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Automatic Control: Past Successes—Future Goals

ontrol has been an enormously successful discipline affect-
‘ ing essentially every aspect of our lives. Process control,

specifically, has had amajor impact on process economics by
increasing process efficiency, reducing emissions, improving prod-
uct quality and process safety. For example, as a direct consequence
of process automation, from 1980 to 1998, the refining industry in
the U.S. was able to reduce the number of operators from 93,000 to
60,000 while increasing production from 5.3 to 6.2 billion barrels.

It is often overlooked that process control was leading many of the
developments in automatic control. For example, the use of comput-
ersin process control that started around 1960 predates the comput-
er use in other control application aress. In the 1970s the process
industries pioneered model predictive control (MPC) that takes
advantage of the available computer power to determine the control
action via optimization executed in real time. Based on thousands of
industrial applications, it can be argued that MPC is the most impor-
tant agorithmic development in control since the introduction of the
PID controller. MPC can be found in al modern refineries and chem-
ical companies in the world, it led to numerous startup companies,
and its successes were invoked to justify many academic research
projects. Only during the last few years MPC has started to make
inroads in other application areas like automotive and aeronautics.

Process contral is a victim of these successes: it has reached a
plateau and a turning point. The research community is nervously
looking for the next killer application and the next MPC.

Two considerations should guide this search. First of al, there is
little practical interest in new control algorithms that provide mod-
erate performance improvements over existing techniques, because
the costs of implementation, training, and maintenance quickly out-
weigh the benefits. An algorithm has a better chance of adoption,
when it addresses a new problem which cannot be addressed at al
by the available tools. Second, the potential impact of anew control
algorithm is small in application areas that have been investigated
by generations of people over decades. Of interest are either new
applications where there is no control at present, or applications
where the introduction of a hew enabling technology has created
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unprecedented opportunities for control. This “technology” could
be new sensors, new actuators, dramatically increased on-line com-
puter power, or simply an improved process understanding.

Interesting and promising developments are starting to take
place both in terms of new algorithms and new applications. It is
particularly satisfying to see these developments originate with a
new generation of process control researchers, who have made it
their mission to truly solve complex control problems—including
the necessary sensors, software, and hardware developments (in
pleasant contrast to the “have agorithm-will travel” approach of
the past). The efforts in the control of biological systems, of poly-
mers, and of crystallization processes reported at the Conference
on Chemical Process Control CPC 6 (Rawlings and Ogunnaike,
2001) are impressive indications of this trend. On the systems the-
ory and algorithm side, Christofides (2001) makes persuasive argu-
ments for nonlinear distributed parameter systems as an important
paradigm for awide range of applications including the control of
size distributions, fluid flows, and material microstructure.

Another system class which promises to greatly expand the set
of practical problems that can be addressed are hybrid systems,
wheretheterm “hybrid” is used to indicate that the systemsinclude
both continuous and discrete states. In this framework it is possi-
ble, for example, to design not only the classic controller, but also
simultaneously the control logic, which often dominates practical
control performance. What was left to the trial and error proce-
dures of the experienced engineer in the past can now be donein a
systematic automatized fashion greatly reducing the development,
implementation, and commissioning effort. The increasing number
of sessions devoted to hybrid systems theory and applications at
recent meetings (Morari and Bemporad, 2001) attests to the impor-
tance of this rapidly growing area.

The newly emerging area of biomedical control meets the criteria
discussed above for control engineers to have significant impact.
Biomedical engineering is evolving rapidly through new discoveries
in biology that provide new actuators and sensors, as well as the
improved understanding of the bhiologica functions, which is a pre-
requisite for feedback controller design. Moreover, there is very little
use of automatic control a present. Thanks to their chemica engi-
neering training, process control engineers are positioned singularly
well to take advantage of the opportunities in this area. In this article
we focus on two problems, blood glucose control viaautomaticinsulin
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delivery and automation of anesthesia. For other examples of auto-
mated control in biomedicine, refer to Bequette and Doyle 111 (2001).

