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1. INTRODUCTION
1.1. Progress to Date
The HMPS program began August 1, 1993, and is currently nearing the completion of
the second quarter of the second year.
The overall objectives of this research, as discussed in the proposal, are to:
* explore general techniques for multi-sensory interaction with sonar data in light of
an acoustic propagation model,
* develop a working human-machine processing system (HMPS) testbed embodying
the most promising of these techniques, and
* evaluate the effectiveness of the experimental HMPS.
As stated in the proposal, the schedule for research was as follows:
"During the first two quarters of the first year of work...:
* the choice of an acoustic propagation model will be finalized and
ported to testbed SGI workstations;
* the content and form of the tactical information to be considered will
be chosen, implemented, and integrated with the acoustic propagation
model;
* DBDB 2.5 bathymetry data will be obtained from the Naval
Oceanographic Office for regions of interest and made available to the
HMPS; and
* a simple human/machine interface for control and display will be
implemented.
"...During quarters three and four, the initial three-dimensional,
stereoscopic visual displays and the binaural, spatialized audio displays
will be implemented. Control input techniques will be refined to include
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speech recognition and conventional graphics control devices.
required pilot tests will also be run during this period...

2
Any

"During the first two quarters of the second year, visual and auditory
displays will be refined and extended. More sophisticated control
techniques, using speech recognition and whole-hand haptic input devices
(e.g., data gloves and exoskeletons), will be explored. If time and
resources permit, the use of decision support tools (such as access to
libraries of platform and biological signatures) and multi-operator
configurations will be considered.
The remainder of the second year will be dedicated to running humansubject evaluations of techniques developed earlier in the project and
documenting results. An emphasis will be placed on evaluating the HMPS
for cooperative ASW scenarios."
Nearly all Year One objectives have been met, as discussed in detail below. A
significant effort was required to become familiar with Naval sonar operations, however,
and that has delayed progress. Interviews with domain experts (i.e., sonar technicians)
and a task analysis based on these interviews were required before system design could
begin, and this took significantly longer than anticipated. Moreover, it took some time to
locate appropriate Naval personnel to be interviewed. Early in 1994, a visit was made to
the research group of Dr. Tom Hanna of the Naval Submarine Medical Research
Laboratory at the New London Submarine Base in Groton, Connecticut. An active duty
sonar supervisor, STS 1 John Harvey, and a sonar technician, STS2 Benny Kostenbader,
were on assignment to Dr. Hanna's group, and we were able to gather the necessary
information from these two sonarmen. The user-centered system design of the HMPS is
largely accomplished, and HMPS implementation is underway.
We now consider in turn each of the program milestones as listed above.
1.2. Year One: Acoustic Propagation Model
* "The choice of an acoustic propagation model will be finalized and ported to testbed
SGI workstations." - from the proposal
An extensive literature review and a survey of available undersea acoustic
propagation models were conducted; this included discussions with undersea acoustics
experts at MIT and elsewhere. No extant models were deemed appropriate for the HMPS
project. The ray tracing paradigm has been identified as the most appropriate and
effective technique for computing undersea sound propagation. A modeling and
simulation package based on modifications to ray tracing algorithms reported in [Ziomek
1993] is currently being implemented. All of this work is discussed in detail in Section 4.
1.3. Year One: Task Analysis and User-Centered System Design
* "The content and form of the tactical information to be considered will be chosen,
implemented, and integrated with the acoustic propagation model." - from the proposal
In order to design a human/machine interface for improved sonar display, it is
necessary to understand and analyze the tasks actually performed by sonar crews. To this
end, a number of interviews have been conducted with two domain experts, both activeduty sailors, one of whom has served as sonar supervisor, and the other as a sonar
technician, on a U.S. Navy fast attack submarine. Based on these interviews, we have
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developed a task analysis of the functions performed by the sonar supervisor, and we
have subsequently designed the functional architecture of the HMPS. In addition, we
have been in contact with a number of other submarine officers in the course of the VETT
project*, and their input has been valuable for the HMPS work as well.
We have chosen to focus the HMPS on the requirements of the fast attack sub, rather
than a ballistic missile submarine or a surface ship, for the following reasons. First, a
ballistic missile submarine is a strategic asset and does not pursue offensive tactical
operations. Sonarmen on a fast attack sub, therefore, have a range of offensive tactical
operations to be supported by an HMPS that are simply not encountered on a ballistic
missile submarine. Surface ships, unlike either class of submarines, can often call on
support from aircraft, other naval vessels and satellites in support of tactical operations.
The fast attack sub, however, must operate as a self-contained sensor and weapons
platform in a complex and noisy undersea environment.
Once an acoustic contact is detected on a fast attack sub, it is the responsibility of a
single individual - the sonar supervisor - to form a coherent picture of the immediate
tactical situation, and to make recommendations to the conn regarding control of the
vessel. Aside from viewing "waterfall" and similar displays, and interacting with the
sonar technicians in the "sonar shack," the sonar supervisor must construct a "mental
model" of the tactical situation with essentially no supporting documentation, hardware
or software. It all must be done "in his head," based on his knowledge and experience.
The purpose of the HMPS, then, is to provide tools for enhancing situation awareness,
and to support "what if' simulations of sensor, vessel and weapons operations.
Task analysis of sonar operations, and HMPS functional architecture to support these
operations are presented in Sections 2 and 3, respectively.
1.4. Year One: Ocean and Vessel Databases
* "DBDB 2.5 bathymetry data will be obtained from the Naval Oceanographic Office
for regions of interest and made available to the HMPS." - from the proposal
We have obtained undersea terrain data from several sources, and we have selected a
data set appropriate for initial HMPS implementation. In addition, we have acquired
several geometric models of submarines which have also been integrated into the HMPS.
In addition, we have identified sources of ocean eddy data, available from researchers at
Woods Hole.
1.5. Year One: HMPS Implementation
-

* "A simple human/machine interface for control and display will be implemented."
from the proposal

The initial implementation of the HMPS is in progress. The ray tracing model is
being coded; a large effort has gone into programming an efficient ray tracing package,
and programming efficient graphics modules to display ray tracing results and acoustic
"shadow volumes." This work is described in detail in Sections 4, 5 and the Appendix.

