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Abstract
This article addresses the issue of knowledge representation
and reasoning techniques used in the design of a ventilator
controller. It presents two approaches: a model-based
approach that uses domain models and corresponding rea-
soning techniques, and a goal-oriented approach combining
associative and procedural knowledge in implementing
’compiled’ experience-based response of an expert and
usage of more conventional reasoning techniques. The
approaches are discussed in the context of data provided for
this symposium. In the last section we will describe the basic
architecture of a controller that is under the development in
our lab and that will eventually implement a goal-directed
approach. Its development is based on the conjecture that the
goal-directed approach is capable of efficiently solving non-
trivial portion of the control problem without large increases
in the complexity of the knowledge.

Introduction
The problem of ventilator control has been at the centre of
attention of AI researches since 70s (VM [1]). However, nei-
ther of early works nor latter works and/or ongoing research
projects have received recognition in the medical community
outside the site they were developed.
The approaches tried in the domain encompass rule-based
approaches ( [1], [2]), protocol implementations [3], the use
of domain models [4] and their combination. However ques-
tions: like ’where specific approach should be used’ or
’which approach is really needed to implement an efficient
controller’ remain to be answered. The focus of the follow-
ing work is to contribute to the debate and present some of
our views. The discussion will be centered around two
approaches: model-based that is rooted in the use of domain
models and goal-directed that is anchored mostly on the
experience of the expert.

Ventilator control
The problem of ventilator control is a problem of continous
management of ventilator settings with regards to the actual
patient state. Thus at every point in time the control task is:
’Select the best ventilator settings’.

With regards to the control task a control configuration con-
sists of:

- a set of parameter values describing actual patient and
ventilator state

- a set of possible ventilator moves;
- preference criteria allowing selection of the next move to

take.

An example of how a clinician deals with the task of ventila-
tor control is illustrated by the sequence of events that hap-
pened during the course of patient monitoring in the AIM
data set:

AIM data set example(hypoventilation)
while the patient was on the ventilator 2 consecutive blood
gas tests revealed:
1. the decrease in Ph from 7.28 at (23:16) to 7.23 (4:30);
2. the increase in PaCO2 from 44 (23:16) to 53 (4:30).
This is a clinical picture that indicates hypercarbia t and
worsening acidosis due to decreased alveolar ventilation
(hypoventilation).
The action taken by the clinician was to increase the minute
ventilation by increasing respiratory rate (RR) from 16 to 
breaths/minute, probably together with the change in the
peak inspiratory pressure (PIP), resulting in an increase 
the tidal volume from 72 to 80 ml. Another parameter that
could be responsible for the change in tidal volume (but was
not monitored) is the inspiratory - expiratory ratio (I: 
ratio).
The values tested after the change in the ventilator settings,
PaCO2 45 and pH 7.27 (6:11), reflected an increase in the
ventilation.

Control criteria
To construct the controller we would like to ’reproduce’ con-
trol activities that clinician performs when s/he is faced with
particular circumstances. In the light of a control task
described above this translates immediately into the problem
of acquiring criteria allowing to select the next move. In the
context of the data set it means knowing how the particular
set of ventilator parameter values was selected.

Although the objective of the ventilator therapy is well
known (get the patient through the critical disease stage with
the smallest negative effect of the therapy) it is sometimes

1. Note that PaCO2 can be estimated from partial alveolar
CO2 pressure that in turn can be approximated as an end-
tidal CO2 pressure (ETCO2). ETCO2 can be measured
continuosly and non-invasively.
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hard to use these to criteria to decide the beterness of a spe-
cific move or state, e.g. was it better to change RR to 18 or
20 breaths/minute. Instead the criteria used are often defined
indirectly and more vaguely, e.g. ’try to avoid long ventila-
tion with Fit2 higher than .6 due to possible oxygen toxic-
ity’. The consequence of the fact that criteria are not tight is
that more moves (states) need to be considered equally good,
as there are no preference criteria available to differentiate
among them. This allows also for greater variation in the
subjective control criteria and can be a reason for some of
the disagreements in the two expert ventilatory plans.

In summary the control criteria used by clinician are:
- weak and often indirect;
- mostly based on ’experience’;
- use ranges rather than specific values.