Endogenous vs. Exogenous Feedback Systems

Over the past decades, we have witnessed a significant shift of
research effort from the study of endogenous feedback systems
(ENFS) to exogenous feedback systems (EXFS). In both domains,
control theory playsameajor role. The attention towards ENFS arose as
early as the first important developments in control theory (Wiener,
1949). The main purpose of ENFSis to maintain homeostasis of sev-
eral physiological variables: they keep some crucia parametersinside
aliving organism almost constant in spite of changes in the environ-
ment. Examples of ENFSin humans are known by common experi-
ence, such asthe pupillary light or the muscle stretch reflexes. Unlike
ENFSwhere al the elements of a

patient on the basis of three to eight capillary blood glucose concen-
tration measurements, which represents the feedback correction.

It is not hard to imagine—at the current point of the discussion—
that aclosed-loop system for insulin delivery to insulin-dependent dia-
betes patients can have atremendous impact on hedth care. Such sys-
tems are often referred to as artificia pancreas. Two insulin adminis-
tration pathways are under consideration in this respect: the subcuta-
neous (SC) and the intravenous (IV) route. Both exhibit advantages
and drawbacks when evaluated across the major issues for continuous
delivery: long-term reliability and short-term action. Specificaly, the
SC route provides the safest and easiest administration, though it is
pendized by long delays in absorption. The introduction of Lispro
insulin, a monomeric analog of the regular insulin which is absorbed
two or three times faster than regular insulin through the SC route, has
partialy compensated for this deficiency. The IV route provides rapid
delivery, faster responses to over-
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serve different needs and quite
interestingly, these can be classified in terms of their interactionswith
ENFS. The interactions between EXFS and ENFS are of two types.
In some cases EXFS suppress existing ENFS. In anesthesia, for
example, analgesic drugs and muscle relaxants can be delivered auto-
matically to suppressthe patient’s autonomic reactions and the move-
ment responses to surgical stimuli. In other instances, EXFS are
designed to replace an ENFSwhich is not working properly, either
because its action is suppressed by the pharmacological activity of a
drug, or because it is permanently damaged as a consequence of a
disease or injury. Artificia ventilation, for example, is used during
general anesthesia in subdtitution of the respiratory reflexes, which
are suppressed by most anesthetic drugs. EXFSin insulin therapy
compensate for the missing insulin producing -cellsin the pancreas
of type | diabetes patients. From the preceding discussion, it is clear
that ENFS must be understood thoroughly before designing EXFS.

Control of Insulin Delivery

Type | diabetesis characterized by the absence of the insulin-pro-
ducing 3 cellsin the pancreas. In this situation, exogenous injections
of insulin are necessary to regulate blood glucose levels. Maintaining
blood glucose levels within tight physiological ranges can drastically
reduce the occurrence of long-term complications such as nephropa
thy and retinopathy, which result from sustained hyperglycemia.
Further, it minimizes the short-term hypoglycemic risk of insulin
shock and death. The current therapy for insulin-dependent patients
consists of apartialy closed-loop strategy which combines afeedfor-
ward and afeedback action. The feedforward policy consists of three
to four subcutaneousinsulin injections per day whose doses and inter-
vals between doses are imposed by the physician on the basis of the
life-style of the patient. The prescribed policy is then adjusted by the
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development of a reliable glu-
cose sensor. The approaches which have been proposed in this
respect can be classified into minimally-invasive and noninvasive
methods. Low precision is the major issue of noninvasive methods
which detect the absorption or scattering of alight beam sent across
the skin. On the other hand, long-term reliability and measurement
delays are the current bottlenecks of minimally-invasive techniques,
which measure blood glucose concentrations in the interstitial fluid.

Thetechnical shortcomings of sensors and actuatorslocated outside
the blood pool may be avoided by transforming the glucose-insulin
regulation problem from an EXFSinto an ENFS. Thiswould be made
possible by controlled drug delivery technology, where the sensor and
the actuator of the feedback system are both located inside the blood
pool. Inthis approach, insulin circulatesin the blood stream coated by
asynthetic polymer, which swells or degradesin acidic environments.

However, this system has never been used in humans with safe-
ty the major issue to be addressed. As a matter of fact, the rate of
insulin release from the polymeric reservoir cannot be predicted
with sufficient accuracy. From this perspective, externally located
actuators guarantee higher safety and the control literature has
mostly focused on these types of systems.

Control Strategies in Anesthesia

Clinical anesthesia can be seen as a feedback control system
where the anesthesiol ogists represent the control algorithm. From
an input/output point of view the anesthesiologist faces the control
problem shown in Figure 1.

