Chapter 6 ®)
Sensitivity Analysis of Delay Differential e
Equations

6.1 Introduction

Delay differential equations can be used to model many problems in biosciences and
are parameterized by meaningful constant parameters p or/and variable parameters
(e.g., control functions) u(¢). It is often desirable to have information about the effect
on the solution of the dynamic system of perturbing the initial data, control functions,
time-lags, and other parameters appearing in the model. The main purpose of this
chapter is to derive a general theory for the sensitivity analysis of mathematical
models that contain time-lags. In this chapter, we use adjoint equations and direct
methods to estimate the sensitivity functions when the parameters that appear in the
model are not only constants but also variables of time. To illustrate the results, the
methodology is applied numerically to an example of a delay differential model.

Many studies in the sensitivity analysis of models without delay have been done
(see, e.g., [1-4]); however, there are few results on sensitivity analysis for time-
lag systems. A knowledge of how the state variable can vary with respect to small
variations in the initial data, parameters (or constant lags) appearing in the model, and
the control functions can yield insights into the behavior of the model and can actually
assist the modeling process. Sensitivity analysis may provide some guidelines for
the reduction of complex models by indicating those variables and parameters that
determine the essential behavior of the system and, hence, must be retained in any
simpler model. For example, if it can be seen that a particular parameter has no effect
on the solution, it may be possible to eliminate it, at some stages, from the modeling
process.

In this chapter, we evaluate sensitivity functionals of DDEs with constant and
variable parameters. We estimate general sensitivity coefficients for the constant
parameters appearing in the model, and functional derivative sensitivity coefficients
for variable coefficients such as initial and control functions. We utilize variational
method in Sect. 6.3 and direct method in Sect. 6.4. In the variational approach, the
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104 6 Sensitivity Analysis of Delay Differential Equations

sensitivity coefficients are calculated based on the introduction of adjoint variables to
solve state and adjoint equations. The direct methods are based on consideration of all
parameters as constants and then the sensitivity coefficients are estimated by solving
a variational system simultaneously with the original system. We also investigate the
sensitivity of the best estimates to small noise in the data/observations in Sect.6.5.

6.2 Sensitivity Functions

Let us consider a class of systems modeled by DDEs of the form [5]

y,(t) = f(ta Y(t)’ Y(t - T)s u(t)7 u(t - U)a p)’ O S t S T? (613.)
y) =¥, p), tel[-1,0), y0) =y eR (6.1b)
u(t) = o), tel[-0,0), ul0 =uyeR", (6.1¢)

where the vector function f in the right-hand side is sufficiently smooth with respect
to each of arguments; and y(t) € R”, y(r — 7) € R, u(t) € R™, u(t — o) € R",
peR,and 7 € R” and o € R are positive constant lags (v, ¥ <r,n <n,
m' < m). Y (¢) and ®(¢) are given continuous functions. We note that u(z) in (6.1a)
can be viewed as a control variable, defined on [—o, T'], which gives a minimum to
the objective functional

T
J(u) = Fo(y(T)) +/0 Fi(t,y(0),y(t — 1), u(@),u( —o),p)ydt, (6.2)

where Fy and F; are continuous functionals.

We also note that the system model involves both lags in the state variable y(¢) and
the control variable u(z). In this chapter, we estimate the sensitivity functions for the
system (6.1a)—(6.1c) rather than the computational aspects of optimal control prob-
lems. (For the computational treatment of time-delayed optimal control problems,
refer to the monograph by Kolmanovskii et al. [6].)

