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Abstract

The Naval Research Laboratory (NRL-SSC) has developed an expert system with a rule
base that “kmows"” about the evolution of mesascale features in the Gulf Stream region of the North
Atantic. The expert system uses rules that describe the features’ kinematics to evolve an earlier
"state” to a later ime. The NRL-SSC expert system has the potential to be useful in an operational
environment. Hence, it is proposed as a candidate for implementation on the Tactical Environmen-
tal Support System, third on (TESS(3)).

Continuing modifications to the expert system have improved its performance. Currently,
work is centering on adding an explanation facility, increasing the accuracy of the ring-motion
geometry, and replacing the Gulf Stream motion logic with an improved scheme. Those changes
are combined with a transition from a VAX implementation to one running on a Sun workstation.
The latter step, with associated changes in computer language, will facilitate subsequent transition
to TESS(3). The current round of improvements will result in a system that performs better and is
easier t0 use than the prototype system.

The TESS(3) implementation will be entirely in widely used computer languages. This,
combined with the expert system's structure, will make it relatively simple for operational users to
make incremental improvements (in many cases the changes will only be to the values of paramet-
ers in data files). The TESS(3) implementation of the NRL-SSC oceanographic expert system will
be a straightforward extension of current work.
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Oceanographic Expert System: Potential for TESS(3) Applications

10 Introduction
The Naval Research Laboratory Detachment at Stennis Space Center (NRL-SSC) has spon-

smedthedevgﬁpmtofan hic expert system for predicting mesoscale feature move-
ment in the Suwntegionofﬂteﬂormmlanﬁc(l.ybanonetal..l Thomason and Blake,
1986; Thomason, 1989). While physics-based numerical ocean models show skill in predicting
the Gulf Stream's path, they do not exhibit comparable skill in predicting the motion of associated
warm- and cold-core rings (WCRs and CCRs), because small, intense mesoscale motions such as
those associated with Gulf Stream rings are not easily handled by present model grids and numeri-
cal schemes. In contrast, the expert system has demonstrated a capability for accurately forecasting
isolated WCR and CCR motion for up to 14 days in validation tests. Its performance on rings inter-
acting with the Gulf Stream is almost as good (Lybanon and Romalewski, 1990; Lybanon and
Thompson, 1991). The expert system has application to prediction when the features cannot be
observed because of cloud cover, and in some other aspects of a semiautomated interpretation sys-
tem (Lybanon et al., 1990).

Satellite sensors are a logical choice to fill the gaps left by conventional oceanographic meas-
urements, due to their capability for synoptic cov An occanographic analysis of satellite
imagery may serve as input (along with other infi on) into a three-dimensional description of
the ocean thermal structure, with the analysis used to initialize a forecast of the upper ocean thermal
structure. The forecast may provide data for a subsequent analysis (Clancy et al., 1990), Infrared
(IR) satellite imagery may provide useful information about sea surface , which can be
used to infer the thermal structure at with the aid of feature models (Hawkins et al.,, 1991).

Extraction of oceanographic information from satellite imagery can be a challenging prob-
lem for a number of reasons, among them the time-varying nature of ocean features, the presence
dclowsmmmwfdngnuﬁanmmmmkdmmﬁcﬂdmﬁgﬁmof
features’ surface signatures. Despite the difficulty of automated understanding of natural imagery,
human analysts can frequently in oceanographic satellite imagery successfully. The pro-
vision of automated or tools to aid interpreters has been an active area of research in
NRL-SSC's Remote Sensing Branch for years (Lybanon et al., 1990; Krishnakumar et al., 1990).

Chiiqucs SoBEeSs Al cxper Syenns Methodologs e be Sefal. In ko, Srpen
puter techniques suggests systems gy may meteorology, expert
systems have been used for predicting severe weather on the meso- or smaller scales for several
years (Moninger et al., 1991). In oceanography, the data base is so limited that the forecaster is
usually forced to utilize a few one- or two-dimensional descriptors (frontal location, ring size and
location) to build a three-dimensicnal field with featare models and model-based statistics.

