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1. INTRODUCTION

This final report summarizes the work performed by Advanced Infor-
mation & Decision Systems in developing an Interactive Surveillance
Avoidance System (ISAS), in accordance with the requirements of para-
graph a.(2) in the Task Description Statement of Contract N0QOl4-82-C-
0085, Modification P0000l. This document includes descriptions of the
hardware, software, and man-machine interfaces used in ISAS, an example
of a typical session of using the system, and an assessment of memory
and runtime requirements for both the current implementation and for a

proposed small computer implementationm.

1.1 OBJECTIVES ) , .

b
/

. ‘The objectives of,ﬁ-h—i@ @SAS)development effort were to: 1) demon-
strate a process for generating near-optimal ship transit routes that
avoid surveillance by enemy sensors located in space, in the air, on the
surface, or undersea; and 2) demonstrate a friendly computer environment
in which the user can easily provide necessary information to the system
and in which the system displays information in an easily comprehended
form to the user. The analytical procedure for gemerating an optimal
path was demonstrated, as was a man-machine interface that fosters

interaction between the transit planner and the system.

This project was to demonstrate the feasibility of the concept and
to estimate the computer system requirements for introducing the capa-
bility into the fleet environment. ISAS could be useful to the fleet in
planning transits before leaving port, and in re-planning the remainder
of a transit when new information becomes available about enemy sensors,
weather forecasts, or changes in final destination points, rendezvous

points and times.

ISAS will be an analytical aid important to deploying our forces

with long range weapons (aircraft carriers and Tomahawk capable ships
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and submarines) to their areas of operation. ISAS will exploit
veaknesses or gaps in the enemy s surveillance coverage, making it more
difficult for him to detect our forces and then target them with his own

long range weapons.

1.2 BACKGROUND

There has been a great deal of analytical work dome to support the
planning of tactical surveillance missions. Much of this work is based
on B.0. Koopman“s OEG-56 report on surveillance and has been encoded
into tactical search plans for the various types of surveillance plat-
forms. As new sensors and surveillance platforms (from fixed undersea
acoustic sensors to satellite borne systems) have been developed, new
tactical search plans have also been developed that exploit the new
capabilities. However, comparatively little effort has been directed
toward finding the best tactics for defeating a set of surve%}lance 8ys—

tems, especially in preventing them from detecting a target of interest.

Some at-sea experiments have been conducted to explore defeating
special classes of sensor systems. For example, the Third Fleet UPTIDE
exercises explored several techniques to prevent submarines from, or at
least delay them in, detecting (acoustically) and identifying a carrier.
Also there have been a few extended transits in strict EMCON to explore
this method of defeating HF/DF and other ESM systems. However, in most
exercises the need for training of all types, meeting replenishment
groups, and limited time at sea, have tended to preclude practicing or
evaluating detection avoidance techniques against all types of enemy

8ensors.

The introduction of long range missiles (and more recently long
range supersonic aircraft) into the military inventories of our poten-
tial adversaries has provided them with a capability to relatively
quickly strike our naval forces at large distances from areas they may
control through firepower superiority. Hence it has become increasingly
important for us to find ways of transiting our own ships and their long

range weapon systems into the destination areas required for successful

1-2
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migssion accomplishment, without their being attacked enroute. Minimiz-
ing the chance of detection by all the enemy s sensors is an important
step that should be taken to thwart the enemy”s ability to attack our

forces in transit.

Several analytical aids have been developed that can aid a planner,
but most of these have taken the form of presenting where enemy sensors
are located, together with their fields of coverage. Satellite coverage
intervals may be given. It is then left to the planner to decide what
path and speed to take through the enemy sensor field. For planning
purposes “cookie cutter" models of the sensors are often used, although
detailed sensor performance model outputs can be requested from the
Fleet Numerical Oceancgraphic Center for specific sensor types, targets,

and envirommental conditions.

One analytical model, SURVAV, was developed by Decisions and
Designs, Inc. (DDI) in 1977 as a decision aid for planning t;ansits
that avoid detection by satellites. This model was demonstrated in the
Advanced Command and Control Architectural Testbed (ACCAT) at the Naval
Ocean Systems Center (NOSC). Several Fleet Admirals and staff have told
the NOSC staff responsible for the development of the Tactical Flag Com-
mand Center (TFCC), colocated with the ACCAT, that a surveillance
avoidance planning aid is needed in the Fleet. But to date SURVAV has
found use primarily in classes and research in the ACCAT s remote module

at the U.S. Naval Postgraduate School.

AI&DS personnel observed SURVAV in the ACCAT and noted that it
relied on the user to specify the path (resulting in a sub-optimal
path), did not treat fuel as a constraint, considered only satellite
sensors, and was slow. The surveillance avoidance problem is analogous
to the aircraft penetration of air defenses problem for which AI&DS has
developed an analytical procedure that relies on dynamic programming for

finding an optimal trajectory within the fuel constraint of the problem.
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Interest was expressed in AI&DS” approach by personnel in TFCC,
CINCPACFLT TAC D&E, NAVELEX 612, ONR and NAVELEX PME-120. The current
ISAS development is sponsored by PME-120 through ONR. ISAS, which is be
free of most of the limitations mentioned above, has been developed has
been demonstrated on general purpose AIL&DS hardware, including a VAX
11/750 and a color graphics monitor. However this implementation at
AI&DS takes into account the subsequent goal of implementing the system

on a smaller Navy computer.

1.3 SYSTEM SUMMARY

. ISAS consists of both analytical and man-machine interface software
implemented on a variety of hardware items. The hardware comsists of a
VAX 11/750 minicomputer, an Ann Arbor Ambassador CRT terminal, a color
graphics monitor, a CROMEMCO microprocessor that serves as interface
between the VAX and the graphics monitor, and a line printer.

The user interacts with ISAS through the Ann Arbor Ambassador ter-
minal. The inputs required by ISAS are accomplished through the use of
approximately thirty five selection menus and data entry forms. On each
of these forms, cursor control keys are used to move to menu items or
data input fields and other special keys are used for functions such as
enter, remove, add, and help. A combination of control software and
user control guides the user through the ISAS system until a tramsit

problem is specified and solved.

The software is written in a highly modular fasbion."\This modular-
ity will facilitate further development of and improvements to the code
such as replacing or adding sensor and sensor platform motion models,
modifying cost functions, or other software modifications. Modularity
will also facilitate implementation of the software on a Navy computer.
For instance, a module to read sensor platform motion models from a file
on the VAX could be replaced by a module that provides an interface from

a Navy data base system to the surveillance avoidance system.

1-4
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The mathematical technique used in automatica.ly generating paths
is dynamic programming (DP). The DP approach was chosen over techniques
such as nonlinear programming because the surveillance avoidance problem
can be formulated as a DP problem without requiring major approxima-

tions, and DP always finds global rather than local extremum points.

DP is used for solving problems that require multiple decisions.
Decision points are referred to as stages. At any decision point there
are a number of states that characterize the current situation. Dif-
ferent states in a given stage can be reached by different sequences of
decisions from the initial state. At each state in a given stage, a
number of decisions are possible, each decision causing a transition to
some state in the subsequent stage at some cost or reward. The DP tech-
nique searches for the decision sequence that leads from the initial
state to the final state at minimum overall cost or maximum overall
reward. A more detailed description of dynamic programming and of the
specific formulation of the surveillance avoidance problem as a DP pro-

gram can be found in Appendix A.

The cost function to be minimized is overall probability of detec—
tion. The fuel comstraint is treated by incorporating fuel usage into
the probability of detection cost function via a Lagrange multiplier.
This multiplier determines the amount of weight given to fuel usage, as
opposed to detection probability, in the cost function. A solution
using F units of fuel will be globaliy optimal over all paths using no
more than F fuel units. If F is less than the maximum allowable fuel
usage, then a better path using more than F units of fuel may exist. 1In
most cases, it is expected that the actual optimal solution will be
found by the DP algorithm, but occasionally the solution will only be

close to optimal. In the remainder of this document, the word "optimal"

will be used rather than "near-optimal".

T
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1.4 REPORT ORGANIZATION

The hardware configuration for the system is described in Sectiom
2. Section 3 contains a description of the software for ISAS, including
executive, analytical, aud man-machine interface software. Section 4
steps through a sample ISAS session. In Section 5, memory and runtime
requirements for the current implementation and an engineering assess-—
meat for a smaller computer are given. Conclusions and directions for

further development are given in Section 6.
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2. SYSTEM HARIDMARE

The demonstration version of ISAS was developed using in-house
hardware. A VAX 11/750 provides the bulk of the computer power. This
is a 32 bit minicomputer with a 300 Mbyte disk. The VAX performs all
numerical computations, controls the flow of operations, runs the man-
machine interface software, and provides all of the memory required by
ISAS.

The primary user imput/output device is an Ann Arbor Ambassador CRT
terminal. In addition to a standard alphanumeric keyboard, the Ann
Arbor has several programmable special function keys. These special
keys are used for cursor control and menu selection. All user inputs
enter the system through the Ann Arbor, and alphanumeric outputs, such
as menus, data forms, and data summarizing a path of interesty are

displayed on the Ann Arbor screen.

A Hitachi HM-2719 color graphics monitor is used to display maps,
routes, sensor coverages, and other information of a graphical nature.
The color monitor is used because of in-house hardware capabilities and
because certain types of displays are more easily understandable with
the use of several colors. However, any display of information used in
ISAS could be presented in a format suitable for black-and-white graph-
ics monitors. A CROMEMCO System 3 microprocessor serves as an interface
between the VAX and the graphics monitor. Some hard copy outputs are
provided by a Printronix 600 line matrix printex. The hardware confi-

guration is shown in Figure 2-1.

In-house hardware was used to demonstrate the feasibility of the
dynamic programming technique for surveillance avoidance. An opera-
tional version of ISAS would be required to run on existing Navy

hardware.

2-1

[ e ——




’“

Surveillance Avoidance Final Report
System Hardware Section 2
|
!
]
|
|
TERMINAL |
VAX

11/750 ﬁ%’

CROMEMCO
SYSTEM 3
PRINTER DATA
FILES
COLOR
GRAPHICS
MONITOR

Figure 2-1: Demonstration Hardware Configuration
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3. SYSTEM SOFIVWARE

The ISAS software consists of two major components: the applica-
tions program and the man-machine interface. The applications program
is written in FORTRAN and contains all of the executive and analytical
subroutines required by ISAS to solve the surveillance avoidance prob-
lem. The man-machine interface consists of a number of gemeric subrou-
tines written in C and LISP and an experimental relational data base
system called TROLL. The interface software is not ISAS-specific, but
the information describing the forms and menus used by ISAS must be pre- 'h
stored into the data base. In this section, the two ISAS software com-

ponents are described. '

3.1 APPLICATIONS PROGRAM

The applications program has a top—level executive, six functional
modules (each with its own executive software), and a number of analyti-
cal subroutines that are called as needed from within the six functioans.
The structure of the applications program can be seen imn Fig. 3-1. The
applications program also contains calls to the man-machine interface
(MMI) buffer routines, as will be discussed in the section on the inter-
face. In this section, each component of the applications software is

ﬁé described.

3.1.1 Top-Level Executive Software

The executive software in ISAS is responsible for controlling the
flow of operations. Executive software exists at more than one level
within the system. At the highest level, the executive controls the
order in which the user is allowed to proceed through the ISAS func-
tions. When the user has completed one of the functions and wishes to
proceed to the next function, there are two possible situations: 1) the
user has no choice as to the function to be performed next and the exe-

cutive automatically takes him to the next function, or 2) the user is

3-1
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EXECUTIVE
SELECT SPECIFICATION SENSOR OPTIMIZATION CREATE SHOW
AP SCENARIO PATH RESULTS
EXECUTIVE EXECUTIVE SOFTWARE FOR SYSTEM CONTROL i
SELECT MAP CHOOSE DESIRED MAP |
SPECIFICATION INTERACTIVE PROBLEM SPECIFICATION
SENSOR SCENARIO  EXAMINE/EDIT SENSOR SCENARIO
OPTIMIZATION COMPUTATION OF OPTIMAL PATH
CREATE PATH* INTERACTIVE PATH CREATION
SHOW RESULTS DISPLAY CERTAIN EVALUATION RESULTS

*CREATE PATH WAS NOT IMPLEMENTED IN THE DEMONSTRATION VERSION GF [SAS

Figure 3-1: Applications Program Structure
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presented with a menu of admissible choices, the man-machine interface
passes the choice to the executive, and the executive calls the
requested function. The executive prevents the user from attempting to
execute a function whose prerequisite functions have not been completed.
The user also has the option of regressing to a previously executed
function. Again, the MMI tells the executive which function the user

has requested so that the appropriate action can be taken.

The top-level executive can also supply various information to the
user. Instructions on the use of the MMI are provided by the executive
at the beginning of each ISAS session. Those who do not wish to read
this basic tutorial can skip over it. General instructions describing
the basic ISAS functions and the order in which they are to be performed
are also available to the user on request. The executive is also
designed to provide specific help messages within any part of ISAS when
requested. The MMI tells the executive which part of which function the
user is working on, and the executive then puts up the appropriate
information. At the present, only a few of the help messages have been

written, but the structure exists for adding the remainder.

The means to exit ISAS are also provided by the top-level execu-
tive. Exiting ISAS causes all user entered inputs to be erased so that
a new session can be started from the beginning. As & safety precau-
tion, the user must verify that he wants to exit ISAS before the session

is terminated.

3.1.2 SELECT MAP Function

In this function, the user selects a map from a menu of available
options, such as the one in Fig. 3-2. The user should pick that map
that most closely fits his needs with respect to the region of the world
and map scale of interest for his particular transit problem. After the
user selects a map, an image that contains land masses, water regions,
and latitude/longitude lines for that map is displayed on the graphics
monitor. The user may examine as many maps as he desires until the most

suitable mwap is found. Figure 3-3 gives a functional description of

3-3
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_ General instcuctions _ Exit I5AS
_ Proceed to Nest Task

4 CHOOSE A MAP
2 (Position Cursor: Press “ENTER")

_ [ndian Qcean (North)
_ Atadian Sea

Figure 3-2: SELECT MAP Menu
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MAP
EXECUTIVE

MMI DISPLAYS LIST
OF MAPS ON CRT

USER SELECTS A MAP

MMI DISPLAYS A MAP
ON GRAPHICS MONITOR

USER
APPROVES
MAP
?

Figure 3-3: Summary of SELECT MAP Function
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SELECT MAP.

The data required by SELECT MAP is stored in the form of bit maps
that represent land, water, or latitude/longitude line. The demonstra-
tion version of ISAS has only a map of the northern part of the Indian
Ocean, shown in Fig. 3-4. An operational version of ISAS would inter-
face to an extensive map data base. An interactive system where the
user selects an area of the world and then enlarges or reduces the map
to get the best scaling factor would be a good approach to map selec-
tion. The exact procedure used for map selection in an operational ver-

sion would, of course, depend on the type of map data base available.

