
GG 710 - Remote Sensing in Submarine Environments 
Vehicle Attitude 

 
The orientation of a ship or towed instrument, also known as its attitude, can lead to errors in 
location for features imaged by a sonar or camera system.  There are six kinds of attitude 
information that can be collected by sensors: 

1. Roll 
2. Pitch 
3. Yaw 
4. Heave 
5. Surge 
6. Sway 

 
For the purposes of this course we will only discuss the first four.  They will be considered in 
order of their relative magnitude of their contribution to positional errors. 
 
Roll 

Roll is the side-to-side motion of a ship or towed system about 
an axis that extends from the bow to the stern of the vehicle.  Roll 
affects values directly underneath the vehicle less than values that are 
acquired far from the vehicle (e.g., at the outer edge of the swath).  The 
x- and z-axis errors associated with roll are given by: 

dx/z = sin (dθ) - tan θ * [1 - cos (dθ)] = dθ 
dz/z = sin (dθ) * tan θ + [1 - cos (dθ)] = dθ ∗ tan θ 
 

Roll is typically taken to be positive (+) for upward movement on the 
starboard side and negative (-) for upward movement on the port side. 

Examples for a point 5° from nadir using a system 3000 meters above the 
seafloor: 

For a point 60° from nadir at the same 3000 meters altitude: 
 
 
 
 
 
 
For the MR1 towfish, towed at about 9 knots, roll typically varies between ±5°.  It is more 
pronounced around turns where ocean currents and centrifugal forces push the towbody just like 
you move when you go around a turn in your car.   
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θ 1° roll = 53 m shift in x; 
5° roll = 267 m shift in x; 
10° roll = 541 m shift in x. 
 

1° roll = 216 m shift in x; 
5° roll = 1237 m shift in x; 
10° roll = 3046 m shift in x. 
 



In the "old days" few sonar platforms systematically accounted for vehicle roll.  Seabeam used to 
correct for roll by shifting the depth values within each ping.  These days surface ships usually 
come equipped with roll stabilizers to limit the amount of side-to-side motion.  For towed 
systems there aren't any roll stabilizers, but it's still important to account for roll.  Interferometric 
systems like the MR1 need to account for roll when they are converting raw acoustic data into 
depths.  At HMRG we incorporated this ability into our software.  Sidescan data can also be 
affected by roll because the amplitude of the return echo will be diminished if the transducers are 
"listening" in a direction that has moved away from the region of seafloor that was originally 
insonified.  We typically correct for these changes in amplitude as a function of roll using an 
empirical approach that compares sub-regions of several adjacent pings. 
 Roll is typically recorded throughout a ping and roll corrections are applied repeatedly 
within an individual ping.  This is true for hull-mounted and towed sonar systems.  
  
 
Pitch 

 Pitch is the fore-and-aft motion of a ship or towed system about an 
axis that extends from the port to the stbd side of a vehicle.  The positional error for a 
ping acquired when the sonar platform is pitching will be the same for every value within 
that ping.  The x- and z-axis errors associated with pitch are given by: 

dx = z * tan (dθ) 
dz = z * [1 - cos (dθ)] 
 

Pitch is typically taken to be positive for upward movement of the vehicle/ship nose and 
negative for downward movement of the vehicle/ship nose.   
The effects of pitch will increase as a function of vehicle altitude. 

 
For a sonar operating 2000 meters above the seafloor, the positional errors resulting 
from pitch angles of 1, 5 and 10 degrees are: 
 
 

 
 
For the same sonar operating at an altitude of 3000 meters and pitching at the same 
angles: 
 
 
 
 
 
In good weather, pitch values for the MR1, towed at 9 knots, have a standard deviation of 1-2°.  
The mean value is also important because the vehicle may be oriented with the nose slightly high 
or low.  This is true for roll and yaw as well.  For deep-towed systems, pitch can be on the order 
of 10's of degrees when it becomes necessary to quickly pull the towfish up to avoid an obstacle.  
Hull-mounted systems use beam steering to compensate for pitch, essentially projecting the 
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1° pitch = 34 m shift in x; 
5° pitch = 175 m shift in x; 
10° pitch = 353 m shift in x. 
 

1° pitch = 52 m shift in x; 
5° pitch = 262 m shift in x; 
10° pitch = 529 m shift in x. 
 



sound in a direction that compensates for the motion of the ship.  For the towed MR1, we used to 
account for pitch by adding/subtracting distance behind the vehicle, but since pitch varies within 
the time of a ping, this is really not a great solution.  We are presently in the process of 
converting MR1 data from distance/depth (x/z) pairs into x/y/z triples; this will finally allow us 
to accurately compensate for changes in pitch. 
 To reduce the amount of pitching a towed vehicle undergoes, a two-body towing 
configuration, which places a depressor weight in front of the actual instrument, has proven 
effective.  We also attach a parachute-like drogue line to the end of the towfish to increase drag 
and thus improve stability. 
 Like roll, pitch can affect the magnitude of the return echo strength if the vehicle is 
pointing away from the insonified region of the seafloor.  We correct for these amplitude 
variations in the same way that we account for roll amplitude variations, by comparing sub-
regions of adjacent pings. 
 In terms of correcting for pitch errors, hull-mounted systems will usually try to steer the 
beams during sound transmission and reception so that the same swath of seafloor is both 
insonified and sensed for the return echo.  
 