The NRL-SSC exper: system concentrates on mesoscale feature motion. In effect, it
provides forecasts of feature positions and sizes at times later than the initial conditions. Thus, it
could be useful to an analyst in an operational setting who must “fill in" information when adverse
conditions, such as extensive cloud cover or missed “passes,” prevent the addition of new obser-
vations since a previous analysis. It has also proven its value in connection with other ts
of the semiautomated mesoscale analysis system developed by NRL-SSC. It must be emphasi
that this expert system was not designed as a "stand-alone” simulation to give accurate, long-term
predictions; rather, it should be regarded as forming h about mesoscale feature evolution
ﬂmmﬂmbevalidatedunmchamsibleby ider ﬁf:lloymsatcllitemdinsimdata. Itisan
intermediate step between a synoptic analysis scheme and a prognostic dynamical system.

The oceanographic expert system was originally implemented on a VAX computer. Test
and evaluation of the prototype system has led to several improvements. Currently, several addi-
tional improvements are being made in conjunction with a move of the software to a Sun work-
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station. The optimized Sun version will be available for implementation on TESS(3) in the near
future.

TESS(3)isa comgutet workstation to provide environmental information for the Navy's
tactical decision makers. It is the third generation in a sequence of systems intended to provide a
workstation environment, to help assimilate the tremendous amount of available data, and run a
large li of eavironmental software. The first two phases of TESS were funded by the Ocean-
ographer of the Navy and developed by the Naval Oceanographic Office. The first phase, opera-
tional in 1985, had no electronic interfaces and served as a platform for running Geophysics Fleet
Mission Program Library software. The second phase additional applications as well as elec-
tronic interfaces to cbservation and waming data via radioteletype and an older satellite receiver,
designated SMQ-6. TESS(3) was acquired by contract with Lockheed Missiles and Space Com-
pany, with program management ﬂovxded by the Space and Naval Warfare Systems Command. It
employs a Concurrent (formerly Massachusetts Computer Corporation) 6605 computer that uses
three Motorola 68030 central The software is menu-driven, with most of the operator
interaction via a trackball. S(3) is designed to be interfaced with the new AN/SMQ-11 satellite
receiver/recorder, as well as other command and control, communication, and display facilities.
TESS(3) is designed to provide tailored environmental information to users in an automated
fashion (Phegley and Crosiar, 1991).

The suggested "destination” for the ocean: hic expent system is the Three-dimensional
Ocean Thermal Structure (TOTS) software module loped for TESS(3) by NRL-SSC (Haw-
kins et al.,, 1991). The TOTS system is intended to give ship- or shore-based units the capability
to map the sparsely sampled subsurface temperature field provided by expendable
bathythermograph reparts. The present TOTS system uses surface front and eddy maps ("bogus”
maps) to supplement the subsurface measurements. The surface information is converted into syn-
thetic ﬁ;rggaam profiles, from the surface to the bottom, by means of "feature models” (Glenn,
etal, 1990). Feature models reproduce the subsurface temperature structure of well-defined ocean
features based on extensive hydrographic data and climatological data bases. TOTS also permits
the shipboard user to tailor the product for a specific region and time using the latest onsite infor-
mation. This scheme will allow the expert system to fit in as an additional data source.

2.0 Expert System Software

The NRL-SSC expert system incorporates a rule base of information about mesoscale
features’ kinematical aspects, and uses the rules to evolve an initial “state” to a later time. The
new, hypothesized state can then be used as a new initial condition and the process repeated, pos-
sibly for several steps. Rules about expected ring movement and decay were extracted from a
larger base of oceanographic information. Also included is a simplified model of Gulf Stream mo-
tion as wavelike downstream propagation of meanders. Work is currently in progress to change
the implementation in several ways that will both improve the system’s accuracy and provide ad-
ditional,lnhelpful ;ut!f&r:naﬁon to the 1;3:1' of R

arun system through a sequence of registered IR images, the "working memory*”
(the data base that stores current, changing information) stores the current status of all mesoscale
events known to the system. In the implementation, the working is initialized
with information obtained ively by the user from the first image. At any during the
run, the workin, mmmﬁes or cach WCR and CCR known to the system. Information
about the Gulf Stream is ed separately. Each entry includes some historical information about
the ring as well as its c)lmmtstams(its location, size, speed and direction of motion, and similar
physical characteristics).

