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ABSTRACT. The work presents a gradient-based approach to estimation of ini-
tial functions of time delay elements appearing in models of dynamical systems.
It is shown how to generate the gradient of the estimation objective function in
the initial function space using adjoint sensitivity analysis. It is assumed that
the system is continuous-time and described by ordinary differential equations
with delays but the estimation is done based on discrete-time measurements
of the signals appearing in the system. Results of gradient-based estimation of
initial functions for exemplary models are presented and discussed.

1. Inmtroduction. Dynamical systems with delays are important class of models
describing phenomena appearing in many areas, for example in industry or biology.
One of the practical problems related to such models is a need to estimate their
parameters based on measurements carried out in the real system (process).

There are many works dealing with this problem [1], [4], [12], [14], [15], [16], [I7],
[18]. Unfortunately, most of proposed approaches assume that the analyzed system
is linear and both input and output signals for delaying elements can be measured.

More general and universal approaches, for non-linear systems with delays have
been proposed in [13] and [§]. Both approaches depends on gradient-based mini-
mization of an appropriately defined objective function. The latter approach uses
so-called structural adjoint sensitivity analysis, which decreases significantly com-
putational effort when many parameters are estimated. Moreover, this approach is
more general and can be applied to any dynamical system presented in structural
form as block diagram containing any number of delay elements.

All above mentioned methods are focused only on estimation of time delays
and eventually other parameters of the mathematical model. But general task of
identification of dynamical systems requires also estimation of initial conditions in
the situation when they are unknown.

In case of one discrete delay element the initial condition (its “state” for time
t = 0) is a function of time specified for an interval [—7,0], where 7 is a delay time
of this element.

There are relatively little works related to the problem of estimation of initial
functions for systems with delays. In paper [2] a gradient based approach to esti-
mation of initial functions for non-linear systems described by retarded type delay
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differential equations (RDDE). Another paper [3] deals with systems described by
neutral type delay differential equations (NDDE). In both works a gradient-based
estimation of initial functions is done by using adjoint sensitivity analysis.

In this work a more general structural adjoint sensitivity analysis is utilized.
It is especially useful for models described by block diagrams and was originally
developed for neural networks [5] and afterwards was used for different models
described by ordinary differential equations [6, [7, 1], systems with delays [§] and
age-structured models [T0]. Recently it has been used for spatiotemporal models of
tumor growth [9].

The structural sensitivity approach can be applied to any non-linear dynamical
system presented as a block diagram and containing many discrete delay elements.
Therefore, it may be used for wider class than analysed in [2] and [3]. For example
it may be applied for systems containing delays in input (control) channel, which is
not allowed in RDDE and NDDE models. The proposed approach can be used for
systems which output signals are measurable continuously and for sampled systems
where the information output signals is available only at discrete time moments.

2. Problem formulation. Let us consider a model of dynamical system with
one isolated delay element presented in Fig. We do not assume any particular

u(t) —» M — y(t)

q(t) L e ST j7“(15)

FIGURE 1. Model of the dynamical system with one isolated dis-
crete delay element

structure of the model M, for example RDDE or NDDE, but we assume that it is
given in structural form — as a block diagram containing basic elements such as:

1. Linear static element represented by a gain matrix A.

2. Linear continuous-time dynamical element represented by a transfer function
K(s).

3. Linear discrete-time dynamical element represented by a transfer function

Non-linear static element described by a function f(-).

Summing junction.

Branching node.

Ideal d-c pulser, placed between discrete-time part of the system and the

continuous-time part, which output signal contains Dirac pulses multiplied by

instantaneous value of its discrete-time input.

8. Ideal c-d pulser, placed between continuous-time part of the system and the
discrete-time part, which output signal contains Kronecker pulses multiplied
by instantaneous value of its continuous-time input.

NS O

Using such a set of elements one can present any non-linear hybrid continuous-
discrete dynamical system with delays of arbitrary structure as a block diagram.
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For the sake of simplicity the system presented in Fig. [I] contains only one delay
element but in general case there can be more delay elements with different delay
times.

The delay element is described by the input-output relation

r(t) =q(t—1) (1)
with the initial condition
qt) = p(t) for te[-r.0] (2)

The function p(t) is called the initial function of the delay element.

