
0
THE 4TH INTERNATIONAL TOPICAL MEETING ON

NUCLEAR THERMAL HYDRAULICS, OPERATIONS AND SAFETY
April 68,1994, Taipei, Taiwan

XA04NO594

ASSISTING EMERGENCY OPERATING PROCEDURES EXECUTION

WITH AMAS, AN ACCIDENT MANAGEMENT ADVISOR SYSTEM

S.Guarro, T.Milici, J.-S.Wu, G.Apostolakis
Advanced System Concepts Associates

2250 Fast Imperial Hwy, Suite 200
El Segundo, CA 90245

Tel.: 310-648-6658, FAX: 310-648-6659

ABSTRACT

In an accident situation, because any decisions that the
operators make will depend on how instrumentation readings are
ultimately interpreted, the issue of instrument uncertainty is of
paramount importance. This uncertainty exists because instrument
readings may not be available in the desired form -- i.e., only 451T

indirect readings for a parameter of interest may exist, with
uncertainty on which physical models may be used to deduce its WM One

value from these indirect indications --, or because readings may PSIF

be coming from instruments whose accuracy and reliability in the
face of the severe conditions produced by the accident are far
from what may be expected under normal operating conditions. PLANT
In following the EPs, the operators must rely on instrumentation
whose readings may not reflect the real situation. The Accident
Management Advisor System (AMAS) is a decision aid intended Figure 1. AMAS Architecture.
to supplement plant Emergency Operating Procedures EOPs by
accounting for instrumentation uncertainty, and by alerting the
operators if they are on the wrong procedures, or otherwise described in the next section.
performing an action that is not optimal in terms of preventing
core damage. In AMAS, the availability and reliability of AMAS ARCHrl`ECTURE
certain important instrument readings is treated in probabilistic,
rather than deterministic terms. This issue is discussed in greater This section discusses the details of the knowledge base
detail later in the paper, since it relates to one of the key definitions that are used in the three AMAS levels, as well as the

characteristics of the AMAS decision aid. details of how the resident in these knowledge bases is combined
with on-line information obtained from plant instrumentation and

INTRODUCTION processed through AMAS to ultimately fulfill the primary
function of assisting operators in making accident management

Reference' describes the operational management of a nuclear decisions.
power plant process in terms of a set of hierarchically and
sequentially ordered functions activities, namely: problem or In addition to being a real-time diagnosis and decision aid,
disturbance detection, problem or disturbance diagnosis, plant the AMAS software also provides a model development
state identification, and corrective action identification. In environment, in which the user can construct application specific
accident management, these sequentially-linked functions reduce level 1, level 2 and level 3 models and sub-models. This
to essentially the following three: diagnosis of plant physical environment, currently under development, will supply a user
conditions (i.e., identification of the status of key plant physical friendly graphical user interface, in which the user will be able
parameters), plant state identification (in this context, the to construct and test the graphical models used by the AMAS
assessment of the status of plant safety functions and safety ran-time module.
systems), and the identification and execution of optimal
mitigation strategies (i.e., those actions that are most likely to A. Level One PSIF Models and Functions
minimize the consequences of the accident). ne AMAS
architecture is articulated in three levels, each of which closely The fst level of AMAS, called the "Parameter State
reflects one of these accident management functions, as shown in Identification Filter" (PSIF), has the function of using the
Figure 1. These three levels, and the models therein, are information provided by the existing plant instruments to arrive
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at the best possible identification of the state of key plant B. Level Two PSIM Models and Functions
parameters. Because the information supplied by the plant
instrumentation may be highly uncertain, the methodology The second, and hierarchically intermediate, level of AMAS
applied to implement the PSEF function is based on probabilistic is the "Plant State Identification Module" (PSIM). This module
evaluation as well as on models of the interaction of the plant receives the parameter and system state information elaborated by
parameters and processes with the instruments available to the PSIF and uses it to establish direct correspondences between
monitor them. This is accomplished through the use of a certain combinations of parameter states and accident types and
probabilistic version of the Logic Flowgraph Methodology. The progression stages. The combination of knowledge parameter,
deterministic version of the LFM representation and inference safety function and safety system states represents knowledge of
engine have been used in several diagnostic implementations and what in the probabilistic risk assessment (PRA) language is
are widely documented in the open literature'-'. For the AMAS referred to as the "plant damage state" (PDS). The information
application we have developed a Bayesian inference extension of produced by the PSIM is thus an identification, as time
the FM concept which is described below in its most essential progresses, of the plant damage states traversed by the plant
features and whose execution is illustrated by a simple during the accident.
application example which is discussed in the next section.

