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A 3D numerical model for towed marine seismic streamers has been implemented. The solution is
based on the FDM box method, which is a proven method for cable dynamics simulation problems,
and tolerates large cable movements. The model has presently been extended to include lifting de-
vices (control birds) for lateral and depth steering, a tailbuoy, tail stretch section as well as instru-
ments and weights externally mounted on the streamer. The solution is validated by comparing with
results from the commercial software Orcaflex, showing generally good agreement. Secondly, a sim-
ulation has been conducted investigating the maximum streamer deflection range in vertical and lat-
eral dimensions for a range of bird wing angles, and additionally comparing these results when using
bird force inputs instead of wing angles. The prime motivation is to develop a seismic streamer sim-
ulator including control birds, with low computational cost yet high accuracy, for the development of
improved streamer steering algorithms. 
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Introduction
Improved operational efficiency has en-
hanced margins for marine seismic survey
providers and increased seismic data acqui-
sition affordable to oil companies. This study
intends to improve prediction and control ca-
pability of towed seismic sensor cables
(streamers). Improved prediction of stream-
er behavior is one aspect of improving the
control capability.

Increasing numbers and lengths of
streamers deployed, combined with 4D seis-
mic requiring the replication of historic
streamer positions, as well as non-tradition-
al streamer deployment configurations such
as slanted and fanned streamers, have in-
creased the control precision and capability

requirements significantly. The recent de-
cline in oil prices has increased the efficiency
requirements for offshore E&P even further
in order to compete with shale oil E&P. The
seismic survey line-change is an expensive
operational maneuver moving the streamer
spread 180° to the next acquisition line. This
turn typically takes a few hours, accounting
for a significant portion of the survey and ac-
companying costs, depending on the length
of survey lines. Improved streamer control
has the potential of decreasing this time con-
sumption (Ersdal, 2004). 

Streamer entanglement can occur both
during a survey line and in turn, especially
in unfavorable current conditions, and can
result in damaged or destroyed streamers.
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Optimal streamer steering is an important
tool for avoiding streamer tangles. Given the
high cost of seismic streamers and survey
down-time, the relatively low cost of im-
provements to streamer steering algorithms
are a sensible investment.

Until approximately 2000, depth control
was achieved with externally mounted
streamer devices where horizontal oriented
wings (hydrofoils) provided the control forces
(Fig. 1). By 2010, lateral steering was em-
braced industry wide with the development
and deployment of various types of lateral
steering devices. These devices, containing
between two and four wings, give force in both
vertical and lateral directions, and are gener-
ally referred to as “control birds” (Fig. 3).

Lateral steering enables narrow intra-
streamer separations by reducing the likeli-
hood of streamer entanglement. Less lateral
streamer separation increases crossline
sampling resolution. Additionally, monitor-
ing of existing reservoirs using 4D-seismic
has become increasingly important (Polydo-
rides et al., 2008). The intention is to in-
crease the oil reservoir recovery rates. In 4D
seismic, the aim is to replicate streamer po-
sitions from historic surveys to detect chang-
es in the reservoir caused by production.
Therefore, accurate lateral control is increas-
ingly important. Thirdly, as more complicat-
ed streamer configurations are employed, ef-
ficient real time 3D streamer control is im-
perative (Polydorides et al., 2008). One ex-

ample of newly employed survey strategies is
coil shooting, where covering of the survey
area is achieved by steering the vessel in
large circular paths (Buia et al., 2008). Pre-
diction of future streamer state is one impor-
tant aspect of improved streamer steering al-
gorithms (Solheim, 2013).

As prescribed by International seagoing
laws, the tail end of each streamer is identi-
fied to non-survey vessel traffic by a tailbuoy
towed from each streamer. This tailbuoy en-
sures tail-end tension and provides a platform
for navigation instruments such as acoustic
pingers, compasses and satellite navigation
systems. A stretch section is installed be-
tween the last streamer section and the tail-
buoy, to dampen tugging noise on the stream-
er. Streamer positions are determined with
the use of streamer mounted instruments
that determine distances (acoustically), mag-
netic directions (compasses) and Global Navi-
gation Satellite Systems (GNSS) navigation
control points installed at the tailbuoys,
streamer front buoys and at the vessel.