3.1.3 SPECIFICATION Function

In the SPECIFICATION function the user is requested to supply all
of the information that describes the transit requirements. The user is
first presented a menu of the four SPECIFICATION modules, as seen in
Fig. 3-5. BASIC and SET QUANTIZATION must be performed before the user
is allowed to proceed to the next task; RENDEZVOUS and EXCLUSION are
optional tasks. The user is free to enter these modules in any order
and as many times as he wishes until he is ready to proceed. Upon exit-
ing any module, constraints for the inputs associated with that module
are checked by the SPECIFICATION executive. If there are no comstraint
violations, the user is allowed to exit. If there is a violation, the
user is taken back to the module, the cursor is positioned at the
erroneous input box, and an explanation of the violation is posted at
the bottom of the form. The user must either correct the error or sig-
nify that he wishes to defer the error before he can leave the module.
In addition to these four interactive modules, SPECIFICATION has an
analytical module, CHECK AND QUANTIZE, that is executed just before
proceeding to the next function. Figure 3-6 shows the structure of
SPECIFICATION. Each of the five modules is now described.
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Figure 3-4: Indian Ocean Map
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_ Ceneral lnsiructions _ Erit ISAS
_ Re-Specify Problen _ Proceed to Nest Tast

SPECIFY A TRANSIT PROBLEN
(Position Cursor. Press "ENTER")

_ Describe Basic Problem (Reguired) _ Set Quantisation (Required)
_ Eater Rendesvens Poiat (Optional) _ Eater Exclusion Areas (Optiomal)

Figure 3-5: SPECIFICATION Menu
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SPECIFICATION
EXECUTIVE
SET CHECK AND
BASIC QUANTIZATION RENDEZVOUS EXCLUSION QUANTIZE

BASIC INPUT BASIC TRANSIT DESCRIPTION
SET QUANTIZATION INPUT QUANTIZATION PARAMETERS
RENDEZVOUS INPUT RENDEZVOUS POINT
EXCLUSION INPUT EXCLUSION AREAS

CHECK AND QUANTIZE  FINAL CONSTRAINT CHECKS AND QUANTIZATION CALCULATIONS

Figure 3-6: Summary of SPEC Function
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3.1.3.1 BASIC Module

In BASIC (see Fig. 3-7), the user is required to provide the infor-
mation requested on the data form shown in Fig. 3-8. By moving the cur-
sor from data field to data field the user inputs the start and end
positions, dates, and times for the transit, the minimum speed, maximum
speed, and maximum allowable fuel in units of percentage of ship capa-
city for the transit, and selects his ship type from the menu at the
bottom of the form. (Ship type is needed to find the fuel consumption
model, fuel capacity, and physical maximum speed of the transiting ship

for subsequent calculations and constraint checks.)

There are a number of constraint checks associated with BASIC,
Latitude must be between 0 and 90 degrees north or south and longitude
must be between 0 and 180 degrees east or west. The start and finish
positions must be on the map and in the water. The dates and times must
be valid (month is between 1l and 12, if month is 1 then day is between 1
and 31, etc.) and the finish date/time must be later than the start
date/time. Minimum and maximum speed must be nonnegative, and maximum
speed must be no smaller than minimum speed and no greater than the phy-
sical capability of the appropriate ship type. Maximum allowed fuel
consumption must be between 0 and 100 percent of capacity. Finally, it
must be feasible to traverse the great circle path between start and
finish in the allowed time without exceeding the maximum speed or max-

imum allowed fuel consumption.

3.1.3.2 SET QUANTIZATION Module

The dynamic programming algorithm in ISAS requires a quantization
of space into a grid with a finite number of cells and of time into a
finite number of uniform intervals. The size of the cells and the
length of each interval are variables that depend on the problem at hand
and on the wishes of the user. In SET QUANTIZATION the user is
presented with the form depicted in Fig. 3-9 and is asked to provide

guidance on the choice of quantization parameters.
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SPECIFICATION
EXECUTIVE

MMI DISPLAYS DATA
FORM ON CRT FOR
USER TO COMPLETE

USER INPUTS:

TRANSIT START POINT
TRANSIT START DATE/TIME
TRANSIT END POINT
TRANSIT END DATE/TIHE
MAXIMUM TRANSIT SPEED
MINIMUM TRANSIT SPEED
MAXIMUM ALLOWED FUEL
CONSUMPTION
SHIP TYPE

Figure 3-7: Summary of BASIC Module
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SPECIFY A TRANSIT PROBLEX
(Pesition Cursor: Press “ENTER")

I Describe Basic Problen (Required) _ Set Qoantisation (Required)
_ Enter Rendesvous Poinl (Optional) _ Eater Exclusion Areas (Optional)

Describe Basic Problen (Required)
(Position Cursor; Enter Datai)

Traasit Latitude Longitude Date Tine (GXT)
Start [
fimish [

Describe Your Ship -
Maximum Speed (kaets)
Minimon Speed (knots)
Maginun Allowed Fuel Comsumption (% Fuel Capacity)

Ship Tyoe (Position Cursor: Press ENTER!
_ Ceruiser
_ Destroyer
_ Nireratt Carrier

Figure 3-8: Data Form for BASIC
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_ General Iastructions _ Eeit 1825 i
_ Re-Specify Problea _ Proceed to Next Tast

SPECTEY & TRAl LEN
(Position Cursor. Press "ENTER")

_ Describe Basic Problem (Required) I Set Quantisation (Required)
_ Enter Rendesvous foint (Optienal) _ Eatec Exclusion Areas (Optiomal)

Set Quantisation
(Position Corsor; Emter Data}

hoprorimtte Iuterval Between Cogrse Changes (Hoors)
Maxieusm Deviation from Mean Track

Ta Starboard (N. NMiles)
To Port (N. Niles)

rrecision Qotion (Choose One. Position Cucsor, Press “ENTER™)
_ Low Resolotion Solution / Short Ron-Time

. Mediom Resolulion Solution / Mediua Run-Time

_ High Resolution Solatiocn / Long Roun-Time

Figure 3-9: Data Form for SET QUANTIZATION
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The interval between course changes determines the stages in the
dynamic programming (DP) algorithm: decisions as to course and speed are
made at the start of the transit and at integer multiples of the time
interval thereafter until the transit finish time. This interval also
represents the frequency with which the probabilities of detection per
cell per stage are calculated. For example, a six hour interval means
that the DP algorithm generates paths that maintain course and speed for
six hours at a time and positions of enemy sensor platforms are calcu-
lated every six hours. The smaller the interval, the more accurate the
modeling of the sensor scenario and the more flexibility the DP has to
generate paths that avoid detection. A smaller interval also implies
that the DP has to make more decisions in solving the surveillance
avoidance problem so that runtime is larger. In determining what inter-
val to input, the user can consider how often he is likely to want to
make course changes as a function of the military situation and opera-
tional doctrine, the desired resolution for modeling the sensor
scenario, and the amount of time available for allowing the d;namic pro-

gramming algorithm to generate a solution.

Rather than quantize the entire map into a grid of square cells, a
smaller rectangular area relevant to the transit is used as the problem
space for the DP, The rectangle is oriented along the great circle path
between start and end points, and the deviations to starboard and port
of this mean path are used to determine the width of the rectangle. The
user should choose the smallest deviations that he feels will yield
enough room for maneuvering so as to reduce the computational require-
ments of the DP. For example, if a coastline lies within 500 nautical
miles to starboard of the mean track, the user should input no more than
500 n. miles of starboard deviation so that the DP doesn’t waste time
considering and rejecting transitions that go through land. The user
should also consider his time and fuel constraints in estimating how

much deviation from mean track he should input.

The user also chooses a resolution option from the menu at the bot-
tom of the SET QUANTIZATION form. This option determines the number of

cells that are reachable from a generic cell if the ship travels at the
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input maximum speed for one decision interval of time. The transition
space for a generic cell is determined by drawing a circle that is cen-
tered around the center of the cell and has a radius equal to the max-
imum distance the ship can travel in the decision interval, then cko.s-
ing the cell size so that the circle is approximated by one of the pat-
terns in Fig. 3-10, depending on the option selected by the user. With
finer resolution option there are more reachable cells, yielding more
potential directions and speeds of transition. Finer resolution also
yields more cells per unit area, meaning more cells in the problem grid,
meaning longer runtime for the DP. The user should consider the trade-
off between the higher accuracy that accompanies high resolution and the

resulting increase in runtime,

The constraints for SET QUANTIZATION are that the three inputs must
be nonnegative and the user must select a resolution option. SET QUANT-
IZATION is shown in Fig. 3-11.

3.1.3.3 RENDEZVOUS Module

The user has the option of entering one rendezvous point and
date/time. The dynamic programming algorithm will then generate only
paths that pass through the rendezvous point at the beginning of the
stage containing the rendezvous time. Figures 3-12 and 3-13 show the

summary and data form for RENDEZVOUS.

The constraints to be checked are that the latitude and longitude
fall in appropriate ranges and directions, that the date is a valid
date, and that the rendezvous point is on the map and in water. Note
that checking the feasibility of passing through the rendezvous point
and time with respect to the start and finish points of the transit is
not possible at this point because the user can perform RENDEZVOUS
before BASIC if he wishes.
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COARSE RESOLUTION

MEDIUM RESOLUTION

FINE RESOLUTION

Figure 3-10: Resolution Options
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SPECIFICATION
EXECUTIVE

MMI DISPLAYS DATA
FORM ON CRT FOR
USER TO COMPLETE

USER INPUTS:

APPROXIMATE INTERVAL
BETWEEN COURSE CHANGES

MAXIMUM PORT AND STAR-
BOARD DEVIATIONS FROM
MEAN TRACK

CHOICE OF COARSE, MEDIUM
OR FINE RESOLUTION
OPTION

Figure 3-11: Summary of SET QUANTIZATION Module
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SPECIFICATION
EXECUTIVE

1

MHMI DISPLAYS DATA
FORM ON CRT FOR ]
USER TO COMPLETE

USER INPUTS
RENDEZVOUS
POINT AND TIME

Figure 3-12: Summary of RENDEZVOUS Module
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_ General Instructiouns _ Exit ISAS
_ Re-Soecify Problen _ Proceed to Next Task

SPECTTY & TRARSIT PROBLEN
(Position Cursor: Press “ENTER")

_ Describe Bisic Problem (Required) _ Set Quantization (Required)
I Eater Rendesvous Paiat (Optionsl) _ Eater Exclusion Areas {(Optiomal)

Enter Rendesvoss Points
(Position Cursor. Eater Data)

latitude Longitude Date Time (GHT)
[ .

Figure 3-13: Data Form for RENDEZVOUS
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3.1.3.4 EXCLUSION Module

The user can specify up to ten circular avoidance regions in the
EXCLUSION module depicted in Fig. 3-14. Using the data form in Fig.
3-15, the user describes each circular region by inputting the center,
radius, starting date/time, and ending date/time. If left blank, the
start or end date/time defaults to the start or end date/time for the
transit. Future extensions to EXCLUSION would be to allow the user to
specify a friendly or unfriendly ship or a particular weather pattern to
be avoided, and to allow noncircular regions to be specified by giving
the user the means to draw regions on the graphics monitor.

Constraint checks are that latitudes, longitudes, dates, and times
are valid inputs, all radii are positive, and end date/times are later

than begin end/times.

3.1.3.5 CHECK AND QUANTIZE Module

When the user signifies that he has finished the SPECIFICATION
function and is ready to proceed to the next function, there are further
constraint checks to be performed, and some quantization routines must
be run, as shown in Fig. 3-16. The first checks are that the two
required modules, BASIC and QUANTIZE, were properly completed. The same
type of check is done for RENDEZVOUS and EXCLUSION, if the user selected

either of those options.

If the user entered a rendezvous point, some constraints checks
that require information from the BASIC module are performed at this
point. The rendezvous must occur during the transit, and it must be
possible for the ship to pass through the rendezvous point at the right
time without exceeding maximum speed or fuel constraints. These checks

are performed using great circle distances.
The next ISAS task is to attempt to construct the problem grid, as
outlined in Fig. 3-17. A grid coordinate system is constructed by

treating the great circle through the transit start and end points as
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Figure 3-14: Summary of EXCLUSION Module
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_ Ceneral Iastructions _ Eeit ISAS
_ Re-Specify Problen _ Proceed to Next Tast

SPECITY A TRANSIT PROBLEM
(Position Cutsor. Press "ENTER™)

_ Describe Basic Problen (Required) Set Quantisation (Required) i
_ Enter Rendegvous Poiat (Ogtiomal) T Eater Exclusion Arezs (Optional)

ENTER EXCLUSION KREAS ;

Enter o to tem circalar esclusion areas 3nd time intervals . :

Center Sige (N. Miles) From Until !

Latitude Longitude Radivus Date Tine(CMT) Date Time(CNT) i

{ [ :
1 [

3 I .

K 1 !

R [ :

4 1 E

7 1 |

i [ )
K 1!
10 [

_ Show Grachically

Figure 3-15: Data Form for EXCLUSION
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SPECIFICATION
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GLOBAL
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CONSTRAINTS
0K?

CONSTRUCT

GRID

SET UP CELL
TO PIXEL
ASSOCTIATION

QUAKTIZE THE
RENDEZVOUS POINT
AND DATE/TIME
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END P?SIT[ON
A/

FIND GREAT CIRCLE
THROUGH START AND === OIRECTION COSINES —-=
END POSITIONS

. L

Pd
START VIME_ N2> CALCULATE THE
END TIME - FOLLOWING PARAMETERS
GRID GRANULARITY
APPROX, DECISION
INTERVAL

TRANSITION BOUNOS

TOTAL TRANSIT DISTANCE

TOTAL TRANSIT TIME

ESTIrATED NUMBER OF STAGES .

N/

VARY NUMBER OF CELLS AND

WA ~_ | NUMBER OF STAGES UNTIL CELL

T === === 3| SIZE 1S FOUND THAT SATISFIES
TRANSITION BOUNDS

g

CELL SIZE
STAGE LENGTH

L]
| N\
MAXIMUM PORT CONSTRUCT GRID WITH

~
AND STARBOARD — — — — — |APPROPRIATE DIMENSIONS
DEVIATIONS <

GRID'COORDINATE SYSTEM

] \{r

DCTERMINE LATITUDE AND
GRID TO EARTH < LONGITUDE OF e e 1
COORDINATE MAPPING EACH GRID CELL <

1
L Figure 3-17: Construction of Problem Grid
)
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the equator in the grid latitude/longitude system. Using the approxi-
mate interval between course changes as the starting guess, the number
of stages and the number of cells from start to end point are varied
until a combination is found that yields the tramsition space
corresponding to the chosen resolution option. The difference between
start and end longitude in the grid coordinate system is divided by the
number of cells from start to end point to determine the size of each
cell in units of degrees of longitude. The north and south boundaries
of the grid in the new coordinate system are determined from the maximum
deviations from mean track that were input by the user. The east and
west of the grid are placed so that the start and end points are a few

cells in from the end of the grid.

Due to array dimensions and runtime considerations, there are upper
bounds on the number of allowable stages and cells. These constraints
are checked in the course of constructing the grid. If a grid cannot be
constructed within the constraints, the user must reduce the ;ize of the
problem by increasing the interval between course changes or choosing a
coarser resolution option or breaking the transit into two or more legs

and solving each leg separately.

The final operations performed in CHECK AND QUANTIZE are to con-
struct a mapping between grid cells and graphics monitor pixels, and to
quantize the rendezvous latitude/longitude and date/time into a grid

cell and stage.

