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Abstract— In this paper, an adaptive nonlinear control strategy
derived from a biological control system is developed and its
applications to the automotive engine are presented. The biologi-
cal adaptive nonlinear control strategy inspired by the functions
of baroreceptor reflex is realized by a parallel controller. The
controller consists of a linear controller and a nonlinear con-
troller that interact via a reciprocal lateral inhibitory mechanism.
The linear controller design is based on a PID controller, while
the nonlinear controller is constructed from neural networks
which are updated online. In order to provide superior control
performances, the controller must be robust to external unknown
disturbances, un-modeled dynamics and plant uncertainties and
also be able to perform well under a wide range of operating
conditions. In the linear operating region, the linear controller
takes control. If the controlled process is far away from the
linear regime or is disturbed by the noise, the output of linear
controller may be inappropriate, and therefore the nonlinear
controller is activated to compensate for the inadequacy of the
linear controller in a dynamic environment and in the presence
of distances and process parameter variations. These situations
can be addressed by adjusting the amount of lateral inhibition
and learning the characteristics of the controlled system such
that desirable controller outputs are produced in any particular
operating region. The novelty of the biological adaptive nonlinear
control strategy is that each controller modulates the other
controller via the reciprocal lateral inhibitory connections. The
good transient performance, computational efficiency, real-time
adaptability and superior learning ability are illustrated through
extensive numerical simulations for engine torque management
driven by the biological adaptive nonlinear control strategy.

I. INTRODUCTION AND BACKGROUND

Biological processes have evolved sophisticated mecha-
nisms for solving difficult control problems with precise
control abilities, robust stability and strong fault tolerance.
By analyzing and understanding these natural systems, it is
possible that principles can be derived which are applicable
to general control systems. The methodologies based on the
inspiration of some biological mechanism include: Artificial
Neural Network (ANN), Genetic Algorithm (GA), Artificial
Immune System (AIS), etc. The ANN, GA and AIS have
been researched for quite a long time by many researchers and
are being widely employed ([1], [2], [4], [7], [8], [10], [14]).
However, due to the high complexity and the scarce cognition
of biological prototype, there are still many open problems
under consideration, such as the processing mechanism of
the each part of the brain. Even so, it is believed that
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control techniques derived from biological systems offer great
potential for solving complex and nonlinear problems in the
modern field of control.

The peripheral autonomic nervous system functions in a
dynamic balance aiming at homeostasis. It is divided into two
nervous systems: the parasympathetic nervous system and the
sympathetic nervous system ([19]).

The sympathetic system originates from the thoracic and
upper lumbar spinal segments, while the parasympathetic
system originates from the brain stem and sacral spinal cord.
Both systems are efferent and consist of a chain of pregan-
glionic and postganglionic neurons, which are synaptically
connected in peripheral autonomic ganglia. Sympathetic gan-
glia are situated remote from the target organs and organized
bilaterally in the sympathetic chains and in the prevertebral
ganglia. Parasympathetic ganglia are situated close to the
target organs. Stimulation of sympathetic neurons produces
many distinct effector responses elicited from a variety of
cell and tissue types including blood vessels, heart, exocrine
epithelia, etc., while stimulation of parasympathetic neurons
leads to activation of most exocrine glands, pacemaker and
atria of the heart, and some other target cells ([11]).

The baroreflex is responsible for short-term regulation of
arterial blood pressure ([16])though recent research in ([18])
point out that baroreceptors are also important for the regu-
lation of long-term mean arterial blood pressure. It provides
a negative feedback loop in which an elevated blood pressure
reflexively causes blood pressure to decrease; similarly, de-
creased blood pressure depresses the baroreflex, causing blood
pressure to rise.

Regulation of arterial blood pressure by baroreceptor reflex
would be regarded as tracking a desired curve or value.
When blood pressure rises, the carotid and aortic sinuses are
distended, resulting in stretch and therefore activation of the
baroreceptors. Active baroreceptors fire action potentials that
are relayed to the nucleus of the tractus solitarius (NTS),
which uses frequency as a measure of blood pressure. The
increased activation of the NTS inhibits the vasomotor center
and stimulates the vagal nuclei. The end result of baroreceptor
activation is inhibition of the sympathetic nervous system and
activation of the parasympathetic nervous system. Sympathetic
inhibition leads to a reduction of total peripheral resistance and
cardiac output via increased contractility of the heart, heart
rate, and arterial vasoconstriction, which tends to decrease
blood pressure. At the same time, parasympathetic activation
leads to a decreased cardiac output via decrease in contractility
and heart rate, resulting in a tendency to decrease blood
pressure.