Ile interrelations between "plant damage state determining
If A represents a variable, possibly a physical parameter and parameters" (PSDPs) and the correspondence of their state

B represents an instrument that measures variable A. A consists combination sets to specific PI)Ss is modeled in the AMAS
of a set of discretized. states.1 aj and B consists of the states b,). Level Two (PSIM) by means of Bayesian Belief Networks
The box T represents a transfer function that maps the states (BBNs). A Bayesian Belief Netwo&�, or inference network, like
la,) to the states j), i.e.: an LFM model, is a directed graph containing nodes, which

represent variables, and directed arcs, which represent direct
(b I = T( a, . dependencies of one variable on another. Like in LFM, BBN

variables are discretized into sets of states, e.g., variables A, B
If the transfer function is deterministic, i.e. there is no and C are represented as a, (jj and cj, and their

uncertainty, each state a, maps into a single state b,. However, if dependencies are modeled as probability matrices. In AMAS the
there is uncertainty, the transfer function is probabilistic, i.e. nodes represent variables such as the values of physical
given a state a, the mapping into Lb) is a probability mass parameters, the status of safety systems and their associated
function over b,). In this case the transfer function, T, is a components and the status of safety functions, and the arcs
matrix of probabilities. In practical situations, given that the represent direct dependencies between these variables. Thus, the
instrument B is observed to be in state b, the diagnostic function AMAS Level Two BBN can be used to infer the status of the
of AMAS will consist of determining the probability that a state plant and its safety systems from the probability values associated
a, of the plant parameter A is the true state. This in turn can be with the states of physical parameters which are direct or indirect
accomplished by applying Bayes' theorem to invert the indicators of the working conditions of certain components, as
probability matrix TF, i.e.: estimated and input to it by the evel Tree LFM models.

p(a/-bj = p/-a,) p(a,) / pb) , C. Level Three MADSM Models and Functions

where p(a/b) idenotes the conditional probability of a, given bj, The third, and topmost, AMAS level is the "Management
p(a,) is given and Action Decision Support Module" (MADSM), which uses the

knowledge of most likely present plant conditions (e.g., damage
p(bj = I p/a,) p(a.). states) to apply an accident consequence minimization scheme.

The top level of AMAS must, given a plant damage state,
determine the optimum set of operator actions in terms of

In some cases the transfer function T will depend on the value preserving safety functions (which translates into minimizing
of another parameter C, which is represented by a set of states radioactive release).
(cj. This is for example the case when an instrument's
performance depends on the value of a certain physical The AMAS top level uses information about physical
parameter, such as temperature. TF, then, is a set of matrices parameters and the status of safety systems and safety functions
JTFJ, and each matrix in the set is associated with each state c, and search for operator actions which will either prevent a
Of C. transition to a less favorable plant state or cause a transition to a

more favorable plant state. To accomplish this, it makes use of
Based on the formulations shown above, the AMAS Level influence diagrams'. These are substantially similar to Bayesian

One (PSEF) gathers at eh updating step all available and belief networks, but, in addition to chance nodes (equivalent to
relevant instrument readings, and from that information infers the the regular nodes of a belief network) and directed arcs, influence
most likely values of a physical parameters that are of interest diagrams contain decision nodes and a special kind of cance
for the plant damage state identification that needs to be carried node called a value node. Decision nodes represent variables
out in Level Two. The output from Level One to Level Two will under a decision maker's control, in the case of AMAS, tey
thus be a set of probability distributions over the likely values of would represent operator actions. The value node is a node which
the relevant parameters being inferred from the instrument represents the "utility" criterion against which the outcomes of
readings. operator actions are assessed. Given a plant state and a set of
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possible actions, the influence diagram at the top level can be
evaluated to determine all" possible plant state transitions, as well
as their associated probabilities of occurrence. These are
compared through the value function represented by the value
node to determine the optimal course of action to recommend.