* Virtual Environment Technology for Training, Naval Air Warfare Center/Training Systems Division,
Contract N61339-93-C-0055
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1.6. Year Two: Multi-Modal Operator Interface
* "During the first two quarters of the second year, visual and auditory displays will
be refined and extended. More sophisticated control techniques, using speech recognition
and whole-hand haptic input devices (e.g., data gloves and exoskeletons), will be
explored. If time and resources permit, the use of decision support tools (such as access
to libraries of platform and biological signatures) and multi-operator configurations will
be considered.- from the proposal
Once the initial HMPS implementation is complete, work will begin on a multi-modal
operator interface. We expect this work to be underway late in the third quarter of Year
Two, i.e., next quarter, with subject evaluations to begin in the fourth quarter, as called
for in the original proposal.
We have identified sources for "platform and biological signatures," and we are
prepared to incorporate such acoustic databases into the HMPS. As time permits, we may
investigate cooperative ASW techniques. In particular, we will be able to simulate
remote active sources which serve as acoustic illuminators for the passive sensors of an
attack sub.
In the next sections, we report in detail on the domain expert interviews and task
analysis. We follow this with a presentation of the functional architecture of the HMPS,
a description of the work on undersea acoustic modeling, a description of the HMPS
implementation to date, and finally, we close with a research agenda for continuing the
HMPS work.
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2. TASK ANALYSIS: WHAT THE SONAR SUPERVISOR DOES
The sonar supervisor works in the "sonar shack" with 3-4 sonar technicians, who each
monitor a BSY-1 acoustic sensor display console. A variety of active and passive sonar
sensors are available, including a towed array of passive sensors. Active sensors are
rarely used, however, since they reveal the position of the emitting vessel, and also
because only range and bearing information can be derived from active sources. In order
to identify a contact, it is primarily passive listening that is used.
When a possible contact is detected by a sensor system, the sonar crew must identify
the contact within three to five minutes. That is, the sonar crew must determine as quickly
as possible whether the potential contact is actually another vessel, and if so, whether it is
a threat. For every threat, the appropriate tactical responses must be determined based on
the "listening" conditions, the operational status of the submarine, and the imputed nature
of the threat.
Identification of a contact is primarily a diagnostic task: classify an acoustic source
based on the properties of the emitted acoustic energy. Based on the tactical situation and
the acoustic properties of the potential contact, the sonar crew must decide what
frequencies to which to listen. Pattern matching and case-based reasoning are heavily
used. That is, the sonar supervisor will use his knowledge and experience to classify a
particular acoustic feature based on his memory of similar sounding signals that have
been heard in previous situations. Based on this reasoning, he will make decisions
regarding which frequencies to which to attend, as well as recommending possible
maneuvers of the vessel.
It is precisely this reasoning process of the sonar supervisor that the HMPS is
intended to support. In particular, the HMPS can provide answers for the sonar
supervisor to the following questions*.
"1. What is the best location and depth for the sensor in detecting a contact, based on
provided intelligence and Sound Velocity Profile (SVP)?
"2. What is the best speed for the ship for detecting the contact of interest? At what
point do I reach break point and ambient limited speed for a given sensor and frequency
of interest? Display a model of how much sensors will degrade when I exceed break
point or ambient limited by a given amount of speed.
"3. What is the predicted range of the day based on frequency of interest and current
sound propagation?
"4. For a given SVP what frequencies will escape below the layer and what
frequencies will stay trapped inside of or above the layer?
"5. For a given SVP where is the caustic of the convergence zone (CZ) in relationship
to current ship's position? At what depth and bearing do I need to put my sensor?
"6. What type of active frequency/pulse length/power should be utilized for covert or
overt tracking of a contact for a given frequency, pulse length and power output for a
current SVP? Display the ray paths in 3D.
"7. What is the counter detection perimeter for ownship?
"8. In the event that our ship is counter-detected I want to know what is the best depth
of evasion based on current SVP and predicted location of warm and cold fronts, and
eddies warm and cold."
*Based on discussions with STS 1 John Harvey and STS2 Benny Kostenbader stationed at the New London
Naval Submarin Base.
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In addition, the HMPS can provide additional information:
* For shallow water searches using active transmissions, high resolution bottom
topography can be displayed.
* The gradual change in speed of sound based on the SVP can be indicated with
varying shades of color.
* The following features can be displayed: the convergence zone, the deep sound
channel, bottom topography, ray paths active and passive, predicted location of eddies
and fronts.
A task analysis of the processing of a contact from initial detection to final disposition
is shown in Figure 1. Actual operations may vary somewhat from this idealized
presentation, but the functions and sequencing are largely constant. In the discussion that
follows, the actions taken in each of the labeled boxes is discussed, and the presentation
provided by the HMPS - the "situation display" - is outlined. In addition to the
situation display, the sonar supervisor can request various simulations, and can also query
the HMPS. The system architecture necessary to implement these presentations,
simulations and queries is described in the following section.
The situation display has three main components: geometric, acoustic and contact
displays:
Geometric
* initial viewpoint at ownship
* 2D undersea terrain profile
* 3D perspective view of undersea terrain
* ownship position and heading
* locations of sensors and transmitters
* towed array geometry
* locations of eddies and fronts as appropriate
* weapons simulation
Underwater acoustic environment display:
* sound velocity profile
* deep sound channel
* convergence zone (CZ)
* surface duct
* acoustic shadow volume(s)
* ray trace
Contact status display:
* color-coded indicator for phases of contact: preliminary, initial,
and accurate (with NATO symbology)
* contact bearing and range (numeric display)
* threat/non-threat iconography
* position track
Note that the HMPS will not predict the location of eddies. That is a problem of fluid
dynamics as well as ocean and meteorological data gathering. However, given data on
the location of eddies, the HMPS will be able to compute the acoustic properties of these
features.
As discussed in the proposal, in high-stress and high-workload sonar operations it is
of paramount importance that the human/machine interface be as transparent as possible
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so that the operator can focus on the problem at hand rather than worry about the details
of the computing system and its interface. Two issues that need to be considered in
designing the HMPS concern task-level interaction and direct manipulation. Task-level
interaction means that the computing system insulates the operator from the
computational details of the overall system and enables the human to communicate with
the computing system in terms of objects and processes of interest to the human. In
addition, in order to remain productively focused on the task at hand, the operator should
be able to manipulate the interface directly, using familiar sensorimotor behaviors such as
speech and manual gestures.
In the current phase of HMPS implementation, we are programming and evaluating
the modules described in Section 3. In the next implementation phase, which we expect
to begin later in the coming quarter (i.e. Q3 of Year 2), we will implement and evaluate
the actual operator's interface, which must be a task level, direct manipulation interface
to the HMPS using voice and gestures. This work will be based on long experience with
direct manipulation and task level VE design, which includes work on an aircraft mission
planner [Zeltzer and Drucker 1992], a surgical simulation system [Pieper, Rosen et al.
1992], teleoperator interfaces [Sturman and Zeltzer 1993], intelligent camera control for
VE applications [Drucker and Zeltzer 1994; Drucker and Zeltzer 1995], and air traffic
control displays [Jasek, Pioch et al. 1995].
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Figure 1. Flow chart showing course of action following detection of sonar contact.
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2.1. Passive Surveillance
Sonar Supervisor works with 3-4 sonar technicians in the "sonar shack", who each
monitor a BSY-1 sonar console. The sonar crew monitors the BSY-ls for any contacts. In
following sections, additions to the initial situation display are indicated.
Initial situation display:
* Perspective view of undersea terrain
* Initial viewpoint at ownship
* Constrained, interactive view control
* Convergence zone (CZ)
* Deep sound channel
* Location of eddies and fronts (if available)
* Ownship position and heading, including towed array geometry
2.2. Contact
Acoustic properties of the initial contact cue technicians as to which frequencies to
attend to in order to ID contact.
ID must be made within 3-5 minutes.
Situation display
* Perspective view of preliminary contact location
* Contact color-coded to indicate preliminary, initial or accurate classification
* Numeric display of contact bearing and range and speed
* Contact indicated with NATO symbology
Display color-coded contact icon, with associated numerics.
2.3. Aural Classification
Make rough classification: surface or submerged contact.
Situation Display
* Contact color changes to indicate classification, using NATO symbology
2.4. Start Tracker
"Tracker" = Automatic Track Follower (ATF). Uses passive information, if
adequate, to maintain position history (range and bearing).
Situation Display
* Position track - can be toggled on/off
* Plan (overhead) view- can be toggled on/off.
