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ABSTRACT

Thn U.S. Department of Energy (DOE) establishes
policy, issues orders, and assures compliance
with requirements. The contractors who design,
construct, modify, operate, maintain and decom-
mission DOE reactors, sot forth the assessment
of the safety of cognizant reactors and imple-
ment DOE orders. Teams of experts in the
Department, through scheduled and unscheduled
review programs, reassess the safety of reac-
tors in every phases of their lives. As new
technology develops, the safety programs are
reevaluated and policies are modified to
accommodate these new technologies. The
diagnostic capabilities of the computer using
multiple alarms to enhance detection of defects
and control of a reactor have been greatly
utilized in reactor operating systems. The
application of artificial intelligence (AI)
technologies for diagnostic and even for the
decision making process in the event of reactor
accidents would be ono of the future trends in
reactor safety programs.

I. INTRODUCTION

Nuclear reactors owned by DOE are extreme-
ly diversified in their characteristics, rang-
ing from zero to a few thousand megawatts in
power capacity, thermal to fast in neutron
spectrum, very small experimental fast reactor^
to very large graphite reactors, highly
enriched to natural uranium fuels, light water
to metallic sodium or various gases as the
coolant, and research, testing, and development
to electric or thermal power generation or
production of special isotopes in their use,
and so on. One can make a long list of the
unique features of these reactors. DOE
reactors are not only diversified in their
characteristics, they also vary in their tenure
of operation. Some were built in the early
1950s, and we also have a reactor that started
its operations in 1980s. All these reactors
have unique features associated with their
safety characteristics.

In order to have a viable reactor safety
program for this many diversified nuclear
reactors, we developed a philosophy and method-
ology that can be shared by these reactors, and
yet provide attention for the specific needs of
each reactor. The DOE nuclear reactor safety
program has the unique ability to accommodate
the diversity of operating reactors while
satisfying the technological as well as admini-
strative needs of the reactors. Furthermore,
new technological innovations in reactor safety
or lessons learned from other reactors that can
be applied to particular reactor systems have
been implemented to enhance the existing
reactor safety program.

The safety of DOE reactors is based on the
premise of application of rigorous codes and
standards. The design, construction, opera-
tion, and maintenance of DOE reactors are
governed by extensive quality assurance pro-
grams to provide confirmation that reactors
function in accordance with program objectives
both from an effectiveness and safety stand-
point. In addition broad research and develop-
ment programs are employed to provide the tech-
nological basis for many unique operations.
Each DOE reactor facility is supported by com-
petent in-depth and dedicated technical staffs.

In the following, DOE nuclear safety pro-
grams are presented. The application of a new
computer technology, Artificial Intelligence
(AI), to a nuclear safety program is presented
with brief discussion of two AI systems, ALARM
FILTERING SYSTEM (AFS), and AUTOMATIC DIAGNOSIS
OF ALARM (ADA). DOE plans to implement the two
systems in DOE reactor systems. The summary of
this paper is presented at the end.

II. NUCLEAR REACTOR SAFETY PROGRAMS IN U.S.
DEPARTMENT OF ENERGY.

In order to accommodate the diversity and
uniqueness of DOE reactors, the Reactor Safety
Programs in DOE are developed under the philo-
sophy which assigns the responsibility of the
reactor safety to the line management and
establishes a Headquarters (HQ) Organization of
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Environmental Safety and Health (ES&H) to moni-
tor and oversee the safety function of line
management.1

The line organ ization is that unbroken
chain of command which extends from the
Secretary through the Underserretary, to the
Program Senior Officials (PSO) who carry out
the assigned program, to the field organization
managers who represent DOE to contractors, and
to contractors who operate and maintain the DOE
reactors.

The DOE safety program is carried out by
various functional reviews, appraisals and
audits by Headquarters (PSO and ES&H) at Field
Organizations, Field Organization appraisals of
contractors, and the contractor's own review of
organizations responsible for reactor
operations.2 in addition to these functional
appraisals, ES&H conducts special appraisals
directly to the contractors. The following
schematic figure shows the functional relation-
ships, responsibilities and the various
appraisals.

DOE NUCLEAR REACTOR SAFETY PROGRAMS.
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A. DOE Policy.3

It is DOE policy to assure the safety of
the public, accomplish the DOE mission in a
safe manner, pursue quality assurance, protect
Government property against accidental loss and
damage,insure the line management which is respon-
sible- for overall programmatic safety and to
assure the Secretary of the DOE that there is
an acceptable effective Environment, Safety and
Health Program.

