c,d shows trajectories from trials with noise intro-
duced in both the polar and meridian directions. As can be
seen, even with noise present, both strategies are capable of
successfully completing transequatorial migrations in both
present-day and reversed fields. To ensure that success in
the stochastic case was not by chance, both strategies were
run 1000 times. The strategy was able to reach all four goal
depression angles in 914 of these 1000 trials (91.4%). We
note that it is possible that the cases that failed may succeed
if given enough time, though the completion time might be
unacceptable from an ecological or engineered standpoint.
The analysis results that place the work in a real-world
context are shown in figure 7.
4. Conclusion and discussion
Our results demonstrate that using magnetic inclination in a
sequential manner provides a viable approach for successfully
executing a transequatorial migration. In particular, the find-
ings (i) appear consistent with previous animal experimental
data [15–17], and (ii) concretely demonstrate that an incli-
nation-based directional navigation system could be robust to
magnetic field reversals, further solidifying claims regarding
the robustness of using inclination as a navigation cue [16].
In addition, our findings show that an inclination-based
strategy may be within the capability of an animal’s magneto-
receptive sensitivity. Although no animal’s inclination
sensitivity is conclusively known, [57] gives a worst-case incli-
nation sensitivity for newts between 0.5° and 2°, and some
findings suggest considerably greater sensitivity in animals
[58,59]. Figure 7 shows that this type of sensitivity would
allow our strategy to sense distances within a quarter to 1° of
latitude. Even if an animal has a level of sensitivity that
makes locating a particular latitude unfeasible, comparing
inclination changes over time, and to that of the desired goal
could still help assess gross distance travelled along a route.

Interestingly, even if we adopt conservative estimates for
inclination angle sensitivity, the model would still function
adequately for many species of migratory birds, which travel
at airspeeds between 11.0 m s−1 and 20.6 m s−1 [60]. At these



sequential inclination sequential inclination compliment

sequential inclination sequential inclination compliment

z 
(m

)

y (m)

x (m)
0

0

20

–10

10

–10
–20

–10

0

10

10

z 
(m

)

y (m)

x (m)
0

0

20

–10

10

–10
–20

–10

0

10

10

z 
(m

)

y (m)

x (m)
0

0

20

–10

10

–10
–20

–10

0

10

10

z 
(m

)

y (m)

x (m)
0

0

20

–10

10

–10
–20

–10

0

10

10

(d)(c)

(b)(a)

Figure 6. Trajectories from several migrations for the deterministic (a,b), and stochastic (c,d ) scenarios. In (a,b), the thick arrows show the agent’s direction of travel
for each migration. In (c,d ), the thick lines show the agent’s path for each migration. The agent moves from a dot to a cross of the same colour.

inclination sensitivity versus arc length

0

0.5

prime meridian

270 meridian

27.83

1.0D 
in

cl
in

at
io

n

1.5

2.0

2.5

3.0

0.25°
55.66
0.5°

111.32
1°

arc length (km)
degrees of latitude

Figure 7. Sensitivity analysis demonstrating the inclination sensitivity required to sense a given change in latitude at both the prime meridian (dark blue dots), and
270° meridian (bright orange dots). Both trends are linear.

royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

18:20200887

7

speeds, andwith an assumed inclination sensitivity that would
enable sensing 1° of latitude change (rightmost points in
figure 7), it would take between 90 min and 168 min for an
animal to sense a change in the inclination angle (arc length/
flight speed). If the sensitivity is higher, then shorter flight dur-
ations will lead to detectable inclination changes. In the context
of migratory routes that are thousands of kilometres long and
travelled over the course of weeks to months [61], such
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scenarios could confer ecologically relevant capabilities. More-
over, the success of our stochastic model in completing full
migrations highlights the potential usefulness of our method
even when a migratory path is not direct (e.g. a bird being
blown off course) or if sensitivity is substantially lower than
discussed here.

Two previous studies have investigated mechanisms that
might allow migratory birds to cross the magnetic equator
[15,17]. This part of the migration is of particular interest
because an avian magnetic strategy based on inclination
cannot function when field lines are parallel to Earth’s surface
[16] and also because birds migrating south across the Equator
must transition from moving ‘equatorward’ to moving ‘pole-
ward’ [17]. In one study [17], birds (the Bobolink Dolichonyx
oryzivorus) were tested in a planetarium under an unchanging
star pattern while being exposed to a series of magnetic fields
that the birds would encounter while migrating south
across the Equator and into the Southern Hemisphere. Birds
continued to orient in the appropriate southward direction
throughout the experiment, suggesting that the experience of
being in a field like that at the Equator, perhaps combined
with stellar cues, enables them to transition to ‘poleward’
orientation after crossing the Equator and maintain consistent
southward headings throughout the migration. A second
study with the garden warbler (Sylvia borin) also suggests
that exposure to a field like one at the magnetic equator was
necessary for a bird to maintain orientation as it moves from
the Northern Hemisphere to the Southern Hemisphere [15].

In our strategy, there is nothing particularly special about
experience with the Equator. Instead, the agent only seeks a
continually decreasing angle between the local magnetic
field and gravity vectors. To see this, consider figure 8.