Ballasting to bring the streamer to the de-
sired depth is achieved by attaching weights
along the streamer. Lead weights are in-
stalled to balance the streamer sections as
salinity may vary at the survey prospect.
Hence, ballasting reduces the workload on
depth keeping birds and gives consistent ca-
ble depth between depth control bird loca-
tions. All streamer add-ons, whether instru-
ments inserted between streamer sections or

Fig. 1: Illustration of seismic
spread with installed devices
from Pedersen (2001).
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attached to streamer coils, or weights
clamped onto the streamer body, typically
have densities much larger than the stream-
er, thus affecting the vertical shape of the
streamer significantly (Grant, 2015). Their
drag properties also differ from the streamer,
affecting the lateral streamer shape.

Within the seismic industry, various stream-
er control devices have been developed.
Kongsberg Seatex has developed the eBird®
streamer steering device for combined roll,
depth and lateral control, which is an in-line
control unit with 3 wings (Seatex, 2013a)
(Fig. 3).

In the present article, a novel seismic si-
mulator is described. The model is in three
dimensions and includes cable stretch and
tension. It is solved using a Finite Difference
Method (FDM). Control birds are included in
the simulator, as well as a tailbuoy which is
constrained to the surface using a PID con-
troller. It is custom-tailored to simulate seis-
mic streamers, hence implementation of a
specific seismic design is straight-forward
for the user. As the code is implemented in
Matlab® (Matlab), it can easily be combined
with other codes or technologies, for instance
the Ensemble Kalman Filter (Grindheim et
al., 2017). It can also be customized further
according to user specifications.

Towed underwater 3D cable model
For studying the behavior of a buoyant
streamer, a three-dimensional cable dynam-
ics model is required (Grant, 2015). Ersdal
(2004) concluded that for simulation of
“maneuvering and special operation” of the
complete seismic spread, “an effective three
dimensional model of a cable that allows
high deformation” would be necessary. Such
a model has been implemented.

The streamer’s dynamics can be adequate-
ly described by six coupled nonlinear partial
differential equations (Burgess, 1991, Grind-
heim et al., 2017): 

(1)

where 

(2)

and

(3)

Fig. 2: Example of seismic streamer towing
configuration (courtesy of Petroleum Geo-
Services).

Fig. 3: Kongsberg Seatex eBird® for lateral
steering and depth control of seismic stream-
ers (Seatex, 2013b).

  
 s t
y y

M N q

   t n bT v v vy

 
  
 

  
 

 
 
  




 


1 0 0 0 0 0
0 1 0 0 cos
0 0 1 0 sin
0 0 0 1 sin cos 0
0 0 0 0 cos 0
0 0 0 0 0

b n

b t

n t

v v
v v

v v
T

T

M

KP-2018-3.book  Page 233  Thursday, August 23, 2018  2:14 PM



Bedømt (refereed) artikkel Grindheim, Revhaug, Pedersen og Solheim

234 KART OG PLAN 3–2018

(4)

and q is a 6x1 vector accounting for hydrodynamic and buoyancy forces: 

(5)

T is tension, v is velocity, and t, n and b are
tangential, normal (nadir) and bi-normal
vectors, respectively (Fig. 4). θ and φ are hor-
izontal and vertical angles, respectively, be-
tween tangent t and the x-vector (Fig. 4). E is
cable elasticity, A is cable cross-sectional ar-
ea, EA = EA , V is velocity relative to sur-
rounding fluid, i.e. Vt = vt – Ut, Vn = vn – Un
and Vb = vb – Ub. m is cable mass per unit
length, m1 is cable mass including added
mass, per unit length, ρ is fluid density, g is
gravity constant, Ct is tangential drag coeffi-
cient, Cn is drag coefficient for both n- and b-
directions, and d is cable diameter.

The model uses a local coordinate system
following the cable tangent t (Fig. 4), as this
simplifies the equations. v (ms–1) is velocity,
T is cable tension (N), and θ and φ are angles
as given in Fig. 4.

There are three equations resulting from
the cable kinematics, essentially starting

from the equation for cable strain (Eqn. (6))
and the rotation matrix from absolute to lo-
cal (t,n,b) coordinate system. 

 (6)

where p and s are stretched and unstretched
cable lengths, respectively. (T / EA) equals ca-
ble strain, with EA = E · A, where E is elas-
ticity, and A is the cross sectional cable area
(m2): A = π (d / 2)2. d is cable diameter (m).