3.1.4 SENSOR SCENARIO Function

This function provides the user interface needed to set up the sen-
sor scenario specific to the current problem. Interfaces with existing
data files and with generalized sensor models are provided. The capa-
bility to edit certain aspects of the sensor scenario are provided to
the user to simulate updates to the data base that occur operationally
as a result of newly received messages. A functional overview of the
SENSOR SCENARIO function is given in Figure 3-18.
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SENSOR
SCENARIO
EXECUTIVE
PLATFORM COMPUTE .
LIST PROBABILITIES
EDIT
PLATFORM
SEE
SENSOR
‘ PLATFORM LIST MENU OF SENSOR PLATFORMS IN SCENARIO
A EDIT PLATFORM EXAMINE/MODIFY DATA FOR SPECIFID PLATFORM
SEE SENSOR EXAMINE SPECIFIC SENSOR MODEL

- COMPUTE PROBABILITIES  COMPUTE DETECTION PROBABILITIES PER
CELL PER STAGE

Figure 3-18: Summary of SENSOR SCENARIO Function
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3.1.4.1 PLATFORM LIST Module

Upon entering SENSOR SCENARIO, the user is taken automatically into
the module PLATFORM LIST. PLATFORM LIST reads in information comncerning
the sensor scenario from a default file, much like an operational ISAS
system would receive sensor information by processing information con-
tained in an intelligence data base. PLATFORM LIST provides the user
with a list of platforms that are potential surveillance threats for the
problem at hand, with name and type displayed for each platform. Also
displayed are menu selections for entering each type of semsor platform.
A sample form is shown in Fig. 3-19. By moving the cursor to the right
position and pressing the appropriate function key, the user can delete
a platform from the scenario, examine or edit information concerning a
particular platform in the list, or add a new platform. Figure 3-20
gives a summary of PLATFORM LIST.

3.1.4.2 EDIT PLATFOBM Module

Depending on the type of platform selected - fixed, barrier search,
transiting, or satellite - EDIT PLATFORM presents the user with one of
the data forms depicted in Figs. 3-21 through 3-24, thus allowing the
user to examine or edit the parameters of an existing platform in the
scenario or to input all of the parameters describing a new platform.
For the chosen sensor platform, the name, type, position, motion model
(if it is a moving sensor), and list of on board sensors is displayed.
The user can enter or change a parameter, add or delete a sensor from
the platform, or elect to examine some particular sensor model. EDIT
PLATFORM is summarized in Fig. 3-25.

As with the other data forms, the forms for EDIT PLATFORM have cer-
tain constraint checks associated with them. All latitudes, longitudes,
dates, and times are checked for validity. Each platform must also have
a name and at least one sensor on board. For the earth-based moving
platforms, the ship type must match a known Soviet ship type in the data
base, latitude/longitude pairs must be on the map and in the water, and

transit speeds must be greater than zero but not greater than the physi-

3-27




Surveillance Avoidance
System Software

_ Geaeral Instructions - Erit 185
_ Re Specify Problen _ Proceed to Next Task

Final Report
Section 3

EIAMINE / EDIT THE SENSOR SCENARIO
(Position Cursor. Press *ENTER" to ezsmine/edit platform:

Press *ADD® to creale new platform; Press "REMOVE® to delete platform)

Figure 3-19: Menu for PLATFORM LIST
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SENSOR
SCENARIO

UTIVE

MMI DISPLAYS LIST OF
SENSOR PLATFORMS IN SCENARIO

PLUS ENTRIES FOR ADDING NEW

PLATFORMS OF

EACH TYPE

USER SEL

MENU

ECTS SOME
ITEM

USER PRESSES
KEY

APPROPRIATE *
T0:

DELETE AN EX-
ISTING PLATFORM

EXAMINE AN EX- IADD A PLATFORHM
ISTING PLATFORM

TO THE SCENARIQ

GO TO EOIT
PLATFORM

RETURN FROM EDIT

PLATFORM

Figure 3-20: Summary of PLATFORM LIST Module
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_ Cenerai Instrections _ Exit 1SAS

_ Forn Completed

EARTH-BASED. FIXED PLATFORK
(Positiou Cursor. Enter Data)
NANE

tocatien Latilude Lonoitude

(Position cursor:. Press ENTER to examime sensor definition,
Press REMQVE to delete sensor from platform:
Press MDD to add seasor fo platform.)

Sessors-

50SUS

11,

OTH Radar
Seirch Radar

Figure 3-21: Data Form for EARTH-BASED, FIXED PLATFORM
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3
o Geaeral Instiuctions _ Eait 158
_ Forn Completed :
]

EARTH BASED. BARRIER SEARCH PLATFORX
(Positioa Cursor. Eater Data)

Name
Tyoe

Latitude Longitude Speed  Date Time
Start

Tora .

(Position cursor: Press ENTER to examine semsor definition.
Press REMOVE to delete sensor from platfors:
Press ADD to 2dd semsor to platform.)

Seasors-
_ TASS _ ESM _ Seareh Radar

Figure 3-22: Data Form for EARTH-BASED, BARRIER SEARCH PLATFORM
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_ Ceneral [nstructions _ Eait 18A5
_ Form Completed

EARTH BASED. TRANSITING PLATFORX
(Position Cursor. Eater Data)

Nane .
Tepe .
Position Soeed of

Lititode Longitude Adv_(koots) Date Tine
t [ .
1
3
L}
H
¢
Note  To termipate tramsit - Enter no speed of advance for last pesiticn.

for reveating tramsit - Enter a final speed for return to first position

(Position cursor, Press ENTER to eramine sensor definjtion; !
Press REMOVE to delete sensor from platform: !
Press ADD to add semsor to olatforn.! |

Sensors-
_ TASS _ e _ Seatch Radar |
i

Figure 3-23: Data Form for EARTH-BASED, TRANSITING PLATFORM
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_ Ceneral fastructious _ Exit 15AS
_ Torn Completed

SATELLITE PLATTORN

(Position Cursor: Emter Data}
Nime .
Aaagle of Ocbital Taclination (Degrees. § to N)
Otbital Period (Minotes)

Reference Ecaatorial Crossing Data -
Longitude Date Time
[

(Position carsor. Press ENTER to ezamine sensor definition;
Press REMOVE to delete sensor from platform:
Press ADD to 2dd sensor to platfora.)

Sansers-
ROR
It

Figure 3-24: Data Form for SATELLITE PLATFORM
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FOR NAME, TYPE, POSITION,
MOTION MODEL (IF RELE-
VANT), AND SENSORS ON

REQUESTED PLATFORM

) CHANGE A
b USER SELECTS SOME - PARAMETER
) [TEM FROM DATA FORM

' »— ADD A SENSOR -

USER PROVIDES
APPROPRIATE INPUT TO

)

DELETE A SENSOR

[

RETURN TO »] EXAMINE A SENSOR
PLATFORM LI1ST MODEL

s

GO TO SEE
SENSOR

Yy

\

RETURN FROM
SEE SENSOR

Figure 3-25: Summary of EDIT PLATFORM Module
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cal maximum speed for the corresponding ship type. For the satellite
platforms, inclination angle must be between 0 and 180 and period must

be greater than 0.

The function SEE SENSOR (Fig. 3-26) displays the detection proba-
bility model for a requesfed generic sensor type. The user is mot
allowed to change any of the sensor performance parameters; he can only
examine the model to understand the surveillance capabilities of any
particular sensor. Detection models for earth-based sensors are in the
form of a series of concentric circles, with the user being shown the
radius and associated detection probability for each circular band. All

of the sensor models are shown in Figs. 3-27 through 3-33.

The COMPUTE PROBABILITIES module calculates and stores the proba-
bility of nondetection associated with each cell of the problem grid for
each stage of the quantized time. The probabilities are calculated
based on the generic sensor models and the predicted positiodlof each
sensor platform as a function of time. Probability of nondetection per
cell and stage is calculated and stored as a real number. (ESM detec~
tion probabilities are stored separately because our model is that
line-of-sight emissions are not used so that avoidance of ESM detection
can be achieved through EMCON rather than by maneuvering the ship.)
Independence of sensors is assumed in calculating the probability of
detection value for a cell observed by more than one sensor at a given
time; i.e., if a cell is in the coverage areas of n distinct sensors,
then it is assumed that the sensors act independently of one another
rather than to alter the overall probability of detection in the cell by
cooperating. The negative logarithm of the probability of nondetection
for each cell at each stage is calculated, multiplied by a scaling fac-
tor, rounded off to an integer, and stored. This conversion to integers
allows the dynamic programming algorithm to use integer addition rather
than floating point multiplication in its calculations. Negative
numbers are then inserted as required to distinguish both land mass
areas and exclusion areas that a path cannot pass through. This module

is described in Fig. 3-34.
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MMI DISPLAYS SENSOR
MODEL DATA FOR
REQUESTED SENSOR

USER INDICATES WHEN EXAMA
INATION OF DATA COMPLETE

RETURN TO EDIT
PLATFORM

Figure 3-26: Summary of SEE SENSOR Module
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_ Leaerzl Instructions _ Erit I5AS
_ Examination Complete

< EARTH BASED SENSOR

Senser Type  SOSUS

fadius ([a N. Miles) Probability of Detection/Hoat

t teep 00 0.0100¢
1 115.000 0.28000
3 115000 018008

; 950000 0 30000 °
" s 85.0000 0.15000
- 6 45.0000 0.5eed0
7 55.0000 0.20004
¢ 35 0000 ¢.7¢000
15 0000 0.30000
v 10 100000 0.90000

Figure 3-27: Sensor Model for 50SUS
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1t 78.0000
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]

!

]

!

10

_ Exit ISAS
_ Examination Complete

Final Report
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Probability of Detection/Hout
0.10000
0.40000
0.90008

Figure 3-28: Sensor Model for ESM
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- Exit I5AS
_ Examination Cosplete

EARTH BASED SENSOR

Sensor Tyoe . O0.T.H. Radar
Radius (In N. NMiles)

1108 00
1 2300.%¢0
3 110000
¢ v0.000
H

¢

?

i

!

10

Figure 3-29: Sensor Model for OTH
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Figure 3-30: Sensor Model for Search Radar
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Figure 3-31: Sensor Model for TASS
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Sensor Type . R.O.R.
Satellite Scan Direction . Left
Distance From Orbital Plane to Coverage (N. Miles) :  300.000
Distance Across Coverage (N. Miles) . 300.0
Detection Pcobability/Hour 0.800 -

Figure 3-32: Sensor Model for Satellite ROR
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SATELLITE BASED SENSOR

Seasor Type . I.R.

Satellile Scan Direction . Left
Distance Fros Orbital Plane to Coverage (N. Miles) : 0.00000
Distance Across Coverage (N. Miles) - 500.0

Detection Probability/Hour . 0.408

Figure 3-33: Sensor Model for Satellite IR
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FROM CELL TO SENSOR

Y

CALCULATE NONDETECTION
PROBABILITY FOR THIS
CELL/SENSOR PAIR

[

Laop

LET NEW NONDETECTION
PROBABILITY FOR CELL AT
STAGE 1 BE OLD PROBABILITY
TIMES THAT JUST CALCULATED
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[

—

CELL LOOP ENOS

|

’ LOOP ENDS

LET NONDETECTION PROBABILITY
FOR €ACH CELL AND STAGE BE
THE PROBABILITY FOR STAGE 1
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Figure 3-34: Summary of COMPUTE PROBABILITES Module
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i 00 FOR EACH STAGE

|

- DO FOR EACH MOVING
SURFACE SENSOR

|

. 00 FOR EACH CELL
WITHIN SENSOR COYERAGE

[

CALCULATE DISTANCE .
FROM CELL TO SENSOR

CALCULATE NONDETECTION
PROBABILITY FOR THIS
CELL/SENSOR PAIR

[

LET NEW NONDETECTION

LogP PROBABILITY FOR CELL AND
STAGE BE OLD PROBABILITY

TIMES THAT JUST CALCULATED

i

CELL LOOP ENDS

Loop

[ LOOP

Loop ENDS
SENSOR LOOP ENDS i

Figure 3-34: Summary of COMPUTE PROBABILITES Module (Cont.)
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[
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SCENARIG EXECUTIVE
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Figure 3-34: Summary of COMPUTE PROBABILITES Module (Cont.)
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3.1.5 OPTIMIZATION Function

The OPTIMIZATION function generates and evaluates an optimal path
for the problem specified by the user. Optimization is achieved through
use of the dynamic programming technique. The solution process is
divided into two modules, DP and EVALUATION, as seen in Fig. 3-35. The
DP function is called by OPTIMIZATION to generate a set of tramgition
decisions that define a solution path. EVALUATION then traces through
and analyzes the path.

3.1.5.{ DP Module

The DP function executes a forward dynamic programming algorithm.
General descriptions of the dynamic programming technique are given in
Section 1.3 and in Appendix A. The following is a brief description of
the specific formulation of DP that is used in ISAS for the surveillance

avoidance problem and that is described in Fig. 3-36. -

The stage variable is time: a fixed decision interval is esta-
blished such that a new decision is required at the end of each decision
interval. The state variable is position: for any given stage the DP
algorithm computes the optimal cumulative cost to get from the cell that
the evading ship started in to each of the cells that the evader could

be 1n at that stage. The decision variable is choice of feasible tran-

sition into a cell (transition choice implicitly defines course and
speed for the transition): a transition can pass through several cells,
depending on cell size, decision interval, and speed of the evading
ship. Transition cost is cumulative probability of detection of the
transition plus a Lagrange multiplier times the amount of fuel consumed

by the tramsition. In general, a few iterations over the value of the

Lagrange multiplier will be required before the final solution is found.
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Figure 3-35: Summary of OPTIMIZATION Function
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Figure 3-36: Summary of DP Module
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SET OPTIMAL COST FOR
EVERY CELL AT THIS STAGE
TO BE LARGE NUMBER “M"

!

DO FOR RENDEZVOUS CELL

] YES

o 00 FOR EACH
GENERIC TRANSITION

DOES
THE TRANSITION
PASS THROUGH LAND
OR EXCLUSION

AREAS
?

FROM WITHIN
GRID
?

CALCULATE TRANSITION COST

. L AND ADD TO THE PREVIOUS

LOOP COST STORED FOR THE
TRANSITION ORIGIN

; LOOP
3 ENDS
B>

STORE BEST TRANSITION
AND ASSOCIATED COST
FOR THIS CELL

i o)

Figure 3-36: Summary of DP Module (Cont.)
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NO

RETURN TO OPTI-
MIZATION EXECUTIVE

Figure 3-36: Summary of DP Module (Cont.)
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3.1.5.2 EVALUATION Module

The DP module finds the optimal transition into every cell at every
stage. Using the information generated by the DP wmodule, EVALUATION
works back through the optimal tramsitions, starting with the optimal
transition into the destination cell at the final stage, to construct
the entire optimal path. For each transition along the optimal path,
EVALUATION calculates the real-valued probability of detection, course,
speed, and fuel use, and also determines whether any ESM sensor is close
enough to detect line-of-sight emissions. This data is stored for
future display, and is used to calculate cumulative probability of
detection and fuel use for each stage of the tramsit. Figure 3-37 shows
the EVALUATION module.