The top panel of figure 8 represents the progression of a
real-world field, and the bottom represents an experimental
manipulation, namely from [15]. If an animal tries to make
the angle between the gravity vector and the local magnetic
field continually decrease, then this would correspond to
moving in the direction of the red arcs at each time step.
In the top case, this would amount to continually moving
in one direction (i.e. north or south), with successful motion
across the Equator. In the bottom plots, this would corre-
spond to a direction reversal, similar to the experimental
observations of [15]. We emphasize here that our results do
not mean or imply that an animal is necessarily using the
strategy we have proposed, nor do they imply that animals
do not require equatorial experience, prior migration experi-
ence, or other sensory cues to successfully navigate. Indeed,
learning from experience is critically important for the survi-
val of many animals, and the use of other sensory cues is
likely at play in behaviours that involve magnetoreception
(e.g. [62]). We are simply encouraged by the fact that our
strategy, inspired by these previous animal experiments, gen-
erates results that are (i) consistent with the results of
previous studies on navigation that leverage magnetic incli-
nation, and (ii) may have applications in the development
of new engineered navigation systems.

With respect to animal navigation, an interesting study
would be to compare the model presented in this work
with alternative implementations that require navigation
experience, or multimodal sensing to navigate [15,17]. The
present model and new models can be run under identical
conditions to see when the results agree, and when dispar-
ities emerge, moving us closer to understanding how
animals may use an inclination-based magnetic navigation
system. We plan to execute this type of study in the future.

With respect to engineered navigation systems, it may be
impractical for a system to have prior experience with the sen-
sory environment. In this case, our strategy could be useful
because it can work on a maiden voyage, though the ability
of the system to learn online would be of great value and
use. Also, engineered systems may have to be deployed for
extended periods of time, or may only be deployed long
after they are constructed. In both cases, the system must
still satisfy a set of requirements, even if the sensory environ-
ment has changed over time. The results of our study suggest
that an animal-inspired strategy may be able to tolerate these
temporal changes, thus providing a potential bioinspired
solution to an engineering problem [63].

It is interesting to note that there are both biological and
engineered systems that execute tasks or take measurements
in a sequential manner. For example, [10] describes birds
that navigate to one area in Europe, then turn south, thereby
migrating from Europe to Africa and avoiding major geo-
graphical barriers. Postlethwaite & Walker [31] model how
sequential sensing in which there is a mismatch between a
cognitive map and a real-world map might explain an initial
orientation error that is experimentally observed in pigeons.
Numerous engineered systems (e.g. Kalman filters) take
and process measurements in a sequential manner [64]. It
would be an interesting future work to examine the interplay
between sequential behaviours, and information obtained
from prior navigation experience.

The effectiveness of our model may be instructive for
another open question in the study of magnetoreception: its
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evolution [65–67]. In general, sensory systems are thought to
evolve in a piecewise manner, with each step conferring added
fitness, as opposed to evolving de novo. For example, vision
developed from non-directional photoreception [68]. However,
it is harder to envision how a simple magnetic sense might
have evolved into a system for guiding long-distance navigation
[65]. Modelling by Taylor [69] demonstrated how a nervous
system could use a basic magnetoreceptor to extract either
single, or multiple features of the magnetic field. Here, we
demonstrate the potential navigational utility of a simple mag-
netic sense that encodes a single aspect of the Earth’s magnetic
field. As such, our model may serve as a useful thought exper-
iment when considering the evolutionary history of magnetic
reception in animals.
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Appendix A
(a) Motion model
Velocity in spherical coordinates is given as

v
Q

sph ¼
vradial
vmeridian

vpolar

2
4

3
5 ¼

_r
r _f

r _u sin (f)

2
4

3
5 (A 1)
The following updates the Cartesian position given a spherical
coordinate velocity and position

x
Q

kþ1 ¼ x
Q

k þ
cusf cucf �su
susf sucf cu
cf sf 0

2
4

3
5
k

v
Q

sph Dt, (A 2)

where the matrix in equation (A 2) expresses vectors from the spheri-
cal (rotating) frame in a fixed XYZ frame, k is the current time step,
and k + 1 is the next time step.

(b) Inclination calculation
To compute the standard definition of inclination from our definition,
we can use the point slope formula with α, and λ, or,

a ¼
�
a2 � a1

l2 � l1

�
(l� l1)þ a: (A 3)

Looking at figure 4, we can see that at the North Pole, λ = 0°, and
at the Equator, λ =−90°. From the standard definition, α = 90° at the
North Pole, and 0° at the Equator. Plugging these values in and
simplifying give the following:

a ¼ �l� 90 (A 4)

(c) Stochastic calculation
Mathematically, _f is computed the following way in the stochastic
scenario

_fk ¼ _fk�1 þ hf(j), (A 5)

where

f(j) ¼
0 0 � j , j1
1

j2�j1
(j� j1) j1 � j � j2

1 j2 , j

8<
: (A 6)

and

h ¼ N (m ¼ 0, s2 ¼ s2
h); j1 ¼ 5; j2 ¼ 8:

In these equations, j is the number of time steps that have elapsed
since a measurement was last taken, while k is the current time step.
Equation (A 5) has the effect of setting the angular velocity _fj to its
value at the previous time step, plus a noise value that starts at
zero and steadily increases over time in a piece-wise linear manner.
For this study, sh ¼ 10�.
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