During surgery, anesthesiologists induce a reversible pharmacol og-
ica dtate were the patient’s muscle relaxation, analgesia and hypno-
sis—the outputs of the system—are guaranteed. They administer
drugs and adjust severd medica devices—the inputs of the system—
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to control these outputs and to compensate for the effect of surgica
manipulation and blood losses, which are the disturbances entering the
system. At the same time, the patient’s vital functions must be main-
tained, which are the constraints of the system. Given that premise, it
isnaturd to ask whether automatic controllers can play arolein anes-
thesia The potentia benefits of their use reside in two factors. First,
they canrelieve the anesthesiologist in part of her/his decision process.
Second, they can improve the quality of anesthesia by providing drug
administration policies which pursue multiple control objectives such
as tracking of reference signals, disturbance compensation, handling
of input and output constraints and drug minimization. The conse-
quenceswould beimproved patient care and reduced heslth care costs.

The outputs to be regulated during general anesthesia are quali-
tative by nature and consequently must be assessed by correlating
them with available physiological

trol algorithm alowed us to implement an efficient algorithm to
reject measurement artifacts, which may lead to harmful control
behavior if not detected appropriately. Blood pressure artifacts
occur routinely during surgery when catheter systems are used like
in our case (Frei 2000). Third, the explicit formulation of MPC asa
piecewise affine control law allowed us to represent graphically the
relationship between the MPC design parameters and the actual
control reaction to disturbances and set-point tracking. This facili-
tated greatly the acceptance of the controller in the operating room.
Hypnosisindicates unconsciousness and the absence of post-oper-
ative recall of events occurred during surgery. Despite the fact that
the mechanisms of drug induced unconsciousness are still unknown,
the electroencephalogram (EEG) is considered as the major source
of information to assess hypnosis. The Bispectral Index (BIS, Aspect
Medical Systems, Newton, MA) isa

measures. Even though several sen-
sors are available in the clinical
practice, the correlation still
remains a subject of vivid debates.

Muscle relaxation is induced to
facilitate the accessto internal organs
and to depress movement responses
to surgica stimulations. Among the
three components of anesthesia, mus-
cle relaxation appears as the most
straightforward to quantify and con-
sequently to control. However, since
overdosing of muscle relaxants nei-
ther represents a risk for the patient
nor delays the time to awakening,
feedback controllers are rarely used
in clinica practice.

Analgesiaispainrelief and at pre-
sent there are no specific measures
to quantify it intraoperatively. An
apparent reason for thisis that there
is no pain perception when the sub-
ject is unconscious. Consequently,
the state of art for intreoperative
analgesic administration are open-
loop infusion palicies which target
predicted drug concentration in the
plasmaor at the site of effect.

We designed an explicit model
predictive controller (MPC) whose
primary objective is to blunt MAP

Figure 2. Blood pressure measurement during
anesthesia experiment via catheter.

commercia monitor which extractsa
measure of the depth of hypnosis
from the EEG and has gained wide
acceptance as a target to adjust the
administration of hypnotic drugs.
Our group developed and tested an
automatic controller for BISwith
isoflurane (Gentilini et al., 2001).
Also, it guarantees safe operation in
the case of BIS sensor failure.

Research Challenges
Related to Anesthesia
Control

In this section we will mention
some specific research themes encoun-
tered in anesthesa control and aso
comment on the genera prerequisites
for aresearch programin this area.

Modeling and Identification.
Linear models are generaly inade-
quate for control. While the classic
compartmental modeling approach
provides important structura infor-
mation, the specifics and the parame-
ters of the model need to be deter-
— mined from experiments. Appropri-
ate nonlinear identification schemes
taylored to these systems have to be
developed and tested. Volterra mod-

reactions to surgical stimulation

with the analgesic alfentanil. The MAP is determined from blood
pressure measurements taken at 128 Hz via a catheter (Figure 2).
The secondary objective of the controller is to maintain predicted
analgesic concentration in the plasma around a reference value
specified by the anesthesiologist. As such, the controller realizes a
trade-off—optimal in the sense of the MPC a gorithm—between
open- and closed-loop infusion policies (Gentilini, 2001).