D. AMAS Modes of Operation calibrated-

AMAS is envisioned to have two modes of real-time
operation: a pre-core-uncovery" monitoring mode and a post- uncalf�_r�ted
core-uncovery" advisory mode. In the monitoring mode, AMAS
is intended to be a supplement to the plant emergency operating RL: RWST Level
procedures EOPs), and is based on the incorporation of EPs RLS : RWST Level Sensor
into AMAS models. Based on information given in the form of SC: Sensor Calibration
observable symptoms (parameters) and equipment states, the
appropriate actions specified by the EPs can be recommended
and the expected plant response can be checked. hus, AMAS
can verify that the operators are successfully following the EPs. Figure 2 Simple Logic Flowgraph.
The time sequence of events is accounted for by explicitly
considering which portion of the influence diagram is active or
non-active at each time step. probability of the RWST level sensor being in the "calibrated"

state, p(SQ, is a function of time since the last calibration, as
In the advisory mode, which is activated when AMAS has shown in Figure 4 (the probability of the RWST level sensor

detected core uncovery (with a specified degree of confidence), being in the "uncalibrated" state, p(SU), can then be also
AMAS recommends appropriate mitigation actions based on the determined from the simple relation p(SU = I - p(SQ.
minimization of plant damage and radioactive release. In this
mode, available severe accident knowledge and associated
uncertainty is incorporated into suitable AMAS models. This is RLS RLS
demonstrated in a previous paper by the authors [8]. H M L H M L

H H
E. Example of AMAS Execution RL M RL M

We discuss here an example which iustrates the concept of L L . . .
three-level AMAS operation in a pre-core-uncovery monitoring ___j
mode situation. A fall example and discussion of AMAS after- FTF1 TF2
core-uncovery advisory mode operation can be found in an earlier
paper'. The example given here shows how the Parameter State
Identification Filter of the bottom level of AMAS will employ Figure 3 LF Transfer Functions
the Logic Flowgraph Methodology to infer the states of key plant
parameters from possibly uncertain instrument readings, and how
this information is processed by the Bayesian belief network of If the time since the last calibration is T, according to Figure
the middle level to infer the current plant damage state. The 4 the probability that the sensor is uncalibrated is 0.1. Given
example also shows how the influence diagram of the top level this, and the sensor reading, the LFM model of Figure 2 can be
will evaluate candidate high level accident management actions, evaluated to infer the probability distribution of the actual RWST
given the most likely plant dmage state, in order to recommend level. If the sensor reads a level in the "medium" range, and
to the plant operators a suitable course of recovery ations. assuming a uniform prior distribution (i. e., the probability

distribution for the states of node RL before recieving the sensor
Figure 2 shows a logic flowgraph which is evaluated to infer information) for the actual RWST level, then evaluation of the

the state of the level of water in the refueling water storage tank LFM model results in a probability of 0025 that the actual
(RWST), based on the reading of a sensor that could be RWST level is in the "low" range, a probability of 095 that the
improperly calibrated. In Figure 2 the RWST level is actual RWST level is in the "medium' range and a probability of
represented by the node labeled "RU, the level sensor is 0.025 that the actual level is in the "high" range. 'Me situation
represented by the node labeled "RLS" and the sensor calibration changes at the later time t--T2. Because of the higher probability
is represented by the node labeled "SC". For simplicity, two of the sensor being uncalibrated at this later time, the RWST
degrees of calibration are modeled, and they are represented by level probabilities become now, given that the sensor still reads
the states "calibrated", and "uncalibrated" of node SC, which RLS="medium," 0175 for RL--"low," 065 for RL--"medium"
correspond to transfer functions TFI and TF2 respectively, and and 0175 for RL--"high," respectively.
are shown in Figure 3 Nodes RL and RLS are assumed to have
the states "high", "medium", and "low", and they correspond to Figure shows a simple belief network representing the
ranges of the actual RWST level (node RL) and the RWST level PSIM model that is interrogated by AMAS after the PSIF-
given by the sensor (node RLS). It is also assumed that the generated information that we have discussed above is made
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are plant damage state nodes, and their state distributions are
given, having been inferred in the lower levels. The light shaded
nodes represent the expected responses of the plant to the actions

0.9 and the unshaded nodes represent the states of other important

P(SC calibrated) plant parameters, after the actions or non-actions have taken
0.3 - - - -- - - - - place, and after the expected responses have, or have not,

occurred.