* Current contact location with range and bearing numerics always displayed
Toggle position track with voice command. Position track should be simple shapes,
perhaps spheres, colored a reduced-saturation version of the contact color code.
2.5. Classification Console: Choose Passive Frequency
At this stage, all necessary resources are devoted to developing contact ID.
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Situation display
* Access to frequency database to compare with known threat acoustics
* Towed array geometry (if deployed)
* Ray trace
2.6. Possible Threat
It is easy to distinguish military contacts from others, since commercial and pleasure
craft make no attempt at stealthy operation.
Crew Action
* Declare "threat" or "non-threat"
Situation display
S Threat/Non-threat iconography, perhaps with further classification, e.g., commercial
tanker, pleasure craft, fishing vessel
* Non-threat contacts remain. Range, bearing and speed updated opportunistically
2.7. Initial Submerged Avoidance Maneuver
Here the sonar supervisor may request a maneuver simulation.
Situation display
* Sonar supervisor indicates desired new position with voice and gesture
* Ownship actual position maintained, simulated maneuver shown
* Performance predictions given; non-feasible maneuvers not allowed
* Sonar supervisor may request ray trace from simulated position
* Shadow volumes from simulated new position as appropriate
* Sonar and weapon performance predictions from simulated new position
2.8. Active Sonar?
Here the sonar supervisor may request simulation with active sonar.
Situation display
* Sonar supervisor indicates acoustic properties of active signal
* Sonar performance predictions may be requested
* Ray trace
* Shadow volumes from active signal
2.9. Maneuver?
Here also the sonar supervisor may request a maneuver simulation.
Situation display
* Sonar supervisor indicates desired new position with voice and gesture
* Ownship actual position maintained, simulated maneuver shown
* Performance predictions given; non-feasible maneuvers not allowed
* Sonar supervisor may request ray trace from simulated position
* Shadow volumes from simulated new position as appropriate
* Sonar and weapon performance predictions from simulated new position
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2.10. Contact of Interest?
The sonar supervisor will be informed if the contact is a "contact of interest." For
example, it may be known that the contact is already the target of another vessel or
aircraft.
2.11. Maintain Contact
Contact is maintained with a contact of interest.
2.12. Launch Weapon?
The sonar supervisor may request a weapon system simulation.
Situation display
* Predict performance of selected weapon system based on ocean geometry and
acoustics, and the tactical situation
* If requested by voice command, display weapon track following simulated firing
3. HMPS SYSTEM DESIGN
As noted above, we have chosen to focus the HMPS in support of the sonar
supervisor on a fast attack sub. In this section we describe the functional architecture of a
the HMPS. For this purpose we have adopted the "statechart" visual formalism
developed by Dr. David Harel [Harel 1987; Harel, Lachover et al. 1988]. The elements
of this formalism that we will use are module charts, and activity charts. Briefly, we use
module charts to specify the major hardware and software components of the HMPS and
the information that flows among them. The functional decomposition of the HMPS is
depicted in the activity charts, "where one identifies a hierarchy of activities, complete
with the details of the data items and control signals that flow between them." [Harel,
Lachover et al. 1988, pp. 397]. This will become clear as we discuss each of these charts
in turn.
While the Module charts and Activity charts show the flow of data (and control, in
the case of Activity charts), the temporal behavior of the HMPS - what happens when
- is not shown at all. Temporal behavior is given in the third visual formalism, the
statecharts, which are enhanced and extended state transition diagrams. HMPS
statecharts describing the interaction details, in particular, the Logical Interface, will be
developed in Phase 2 implementation, in Q3 of Year 2.
3.1. Module Charts
In this section we describe the main hardware and software components of the
HMPS.
3.1.1 HMPS Modules
The HMPS system consists of three main elements, labeled Models, Logical
Interface and PhysicalInterface. Please refer to Figure 2.
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Figure 2. Major modules of the HMPS.
As shown, the Physical Interface consists of the sensors and displays used to
"immerse" the sonar supervisor in the VE: audio and visual displays by which
information is presented to the sonar supervisor; and the position trackers, voice input
systems, and other components used by the sonar supervisor to communicate speech and
gestures to the HMPS. The various sensors and displays will be discussed in more detail
below.
Boxes indicated by dashed lines are modules that are external to the HMPS.
The Logical Interface represents the human/machine interface software that mediates
the interactions among the major components of the system, as well as managing the
interface by which the sonar supervisor communicates with, and receives information
from, the HMPS. While the role of the Logical Interface in the system architecture is
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depicted here, its internal structure and functionality will not be specified in detail until
Phase 2 implementation of the HMPS is underway later in Q3 of Year 2.
There are a number of computational Models required by the HMPS. These models
are enumerated and described in the Activity charts, which are detailed in Section 3.2 of
this report.
3.1.2 Sensor Modules
The Sensor Modules represent the collection of input devices used to monitor the
sonar supervisor's speech and gestures. See Figure 3. In this report we do not specify
required devices; rather, we merely indicate the range of available devices to select from
when detailed specifications of the HMPS are developed. These include devices to
monitor Manual Gestures, Head/Gaze Tracking and Voice Input.
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Figure 3. Sensor modules of the HMPS.
Devices for Manual Gestures include glove-like devices for Whole Hand input. The
PHANToM is a 3-axis force input and output linkage which can measure forces applied
by hand by the sonar supervisor. It is not clear at this point whether haptic interface
devices will be useful in the HMPS. Keyboard and mouse represent the manual interface
devices found in conventional desktop systems which may play a role in a HMPS.
There are a variety of position tracking devices available from vendors such as
Polhemus, Inc., or Ascension, Inc., and this off-the-shelf tracking technology is entirely
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adequate for tracking the position and orientation of the sonar supervisor's head and
direction of gaze for the HMPS. This information would be used to update the visual field
in a head-mounted display (See the following section on Display Modules. Note that we
are not recommending the use of eye-tracking hardware, which measures the rotation of
the wearer's eyes within the head).
Finally, the Voice Input module represents off-the-shelf connected-speech recognition
software which is also available from a number of vendors, and which is also sufficiently
mature for this application.
3.1.3 Display Modules
Display modules include Audio, Visual and Haptic output devices. See Figure 4.
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Figure 4. Display modules of the HMPS.
SpatializedAudio devices are capable of localizing audio signals so that they appear
to emanate from particular (x,y,z) locations in 3D. Ambient Audio signals are sounds
that do not need to be spatialized and can be played through conventional stereo- or
monophonic audio equipment. Based on our conversations with domain experts, it is not
clear that spatialized audio will be an advantage in the HMPS. The Voice Out module
represents spoken sounds that may or may not be spatialized, but which require a separate
module to manage storage and real time playback, often in response to spoken input by
the sonar supervisor.
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Visual displays include conventional CRTs, Head-mounted Displays (HMDs), and
Large Screen video displays. Any of these displays might be used in a HMPS, but for
shipboard use we recommend the use of a boom-mounted display, a large screen CRT, or
a projection screen display. We feel a HMD would be overly encumbering and prevents
multi-person viewing. In our discussion with Naval domain experts, it is clear that
various agencies in the Navy and the DoD are considering major redesigns of the "sonar
shack," so it is difficult to make firm recommendations regarding visual displays.
As described under Sensor Modules, the PHANToM is a force input/output device
that can transmit forces to the sonar supervisor's palm and fingertips; such a device
would be appropriate if it is desired to simulate console operations such as pushing
buttons and manipulating knobs and sliders.
3.2. Activity Charts
Activity charts show the functional architecture of the virtual environment system that
is the main component of the HMPS.
3.2.1 HMPS Activities
At the highest level, the HMPS activities chart looks much like the HMPS Module
chart. See Figure 5. In the next sections we describe each of the components of this
activity chart in more detail.
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3.2.2 Model Activities
Figure 6 shows the collection of computational models required for the HMPS. The
sonar supervisor interacts with these models through the Logical Interface.
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3.2.3 Contact Activities
The contact module is responsible for representing and displaying contacts and their
position tracks over time. In addition, the contact module maintains a database of known
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threat acoustic signatures, which can be requested by the sonar supervisor, during the
classification console phase of operations. See Figure 7.
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3.2.4 Ownship Activities
The ownship module is responsible for representing and displaying the ownship. In
addition, the dynamics of the submarine are modeled, and the Sonar Supervisor can direct
performance queries to the HMPS - e.g, "Can we arrive at this position by time t ?" See
Figure 8.