To examine the effect of parameter uncertainty on a model, it is necessary to test
the sensitivity of the predicted model responses to numerical values of the parame-
ters. In this manner, possible deficiencies in the model can be revealed if, e.g., small
changes in a parameter from its nominal value result in large, improbable changes
in patterns of model prediction. Equally, sensitivity analysis can indicate the most
informative data points for a specific parameter. We start our analysis with the defi-
nitions of sensitivity functions of a dynamic system, including constant and variable
parameters, as follows:

Definition 6.1 For the given DDEs (6.1a)—(6.1c¢):

1. The sensitivity functions, when the parameters are constants, are defined by the
partial derivatives
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0y; (1)
30lj

Sii() = , (6.3)

where o represent the parameters p;, the constant lags t;, or the initial values
v;(0). Then, the total variation in y; (¢) due to small variations in the parameters
«a; is such that

i (1)
Syi(t)y=> o0+ O(laf?). (6.4)
j J
Thus, Eq. (6.3) estimates the sensitivity of the state variable to small variations
in parameters o;.
2. The functional derivative sensitivity coefficients, when the parameters are func-
tions of time, are defined by

dy; (t%)
ou (1)’

Bijt,t") = < t*. (6.5)

Then, the total variation in y; (#*) due to any perturbation in the parameters u ; (t)
is denoted by Jy; (#*), such that

t* 9 ; t*
Sy,-(t*)zf vi( )(Suj(t)dt, < t* (6.6)
o Ou;(r)
. o e : . 0yi(t)
Thus, the functional derivative sensitivity density function ; measures the
uj

sensitivity of y; (t) at location ¢* to variation in u;(¢) at any location t < t*. It is
then noted that the sensitivity density functions inherently contain and provide
more information than the sensitivity coefficients.

6.2.1 Adjoint Equations

Adjoint equations have been used by Marchuk [7, 8] to study sensitivity analysis
of non-linear functionals J(y) depending on the solution of the delay differential
models:

y@)=f£@t,y@),yt —1),p), t>ty; y@)=vy(t,p), t€lto—T1, 1] (6.7)

He considered the quadratic functional and its first-order variation caused by pertur-
bations of the basic parameter set p (where y = y(¢, p))
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T T T

10 = [ 250 =2 [ropar =2 Y [ popar,

0 0 Lo

where s; (¢, p) is a solution of the sensitivity equation

of 0
Ay, p),p)sit,p)=—, t >0, s;(t,p) = _W tel-1,0]. (6.8
ap; api

The operator A = i - ot - ot¢ +7)
dt oy Y.

at time 7, y, = y(t — ), and D, is a backward shift operator. The linear operator

A in (6.8) acts on some Hilbert space H with domain D(A). Given A, the adjoint

operator A* can be introduced satisfying the Lagrange identity (A(y, p)s, w) =

(s, A*(y, p)w), where (-, -) is an inner productin H, s € D(A), w € D(A*). Using

the solution w(¢) of the adjoint problem

D., where f(t) denotes the value of f

dw() fT (1) T (1 + 1) _
T B—yw(t) - B—yfw(t +17) =y p).

0<t<T, wit)y=0,tel[l, T+rt] (69)

A(y, pw() = —

enables one to estimate the first-order variation of J (y), due to perturbations of the
parameters p;, via the following formula:

T
: of " aJ
§J(y) = Zz/ <w, a—pépi>dt => a—pépi, (6.10)
i=1 ! !

0 i=1

where % =2 / <W, %> dt is the gradient of the functional with respect to the
l l
parameters.

To estimate the sensitivity of the functional J(y) to variations in all parameters
appearing in the model (6.7), we need to solve this system model together with the
adjoint problem (6.9). In the next section, we extend the use of adjoint equations to
investigate the sensitivity analysis for a more general system (6.1a)—(6.1c), including
constant and variable parameters.

6.3 Variational Approach

In this section, we use adjoint equations to formulate systematically formulae for
the sensitivities of the state variable to small variations in the initial data, delays,
parameters, and the control function appearing in the model. Then, the main object
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. . . e . dy; (¢ e
here is to derive equations for the sensitivity coefficients Yi(6) and the sensitivity
s
J
) ) ady; (t*
density functions M
du ()

Theorem 6.1 [f W(t) is an n-dimensional adjoint function that satisfies the differ-
ential equation

T
W) = d‘?l,t(t) = —afa;t)W(t) Wt +1), t<t"