Model-based approach
Models are often used in systems because of their capability
to compactly approximate reality. Their main advantage is
that they can serve as a common reference basis for many
different task, e.g. various inference problems or explana-
tion.

In the ventilator control domain one can use the physiologi-
cal models of of respiratory mechanics, gas transport in
lungs and in the blood. A piece of such model releated to the
hypoventilation example is captured by the following formu-
las and shown in figure 1. (arrows indicate the direction from
ventilator settings to controlled parameters):
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where [HC03] stands for the bicarbonate concentration,
PAC02 for the partial alveolar C02 pressure, ~’co2 for the
C02 production rate, VA for the alveolar ventilation, Vo for
the deadspace ventilation, I) for the total minute ventilation,
VD for the deadspace volume and VT for the tidal volume.

Representing models in the controller one can address tasks
like: ’what is the minute ventilation needed to reach a
PaCt2 of 45’, or ’what is the effect of increasing RR on
PaCt2’.

There are also disadvantages associated with the usage of
models. These are:
- some parameters of the model cannot be measured and can

be only estimated;

VD VCO2
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Figure 1. Parameter dependencies in the partial model
for ventilation.

- imprecisions inherent in the model and from parameter
estimates tends to propagate and accumulate in computa-
tions.

In the context of the ventilator controller design the model-
based approach can cover many activities one need to use.
However one important feature of the control task - control
criteria cannot be incorporated directly into the physiological
model. This is due to the lack of a compact model relating an
individual ventilator move or patient state to the overall goal
of the therapy. This deficiency can be avoided by construct-
ing a score function for preference ordering on states (see
e.g. [4]). Disadvantages of such score-function model are:
- it is hard to construct and it can be very often imprecise;
- secondary criteria relating states to control moves need to

be developed and usually require search, thus making the
method inefficient.

Goal-directed approach
A model can be used in solving multiple different tasks. On
the other side, the knowledge in the goal-directed approach
represents only features relevant to solve one specific task.

The idea of the goal-directed approach to ventilator manage-
ment is to represent and use directly the knowledge of the
following type:

’how to control ventilator in current situation’,
’what is the best control step to take next ’.

In other words it represents and uses ’compiled’ responses of
a clinican to specific situations. A ’compiled’ control
response can correspond to:

- a change in ventilator settings;
- a sequence of changes (steps) to execute.

The knowledge expressed in this approach overlaps with the
one discussed in connection with control criteria. The major
difference between them is that the goal-directed approach
concentrates on the encoding of one ’optimal’ behavior,
rather than defining the range of ’optimal’ control behaviors.
This is of special advantage as there is no need to encode cri-
teria ranges which are hard to fit to specific values. It is also
more natural for the clinician to specify and express one
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behavior.

The idea of the goal-directed approach is illustrated in figure
2. Here we assume that B is an adjustable ventilator parame-

B
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a
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Figure 2.’ Optimal’ control in the goal directed approach

ter and A is the only parameter relevant in determining its
’optimal’ values. The ’encoded control’ curve reflects the
knowledge of the goal-directed approach. It defines one spe-
cific behavior that fits the ’optimal’ range for any value of A.
Note that the complexity of an encoding of the curve is
strongly dependent on how values of A are broken down to
regions (e.g. I, II, III).

Similarly to the association between situation (region) and
ventilator parameter value, we can make an association
between situation and a sequence of steps. In this case we
speak about protocols or control plans. A piece of such pro-
tocol can look like:

repeat increase peak_inspiratory_pressure (PIP) by 
wait 1 minute;

until total_ventilation is approximately equal to ventila-
tion_estimate

Major problems of the goal-directed approach in the ventila-
tor control are related to the problem of breaking down the
space of all possible states to smaller situations (regions) and
to the need of encoding boundaries for all such regions.
Most common problems are:

- hard to find where boundaries should be;
- fragmentation (can become too large);
- completeness (all possible states must be covered).

Conjecture
The goal-directed approach reflects the tradoff between eft-
ciency and complexity of knowledge needed to encode rele-
vant situation. The conjecture, we are currently pursuing, is
that it is possible to break down the problem space along few
dimensions such that it will allow to solve at least some non-
trivial parts of the ventilator control problem without signifi-
cant increase in the complexity of knowledge.