The delay element can be also mathematically described in Laplace operator
domain by its transfer function which is frequently used for example in control
systems theory. The transfer function K(s) is defined as a ratio of the output of a
system to the input of a system, in the Laplace domain, under zero initial conditions.
Taking into account the properties of the Laplace transform, it can be shown that
the transfer function of the delay element has the form

Koy - RO LOW) 5
Qls)  L{q()}
where £{-} stands for the Laplace transform.

We also assume that the output signal d(t) of the real identified system, also
referred to as plant, can be measured only at discrete time moments t1,ts,...,txy €
[0,%] where N is a number of measurements, and ¢ is a final time. These mea-
surements will be denoted by d(1),d(2),...,d(N), and corresponding instantaneous
values of the output signal of the model by y(1),y(2),...,y(N).

Let us define an objective function which is a measure of discrepancy between
the measurements and the output of the model

J=3 > (y(n) —d(n))? (4)
n=1
Problem 1. Find the initial function of the delay element p(t) minimizing the
objective function .

The above task will be solved iteratively using the gradient-based approach.
Hence, we need to solve the folowing sub-problem

Problem 2. Find the gradient of the objective function in the space of the
initial function (t).

To solve the Problem [2| we will use the adjoint sensitivity analysis. In works [5],
[7] rules for construction on the sensitivity model and the adjoint model have been
presented. In addition in [8] such rules has been extended to systems with delays
and it has been shown how to perform the sensitivity analysis with respect to delay
times. Now, we are going to show how to calculate the gradient of the objective
function in the space of the initial function of the delay element

3. Model of the delay element, its sensitivity model and the adjoint
model. Before we start to solve problems formulated in previous section let us
present one delay element in the form which will be more suitable for further anal-
ysis. This form comes from the observation that the delay element with non-zero
initial condition can be replaced by a delay element with zero initial conditions and
with additional signal ¢ (¢) additively introduced as presented in Fig.
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q(t) —» e |- r(t)
‘T +

T ()

FIGURE 2. Alternative structural representation of the delay ele-
ment with additional input signal and zero initial condition

A function (t) is related to the initial function of the delay element ¢(t) by the
following relation

¢(t){ go(tO—T) for t<r (5)

for t>r

Therefore the task of finding the gradient of the objective function in the initial
function space ¢(t) for time interval [—7, 0] can be replaced by the following problem:

Problem 3. Find the gradient of the objective function in the space of the input
signal (t) for time interval t € [0, 7].

The delay time 7 has also been presented as an input “signal” of the delay element
presented in Fig. This can be utilized in the case when one looks also for the
gradient (partial derivative) of the objective function with respect to the delay time.

The sensitivity model of the delay element presented in Fig. [2] which describes
relationship between variations of all signals g(t), ¥(t), 7 and 7(t) is presented in
Fig. [3p. Since the input signal ¢ (¢) enters additively the the model from Fig. [2} its
variation ¢ (t) enters in the same way the sensitivity model from Fig. . The rest
part of the sensitivity model has been developed and justified in previous work [§].

(b) 1) B(t)

FIGURE 3. The sensitivity model (a) and the adjoint model (b) for
one delay element presented in Fig.

Rules for construction of the adjoint system presented in works [5] and [7] specify,
among others, that the directions of all signals should be reversed and all summing
junctions should be replaced by branching nodes. As a result we obtain the adjoint
system of one delay element presented in Fig. . The output signal B(t) corresponds
to the input signal ¥(¢) in the original model. It will be used (after reversing in
time) as a solution to the Problem

4. Problem solution. To solve the Problem [3| (and consecutively Problem [2| and
Problem let us extend the general model presented in Fig.|ll The extended model,
presented in Fig. |4l takes into account that we minimize the objective function .
It is obtained by using a non-linear element calculating the quadratic function in
and the discrete transfer function %7 realizing summing over time. Thanks to
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these extensions the additional output signal J (n) has such a property that its final
value is equal to the objective function: J(N) = .J.