By coupling sympathetic inhibition and parasympathetic

Proceedings of the 2009 IEEE International Conference on Systems, Man, and Cybernetics
San Antonio, TX, USA - October 2009

978-1-4244-2794-9/09/$25.00 ©2009 IEEE
2076



Parasympathetic
Nerve Engdings
Parasympathetic

System

Ionic
Currents

Nerve Engdings
SympatheticSympathetic

System

Baroreceptor
Signals

Heart
Rate

NPY

NE

ACh

NE

Presynaptic Interactions Postsynaptic Interactions

−

− −

−
+

−

+
cAMPTransmembrane

Signaling

Fig. 1. Parasympathetic and sympathetic manipulation of heart rate

activation, the baroreflex maximizes blood pressure reduction.
Sympathetic inhibition leads to a drop in peripheral resistance,
while parasympathetic activation leads to a depressed heart
rate and contractility. The combined effects will dramatically
decrease blood pressure to the normal level. Similarly, sym-
pathetic activation with parasympathetic inhibition allows the
baroreflex to elevate blood pressure to the desired level.

A particularly distinctive feature of the baroreflex is the
interactions that occur between the parasympathetic and sym-
pathetic systems at the level of the cardiac pacemaker cells
([12], [13]). A simplified representation is shown in Figure
2. The two controllers adjust heart rate by releasing neuro-
transmitters from nerve fibers. Acetylcholine (ACh) is released
from parasympathetic nerve endings, while norepinephrine
(NE) and neuropeptide Y (NPY) are released from sympathetic
nerve endings. ACh and NE bind to receptors on the surface
of cardiac pacemaker cells, thereby altering the production of
second messenger cyclic AMP (cAMP). cAMP affects heart
rate by modulating ionic currents in pacemaker cells. Note that
the overall effects of the sympathetic and parasympathetic sys-
tems on heart rate are facilitatory and inhibitory, respectively.

Complex interactions occur before and after the synapses
between the nerve endings and the cardiac cells. Presynapti-
cally, ACh inhibits the release of NE from sympathetic nerves,
while NPY inhibits the release of ACh from parasympa-
thetic nerves. Postsynaptically, ACh inhibits the production
of CAMP and therefore diminishes the heart rate response
to a given level of NE. In addition, parasympathetic nerves
have ACh autoreceptors which subserve a negative feedback
function; analogous NE autoreceptors are present in sympa-
thetic nerves. This inhibition mechanism depicted in Figure 2
is present in other biological control systems, including the
vestibulo-ocular reflex (VOR) ([17]) and the auditory system
([15]).

The regulation by reciprocal lateral inhibition of sympa-
thetic and parasympathetic nervous systems exhibit the fol-
lowing interesting control characteristics:

1) The sympathetic and parasympathetic nervous systems
have opposite effects.

2) The effects of the parasympathetic nervous system are
considerably faster than those of the sympathetic ner-
vous system.

3) The parasympathetic nervous system is employed only
for dynamic control, while the sympathetic nervous
system is used primarily for steady-state control.

4) The effects of the two nervous systems do not sum
linearly due to complex interactions which occur in both

the autonomic nervous system and the heart itself.
This body’s homeostatic mechanisms and characteristics

for maintaining blood pressure at the desired value showed
superior performances in the highly complex cardiovascular
system, which proves baroreceptor reflex is an adaptive, non-
linear, multivariable control system. Thus, it is potentially
suitable to develop an effective control strategy based on
the mechanism of baroreceptor reflex for the control of such
nonlinear dynamic processes as engine torque and air-fuel ratio
generation processes.

II. ADAPTIVE NONLINEAR CONTROL STRATEGY

From the optimal control views, the role of parasympathetic
nervous system is to refine the performances of the sympa-
thetic nervous system by discovering optimal corrections to
be added to the output of whole neural control system.

The proposed adaptive nonlinear control strategy (ANCS)
derived from a biological control system consists of a linear
controller and a nonlinear controller which interact via a
reciprocal lateral inhibitory mechanism as shown in Figure
3, where Y is the control output, U is the control command,
Ysp is the target. The control system has three components:
a linear controller, an adaptive nonlinear controller, and a
summation that produces U from the outputs of the two
parallel controllers (U1, U2). By analogy to the baroreflex, the
linear controller plays role of the parasympathetic system, the
nonlinear controller plays the role of the sympathetic system,
and the summation represents the postsynaptic interactions.
Note that each controller modulates the other controller via
reciprocal lateral inhibitory connections.