3.1.5.3 Executive Operations

Before initiating the DP module, the OPTIMIZATION executive has the
MMI display the form in Fig. 3-38 to the user, so that the user knows
what will happen next. The first iteration of the DP module has no
penalty on fuel use and finds the global, unconstrained optimal path.
The path is evaluated and drawn on the graphics monitor, and the user is
shown the form in Fig. 3-39. This information helps the user to decide
wvhether to examine this path more closely later in ISAS. If the uncon-
strained optimum satisfies the fuel constraint, then it is the desired
solution and no further iterations are necessary. If the fuel con-
straint is violated, then an initial guess of the Lagrange multiplier is
calculated, fuel penalty is introduced into the cost function, and DP is
run again in hopes of finding a fuel feasible path. With the generation
of each path, the user is shown the picture of the path and the brief
summary information concerning the path. The Lagrange multiplier is
iteratively increased until a feasible path is found. Having found
upper and lower bounds on the Lagrange multiplier, a bisection method is
used to look for the value of the Lagrange multiplier that yields the
best solution that satisfies the fuel constraint. The iteration ends
when this value is found or when a given upper bound on the number of

iterations is reached. If a solution has been found, the user is
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CURRENT POSITION—— DESTINATIO
CURRENT STAGE—-—FINAL STAGE

DO BACKWARDS THROUGH
EACH STAGE

j

LOOK UP OPTIMAL TRANSITION
INTO CURRENT POSITION

DETERMINE ACCURATE DISTANCE

& TRAVELED, SPEED, HEADING, FUEL USE,

RELEVANT SENSORS, AND DETECTION
PROBABILITIES FOR TRANSITION

y STORE SUMMARY OF — ‘
y OPTIMAL PATH r——> PATH DATA :
N }
l ACCUMULATE FUEL USE l:____> TOTAL FUEL
} CONSUMPT ION
LOOP

Laop CURRENT POSITION= ORIGIN | ENDS
OF TRANSITION —

Figure 3-37: Summary of EVALUATION Module
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RUN THE PATH OPTIMIZATION ALGORITHM

(Vait for prompt: keyboard will mot respond)
The path ootimisation algorithm is curremtly runniag The algoritha
2y genetrate several paths while searching for the optimum.
ISAS will notify you when each path is gemecated and will provide

voa the name that it has assigned to that gath. Pleise wait. .

Figure 3-38: Initial OPTIMIZATION Form
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Run the Path Ootimization Algorithx
(Vait for prompt; kevboard will not resoend)

A path has boen generated and evaluated. It may not be ontimal.

Path Name : pathi
Cumaiztive Probability of Detection : g.000
Cumulative Fuel Use (% Cavacity) nn

Figure 3-39: Name Path Form
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presented with the form shown in Fig. 3-40, otherwise the form in Fig.

3-41 is displayed.

3.1.6 CREATE PATH Function

The CREATE PATH function is an unimplemented function that would
enable a user to either enter a complete path or to modify an existing
path. The function would contain a module for interaction with the
user, preferably by allowing the user to mark way points on the graphics
monitor and type in speeds of advance, so that the user can enter his
path. The path would then be analyzed by an evaluation module to com-
pute probability of detection per leg and cumulatively, cumulative fuel
use, course and speed per leg, and course change dates/times, as is done
for the paths generated automatically by the dynamic programming algo-
rithm. This capability could be used augment the path optimization by
allowing the user to modify a path that was automatically generated to
smooth it out, stay further away from land masses or enemy sh&ps, to
evaluate the result of performing a training maneuver along the tranmsit,
or any other reason for testing a modification to the path. The user
could also bypass the automatic path generation entirely and use CREATE
PATH to choose his own surveillance avoidance path and, using the
evaluation module for feedback, alter the path until acceptable surveil-
lance avoidance performance is achieved. The current ISAS effort did
not require the capability for the user to specify paths. It is felt
that such a function is desirable and useful, but time and budget con-

straints did not allow for implementation of this capability.

3.1.7 SHOW RESULTS Function

The SHOW RESULTS function provides the user access to the evalua-
tion results for any available route that has been created by the OPTIM-
IZATION function. Results concerning sensor coverage, type and degree
of detection probability along a route, fuel usage, and course instruc-
tions will be available for examination. A functional overview of SHOW
RESULTS is given in Fig. 3-42, Upon entering SHOW RESULTS, the user is

presented with the a menu of the three capabilities of the function, as
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_ General Iastructions _ Euit 1SAS
_ Re-Specify Problen _ Proceed to Nest Task

Section 3

Run the Path Optimisation Algoritha
(Position Cursor; Press *ENTER")

The path ootimization algorithm has been completed. pathé
has been determined to be the optimal path and has been

resamed “optimum®. Please choose jn iten from the seny above.

Figure 3-40: OPTIMIZATION Ended Successfully Form
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_ General Tastcuctions _ Exit 18AS
_ Re-Specify Problen _ Proceed to Next Task

Ron the Path Optimisation Algoritha
(Pesition Carsor. Press “ENTER")

The path optimisation algorithm has been complieted.
None of the paths generated satisfy the fuel comstraint
However, these paths are available for inspection.
Please choose an item from the menu ghove.

Figure 3-41: OPTIMIZATION Failed Form
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TR 3

Figure 3-42: Summary of SHOW RESULTS Function

3-59

I R Py ey




Surveillance Avoidance Final Report
Section 3

System Software

_ General Instructions _ Exit ISAS
_ Re-Specify Problen _ Proceed to Nest Tast

SHOV PATH EVACUATION RESULTS
(Position Caorsor; Press "ENTER")

_ Transit Display (Graphical)
_ Transit Sommaty (Tabular - Hacd Cooy)
_ Cragh of Fuel Consumotion vs. Detection

il - ik

Figure 3-43: Menu for SHOW RESULTS
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seen in Fig. 3-43. The user selects one of the three modules, each of

which is now described.

3.1.7.1 GRAPHICAL Module

If the user requests a graphical display of a path, he is presented
with a menu of the paths available for inspection, as shown in Fig. 3-
44, The user selects a path for graphical display. The initial display
on the graphics monitor depicts the sensor scenario for the first stage
of the transit (the first stage corresponding to the first transition or
leg of the path). Figure 3-45 has an example of such a display. The
entire transit path is drawn, with the small squares at each end denot-
ing the start and end points. The triangle colocated with the leftmost
square indicate. the current position of the evading ship. The double
line extending from the current ship position indicates the distance to
be traveled on the first leg. Probability of detection over the entire
problem grid is shown by shading the detection regions with dlfferent
colors. The blue regions are water with no probability of detection,
bright red is high detection risk, and the shades of purple in between

indicate intermediate detection probabilities.

In conjunction with the graphical display, the user is presented
with the form in Fig. 3-46 that contains textual information about the
image on the graphics momitor. The information tells the user what
stage, date, and time the image corresponds to, and numerical status
data for this point along the transit. The form also provides the user
the ability to request to see the stage just before or after the one
being viewed presently, or to jump to any stage or date/time of

interest. The summary of this module is given in Fig. 3~47.

3.1.7.2 TABULAR Module

Also available is the option to get a hard copy summary of any
path. Upon choosing the TABULAR option, the user is presented a menu of
available paths, as in the GRAPHICAL module. The user selects a path,

and a table containing the textual information from GRAPHICAL for each
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(Poyition Cursor. Press “ENTER™)

X Transit Display (Craphical)
_ Transit Suamary (Tabular - Hatd Copy!)
_ Ctaph of Feel Consumption vs. Detection

TRANSIT DISPLAY (Craphical)
(Position Carsor; Press "ENTER")

Path Name

p _path!
; _patal
_oathl
_pathd
3 _paths
.44 _OPTINUX

e

il i

Figure 3-44: GRAPHICAL Path Menu
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Figure 3-45: Sample Graphical "isplay
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_ General Instructions _ Exit 1SS
_ Path Examination Complete

TRANSIT DISPLAY (CRAPHICAL)

Tabular Inforaation for Cragshical Dicplay of Curceat Stage
Path Name. OPTINUM Stage Length: 7.14§

SPEED OF  CUM. DETECTION  LOS
STAGE DATE  TIME POSITION  HEADINC ADV FUEL  PROBABILITY EMIS
L (CMT) LAT LONC (DEG) (KNOTS) (% CAP.) CUN.  NEIT SAFE?

............. mces eGemmiesccacmn . Grmsee SeCecess Semeen cesaesr Eweens ceodbe

1 7 2683 1200 7.0m 97 .00e 253.87 20.50 1 455 0.008 0.000 YES

STEP THROUGH STACES OF TRANSIT
(Position Cursor: Press ENTER)

_ Disolay Previous Stage _ Display Next Stage

— JUME 10 ANY STAGE OF TRANSIT
(Entec Data; Press ENTER)

Display Stage Numbder :

ot
Disolay Stage Contsining - Date: [ Time (CKT):

Figure 3-46: Textual Display for GRAPHICAL Module
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USER TELLS MMI PATH TO 1 MMI DISPLAYS MAP
BE EXAMINED ON MONITOR
INITIALIZE CURRENT MMI DISPLAYS PATH
: TIME AND STAGE TO BE ON MONITOR
" INITIAL TIME & STAGE
3 \
< MMI OVERLAYS CURRENT TRAN- MMI DISPLAYS CURRENT
SITION ONTO PATH, AND TIME AND STAGE, DETEC- -
i =1 SENSOR POSITIONS AND DE- TION PROBABILITY FOR
R TECTION PROBABILITIES ONTQ NEXT TRANSITION, CuMu-
¥ MAP FOR THIS STAGE LATIVE FUEL USE, AND
) LIST OF OPTIONS ON CRT
R TERMINAL
H | !
g ) SHOW USER SELECTS ONE OF
X EXECUTIVE THE FOLLOWING OPTIONS
EXAMINE COVERAGE INPUT SOME TIME OR EXAMINE COVERAGE
FOR PREVIOUS STAGE AND EXAMINE FOR NEXT STAGE
g STAGE THAT COVERAGE
'7 \
iy UPDATE CURRENT TIME
Y AND STAGE ACCORDINGLY

Figure 3-47: Summary of GRAPHICAL Module
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stage of the transit is written to a file. The user can thus obtain a
printout that summarizes all of the course and speed instructions and
other data corresponding to any available path of interest. Figure 3-48

has an example of the output provided by TABULAR.

3.1.7.3 FUEL Module

FUEL, an as yet unimplemented module, would produce a graph of
cumulative probability of detection versus total fuel consumption for
the problem of interest. The plot would use data points generated dur-
ing the Lagrange multiplier iterations of OPTIMIZATION. If there were
not enough data points available to plot this function when requested,
the user would be warned that further calculations were necessary and
would be given a chance to exit FUEL if so desired. If the user
approved the additional calculations, FUEL would run the dynamic pro-
gramming algorithm for several additional Lagrange multipliers to gen-
erate the necessary data points. When enough data points exi;ted, the
plot would be drawn. FUEL would allow the user to easily see the possi-
ble tradeoffs between fuel use and detection probability. A path that
has detection probability slightly higher than the optimum may use sig-
nificantly less fuel, making it the preferred path to users who are con-

cerned with fuel consumption.

3.2 MAN-MACHINE INTERFACE SOFIWARE

All interaction between the user and ISAS is handled by the man-
machine interface. This module keeps the user informed of his progress
through the program, and allows him to enter data and select optioms.
This interaction is structured through the use of menus and forms. This
section will discuss the interface, both as it appears to the user, and

as it is implemented in ISAS.
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I1SAS: Path Tabular Summary
SPEED OF CUNM. DETECTION LOS
STAGE DATE TIME POSITION HEADING ADVANCE  FUEL  PROBABILITY EMIS.

¢ (GMT) LAT LONG  (DEG) (KNOTS) (X CAP.) CUM. NEXT SAFE?
1 7/26/83 1200 7.0n 97.0e 253.88 20.59 1.46  .000 .000 YES
2 7/26/83 1909 6.3n 94.6e 208.69 14.56 1.97 .000 .000 YES
3 7/27/83 0217 4.80 93.8e 208.62 14.56 2.48 .000 .000 YES
4 7/27/83 0926 3.3n 93.0e 208.57 14.56 3.00 .000 .000 YES
5 7/27/83 1635 1.7n 92.le 253.14 20.50 4.45 000 .000 YES
6 7/27/83 2344 1.0n 89.8e¢ 252.70 20.45 5.91  .000 .000 YES
7 7/28/83 0652 Jo  87.5e¢ 297.78 14.32 6.42 .000 .000 YES
8 7/28/83 1401 1.ln  85.9e 297.44 14.32 6.94 .000 .000 YES
9 7/28/83 2110 1.9n 84.4e 297.07 14.32 7.45 .000 .000 YES
10 7/29/83 0418 2.7n 82.9e¢ 206.87 14.56 7.97 .000 .000 YES
11 7/29/83 1127 1l.la 82.le 296.66 14.23 8.48 .182 .182 YES

12 7/29/83 1836 1.9n 80.6e 296.24 14.23 9.00 .182 .000 YES
13 7/30/83 0145 2.6n 79.le 295.81 14.23 9.51 .182 ,000 YES
14 7/30/83 0853 3.4n 77.5e¢ 295.35 14.23 10.03 .182 .000 YES
15 7/30/83 1602 4.ln  76.0e 294.87 14.23 10.54 .182 .000 YES
16 7/30/83 2311 4.8n 74.5¢ 294.38 14.23 11.05 .182 .000 - YES
17 7/31/83 0619 5.5 72.9e 293.86 14.23 11.57 .453 .331 YES
18 7/31/83 1328 6.20 71l.3e 293.33 14.23 12.08 .453 .000 YES

6

7

9

- 19 7/31/83 2037 92 69.8e 292.77 14.23 12.60 .453 .000 YES
! 20 8/ 1/83 0345 Sa 68.2¢ 337.81 20.39 14.05 .453 .000 YES
E: 21 8/ 1/83 1054 8o 67.3e 337.17 20.45 15.51 .472 .035 YES
g 22 8/ 1/83 1803 12.0n 66.3e 21.61 14.56 16.02 .491 .035 YES
3 8/ 2/83 0112 13.6a 67.0e 336.63 20.53 17.48 .491 .000 YES

3 24 8/ 2/83 0820 15.9n 66.0e 21.34 14.56 17.99 491 .000 YES

: 25 8/ 2/83 1529 17.5a 66.6e 270.00 .20 18.01 .491 .000 YES

: 26 8/ 2/83 2238 17.5n 66.6e 270.00 .20 18.04 .491 .000 YES
, 7 8/ 3/83 0546 17.5n 66.6e 270.00 .20 18.06 .491 .000 YES

f‘ 28 8/ 3/83 1255 17.5a 66.6e 291.12 14.53 18.57 .491 .000 YES
: 29 8/ 3/83 2004 18.1n 64.9e¢ 335.62 20.58 20.03 .491 .000 YES
¥ 30 8/ 4/83 0313 20.4n 63.8e 20.49 14.56 20.54 .491 .000 YES
l 8/ 4/83 1021 22.0n 64.5e .00 .00 20.56 .660 .331 YES

: Final 8/ 4/83 1730 22.0n  64.5e 20.56  .660

Figure 3-48: Example of Tabular Summary
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3.2.1 User Interaction with the Interface

As stated above, all interaction with ISAS is mediated by the
interface, which displays information and accepts commands through a set
of forms and menus. At each stage in the program there is either a data
form or menu displayed on the user’s terminal screen. A menu may
display information and offer a choice of options which the user can
select. A data form can do all the things a menu can do, plus it allows

the user to input data.

When the user is faced with a menu, there is really relatively lit-
tle he can do. There are several keys which he can press to move a cur-
sor around the screen; these are labeled with arrows indicating the
direction of motion. The cursor will only move to certain positioms,
those adjacent to pieces of text which describe options he may chose.

At any such location, he can press one of four keys to register a
ﬂi choice. Those four keys are labeled ENTER, HELP, ADD, and REMOVE.
ENTER is used for most menu selections; HELP provides an instructive
message for the current task within ISAS, such as the one for QUANTIZA-
TION that is shown in Fig. 3-49; ADD and REMOVE are only occasionally
- relevant, such as in EDIT PLATFORM for adding or removing sensors from a

platform.