Ownship Activities

Data
NB: PHS = position, heading, speed

Control

...... *P

Figure 8. Ownship activities.

, ..

A.
a

.4^

22

HMPS Technical Report

3.2.5 Towed Array Activities
Computational models of towed array geometry have been developed by colleagues
at MIT. The HMPS will be capable of computing acoustic ray tracing based on the
geometry of the towed array, as it varies over time. See Figure 9.
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3.2.6 Weapons Activities
The HMPS will be able to predict weapons performance upon request by the sonar
supervisor (i.e., "Can we hit the target given the current tactical situation?"), and the
HMPS will also be capable of simulating weapons firing and displaying the results of the
simulated firing. See Figure 10.
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3.2.7 Ray Trace Activities

The Ray Trace module is capable of representing and portraying the performance of
active and passive sensors: "What can I hear at this frequency? Who can hear us? Where
are the acoustic shadow volumes?" See Figure 11. The ray tracing algorithm and the
representation and computation of acoustic features are described in detail in Section 4.

Figure 11. Ray trace activities.
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3.2.8 Sonar Performance Prediction Activities
The Sonar Performance Prediction module will allow the sonar supervisor to query
the HMPS: "Can we hear the contact if we maneuver to position p?" See Figure 12. This
module is based on the ray tracing algorithm and computational ocean acoustics
described in Section 4.
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Figure 12. Sonar performance prediction activities.
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4

Acoustic Ray Tracing

4.1

Introduction

The transmission of sound in the ocean is dependent on several environmental factors, the
most important of which are the depth and configuration of the bottom, the physical properties of the bottom material, the sound velocity profile with the ocean, the distribution
and character of sound scatters within the ocean, and the shape of ocean surface. A conIplete formulation with all possible variations of the above environmental conditions would
be exceedingly difficult to obtain. Instead we shall consider the effects of each or groups of
each on sound transmission. In some discussion, we use only simple theoretical models to
illustrate the concept, although we understand the simplicity of the model is not always a
good approximation to the actual physical case.
Because of the peculiar distribution of the depths in the ocean, the underwater sound
transmission has been divides into two major categories. Typical shallow-water environments
are found on the continental shelf for water depth down to 200 m, and the deep-water
environments are on continental rise and abyssal basin for the depths around 3,000 m to
6,000 m.
The principal feature of shallow-water acoustic propagation is that the sound speed profile
is downward refracting or nearly constant over depth, meaning that long-range propagation
takes place exclusively via bottom-interacting paths. In shallow water, the surface, volume,
and bottom properties are all important, are spatially varying-the oceanographic parameters are also temporally varying-and the parameters are generally not known in sufficient
detail and with enough accuracy to permit long-range predictions in a satisfactory way. The
transmission in shallow water is generally better than free-field propagation at short and
intermediate ranges but worse at longer ranges. This characteristic is due to the trapping of
acoustic energy in the shallow water column, which improves transmission at shorter ranges
(cylindrical versus spherical spreading), but, at the same time, causes increased boundary
interaction, which degrades transmission at longer ranges. Because the seafloor is a lossy
boundary, acoustic propagation in shallow water is dominated by bottom reflection loss and
most of the acoustic emitted by the source is lost to the seabed [Jensen 1994].
The description of sound transmission for deep water has many similarities to that for
shallow water. Over much of the deep ocean areas the properties of the bottom materials are
fairly similar. The distribution of sound velocity in deep-ocean areas is not so variable as it
is in the shallow-water areas. For the determination of the variations of velocity with depth,
area, and time, salinity variations are generally unimportant; and the pressure function is
simply a constant gradient proportional to depth. Temperature is the primary variable. Over
much of the deep-ocean area the temperature profile can be divided into three segments, (1) a
relatively warm surface layer, often showing isothermal structure, (2) the main thermoclone
in which the temperature decreases moderately rapidly with depth, and (3) the colder deepwater layers in which the temperature decreases slowly with depth. The surface layer is
affected by meteorological changes and sea-roughness changes. The isothermal structure
when developed generally extends down to about 30 meters. The division between the main
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thermocline and the deep-water layers is generally considered to be around 1000 meters.
The remainder of this section is organized as follows: 4.2 summarizes the acoustic propagation simulation packages that we reviewed, Section 4.3 discusses the factors that affects
sound speed in the ocean, Section 4.4 introduces the ray tracing algorithm that we adopted
and implemented, and Section 4.5 shows the cases study of 3-D ray tracing simulation to
demonstrate the algorithm can handle not only ray tracing simulation in shallow and deep
water, shadow region, convergence zone, but also in complex regions like eddy-front and
across current boundaries.

4.2

Summary and Review of Acoustic Propagation
Packages

In this section, we briefly summarize the underwater acoustic propagation packages that
we reviewed. These packages include the OASES from Henrik Schmidt at Department of
Ocean Engineering, MIT, and PC-Raymode from Applied Technology Institute, Clarksville,
Maryland.
OASES is a general purpose computer code for modeling seismo-acoustic propagation
in horizontally stratified waveguides using wavenumber integration in combination with the
Direct Global Matrix solution technique [Schmidt 1993]. It is basically an upgraded version
of SAFARI (Seismo-Acoustic Fast field Algorithm for Range Independent environments)
[Schmidt 1987]. OASES supports all environmental models available in SAFARI, i.e. any
number and combination of isovelocity fluids, fluids with sound speed gradients and isotropic
elastic media. OASES were developed for solving the depth-separated wave equation in general fluid/solid horizontally stratified media. There are four major modules in the OASES
package: OASR, OAST, OASP, and OASN. OASR module calculates the plane wave reflection coefficients for any stratified fluid/solid halfspace. OAST module performs single
frequency calculation of the total wavefield at any number of depth and ranges for either
a single compressional source or a vertical phased source array. OASP module calculates
the depth-dependent Green's function for a selected number of frequencies and determine
the transfer function at any receiver position by evaluating the wavenumber integral. OASN
module models the seismo-acoustic field on arbitrary 3-dimensional arrays of hydrophones
and geophones in the presence of surface noise sources and discrete signal sources. However,
after investigating the functions of OASES, we found it does not fit our needs in terms of
simulating the 3-D dynamic ray tracing in environments with various non-stratified media,
such as in shallow water and eddy-front.
PC-Raymode is an acoustic model package for range-independent (single sound speed
profile, flat bottom) environments [ATI 1994]. The basic set of environmental inputs required
by PC-Raymode consists of (1) a sound speed or salinity-temperature-depth profile, (2)
the windspeed, and (3) the Marine Geophysical Survey (MGS) bottom loss province. For
each operator-determined source-receiver depth combination, PC-Raymode computes the
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transmission loss as a function of range for a single source frequency. The disadvantage of PCRaymode is that it can only work in range-independent environments, and it cannot simulate
any environment with multiple sound speed profiles or 3-D sound speed volumetric data. In
addition, it was written in FORTRAN and the package would be difficult to incorporate in
a seamless way with the other parts of HMPS system that we are implementing.