The control output of the linear controller to the nonlinear
controller is regarded as a complex expression of the error
of the controlled plant in the way that includes the integral
of the errors, the derivative of the errors and the propor-
tional error. These three terms represent the whole history
of errors, the nonlinear trend of the change of the error
and the current error, respectively. Using error information
provided, the nonlinear controller would, in a sense, see the
possible situation of the system and know the compensation
will be input to the controlled plant by the other controller.
In this way, the nonlinear controller learns the characteristics
of the plant and adjusts itself according to the other linear
controller. What’s more, in the nonlinear operating regions or
the situation with disturbance, the linear controller may be
inappropriate, and therefore, the nonlinear controller is added
to compensate the insufficiency of the linear controller and the
dynamic environment such as the parameter variations of the
process and disturbances. These situations can be addressed
by adjusting the amount of lateral inhibition and learning the
characteristics of the controlled system such that desirable
controller outputs are produced in particular operating regions.

The linear controller learns the action of the other controller
by watching an input from the nonlinear controller. The
adjustable parameter attached to this input increases the degree
of freedom of the linear fixed controller.

By coupling linear controller and nonlinear controller, the
whole controller adjusts the output of the controlled plant.
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The linear controller leads to a basic control output, while
the nonlinear controller refines the performances of the linear
controller. The combined effects will dramatically increase
the systems learning ability and adjustability to the noisy
environment.

A. Linear Controller Design

The possible linear controller would be a proportional-
integral-derivative controller (PID controller). The PID con-
troller is a generic control loop feedback mechanism widely
used in industrial control systems. The PID controller attempts
to correct the error between a measured process variable and a
desired setpoint by calculating and then outputting a corrective
action that can adjust the process accordingly.

The PID controller algorithm involves three separate param-
eters; the Proportional, the Integral and Derivative gains. The
Proportional gain determines the reaction to the current error,
the Integral determines the reaction based on the sum of recent
errors and the Derivative determines the reaction to the rate at
which the error has been changing.

The general form of the PID controller in the time domain
is:

Upid = Kpe(t) + Ki

∫
e(t)dt + Kdė(t) (1)

where e(t) is tracking error between the target and the actual
output of the controlled plant, Kp is proportional gain, Ki is
integral gain and Kd is derivative gain. By tuning the three
gains in the PID controller algorithm, the PID can provide
control action designed for specific process requirements.

The modulatory effect of the nonlinear controller is incorpo-
rated by adding an interaction term to the linear PID controller.
The form of the PID controller with reciporcal lateral impact
is:

U1 = Upid + K1U2 (2)

where U2 is the control output of the nonlinear controller, K1

is a lateral impact weight which determine the amount of the
lateral impact from nonlinear controller.

B. Nonlinear Controller Design

The nonlinear controller is designed without the aid of an
explicit dynamic model. The motivation for this approach is
that nonlinear models are much more difficult to obtain than
linear models. The controller could be chosen to have the
following form:

U2 = f(e, ė) + K2U1 (3)

Engine Combustion Module TRQ

TPS

MAP

RPM

SPA

Fig. 3. The model structure of the test engine

where f(e, ė) represents a neural network which would be
chosen according to the specific control goal and K2 is another
lateral impact weight which determine the amount of the
lateral impact from linear PID controller.

The control law from equation (4) would be represented as:

U2 = yT (e, ė)ω + K2U1 (4)

where yT (e, ė) is the regressor vector and ω is the vector of
nonlinear controller parameters. The objective is to adapt the
nonlinear parameters (ω) and lateral impact weight (K1, K2)
such that the system output matches the target.

III. SIMULATION RESULTS OF ANCS OF A V8
ENGINE

A. Engine Description

A test vehicle with a V8 engine and 4-speed automatic
transmission is instrumented with engine and transmission
torque sensors, wide-range air-fuel ratio sensors in the exhaust
pipe located before and after the catalyst on each bank, as well
as exhaust gas pressure and temperature sensors. The vehicle is
equipped with a dSpace rapid phototyping controller for data
collection and controller implementation. Data is collected
at each engine event under various driving conditions, such
as Federal Test Procedure (FTP cycles), as well as more
aggressive driving patterns, for a length of about 95,000
samples during each test. The engine is run under closed-loop
fuel control using switching-type oxygen sensors. The dSpace
is interfaced with the powertrain control module (PCM) in a
by-pass model.