A convenient feature of the menus in the interface is that multiple
layers of menus are displayed on the same screen whenever appropriate
and feasible. For example, three level of menus were seen in Fig. 3-44,
The top-level menu is the usually present menu that allows the user to

get general help, exit, respecify, or exit. The second level has the

three modules within SEE RESULTS, and the third level is a menu of

available paths. The user is free to move up and down through these
level in making his next function choice. This approach is easier to
work with than if a sing’« menu existed on each screen so that the user
had to move through several screens to get up to the menu that he

wanted.
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HEL?
(Positions Corser; Press "ENTER™)

TOPIC. SET QUANTIZATION

The path optimization algorithm ased by ISAS requires that space and

time be quintised into a finite nomber of cells and time intervals. The
SET QUANTIZATION tast elicits information from you as to the required
resolution of the gquantisation. The approximate interval between coerse
chasges is the smallest unit of time osed by the algoritha. For 2 larger.
interval, the optimisation algorithw will have fewer course change decisions
to sake and will therefore ron faster. 3t the cost of a salution that

is Jess accurate Because of the coarseness of the model of time.

Kagimaw deviation from medn track in either girection should be made as
small as is acceptable. This limils the search space of the algorithm,
thus reducing ron-time. The precision opticn affects the sise of the
cells osed by the algoritha. Low reselotion yields a fewer number of
larger cells. seaning that space is modeled coarsely. and resuils in
faster run-time of the algorithu. High resolation yields 1 larger

sumber of smaller cells. The mode! oblained with this option will be
more accacate, possibly yielding a better surveillance avoidance path at
the cost of increased run-time. Medium resclution is betweea these
extremes in both tccaracy and ron-time.

Figure 3-49: Help Message for QUANTIZATION
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A data form allows slightly more flexibility. The distinguishing

] feature of a data form is that it has input fields. These appear on the

data form as boxes in reverse video. Using the arrow keys, the user can
| also move the cursor to these input fields. Once there, he may type
appropriate data into the box. There are two more special keys to aid

the user in editing inputs. The DELETE CHARACTER key removes the char-

i o

acter directly under the cursor. The DELETE FIELD key removes all the
characters, starting with the one under the cursor, up to the end of the
field. There is also the normal DELETE key on the terminal, which

removes the character before the cursor.

The user may move around the data form and enter data in any order.

ISAS only gets to see the data when the user signals that the entire
form is complete. As much as possible, related inputs are grouped on
the same form. This allows the user to see his responses to several
questions at the same time to help in answering other questions. The
user can change his inputs as much as he likes until the entire form
seems consistent. When the user has completed a data form, ISAS rums a
number of constraint checks to verify that the inputs make sense. The
interface itself however, does some simple type checking as soon as the
user mov.s the cursor out of an input field. Such checks include i:aur-
ing that only digits are typed into a numeric fielé and that an integer

doesn”t have a decimal point.

The bottom two lines of every data form are reserved for error mes-
e sages. One of these lines is used for data type errors that are posted
4 directly by the interface. The other line is for messages generated by
the applications program in running its set of comnstraint checks. When-
ever possible, the user is allowed to defer an error, leave the form to
perform some other task within the function he is currently in, and

s return later to correct the error. Error messages are displayed in
reverse video for emphasis and whenever possible they are accompanied by

positioning the cursor in the field that caused the error.
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The interface does have some weak points. In its current implemen-
tation, it is very slow: there are noticeable delays in just moving the
cursor from field to field on the screen. This a curable problem,
resulting from the choice of languages and data base systems. We chose
powerful systems, which allowed us to do faster prototype work, but
which were not efficient. This brings us to the discussion of the

interface implementation and internals.

3.2.2 Implementation of the Man-Machine Interface

The interface implementation is rather complex. The displays are
actually managed by a process separate from the one running ISAS“s prob-
lem solving software. The Unix facilities for spawning new processes
and interprocess communication through pipes allow this arrangement to
work. The interface manager is written in LISP, and makes use of a
relational data base called TROLL and a screen management package called
Curses. Communication between the problem solving software, written in
FORTRAN, and the interface, is handled by a set of buffer routines writ-

ten in C.

The motivation for this interface design is also complex. The
interface is being developed at AI&DS as a generic interface to be
shared by a number of projects, rather than an interface specific to the
ISAS needs. ISAS does not fully utilize the capabilities intended in
the design. The interface is set up as a separate process so that,
potentially, several application programs could use its facilities
simultaneously. Each client process is free to runm, speaking to the
interface only when it needs t¢, and able to continue its work while the
interface takes care of the I/0. It was intended that the interface be
able to handle more of the constraint checking on the data input by the
user. As noted before, this implementation only does simple type check-

ing on inputs.

The data base is included in the design as the medium of communica-
tion between interface and application program. We wanted to take

advantage of the relational structure of a data base and its ability to
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protect data from loss. It provides a convenient place to store the
data for forms and menus, allowing the user to skip from form to form,
while keeping previous data available. The data base protects the user
from loss of data even in the event of program error. It should also
provide a clean and uniform connection to a variety of applications pro-

grams.

Most of the efficiency problems alluded to earlier derive from
inefficiencies in the individual pieces of the interface. In particu-
lar, TROLL turns out to be very slow. Franz Lisp, (the LISP variant
available on our VAX) while a good language for development, is not well
suited to production programs. The pipe mechanism for inter—process

communication is also slow.

We were forced into several modifications for efficiency reasons.
Most significant was the decision to pre-assemble the forms and menus
needed for ISAS out of the data in TROLL. Once assembled int; a screen
image, and stored, all changes to the data in TROLL must be put into the
appropriate screen image. When called up for display, the image is only
updated based on these changes, rather than being reconstructed. A
great deal of memory is required to store all the screen images, but the
time needed to query the data base in building the images from scratch

whenever needed is unacceptable in an interactive system.

The buffer routines, which allow the application program to talk to
the interface, are trivial. For the most part, they simply format calls

to the LISP interface routines, and send them down the pipe. They make

use of C's simple formatted output commands, and are linked in with

ISAS s FORTRAN problem solving code.
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4. A SURVEILLANCE AVOIDANCE EXAMPLE

This section steps through a typical ISAS session. The displays
seen and the actions taken by the user as a problem is specified and

solved are described.

4.1 INTRODUCTION TO ISAS

The first forms encountered by an ISAS user provide introductory
information. Upon entering the system, the user is presented with a
title page, shown in Fig. 4-1. When the user presses the ENTER key as
requested on the form, he is taken to the beginning of a tutorial on the
use of the man-machine interface. The first page of the tutorial is
seen in Fig. 4-2. A user familiar with the use of the menus and data
forms will choose to "Proceed to Next Task', while the inexperienced
user will request the second page of the tutorial, which is shown in
Fig. 4-3. One would also expect the inexperienced user to request gen-
eral instructions on the operation of ISAS. This is done by moving the
cursor to the entry marked General Imstructions" and pressing the ENTER
key. Figures 4-4 through 4-7 show the information that is available omn
the use of the system. At this point, both the experienced and the
inexperienced user have completed the introductory section of ISAS and
are ready to begin the specification of the surveillance avoidance prob-
lem of interest. The three description tasks are MAP SELECTION, SPECIF-
ICATION, and SENSOR SCENARIO.

4.2 PROBLEM SPECIFICATION

The first part of the problem specification is the selection of the
map on which the problem is to be solved. As was seen in Fig. 3-2, the
user is presented with a simple menu from which he selects a map. 1In
this example, he chooses the "Indian Ocean' option and is shown the map
in Fig. 3-4 to ensure that this map is acceptable. The user then

requests to "Proceed to Next Task'.
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_ (Press "ENTER™ to begin the prograe)

Figure 4-1: ISAS Title Page
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_ Cemeral Instructions _ Eeit ISAS

_ Proceed to Nest Task

3 USING THE ISAS NENU INPUT SYSTEX

A1 user input to ISAS is accomplished through memus and forms
disslayed on this terminal. These are pages of text with desiqaated
fields for user imput. This curreat screea is a simgle exzaple; the
three founctions which may be performed at this time ave preceeded by

3 ondet-scotes.

¥sing the cursor coutrol teys on this terminal's keyboard, vou msy -
sove the cucsor around the screen, from field to field. These keys kave
arrows oo them: each of these keys moves the carsor in the direction
thal the arrow goints. They are Jocated en the small eypad on the
cight side of the full keyboard.

In general, to select an option from a menu. vouw use the cursor

Y contro! keys to move the cursor to the field next te your choice. and
B thea press "ENTER" to register vour decision. The “ENTER" tey is
- located on the same small keypad as the cursor control keys
i
b _ Move the cursoc to this position and press “ENTER" to contimue
- reading instruclions
4

Figure 4-2: Page 1 of Tutorial
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_ General Inslructions _ Exit I5AS
_ Proceed to Next Tast

“USING THE 15AS MENU INPUT SYSTEM
(Cont inyed)

To enter data into a form, you similarly move the cursor to the
desired field, bat them you type in a number ocr some text, as if filling
out a paper focm. ISAS will warn vou if a value vou have tried to enmtes
15 woaccentable

There ate two soecial kevs which are useful when filling out forms.
They are "DEL CHAR® and "CLEAR REST". "DEL CHAR” will delete the .
character above the cursor. “CLEAR REST* will clear the rest of the
ingwt box starting at the curreat cursor location. There are three more
soecial kevs: "ADD®, “DELETE", and "HELP"  There are places in ISAS
where it is apporooriate to vse °ADD" or *DELETE* in olace of "ENTER®
when reqistering 1 menuw choice. Menus where this occurs will say so,
asd will egplain the cffect of asing either key. For now, simply note
the position of these teys on the sime keypad as "ENTER".

At any voint in the orogram, if you do not understand what you are
supposed to be doing, you may press the "HELP® tey, also located on the
ssall keypad. In cesponse, I5AS will display a1 page of explanatory
test. similar to this page, but specifically tailored to yoar current
loscation in the progras. The option of getting aeneral instructions oa
the use of ISAS is also availible on most pages.

Figure 4-3: Page 2 of Tutorial
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_ Retara To Previous Location In ISAS _ Exit 1SS

CENERL TNSTRUCTTONS

(Position Cursor; Press "ENTER"}

ISAS is an interactive system to 2id in planning naval transits I
that avoid detection by enemy surveillance systess. Yoa most first
soecify the problem of interest by choosing options from menas and
entering information onto computerized data forms. You show{d then
request (hat the path ootimization slgorithm be executed (the capability
to specify vour own path has not been implencnted yet). The algoritha
will generzte oae ot more paths., any of which can then be esimined by
requesting to see the results of path evaleation. Each of the major
ISAS (waclions will mow be summariged.

CHOOSE A MAP prasents a [is{ of availadle mips to you. Choose the
sap that best fits the transit to be plawned. Your selection will be
displayed om the graphics monitor so that vog can view several mips in
cheesing the best one foc your problem of ialerest

In SPECIFY A TRANSIT ¥ROBLEH you will be asked to provide most of
the information that characterises the problem to be solved. There are
four subfoactions that can be esecuted in any order vouw wish: DESCRIBE
BASIC PROBLEM is a required tast that elicits the basic descciption of
the transit. SET QUANTIZATION is also cequired and asks you lo provide

_ Move to next page of qeueral instructions

Figure 4~4: Page 1 of General Instructiomns
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_ Return To Previous Location In [SAS _ Exit 1528

— GLNERAL INSTRUCTIONS

(Position Cursor; Press "ENTER™)

some guidance on how to gquantisze time and space for the path
optimisatios algorithe: ENTER RENDEZVOUS POINT is an optiomal task that
allows you to specify a rendesvous point aad time anywhete alopg the
teansit; and ENTER EICLUSION AREAS is an optioma] task that allows yos
to soecify some areas that ate to be avoided during certain time
intervals.
A sensor scenmario will be automatically read into the system.
TBe scenario is chacacterised by the list of enemy sensor platforms
relevaat to the area of the world and time interval of interest: the
type, position, motion model, and list of semsors on each platform, and
the model of detection probability for each semsor. [Im EXAMINE/EOIT THE
SENSOR SCENARIO you are presented a list of relevant platforms. You may
delete any platform, ask to ezamine/edit amy platfora, or add a new
platform. Either of the latter two options tikes you to 2 data form
‘B specific to the type of platforms to be added or edited. You can then
edit position 2ad motion information for the platform of interest, add
or delete sensors from the platform, or ask to examine the model for anmy
sensot aporopriate to the platfora type

an e,

_ Move to nest page of general instructions

Figure 4-5: Page 2 of General Instructions
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_ Retura To Previous Location In 1SAS _ Exit 1548

GENERAL INSTRUCTIONS
(Position Cursor; Press "ENTER™) !

Whea vog finish cditiug the sensor scemario. the surveillance
avoidance problem is complelely specifiad. Vou them are given a choice
belween RUN THE PATH OPTIMIZATION ALCORITHM and ENTER AND EVALUATE USER
CREATED PATH. The second ootion woold allow vou to esamine the sensor
covegage s it evalves with time and to wse this information in creating
so0c own sureeillance avoidance path. This capability hys not yet been
inplencated so vou shoald choose the algorithm option imstead.

RUN THE PATH OPTINIZATION ALCORITHN esecutes & dymamic prooramming
slgorithu to gemerate an optimal solution to the surveillance 2voidance
prodlea. The algorithm may genevate severzl paths while searching for
the optimum. Ezch of these paths will be displayed to vou after it is
generated.

To examine in preater detzil zay of the paths created by the
algorithe, select SKOV PATH EVALUATION RESULTS from the meav. Vithia
this functioa. TRANSIT DISFLAY (CRAPKICACL) affows van to view the mag,
the path of intersst. and the position -dependent detection probabilities
over the probies srea for any time of interest during the traasit, and
preseats testoal information on the evadiag ship's current pesition,
feadisg. speed of advance, fuel use, probability of being delected, snd
whether of not linc-of-sight emissions are safe. TRANSIT SUMMARY

_ Move to meal page of gemersl instructions

Figure 4-6: Page 3 of General Instructioms
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_ Retorn Te Previouc Location [a I§AS . Eeit 15AS

CENERAL INSTRUCTIONS
(Position Cursoc; Press "ENTIR™)

(TABULAR-HARD COPY) provides a bard copy summary of the testual
iaformation corresponding to every time interval during the tcraasit.
GRAPH OF FUEL CONSUMPTION VS. DETECTION has not beea implemented yet.
¥ This function would generate and display a graph plotting foel
o conssapltion versus probability of detection for each of the avsilable
3 oaths to allow you to choose the most desirable path.

At most goints within ISAS you are given four optiocs in & menu
found at the top of the screen. CENERAL INSTRUCTIONS prints the
tatoimation you are reading now. EXIT ISAS affows you to exit the
system. RE-SPECIFY PROBLEM aliows you to return to any previcusly
completed probiem sgecification function (CHOOSE A MAP, SPECIFY A
TRANSIT PROBLEM, EXAMINE/EDIT THE SENSOR SCENARIO) to modify the problem
of iaterest. PROCEED TO MEXIT TASK will either take you actomaticilly to
the nest top-level fuaction to be performed or will present yoo with a
neny of options to choose from.

Figure 4-7: Page 4 of General Instructions
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The next description task contains four subtasks and is the
largest and most important of the description tasks. The four subtasks
are seen as options on the menu first presented in Fig. 3-5. The user
selects the option marked "Describe Basic Problem" and begins inputting
the basic information requested. Figure 4-8 shows the completed
“Describe Basic Problem'" data form for this example. The user has
requested a nine~day transit of an aircraft carrier from the Strait of
Malacca to a point a few hundred nautical miles outside of the Gulf of
Oman, using no more than 25 of the fuel capacity of the ship. Having
completed this form, the user chooses to perform "Set Quantization"
next. He requests a seven-hour decision interval, maximum starboard and
port deviations of 300 and 1000 n. miles, respectively, and the coarse
resolution option, as seen in Fig. 4-9. The user has now completed the
two required subtasks in this section of ISAS, but chooses to input
several exclusion areas. The inputs for these exclusion areas are shown
in Fig. 4-10. The user chooses not to request a rendezvous p?int, s0

selects "Proceed to Next Task" at this time.