Secondly, there are three equations resul-
ting from the equilibrium of forces, where ca-
ble tension distance derivative  equ-
als the sum of inertial ( ), hydrodynamic
( ) and buoyancy ( ) forces:

 (7)
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Variations of the model have been utilized by
numerous authors (Gobat and Grosenbaugh,
2006). The model includes cable tension, ca-
ble stretch and ocean current which can vary
along the cable, and it tolerates large cable
deflections.

The boundary conditions are:

– Known velocity at front
– Known tension at tail and assuming

straight cable at tail point.

Solving the equations
The equations (1) are solved using the box
method, which is a Finite Difference Method
(FDM). The solution was introduced by
Ablow and Schechter (1983) and improved by
Milinazzo et al. (1987) and Burgess (1991).
Newton-Raphson iteration is used for solv-
ing the next timestep. The box method gives
second order accuracy and allows for arbi-
trary, i.e. non-uniform, spacing in time and
space, and allows for rapid variations in time
step size (Cebeci et al., 2005). The discretiza-
tion is centered in time and space. The meth-
od has proven close match with full-scale
data and low computational cost (Burgess,
1991). Further details of the method are pre-
sented in Grindheim et al. (2017).

The solution is stable for long time steps,
typically in the order of 20 seconds, resulting in
fast integration time. For seismic surveys, typ-
ically update timesteps is in the order of 10 sec-
onds, which is well within the stability time-
step size. Nodes or control birds could be placed

at any point along the cable. Implementation
has been performed in Matlab® (Matlab).

For realistic simulations of seismic stream-
ers, several additional features have been
added to the model:

– Control birds have been added. The hydro-
dynamic bird forces are added as an extra
current vector [Ut_bird Un_bird Ub_bird] at the
two cable elements adjacent to each bird.
This extra current is calculated to give the
force corresponding to the bird force given
the state, including velocity and current
vectors, at present time. The reason for
this choice and the details of the procedure
will be explained.

– A tailbuoy has been added. Using bounda-
ry condition at tail vz = 0 was attempted,
but instability issues occurred. Instead, a
tailbuoy vertical buoyancy force is added
at the tail, with a PID-controller con-
trolling this vertical force for keeping
depth = 0. In addition, a short cable sec-
tion of large diameter following the tail is
added to account for the tailbuoy drag.

– Components with specified weight in wa-
ter and diameter can be installed at user
defined locations. Nominal component
length is 1 meter.

– A stretch section of user defined length is
installed prior to the tailbuoy, connecting
the tailbuoy and streamer.

Example of a simulation plot is presented in
Figs. 5–6. Control birds are marked with
green dots, and the red dot is the tailbuoy.

Fig. 4: Local coordinate system
following the cable tangent t.
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Fig. 5: Example of simulation plot. The red dot is the tailbuoy, the green dots are control birds
and components are marked with magenta dots. Note the large variations in axis scales. 
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Fig. 6: Close-up of the x-y coordinate plot in Fig. 5, showing three steering birds. Note the large
difference in scale between x- and y-axis.
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Implementing control birds
The control birds have been added to the
original model (Eqn. (1)). For each bird, two
cable segments, each of equal unstretched
length (default value 5 m), are included adja-
cent to the bird. The bird inputs could be giv-
en as wing deflections (degrees) and wing
orientation (degrees), or directly as force (N)
in n- and b-direction. For the bird wing de-
flection option, the force calculation proce-
dure is given in the following. 

Hydrofoil force calculation
Hydrofoil forces are calculated based on the
actual wing angle of attack with respect to
wing deflection, local bird velocity and sea
current. 

Lift- and drag curves are implemented for
a basic symmetric wing profile. It is assumed
a maximum lift coefficient ∂CL(α)/∂α|α = 15° =
0.7, where α is the angle between incoming
fluid stream and hydrofoil chord line. The co-
efficient is linear with angle of attack until
close to stall angle, where the lift decreases
(Fig. 7). For simplicity, a rate of decrease in
CL is assumed after stall that is equal to the
rate of CL increase before stall (Fig. 7). The
hydrofoil is symmetric, giving equal lift- and
drag coefficients for both positive and nega-
tive angles of attack.