Yaw  

Yaw is the port-to-stbd motion of the nose of a ship or towed system about an axis that 
runs from the top through the bottom of a vehicle.  Like errors for roll, positional errors caused 
by vehicle yaw are less pronounced for data acquired directly underneath the ship and more 
pronounced for data acquired at the edge of the swath.  The x- and z-axis errors associated with 
yaw are given by: 

dy = r * tan (dφ) = x dα 
sin(θ) = x / r 
dα = dφ / sin (θ) 

 
 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Yaw angle is taken to be positive when the nose rotates toward stbd and negative when the nose 
rotates to port. 
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For a point located 50 meters from nadir: 
 
 
 
 
 
 
For a point located 5 kilometers from nadir: 
 
 
 
 
 
It is not unusual to have yaw angles on the order of ±30°, especially around turns where ocean 
currents and forward momentum can hold the nose of a vehicle in one orientation even while its 
course is rapidly changing.  The best way to systematically decrease the amount of yaw is to 
speed up - platforms don’t move from side to side as much if most of their momentum is in a 
forward direction.  However, mechanical concerns (added drag) make it impossible to increase 
forward velocity indefinitely. 
 
To account for yaw we typically use the magnetic compass heading of the platform.  To do this, 
it is also necessary to account for variations in magnetic declination as a function of latitude (See 
Cox and Hart, "Plate Tectonics - How it Works" for a discussion of magnetic declination).  Most 
ships (and seafloor mapping groups) carry versions of published tables of magnetic declination 
to sea to accomplish these corrections.  If the tables are unavailable, it is still possible to roughly 
correct for yaw by statistically determining the mean difference between course and compass 
heading as a function of latitude.  This latter approach has the advantage of also correcting for 
the small magnetic field of the sonar platform, which has the effect of modifying the regional 
declination. 
 Like roll and pitch, yaw can affect the magnitude of the return echo strength if the vehicle 
is pointing away from the insonified region of the seafloor.  These amplitude variations are 
corrected analogously to the pitch and roll corrections. 
 In terms of correcting for yaw errors, hull-mounted systems again steer the beams during 
sound transmission and reception.  For towed systems yaw values are recorded only at the time 
of the outgoing pulse to generate an approximate location for the swath of 
seafloor that was insonified. 
 
Submarine cameras and roll, pitch, yaw 
 Unlike most sonar mapping systems, optical platforms (a.k.a. towed 
cameras, submersibles, etc.) do not acquired on line (ping) of data at a time, 
but rather over a square area.  Since the area that a camera images is a 
function of the angular width of the lens, pitch, roll and yaw of the camera 
platform will all change the shape of the image from square or rectangular to 
trapezoidal or polygonal. Since science has advanced to the point of using 
digital camera data to try and describe fine-scale seafloor morphology 
quantitatively, it's important to know the true shape of the area being imaged.  

1° yaw = 1 m shift in y; 
5° yaw = 4 m shift in y; 
10° yaw = 9 m shift in y. 
 

1° yaw = 87 m shift in y; 
5° yaw = 437 m shift in y; 
10° yaw = 882 m shift in y. 
 



Hence, most camera platforms are now equipped with high-resolution attitude sensors.  The roll, 
pitch and yaw values are incorporated into the information for each picture and used to project 
the image into a more accurate rendering of a flat area that was imaged.  Since the seafloor is 
rarely flat, this is still only an approximation, but it produces a more accurate quantitative result 
than ignoring the attitude of the sensor. 
 
Finite rotations 
 For the sake of clarity, we have considered roll, pitch and yaw independently, but in 
reality all three types of errors affect vehicle attitude at the same time.  Because each of these 
corrections can be considered a finite rotation, the order in which we correct for them is 
important.  Consider two different applications of the same "pitch" and "yaw" to a box but in the 
reverse order: 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 

 
 
 
 
 

 
 
 
 
 
For the MR1 and other sonars that don't have beam steering, we typically apply the corrections in 
the order that they've been presented:  roll is corrected first, then pitch and then yaw. 
 



Heave 
 Heave is the vertical motion of a surface vehicle in response to wave action.   Errors 
introduced are usually on the order of meters; rarely they are more than 10 meters.  Historically, 
for most shallow-towed sonars and surface ships working in the deep ocean corrections for heave 
were not performed; however, as the vertical resolution of these systems improves we can see 
heave errors in multibeam swaths for flat areas of the seafloor, and we are developing 
approaches to correct for heave now.  For near-shore instrumentation, and for systems that are 
towed just a few meters above the seafloor, regardless of water depth, heave can significantly 
influence performance.  Heave compensation for a towed instrument is accomplished by 
inserting a spring-like connection between the tow wire and the vehicle that damps the amount of 
up-and-down motion from the surface.  In post-acquisition data processing, heave is typically 
compensated for using high-resolution information from an altimeter that measures distance 
above the seafloor. 
 
Summary 
 In addition to navigational uncertainties, variations in vehicle attitude can introduce 
positional errors on the order of tens and even hundreds of meters.  Many of these errors can be 
removed during data processing; however, if it is necessary to determine an accurate location for 
a particular target on the seafloor, the best approach is to use repeat passes with different look 
angles to try and correlate the target's position.   
 For the class project, if you propose to integrate datasets that theoretically will have 
variable positional accuracies, you should address the issue of how you will be able to co-register 
the different datasets.  
 
Class Demonstration 
Watson Inertial Measurement Unit (IMU) 
 
Assigned Reading 
King, A.D., 1998, Inertial Navigation – 40 Years of Evolution, GEC Review, 13, pp. 140-149. 
Anonymous, POS-MV Model 320 Operations Manual, TSS UK Ltd, pp. A1-A32. 
 