Moreover, the extended model has an additional input signal ¢(t), which has
been discussed in previous section. We will calculate the sensitivity of J(N) with
respect to this input signal. Since in this article we are not interested in finding
the sensitivity of J w.r.t. the delay time, the additional input signal 7, presented
previously in Fig. |2 is now omitted.

d(n)
t n) v
u(t) —> M ﬂ/y() leQ(n) > z —> J(n)
et -

FIGURE 4. The extended model

The extended model presented in Fig. [ is an example of a hybrid continuous-
discrete-time system. It contains both, continuous-time part (for time t¢) and
discrete-time part (for discrete time moments n) and the interfacing c-d sampler.
Rules for construction of the adjoint for such system were presented in our previous
works: [5], [7]. Using them it is easy to construct the adjoint system, which is
presented in Fig. |5l The non-stationary gain e(N —n + 1) resulted as a reversed in
time derivative of the previous non-linear quadratic function in the extended model.
The block denoted by Mis a system adjoint to the part M of the original model
and can be constructed based on its structure using the same rules.

<« M L<—6(N—n+1)<— = «— d(n)

N
{tf - tn}n:l

e T B(Y)

FI1GURE 5. The system adjoint to the extended model presented in Fig.

The adjoint system stimulated by the Kronecker pulse d(n) generates as an out-
put the signal (), which, after reversing in time, is the searched gradient of the
objective function in the space of the input signal ¢(¢):

Blty —t) =V (6)

This signal in the time interval [0, 7] is a solution to the Problem [3| The same
signal, shifted in time according to (5], is a solution to the Problem [2[ and can
be used during gradient-based optimization procedure, which gives an estimated
solution to the Problem [
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TABLE 1. Comparison of six numerical examples

Number Samplin Initial Dela;
Example Model of delays time ’ function(s) time(Z) Results
1 1 ot Estimated Known
2 1 0t Estimated Estimated
3 1 0.1 Estimated Estimated
4 1 0.1 Fixed (=0) Estimated
5 2 ot Estimated Known
6 2 ot Estimated Known

5. Numerical examples. To illustrate how the proposed approach works, we pro-
vide results of six numerical examples. They were performed under different condi-
tions which are shown in Table[l] First of all, three different models, with different
number of delays and their location, were used. Structures (block diagrams) of
models A, B and C are presented in figures [6] and respectively. Moreover,
in all examples times of discrete measurements tq,ts,...,tx are equidistant but
sampling time is different. Finally, we show cases where delay times are estimated
in addition to estimation of initial functions.

Each model, A, B and C, is a first-order system, described by a first-order delay
differential equation and hence contains one integrating element — transfer function
%. In each numerical example it is assumed zero initial condition for the integrator
and non-zero initial condition(s) for delay element(s) i.e. initial function(s).

Each model has one scalar external input signal u(t) stimulating the system and
one scalar output signal y(¢). In all numerical examples u(t) is assumed to be the
a step function i.e. it is constant u(t) =1 for ¢t > 0.

In every numerical example measurements d(1),d(2),...,d(N) are obtained by
simulation the virtual plant, which has the same structure as the modelﬂ In all
cases the final time of simulation ¢y = 3 [s] and delay time(s) in the plant 7 =7 =
T2 = 1 [S]

The gradient obtained by simulation of the adjoint model is used in the simplest
iterative gradient-based optimization procedure:

k k
VM) = ¢ (1) — eV d (7)
where k is an index if current iteration ad c is a positive constant assuring con-
vergence of the procedure. The ¢ parameter has been chosen separately for each

example to speed up the estimation procedure and preserve its convergence. In
examples where time delay 7 is unknown, a similar updating rule is used:

TRl =k v, g (8)
with the same value of ¢ that applied in @

Example 1. In the first example the model A is used. It is presented in Fig. [6]
It is a simple first-order system with one delay described by the following delay
differential equation:

y(t) = —y(t) —y(t —7) +u(t) (9)

n fact, in presented numerical examples both plant and the model are “models” but we
consistently use two different names to emphasize that the plant generates measurements and the
model is fitted to measurements.
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FIGURE 6. Block diagram of the model A, used in Examples 1-4

An adjont system for the Model A, created by using rules described in [5], [1], is
presented in Fig. [7]

A

Y(t) =ty — 1) —
B(t) <

FIGURE 7. The adjoint system for the model A generating two
signals: B(t) which is a reversed in time gradient V) J and ~(t)
which integrated over time interval (0,%s) is equal to the gradient
V.J

This is a part of the overall adjont system from Fig. [5| and generates a function
B(t) which is a reversed in time searched gradient according to (6]).