B. Control Objectives

The objective of the present engine controller is to provide
control signals so that torque generated by the engine will track
the torque measurement as in the data. The measured values in
the data are obtained using the commercial engine controller
under warmup conditions. Based on the data collected we use
the neruo-sliding mode controller to generate control signal
TPS (throttle position) with the goal of producing exactly the
same torque as in the data set. That is to say, we keep our
system in the same requirements as the data collected and build
a controller that provides control signal which achieve the
torque performance of the engine. The performance is defined
as variations of the torque generated from the measured values
in the data set.

C. Engine Model

We consider a model of the test engine shown as in Figure
4: The model structure chosen here is compatible with the
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mathematical engine model developed by Dobner [5], [6] and
others.

The engine model is constructed by a two-layers feedfor-
ward neural network with four inputs: TPS, MAP (manifold
pressure), RPM (engine speed) and SPA (spark advance) where
TPS is the control signal and the other three inputs are
reference signals. In this structure, the output variable is the
measured engine torque (TRQ).

D. Control Algorithm

The structure of the torque control system is shown in
Figure 5. The control system consists of three components:
a linear controller, an adaptive nonlinear controller, and a
summation that produces TPS, command signal, from the
outputs of the two parallel controllers (U1, U2). By analogy to
the baroreflex, the linear controller plays role of the parasym-
pathetic system, the nonlinear controller plays the role of the
sympathetic system, and the summation represents the post-
synaptic interactions. In Figure 5, TRQ* is the desired TRQ
to be tracked by the parallel biologically inspired controllers
system, TPS is the command signal which is formed by the
sum of U1 and U2. The two controllers interact via reciprocal
lateral inhibitory connections, that is, U1, the output of PID
controller, is one of inputs of neural network controller while
U2, the output of neural network controller, is incorporated
in the PID controller. The idea of coupling controller is the
tracking error of the system is asymptotically convergent to
zero by two linear and nonlinear controller cooperating with
each other using the feedback control output of the each
controller. When the error of the system is zero, since the input
of the PID controller from the NN controller is not zero, the
output of the PID controller will not be zero either. The same
rule applies to the NN controller. In this way, the system is
controlled to track the desired TRQ in the normal situation.
When there is disturbance in the system, the PID controller
and NN controller will cooperate with each other to pull the
disturbed system back to the normal situation. The linear PID
controller could take the following form:

U1 = Kpe(t) + Ki

∫
e(t)dt + Kdė(t) + K1U2 (5)

where e(t) = Y ∗(t) − Y (t)(TRQ∗(t) − TRQ(t)) and
Kp, Ki, Kd, K1 are proportional gain, integral gain, derivative
gain and lateral impact weight respectively. The lateral impact
weight K1 is tuned by adaptive learning algorithm.

The nonlinear controller would have the following form:

U2 = f(e, ė, U1) (6)

where f(e, ė, U1) represents a feedforward neural network
with inputs: the error, the derivative of the error and the control
output of the PID controller. Here, the control output of the
PID controller is incorporated into the neural network with
more parameters to be tuned which have the same effect as
equation (4).

The weight adaption of the adaptive nonlinear control
strategy is based on a minimization of the cost function as
follows:

E =
1
2
(Y ∗ − Y )2 =

1
2
ζ2 (7)

where ζ = Y ∗ − Y .
The Levenberg-Marquardt (L-M) algorithm is used to up-

date the weights of feedforward neural network instead of
the backpropagation algorithm which is a steepest descent
algorithm. The selection of L-M algorithm is based on the
fact that the L-M algorithm is widely accepted as the most
efficient one in the sense of realization accuracy for nonlinear
least squares [9].

The formula for updating neural network weights is given
as follows:

�W = [JT (W )J(W ) + μI]−1JT (W )ζ (8)

where the parameter μ is adjustable and J(W ) is the Jacobian
matrix. μ is multiplied by some factor β whenever a step
would result in an increased E. When a step reduces E, μ is
divided by β. By adjusting μ in this way, the search direction
interpolates between the gradient and the Gaussian-Newton
direction. That is the reason that the rate of convergence
is satisfactory. Jacobian matrix J(W ) can be expressed as
follows:

J(W ) =
[

∂ζ

∂W1

∂ζ

∂W2
· · · ∂ζ

∂Wn

]T

. (9)

From equation (7),

∂ζ

∂Wi
=

∂(Y ∗ − Y )
∂Wi

= −∂Y

∂U

∂U2

∂Wi
. (10)

where U = U1 + U2. ∂U2
∂Wi

could be easily calculated using
the standard backpropagation algorithm. Thus, the Jacobian
matrix can be computed by (10).