The next specification task is the examination and possible editing
of the sensor scenario. The form shown in Fig. 4-11 contains a list of
relevant sensor platforms for the transit. A pictorial summary of the
sensor scenario (this summary is not an ISAS capability) is given in
Fig. 4~12. The scenario has two fixed sensors: a radar located at
the southern tip of Sri Lanka and a SOSUS platform just off the coast of
Somalia. There are two enemy ships patrolling barrier search patterns.
There is also one enemy ship is transiting from 20° n, 62° e to 8° n,
95° e, and one transiting from 1° s, 85° e to 24° n, 61° e. One RORSAT
satellite with an inclination of 62° and a period of 88.3 minutes is

also included in the scenario.

In this example the user has no new information regarding enemy
sensor platforms and does not wish to examine the scenario in greater

detail, so he selects the "Proceed to Next Task" option, thus completing

the problem specification portion of ISAS.
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_ Geaeral Instructions - Exil 15AS
_ Re-Specify Problen _ Proceed to Neat Task

SPECIEY X TRANSIT PROBLEN
(Position Cursor. Press "ENTER")

I Describe Bisic Problem (Reguirad) _ Set Quantisation (Required)
_ Enter Rendesvous Poin{ (Optione!) _ Eater Exclusion Acezs (Optional)

Desccibe Basic Problem (Required)
(Position Cursor; Enter Data!}

Trassil Latitaede Longitude Date Time (CHT) .

Staet 7 0 0 n 97 0 0 e 7136183 1108
finish 220 0 n 64 300 e 874783 170

Describe Ynur Shie -

Mzzinua Seeed (knots) 30
Mininoa Speed (7 .ots) ]
Mazimum Allor - “vel Concumotion (% Fuel Capacity) . 4]

Ship Tvpe (Position Carsor: Press ENTER)
- Cruiser
_ Destrover
I_ Rircralt Carcier

Figure 4-8: Completed Describe Basic Problem Form
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# _ General Instrections _ Lait ISAS
_ Be-Specify Problen _ Proceed to Neat Tast

SPECIFY A THANSIT PROBLEA
(Pocition Cersor. Press "ENTER™)

_ Describe Basic Probica (Reqairted) I Set Ovantization (Required)
_ Ester Rendesvous Point (Ootliomal) _ Eater Exclusion Areas {(Optionzl)

Set Quantitation
(Position Cursor. Enter Data?

fi Aoprozimate faterval Between Course Changes (Hours) - 2
mastnen Deviation From Mean Track
to Starboary (N. Miles!} 300
To Port (N. Miles) 1800

Precision Option (Choose One. Position Cursor. Press "ENTER")
X_ Low Resolution Selutjon / Shosrt Run-Time

_ Medium Resolution Solution / Medium Run-Time

_ High Resolotion Soluticn / Long Ron -Time

Figure 4-9: Completed Set Quantization Form
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. Ceneral Imstructions _ Exit 18AS
_ Re-Specify Prodlen _ Proceed to Nest Tast

SPECIFY A TRANSIT PROBLEX
(Position Cursor: Press "ENTER®)

_ Describe Basic Problem (Required) _ Set Quantisation (Reguired)
_ Enter Rendesvous Point (Dptional) 1 Enter Exclusion Areas (Optionmal)

ENTER EICLUSION MREAS

Enter gp lo ten ciscolar exclusion aress and time intervyis

Conter Site (N. Miles) From Until *
Latitude Longitode Radias Date Tine(CHT) Date Tine (CHT)

b1 8 8 on 43 800 ¢ 180 7 120183 1740 8 7 83 110
1100 0 o0 70 00 0 e 150 7137703 1480 8 5 43 0708
d e 4on 72 000 ¢ 200 7 728783 1800 ¢ 7 83 Qe
48 8 o8 77 000 2 120 ? 126183 0800 8 3 83 1504

H 11
i 1t

R 1
] T
K I
e I

Figure 4-10: Completed Enter Exclusion Areas Form
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]
i
_ General Instructions _ Exit ISAS
_ Re-Specify Probies _ Proceed to Nest Taskt

“TTANINE 1 EDIT THE SENSOR SCENARID
(Position Cursor; Press “ENTER" to examine/edit platfors;
Press "ADD® o create new platform; Press "RENOVE" to delete platform!

Plattors Name Platlorm Type

k- _ New Earth-Based. Fized
3 _  New Earth-Based. Barrier Search

_ New Earth-Based, Transiting .

_ New Satellite
% _Cerlon Radar Fized, Earth Bascd
8 _Soazlis SOSUS Fized. Earth Based ;
: _Secveillance Ship 1 Barrjar Search !
_Serveiilance Shiv 2 Bartier Search i
., _Traasiting Ship 1 Transitting
b _Transiling Shis 2 Trausitting
i Satellite ¢ Satellite
»

Figure 4-~11: List of Platforms for Example
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40°E
30°N
20°N
E 10°N
3
o
£ 10°s
*
i
’ Surface Platforms Satellite
Platform ¢# Sensor Types
:. 1 Search Radar Sensor: ROR
N 2 SOSUS Period: 88.3 Min.
3 Search Radar, ESM Inclination: 62°
= 4 Search Radar, TASS
5 Search Radar, ESM
4 6 Search Radar, FSM
&

Figure 4-12: Pictorial Summary of Semsor Scenario
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4.3 PATH OPTIMIZATION

Upon proceeding to the next task from the SENSOR SCENARIO function,
the user is presented with the selection menu depicted in Fig. 4-13.
Since the option to "Enter and Evaluate User Created Path" is not imple-
mented at this time, the use chooses to "Run the Path Optimization Algo-
rithm". The form that was shown in Fig. 3-38 informs the user that the
path optimization process has begun. Figures 4-14 through 4-19 show the
forms that summarize the six paths generated during the path optimiza-
tion process as the dynamic programming algorithm sought the optimal
solution satisfying the fuel constraint. Note that pathl is the optimal
unconstrained solution and has lower detection probability and higher
fuel use than any other path. Since the unconstrained optimum does not
satisfy the fuel constraint of 25X of capacity, a Lagrange multiplier is
chosen and another DP run is required. The second path is the same as
the first because the Lagrange multiplier was too small, so a larger
multiplier is chosen and another run is made. Path3 nearly satisfies
the fuel constraint, requiring 25.88% of capacity, and has a higher
detection probability than the first two paths, as expected. The fourth
path is the first to satisfy the fuel comstraint, but has detection pro-
bability almost double that of the first two paths. The final two paths
are the same as path4 and were generated by relaxing the Lagrange multi-
plier in the hopes of finding a feasible path with lower detection pro-
bability than the .659 yielded by path4. No such path can be found, so
the algorithm concludes that path6é is the optimum, and the user is
presented with the form shown in Fig. 4-20. The user is now ready to
proceed to the next task, and indicates this by making the corresponding

menu selection.

4.4 EXAMINING THE RESULTS

In principle, the user has the choice of examining the results of
the path optimization algorithm or creating a path of his own upon com-
pletion of the algorithm through use of the menu shown in Fig. 4-21. By
default, the user chooses the first of these options because the second

has yet to be implemented. The menu that was shown in Fig. 3-43 for
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_ Ceneral Inctiuctions o Ezit 1sAS

FROCEED TQ NEIT TASK

_ Ran the Path Gotimitaticn Algorithe

_ Enter and Evaluate User Created Fath

Figure 4-13: OPTPATH Menu
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Ran the Path Ootimization Algeriths
(Vait for prompt; keyboard will aot respond!

Final Report
Sectig: 4

A path has been genetated and evaloated. 1t may not be ocotimal.

Path Name ;. patht
Comglalive Probability of Delection : 0.377
Conalative Fuel Use (% Cagacity) | 3151

Figure 4-14: Path 1 Brief Summary
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Rgn the Path Optimisation Algeritha
(Vsit for prompt; keyboard will not respond)

A path has been generated and evalusted. It may not be optimal.

B Path Name . pathl
¥ Comalative Probabilily of Detection : N
Comulative Fuel Use (% Capacity) 3.9

Figure 4-15: Path 2 Brief Summary
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Run the Path Optimisation Algerithe
(Vait for prompt; teyboard will net respond)

A path has been geuerated and eviluated. It may not be optimal.
Path Name : pathl

Comulative Probability of Detection : 8.491
Comulative Foel Use (% Capacity) : nsun

Figure 4-16: Path 3 Brief Summary
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Run the Path Optimisation Algeritha
(Vait for prompt; keyboard will not respoad}

A path has been generated and evaluated. [t may aot be optimal

Path Nime . path¢
Cuswlative Probabilite of Detection . 0489
Cunglative Fuel Use (% Capacity) . 28.5¢

Figure 4-17: Path 4 Brief Summary
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Run the Path Optimisation Algoritha
(Vait tor prompt; Yeyboard will not respoad)

A path has been generated and evaluated. It may not be optimal.

Path Name . paths
Cumalative Probability of Detection . 0.65%
Conulative Fuel Use (% Capacity) 20 54

Figure 4-18: Path 5 Brief Summary

4-21

o e o O . pr——n PO pRERS- -aee ~ ~—apun o T




P O F

Surveillance Avoidance Final Report
A Surveillance Avoidance Example Section 4

Run the Path Qptimisation Algoriths
(Vait for prompt, keydoard will not respond)

A path has bcen generated and evaluated. It may not be optimal.

Path Name : pathé
Cumafative Probability of Detection : 0457
Comulative Fael Use (% Capacity) 20654

Figure 4-19: Path 6 Brief Summary
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Erit 15AS (

Ceneral [nstractions -
N _ Proceed te Next Task |

_ Re-Specify Problen

Run the Path Optimization Aigoriths
(Position Cursor, Press "ENTER")
The path optimization algorithm has beea completed. pathé
has been determined to be {he optimal path and has been

renaned ‘“optiwus® Please choose an item from the menw above.

Figure 4-20: End of Optimization for Example
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_ General lustiuctions _ Exit ISAS
PROCEED TO NEXT TASK
_ Eater and Evaluate User Created Path
_ Show Patb Evaluation Results
Figure 4~21: SHOWPATH Menu
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examining the results has three selections. Our user chooses "Transit
Summary" and is then given a menu of paths to select from, as seen in
Fig. 4-22. The user selects "OPTIMUM" and receives the printout that
was displayed in Fig. 3-48. The user ..vs wishes to examine the optimal
path graphically, and does so by selecting "Transit Display" from the
menu. Again, & path menu is presented, as was seen in Fig. 3-44, the
user selects "OPTIMUM" from the menu, and the user commences his exami-
nation of the graphical displays. Figures 3-45 and 3-46 showed the
graphics monitor display and the corresponding display of tabular infor-

mation on the Ann Arbor terminal for the first leg of the transit.

At the beginning of the first leg, the evading ship is at its
starting location at the northeast end of the Strait of Malacca. The
entire transit path is displayed, and the double line extending from the
current location of the evading ship shows the distance and direction to
be traveled during the first leg. The large blue area, darker than the
surrounding ocean and between the Gulf of Aden and India, 1is ;he detec-
tion probability arising from the combination of the SOSUS sensor
located off the Somalian coast and a satellite footprint. the location
of the SOSUS itself is not shaded because the problem grid does not
extend that far to the west. The satellite footprint can be seen pass-—
ing through the SOSUS coverage region in a northeasterly direction. A
small radar coverage area is seen at the southern tip of Sri Lanka. The
first barrier search platform is represented by the four shaded cells
southeast of the square denoting the destination and the second barrier
search platform is shown by two shaded cells west of the southern tip of
India. The first transiting enemy ship is south of the evading ship’s
destination and the second is south of Sri Lanka. The two black regions
are the two exclusion areas that are active at the beginning of the

transit.

When finished with the examination of stage 1 of the transit, the
user requests "Display Next Stage". Figures 4-23 and 4-24 show the
situation for stage 2. Notice that the positions of all of the ships
have changed since the previous display and that the satellite is now

moving to the southeast. There has been very little detection threat in
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_Eeit 15AS

_ Gezeral Instructions
" Proceed to Nest Tast

" Re-Specity Problen

Final Repor
Section

SHOV PATH LVALUATION RESULTS

{Position Cursot: Press "ENTER™)

_ Taansit Display tCraphical)
T Traasit Summscy (Tabelar - Haed Copy)
_ Graph of fgel Consumption vs Detection

TRANGIT SUNMARY (Tabulsr - Hard Copy)
(Position Cursor. Press "ENTER")

Path Naae

_patht
Jpathl
_Dathl
_bathd
_oathld
_orrimm

Figure 4-22: TABULAR Path Menu
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Figure 4-23: Graphical Display for Stage 2
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_ Ceseral Iastructions . Exit 1SAS
_ Path Examination Compilete

TRANSIT OISPLAY (GAAPHICAL)

Tabaler Intormalion for Graphical Display of Current Stage
Stage Length: 7.14%

SPEED OF  CUM. OETECTION  LOS
STACT  DATE  TINE POSITION  HEADING ADV FUEL  PROBABILITY EMIS
J (CXTY  LAT  LONC (DEC) (KNOTS) (% CAP.) CUM.  NEXT SAPL!

............

0840 1453 1.4y 0.000 0 000 YES

Path Name QPTIMUN

................ - -

1 7 16 83 1909 4 3n %4 ile

STEP THROUCH STAGCES OF TRANSIT
(Position Cursor. Press ENTER)

_ Disslay Previous Stage _ Disolay Nest Stage

JUMP TO ANY STACE OF TRANSIT
(Enter Data. Press ENTER)

Display Stage Nuwber

o
Display Stage Containing - Date: [ Time (CHT) .

Figure 4-24: Tabular Information for Stage 2
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this early part of the transit.

The user now requests a jump to etage 9, that situation being
displayed in Figs. 4-25 and 4-26. Notice that the satellite footprint
is near the evading ship and that the dynamic programming algorithm
chose a speed and direction for the next transition that kept the ship
outside of the satellite coverage area. Also, all four of the exclusion

areas are now active and can be seen in the graphical display.

Jumping to stage 11, as depicted in Figs. 4-27 and 4-28, the user
examines the first instance of detection probability. As seen in Fig.
4-27, approximately half of the transition for stage 11 is within the
satellite coverage region. The probability of detection arising from
the exposure to the satellite is .182, Most likely this detection is
necessary in order to satisfy the fuel constraint without taking a
higher probability of detection later in the transit as a result of

avoiding detection here.

The user now jumps to stage 17, seen in Figs. 4-29 and 4-30. The
entire transition for stage 17 lies within a satellite footprint, yield-
ing a detection probability of .331 for the transition and a cumulative
detection probability of .453 at the end of the stage. However, it can
be seen that detection by the second barrier search platform is avoided

by passing just south of that platform”s coverage area.

The user now jumps to the final stage, shown in Figs. 4-31 and 4-
32. 1In this stage there is an unavoidable detection by the satellite
because the destination lies within the satellite footprint. The much
higher detection probability arising from the first barrier search plat-
form is avoided, however. Total detection probability for the transit

is .659 and fuel consumption is 20.56X of capacity.