B. Nuclear Reactor Safety Program.

In order to implement the DOE policy in
the area of nuclear reactor safnty, the reactor
safety program is established in DOE orders.
The purpose of the program is to assure that:4

1. The safety of a DOE-ownnd reactor is
properly analyzed, evaluated, documented,
and approved by DOE, and
2. Reactors are sited, designed, con-
structed, modified, operated, maintained,
and decommissioned in accordance with the
uniform standards and codes which are
consistent with those applied to compar-
able licensed reactors.

In order to achieve this purpose and to
provide assurance of DOE safety policy, the
following authorities and responsibilities are
assigned to the DOE Headquarters, Field
Organizations and contractors.

C. Responsibilities and Authorities.5

1. Undersecretary: Overall responsi-
bility and authority.

2. Program Senior Official (PSO) or
their designees. Assumes line management
responsibility for operation and maintenance
of reactors and their facilities. Approves the
construction, initial operation and significant
modification of reactors, and summary of train-
ing program plans. Reviews the programmatic
reactor activities and functions of field
organizations. Provides guidance, direction
and policy implementation to field organiza-
tions and to contractors. It is the responsi-
bility of the PSO to secure and provide the
funds for reactor safety programs and to
coordinate HQ activities regarding reactor
safety programs with ES&H.

3. Assistant Secretary of Environmen-
tal Safety and Health (ES&H-l). Provides the
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Secretary with an independent safety overview
and assessment of the operation of DOE
reactors. Conducts functional and management
appraisals of PSO, field organizations, and
contractors. Curtails or suspends reactor
operations when a clear and present danger
exists for workers or the public. Conducts
special appraisals of contractors if requested
by field organizations or ordered by the
Secretary. Establishes the priorities of
Safety Appraisals, develops requirements of
safety policies and training fundamentals.
Collects new safety requirements and transmits
them to appropriate PSO and field offices.
Reviews, and concurs with various safety
directives and plans. Participates in field
office's functional appraisals of contractors,
and provides assistance to PSO or field offices
in their reviews and appraisals.

4. Field Organizations. Assume line
management responsibilities, and represent DOE
to contractors. Authorize construction,
initial operation and modifications of reac-
tors, have authority to curtail operation of
reactors. Provide overview of reactor safety,
request contractors to prepare the Safety
Analysis Reports (SAR), and approve Technical
Specification of reactors and their changes.
Conduct operational readiness reviews of
reactors prior to restart., management apprais-
als and functional appraisals of contractors.
Monitor contractor activities and assure proper
conduct of appraisal programs, both scheduled
and unscheduled. Also assure the qualification
of field office personnel for reactor safety
programs and implementation of DOE orders by
contractors. Prepare training manual, and
inform HQ of reactor problems.

5. Contractors. It is the contractor
who sites, designs, constructs, modifies,
operates, maintains, am! decommissions the
reactor. It is the contractor's responsibility
to insure that unique safety features are
recognized in their safety programs. Contrac-
tors are responsible for providing an indepen-
dent internal review and appraisal system. The
internal safety review system should be an
advisory capacity with clearly defined and
delineated responsibilities which can be
audited. This review system should be capable
of determining whether a proposed activity
involves an unreviewed safety question,
violation of a Technical Specification, or any
other matter for which approval is required.
The system should provide for an appraisal of
the overall operation at least biannually. The
system should be reviewed by the contractor
management for adequacy of performance at least
every 3 years. The system should provide for
objective and independent review that includes
the following;

Proposed modification to plant and
equipment having safety significance, and
safety analysis thereof.

Safety aspects of proposed experiments
and irradiation.
Training programs and administrative,
organizational, operating, maintenance
and other safety related procedures and
their changes.
Violation of Technical Specification or
unusual occurrences or conditions of the
reactor plant.
Accuracy and completeness of the record
keeping and documentation.

In addition to establishing the internal
safety review system, the contractor has
responsibilities which include:

Prepare SAR according to the guidance
specified in DOE Order (5481.IB),3 and
to the Standard Format and Content of
Safety Analysis Report for Nuclear Power
Plants, the Regulatory Guide 1.70 by the
Nuclear Regulatory Commission (NRC),5 to
the extent it is applicable to the
reactor system.

Prepare the Technical Specification, and
Operational and Maintenance Manual and
Procedures.
Report and analyze unusual occurrences
and provide emergency response planning.
Provide the safeguards and security'to
the reactor facilities and provide
technical support.

