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Abstract— In this paper, we discuss the first application of
recently developed L1-adaptive control methods for closed-
loop control of anesthesia delivery during surgery. Our initial
objective, described herein, is to design controllers that are
robust to inter-patient variability, such that patients follow
a prespecified Bispectral Index profile. The controllers are
designed from identification-based models constructed from
clinical trial data.

I. INTRODUCTION

During surgery, the anesthesiologist constantly monitors
and adjusts the delivery of anesthesia to the patient in an
attempt to maintain a desired level of sedation, analgesia
and muscle relaxation. At the same time, the anesthesiologist
maintains ventilation parameters and monitors cardiovascular
and respiratory functions Additionally, intra-operative blood
samples are often taken and used to observe gas concentra-
tions, blood-sugar levels, electrolyte concentrations and co-
agulation parameters. In short, the anesthesiologist performs
an extremely complex role, namely, that of a multivariable
feedback controller. A common long term research goal in
this area is thus to incorporate partially automated anesthesia
delivery into the process, allowing the anesthesiologist to
concentrate on urgent safety-critical events that arise during
surgery.

In order to implement model-based feedback control of
anesthesia delivery, two primary needs are (1) adequate and
appropriate means of sensing the patient’s level of sedation,
analgesia and muscle relaxation, and (2) mathematical mod-
els capturing the patient response to anesthetic agents. Over
the past two decades, the bispectral index (BIS), a statistical
index based on phase and frequency relations between the
component frequencies in the electroencephalograph (EEG)
recordings, has found significant acceptance as a measure of
sedation level (see [13], [34], [14] and the references therein).
The adequacy and extent of muscle relaxation or neuromus-
cular blockade can be evaluated effectively using different
modes of electrical stimulation ([20], [28]). Whereas the
means and methods for establishing and monitoring adequate
sedation and NMB levels are by now fairly well-accepted,
there is no standardized or generally accepted method for
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determining the state of analgesia at this time. Under the
administration of sedatives, analgesia is continually influ-
enced by external stimuli and the administration of analgesic
drugs, and interaction, or synergy, between analgesics and
sedatives is, for the most part, unavoidable. In this paper, the
main focus of our discussion will be on controlling the level
of sedation via automated feedback methods, in particular
implementing novel L1-adaptive control techniques. Our
long term goals include extending these methods to the full
MIMO case described above.

Our initial objective, described herein, is to design a
controller such that patients under anesthesia follow a pre-
specified BIS profile and, simultaneously, certain vital signs
are maintained in a safe range, ensuring that the proper level
of sedation is maintained throughout the surgery without
putting the patient at risk. The BIS value is a single dimen-
sionless number ranging from 0 to 100, where 0 corresponds
to a silent EEG, and 100 corresponds to a patient being
fully awake and aware. A BIS value between 60 and 40
is considered a viable level for general anesthesia, where
the patient is not aware and surgery can be performed [33].
The manner in which the BIS level of any patient responds
to the infusion and/or inspiration of anesthetic agents is not
linear. In fact, the standard modeling paradigm commonly
used to describe the relationships between anesthetic inputs
and patient outputs (or effects) is that of pharmaco-kinetic,
pharmaco-dynamic (PK-PD) compartment models, which
consist of a linear time-invariant (LTI) system cascaded with
a static nonlinearity, which captures the drug concentration-
to-effect relationship (see [17], [29], [25], [18] for details).
The resulting (grey box) mathematical models are inherently
single-input single-output (SISO) and contain a system of
ordinary differential equations plus a nonlinear function,
representing the relations between the drug input function,
the concentration of drug in the various compartments, and
the effect of the drug on specific patient endpoints. Unfortu-
nately, as these models are strictly SISO, they are incapable
of capturing the effects of disturbances, drug synergies, or
coupling among effects in the human body.

Alternatively, in more recent previous work it has been
shown that patient response to anesthesia can be adequately
captured by multivariable piecewise-linear models, with one
linear model capturing patient response around an ”awake”
equilibrium state, and another linear model capturing pa-
tient response around a ”sedated” equilibrium state [23],
[2]. These models incorporate external stimuli inputs and
certain vital sign outputs. In this paper, we derive a set of
models that correspond to patient response to anesthesia and
external stimuli in an ”awake” state, and in a ”sedated” state,
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respectively, for seven different patients’ sets of data. We
note that the models we derive are not compartment models
and thus the states in these models are not required to be
positive. Using these models, we discuss control synthesis
and simulation results using the recent L1-adaptive control
methods proposed in [5], which adapt quickly, ensure stable
performance in the presence of model uncertainties, and
achieve the desired BIS reference tracking objectives. This
represents the first application of the L1-adaptive control
methods to the anesthesia control problem. We show that
this control architecture results in very small tracking error
and is robust with respect to the variability found across
different patient responses to anesthesia.

