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We have undertaken to conduct an analysis
of the "dense, high volume data set typical of a
critical care environment," which covers "a 12-
hour period of the ICU treatment of a patient
with severe respiratory distress." The method-
ology being used is that encompassed in the
EAGOL system, which has been influenced, in
part, by the model described by James V. Sny-
der, M.D. and Michael R. Pinsky, M.D. in their
treatise on "Oxygen Transport in the Critically
II1." We have been looking for an opportunity
to redirect our attention from the complex,
engineered systems that have been the primary
focus of our work in recent years, to the medi-
cal arena, and are eager to investigate the
appropriateness of the new EAGOL technol-
ogy to the interpretation of ICU data. In the
following paragraphs, we offer some high-
lights of the EAGOL model as developed and
applied in other domains. Comments specific
to the ICU problem with be given in italics.

EAGOL is an AI based system that can track
hundreds of parameters in real time, engage in
hypothesis-and-test diagnostic strategies,
detect goal violations and propose methods to
overcome them. It continually monitors its
environment and, when necessary, alters its
interpretations and recommendations on the
basis of new findings. This system, which has
been under development over the past eight
years, has gone through a progressive layering
of concepts. The initial program provided
diagnostic support for the management of
complex, engineered systems in real-time. The
program could track the behavior of a complex
system over time, and provide continually

updated interpretations of what fault or succes-
sion of faults might account for the observed
behavior. In applying this program to the anal-
ysis of simulated emergency situations (ini-
tially involving nuclear power plant
operations) it soon became apparent that much
of the behavior observed could be understood
only by taking account of control actions, or
interventions, initiated either automatically by
engineered safeguard systems, or manually by
operators following emergency operating pro-
cedures. Thus the purview of the EAGOL rea-
soner was expanded to encompass knowledge
concerning planned interventions.

This led to the recognition of three additional
categories of faults: failure of the system or
operator to intervene when called for, failure
of the intervention to achieve the intended
result, and the application of inappropriate
interventions. The need to incorporate the
assessment of these types of faults in the pro-
gram’s diagnostic repertoire has necessitated
the modeling of the goals, methods and ration-
ales underlying planned interventions.

Because designers of system safeguards typ-
ically attempt to constrain human behavior by
developing procedures to be followed in the
analysis of and recovery from emergency situ-
ations, the intentions of the procedure writer
thus become an important issue to be explored.
The understanding of operator actions requires
also an understanding of the complex reason-
ing and rationale underlying the procedures
carried out by the operator.
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Ironically, the reason for engaging in pre-
planning and procedure definition is that by
conventional wisdom -- human operators can-
not be trusted to take appropriate actions when
"under fire" as some major accident scenario
unfolds (witness Three Mile Island). However,
because these procedures are fully specified in
advance, there is no capability in such systems
for the sort of adaptive, reactive planning char-
acteristic of contemporary intelligent robots.
Instead, the adaptation of procedures to meet
unexpected situations is seen as one of the
main reasons for keeping humans in the loop.
They are expected to function, somehow, in
those particularly difficult situations -- perhaps
involving confounding evidence arising from
multiple faults -- where existing procedures
are at best unhelpful and at worst positively
dangerous. Hence the paradox: we can’t take
humans out of the loop because execution of
procedures needs to be leavened on the basis
of experience and judgment; yet humans can-
not be trusted to make the right decisions in
real time without preplanned guidance.

The EAGOL approach to resolving this para-
dox begins with the recognition that proce-
dures are at the heart of the solution as well as
the problem. However, procedures per se can-
not simply be transformed into a computerized
version of the written guidelines: the same
problems described earlier would remain. To
be the basis for effective, adaptive response,
computerized procedures must be enhanced by
including the reasoning and rationale underly-
ing each of the steps. This has been achieved
in the EAGOL model by incorporating a the-
ory of procedure generation: integrating
knowledge of procedures, as well as the rea-
soning that produced the procedures, into
EAGOL’s existing model of cause-and-effect
simulation, diagnosis, and recovery planning.
This integration has resulted in two significant
system capabilities:

1. EAGOL is able to generate procedures
based on its assessment of system states and
events, and their potential impact on mission
and system goals. EAGOL’s procedure genera-
tion capability is an extension of its normal
diagnosis and recovery planning activities, in
which EAGOL forms a plan to correct a prob-
lem based on its assessment of a situation, and
then connects individual steps in the plan to an
historical trace of the reasoning it used to form
the plan. The trace places the step in the con-
text of the overall set of goals that this step,
and the procedure itself, are to achieve.