T
Wi) =0, t>1t*  W@EH)=[0,...,0,1;,,0...,0]T,

T+

6.11)

then

1. The sensitivity coefficients for the DDEs (6.1a)—(6.1c) can be expressed by the

formulae

ay; (t*

ya;o ) _ W), (6.122)

ay; (t* r of

yi (") :/ W () —dt, <t (6.12b)
op 0 op

dy; t* =t of (¢

il _ Wi+ r)ﬂy’(t)dt, (6.12c)
ot T BYI

Ay, (t* "—o of (¢

Wi _ Wt + o) XD var. (6.12d)
do 5 ou,

2. The functional derivative sensitivity coefficients can also be expressed by

dyi(r*) T (1 4+ 1)

U - ey YUt relmn0) (6.13a)
dyi(r*) o7 (1 +0)

000~ ou, VU0l fel-0.0) (6.13b)
Byt _ ot’ AT (1 + o) .

su) ~ ou O+ = —Wito), 1€ (6130

Proof For simplicity in Eq. (6.1a), we write
£y, ¥y 0,05, p) =10, y@), yt — 1), (), uz — o), p).
Small variations in the initial data, control, and system parameters cause a perturba-

tion in the system state in (6.1a)—(6.1c). Then, small variations § W, §®, dyo, du, 5p,
87, and S0 result in a variation 8y that satisfies (for first order) the equation
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8y'(t) = 8—f5y(t) + o 8y( u a—f3p +
ay ay. ou ou, ap
Myt -o, -0, (6.14)
ay at Ju do
Sy(t) =8V (), te[-1,0); 8y(0)=38yyeR", (6.14b)
du(t) = 8®(t), te[—o,0). (6.14¢)

If we multiply both sides of (6.14a) by W (¢) (the transpose of the function W(z))
and integrate both sides with respect to ¢ over the interval [0, #*], we obtain

WT(t*)BY(t*)—WT(O)SY(O)—/ W(t)sy()dt =
0

" [ of of

/ W7 (1) }dﬂr

0 _8y ayr

" [ of of

/ W) a ™ ]d:+

0 L o

r [ of of dy(r — of du(r —

/WT(I) spt W=D A=) N 615)
Bp oy ot au, do

Equation (6.15), after some manipulations, can be rewritten in the form

W *)sy(*) — WT (0)8y(0) = WT(z+ 7) (“)

-7 T

aaal of” ot (r +
+/ W(r)+—W()+¥
0 dy+

SW(t)dt

T
W(t + ‘L’):| Sy(t)dt

t* T
+ / [W/(t)-i- afW(z)] Sy(t)dt + / Wi+ )%m(z)d:
t¥—1 (o}

t*—o
+/0 WT(t) +WT(t+ )

t*

] su(t)dt + w’l (t)%&u(t)dt

af(+)

0

+ WT(z) Spdt / Wi +1)
0

-7

—/ wWit+o )% v (H)dodt, t<t*. (6.16)

a rer w /([)gfdt
dyz

t*

Under the assumptions given in (6.11), the above equation takes the form
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8y (t*) = W (0)8y(0) + WT(t+ )Mswmdr
+ WT(t+ )—af([lja)rscb(t)dt
+/ [WT(t) + W+ )—f( To )}Su(t)dt
0 o
+/ W Xspar — [ Wi+ )M "(Hstdt
0 8p -7 T
- wa( t+o )% "(Hdodt, t<t*; (6.17)

or
x T "Wl o o
Syi (™) = W7 (0)8y(0) —I—/ W (r) p(spdl‘

t*—1 t*—o
—/ Wi+ )w "(tYstdt — / Wit+o )% "(tYSodt

+ WT(t+ )ﬁaxya)dﬂr w4+ )%m(r)d:
—T T -7 o
t*

+/ [WT(z) +Wiito )M]au(z)m, t<t*. (6.18)
0 o

Functional derivative sensitivity coefficients, for constant parameters, are equivalent
to the partial derivative sensitivity coefficients defined by (6.3). When éy(0) — O,
sp — 0,6t — 0, and 50 — 0, we, respectively, obtain the sensitivity coefficients
(6.122)—(6.12d) from the first four terms of Eq. (6.18). Then, the first part of Theo-
rem®6.1 is proved.