A. Prior work

A number of prior control efforts for the anesthesia
problem have been completed and evaluated over the past
50 years. Schwilden and colleagues used median frequencies
from EEG power spectra as one measure of sedative effect
to develop PK-PD model-based adaptive feedback control of
the anesthetic agents propofol, methohexital, and alfentanil
during both clinical studies and for surgery [32], [30], [31]. A
number of model-based closed-loop anesthesia control stud-
ies also have been published by Gentilini and colleagues [9],
[8], [10], [11], [12]. In [9], semi-physiological models and
rule-based controllers for the regulation of respiratory func-
tions and mean arterial pressure (MAP) under administration
of isoflurane (ISO) are described. The application of model
predictive control schemes to regulate MAP during delivery
of isoflurane is investigated in [8]. In one of the most compre-
hensive control implementations completed to date, Gentilini
et al. proposed a control scheme for the regulation of MAP
and sedation level using PK-PD models of the response to
isoflurane [10], [11], in which the design of a cascaded IMC
(internal model control) controller to regulate the sedative
affects of anesthesia via the BIS level of the patient, and
a three-observer-based state feedback controller to regulate
MAP are proposed; the control designs are implemented in
a loop-at-a-time manner. Mortier also considered control of
sedation level via BIS monitoring in [24], where PK-PD
model-based adaptive control of propofol is implemented in
surgeries. More recently, Haddad, Hayakawa and Bailey have
completed adaptive and neural network based control designs
for the regulation of unconciousness under administration of
propofol [15], [16]. Although this by no means represents an
exhaustive discussion of prior work on closed-loop control
of anesthesia, it presents the work most closely related to
that discussed in this paper. However, all of the prior and
ongoing work discussed above considers the use of SISO
models and control designs, whereas our long term objective
is to develop MIMO models and control designs.

The rest of the paper is organized as follows. We begin
by briefly stating our problem formulation in Section II. In
Section III we provide an overview of the methods and theory
for L1-adaptive control. We then discuss the construction of
the models we use in the control design process, including
an overview of the identification methods and data used, in

Section IV. Simulation results are then presented in Section
V. Section VI summarizes our results and discusses our
ongoing efforts. Our notation is standard.

II. PROBLEM FORMULATION

Our objective is to develop a control design platform using
system identification and advanced control methods so that
patients’ BIS levels track a desired reference trajectory. The
controller must simultaneously compensate for the variability
inherent in patient response to anesthesia and disturbances.
Therefore, we require a control architecture that is both
adaptive and robust.

In order to achieve these objectives, we implement the
recently developed L1-adaptive control techniques described
in [6]. In this framework, we begin by considering the
following ISO to BIS system model:

y(s) = A(s)(u(s)+d(s)) (1)

where y(t) ∈ R is the system BIS value and u(t) ∈ R is
the controllable input; in our case, percentage concentration,
by volume, of the inhalational sedative isoflurane. It is
assumed that A(s) is an unknown transfer function that is
strictly proper. The d(s) term is the Laplace transform of the
(time-varying) disturbances d(t); it is typically assumed that
d(t) = f (t,y(t)) where f (t,y(t)) is Lipschitz, with Lipschitz
constant L, but is otherwise an unknown mapping. The
control objective is to design an adaptive output feedback
controller such that the patients’ BIS level y(t) tracks the
BIS reference input following a desired reference model:

y(s)≈ M(s)r(s) (2)

For example, in our simulations we consider a first order
system of the form

M(s) = m/(s+m), m > 0. (3)

We then rewrite (1) as

y(s) = M(s)(u(s)+σ(s)), where
σ(s) = ((A(s)−M(s))u(s)+A(s)d(s))/M(s) (4)

In order to control and compensate for the varying re-
sponses to isoflurane among patients, we design adaptive
controllers that ensure BIS-level tracking in both the transient
and steady-state, while keeping all remaining error signals
bounded.