The unknown (estimated) initial function () of the delay element applied in the
plant is a stepwise function presented in Fig. by a dashed line. In all examples
we consequently present only secondary initial functions () associated with the
primary initial function ¢(t) by the relation . Of course the original initial
function ¢(t) has the same shape but is specified for shifted time interval [—7,0].

In this example, and in the next one, it is assumed that measurements are quasi-
continuous i.e. sampling time is infinitesimally smalﬂ ts — 07 and there is no effect
of sampling.

The results of the estimation of the initial function obtained after nearly 500
iterations of the gradient-descent optimization procedure are presented in Fig.
The starting initial function 1°(¢) for the optimization procedure, in this and in the
rest of examples, was chosen as a constant zero function. The estimate of the initial
function v (t) is presented in Fig. |8 — solid line. It can be observed that it differs
from the true initial function in the plant — dashed line, especially around jumps
of the true initial function. Nevertheless, the objective function reached a very low
value, approx. 104 — see Fig.[Sc — and can be less for longer optimization process.
In general, one can see that the estimation process is convergent. The output of
the model is very close to the output of the plant, see Fig. [8b where dashed line for

2For the computer simulation it is the same as the variable step size (with assumed upper limit)
used by ODE solver.
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the plant is nearly invisible. The absolute value of the prediction error is small as
well — Fig. Bd.

Initial function of the delay element Output of the plant and the model

Model
- — —Plant

© 2 2 0
Model
— — —Plant
1 -0.5
0 -1
0 0.2 0.4 0.6 0.8 1 0 0.5 1 1.5 2 25 3
time [s] time [s]
Objective function x107 Prediction error
10° . . . 4 . . . .

0 100 200 300 400 500 0 0.5 1 1.5 2 25 3
iterations time [s]

FIGURE 8. Results of the numerical example 1; (a) — true and
estimated initial function (t), (b) — output signal y(¢) of the
model and the plant, note they are nearly indistinguishable due to
very small prediction error, (¢) — objective function value, (d) —
prediction error i.e. difference between output signals of the plant
and the model

Example 2. The only difference between Example 2 and the previous Example 1
is that delay time 7 is estimated together with the initial function. Here is applied
the similar gradient-based approach (and the same adjoint model) described in our
previous work [§]. In order to obtain the gradient (scalar partial derivative) of the
objective function w.r.t. delay time, the second output signal v(¢) of the adjoint
model presented in Fig. [7] has to be used. The reader interested in further details
concerned with 7 estimation is referred to our previous work [8]. The initial value
of the delay time 7° for the estimation procedure is 1.2 [s].

Once again, it can bee seen that the estimation process is convergent. The
estimated value of 7 reached the true value 1 [s] used in the plant — Fig. |§|b One
can see that the value of the objective function is not strictly decreasing function
of the iteration number and there is visible “bump”. This is because we used the
simplest gradient descent optimization procedure with constant ¢ parameter for
which such bumps may appear. Of course they can be eliminated by reducing the
parameter ¢ but at the cost of slowing down the process of estimation. Another
possible approach is to apply more more sophisticated gradient-based optimization
algorithms.
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Initial function of the delay element

0.2 0.4 0.6 0.8
time [s]

Objective function

100 200 300 400
iterations

500

tau
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0.95
0 100 200 300 400 500
iterations
Prediction error

0.01
0.005 1
0 ]
-0.005 1

-0.01 : : :
0.5 1.5 25 3
time [s]

FIGURE 9. Results of the numerical example 2

Example 3. In this example measurements are no longer quasi-countinuous. The
sampling time ¢ts = 0.1 [s]. The rest of of conditions are the same as in the Example
2, see Table[1] Results of this numerical example are presented in Fig.

Initial function of the delay element

0.2 0.4 0.6 0.8
time [s]

Objective function

100 200 300 400
iterations

500

d

0.02

0.01

-0.01
-0.02
-0.03
-0.04
-0.05

tau

200 300
iterations

Prediction error

400

0.5

1.5
time [s]

FIGURE 10. Results of the numerical example 3

25
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The estimated initial functions of the delay element differs from the true initial
function used in the plant, see Fig. [I0h. There are characteristic “jumps” caused
by sampling. As previously, the delay time is estimated correctly — Fig. [I0p. The
difference between y(t) and d(t), i.e. the prediction error e(t), presented in Fig. [I0,
is significant and this discrepancy is caused by the the difference between the true
and estimated initial function.