From the definition of the functional derivative sensitivity coefficients in (6.6),
we then obtain the formulae (6.13a)—(6.13c) from the last three terms of Eq. (6.18).
Thus, the second part of Theorem 6.1 is proved.

6.4 Direct Approach

If we take all the parameters appearing in the system model (6.1a)—(6.1c) to be
constants, then sensitivity analysis, in this case, may just entail finding the partial
derivatives of the solution with respect to each parameter.

We denote by S(¢) the n x n matrix S(¢, ) of the sensitivity functions

dy' (1, oc)]

80[j

S@® =S¢, a) = [
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. KRN , o .
If we introduce the notation {8_} , the matrix of sensitivity functions takes the
o

form
91T N
S(t,a)E{a } y(t, @) € R™¥7. (6.19)

o

Its ith column is

dyit, @) (1, ) ayit,a)]"
du dar T B '

’

S,-(t,ot):[

Thus, S; (¢, ) is a vector whose components denote the sensitivity of the solution

yi(t, o) of the model to small variations in the parameters «;, j = 1,2,..., 7.

Theorem 6.2 S(¢) satisfies the DDE:

S'(t) =J0S®) +J.(1)S(t — ) +B(), t >0, (6.20)
where
0
J@) = @f(t, Y, ¥z, 0, uy; p) € RV (6.21a)
0 ,
J: (1) = oy f(r,y,y:.u,u,;p) € R (6.21b)
d _
B() := a—f(z,y, Yo, U, Uy p) € RV, (6.21c)
(07

Proof Assuming appropriate differentiability of y(¢, o) with respect to o, we have

aj + O(|8a||?), or, using (6.19),

ay(t,
¥( 0)5
o

Y(t o +80) =yt o)+ =
j=1 !

8y(t, o) = S(t, )8 + O (|| 8 ||?).

Thus, the n x n matrix S(¢, @) may be regarded as the local sensitivity of the
solution y(#, &) to small variations in «. (The term local refers to the fact that these
sensitivities describe the system around a given set of values for the parameters «.)

By differentiating equations (6.1a)—(6.1b) with respect to the vector of parameters
o, we obtain the variational system
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, of of
S (t7a) = g(tvyv Yy, u, udap)s(t7a) + W(Iv Y. Yoo U, g p)S(t -1, a)

T

of
+—,y. Yo.w,us;p) >0,
oo

v (t,
S(a)= 20D o
o
Our result is as follows. O

To estimate the sensitivity functions S(¢), we must solve the n x 1 sensitivity
Eq. (6.20) together with the original system (6.1a)—(6.1c). We should mention here
that solving such systems can be a difficult and costly numerical problem when the
number of states and parameters is large, or when the sensitivities must be computed
repeatedly.

Remark 6.1 We apply the direct method to the linear DDE model:

Y, a)=piyt,a) + py(t —t,0) + p3u(t), t=0

y(t, @) =y (t,a), =<0, (6.22)

as an example. Here o = [p1, p2, p3, 7]7. The equations for S(¢) cannot be solved
in isolation; they require the solution y(¢). We obtain, in the present model, a system
of neutral delay differential equations (NDDEs) expressed as

X'(t,a) = Ax(t,a) + Bx(t — 7,0) + CX'(t — 7, ) + D), >0,

6.23
X(taa) = \Il(t5a)v r e [_T’ O]y ( )
where
P10 0 0 0 70 0 0 0 00000 ]

1 pi0 00 0 pp0 0 0 00000
A=|0o0poo [,B=]10 poo [,C=]|00000 ,
000 poO 0 00 pr0 00000