III. L1-ADAPTIVE CONTROL: BACKGROUND

The L1-adaptive control architecture was first proposed
by Cao and Hovakimyan in [4], [5], and is intended for
situations in which the controller must ensure that the
system output follows a given reference signal in the face
of modeling uncertainties. L1-adaptive control techniques
have seen increasing application in the last few years, par-
ticularly in aerospace applications [26], [36]. These methods
are useful in the same settings in which model reference
adaptive control (MRAC) techniques could be considered,
but also in settings in which fast adaptation is required. In
this setting, L1-adaptive controllers prevent behaviors such
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as high frequency oscillations in the control channel and
parameter drifts from occurring, based on the implementation
of a projection operator in the adaptive law and a low pass
filter in the control law. Additionally, the L1-adaptive control
architecture guarantees uniformly bounded asymptotic and
transient tracking for the system inputs and outputs. These
bounds, which are quantifiable, improve as the adaptation
rate is increased.

The basic structure of the L1-adaptive controller is com-
prised of a predictor, a parameter adaptation law, and a
feedback control law. The main elements are described in
[6], which we excerpt in a summarized form below.

• Closed-loop Reference System: Consider the following
closed-loop reference system:

yre f (s) = M(s)(ure f (s)+σre f (s)) (5)

σre f (s) =
(A(s)−M(s))ure f (s)+A(s)dre f (s)

M(s)
(6)

ure f (s) = C(s)(r(s)−σre f (s)) (7)

where dre f (s) is the Laplace transform of f (t,yre f (t),
and C(s) is a strictly proper transfer function with
C(0) = 1. C(s) is a low pass filter used to attenuate
high frequency content in the control channel resulting
from uncertainty. The simplest choice for C(s) would
be a first order system

C(s) = ω/(s+ω), (8)

which we use in our simulations.
• L1 Stability Condition: Choices for M(s) and C(s) are

restricted such that

H(s) =
A(s)M(s)

(C(s)A(s)+(1−C(s))M(s))
(9)

is BIBO stable and

‖G(s)‖L1L < 1, G(s) = H(s)(1−C(s)). (10)

If M(s) and C(s) are chosen such that (9) and (10) hold,
then the closed-loop reference system in (5), (6), and (7)
is BIBO stable. When C(s) is chosen to be first order,
then stability of H(s) is equivalent to stabilization of
A(s) by a PI controller [6].

• Output Predictor: Consider the output predictor [6]:

˙̂y(t) =−mŷ+m(u(t)+ σ̂(t)), ŷ(0) = 0 (11)

where the adaptive estimate σ̂(t) is used to account for
unknown disturbances and uncertainty. It is governed by
the adaptive law given in the following.

• Adaptive Law: The adaptive estimate σ̂(t) is given by

˙̂σ(t) = ΓProj(σ̂(t),−mPỹ(t)) , ỹ = ŷ− y, σ̂(0) = 0,
(12)

where P > 0 is arbitrary, and Γ is the adaptation rate
which is subject to a fixed lower bound (given in [6]).
The projection bound is

|σ̂(t)| ≤ ∆ (13)

The projection operator “Proj” is essentially of least-
squares form, and ensures that the parameter estimate
σ̂(t) remains inside a required compact set Σ; see [7]
for details.

• Control Law: The control law that generates the ISO
input signal is given as:

u(s) = C(s)(r(s)− σ̂(s)) (14)

where r(s) is the Laplace transform of our reference
signal, r(t).

• Error Performance: The following upper bound holds
for all t ≥ 0 [6]:

‖ỹ(t)‖L∞
≤ k√

ΓP
, ∀t ≥ 0 (15)

where ỹ(t) = ŷ(t)− y(t) and k is a constant (details for
this constant can be found in [6]). As can be seen in (15)
the tracking error is uniformly bounded by a constant
that is inversely proportional to

√
ΓP. The higher the

adaptive gain value used, the lower the tracking error
achieved.

Using clinical trial data, we have constructed a set of data-
based models in the form of (1). We then apply the L1-
adaptive techniques outlined in the preceding, so that the
patients’ BIS levels track a prespecified reference trajectory.
We first provide a brief overview of the approach used to
derive the patient response models from the clinical trial data.