ES&H conducts special appraisals of
contractor activities such as the ReaGtor
Design Review, Management Review, Technical
Safety Appraisals and other ad hoc reviews and
appraisals. As discussed earlier, these
reviews and appraisals are conducted at the
request of the field organizations or by the
order of the Secretary. In the following, the
Reactor Design Review and Technical Safety
Appraisal that are conducted by the HQ, ES&H
for the contractors are discussed.

D. Reactor Design Review.6

The independent review of the hardware in
an operating reactor is an integral part of the
effort required to carry out DOE's line
responsibility for safety and to provide
assurance that such responsibility is properly
discharged. This review is conducted at the
request of the field organization or by the
direction of the Secretary. It takes about 3
weeks and 12 to 20 people who are experts. The
purpose of the review is to assure that the
design of the reactor and supporting facilities
conform to DOE's safety policy and that design
safety improvements which are made over the years
to upgrade the plant are adequate. A review is
also performed to determine the adequacy of the
accident sequences analyzed as part of the
process of establishing the design of the
plant. The areas covered in the review include
the following;
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1. Design:
Assess the extent to which the reactor conforms
to current nuclear design practices, such as
the NUREG 1.70. (R.G.1.70), and the General
Design Criteria in 10 CFR 50, Appendix A.

2. Design Performance:
Evaluate dynamic performance of selected key
systems against defined standards of perfor-
mance and changes based on experience.

3. Control of Service-Induced
Defjradat ion:
Evaluate the effects of long service life and
the potential for degradation due to wear,
cyclic conditions and exposure to radiation,
high temperature and moisture.

4. Implementation of Lessons Learned
from TMI-1I:
Assess the performance capabilities of the
reactor design for severe accidents of the
general type experienced at TMI-II. Also asses
how the requirements relnto to human factors
and management issues.

5. Severe Accident Analysis, Source
Term and Materials Issues:
Review the analysis of severe accident
sequences that contrilmt.fi to an understanding
of plant response, damage progression, and
source terms. This understanding is essential
to improve judgement of acceptability of the
risk of accidents beyond the design bases.

G. Common Mode Failures and System
Interactions:
The SAR is reviewed, plant is inspected with
design staff concerning possible sources which
could result in the loss of a safely function
or system.

E. Technical Safety Appraisal (TSA).7

A TSA is quite different in nature,
purpose and objective compared to the Design
Reviews. The purpose of a TSA is to review
operating policies, procedures and records. A
TSA is conducted by a team of specialists,
about 12 to 15 in three weeks. Recommendations
are intended to assist the contractor in:

1. Implementation of DOE ES&II require-
ments or mandatory standards.
2. Correcting deficiencies that could
compromise the safe operation of the
reactor.
3. Promoting excellence in the operation
through a substantial improvement in
already satisfactory margin of safety.

The areas to be appraised are as follows:

1. Organization and Administration:
Whether management has implemented safety
related programs such as the fitness for

duty program.
2. Operation: Continuous monitoring of
reactor parameters, such as the flow,
temperature, and pressure of the coolant.
3. Maintenance: Aging, design, history of
component failures.
4. Training and Certification: The staff
training for both normal and accident
situations.
5. Auxiliary Systems: Gaseous and liquid
effluent, monitoring at off-site.
6. Emergency Readiness:
7. Technical Support: Reactor engineering
and development functions and their adequacy
for supporting the reactor operation.

III. FUTURE PERSPECTIVE OF NUCLEAR REACTOR
SAFETY

A study conducted by DOE in 1985 indicated
that additional generating capacity must be
added in the United States no later than the
middle of the 1990s and continue into the early
part of the next decade to meet the future
energy demands.8

Among many factors affecting the nuclear
industry, nuclear safety has been and will
continue to be one of the most critical issues.
The technological development in the 1980s of
powerful, low cost computers made it possible
to utilize some of the technologies in nuclear
reactor safety programs, such as the probabi-
listic risk analysis (PRA) and Artificial
Intelligence technology in ways that were not
possible a decade ago.

Since the occurrence of the accident at
TMI-II, the value of conducting a PRA has been
increasingly recognized, both nationally and
internationally. It is expected that in
conjunction with normal deterministic analysis
it will be one of the most powerful
methodologies for identifying design perfor-
mance deficiencies, precursor events to upset a
normal state and accident conditions, and
priorities, needed modifications.