00 0 0 pp 00 0 0 p 0000—1}2_
Yt o)
pau(t) Y, p) 2t @)
0 spy (t, @) asl ’
D) = 0 X, ) = | sppo) |, and W(t, ) = | g v
u(t) sp3 (1, a) L,/,(, o)
ap ’
0 t,
se(t. ) L
ay(t, o) a L
Here, s,, = , and some terms a—w(t, «) are non-vanishing in the case
o; o;

where the initial function Y depends non—trlivially upon pi, p»2, p3,and t.
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6.5 Sensitivity of Optimum Parameter p to Data

To compute aY , the sensitivity of the parameter estimate P to the observed data Y,
assume that the unweighted objective function

o@ = o V) =Y [va.p -] (6.24)

i

is smooth as a function of p in the neighborhood of the optimal parameter p. Then
we have

ay(ti, p)

, (6.25)
apy

0. Y) =2 by [y 9 - Y]

2

8 1> a 1> 32 is
o, Y) _22 y(t p)M —|—22[y(zi,p) —Yi]M.(6.26)

ap;dpx opx dp19px

i

To minimize the objective function (6.24), the right-hand side of Eq. (6.25) vanishes
at p = p (where p = p(Y)); therefore,

> Iy, POY)Yilsi (1, P(Y)) = 0. (6.27)

Now, the left-hand side of Eq.(6.27) is a function of p and Y; differentiating both
sides with respect to Y yields, fork =1, ..., L,

N L A
S [k D B + [y B - ¥ ]rlml,p)] I = 51, D). (628)
J

i=1 I=1

If we assume that y(z;, p) is close to the observed value Y;, so that the second term
in the left-hand side of Eq.(6.28) can be neglected, then the above system can be
approximated by

N oL 2p
~ ~ 0D —~
Zzsk(li,l))sl(li,ll)ﬁ%Sk(lj,l)), k=1,...,L,

i=1 =1 J

or

Zsk(t,,p)(Zsl(t,,p)—)wsk(tj,p) k=1.....L. (629
J

i=1
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This equation can be written in a compact form:

N ~

— 7 Ip —
s(t;, P)s’ (4, P) ~s(t;,P). (6.30)
[ 2 ] IbfY; !

i=1

Then, the sensitivity of the best-fit parameter estimate P to observations Y;(j =
1,2,..., N) can be estimated by
p

~1
v [B®)] 5.9, 6.31)

wheresis L x 1 vectorand B(p) := [ ZZN=1 s(t;, P)sT (1, ’ﬁ)] isaL x L nonsingular
matrix.

A desirable property of the model is that the sensitivity of the parameter estimate to
the observatlon 2 v~ should be small to minimize the effect of observation noise on the
parameter estlmate. Equation (6.31) suggests that increasing s(z, p) (the sensitivity
of the state variable with respect to the unknown parameter) decreases the sensitivity
of the parameter estimation to observation.

6.5.1 Standard Deviation of Parameter Estimates

‘We can use the sensitivity coefficients (s;, i = 1, ..., L) to determine the covariance
matrix [g;;] of the estimates as follows [9]:

Si1 G12 - -+ GIL
?1 2‘22 ?L _, <I>(p)
31 6§32 .- G3L N_L

[H®)] "
GR1 GR2 --- SLL
where (N — L) is the number of degrees of freedom and H (p) is the Hessian matrix

of the objective function @ (p). Using the notation ;—p and #, the Hessian matrix
can be written in the form

32
H@p) = P
® |:8p8pT (p)]
This matrix can be approximated, in terms of (6.26) and using the sensitivity coeffi-
cients, as

N
Hp) ~ Ap) =2 [Z s,-(rk,ﬁ)sj(rk@} .
i,j=1,..,.L

k=1

.....
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Hence, the standard deviations for the parameter estimates are the quantities o; =

c(p)=SiG=1,..,L).