IV. MODELING AND SYSTEM IDENTIFICATION

As this is an initial investigation of the applicability of
L1-adaptive techniques, we have used clinical trial data
from earlier studies ([23], [2], [22]) in order to facilitate the
comparison of controller performance results. The original
clinical trial was designed to define the relation between
clinical evaluation of the state of conciousness, explicit
recall, drug concentrations and BIS effects of the anes-
thetic agent isoflurane when administered alone to healthy
volunteers under controlled conditions. Additionally, a se-
ries of external stimuli, or disturbances, were applied to
the patients (volunteers) throughout the administration of
anesthesia. These stimuli included: laryngeal mask insertion
and removal (LMA); evoked potential evaluations (EP);
and alertness evaluations (EVAL) which included yelling at,
shaking, and squeezing the trapezius muscle of the volunteer.
Time-synchronized output measurements of the patients’
BIS, MAP and HR were recorded every two seconds. For
healthy individuals, normal ranges for MAP are between 70
and 110 mmHg, and the average resting HR for normal adults
is around 70 beats per minute [3]. We previously developed
quantitative models of the stimuli applied to the patients
during the study [23] for use in system identification.

An example of a set of data taken from one subject
during the clinical trial is shown in Figures 1 and 2. This
data is fairly representative of the response expected from
healthy volunteers to anesthesia and stimuli, however, as to
be expected individual responses exhibit noticeable variation.
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Fig. 1. Isoflurane and Stimuli Inputs versus Time
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Fig. 2. BIS, HR and MAP Outputs versus Time

datasets are acceptable, with an overall average normalized
residual error of approximately 29.5%. One example is
shown in Figure 3.

In the initial stage of the current adaptive control study,
we have constructed models and adaptive controllers for
SISO systems (isoflurane input to BIS output), for which
we evaluate and compare the modeling and controller per-
formance results. We specifically focus on evaluating inter-
patient adaptability of the controllers, and along these lines
include performance analyses of applying controllers de-
signed based on the model for one patient to other patient
models. The second stage of this study is identification
and adaptive control design evaluation for MISO systems,
namely, where external stimuli are included as disturbance
inputs, in addition to the controlled isoflurane input.

The final stage of this project involves the construction
of MIMO models and the application of multivariable L1-
adaptive techniques to these models [33]. This stage includes
evaluating vital sign responses (HR and MAP, for example)

Fig. 3. Patient 5 model validation results

as well as BIS responses. We note here that our focus is on
automated control of patients primarily in the sedated state.
Our assumption is that the attending physician performs the
initial induction from alert to the lightly-sedated state in order
to closely monitor initial patient response. Upon being lightly
sedated and observed for safety reasons, the patient is then
switched to the proposed automated control regime.

V. SIMULATION RESULTS: ANALYSIS AND DISCUSSION

We provide details on results found for two of six control
designs. Details for the remaining four control designs can
be found in [24].

A. Patient 1 L1-Adaptive Control

As noted above, models were constructed using subspace
identification methods on partitioned patient data (i.e., the
data was divided roughly in half for estimation and validation
purposes). A MATLAB m-file was created to identify values
for all parameters required for the system in (1), and for
the L1 adaptive controller given by (11), (12), and (14).
Simulink was then used to simulate the closed-loop systems.

Tracking, no disturbances: A fourth order system was
identified for Patient 1-sedated state with the transfer function
for the ISO/BIS model of Patient 1-sedated state given by

BIS
ISO

:
−1.359s3−1.362s2 +0.08081s−0.00635

s4 +0.1798s3 +0.1461s2 +0.01316s+0.0001649
. (16)

Note that we have assumed there is no time delay in the
system in our simulations. The transfer function for ISO to
BIS is assumed to be strictly proper. We selected P = 1,
∆ = 100 and Γ = 50000 as conservative initial parameter
values for the L1-adaptive design process. The L1-adaptive
controller given by (11), (12), and (14) is then applied to
track a given reference BIS trajectory, r(t). If for M(s) in
(3) we set m = 1/30 and we set ω = 0.001 for C(s) in
(8), we can show that H(s) in (9) is strictly proper and
BIBO stable as required. These values were selected using a
combination of classical stability analysis methods and trial
and error. Based on the selected parameter values, we expect
the patient to reach the desired BIS level in approximately
two minutes, with very small error between y(t) and ŷ(t), and
no parameter drift. Simulation results for the L1 adaptive
controller applied to the dynamic response model for Patient
1 verify these expectations and can be seen in Figure 4.
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automated control of patients primarily in the sedated state.
Our assumption is that the attending physician performs the
initial induction from alert to the lightly-sedated state in order
to closely monitor initial patient response. Upon being lightly
sedated and observed for safety reasons, the patient is then
switched to the proposed automated control regime.