The formula for updating lateral weight K1 to minimize E
in the direction of the negative gradient is given as follows :

�K1 = −μ
∂E

∂K

= μe
∂Y

∂K

= μe
∂Y

∂U

∂U

∂K

= μe
∂Y

∂U

∂U

∂U1

∂U1

∂K

= μe
∂Y

∂U

∂U1

∂K
(11)

where μ is the learning rate.
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From (4),
∂U1

∂K
= U2 (12)

That is, the change of lateral impact weight is:

�K1 = μe
∂Y

∂U
U2 (13)

Since the module of the engine TRQ is represented by a
neural network, according to the backpropagation algorithm,
∂Y
∂U could be derived easily for updating weights of the
algorithm.

E. Simulation Results

The results of the experimental studies are shown in this
section:

The data range for the training part of the control algorithm
on the TRQ control is from 1000 to 11000 from the data
set without any special purpose for the selection. Figure 6
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Fig. 7. The combined output of PID control and NN control and TPS in the
data

is the output (TRQ) of the engine using adaptive nonlinear
control strategy compared to the TRQ data in the data set.
From the figure 6, we can see that the TRQ controlled by the
adaptive nonlinear controller tracks the TRQ measurement in
the data set very well. All variables in our simulation displays
were transformed into the range of {−1, 1} by (2x− xmax −
xmin)/(xmax − xmin) where xmax and xmin are the max and
min values of the variable x.

Figure 7 is the output of the PID controller and neural
network controller compared to the TPS in the data. Figure 8
is the combined control to the engine compared to TPS in the
data. From the figure 8, we can see that the combined control
output of controllers is very close to the TPS measurement
in the data set. From figure 7 and 8, we can see that the
neural network and PID controller interact with each other all
the time. When there is disturbance in the system, the PID
controller and neural network controller cooperate with each
other to pull the disturbed system back to the normal situation.

The data range for the validation part of the control algo-
rithm on the TRQ control is from 21000 to 31000 from the
data set without any special purpose for the selection. Figure
9,10 and 11 are the results from which we can say that the
control effect is pretty good. We can also see that the neural
network and PID controller cooperate with each other all the
time.

F. Discussions

From the Figures, we can see that the role of neural
controller is to refine the performance of the linear PID
controller by discovering optimal corrections to be added to
the linear controllers output, which bears an analogy with the
mechanism of the baroreceptor reflex to regulate arterial blood
pressure. When there is a deviation of the states of the system,
the neural controller takes actions to pull the systems back to
the normal conditions.

We do not have to choose the parameters of PID controller
by trial and error which is a very time-consuming task. In
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fact, the corrections produced by the neural controller will
compensate the insufficiency of the PID controller, plant-
model mismatches and disturbances from the environment.

Compared to the method of neuro-sliding mode control, the
training speed is almost the same, but the tracking effect of
control is better. It just took only 15 steps (about 1 minute)
to get very good results using L-M training algorithm. While
using backpropagation (delta training rule), it took around 2
hours steps to make MSE below 0.0004 during the training.
Considering the speed, the adaptive nonlinear control strategy
can be a good candidate used for the online learning control.

The tuning of the parameters (the gains of the proportional,
integral and derivative terms) of PID controller is a very time-
consuming task. If the PID controller parameters are chosen
incorrectly, the controlled process input can be unstable, i.e.
its output diverges, with or without oscillation, and is limited
only by saturation or mechanical breakage. In our control
strategy, the parameters are selected as Kp = 1.6, Ki = 0 and
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Fig. 10. The combined output of PID control and NN control and TPS in
the data

Kd = −0.48 without any special purpose for the selection.
The other random selections of PID parameters are Kp = 0.6,
Ki = 0.12 and Kd = 0.18 also produced good results,
though the selection of the PID parameters may warrant further
investigations and can be the subject of a separate study.