4.3

Sound Speed Profile in the Ocean

The speed of sound in sea water is determined by the temperature, salinity, and pressure.
It is customary to express sound speed c as an empirical function of three independent
variables: temperature T in degrees centigrade, salinity S in parts per thousand, and depth
z in meters. A simplified expression for the sound speed equation is as follows [Burdic 1984]:
c = 1449.2 + 4.6T - 0.055T2 + 0.0003T 3 + (1.39 - 0.012T)(S - 35) + 0.017z

(4.1)

The variations in salinity are generally of the least importance in determining sound speed
except in those areas where there is a substantial efflux of fresh water from the continent out
over the more saline ocean water. In this case, a sharp salinity gradient with depth is often
developed. In the above equation, temperature is a function of depth, varying from near the
ambient air temperature at the ocean surface to near freezing at depths of a few thousand
meters. The distribution of temperature with depth varies from one shallow-water area to
the next and from one season to the next because of the efflux of fresh water, currents, atmospheric variations, and other causes. The resultant variations in sound speed are generally
greater and more variable in shallow water than over the same depth range in deep water.
These three, depth and configuration of the bottom, sound speed distribution in the ocean,
and bottom and subbottom properties, are generally the most important environmental factors for the determination of underwater sound transmission. More complex equations for
modeling sound speed can be found in [Albers 1965] and [Henrick 1977].

4.4

Ray Tracing Algorithm

The priciples of ray tracing developed here are applied to sound speed data in the ocean in
order to determine the ray paths from a given source location, the changes of intensity along
the ray path, and the travel time. When a ray is reflected from the bottom or surface of
the ocean, account must be taken of the resultant changes in amplitude and phase and the
change in ray path direction.
Regarding to the ray tracing methods, many textbooks addressed this issue. However,
most of them only described the method qualitatively [Officer 1958][Burdic 1984] or formulated it based on one dimensional sound velocity profile [Kinsler 1962]. The 2-D and 3-D ray
tracing approach in [Jensen 1994], on the other hand, is computationally expensive and not
adequate for fast, real-time applications. In the paper by Ziomek and Polnicky, the authors
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proposed a simple, fast, and accurate recursive ray acoustics (RRA) algorithm that can be
used to compute the ray trace, angles of propagation, travel time, and traveling path length
along a ray. Most importantly, all of these computations can be based on speeds of sound
that are functions of all three spatial variables. According to this algorithm, we implemented
the ray tracing codes with different numerical approaches, and compared with the data on
[Ziomek 1993] with quite consistent results. The beauty of this RRA algorithm is that it can
be served as a basic tool for us to investigate the issues of fronts and eddies in the ocean, to
visualize shadow and convergence zones in 3-D, and to estimate the sound propagation loss
in complex underwater environments.
To fully explore the capability of 3-D sound speed profile, the ocean was divided into zones
as a function of range in the y axis. Within each zone, the speed of sound can be represented
as a function of cross-range x and depth z. Note if a set of physical measurements of sound
speed profile is available, we can use the look up table and interpolation approaches to access
any particular 3-D point within the data sets. It is interesting that a speed of sound with a
gradient in the cross-range x direction will cause a sound ray to bend away from its initial
propagation plane. Therefore, the RRA approach can be used to predict ray tracing with
regions of eddy-front, estuaries, or across current boundaries where significant horizontal
gradients may exist.

4.4.1

RRA Algorithm (Recursive Ray Acoustics)

In order to present a lucid development of the RRA model in the following sections, it is
necessary that we summarize this method here, and introduce appropriate modifications.
The coordinate system that we choose is that the X axis (Cross-Range) orienting positively to the east, the Y axis (Range) to the north, and the -Z axis (Depth) towards the
earth's center from the ocean surface as shown in Figure 4.1. This right-hand coordinate system here is designated on purpose based on the conventional underwater acoustics notation
and the SGI Performer library [SGI 1994], which was used partially in our implementation
regarding 3-D graphics. The idea is to ensure the theoretical formulas derivation and the
implementation codes both use the same coordinate system and perform in a consistent way.
Given a sound source at point o = (xO,yo, zo) and sonar ray launch angles 30 and
we can calculate the initial launching vector ho along a ray path by
hi = uix + vii + wi ,
ui = sin pi cos Xi

vi = in
Wi

{isin

i

0,

(4.2)

(4.3)

- cospi

where ,i is the angle between the ray and the -Z axis, qi is the angle between the +X
axis and the projection vector of the ray on the XY-plane at step i, and ui, vi, and wi are
dimensionless direction cosine with respect to the X, Y, and Z axes. Then we can estimate
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the subsequent points along the acoustic ray by the following equations:
Pi i P-l
- +

-i,

i = 12,3,...

(4.4)

where
Pi = Asihi, i = 0,1,2,.

.

(4.5)

Note
pi = xi + yiY + zi:

(4.6)

is the position vector to a point on a ray at the i-th step, and As/ is the arc length step-size
parameter that affects the accuracy of the ray tracing algorithm. The unit vector i of the
next ray point is based upon the information of the sound speed c(i) around the current
point i, because of the refraction index of the medium can be determined from sound speed.
It should be noted that equation (4.3) cannot determine the hi without any information of
i and qi. Instead, i is calculated as follows:
h

i

-si

c(i)
i)[ c 2

-]=p_
i= 1,2,3,

VC(

(4.7)

where
Pi-1 =
and

i-1 2Pi-1hi+
- 1,

i = 1,2,3,.

v= a + a+ a

(4.8)

(4.9)

ax
Oy
a9z
is the gradient expressed in the rectangular coordinates (x, y, z). Equation (4.7) is derived
in the next section and is based on a simple finite difference approximation.

In addition, we can calculate the total elapse time t and the overall travel distance i
from the sound source to point i by:
i-1 As.

ti = E

i = 1 2,3,...

(4.10)

Asj, i = 1,2,3,.-.

(4.11)

j

3

j=0 (Pj
i-1

si =
j=o

Equation (4.3) to (4.11) constitute the RRA algorithm. It is simple and efficient to
compute the ray path. In addition, sound speed data is not limited as a 2-D profile, therefore,
either on-site measurements of 3-D volumetric sound speed data or mathematical model for
sound speed profile can be used in this ray tracing algorithm. The table below is a summary
of the ray tracing data from Ziomek's paper and our implementation. The results of all these
six cases are very close to each other.
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Figure 4.1: Coordinate system.
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case #

site

zo (m) i O(deg)

casel-2
|
case2-2
|

Ziomek
VETT
Ziomek
VETT

-100.0
-100.0
-100.0
-100.0

85.0
85.0
85.0
85.0

10000.00
10001.79
10000.00
10000.60

-174.88
-175.99
-162.57
-163.26

case3-2

Ziomek

-100.0

85.0

10000.00

VETT

-100.0

85.0

Ziomek

-500.0

VETT

case4-2
case5-2
|

_

_

case4-1

_

range (m)

z (m) i (deg)

r (s)

s (m)

85.000
85.000
85.487
85.491

6.6921
6.6933
6.6834
6.6839

10038.2
10040.0
10037.4
10038.0

-168.96

84.511

6.6994

10038.0

10000.03

-169.95

84.505

6.6994

10038.0

85.0

10000.00

-777.48

93.389

6.7058

10015.0

-500.0

85.0

10001.10

-778.26

93.383

6.7066

10016.0

Ziomek

-500.0

95.0

10000.00

-222.52

86.611

6.7058

10015.0

VETT
Ziomek
VETT

-500.0
-100.0
-100.0

95.0
85.0
85.0

10000.98
10000.00
10001.38

-223.42
-1595.33
-1595.58

86.607
80.328
80.327

6.7066
6.8068
6.8080

10015.9
10126.4
10127.9

Table 4.1: Simulation results of RRA implementations by Ziomek and VETT Lab.