2. Navigating through its own internal repre-
sentation of procedures, EAGOL is able to
assist with interpretation of those procedures
in the context of real-time operations. By
drawing on its internal model of procedures
and system state, EAGOL can provide enlight-
ened assistance to an operator, thereby helping
guard against "human error" as a contributing
cause of accidents.

The EAGOL computational model

There are two major categories of parame-
ters employed in an EAGOL model: observ-
able and occult. Observable parameters
include those that are directly reported via sen-
sors and telemetry, and those indirectly
observed through reports of on-the-scene
observers. Data items that may be observed
include gauge readings, switch settings, opera-
tional status of various types of equipment, etc.
Actions taken either by automatic control sys-
tems or human operators are also considered
parameters, which may be signalled by direct
report, or more commonly through the obser-
vation of their consequences. Parameters that
are not observable except through their conse-
quences are referred to as "occult", because
the only way to learn the status of such param-
eters is through a process of hypothesis and
test. Included among the set of occult parame-
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ters of interest in an EAGOL model are unin-
strumented rates, levels and internal process
states, as well as abnormal (disease or fault)
conditions that may require diagnostic
workup.

In an ICU case such as the one to be dis-
cussed at this Symposium, many of the patient
status parameters such as heart rate, mean-
arterial-pressure, acidosis, and so on, tend to
be directly observable, and in some cases may
be obtained continuously from a dedicated
real-time monitoring device. Occult parame-
ters in this setting include disease states or
syndromes that must be determined by calcu-
lating and~or combining the effects of other
parameters. For example, the presence or
absence of sepsis cannot be determined
through direct observation. It must be inferred
through a weight-of-evidence or process-of-
elimination procedure. The state of vascular
resistance, another occult influence, must also
be inferred rather than observed directly.

These distinctions between observed and
occult parameters become somewhat muddled
in an ICU environment, just as they do in most
real-worM situations. Some parameters that
are capable of being continuously monitored,
including those described above, may not in
fact be monitored in some circumstances. Cer-
tain parameters, such as blood gas levels, for
example, may be obtainable only through man-
ual intervention. In such cases, the parameter
values are observable, but only after some pro-
cedure has been conducted to obtain the val-
ues. These parameters must be treated as
occult until the values are obtained.

Other parameters that are considered occult,
because they are not directly observable, may
nevertheless may be calculated with a high
degree of certainty from other evidence. For
example, vascular resistance cannot be mea-
sured directly, but the presence of low vascu-

lar resistance in some cases can be determined
from other measurements with reasonable cer-
tainty. On the other hand, even instrumented
parameters might be considered occult if they
are measured with unreliable sensors. In such
cases the sensor reading is considered to be
simply another piece of evidence providing an
indication of the state of the parameter. The
degree of belief in the value supplied would
vary with the analyst’s assessment of reliabil-
ity of the sensor

EAGOL monitors system parameters in real
time, analyzes events as they occur, and
assesses whether the system is operating nor-
mally. Ordinarily, the program attends to only
a small set of key parameters during normal
operations, but it has the ability to extend this
set, selectively, as indications of abnormal
behavior develop. In steady-state operations,
the parameters being monitored are typically
under some sort of maintenance control
regime. During planned transients in the state
of the system, parameters under some transi-
tion control regime are often selected for mon-
itoring as well. In unplanned transients, the
program selects for monitoring any parameters
that it deems helpful in pursuing its discovery
and recovery goals.

The first step in a situation assessment is to
examine the link structures of the causal net-
work in order to find all known and potential
influences on the parameter of interest. Known
influences include those associated with nor-
mal operations, along with any additional
influences injected as a result of interventions,
known faults, known component or sub-sys-
tem outages, etc. Other potential influences
would include unknown disease or fault states
that could cause the parameter being assessed
to behave in the manner observed.