IV. CONCLUSIONS

Our research results have indicated that the method of
adaptive nonlinear control strategy is an effective approach
for engine control. The parallel controllers inspired by the
functions of baroreceptor reflex consist of a linear controller
and a nonlinear controller that interact via a reciprocal lateral
inhibitory mechanism. The linear controller design is based on
a PID controller, while the nonlinear controller is constructed
from neural network that are updated online. The nonlinear
controller is designed without the aid of an explicit dynamic
model. In the linear operating region, the PID controller takes
control. If the controlled process is far away from linear
regime or is disturbed by the noises, the output of linear
controller may be inappropriate, and therefore, the nonlinear
controller is added to compensate for the inadequacy of the
linear controller and the dynamic environment as process
parameter variations and disturbances. These situations can
be addressed by adjusting the amount of lateral inhibition
and learning the characteristics of the controlled system such
that desirable controller outputs are produced in particular
operating regions. From these two controllers, the objective
of tracking the desired torque could be realized.

The following advantages are observed in the experiments:
1) Computational efficiency, suitable for real-time imple-

mentation.
2) Real-time adaptability, insensitive to the changing char-

acteristics of the controlled plant or the noisy environ-
ment.

3) Superior learning ability, even in the situation of a very
poor linear controller.

4) No prior knowledge of the controlled plant needed.
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5) Control and learning are done simultaneously.
6) No need to tune the parameters of PID controller by

trails and errors which is a very time-consuming task.
In the future, we will also apply the method to the problem

of air-fuel ratio control in an internal combustion engine.

ACKNOWLEDGMENTS
We would like to thank Dr. Man-Feng Chang for his support

exploring this advanced technique for the engine control
problem.

REFERENCES

[1] S. Cagnoni, Applications of Evolutionary Computing, Springer, 2002.
[2] L. N. de Castro and J. Timmis, Artificial Immune Systems, Springer,

2002.
[3] http://www.mfi.ku.dk/ppaulev/chapter6/chap 6.htm
[4] D. Dasgupta, Artificial Immune Systems and Their Applications,

Springer, 1998.
[5] D. J. Dobner, “Dynamic engine models for control development Part I:

Non-linear and linear model formation,” International Journal of Vehicle
Design, Special Publication SP4, pp. 54–74, 1983.

[6] D. J. Dobner, “A mathematical engine model for development of
dynamic engine control,” SAE Paper 800054, 1980.

[7] S. Haykin, Neural Networks- a Comprehensive Foundation, Prentice
Hall, 1999.

[8] J. H. Holland, Adaptation in Natural and Artificial Systems , Ann Arbor,
MI: University of Michigan Press, 1975.

[9] M. T. Hagan and M. B. Menhaj, “Training feedforward networks with
the Marquardt algorithm,” IEEE Transactions on Neural Networks, vol.
5, no. 6, pp. 989–993, Nov. 1994.

[10] T. Huang, D. Liu, H, Javaherian, and N. Jin, “Neural sliding-mode
control of the engine torque,” Proc. 17th IFAC Triennial World Congress,
Seoul, Korea, July 2008, pp. 9453–9458.

[11] Wilfrid Jänig, The integrative action of the autonomic nervous system:
neurobiology of homeostasis, Cambridge University Press, 2006.

[12] M. N. Levy, “Autonomic interactions in cardiac control,” Annuals of the
New York Academy of Sciences, vol. 601, pp. 209-221, 1990.

[13] M. N. Levy, “Cardiac sympathetic and parasympathetic interactions,”
Fed, Proc., vol. 43, pp. 2598-2602, 1984.

[14] T. Miller, R. Sutton, and P. Werbos, Neural Network for Control, The
MIT Press, 1990.

[15] R. Hecht-Nielsen. Neurocomputing, Addison Wesley, Reading, MA,
1990.

[16] K. Sagawa, “Baroreflex Control of Systemic Arterial Pressure and Vas-
cular Bed,” Handbook of Physiology, Sec. 2 The CardiovascularSystem,
Vol. III Peripheral Circulation and Organ Blood Flow; Shepherd, J.,
Abboud, F., Eds., American Physiological Society: Bethesda, MA, pp
453-496, 1983.

[17] S. Shamma, “Spatial and temporal processing in central auditory net-
works,” C. Koch and I. Segev, Eds, Methods in Neuronal Modeling:From
Synapses to networks, pp. 247-289, MIT Press, Cambridge, MA, 1989.

[18] T. N. Thrasher, “Baroreceptors and the long-term control of blood
pressure”, Exp. Physiol., Vol. 89, 2004.

[19] C. Van Toller. The nervous body : an introduction to the autonomic
nervous system and behaviour , Chichester ; New York : Wiley, 1979.

2082



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