V. SIMULATION RESULTS: ANALYSIS AND DISCUSSION

We provide details on results found for one of six control
designs. Details for the remaining five control designs can
be found in [27].

A. Patient 1 L1-Adaptive Control-Output Feedback

As noted above, models were constructed using subspace
identification methods on detrended, partitioned patient data
(partitioning was for estimation and validation purposes).
Simulink was then used to simulate the closed-loop systems.

Tracking, no disturbances: A fourth-order system was
identified for Patient 1-sedated state.

Note that we have assumed there is no time delay in the
system in our simulations. For the L1-adaptive controller
defined by (11), (12), and (14), we selected P = 1, ∆ = 100
and Γ = 50000 as conservative initial parameter values.
The L1-adaptive controller is then applied to track a given
reference BIS trajectory, r(t). If for M(s) in (3) we set
m = 1/30 and we set ω = 0.001 for C(s) in (8) , we can show
that H(s) in (9) is strictly proper and BIBO stable as required.
These values are selected using a combination of classical
stability analysis methods and trial and error. Based on the
selected parameter values, we expect the patient to reach the
desired BIS level in approximately two minutes, with very
small error between y(t) and ŷ(t), and no parameter drift.
Simulation results for the L1 adaptive controller applied
to the dynamic response model for Patient 1 verify these
expectations; see Figure 4.
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Fig. 4. Patient 1 output feedback controller with Γ = 50000, ω=0.001, and
m = 1/30

From Figure 4, note that the L1 adaptive output feedback
control design achieves the desired tracking performance
quickly, and the tracking error is small. The metric used to
evaluate BIS reference tracking performance is the normal-
ized mean square error, or residual error term,

rn = ∑
N
n=1(yn− ŷn)2

∑
N
n=1 y2

n
(17)

where the reference signal y and the patient’s BIS value ŷ
contain N data points over the course of the simulation. The
residual error, rn for Patient 1 with the previously discussed
parameters is 0.0019.

A second metric we use to evaluate controller performance
is the total amount of isoflurane required to attain the track-
ing performance. (Note that high total amounts of anesthetics
used in surgery have been associated with negative long-term
patient outcomes [1], [18]). Note that inhalational anesthetics
are delivered as a percentage by volume to an external
respiratory circuit. This gas mixture is then delivered to
the lungs by a ventilation system, measured in liters/minute.
The typical total fresh gas flow mixture from the machine
is in the range of 2 − 4 l/min. So for example, if the
isoflurane is 1% (at an assumed mean alveolar concentration
(MAC) of 1), then 20−40 cc/min of isoflurane gas is being
delivered to the respiratory circuit. To estimate the following
relative quantities of isoflurane used, we assumed an average
fresh gas flow mixture delivery rate of 3 l/min at 1 MAC.
The approximate isoflurane use for Patient 1 is 2.4 liters;
isoflurane use for a comparable BIS reference and simulation
time resulting from previous linear parameter-varying (LPV)
control designs was approximately 3.1 liters. The smaller
volume of isoflurane used should lead to improved expected
patients’ outcomes. We now discuss the MISO performance
of our designs based on simulations run with disturbance
inputs.

Tracking, with disturbances: We treat the EP, EVAL, and
LMA inputs as disturbance inputs to the ISO/BIS system.

The transfer functions for the disturbance models for the Pa-
tient 1-sedated state, obtained through subspace identification
methods, are:

BIS
EP

:
−0.2798s3−0.3321s2−0.01559s−0.0008389

s4 +0.1798s3 +0.1461s2 +0.01316s+0.0001649
(18)

BIS
EVAL

:
−1.538s3 +0.2385s2−0.1168s+0.003513

s4 +0.1798s3 +0.1461s2 +0.01316s+0.0001649
(19)

BIS
LMA

:
−0.02081s3 +1.765s2 +0.1646s+0.002294

s4 +0.1798s3 +0.1461s2 +0.01316s+0.0001649
(20)

Figure 5 shows the closed-loop performance of the L1
adaptive controller applied to Patient 1 when disturbances are
introduced. The normalized residual error computed using
(17) is 0.0022 and the volume of isoflurane used is approx-
imately 2.4 liters. For both simulations with and without
disturbances, the system has a non-zero initial condition
which leads to an exponentially decaying term in the control
and system state signal; this does not affect the performance
of the system throughout. The same design approach was
followed for Patients 2,3, 5, 6 and 7, and yielded similar
results.