The drag coefficient CD is the sum of the
friction coefficient and the pressure drag co-
efficient, where the friction coefficient is con-
stant, and the pressure drag coefficient is as-
sumed to depend on α only (Newman, 1977,
p. 23). At α = 0°, CD approximately equals the
friction coefficient, whereas the assumption
is that the remaining drag, i.e. the pressure
drag, depends only on angle of attack (New-
man, 1977, p. 23). Friction drag could be ap-
proximated by friction drag CF of a flat plate
at zero angle of attack (Newman, 1977, p.
23). Assuming wing chord length of 0.3 m
and towing speed 2.4 ms–1, typical for seis-
mic operations, this gives friction coefficient
CF = 0.0055 (Newman, 1977, p. 17).

Based on these notions, idealized Fourier
series curves have been developed for both CL
and CD as functions of angle of attack α
(James et al., 2011, pp. 571-575). The curves
with their derivatives are shown in Fig. 7. For
calculating CL, NFourier (Fourier series length)

has been set to 20, while for CD, NFourier = 6
has been utilized. One advantage of using
Fourier series is that its derivative is continu-
ous, which would not be the case if a piecewise
function was utilized. The described Fourier
series lift- and drag coefficient calculation
routines are utilized in the function calculat-
ing hydrodynamic force for bird wings.

The code calculates hydrodynamic forces
for each hydrofoil based on relative fluid
velocity, deflection and orientation of wing,
wing area, fluid density and stall angle
(Newman, 1977). The results are L (lift) and
D (drag).

Subsequently, the force vector is rotated
by angle (β–α) to generate Ft (force in cable
tangent direction) and Fbn (force in b–n-
plane, i.e. 90° to cable tangent) (Fig. 8). This
is because by definition,  the drag component
is in the direction of the fluid velocity, and
the lift is perpendicular to the drag (New-
man, 1977, p. 21).

From Fbn, the Fb and Fn components are
calculated based on orientation angle of the
bird. The calculated forces are then imple-
mented as additional forces in the q-vector,
Eqn. (5), at the two cable elements adjacent
to the birds. 

The bird forces are represented by addi-
tional currents added only at the two cable el-
ements adjacent to the bird. The additional
currents are calculated to give the correct re-
sultant q-vector force at the bird elements, i.e.
the resultant force of hydrodynamic, gravita-
tional and buoyancy, and bird force. The rea-
son for this choice is issues with stability and
convergence experienced when attempting to
implement the bird forces explicitly in the q-
vector, Eqn. (5). One reason for stability is-
sues may be the high sensitivity of the bird
force with respect to wing angle of attack.

The bird force currents are updated each
shotpoint given the present state. The bird
force calculations are decoupled from the
Newton iteration, leading to a time lag. How-
ever, the time lag should be reasonable small
as the forces are updated each shotpoint. If
higher accuracy is desired, the timestep size
could be reduced by user. The non-linear in-
teraction between the cable velocity, sea cur-
rent and control forces will still be accounted
for, but with a time lag and approximation.
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The added bird force currents are calculated
based on the hydrodynamic force equations

given in the q-vector (Eqn. (5), elements 1, 6
and 5, respectively).

 
Fig. 7: Idealized Fourier series curves for both CL and CD (as functions of angle of attack α), as
well as their derivatives. 

Fig. 8: Hydrofoil with angles, vectors and explanations.
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For calculating the bird force currents, tangen-
tial force current Ut_bird is calculated based on:

(8)

Bi-normal and normal force currents Ub_bird
and Un_bird are calculated from Eqn. (9) and

Eqn. (10), respectively, using least squares
method.

(9)

(10)

The extra current [Ut_bird Un_bird Ub_bird] rep-
resenting the bird force is added to the sea
current at the two short cable elements adja-
cent to the bird.

Validation of implementation
The streamer simulation implementation has
been verified against a simulation performed
with Orcaflex®, a commercial software for hy-
drodynamic simulations (Orcina, 2016). 

The development of the present simulator
was justified by the following requirements
that are not met by Orcaflex:

1. Generic initialization customized for seis-
mic streamer simulation.

2. Optimized cycle time for seismic streamer
problem.

3. In-house control of all aspects of the simu-
lator and underlying model, and further
development of any desired extensions,
modifications or improvements.

In the Orcaflex verification run, the simulat-
ed cable is a seismic streamer of unstretched
length 7800 m, diameter d = 6 cm and neu-
tral weight in water, resulting in constant
depth of the cable. The complete cable has
uniform cable properties. Towpoint tension
(total drag including cable, wings and tail-

buoy) is 20.9 kN at 4.5 knots (2.315 m/s) with
wings not activated. The cable has 25 birds
with 300 m spacing between each. 25 simula-
tions are run, where for each simulation,
only one of the birds are activated, giving
constant lateral force of 270 N. Timestep size
is 10 seconds. The resulting cable shape from
one of the simulations (activating bird num-
ber 5) is given in Fig. 9.