4.4.2

Derivation for Equation of Ray Refraction Index

The vector form of the ray equations can be expressed as [Ziomek 1993]

d
-VW(p3
ds

= Vn(p

(4.12)

where W(p) is the eikonal and
n (p = CO
c (PI

(4.13)

is the index of refraction, where co is the constant, reference speed of sound at the source.
Since
(4.14)
VW(p = n( ()
where h(p-) is the unit vector along a ray path, substituting (4.14) into (4.12) yields
d [n(pjih(p] = Vn(p

(4.15)

d[n(i)(p)] = Vn(p)ds.

(4.16)

ds
or

Equation (4.16) can be approximated by replacing the differentials with finite differences, so
that
(4.17)
/\[n(pih(p)] = Vn(pAs
or
[n(fi)i'(ij)]- [(-i)i'(i

ii)] = Vn(p)As.

(4.18)
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Solving for n(p}), we have

[

n(-i) i - -- Asi
ii ni
n (PI IPt=
hi
[~
)Vn(p]ff=p_l
=-(__ Pi ) n il__
n(- -1)
n(9i)

(4.19)
4.9

where the arc length step size Asi was made a function of step number i and the gradient
of the index of refraction is evaluated at j= -, which is half way between Pi-l and /i, in
order to improve the computational accuracy. Substituting (4.13) into (4.19), we have
i=

4.5

4.5.1

c(ii)

i-,

-

As/ c(i)[2(p

]=_

i = 1,2,3,

. -

(4.20)

3-D Ray Tracing Simulation Results and Cases
Study
Shallow Water

In shallow water environment, there are several types of sound speed profiles(SSP) including
the typical ones such as positive gradient SSP, negative SSP, negative SSP on top of positive
SSP, and positive SSP on top of negative SSP. Here, we are going to simulate the case of the
last one as an example of the ray tracing in shallow water. We use the equations as follows
to specify the sound velocity in this case
c(x, y, z)=
'

c(zo)- 0.0015(z

z 0) 2 ,

-100 < z < Om
c(zo)- 0.0007(z - z0 )2 , -300 < y < -lOOm
-

(4.1)

where z = -lOOm, c(zo) = 1510m/s. The SSP profile is shown in Figure 4.2 and the ray
tracing in this shallow water environment is shown in Figure 4.3. The condition of a limited
range for any given ray type is a characteristic of the ray solution for any problem in which
the transmitting medium is bounded top and bottom and in which the sound velocity is not
constant. This should be obvious; it is due to the existence of the boundaries themselves.
It refers only to a given ray-path type, such as the rays which have taken only one bottom
reflection, and does not refer to the accumulative effect from all ray paths. For instance, as
one follows a particular arrival from one recording station to the next with increasing range
from the source, that arrival will eventually disappear and no longer be present on recordings
at greater ranges.
The region in which there is no reception for a particular type of ray is referred to as
the shadow zone. The boundary between the regions of reception and no reception is called
the shadow boundary. If the shadow boundary is defined by a single ray path, this ray is
called the limiting ray. If the shadow is defined by the envelope of a sequence of rays, this
envelope is a caustic and is referred to as such. A ray which becomes horizontal at the depth
of maximum velocity can be refracted upward or downward; there is a divergence of energy
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Shallow Water SSP (positive-negative)
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Figure 4.2: Sound speed profile
away from this path. Such a ray is referred to as a split-beam ray. All of these are shown in
the Figure 4.3.
At the other end of the range scale, there is a limit defined by critical angle reflection
from the bottom. At ranges less than the range for the critical angle reflection, there will
be a decrease in the intensity of the received signal due to the loss of energy by refraction
into the bottom. Thus, a limited range interval for best reception by a particular order of
bottom reflection is delimited. At the long-range end it is defined by the limiting ray beyond
which no ray paths of the given type can be followed; at the short-range end it is defined
by the critical angle ray beyond which there is perfect reflectivity and inside which there is
lossy reflectivity from the bottom.

HMPS Technical Report

35

Ray Tracing in Shallow Water
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Figure 4.3: Ray tracing in shallow water.
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Deep Water

Source Near Surface
In deep water environment, we are going to simulate the case of the negative SSP on top of
the positive SSP. We use the equations as follows to specify the sound velocity in this case
c(x, y, z) =

c(zo) + 0.000035(z - Zo)2 2
c(zo) + 0.0000039(z -zo)

-1250 <z < Om
-1250 < y < -5000m

(4.22)

where zo = -1250m, c(zo) = 1490m/s, the sea bottom depth is 5000 m, and the SSP is
shown in Figure 4.4. Note the source is placed at the sea surface in this case. In Figure 4.5,
several characteristic rays which are important for sonar supervisor are shown here. RSR,
standing for refracted surface reflected, is used to designate that portion of the family which
has been returned by an inversion at depth rather than a bottom-reflection. A SOFAR,
abbreviated from sound fixing and ranging, ray is reflected from neither the bottom nor the
surface; it is refracted upward before reaching the bottom and is refracted downward before
reaching the surface. We will discuss the convergence zone and shadow region in details
below.

Deep-Sound Channel
Intend to show the deep sound channel, we use this case to illustrate this phenomenon. The
SSP is a little bit different from the above case, and is specified as

(x' , z)
' )y

c(zo)

+ 0.00002(z

-

c(zo) + 0.0000039(z

z0)2,
-zo)

2,

-1250 <z < Om
-1250 < Y < -5, OOOm

(4.23)

where zo = -1250m, c(zo) = 1490m/s, and the sound source is placed at the depth of -1250
m where is the minimum speed of sound in this deep water environment. The SSP is shown
in Figure 4.6, and the ray tracing is in Figure 4.7. The launching angle of the limiting ray
for RSR is 105 ° and for the SOFAR is 75°.
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Deep Water SSP (negative-positive)
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Figure 4.4: Deep water sound speed profile.
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Ray Tracing in Deep Water
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Figure 4.5: Ray tracing in deep water with source near the surface.
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Deep Water SSP (negative-positive)
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Figure 4.6: Sound speed profile.
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Ray Tracing in Deep Water (Source at Minimum SSP)
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Figure 4.7: Ray tracing in the deep sound channel.
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Eddy-Front

An eddy, which may be regarded as the oceanic analog of a storm in the atmosphere, is
a rotating, translating body of water. Its major influence on physical properties of the ocean is in general in the upper part of the ocean with diminishing effect in lower regions.
Numerical Studies of data taken from Gulf Stream rings have shown substantial perturbations in sound speed, primarily resulting from the large temperature variations [Baer 1980]
[Heathershaw 1991]. The position of the eddy relative to the source causes changes in transmission loss of as much as 20dB. Further changes are noted as the position of the eddy
varies relative to the source receiver configuration. A given order of convergence zone is
25km closer to the sound source in the presence of an eddy. This can be a profound effect
in surveillance scenarios. It should be noted that with the current RRA model we are only
able to include effects of the eddy that are due to the varying sound speed. As shown in
[Baer 1980] an eddy also produces changes in water speed. This also produce changes in
received intensity. However, one would expect the changes to be less important than those
due directly to sound-speed variations.
We use a set of equations to set up the complex sound speed profile to simulate the
eddy-front case, which the sound speed only depends on the depth, but also depend on the
range.
c(zo) + a(z -o)