Nevertheless, the performance index, which takes into account only discrete-
time measurements, reached a very small value. Furthermore, one can see that the
prediction error e(t) is significant only between sampling times. The prediction error
taken at sampling times e(n), see Fig. , is close to zero. The conclusion coming
from this example is that for a sampled-data system:

e the gradient of the objective function in the initial function space is calculated
correctly,

e the output the model fits the discrete-time measurements and estimation pro-
cedure is convergent in the sense of the objective function value,

e the initial function of the delay, in general, is not convergent to the true initial
function.

The last conclusion is more general. It is impossible to reconstruct perfectly a
continuous function based only on discrete-time data, without further assumptions,
like for example assumption about a frequency band limits in Nyquist-Shannon
theorem. However, from the practical point of view, one can see that the initial
function is estimated pretty well and it is close to the true function.

Example 4. In this example we show results of estimation of the delay time 7 only.
We also assume that there is no information about the true initial function and it
is set to constant zero function in the model. We used the same stepwise initial
function in the plant like in the previous examples. The initial value of the delay
time 7 for the estimation procedure is 1.2 [s] like in previous examples. Let us look
at results of the gradient-based estimation process presented in Fig.

One can see that the objective function is decreased. It means that the gradient
of the objective function w.r.t the delay time is calculated correctly. However,
the delay time is not estimated correctly. Even when 7 reached the true value 1,
see Fig. [[Th, about 50-th iteration, the optimization procedure does not stop and
continues to decrease 7 until is reaches the lower constraint which is set to 0.

The conclusion coming from this example is that it is still worthwhile to estimate
the initial functions of delays, even when we know that this estimate is not accurate
(like in Example 3) or when we are not interested in information about the initial
function at all. Simultaneous estimation of model’s parameters and initial functions
of delays improves estimation results of these parameters.

Example 5. In the next two examples we show results of initial functions estima-
tion when there are more delays in the system. In Example 5 Model B with two
delays, presented in Fig. is used. The structure of the system is similar to the
model A, except for the second delay acting in the upper branch.

The initial function for the second delay used in the plant is a sine wave presented
in Fig. [I3p — dashed line.

One can see from Fig. [I3] that both initial function are estimated correctly like in
Examples 1 and 2. Once again output signals of the model and the plant presented
in Fig. are nearly indistinguishable due to very small prediction error. Now, let
us go to the next example where we will see a non-identifiable case.
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tau Output of the plant and the model
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FiGURE 11. Results of the numerical example 4

+ + 1
u(t) eTsT - > y(t)

—S8T1 <

FicURE 12. Block diagram of the model B, used in Example 5

Example 6. The structure of the model C used in this example is presented in
Fig. Like the model B, it also contains a second delay but placed in input
channel (the input signal u(t) is delayed by 7).

Let us look at results of the gradient-based estimation process presented in
Fig. One can see that both initial function are estimated incorrectly, see Fig.
and [[5p. Nevertheless, the output of the model is close to the output of the plant
Fig.[[5k. It means the solution is not unique and initial functions of these two delays
are not identifiable. Besides the functions used in the plant, there are also other
(at least two found in this example) optimal functions minimizing the performance
index J. This effect can be explained when we analyze carefully how these two
initial functions act in the system. Both functions influence additively the system
(11 (t) with sign “—"and 19 (t) with sign “+”) through the same summing junction
— see the structure of the model C from Fig. It means that any change in
function 1 (t) can be compensated by change in function v5(t) and vice versa. The
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Initial function of the delay element 1 Initial function of the delay element 2
4 15
Model 1 Vode
ode
— — —Plant
0.5 — — —Plant

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
time [s] time [s]

Objective function Output of the plant and the model

0.5

Model
- — —Plant
10° 0
€ <)
107 -05
107 : : : -1 . . . : .
0 100 200 300 400 0 0.5 1 15 2 25 3
iterations time [s]

F1GURE 13. Results of the numerical example 5

» y(t)

F1cURrRE 14. Block diagram of the model C, used in Example 6

optimal solution have to preserve the difference between two initial functions used
in the plant. Indeed, Fig. [I5{, where these two differences (for the plant and the
fitted model) are shown, confirms this observation.