The accuracy of the FDM method is de-
pendent on number of cable nodes; hence
there is a tradeoff between accuracy and
computational cost. Computational cost of
the algorithm increases in a linear fashion
with number of nodes. With distance be-
tween cable nodes at 10 meters, each 200 sec-
ond simulation takes ca. 1.3 seconds on a
standard laptop, decreasing to ca. 0.5 sec-
onds for 50 meters between the cable nodes.
The simulation results for distance between
nodes at 10, 25, 50 and 100 meters, as well as
the Orcaflex simulation results, are present-
ed in Fig. 10. Generally, good agreement with
the Orcaflex result is achieved, but towards
the end of the cable, the agreement decreases
for the larger distance between cable nodes
(Fig. 10). The deflection trend shows that the
closer to the towpoint, the less the deflection
will be (Fig. 10). Close to the tailbuoy, the
tailbuoy drag will constrain the cable.
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Fig. 10: Results of the 25 simulations, comparing FDM code results for different number of ca-
ble nodes, with the Orcaflex result. For each simulation only one of the control birds is activa-
ted, and the cable deflection at the bird after 200 s is given in the figure. Bird number 1 is clo-
sest to the front, and bird number 25 is closest to the tail. Upper plot shows absolute results, lo-
wer plot shows relative results in relation to the Orcaflex results.
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Exploring control ranges and 
correlation between lateral and vertical 
steering
A simulation study has been developed to de-
termine the possible ranges of lateral and
depth control, as well as their correlations,
when controlling both simultaneously. Esti-
mating this is not straight-forward, as many
factors contribute to the results. For in-
stance, as the cable is moved out in the later-
al, the wing angles of attack will change, and
as the wings’ angle of attack approaches the
stall angle, the stall effects will influence the
results. Secondly, steering in the vertical
could influence the steering in the horizon-
tal, and vice versa.

The streamer has length 7800 m, diameter
6 cm, weight in water of 0 N/m, and each bird
has a weight in water of 2.5 N. 24 birds are
installed with spacing 300 m. Each bird has
two wings of surface 0.208 m2, one oriented
horizontally (giving force in the vertical
when activated) and one oriented vertically
(giving horizontal force when activated).
Wing area is set to give a lift force at stall an-
gle of 400 N at nominal speed 2.315 ms–1. A
stretch section with length 100 m is installed

500 m after the last bird. The stretch section
connects the streamer to the tailbuoy. 

Prior to the front bird, 11 weights of 100 N
each are installed with equal spacing. This is
a standard operational practice to make the
front section of the streamer stay closer to
the target depth. Nominal towpoint tension
with birds not activated is 21.47 kN. Stream-
er shape at simulation time zero is a steady
state solution with zero bird forces, as pre-
sented in Fig. 11.

A number of 20 minute simulations have
been run. The towpoint is running straight
ahead at 2.315 m/s. For each simulation run,
wing deflections are constant for all 24 birds.
The extreme cable deflection (i.e. the largest
deflection, positive or negative, at any node)
after 20 minutes is recorded for both vertical
and lateral dimensions.

One simulation example is given in Fig.
12, where vertical force wing has deflection 4
degrees, and horizontal force wing has de-
flection –12 degrees.

All simulation results are presented in
Figs. 13–14. Lateral force wing deflection is
varied between –20 and 20 degrees, and ver-
tical force wing between 0 and 20 degrees,

Fig. 11: Simulation streamer shape at simulation time = 0. This is the steady-state solution
with no bird forces. Green dots are birds and magenta dots the installed weights. The red dot
is the tailbuoy.
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with 1 degree resolution. Fig. 13 gives the re-
sulting maximum vertical cable deflection,
and Fig. 14 the resulting maximum lateral
cable deflection, for all simulations run with-
in the wing angles span. 

Secondly, the results indicate that lateral
and vertical steering are only slightly de-
pendent on each other (Figs. 13–14). This
may indicate that vertical and lateral control
could be considered separately for simplicity.