In 1905 the Department of Energy organized
the Artificial Intelligence Task Team to review
the status of AI technology, identify guide-
lines for AI work, and work required to allow
nuclear industry to realize maximum benefits
from this technology.9 In their report, the
Team recommended the establishment of Strategic
Automation Initiatives (SAI) and expansion of
the DOE technology transfer program to ensure
that AI technology could be used to develop
computer software to enhance future nuclear
plant technology. The Team made a study on
short term and long term phases of the SAI.
The short term phase focuses on currently
available AI technologies. The long term phase
of SAI focuses on research and development
efforts within those areas that promise to
provide great incentives to nuclear industry.
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The projects identified in the short term
phase of the SAI include the following:

An Expert System for Fuel Loading
An expert system that can resolve the problem
of optimum fuel shuffling schemes in the
reactor core.

Management Decision Support System
Application of an expert system in the daily
decision making process regarding scheduling,
resource assignment, and optimum cost evalua-
tion of large and complex construction projects
like nuclear power plants.

Control of Nuclear Power Plants
The application of an expert system can address
concerns regarding the man-machine interface to
properly react to data regarding plant status
during off-normal and accident conditions.

The expert system which is one of the
subcategories of Al has an ability to make
human expertise available upon ciemand, without
interference of human emotion, almost instan-
taneously and under any circumstances." This
system can be and wi 11 be adapted to the
nuclear industry and is expected to play an
important role in reactor safety programs in
the future.

In the following, the application of AI to
nuclear industry is presented and discussed.

A. Artificial Intelligence (AI).

Artificial intelligence (AI) is a branch of
computer science for the study of concepts and
methodologies which enable computers to perform
those: processes. 1 0 AI is different in many
respects from the conventional programming.
The conventional programming gives definitive
answers for a given input according to an
established algorithm. AI, on the other hand,
provides the satisfactory or the optimum
answers. AI helps to ask questions, pursue
goals and draw conclusions rather than compute
the definitive values. AI conducts primarily
symbolic processes rather than arithmetic
computations, and makes heuristic searches, not
to follow explicit steps. Some incomplete
answers are often tolerable in AI while the
conventional programming requires correct,
complete answers.

The expert system, which has a greater
potential for nuclear plant applications,11

requires a knowledge base that consists of
parameters such as variables of the system,
i.e., neutron flux, temperature, pressure of
coolant. These parameters are then controlled
under certain rules; the logical relationship
(premise-conclusion or situation action)
between parameters, such as, if the temperature
rises, then the pressure also rises. The heart

of the knowledge bass is in the control blocks
which provides structures for knowledge
decompos '• :i on and control over inference
techniques, such as how to and how many
questions to ask.

In the following, two expert systems that
address the nuclear power plant control issues,
the Automatic Diagnosis of Alarms (ADA) ard
Alarm Filtering System (AFS), which is or will
be implemented to DOE- reactors are discussed.

1. Automatic Diagnosis of Alarms
(ADA).J2 ftDA diagnoses combinations of alarms
and processes data to aid the operator in
determining cause and remedial actions. ADA is
one of the examples of applying the expert
system to nuclear reactor safety programs. ADA
is programmed to compare the plant alarm
sequences with predetermined "event trees" to
arrive at the best advice possible for the
reactor operator. The programming philosophy
is "do the best you can," rather than giving
the definitive answers, right or wrong.

ADA can provide assistance to the operator
in the following areas;

1. Detect, locate and determine the
rate of cooling and process water leaks.

2. Identify the need for manual
"incident, action. "

3. Direct operator to the correct
procedure.

4. Direct operator to use the proper
TV cameras to see the leakage.

5. Inform the operator of radiation
levels in the control room.

The system is modularized and can be
expanded to modify or accommodate other func-
tional modules, such as automatic accident
response system or follow-up system that can
check the operator actions.

Three types of process inputs are needed.
The majority of these are digital inputs to the
signal status of specified alarm annunciator.
The second type is the analog signal to supple-
ment alarm logic for the display of leakage
rates of coolant and radiation levels in the
control room. The third is obtained internally
from a computer data base, such as the reactor
coolant level and cooling water header flows.

The output is displayed on video monitors
and logged on a typewriter. The routine output
is the "System Ready," which is the results
from dynamic internal tests and indicates that
ADA software and hardware are truly func-
tional. Other displays are;

1. Cause of the alarms and the
general location of the problem.

2. Procedures that should be applied.
3. Selection of the TV cameras for
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the best view of location of accidents.
4. The leak rate in gallons per

minutes (GPM).
5. Radiation levels in the control

room.