6. Conclusions. In this work a gradient-based approach to estimation of initial
functions for sampled non-linear systems with delays has been presented. The
gradient of the appropriately defined quadratic objective function in the space of
the initial function is obtained by using so-called structural sensitivity analysis.

Six numerical examples: for different sampling times, different number of delays
and where delay time has been also estimated together with initial functions, have
been presented. All these examples have shown that it is possible to efficiently
calculate the gradient of the objective function in the space of initial functions.

Nevertheless, for some cases we have encountered the problem of non-identifiability
— the objective function has been minimized, but the estimated initial function has
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Initial function of the delay element 1

Initial function of the delay element 2
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FI1GURE 15. Results of the numerical example 6

differed from the reference initial function. It has been shown that discrete (non-
continuous) measurements cause non-identifiability of continuous initial functions.
The observed differences between outputs of the plant and the model comes from the
nature of measurements — the output of the plant is measured only at (relatively
rare) discrete moments, for which the prediction error is negligible but between them
it stays significant. Two, or more initial functions can also be non-identifiable, even
for (quasi-) continuous measurements.

Results obtained on this work suggest further investigation the of non-identifiabi-
lity problem of initial functions. There are also some possibilities to decrease (not to
eliminate) the prediction error between sampling times and they will be investigated
in the future works.

Acknowledgments. This work was funded by the Polish National Science Centre
under grant DEC-2013/11/B/ST7/01713. Part of calculations were performed on
the Ziemowit computational cluster (http://www.ziemowit.hpc.polsl.pl)) cre-
ated in the POIG.02.01.00-00-166/08 project (BIO-FARMA) and expanded in the
POIG.02.03.01-00-040/13 project (Syscancer). Ronald Hancock (Laval University,
Laval, QC, Canada) is greatly acknowledged for valuable comments and English
editing of the manuscript.

REFERENCES

(1]l M. Anguelova and B. Wennberg, |State elimination and identifiability of the delay parameter
for nonlinear time-delay systems, Automatica, 44 (2008), 1373-1378.

(2] C. T. H. Baker and E. I. Parmuzin, Identification of the initial function for nonlinear delay
differential equations, Russ. J. Numer. Anal. Math. Modelling, 20 (2005), 45-66.


http://www.ziemowit.hpc.polsl.pl
http://www.ams.org/mathscinet-getitem?mr=MR2531805&return=pdf
http://dx.doi.org/10.1016/j.automatica.2007.10.013
http://dx.doi.org/10.1016/j.automatica.2007.10.013
http://www.ams.org/mathscinet-getitem?mr=MR2122533&return=pdf
http://dx.doi.org/10.1515/1569398053270831
http://dx.doi.org/10.1515/1569398053270831

178
3]
[4]

(5]

KRZYSZTOF FUJAREWICZ

C. T. H. Baker and E. I. Parmuzin, Initial function estimation for scalar neutral delay differ-
ential equations, Russ. J. Numer. Anal. Math. Modelling, 23 (2008), 163-183.

L. Belkoura, J. P. Richard and M. Fliess, Parameters estimation of systems with delayed and
structured entries, Automatica, 45 (2009), 1117-1125.

K. Fujarewicz and A. Galuszka, Generalized backpropagation through time for continuous
time neural networks and discrete time measurements, Artificial Intelligence and Soft Com-
puting - ICAISC 2004 (eds. L. Rutkowski, J. Sieckmann, R. Tadeusiewicz and L. A. Zadeh),
Lecture Notes in Computer Science, 3070 (2004), 190-196.

K. Fujarewicz, M. Kimmel and A. Swierniak, On fitting of mathematical models of cell sig-
naling pathways using adjoint systems, Math. Biosci. Eng., 2 (2005), 527-534.

K. Fujarewicz, M. Kimmel, T. Lipniacki and A. Swierniak, Adjoint systems for models of cell
signalling pathways and their application to parametr fitting, IEEE/ACM Transactions on
Computational Biology and Bioinformatics, 4 (2007), 322-335.

[8]] K. Fujarewicz and K. Lakomiec, [Parameter estimation of systems with delays via structural

sensitivity analysis, Discrete and Continuous Dynamical Systems - series B, 19 (2014), 2521~
2533.

[9] K. Fujarewicz and K. Lakomiec, Adjoint sensitivity analysis of a tumor growth model and

its application to spatiotemporal radiotherapy optimization, Mathematical Biosciences and
Engineering, 13 (2016), 1131-1142.