2

,

C(zo) + a(z - Zo) 2 + 0.03x,
c(zo) + a(z- Zo)2
C(zo) + a(z

-_

Zo) 2 -

0.03x,

0 < y < 5,000m
-200m < z < Om
5,000 < y
10, OOOm
-200m < z <Om
10,000
y < 10,500m
-200m < z < Om
10,500
y
15,000m

-200m < z < Om
c(zo) + a(z-Zo)2
c(x,y,z) =

C(zo) + a(z

-

Zo) 2 -

.06x,

c(zo) + a(z-Zo)2
c(zo) + a(z

-

zo) 2 + 0.07x,

c(zo0 ) + a(z -Zo)2,

c(zo) + a(z

-

zo) 2 + 0.03x,

15,000
-200m
15,500
-200m
20,000
-200m
20,500
-200m
25,000
-200m
25,000

< y

15,500m
< z < Om
< y < 20,000m
< z < Om
< y
20,500m
< z < Om
y < 25, 000m
< z < Om
y < 25,500m
< z < Om
< y < 30, OOOm

(4.24)

-200m < z < Om
where zo = -lOOm, c(zo) = 1490m/s, and a = 0.001(m- s) - 1. In certain region, the sound
speed can change due to the cross-range x. The ray tracing result is shown in Figure 4.8
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3-D Ray Tracing for Eddy-Front
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Figure 4.8: Eddy-Front
with sound source at (200,0,-100). To show the variation of the ray path on the XY-plane,
a reference curve, which is the projection of the ray path on the XY-plane, is depicted here
to illustrate the phenomenon. This example demonstrates that the our implementation can
handle 3-D underwater acoustic ray tracing, which is very important to the HMPS system
for better visualizing the acoustic environment for sonar supervisor.

4.5.4

Convergence Zone

The acoustic field pattern of convergence zone (CZ) is one of the most interesting features of
sound propagation in the deep ocean. Certain sound rays emitted from a near-surface source
forms a downward-directed beam which, after following a deep refracted path in the ocean,
reappears near the surface to create a zone of high sound-intensity (convergence) at a distance
of tens of kilometers from the source. This phenomenon is repetitive in range, with the
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distance between the high-intensity regions called the convergence-zone range [Jensen 1994].
The importance of convergence-zone propagation comes from the fact that it allows for
long-range transmission of acoustic signals of high intensity and low distortion. The focusing
effect produced by this convergence produces abnormally intense sound fields which may be
exploited for detection.
A necessary condition for the existence of deep refracted paths in the ocean is that the
sound speed near the bottom exceeds that at the source. Two additional conditions must be
fulfilled to obtain a sharp, undisturbed convergence-zone structure. First, the source must
be near the surface so that the up and down going rays generate a well-collimated beam in
the downward direction. Second, to avoid ducting near the surface the source must be in a
region of decreasing sound speed with depth. The convergence zones in the North Atlantic
are seen to be spaced approximately 65 km apart with a convergence gain of around 20 dB
relative to spherical spreading.
In this case study, the sound source is placed at the sea surface in a deep water environment with sound speed profile as shown in Figure 4.4. For all the rays with launching angles
,i smaller than 80 ° , most of the emitted energy is lost to the seabed. Only those rays with
/i larger than 80° and smaller than 90° can travel in a long distance in the deep water. We
can see from Figure 4.9 that the first convergence zone range extends from 53 km to 60 km,
and the width of this convergence zone is about 7 km. The second convergence zone range
extends from 106 km to 122 km and is wider than that of the first one. This is due to the
rays spreading in the deep water.
One of the most important parameter for ASW sonar applications is the convergence zone
range, which is known to vary considerably with geographical location. By simplifying the
sound speed profiles to one set of linear piecewise segments in the entire region of interest,
Tolstoy and Clay proposed a formula to calculate the convergence zone range [Tolstoy 1987].
However, using RRA ray tracing simulation, CZ range can be visualized directly from the
display.

4.5.5

Shadow Region

According to ray theory, the shadow zone is a region of zero acoustic intensity, except for
energy that may arrive by way of bottom reflection or scattering from a rough sea surface,

and the boundary between the regions of reception and no reception is called the shadow
boundary [Officer 1958][Jensen 1994][Burdic 1984]. Actually, the intensity cannot suddenly
drop to zero at the shadow boundary. In deep water, the acoustic intensity may drop by as
much as 10 to 60 dB in the shadow zone.
In this case study, the source is placed at the sea surface in a shallow water environment
with sound speed profile as shown in Figure 4.2. As can be seen in Figure 4.10, the region
between the rays of launching angle /i = 81.95 and
= 81.98 is the shadow zone, and the
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Shadow Zone in Shallow Water
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Figure 4.10: Shadow region
split beam ray is between these two. Part of the split beam ray is refracted back to the
surface and part of it bends down to the bottom. All the rays with launching angles 3i
larger than 81.98 ° are trapped in the surface duct region, and for all the other rays with
launching angles /3i smaller than 81.95 ° are refracted down to the bottom and lose most of
the energy to the seabed.
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5. IMPLEMENTATION TO DATE
In the first phase of the HMPS project, a representation of the sea bottom, submarine
and ocean were modeled using both MIT's 3D toolkit [Chen and Zeltzer 1992] and the
Silicon Graphics Inc. Performer toolkit. The earliest prototypes of the HMPS
environment were modeled using the 3D toolkit; it was later determined that SGI's
Performertoolkit would provide improved graphics performance.
The operator is able to move around in these surroundings by using the mouse. Sonar
rays were added to both of these models as a first attempt at representing how sonar rays
might be displayed in this environment. The operator is only limited by the computing
power of the machine to display many sonar rays.
The second phase of this project will include adding eddies and fronts and simulating
how they effect the sonar rays, collision detection and operator interface refinements.
Each of these has been started. Eddies and fronts have been represented by transparent
cylinders in the current models. Collision detection needs to be selective (and many wellknown techniques can be applied here) so that certain objects such as the ocean top, the
eddies, the fronts and the sonar rays can be passed through; currently, collision detection
must deal with all of the objects in the scene.
The sonar equations represented in the Performer toolkit were modeled based on
equations used in the RRA algorithm [Ziomek 1993], the work of Burdic [Burdic 1984],
and by a pamphlet, "Performance Potentials of Surface Ship Sonars," published by
Raytheon Corporation.
The graphics code and acoustic modeling code are discussed in the Appendix.
Please see Color Plates 1-4.