Several options are available to the user at this point. He could
examine another path, such as path3, which yielded detection probability
of .491 while only slightly exceeding the fuel constraint. He could ask

for a tabular summary of another path. Or he could choose to respecify
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Figure 4-25: Graphical Display for Stage 9
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_ Geaeral Instructions _ Exit ISAS
_ Path Examination Complete

Final Report
Sectig: 4

“TRENSIT DISPLAY (GRAPHICALY

Tabular Information for Craphical Disulay of Curreat Stage
Path Name: OPTINUM Stage Length: 7.145

SPEED OF  CUM. DETECTION
STACE DATE  TINE POSITION  HEADING ADV FUEL  PROBABILITY
' (CMT) LAT  LONG (DEG) (XNOTS) (% CAP.) CUM.  NEXT

...... cmmcmre  emcw fhes cmrestm: meemSma meeeim easmre aesew semve

’ 710 83 2110 !.8a  84.42e¢ 297.07 14.3%F 7.453 0.0f@ 0.000

Los
ENIS
SAFE?

.....

STEF THROUCH STACES OF TRANSIT
(Position Cursor; Press ENTER)

_ Disglay Previaus Stage . Display Next Stage

JUMP TO ANY STAGE OF TRANSIT
(Enter Data. Press ENTER)

Di1splay Stage Naomber
ot
Bisolay Stage Comtatntag - Date: [ Tine (CHT).

Figure 4-26: Tabular Information for Stage 9
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Figure 4-27: Graphical Display for Stage 11
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_ Genera! Imstructions _ Exit I8AS
. Path Examination Complete

THARSUT OISPLAY (CRAFRICAL)

Tabular Information for Graphical Display of Current Stage

Path Name. OPTINUM Stage Length: 7.145

SPEED Of  CUM. DETECTION LOS
STAGE DATE  TIME POSITION  HEADINC ADV FUEL  PROBABILITY EMIS
' (CMT) LAT LONC (DEG) (KNOTS) (% CAP.) CUM.  NEIT SAFE?

............. cwee ecuwacsesecme fneeve cemmrr ececste seemw emsee

117 29 83 1127 1.ta  82.11e 196.63 14.23 0.482 0. 182 0.183 LVES

STEP THROUGH STAGES OF TRANSIT
(Position Corsor. Press ENTER)

_ Display Previous Stage _ Display Next Stage

JUMP 7O ANY STACE OF TRANSIT
(Enter Data. Press ENTER)

Oisalay Stace Number
of
Display Stage Containing - Date [ Tine (CNT):

Figure 4-28: Tabular Information for Stage 1l
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Figure 4-29: Graphical Display for Stage 17
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_ Exit 1SS
_ Path Exawimation Complete

“TRANGIT DISPLAY (GRAPRICAL)

Tabalar Informstion for Graphical Display of Curreat Stage

Path Name. OPTINUN Stage Length: 7.14%

SPEED OF  CUM. DETECTION  L0S
STAGE DATE  TINE POSITION  HEADING ADV FUEL  PROBABILITY EMIS
’ (CNT)  LAT  LONC (DEG) (KNOTS) (% CAP.) CUN.  NEXT SAFE?

_ General Instructions

IR 102 1S 048 0L us

177 3183 0410 S 71 90e 346 1413 1186

STEP THROUCH STACES OF TRANSIT
(Position Cutsor; Press ENTER)

_ Display Previous Slage _ Disolav Next Stage

JUMP TO ANY STAGE OF TRANSIT
(Enter D3ta. Press ENTER)

Display Stage Nuaber
1

Pisolay Stage Containiag - Date It Time (CHT)

Figure 4-30: Tabular Information for Stage 17
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Figure 4-31: Graphical Display for Stage 31
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Ezit ISAS

_ General Instructions -
.. Path Emamination Complete

TRANSIT DISPLAY (CRAPHICAL)
Tabular laformation for Craphical Display of Carrent Stage

Path Name: OPTINUM Stage Length: 7.14§

SPEED OF  CUM. DETECTION LOS

STACE DITE  TIME POSITION  MEADING ADV FUEL  PROBABILITY ¢£MiS
’ (CNT)  LAT  LONC (DEC) (KNOTS) (% CAP.) CUM. NEIT SAFE?

N8 413 102t 220 (4.4% 0.0000 0.080 30.5¢ 0.450 0.33t° vI§

STE? THROUCH STAGLS OF TRANSIT

(Position Carsor: Press ENTER)

_ Display Previous Stage _ Display Next Stage

JUKE TQ INY STAGE OF TRANSIT
(Eater Data; Press ENTER)

Display Stage Nusber :
o
Display Stage Contaiming - Date: [ Time (GNT):

Figure 4-32: Tabular Information for Stage 31
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the problem, perhaps increasing the fuel constraint or changing the des-
tination position or date/time to avoid the final satellite detection.
This is the action taken by the user in this example, the menu of Fig.
4-33 is displayed to the user, and the user can respecify the problem as

desired and generate another optimal solution.
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_ General lastructions _ Erit 18SAS
RE-SPLCITT PROBLEN

CURRENTLY AT: SHOW PATH EVALUATION RESULTS
(Position Cursor: Press *ENTER™)

_ Choose a Map
_ Specify a Teansit Probles
_ Eramine / Edit the Seasor Scevatio

_ Return to: Show Path Optimitation Resalts

Figure 4-33: Respecify Menu After SHOW RESULTS
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5. ENGINEERING ASSESSMENT

In this section the memory and runtime requirements of the current
ISAS implementation are discussed, followed by an engineering assessment

of a subsequent operational ISAS implementatiom.

5.1 CURRENT MEMORY AND RUNTIME REQUIREMENTS

The current version of ISAS is a development-oriented implementa-
tion designed to prove feasibility of concept. Its memory and runtime
needs are therefore much greater than what could be achieved through
additional refinement aimed at streamlining the system. Storage space
poses few problems on the VAX 11/750 with its virtual memory system, 2
Mbytes of core memory, and 330 Mbytes of disk memory. Optimal storage
of the data required by ISAS was not & driving concern in devgloping the

demonstration version of the software.

The declaration sizes for many of the arrays used by ISAS are
determined by the upper bounds established for the number of states and
stages allowed for the dynamic programming (DP) problem. The DP algo-

rithm currently allows a 50x50 state space aund 50 stages.

5.1.1 Memory Requirements

The total compiled ISAS software requires 270,000 bytes of memory;
200,000 is for the applications program and 70,000 is the man-machine
interface software. The uncompiled source code for ISAS takes up
305,000 bytes of storage. In addition, 67,000 bytes are used for data
files, 61,700 of which is needed to store the 240x255 pixels map. Forms
needed by the man~machine interface take another 175,00 bytes. There is
aleso currently 1,800,000 bytes of memory allocated to declared arrays
and variables used by ISAS. The total memory requirement for ISAS is
therefore approximately 2.7 Mbytes.
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Ideally, the current implementation of ISAS should be run on a sys-
tem that can provide at least 300 to 400 K of core memory so that the
compiled program can fit entirely within the core, with some space
remaining for the data that is being acted on at any given time.

Hardware with less available core can be used only if it can bring in

pieces of compiled program from disk as needed. The remainder of the
current ISAS memory requirements could fairly easily be decomposed into

smaller pieces, stored offline, and read into core as needed.

5.1.2 Runtime Requirements

A typical complete ISAS session requires approximately 18 minutes
of CPU time on the VAX 11/750. It should be pointed out that the VAX is
a flexible general purpose machine that is fairly inefficient in terms
of simple number crunching power. The VAX has no floating point
hardware, meaning that floating point calculations, which are avoided
wvhen possible in the current implementation, are extremely slav. Run~
time requirements are also inflated by the inefficiency of the experi~
mental man-machine interface used in ISAS. The CPU time requirements

k. ¢ are now discussed in greater detail.

From the start of an ISAS session to the beginning of the SPECIFI-
3 CATION function takes about 3 CPU minutes. This time is consumed by the
initialization procedures, the man-machine interface for introductory
forms and for map selection, and for transfering the chosen bit map from
the VAX to the graphics monitor via the CROMEMCO. Another 2 CPU minutes
are then expended on man-machine interface and local constraint checking
for the four subtasks within the SPECIFICATION function. The global
constraint checking, grid construction, and generation of cell to pixel
mapping requires approximately 2.5 CPU minutes. In the mext function,
SENSOR SCENARIO, the required CPU time depends primarily on the number
of satellites in the scenario. Each satellite currently needs almost &
minutes of CPU time for calculation of footprints and quantized detec-
tion probabilities for the entire transit. The example given in Section
4 had one satellite and used just over 4 minutes of CPU time within SEN-

SOR SCENARIO. Each iteration of the dynamic programming algorithm needs
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1.5 CPU minutes. Estimating the average number of required iterations
to be 4, optimal path generation requires 6 minutes of CPU time.
Another CPU minute is typically used within SHOW RESULTS, bringing the
total time of a typical ISAS session to 18.5 CPU minutes.

5.2 ENGINEERING ASSESSMENT FOR FUTURE IMPLEMENTATION

As mentioned several times already, ISAS was developed to demon-
strate feasibility of technique and would require significant further
development for it to become a useful operational system. Section 6.1
includes a discussion of the further efforts that would be required
before installing ISAS in an operational enviromment. Improved effi-
ciency would be one goal of a further development effort. Both memory
and runtime requirements could be reduced significantly by expending
efforts to improve the efficiency of the ISAS implementation. There are
certain tradeoffs between memory and rumtime in the system so the amount
of reduction possible in the two areas depends critically omn ;he capa-
bilities and needs of the target hardware and user. In this section,

the memory and runtime needs of a streamlined ISAS are assessed.

5.2.1 Assessment of Memory Needs

With more attention paid to programming efficiency and with a more
efficient compiler, it is estimated that the ISAS code could be enhanced
for an operational environment while reducing the size of the compiled
software slightly to approximately 250,000 bytes. The size of the
source code for this future implementation would probably increase some-
vhat, with an estimated requirement of 325,000 bytes. It is assumed
that sensor scenario information and a library of wmaps would be avail-
able from existing data bases distinct from but accessible by ISAS, so
that no data file storage space would be required by the system. Infor-
mation could go directly from the existing data bases to the appropriate
arrays in the system software. The system arrays and variables would
require approximately 800,000 bytes of memory, under the assumption that
floating point hardware would be available, thue eliminating the need

for the large integer-valued probability of detection arrays now
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required by ISAS. The forms for the man-machine interface would take up
approximately 250,000 bytes, bringing the total estimated storage
requirement to 1.6 Mbytes.

These are, of course, rough estimates of memory requirements.
Exact requirements would depend on the language and compiler used, the
number of enhanced capabilities requested by the potential user, and the
resolution level required of the paths generated by the system. Storage
requirements can be reduced significantly by reducing the upper bounds
on the number of allowed states and stages for the dynamic programming

solution technique.

5.2.2 Assessment of Runtime Needs

There are several ways in which the runtime of ISAS could be
reduced in a future implementation. The use of hardware that can per-
form simple mathematical operations at a faster rate than the.genetal
purpose VAX 11/750 currently being used could reduce the runtime of cer-
tain sections of the software by at least a factor of 2. The man-
machine interface, with its combination of FORTRAN, LISP, C, and TROLL
relational data base system could more efficiently be written in a sin-
gle language without losing any of the capabilities required by ISAS.
The subroutine used to calculate satellite footprints contains recently
discovered inefficiencies. A new subroutine has been designed, but not
implemented, that could reduce the average calculation time from 4 CPU
minutes to 1 CPU minute per satellite. By implementing these changes,
runtime of the system could be reduced to approximately 12 minutes of

CPU time for a typical session.

Another technique for reducing runtime is called succesive refine-

ments. In this technique one begins by solving the surveillance
avoidance problem on a grid much coarser than the one desired. This
yields a path that is a candidate for refinement. The path is subse-
quently refined by discretizing the area surrounding the candidate path,
using smaller cells than were used originally. Note the only the area

near the original path is searched to yield a refined path, in general a
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much smaller area than the full area of interest so that the search for
an optimal solution is much faster. The path produced by refinement can
be further refined until the desired granularity is reached. The disad-
vantage of this approach is that the optimal path for a fine discretiza-
tion of the full area of interest will not be found if it is not close
to the optimal paths for coarser discretizations. By implementing this
technique, runtime could probably be reduced to approximately 9 minutes
per average session. Further reductions in the runtime could be
achieved by more severely limiting the maximum allowable problem size,
at the cost of reducing the resolution of the solutions generated by the

system.

The runtime estimates given above are based on an implementation
similar to the current one. As mentioned earlier, there are certain
tradeoffs between available memory and runtime that must be investigated
if ISAS is to be implemented on a Navy machine. If there is not enough
available memory to store all of the detection probability inEormation
required by the dynamic programming algorithm, either in core or on
disk, runtime of the system will increase because it will be necessary
to calculate detection probabilities whenever needed rather than comput~
ing them once and storing them for future use. Also, an implementation
on hardware with limited core memory but sufficient disk capabilities
will run more slowly due to the system overhead required to shift infor-
mation in and out of core as needed. not close to the optimal paths for

coarser discretizations.
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6. CONCLUSIONS

This section contains a discussion of future efforts that could be
spent developing the ISAS surveillance avoidance aid and a summary of

work performed on the contract.

6.1 POTENTIAL FUTURE EFFORTS

The current ISAS was developed to demonstrate the feasibility of
the dynamic programming approach to solving surveillance avoidance prob-
lems. As such, it does not have all of the components that would be
required in an operational version of the system. Further development
would be required before implementing ISAS in an on board or shore-based
Navy enviromment. Some potential future development efforts are now

described. .

The information describing the sensor scenario and the map of
interest currently resides within files that were created in~house for
purposes of demonstrating the performance of the system. An operational
ISAS would have to interface to existing intelligence and map data bases
in order to extract the information necessary for solving the surveil-
lance avoidance problem. The interface to the intelligence data base
would have to find all of the sensor platforms relevant to the transit
area and time interval, look up information on the position, motiom
model, name, ship type, and list of sensor types for each platform, and
put this information into an appropriate format for ISAS. The interface
to the map data base would have to be able to distinguish land masses
from bodies of water, and together with the ISAS man-machine interface
would have to provide the user with the capability to choose the most

appropriate map with respect to region and scale.

The models of platforms and sensors are simplified models that must
be improved for ISAS to be used operationally. The platform motion

models are currently deterministic. While deterministic models are fine
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for enemy satellites, whose orbits rarely change, and for those fixed
platforms that don”t often move and whose positions are known, deter-
ministic information on the motion of surface or subsurface vessels is
rarely available. Stochastic predictions of future positions of these
ships can be made based on track history, perceived intent, Soviet naval
doctrine, etc. Stochastic motion models should be used for the moving
platforms that are known to be in the vicinity of the tramsit. ISAS can
accommodate stochastic models by spreading the probability of detection
induced by a moving platform over its probabilistically predicted posi-
tions. Also, unknown sensor threats, especially submarines, would be
expected in most transit areas., If any information is available on the
likelihood of finding unknown threats in various regions, this could be
probabilistically included in the ISAS sensor scenario model so that

regions likely to contain unknown threats could be avoided.

The sensor models used by ISAS were created in-house and are rea-
sonable though not realistic. Earth-based models consist of ; maximum
of ten concentric rings with uniform detection probability within each
ring. Satellite sensors are described by distance from the orbital
plane to beginning of coverage, width of coverage area, and uniform
detection probability within the coverage swath. The performance of
acoustic sensors is modeled to be independent of the speed of the tran-
siting ship. Realistic models of the performance of the actual sensors
that would be encountered on Soviet platforms should be obtained and

incorporated into ISAS.