MAP performance, with disturbances: We do not expect
the mean arterial pressure to track a specific reference
trajectory. Instead, during surgery, the anesthesiologist aims
to maintain the patient’s MAP in a given range. In our study,
our goal is for the MAP to stay in the 60 to 110 range. The
identified MAP transfer functions for Patient 1-sedated state
are:

ISO to MAP:
−0.04938

s+0.005276
(21)

EP to MAP:
0.0126

s+0.005276
(22)

EVAL to MAP:
−0.1595

s+0.005276
(23)

LMA to MAP:
0.4991

s+0.005276
(24)

Figure 5 illustrates the BIS and MAP performance
achieved when the L1 adaptive output feedback controller
designed as described previously to Patient 1. Clearly, Patient
1’s MAP is well within the desired range throughout the
entire simulation.

Robustness to Inter-patient Variability: The controller de-
signed for Patient 1 was then simulated using the models for
Patients 2, 3, 5, 6, and 7 to evaluate inter-patient design
robustness. In general, the patients’ BIS levels tracked the
desired reference profile closely, regardless of whether the
controller design was that specifically designed for that
model or not. Table I details the tracking performance and
control effort when the controller designed for Patient 1 is
applied to the models of Patients 2, 3, 5, 6, and 7.

Figure 6 illustrates the robustness this controller design
achieves to inter-patient variability. It is important to note
that the controller used is exactly the same for all patients.

Fig. 4. Patient 1 output feedback controller with Γ = 50000

Note that the L1 adaptive output feedback control design
achieves the desired tracking performance quickly, and the
tracking error is small (Figure 4). The metric used to evaluate
BIS reference tracking performance is the normalized mean
square error, or residual error term,

rn = ∑
N
n=1(yn− ŷn)2

∑
N
n=1 y2

n
(16)

where the reference signal y and the patient’s BIS value ŷ
contain N data points over the course of the simulation. The
residual error, rn for Patient 1 with the previously discussed
parameters is 0.0019.

A second metric used to evaluate controller performance is
the total amount of isoflurane required to attain the tracking
performance. (Note that high total amounts of anesthetics
used in surgery have been associated with negative long-
term patient outcomes [1], [19]). Inhalational anesthetics
are delivered as a percentage by volume to an external
respiratory circuit. This gas mixture is then delivered to the
lungs by a ventilation system, measured in liters/minute.
So, for example if the total fresh gas flow mixture from
the machine is 2− 4 l/min, and the isoflurane is 1% (at
an assumed mean alveolar concentration (MAC) of 1), then
20−40 cc/min of isoflurane gas is being delivered to the res-
piratory circuit. To estimate the following relative quantities
of isoflurane used, we assumed an average fresh gas flow
mixture delivery rate of 3 l/min at 1 MAC. The approximate
isoflurane use for Patient 1 is 2.4 liters; isoflurane use for
a comparable BIS reference and simulation time resulting
from our previous linear parameter-varying (LPV) control
designs was approximately 3.1 liters. The smaller volume of
isoflurane used should lead to improved patient outcomes.
We now discuss the MISO performance of our designs based
on simulations run with disturbance inputs.

Tracking, with disturbances: We treat the EP, EVAL, and
LMA inputs as disturbance inputs to the ISO/BIS system.
Transfer functions for the disturbance models for the Patient

1-sedated state were also obtained through subspace identi-
fication methods.

Figure ?? shows the closed-loop performance of the L1
adaptive controller used on Patient 1 when disturbances are
introduced. The normalized residual error computed using
(16) is 0.0022 and the volume of isoflurane used is approx-
imately 2.4 liters. For both simulations with and without
disturbances, the system has a non-zero initial condition
which leads to an exponentially decaying term in the control
and system state signal; this does not affect the performance
of the system throughout. The same design approach was
followed for Patients 2,3, 5, 6 and 7, and yielded similar
results.

MAP performance, with disturbances: We do not expect
the mean arterial pressure to track a specific reference
trajectory. Instead, during surgery, the anesthesiologist aims
to maintain the patient’s MAP in a given range. In our study,
our goal is for the MAP to stay in the 60 to 110 range.