T1 T2 In Figure 6 the four decision nodes represent actions that
time since last calibration could be implemented in a situation where the secondary heat

sink is unavailable and continued feed-and-bleed cooling is
Figure 4 Probability of RWST Level Indicator Being Calibrated necessary to cool the core. If the secondary beat sink is not
as a Function of Time. recovered, the RWST will deplete and it will become necessary

for the operators to transfer to the cold leg recirculation mode of
core cooling to avoid core damage. The time available for the

available. This BBN models the dependence of the status of the operators to switch to recirculation depends on the amount of
emergency core cooling system (ECCS) on the AC power water in the RWST and how quickly it is depleting. Two
system status and the availability of make-up water. In the actions, refilling the RWST and reducing the spray flow rate (if
figure, the node labeled "ECCS" represents the status of the the containment sprays are on), can extend the time available to
emergency core cooling system, the nodes labeled "BPI" and switch to recirculation. In the Zion EPs, the operators are not
"LPI" represent the status of the high pressure injection and low instructed to refill the RWST until after transfer to cold eg
pressure injection systems, respectively, and the node labeled recirculation circulation has failed, and the loss of recirculation
"ACP" represents the status of AC power (both on-site and off- procedures are entered. If the RWST level is low and the
site). These nodes are assumed to have the states "operating", inventory is depleting rapidly, it may be advantageous to perform
..available", "recoverable" and "failed". ne RWST level is the actions required to add make-up to the RWST, or perhaps
represented by the node labeled RL", as in Figure 2 reduce the spray flow rate, before the procedures for transfer to

cold leg recirculation are enacted. This is the type of situation

where a decision aid like AMAS would be helpful, in that it is
not bound rigidly to a temporal ordering of actions, and it can
evaluate how certain variations of action sequence may in fact be
beneficial. Thus, AMAS has the capability to recommend adding
make-up to the RWST before the procedures to transfer to cold
leg recirculation are carried out (or even entered), if it is
desirable in terms of minimizing the probability of core damage
to do so. This is illustrated in the following.

In Figure 6, the decision node labeled IF represents the action
to initiate feed-and-bleed using the pressurizer PORVs. Node FS

Figure 5 Sple Belief Network. represents the status of feed-and-bleed cooling, and depends on
the status of the ECCS (node ECCS) and the status of the
pressurizer PORVs (node PP). The decision node IS represents

Figure 6 shows an influence diagram that illustrates how the action to stop operation of, throttle the flow of, or inhibit the
EOP actions can be modeled in AMAS. In the figure, the square actuation of the containment sprays to conserve the supply of
nodes are decision nodes, which represent operator actions, and water in the RWST. Node SF represents the spray flow rate and
whose states are the action alternatives. The dark shaded nodes depends on the action chosen in node IS, and the status of the

Figure 6 Influence Diagram Model 
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spray system. Decision node RR represents the action to refill which the decisions are compared could include factors other
the RWST. Node R represents the RWST make-up rate, and than core damage, such as economic consequences or undesirable
depends on the strategy chosen at node RR and the status of the events that could occur after core dmage (vessel failure,
systems required to provide make-up, represented by node RS. containment failure, etc.)
Decision node SR represents the action to switchover to
recirculation, where failure to correctly implement this action on As mentioned previously, the probability of successfully
time may lead to core damage (if the secondary heat sink is not completing transfer to recirculation depends on the RWST
recovered or if sufficient continued make-up to the RWST is not inventory and the rate of depletion. In the Zion EPs for loss of
supplied). Node SRS represents the status of recirculation secondary heat sink, the operators are instructed to switch to the
cooling, after the action alternative is chosen. Since the time transfer to cold leg recirculation procedures when the RWST
available to perform the actions required to transfer to level decreases to less than 46%, regardless of the rate of
recirculation, and thus the probability of success, depends on the depletion. Table I shows the probabilities of successful transfer
RWST level (represented by node RL) and the net depletion rate to recirculation as a function of the states of nodes RL and RD,
of the RWST inventory (represented by node RD), the node SRS given that the equipment required for recirculation (containment
depends on those two nodes and node RC, which represents the sump, valves, etc.) is available. These probabilities are assumed,
status of the recirculation equipment. Node CD represents and are for demonstration purposes only. It is also assumed that
whether or not core damage occurs. the RWST level setpoint corresponds to the upper boundary of