HMPS Technical Report

47

6. RESEARCH AGENDA
In Phase 1 implementation of the HMPS, implementation and evaluation of the
modules described in Section 3 will be completed. We anticipate this work will be
finished later in Q3 of Year 2. At that point, Phase 2 implementation can begin, in which
the details of the Logical Interface are specified, and the operator interface to the HMPS
is implemented and evaluated. We expect this work to begin late in Q3 of Year 2, i.e, in
the coming quarter. Once Phase 2 implementation is well underway, we will begin to
evaluate the multi-modal interface to the HMPS. The evaluation subjects will include
MIT personnel as well as Naval personnel, including STS2 Kostenbader, who has
expressed his willingness to continue to advise on the HMPS project.
In sum, while the HMPS project is about six months behind schedule, major progress
has been made, and we expect to be nearly back on schedule by the end of calendar year
1995.
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APPENDIX
There are three directories in beamish.mit.edu:/usr/people/cfyock/performer:

collide, lod, sonar and gui.
The collide directory contains the beginnings of collision detection for the HMPS.
Collision detection is on for all objects. Currently, the operator is constrained to move
only between the sea surface and ocean bottom; the operator is not able to "fly" above the
water surface. If the operator wants to fly above the ocean as well as below it, the
program will have to traverse the objects in the file loaded and specifically turn collision
detection for that object on or off. This will need to be done eventually when eddies and
fronts are added to the ocean. The operator will want to be able to fly through these to
see the changes in the acoustic rays that take place under these conditions.
The lod (level of detail) directory contains a simple program that reads in a single
file that contains LOD attributes in it. The program lets the operator view the different
levels of detail of the model by pressing the X and C keys on the keyboard to bring the
model closer and farther away from the operators eyepoint, respectively. The operator
will see the model change at three different distances away from the eyepoint. The
distances at which the models change at is set in the Performer flight file. Distances can
be changed in ModelGen, a 3D modeling package by MultiGen, Inc.
The sonar directory contains three subdirectories: comborays, manyrays and
oneray. These directories combine the RAA ray equations into the Performer code.
The directory oneray draws a single ray in the Performer scene. The data
contained in the file ray.save will be displayed in the objectfile read in by the
executable sonar. The executable will read in more than one object_file but only one
ray will be drawn, ray.save.
In the directory, manyrays, only one object_file may be read in but many ray
files can be read in. The ray files that the operator wants to see must be specified at
runtime. These ray files will be continually re-drawn, so if the data changes in this file
while the program is running, the operator will be able to view the data changes in the
ray. The ray files entered can be distinguished from one another by including one of the
following character strings in its name: "red", "blue", "aqua", "yellow", "green", and
"purple". If none of these strings is included in the name of the ray file, the color "white"
will be used to draw the ray. There is no limit on the number of rays an operator may
input to see, except for limitations of the drawing power of the machine used to display
the scene. The more rays, the longer it will take to redraw all the lines every frame and it
may be impossible to move around the scene. This can be improved by using splines to
draw the rays. This could be accomplished by taking the data information from the RAA
equations and turn it into spline information for Performer to display. The data displayed
here came from the directory beamish.mit.edu:/usr/people/cfyock/sonareqs/new.
In the directory, comborays, the Performer code is mainly the same as the
manyrays directory. The difference is only in which version the ray equations which
are displayed came from.
The equations used to display
here are in:
beamish.mit.edu:/usr/people/cfyock/sonareqs/combo.
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The gui directory contains the earliest Performer code. This file shows the use of
buttons and titles above the display of the object scene. This code may be re-used when
the graphical operator interface is ready to be implemented. Right now the code lets the
operator pick buttons and switch between flying around the scene, driving around the
scene and trackballing the scene. The Fly button, lets the operator fly anywhere in the
scene with the mouse. The Drive button, lets the operator fly a specified height about the
scene. The Trackball button lets the operator flip the scene around and move it in the x, y
and z direction.

6.1. Graphics Code
In the Performer directories, there is the same basic .c and .h files. Below is a
description of what is done in each file.
main.c: This file is the main program. The Performer toolkit is initialized.
Channels are initialized. The main loop of the program draws every frame until the
program is exited.
culldraw.c: This file handles all culling and drawing. Culling selects the visible
portions of the database and puts them in a display list. Drawing runs through the display
list and renders to the geometry pipeline. In the draw function this file also opens, reads
and draws the sonar rays to be displayed in the scene.
gui.c: This file creates a panel with buttons for the operator to press. Some of the
buttons have callbacks to perform specific functions. This file is not currently used. It is
only an early prototype, showing how buttons and panels are done in Performer. It will
need to be expanded later on in the project.
memory.c: This file initializes shared memory. Since Performer utilizes
multiprocessing, it is important that the processes have the same pointers to certain data.
This file also creates a linked list of the ray files to be displayed.
pipe.c: This file initializes and opens the graphics pipeline. It sets up lighting,
texturing, anti-aliasing and transparency for the scene to be loaded.
scene.c: This file loads in the scene file, which needs to be either a fit, bin, dwb,
dxf, poly or ptu file type. This file also sets up a node tree with a scene nodes, group
nodes, dynamic coordinate nodes and lamp nodes to aid in viewing and translating the
scene for the operator.
usage.c: This file prints out how to use the executable. It tells the operator what
types of arguments it expects and how to best input information.
xform.c: This file initializes the interactive motion models. This file sets up
driving, flying or trackballing, as methods to use to get around the scene for viewing.
memory.h: This file defines the shared memory structures used in the program.
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6.2. Sonar Equations
The code is located in beamish:/usr/people/cfyock/sonareqs.

In this directory

are three directories: combo, new and old.
The old directory contains the first implementation of the RAA [Ziomek 1993].

The new directory contains three more directories: data, equations and
travel_time.
In the data directory are saved ray.out files that are created by the rra executable.
Each ray.out file has a corresponding svp.in file which contains the data used to
generate the ray.out file. Only data from the new directory is located in the data
directory. None of the data from the travel_directory is in here. The data in the ray
files outputted from the new directory are the same as in the travel_time directory. The
travel_time directory contains extra information on time that may or may not be needed
later on in the project. It is placed here for future use.
The equations directory contains the equations in beamish.mit.edu
/usr/people/cfyock/sonareqs/old plus equations from the Burdic [Burdic 1984]. The
book had input on several different types of sound velocity profiles: isothermal svp,
positive svp, negative gradient deep channel svp, and negative gradient shallow svp.
Equations for range, theta and length of bottom reflections were added to the code.
The travel_time directory adds the variable travel_time to the code in the new
directory. The rra executable prints out the total travel time in seconds it took the
inputted svp.in data.
The combo directory combines the added equations from the Sonar book into the
RAA equations from the paper. The theta value calculated from the svp equations in the
book replaces the beta value in the RAA equations.

6.3. Sonar Code
The C files that make up the sonar code are: rra.c, init_direction.c,
next_ray.c, direction.c, copy.c, rra.h, svp.in and svp.syntax.
The rra.c file is the main file in the program. It opens the svp.in file and reads in
the data to the program. In the new directory, code on the sound velocity profile is
added from [Burdic 1984].
The init_direction.c file creates an initial x, y and z direction, based on the beta
and phi equations given in the svp.in file. In the code in the combo directory, the beta
value given in the svp.in file is no longer used and is replaced by the theta value
calculated from the svp equations added to the code [Burdic 1984].
The nextray.c file implements the equations from the RAA algorithm to
determine the magnitude of the next sonar ray.
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The direction.c file implements the equations from the RAA algorithm to
determine the direction of the next sonar ray.
The copy.c file, copies the current vector to the previous vector, to be used to
calculate the next vector.
The rra.h file contains all the defines and structures used in the C files.
The svp.in file contains information on the starting point and direction of the sonar
ray. The file svp.syntax contains what data is expected by the sonar code.
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Color plate 1:
The submarine sends out three rays with different launching angles. This picture also shows
the sea surface and seabed terrain in the underwater environment.

Color plate 2:
Viewing the ray paths in a far distance away from the submarine. In this plate, we can see
more cycles of acoustic rays propagating in the sea.

Color plate 3:
This plate shows a view from a distance away near the rear of the submarine. On the front
left side of submarine, there is a transparent water column representing an eddy in the sea.
The submarine only sends out an acoustic ray in this case.

Color plate 4:
Looking toward the submarine from a far distance away from it. On the right hand side,
the transparent water column represents the eddy in the sea. The submarine launchs two
acoustic rays in this case.

-p

A

c+

CD