Fig. 5. BIS reference tracking: Patient 1 BIS and MAP performance with
disturbances

TABLE I
NORMALIZED RESIDUAL ERRORS WITH P-1 CONTROL, NO

DISTURBANCES

Patient rn ISO
2 0.0062 2.859
3 0.0022 2.232
5 0.0016 2.400
6 0.0036 3.292
7 0.0064 2.147

B. Patient 5 L1-Adaptive Control

Again, models were constructed using subspace identifica-
tion methods on partitioned patient data. A MATLAB m-file
was created to identify the values for all parameters required
for the system in (1), and for the L1 adaptive controller given
by (11), (12), and (14). Simulink was then used to simulate
the closed-loop systems.

Tracking, no disturbances: The transfer functions for the
model of Patient 5-sedated state are:

BIS
ISO

:
−2.221s3 +0.2494s2−0.09021s−0.002341

s4 +0.1496s3 +0.06726s2 +0.006355s+5.131e−05
(25)

As before we assume there is no time delay in the system
and the ISO to BIS transfer function is strictly proper. We set
P = 1 and, conservatively, choose ∆ = 100 and Γ = 50000.
The L1 adaptive controller given by (11), (12), and (14) is
used to track a given reference BIS trajectory, r(t). If for (3)

Fig. 6. BIS reference tracking: Patient 1 robustness to inter-patient
variability, no disturbances

we set m = 1/30 and we set ω = 0.002, then (9) is strictly
proper and BIBO stable, as required. Simulation results for
the L1 adaptive controller applied to the dynamic response
model for Patient 5 can be seen in Figure 7.

Fig. 7. BIS ref. tracking: P5 output feedback controller with Γ = 50000,
ω = 0.002, and m = 1/30

As shown in Figure 7, the L1 adaptive output feedback
control design achieves the desired tracking performance
quickly with little tracking error. Compared to other model
and contol design pairs, this system has one of the smallest
values of rn (17) with a value of 0.0012. The approximate
isoflurane use for Patient 1 is approximately 2.4 liters;
isoflurane use for a comparable BIS reference and simula-
tion time resulting from previous LPV control studies was

Fig. 5. BIS reference tracking: Patient 1 BIS and MAP performance

Figure 5 illustrates the BIS and MAP performance
achieved when the L1 adaptive output feedback controller
designed as described previously is applied to the model for
Patient 1; the MAP values are well within the desired range
throughout the entire simulation.

Robustness to Inter-patient Variability: The controller de-
signed for Patient 1 was then simulated using the models for
Patients 2, 3, 5, 6, and 7 to evaluate inter-patient design
robustness. In general, the patients’ BIS levels tracked the
desired reference profile closely, regardless of whether the
controller design was that specifically designed for that

1733



model or not. Tables I and II detail the tracking performance
and control effort when the controller designed for Patient 1
is applied to the models of Patients 2, 3, 5, 6, and 7.

TABLE I
NORMALIZED RESIDUAL ERRORS WITH P1 CONTROL, NO

DISTURBANCES

Patient Control 1
2 0.0062
3 0.0022
5 0.0016
6 0.0036
7 0.0064

TABLE II
ISOFLURANE USE IN LITERS WITH P1 CONTROL, NO DISTURBANCES

Patient Control 1
2 2.859
3 2.232
5 2.400
6 3.292
7 2.147

Figure 6 illustrates the robustness this controller design
achieves to inter-patient variability. It is important to note
that the controller used is exactly the same for all patients.

VI. CONCLUSIONS AND ONGOING RESEARCH

In this paper, we present the first application of recently
proposed L1 adaptive control techniques to the anesthesia
control problem. The acheived tracking performance and
inter-patient robustness of these control methods, in con-
junction with the relatively effective use of isoflurane, is ex-
tremely encouraging, and MIMO design efforts incorporating
surgical stimuli inputs and additional performance objectives
on patient vital signs are ongoing. Control designs and
performance results for additional patient data sets will be
incorporated into the final paper, and complete comparisons
to previous design results will be fully discussed. Higher
order filters in the L1 design process could be explored to
determine if they improve performance. While our results
demonstrate robustness of this control architecture, it remains
to be determined what yields the best performance for the
greatest number of patients. Surgical data will be used to test
this control approach under harsher conditions, (i.e. greater
number of anesthetic agents, disturbances, and actual surgical
stimuli events).
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