In brief, the process is as follows: for each
normal influence, including appropriate con-
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trollers, the problem manager determines the
magnitude and direction of effect. It then
gauges the net impact of these influences
(inputs) and compares the corresponding mag-
nitude and direction with the actual parameter
behavior (or output). A discrepancy between
known influences and observed behavior is an
indication to the problem manager that

¯ there must be some influence that the
program has not taken into account,

¯ the only place to look is among the ab-
normal influences (disease or fault
states, or interventions).

Note that interventions and even fault states
that the program knows about would have
been included in the list of known influences.
Hence, for our present purposes, "abnormal’
really means ’unaccounted for’. This typically
translates to some disease or fault state or the
result of improper action.

If there is no discrepancy between net influ-
ence and observed behavior, then the goal vio-
lation must be attributable to one of the
following:

¯ failure of controller to take corrective
action,

¯ change in the magnitude or rate of
change of some normal influence, pre-
sumably the result of something unusu-
al happening further upstream in the
causal net, which is so large that it
overwhelms the controller’s ability to
compensate,

¯ some combination of the above; e.g.
decompensation, where the controller
had been operating in a compromised
state; or a controller behaving in para-
doxical manner, where the resulting in-
fluence is both the cause of the
deviation and an inadequate control re-
sponse.

Having determined what it can concerning
the input influences, the program then renders
one of three judgments concerning the parame-
ter whose behavior is being reviewed:

¯ It may decide that the observed behav-
ior for this parameter is not inconsis-
tent with its net input influences (note:
the somewhat awkward double nega-
tive here is used to emphasize that the
program’s bias is towards rationaliza-
tion; that is, it will call something an
anomaly only if convincing evidence
demands such a conclusion.) If the be-
havior and net influence pattern can be
rationalized in this fashion, the pro-
gram merely assimilates the new find-
ing and records the new concept of
normal for this parameter.

¯ It may decide that even though the ob-
served behavior for this parameter is
consistent with its net input influences,
one or more of the input influences
may exhibit anomalous behavior that
should be explored further.

¯ It may decide that the observed param-
eter is behaving in ways that are incon-
sistent with the net input influence
pattern. In this case, it declares an
anomaly, creates an unknown "alleged"
influence having the needed properties
to rationalize the observed behavior,
and initiates a diagnostic workup based
on this derived "abnormal finding".

The EAGOL Procedure Compiler

The EAGOL system incorporates a proce-
dure compiler that is referred to as RA (for
Ratiocination Analyst). This is actually a fairly
straightforward reactive planner, with the
exception that it includes in the set of goals to
be pursued the avoidance of adverse conse-
quences that might be associated with abnor-
mal conditions (anomalies) detected 
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outlined above.

Thus it can be used to devise protocols for
the management of problems such as the ARDS
case, which is the subject of this symposium,
where there is no clear-cut goal to be obtained
for the patient other than "supportive care".

Given a possible excursion (envisioned pat-
tern of behavior) for a parameter judged
important for life support, such as a drop in
mean arterial pressure or oxygen saturation,
RA would use its causal model of the physiol-
ogy involved to project adverse consequences
that might occur under different plausible
assumptions concerning the true state of the
occult world. It would then invoke a means-
ends type of analysis to devise conditional pro-
cedures aimed at countering the projected con-
sequences. Countermeasures might include
interventions intended to correct the anomaly
or to compensate for the anomaly or its antici-
pated consequences. Of course, any such inter-
vention could itself have potential adverse
consequences which RA would have to tease
out and deal with in a similar fashion. The
result of the compiler’s analysis would be a
formal patient management protocol, sup-
ported by an internal representation of the
goal-reduction framework that justifies the
recommended action sequences.

The EAGOL Procedure Interpreter

PSI (the Procedure Seer and Interpreter)
works with the internal form of a procedure to
track behavior in a simulated emergency sce-
nario, invoking the various components of
EAGOL’s reasoning model to aid in the devel-
opment of an interpretation of what fault or
succession of faults may underlie the observed
behavior, and what positive or negative effects
may be induced by interventions (planned and
actual) by the operators.

Having access to the rationale of the proce-
dure, PSI can also understand changes that do
not correspond to a specific set of actions
called for by the procedure, but that do corre-
spond to the intentions underlying that set of
actions. This type of analysis is reminiscent of
AI plan induction techniques, in which an
inferring agent draws conclusions about the
plans of an observed agent by relating actions
to an inferred hierarchy of goals and alterna-
tive methods for achieving those goals.
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