A complete cycle of the system causes rule-based estimates of changes to be generated for
all rings. Selection and firing (a rule is said to have "fired" when its premise is satisfied and its con-
clusion drawn) of rules follows a conventional sequence for rule-based computation: marching
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with elements in the working memory determines which rule(s) can fire, conflict resolution selects
one rule to fire next, and action fires that rule to execute the associated procedures. Based on the
current data about a ring in the working memory, these procedures compute the system's estimates
of changes in the ring's location, size, and direction and of motion. The estimates are gene-
rated for each ring in a sweep from west to east, WCRs first, then CCRs.

The expected charactesistics of a ring's actions vary according to its position in the ocean as
well as its proximity to the Gulf Stream (Thomason et al., 1986, and references cited therein). For
purposes of rule-based computation, the northwest Atlantic Ocean is partitioned into nine disjoint
sections, with the details of ring evolution different in each. Each section has its own set of rules
for WCRs and for CCRs that describe expected characteristics such as speed of drift, direction of
drift, rate of decay when not near the Gulf Stream and when interacting with the Guif Stream.
These rules determine the expected changes in a ring during a specified period of time.
chan Previomril :vdork‘l;;s leld 10 some "glob:l““ changeis tli::t nng vel:i vectors (i.e., the same

ge was applied to the velocity vectors in all regions i ¢ system’s performance
with i‘t‘:})riug motion (Lybanon and Thompson, 1991). Work is cumently under way that
will produce further improvements. The newer changes are of three types: addition of an explana-
tion facility, increasing the accuracy of the ring motion geometry implemented in the rules, and rep-
lacing the Gulf Stream motion logic.

An explanation facility will allow the user 10 ensure that the system's reasoning is apptog:
riate and the conclusions are believable. It can also make it easier to detect and trouble-shoot pro
lems. Although one of the trademarks of knowledge-based systems is their ability to explain their
own reasoning, it is often not easy to add explanation capability to existing expert systems. The
difficulty usuall arisesbwausemekmwbdgeneededforexphmﬁonisnotcx&leiﬁﬂympmwd
in the system's knowledge base. In the case of the NRL-SSC system, the changes needed
in the rule base structure to facilitate explanation will both simplify the rules and make them more

general,

Each of the present ring motion rules is and complex. However, the rules for differ-
eat regions have similar forms. The changes will divide the existing rules into several smaller
rules, more general in the sense that can be applied to specific cases by specification of the
m»pamm Thus there will be one set of rules for CCRs and one set for WCRs, rather

ifferent rules for each region, so the changes will not result in an explosive increase in the
number of rules. Replacement of the long, complex rules with several simpler ones will provide
several benefits. First, an explanation component can be added by capturing the chain of rule fir-
i:lgsmdtheassocmed' changes to working memory. The simpler rule structure will also make the
information goveming the details of ring motion more easily accessible for inspection, change, and
maintenance by scieatists who are interested in modifyin gmmmn.
dmzpt?o“:e : than hat fof Mot e e In apt;;etoxirmnons

is more comp, or motion in a some cases ions are
necessary, to remove the need for time-consuming nunmj::al solutions of transcendental ions,
Approximations of the same level of accuracy as the data used by the system are perfectly legiti-
mate, but suitable care must be used to ensure that the accumulation of emror during a run of the sys-
tem is not excessive. The planned changes are expected to improve the accuracy of the motion
equations used, both for ring motion and Gulf Stream motion.

NRL-SSC research has shown that the Gulf Stream'’s can be represented accurately
by an empirical orthogonal function (EOF) expansion involving 20 coefficients. An extension of
that work indicates that sufficient time cocherency between consecutive coefficient sets exists to al-
Mcﬁonlweekinmd&efum Further, a neural network can generate the predicted EOF

ients. Forecast skill for the neural network is found to be comparable to other methods,
while computational ts are only a fraction of those required by the others. A neural
network module to GulmemMonisheﬁlgﬁ\eorpornﬂinwﬂteexpmsyaan.