The heart of this system is in the logic
tables. The "event tree" logic is stored in
the computer memory as a table of numbers,
instead of program instructions, such as
"object" orie.ited prcigramm ing . The logic-
tables contai'i decision based process data as
well as alarm patterns. Using a "next test
vector," the program analysis proceeds from the
table 1, depending on whether alarm is on, to
the next table 2. Ultimately, the vector
directs the program to a message or exits to
next table. When all tables that contain the
alarm have been examined, the message of high-
est priority will be displayed Lo the operator.
The uniqueness of this system is the use of
table-driven software. The basic analysis
modules can remain unchanged anil protected as
new tables are added for expansion. This
system is currently implemented in reactors in
Savannah River Plant for testing; and
evaluation.

2. Alarm Filtering System (AFS).33

AFS filters the alarm data to emphasize
the most important alarm among many others mid
inform the operator during accidents such as
nuclear transients. As many as 500 alarms can
be activated during the first 5 seconds of a
transient, clue to tho cascading effects caused
by one or two causal events in nuclear power
plants.14 This huge number of alarms inundates
the operator with too much information to be
properly assessed in as short a time span as a
transient.

Using functional relationships and hierar-
chial rule sets, a group at Idaho National
Engineering Laboratory developed the AFS that
performs the following:

1. Generate a description of a reactor
situation implied by combinations or sequences
of alarms signaled from sensors located in
various parts of a reactor.

2. Suppress display of less important
alarms or information that confirms or is a
direct consequence of a previously described
situation.

3. Emphasize important alarms that do
not fit previous conclusions or alarms that are
expected but are not yet received.

AFS utilizes the functional relationships
of those alarms and states. Each type of
functional relationship has a set of possible
responses and decisions that can be made to
these alarms. Also the generic rules derived
from this decision making knowledge can be
applied to any alarms that have the same type

of functional relationship.

AFS uses the object oriented programming
system to integrate several paradigms into a
functional system. Entity types to AFS are
plant, alarms, and plant states, and each of
the entity types are represented by a class.
Each class acts as a blueprint for building
objects. Thus, all objects in a class will
have the same structure, while each specific
object in that class has different information.
AFS also uses the rule-oriented programming,
which utilizes the classes to associate
procedures and rule sets with that data and
called "method." The "methods" are invoked by
sending messages to and from objects. If alarm
Y receives a message B, the "method" B is
applied to Y and to other alarms that have
similar relation of Y to B. If alarm Z
receives a message B, then same "method" is
applied to Z and Z's relationships to other
alarms. This generic rule sets with an entire
class of objects made the AFS easier to adapt
to modularity.

Classes in AFS can be linked so that one
class will inherit characteristics from another
class, thus both classes respond to the same
message types in like fashion.

AFS also uses an access-oriented program-
ming which is implemented using active values.
Active values can cause processing to be
started whenever the value is referenced and/or
changed.

In AFS, while specific knowledge is con-
tained in the specific object, the more general
knowledge about responses and actions caused by
types of functional relationships is contained
in the rules. This separation of knowledge
from rules makes AFS easier to be modularized.
As a system, AFS integrates rule-oriented
programming into an object-oriented environment
to avoid exhaustive searchto.*-of extensive
databases or structures. Thus AFS provides a
high degree of flexibility.

AKS will be implemented in the Advanced
Testing Reactor at Idaho Falls in Idaho by the
end of 1987 for testing and evaluation.

IV. SUMMARY

In this paper, the DOE Nuclear Reactor
Safety Program was presented. More specifi-
cally, the organizational structure with the
line responsibility, and the separate organiza-
tion with the overseeing responsibility were
presented. The responsibilities and functional
relationship among DOE Headquarter organiza-
tions, field organizations, and contractorswere
presented. Each contractor implements generic
DOE policies while reflecting the uniqueness of
reactor safety programs in their Technical
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Specifications, SAR, and Operational standards
and manuals.

The potential application of systems that
u t i l i z e emerging t echno log ie s , such as
Artificial Intelligence, were presented.

Among the many factors that contribute to
a sound DOE nuclear safety program, the unique
technical resources that reside in the DOE
nuclear r eac to r community are the most
important.

With the never ending efforts of scien-
t i s t s and engineers who are working on the
technical issues of a nuclear safety program,
and of policy makers who have the strong
leadership and the capability of foreseeing
future needs, and of hardworking managers and
engineers who devote their energies into the
safe operation anil maintenance of nuclear
reactors, the future of the nuclear industry
could become "bright" rather than remain "dim."
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