the "medium" level range of node RL. Node RD is assumed to
have the states "fast", "medium, "slow" and "not depleting".

Table 1. Probability of Successftil Transfer to Recirculation.
The core damage node (node CD) is assumed to be

deterministic, i. e., all conditional probabilities are either 1. or
RWST O.O. Coredamageisassuredinthefollowingtwocases: (1) the
Level Rate of RWST Depletion secondary heat sink is unavailable (and is never recovered) and

FAST MEDIUM SLOW NONE feed-and-bleed is not successful, and 2) the secondary heat sink
HIGH 0.99 0.99 0.99 0.99 is unavailable and never recovered, transfer to recirculation fails

MEDIUM 0.99 0.99 - 099 0.99 and the RWST depletes. Therefore, the probability of core
LOW 0.9 0.99 0.99 0.99 damage is 1.0 for all states that satisfy either of the conditions

above, and 0.0 otherwise.

Table 2 shows the conditional probability distributions for
node RD, which represents the RWST depletion rate. Only the

Table 2 Condfitional. Probability Distribution of RWST probabilities for the cases where feed-and-bleed is operating are
Depletion Rate, Given Successful Feed-and-Bleed. shown, Since they model expected plant responses, the states for

nodes FS, RR and SR given in the table are assumed to be

RWST Dpletion Rate binary, that is, the response either occurred or did not occur.

FS RIF SF FAST MEDIUM SLOW NONE Given the distribution of states of the PDS nodes, evaluation
yes Y" Y" 0.0 0.0 0.0 1.0 of the influence diagram results in a sequence of actions that is
yes yes. no 0.0 0.0 0.0 1.0 optimal in terms of minimizing the probability of core damage.
Yes no Y68 1.0 0.0 0.0 0.0 If refilling the. RWST before the transfer to recirculation
y" no no 0.0 0.5 0.5 0.0 procedures are enacted reduces the probability of core damage

(given the cur-rent plant damage state), then AMAS would
recommend that make-up be added to the RWST, even though
that point in the procedures has not yet been reached. As an
example, assume that the RWST level sensor reads "high". Then,

Table 3 Probability of Core Damage for Aternatives of Node referring to the FM model in Figure 2 the probability that the
RR. level is actual "low" is 0026 if the time since the last calibration

is T, and 0.18 if the time since the last calibration was T,
RR ALTERNATIVE Referring to the influence diagram described in Figure 6 and

ADD MAKE U DO NOTHIN assuming that the secondary heat sink is unavailable, the sprays
are on and that feed-and-bleed was successful. Evaluation of the

T1 0.01 0.0101 influence diagram results in the table of probabilities sown in
T2 0.01 0.026 Table 3 This table shows the probability of core damage for the

two alternative actions of node RR (provide make-up to the
RWST or do nothing), with the assumptions mentioned above,
for the two times since the last calibration of the RWST level

In Figur 6 the value node is the diamond labeled 'Y'. In sensor, T, and T, It can be seen that if make-up is added to the
this example the only direct predecessor to the value node is the RWST before transfer to recirculation, the decrease in the
core damage node. In a more complex model, there could be probability of core damage is negligible for the case where the
other direct predecessors to the value node, so that the utility by time since sensor was last calibrated is T but not if the time
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since the sensor was last calibrated is T, Thus AMAS would
recommend that make-up be added to the RWST in the second
case, due to the ucertainty in the sensor readings.
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