The cost function that ISAS minimizes in generating an optimal path
is the cumulative probability that the evading ship is detected during
the transit. This function is a reasonable and tractable cost function
for the surveillance avoidance problem. However, it is not always the
function of most interest to the user. In a fairly dense sensor
environment, the cumulative probability of detection may be close to one
for every possible path, so that there is little difference betweeu the
optimal path and any other path with respect to the current cost func-
tion. In this situation there could be significant differences between

candidate paths with respect to other cost functions. One alternative
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cost function is weighted detection probability: during each part of the
transit, the user could specify some value of avoiding detection by
enemy sensors, ranging from unimportant to vital. In the dense sensor
example where detection somewhere along the transit is almost certain,
the user could ask that ISAS especially avoid detection during the most
critical part of the transit. In other situations, detection alone may
not concern the user. It may be more desirable to minimize the proba-
bility that enemy sensors can detect the ship often emough to establish
a track or to fire weapons accurately. These and other cost functions

should be investigated further.

As described in greater detail in Section 3.1.6, a useful capabil-
ity that could be added to ISAS is that of allowing the user to input
entire paths or to vary portions of existing paths and to then allow
ISAS to evaluate the new path. Some additional effort will be required
to add this to ISAS.

The performance of certain sensors can be degraded by the use of
countermeasures. An obvious example is a line-of-sight ESM that can be
defeated by not emitting electromagnetic signals while in its range.
Other possible countermeasures include EM spoofing, jamming, decoying,
and zig-zagging. ISAS implicitly treats EMCON by assuming that line-
of-sight emissions are prohibited during the entire transit so that ESM
sensors do nmot contribute to the probability of detecting the evading
ship, but ISAS informs the user whether LOS emissions are safe or not
for each leg of the transit. This approach was chosen so that avoidance
performance would not be degraded by attempting to avoid the ESM sensors
when it is 80 much easier to merely use EMCON for the short period that
the ship is within coverage. A future version of ISAS might comnsider
the costs and benefits of other countermeasures and aid the user in

choosing the most appropriate measure to take.

Weather effects could play an important role in the surveillance
avoidance problem. Weather can effect the motion models and fuel con-
sumption rates for ships. The user may want to avoid certain weather

patterns; these patterns could be specified as moving avoidance areas by
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the user. More importantly, certain semsors, particularly satellite-
based optical end infrared sensors, have difficulty penetrating cloud
cover 8o that masking effects could be exploited. Since weather is a
highly volatile phenomenon, weather effects would be treated stochasti-
cally, but there are certainly gains to be made in including weather
effects into the ISAS models.

The future efforts proposed thus far relate to adding new capabili-
ties into ISAS. There are also a number of areas in which work could be
done to improve the existing capabilities. The entire system could be
rewritten in a more suitable language, such as Ada or C. The man-
machine interface can be tailored to ISAS needs and to some target
bardware, thus increasing its efficiency significantly. Other com-
ponents of the software can also be made to run more efficiently with
furtbher effort. With some effort, core memory requirements could be
reduced by swapping data in and out of an offline storage device such as
a disk if this is necessary to fit the system into the tatget.hardware.
Graphical inputs, achieved through the use of a track ball, joy stick,
mouse, or touch pad, would allow the user to specify start and end
points, draw desired paths, or pose a query concerning a particular sen-

sor platform by working directly with the image on the graphics monitor.

6.2 SUMMARY OF WORK PERFORMED

AI&DS successfully demomstrated that the dynamic programming
mathematical technique can be used to solve the problem of planning
naval transits that avoid enemy surveillance optimally. Also demon~
strated was a friendly user environment that facilitates interaction
between the user and the system, providing assistance when needed, so
that a user does not require computer experience in order to use the

system.

The dynamic programming algorithm and its support software were
vritten to demonstrate that the technique could work for the surveil-
lance avoidance problem. For & number of reasons, budgetary limitations

being the most significant, engineering efficiency was not emphasized
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strongly in developing the software. The resulting software demon-
strates feasibility of concept, but further work is necessary to prove
feasibility of implementing the system on a smaller Navy machine so that
memory constraints can be satisfied without exceeding reasonable bounds
on runtime. This further development would be guided by the target
hardware, either aboard ship or shore-based, and by the required
response time of the system, which would depend on whether the aid is to

be used in real time or as an advance planning tool.

The problem treated by the DP software is a simplification of the
actual surveillance avoidance problem. On the positive side, the sim-~
plified problem includes most of the components of the realistic sur-
veillance avoidance problem, though some of the models are simple. The
program does admit three platform types: satellites, fixed platforms on
land or in the water, and various moving surface vessels. A number of
simple sensor models are provided,the software can handle platforms with
multiple sensors, and the modularity of the software allows for fairly
straightforwvard substitution of realistic sensor models. A rendezvous
point apnd a number of time~dependent avoidance areas are allowed. On
the negative side, deterministic position and motion data are used for
all platforms. Realistically, surface vessels should be modeled sto-
chastically and random unknown threats should be included. More than
one rendezvous point may be desirable. The effects of weather on motion
and on sensor performance are currently ignored. The cost function of
minimum cumulative probability of detection is not the function of

interest in some cases.

The man-machine interface provides easy interactions between user
and system. It relies on a collection of selection menus and data forms
that the user interacts with through cursor control keys as well as with
standard keyboard characters. The interface posts error messages to the
user that aid the user in correcting input mistakes. It is also
designed to provide explanations on the use of various ISAS capabilities
on request. The new user should have little difficulty learning how to
use the system, asking the system for assistance whenever needed, while

the experienced user can move quickly through the forms. The
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capabilities to generate and display graphical outputs and to provide

printouts of results are also provided by the interface.

The current implementation of the interface is not without its
disadvantages. At the heart of the interface is an experimental rela-
tional data base system called TROLL, and buffer subroutines to TROLL
are currently written in LISP and C. This approach was taken to make
use of an existing AI&DS program to develop a generic man-machine inter-
face. The interface is slow because it is genmeric in nature rather than
designed specifically for the needs of the surveillance avoidance pro-
ject, the languages used are complex and somewhat slow, and the TROLL
system is still in a developmental stage. Also, most Navy machines
would not be capable of supporting this interface, so that a tranmnslation
of the software into some other language would probably be necessary in
order to transport the ISAS system. Candidate languages include C, ADA,
and FORTRAN, depending omn the capabilities of the target hardware.

Together, the problem solving software and the man-machine inter-
face demonstrate that ISAS does have the potential to be a significant
aid to the user interested in planning surveillance avoidance routes.
ISAS can determine a minimum probability of detection path against a
number of platforms of different types and with different sensor confi-
gurations, simultaneously satisfy constraints on fuel consumption, ren-
dezvous requirements, and avoidance regions, and generate its results in
far less time than a human analyst could. With further development to
extend the capabilities of the system and to engineer an efficient sys-

tem for some target hardware, ISAS could greatly enhance the Navy tran-

sit planning process.
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APPENDIX A. DYNAMIC PROGRAMMING

Dynamic programming (DP) is am optimization procedure that can be
applied to a wide range of multistage decision problems. This Appendix
begins with a heuristic explanation of the DP procedure. Section 2
gives the mathematical description of DP. In Section 3 the formulation

of the surveillance avoidance problem as a DP problem is given.

A.l1 BEURISTIC EXPLANATION

Figure A-1(a) shows a one-dimensional forward dynamic programming
problem. The stage represents a8 point at which a decision must be made;
the state characterizes the state of the world at the point a decision
is to be made. In this example, stage is time and state is position of
a ship moving in one dimension. The problem is to find an optimal path
that starts in any state at stage 1l and ends in any state at stage 5.
For this example the performance measure or figure of merit (FOM) to be
maximized for a path is the sum of the numbers in the cells that the
path passes through. For example, if the ship stays in state 4 at every
stage the total FOM would equal 6+5+4+7+5=27. The arrows in stage 3,
state 2 (3,2) of Fig. A-1(b) show the directions from which a ship in
stage 2 could enter (3,2). It is assumed that the ship spced is such
that a ship cannot jump more than one state in one stage (e.g., a tran-

sition from (2,4) to (3,2) is not feasible).

Figure A-1(c) shows the first stage of processing. For each state
in stage 2 the optimal path from the first stage to the second has been
determined. For example, for a path to (2,4) there are three possible
origins: (1,5), (1,4), and (1,3). The two-stage FOM"s for these are 13,
11, and 12, respectively. The first FOM is the maximum and it is writ-
ten in the lower left-hand corner of (2,4), and the best direction (con-
trol vector) is noted by a vector pointing back to (1,5). The computa-

tion proceeds similarly for the other states in stage 2.
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Figure A~1: Dynamic Programming Example
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The second phase of processing determines the optimal tramsition
from the first stage to the third stage for each state in the third
stage. For example, the possible transitions into (3,3) are from
(2,4),(2,3), or (2,2). The corresponding three~stage FOM'& are 13+5=18,
1745222, and 16+5=21. The second is the optimum, and it is noted along

with the best direction.

The computation proceeds sequentially to the last stage (Fig. A-
1(d)). The best path can be obtained by scanning the FOM“s in the last
stage. State ]l has the highest FOM (39), and the optimal path is the
sequence (1,3), (2,3), (3,2), (4,2), (5,1), obtained by following the

control vectors backward.

The dynamic programming approach has many desirable properties,
including a guarantee of global optimality. It is a recursive procedure
that requires the results from stage N, but not the results from earlier
stages, to process stage N+l. Once the first stage values ar; deter-
mined (this task is normally trivial) the remaining stages can be pro-
cessed sequentially. The main disadvantage of DP is that computational
and memory requirements can become unmanageable if the size of the state

space or the number of stages is allowed to grow too large.

A.2 MATHEMATICAL DESCRIPTION

In discrete dynamic programming, the stage (decision point) can be
represented by an integer k. The state of the world at stage k is sum-
marized by the vector x(k). The decision made at stage k is represented

by the vector u(k). The state transition equation is
x(k+1l) = flx(k),u(k), k], (1)

which can also be written for purposes of forward, rather than backward,

DP as
x(k) = glx(k+1),ulk), k]. (2)

That is, given the state at stage k and the decision made at k-1, the

state at k~1 can be determined. For forward DP a reverse of the
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Markovian state property is required: The optimal sequence of decisions
that leads from the initial state to the current state is independent of
{ the decisions that will be made at future stages. This allows one to

begin at the first stage and move forward, finding partial sequences of

k optimal decisions before the remaining stages have been considered.

4 The objective is to find the decision sequence that leads from the
initial state to the final state and optimizes some figure of merit

(FOM) function. The FOM must be a separable function, meaning that it

must be possible to calculate the contribution of a decision to the FOM
without needing to know any of the other decisions. The FOM is often a
sum or product of some function of the state, control, and stage, for

example
K-
3= kEi Blx(k), u(k), k1. 3

Consider the problem of maximizing J in (3) over all possible- sequences
of u(k). The solution procedure begins by finding the optimal policy
for each state at the first stage, which is normally a trivial problem.

In going from the initial state to the state x(k+l), the optimal FOM is

~ k
Feer[x(e D)) = u(D),7or, ulk) (I Blx(3u(3), D) (4)

max k-1
u(l), ...,ulk) {hlx(k),u(k), k] + _21 [x(3),u(3), 31}
J=

k-1
BIX (h[x(k),u(k),kl} + u(1),%es,u(k-1) CF) B u(i), 510,

where the last equality comes from the fact that h[x(k),u(k),k] is
independent of controls from 1 to k-1. Recognizing the last term of (4)

as the maximum FOM from stage 1 to k-1, (4) becomes
3k+1[x(k+1)l = 534 (eix(k),ulk), k] + I [(x(k)]). (5)

From (5), the control u(k) at stage k that maximizes the FOM from the

first stage to stage k is that which maximizes h whe~ ~sing control u(k)
from state x(k) plus the sum of the h’s when proceeding optimally to
x(k) from the initial state x(l), the latter quantity having been calcu-

lated during the previous stage.
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Using this recursive relationship, the solution procedure moves
forward, stage by stage, each time finding the optimal policy for each
state of that stage, until it finds the optimum policy that ends at the

final state.

A.3 DP FOR SURVEILLANCE AVOIDANCE

To formulate the surveillance avoidance problem as a DP problenm,
let the stage be an increment of a fixed decision interval. That is, a
new decision must be made every At units of time, where At is a con-
stant. The state is the position of the evading ship at any given

stage.

Position is quantized as a two~dimensional square grid. For each
cell at each stage, the decision to be made is to choose a transition to
a new cell that is reachable from the current cell within the At unit
decision interval. The number of transitions to be considetéh from any
cell depends on the resolution option chosen by the user. Transitions
that pass through land masses or exclusion areas are discarded. The FOM
of a transition is the probability of detection as the evading ship
makes that tramsition at that time. This probability of detection of a
transition depends on the relative positions of the sensors to the posi-

tion of the evader.

Consider the situation where there are N sensors with detection
capability described as follows. If a platform is located at x in a
twvo-dimensional space in the time interval {t, t+At), then the ith gen-
sor can detect it with probability P%(x.t). If the detection capabili-
ties of all the sensors are independent from each other, then the proba-
bility that the platform, when located at x in [t, t+At), is not

detected by any one of the sensors is given by

N .
Pyp(x, t) = igl(l—Ps(x.t)) (6)
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This can be visualized via Fig. A~2. The two-dimensional surface
is divided into grids as shown in the figure. Assume that N=3, At a
particular time interval [t, t+At), the coverage region of sensor 1
(Pp(x,t) > 0) does not overlap with the coverage regions of sensors 2
and 3, whereas sensors two and three have an overlapping region. A
Mvalue” that represents the probability of nondetection given by (6) is
put into each cell. For example, a cell located at x which is not
covered by any one of the sensors contains a value of 1, representing
nondetection probability equal to 1; cells which are covered by only the

th sensor have euntries I—P%(x,t), i=]l, 2, 3; and cells which are in the

i
overlapping regions of sensors 2 and 3 have entries

(1-P3(x, £)) (1-B3(x, t)).

Due to sensor motion, the value in each cell can change as time
evolves. This can be represented by a three~dimensional space with time
in the third coordinate (see Fig, A-3). The three-dimensional space can
be divided into cells with non~detection probability entered into each

cell as was discussed above.

A mission of traveling from an initial position to a final destina-
tion at a specific time can be represented by requiring that the plat-
form starts from a particular cell at time k=0 (i.e., lowest layer in
the three~dimensional grid in Fig. A-3), and arrives at a particular
cell at the top layer at time k=K. The surveillance avoidance problem
is to achieve the given mission with minimum probability of detection
wvhile satisfying the fuel constraint. This can be formulated as fol~-
lows: Given x(0)=x; (in the lowest layer), x(K)=xp (in the top layer),
find a path from x3 to xy such that the nondetection probability alomg
the path X (originating from Xg and ending at xr)

K N :
Pyp(X) = LA [1-Pj(x(kAt), kAt)) m

is maximized subject to the fuel constraint.

This is a separable FOM that fits nicely into the framework of

dynamic programming. The fuel comstraint could be handled by augmenting
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the state variable to include net fuel consumption in addition to posi-~
tion, However, it is computationally more efficient for this problem to
incorporate the fuel comstraint into the FOM by way of the Lagrange mul-

tiplier technique. This converts the constrained problem to an uncon-

strained one.