30 _Computer Languages

The NRL-SSC oceanographic expert system was coded in a combination of OPS83, C,

and FORTRAN. It should be noted that programming an expert system differs from conventional

Sl g T S L i

or variously a production, an if- , or 3 lo; .

tion i mmm—>mmmmmmmmm.mmewsu

TRUE, then the rule is satisfied and may be executed or fired to yield a right-hand-side RHS also

TRUE." Different programming languages use entirely different syntax for defining rules and dif-

ferent strategies for firing them. In the case of the expert system described here, the rule-based

component is one part of the total programming of a system in which substantial requirements for
conventional gmceduml computations also exist.

OPS83 is an expert system language that offers facilities for rule-based programming and
for ur;l'{mgmmnﬁn as well. Thus, rule-based tation (as in OPSS, a predecessor to
OPS83, and PROLOG) and procedural computation (as in FORTRAN and C) are possible in the
same lan ge. Linking to external procedures written in other | is also straightforward.

; sundmd"qniﬁ.cialiqaelh;gmoellan forTES&(%li-sOgOLOG. The name is an
acronym for programming in logic. Roughly ing, as a program runs there is at
any time a current data base of TRUE statements (thehglowledge base) in which each statement is
taken to be a predicate (a function whose value is cither TRUE or FALSE) in which unbound vari-
ables may . Some of these predicates are implications, as, ¢.g., P(x) —> Q(x) in which the
TRUTH of P(x) implies the truth of Q(x). Unless constrained otherwise by explicit program struc-
ture, PROLOG carries out an exhaustive search in the knowledge base. During the search it is
constantly secking to establish the TRUTH of various (chains of) proﬁsinons b{ binding
variables in predicates to values for which TRUE entries can be found in the knowledge The
knowledge base may be modificd by propositions in the program that either ASSERT new entries
or RETRACT existing ones.
graphi PROLOG's "inference eace l;cagxcm';:mdxffam ent fmmﬁOPS&Ii's, 50 converséoor;,g& the oceano-

ic expert system to would require significant programmin is not cur-
mﬂywﬁmmeamu .soconvasionmyberequhedsformnsodmﬁm
a desire to conform to an official ) There is an altemative without this drawback, how-
ever. CLIPS, which has become widely used by a variety of government (military and civilian),
university, and industry organizations, is an expert system tool developed for NASA's Johnson
Space Center, CLIPS is written in C and can be ported to any system that has an ANSI compliant
compiler. It supports rule-based, object-based, and procedural programming paradigms, and
can be embedded within procedural code, called as a subroutine, and integrated with languages
such as C, FORTRAN, and ADA. In eddition, CLIPS is available without charge to U.S.
Government agencies and their contractors. The current effort to add an explanation capability to
the expert system will involve some conversion to CLIPS.

The TESS(3) implementation of the NRL-SSC hic expert system is envisioned
asascaighu‘orwatﬂ::gnsionofcmtworkmnwd' m;memwmnmaSm
workstation while simultaneously introducing some improvements. Current work also includes
documentation of the system. That documentation will serve as a starting point for the TESS(3)

 the ‘The Sun workﬂs:aﬁpn unplamng:on currently under devel&pmt willﬁmltmavasi:;:
o expert system that incorporates the latest improvements to the ring motion rules available
(both the structure of the rules and the details of the motion), improved logic for Gulf Stream

motion, and an explanation capability. Further incremental improvements will be relatively simple




for onal users to make, by changing the values of parameters stored in data files. The rule-
uﬁ?@gmwmumymm.mwmwmmwmumc
Changes to the code necessary for a TESS(3) implementation will be primarily in two

m.

1. Any remaining OPS83 modules will need to be converted into CLIPS and C, and

2. The iate interface to the TESS(3) graphics must be developed (graphical output

on the Sun will make use of a proprietary package, PV-WAVE).
Several to the second of these are possible. Graphical output is desirable but not neces-
sary, 8o the simplest option would be to eliminate the feature. Next in complexity would be to pro-
dwemphbdw?momincamnnmofdwsymnnﬁngmofposinonmdﬁuinformaﬁon
written to output files. Real-time, online graphical displays would need to make use of
routines specific to the TESS(3) system. The difficulty of this option must be investigated, but it
does not seem likely that the last option will involve serious difficulty, Because of the utility that
real-time graphical output would provide to an interactive user, that option is the preferred one.
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