MPC control design offered three significant advantages beyond
the unique capability of handling both input and output constraints
in a systematic way. First, the control performance can be adjusted
to the particular subject’s characteristics automatically by modify-
ing the internal model of the control system and leaving the control
parameters unperturbed. Second, the observer embedded in the con-
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els are not suitable; piecewise linear
models have been shown to be successful for some applications
(Ferrari-Trecate et a., 2001). They have the advantage that the new
controller synthesis methods for hybrid systems (Morari and
Bemporad, 2001) can be directly applied to such models.

Learning Systems. Whichever model is adopted, the variability
is higher than typical in process control. The same patient will not
react in the same manner at different times and under different con-
ditions. For different patients we have attempted to normalize the
models by accounting for factors like body weight and height. The
variability is reduced, but still large.

We have dealt with this problem by robust controller design. The
theory in this area has proven to have great educational value, but the
actual controller parameters were arrived at after extensive simula-
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tion studies together with the responsible anesthesi ol ogist who need-
ed to be convinced that the controller behaved correctly in different
scenarios. Using one set of controller parameters (possibly adjusted
for body weight and surface areq) for al patients of widely different
age, body condition and medica history will hopefully result in a
robust, but necessarily also a suggish, controller. While adaptive
control in the classic theoretical sense is unlikely to find use for the
control of anesthesia, a more limited form of “learning controller”
which uses patient and situation specific data determined in the ini-
tial phases of the operation should be developed and tested.

Sgnal Processing and Estimation. We mentioned BIS as a possi-
ble indicator of hypnosis. Other approaches may be considered, each
one having its supporters, but the general problem of determining the
depth of anesthesia is certainly not solved. Alternate processing of
the EEG needs to be investigated, as well as a combined use of the
many available types of measurements (sensor fusion) to arrive at a
more reliable indicator for the depth of anesthesia. To find such a
combination, we can exploit the tools for Data Mining. As an exam-
ple, we have acquired data from 20 volunteers who were put under
anesthesiafor about six hours each. Special techniques are needed to
extract information out of these 1.2 GByte of data.

Multiobjective Constrained Control. Contrary to many process
control problems and most problems studied in the theoretical lit-
erature, anesthesiais not asimpletragjectory tracking or disturbance
rejection problem. There are no set points, but the physiological
state of the patient has to be kept in a certain range defined by
about a dozen constraints of different priorities. Available for this
complex task are only a couple of manipulated variables related to
drug dosing and ventilation. Controller design approaches in the
spirit of model predictive control (MPC) appear to be the only
aternative at present, but the robustness of these controllers and
their ability to obey constraints in the presence of model uncer-
tainty is barely understood (Bemporad et al., 2001).

Safety-Critical Real Time System. The computer systems provided
at present by the mgjor anesthesia equipment manufacturers, for exam-
ple, our industrial partner Dréger, are not designed for researchers to
simply plug in their favorite controllers, as this is the case with the
modern control equipment in the process industries. Thus significant
computer engineering effort was necessary before any controller usein
the operating room could even be considered. It is to be expected that
these obstacles will decrease as new generations of computer integrat-
ed anesthesia systems become available. The on-line use of nonlinear
programs as needed for classicd MPC is unlikely, however, because
the correct functioning of such complex agorithms is impossible to
verify. “Explicit MPC” (better cdled “Constrained Linear Quadratic
Regulator”) (Bemporad et a., 2000), where the MPC law is presented
explicitly in apiecewise linear form, isapreferred adternative, but spe-
cific aspects of safety have not been studied to date.

Conclusions

We find our work in the area of anesthesia control rewarding and
intellectually stimulating because of its interdisciplinary nature and
the variety of challenges. The results are met with interest by the
anesthesiology community, as well as the companies developing and
manufacturing anesthesia equipment. Together with us, Dréger decid-
ed to file a patent application for the BIS controller. Over the last
eight years, more than 160 operations were done at the Inselspital
Bern where automatic control systems from our institute were
employed. In the recent past many of these operations were carried
out without any control engineer present.
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The success has not come easy, however. It has taken yearsto build
up the required infrastructure in terms of computer hardware and soft-
ware, and to form the necessary relationships with the partners a the
hospital and the companies, foremost Dréger, but aso with Aspect
Medical Systems, Organon/Akzo Nobel, and Pharsight Corp. While
this base adlows us to generate interesting research results relatively
easly now, thefirst few years passed with little measurable output. It is
not clear if the U.S. research funding environment would have allowed
such research to prosper. Extensive literature on many issues discussed
inthis article is available on our Web site www.control .ethz.ch.
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