For the purpose of testing the viability of the conjecture we

have started to work on the controller kernel that is oriented
towards implementing goal-directed approach.

Architecture of the controller kernel
The activities that a controller must be able to perform are:

- input data preprocessing
- data interpretation, update state description
- selection of the best action (plan) to take
- execution of the action.

The controller kernel is the part of the controller that
abstracts from the problems of input data preprocessing and
action execution. We assume that preprocessing phase deals
with the noisy data (signal processing) and that action execu-
tion module deals with the details of control action execu-
tion. We also assume that data are received in sets.

The structure of the controller kernel is shown in figure 3.

STATE CONTROL

DESCRIPTION PLANS

INPUT

RULES OUTPUT

Figure 3. Controller kernel structure.

State description structure behaves like a memory that
records the current state of both the controlled system (inter-
preted) and the controller. The state description consist of 
number of variables. One group of variables corresponds
directly to the parameters from the input data stream (e.g.
Mean arterial pressure, Respiratory rate). Other variable
groups correspond to: dependent parameters or their esti-
mates that can be computed using well-defined formulas
(e.g. MAP during pressure-controlled ventilation, or total
ventilation) or tabular definition, transformed parameters
(e.g. abstraction from quantitative to qualitative values) and
infered parameters.

State description structure is updated in the propagation-like
fashion to ensure the consistency of the actual state descrip-
tion, i.e. when the variable value is changed all dependent
variables are reevaluated automatically. The process of
updating can consist of few propagation sweeps initiated by
the new data from the input stream or from inferences
through rules.

Rules are used in the process of data interpretation as well as
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for the purpose of encoding activities related to control. The
form of rules is obvious. A consequent of a rule consists of
actions that can:

- change the value of the variable;
- produce a control action on the output stream;
- control the execution of control plans.

Actions in the consequent are evaluated in an ’edge-trig-
gered’ fashion (whenever the antecedent changes its value to
true), thus reducing the need for reevaluating antecedents on
every cycle.

The vital part of the knowledge used in control tasks deals
with the problem of how to achieve the goal, or how to
behave in specific situations. Such knowledge, when it con-
sists of more steps, corresponds to control plans (protocols)
discussed above. Control plans allow for encoding fixed and/
or conditional sequences of steps in a straightforward way.

Control plans are best represented as transition diagrams
with states and condition/action pairs attached to transitions.
The meaning of a transition is obvious: a transition is taken
whenever the condition is satisfied. Actions on transitions
corresponds to actions in rules. The transition diagram of the
top-level plan of the ventialtor therapy is illustarted on figure
4. A state named ’increase’ in the figure 4 corresponds to the

start state

FAILURE SUCCESS

final states

EXTUBATION

INCREASE WEAN

Figure 4. Top-level plan of the ventilator therapy.

therapy stage, when the patient dependence on the therapy is
increasing, wean corresponds to the opposite process.

Every control plan has one start state and at least one final
state. Current state of the active plan is kept in the special
control plan variable that can be explored by other parts of
the system. This allows one to distingiuish the result of the
control plan execution (e.g. success and failure in figure 4),
as well as, to solve tasks like synchronization of two concur-
rently active plans.

There is no restriction on the number of plans that can be
concurrently active. This allows for running two control
plans for mutualy independent parameters or a control plan
that is in fact a specialization of the state in the other active
plan, e.g. a specific plan to increase the ventilator therapy

can be active within the top-level therapy plan from figure 4.
In the future we plan to make a specialization relation
between steps and control plans explicit and thus allow for
hierarchical structuring of control plans.

Conclusion
Two possible approaches to the design of ventilator control-
ler have been evaluated above: a model-based approach that
offers robustness and flexibilty for solving several different
reasoning tasks related to the control, and a goal-directed
approach which is experience-based and efficiently gener-
ates control responses for specific situatios.

We are currently pursuing the conjecture that the dangerous
increase in the complexity caused by encoding all relevant
situations in the goal-directed can be avoided in at least some
non-trivial portions of the ventilator control problem. To test
this conjecture we have started to work on a controller capa-
ble of implementing this approach. The work is in its initial
stage and there are no results currently available.
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