[10] M. Jakubczak and K. Fujarewicz, Application of adjoint sensitivity analysis to parameter

estimation of age-structured model of cell cycle, in Information Technologies in Medicine,
(eds. E. Pietka, P. Badura, J. Kawa and W. Wieclawek), Advances in Intelligent Systems and
Computing, 472, Springer International Publishing, (2016), 123-131.

[11] K. Lakomiec, S. Kumala, R. Hancock, J. Rzeszowska-Wolny and K. Fujarewicz, Modeling the

repair of DNA strand breaks caused by ~-radiation in a minichromosome, Physical Biology,
11 (2014), 045003.

[12] M. Liu, Q. G. Wang, B. Huang and C. C. Hang, Improved identification of continuous-time

delay processes from piecewise step tests, Journal of Process Control, 17 (2007), 51-57.

[13]] R. Loxton, K. L. Teo and V. Rehbock, /An optimization approach to state-delay identification,

IEEE Transactions on Automatic Control, 55 (2010), 2113-2119.

[14] B. Ni, D. Xiao and S. L. Shah, Time delay estimation for MIMO dynamical systems with

time-frequency domain analysis, Journal of Process Control, 20 (2010), 83-94.

[15] B. Rakshit, A. R. Chowdhury and P. Saha, Parameter estimation of a delay dynamical system

using synchronization inpresence of noise, Chaos, Solitons and Fractals, 32 (2007), 1278-1284.

[16] J. P. Richard, |Time-delay systems: An overview of some recent advances and open problems),

Automatica, 39 (2003), 1667-1694.

[17] Y. Tang and X. Guan, Parameter estimation of chaotic system with time-delay: A differential

evolution approach, Chaos, Solitons and Fractals, 42 (2009), 3132-3139.

[18] Y. Tang and X. Guan, Parameter estimation for time-delay chaotic systems by particle swarm

optimization, Chaos, Solitons and Fractals, 40 (2009), 1391-1398.

Received November 09, 2015; Accepted July 12, 2016.

E-mail address: krzysztof.fujarewicz@polsl.pl


http://www.ams.org/mathscinet-getitem?mr=MR2404684&return=pdf
http://dx.doi.org/10.1515/RJNAMM.2008.010
http://dx.doi.org/10.1515/RJNAMM.2008.010
http://www.ams.org/mathscinet-getitem?mr=MR2531585&return=pdf
http://dx.doi.org/10.1016/j.automatica.2008.12.026
http://dx.doi.org/10.1016/j.automatica.2008.12.026
http://www.ams.org/mathscinet-getitem?mr=MR2167664&return=pdf
http://dx.doi.org/10.3934/mbe.2005.2.527
http://dx.doi.org/10.3934/mbe.2005.2.527
http://www.ams.org/mathscinet-getitem?mr=MR3275009&return=pdf
http://dx.doi.org/10.3934/dcdsb.2014.19.2521
http://dx.doi.org/10.3934/dcdsb.2014.19.2521
http://dx.doi.org/10.1016/j.jprocont.2006.08.002
http://dx.doi.org/10.1016/j.jprocont.2006.08.002
http://www.ams.org/mathscinet-getitem?mr=MR2722481&return=pdf
http://dx.doi.org/10.1109/TAC.2010.2050710
http://dx.doi.org/10.1016/j.jprocont.2009.10.002
http://dx.doi.org/10.1016/j.jprocont.2009.10.002
http://www.ams.org/mathscinet-getitem?mr=MR2141765&return=pdf
http://dx.doi.org/10.1016/S0005-1098(03)00167-5
http://dx.doi.org/10.1016/j.chaos.2009.04.045
http://dx.doi.org/10.1016/j.chaos.2009.04.045
http://dx.doi.org/10.1016/j.chaos.2007.09.055
http://dx.doi.org/10.1016/j.chaos.2007.09.055
mailto:krzysztof.fujarewicz@polsl.pl

	1. Introduction
	2. Problem formulation
	3. Model of the delay element, its sensitivity model and the adjoint model
	4. Problem solution
	5. Numerical examples
	Example 1
	Example 2
	Example 3
	Example 4
	Example 5
	Example 6

	6. Conclusions
	Acknowledgments
	REFERENCES