Independent of the correlation between
vertical and horizontal steering, since the
same birds are typically utilized for both
depth and lateral steering, it could be benefi-

cial to develop a single control algorithm con-
sidering both the vertical and the lateral di-
mensions at the same time. 3D simulations
will certainly be beneficial in the control al-
gorithm development for buoyant streamers
(Ersdal, 2004). There is a limited amount of
total control force available, and the algo-
rithm needs to determine optimal distribu-
tion of force in vertical and lateral dimen-
sions. Further, in the field the streamers
have varying buoyancy, thus requiring 3D
simulations for accurate modeling (Grant,
2015).

Fig. 12: Result plot for one of the 20 minute simulations. The green dots are the control birds.
Magenta dots are installed weights. Note the differences in scale between x- and y-axis for both
of the two plots. In this simulation, vertical force wing has deflection 4 degrees, and horizontal
force wing has deflection –12 degrees.
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Fig. 13: Extreme vertical cable deflection after 20 minutes. For each simulation, all 25 birds are
given the same wing deflections for the lateral and the vertical force wing, respectively, and the
extreme (i.e the largest, positive or negative) lateral cable deflection after 20 minutes is recorded.
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Fig. 14: Extreme lateral cable deflection after 20 minutes. For each simulation, all 25 birds are
given the same wing deflections for the lateral and the vertical force wing, respectively, and the
extreme (i.e the largest, positive or negative) lateral cable deflection after 20 minutes is recorded.
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The same simulation has been run using
known bird force input instead of control an-
gles. In this case, maximum control force is
calculated by assuming maximum available
force at Vt = 2.315 ms–1 (4.5 knots) is equal to
400 N, which is equal to nominal force for the
control wings at stall angle at nominal speed
(15 deg). This gives maximum force (100 %):

 (11)

where Vt is tangential bird velocity relative to
fluid. Note that this is a simplification as force
is also dependent on Vn and Vb, and since max-
imum force in one direction is dependent on
the force in the other as there is a total maxi-
mum force available for the bird. Secondly, in-
creased streamer deflections will affect the
wing angles, thus affecting available steering
force. The results for the set bird force input
are presented in Fig. 15–16. The results show
close similarity to the results when using wing
angles (Figs. 13–14), thus giving credit to the
bird wing angle implementation.

Conclusion
Present motivations for modeling and pre-
diction of seismic streamers are related to
the problem of improved streamer steering.

A 3D Partial Differential Equations (PDE)
cable model for simulating towed underwa-
ter cable dynamics has been extended to in-

clude typical seismic streamer devices such
as control birds, tailbuoy, tail stretch section,
and weights and instruments externally
mounted on the streamer. The implementa-
tions are presented. The equations are
solved using the box method, a Finite Differ-
ence Method (FDM). Validation shows good

 2
2

400
2.315 tMaxforce V

 
Fig. 15: Same simulation as in Fig. 13, but using known bird force input instead of wing an-
gles. Extreme vertical cable deflection after 20 minutes. For each simulation, all 25 birds are
given the same force in Fb and Fn, respectively, and extreme cable deflection after 20 minutes
is recorded. (Fb is in the horizontal plane perpendicular to the cable tangent, while Fn is nadir
vector perpendicular to cable tangent (Fig. 4)). 
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correspondence with simulation results from
the commercial software Orcaflex. The im-
plementation has low computational cost.

Secondly, the possible amounts of lateral
and vertical steering for both a range of bird
wing angles and a range of bird forces, as
well as their correlations, have been explored
through simulations. The results for wing
angle variations generally compare well to
the result for known bird force, giving a vali-
dation of the wing angle force implementa-
tion. The simulations indicate that lateral
and vertical steering are only slightly affect-
ed by each other. However, typically the
same birds are utilized for both depth and
lateral control, and the total control force
available is limited. Thus a single control al-
gorithm considering both lateral and vertical
dimensions simultaneously may be neces-
sary for determining optimal force distribu-
tion. Utilizing 3D simulations in the develop-
ment should be beneficial, especially when
considering streamers that are not complete-
ly neutrally buoyant, as is normally the case.

Recommendations for further work
A simulation study comparing the control ef-
ficiency of a 2-wing and a 3-wing bird design
could be of interest for the seismic industry,
where both of these designs are widely uti-
lized. However, when giving forces simulta-
neously in vertical and horizontal directions,
a choice must be regarding bird orientation.
Algorithms must be developed to calculate
optimal bird orientations for combinations of
horizontal and vertical bird force require-
ments. Industry bird designs could be imple-
mented in the simulation; however, this
should ideally include the actual algorithms
for bird orientation decision.
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