6.5.2 Non-linearity and Indications of Bias

We remarked earlier that percentage bias in the values of the parameter estimates is a
good indicator of the quantitative effect of non-linearity [10]. To examine the biases
in the values of the parameter estimates due to the non-linearity of the parameters,
we proceed as follows:

(1) Perturb the obtained solution of the model corresponding to the best-fit param-
eters p with normally distributed random errors of zero mean and variance (see
[9D:

»_ (P
§° = .
N-—-L

(2) Find new best-fit parameters P to the perturbed data from (1).

(3) Repeat this process a large number of times (500, or preferably 1000 times) to
generate a statistically significant estimate of the mean value of P.

(4) If the relative biases satisfy the relation

[P — mean{p}| < 0.01|pl,

then the effect of non-linearity is not regarded as significant and the experimenter
can have confidence in the parameter estimates and their standard deviations.

In other words, if the LS estimator of a non-linear regression model is only
slightly biased (the relative biases <1%) with a distribution close to that of a normal
distribution and with a variance only slightly in excess of the minimum variance
bound, it seems reasonable to consider the estimator as behaving close fo a linear
regression model. If, on the other hand, the LS estimator has a large non-linear bias,
with a distribution far from normal and variance greatly in excess of the minimum
variance bound, the non-linear regression model might be far from a linear model
in its behavior. For more details about the non-linearity effect and issues related to
parameter estimations, refer to [9—12].

6.6 Numerical Results

In this section, we apply the results obtained in the above sections, to an example of
linear DDE:
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Y (@) =piy@) + pay(t —t)+ p3, t=>0,
y@) =y (@), tel[-t,0]. (6.32)

We have chosen this model because it has many applications in cell-growth dynamics,
as the behavior of its solution (for particular parameters) is consistent with the step-
like growth pattern; see [12]. A knowledge of how the solution can vary with respect
to small changes in the initial data or the parameters can yield insights into the
behavior of the model and can assist the modeling process. The observation interval
is often divided into subintervals, each of which could be informative about a specific
parameter. Knowledge of these intervals is not only important for understanding the
role of the model but also for an enhanced experiment design for estimating selected
parameters. Thus, sensitivity functions can allow one to qualitatively assess which
data points have the most effect on a particular parameter.

According the above analysis, we wish to find (analytically and numerically)

*

the sensitivity density function Oy ()

oV (1)
ay(1)

———. The sensitivity coefficients (for constant parameters) can be obtained by using

(where t < t*) and the sensitivity coefficients

bOt(lxl variational and direct methods. However, the functional derivative sensitivity
coefficients can only be computed by using the variational method.

o First, we apply the variational approach.
In (6.32), & = [p1, p2, p3, 17 and the control is chosen to be u(t) = p3 = 1. The
adjoint equation for this case is

W) = —piW@) — pWt+1), 1=t

W) =0, t>1t% W) =1. (6.33)
The analytical solution of the adjoint Eq. (6.33) is as follows:
(HO0<t*<rt
W(t) =e PO < ¥, (6.34)
2) Tt <t*<2t
W) = { PO ERETTT 0 <120 (i)

(Here, W(t + 1) =0fort* —t <t <t*and Wt + 1) = e P1¢~"+D for 0 <
t<t*—r1.)

The solution of the DDE (6.32), with an initial function ¥ (#) = 0 with ¢ < 0, is

E(e' — 1), 0<t<r,

§2P2 —E4EeP +Ep)(t—T — éj)epl(l*f), T <t <21, (6.36)

y() = {
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1
where § = —.

P1
Thus, the functional derivative sensitivity density function to the initial function,
by using (6.13a), becomes

(1) o0<t*<rt

dy(t*)
oY (1)

2) Tt <t*<2t

pae PUHD o < pF 1,
0, t*—1t <t =<0.

=pW(t+1) = { (6.37)

ay(*) pae  PIUTIFD) _ p2(1 — % 4 20)e PIU—H2T) g o < 1% 21,
_ (6.38)
oY (1) ppe—PIU=1"+1) t* =2t <t <0.

On the other hand, the sensitivity functional to the control variable u(¢), as depicted
in (6.13c), becomes

ay(*)
qu(t)

W(t). (6.39)

The sensitivity function of y(f) to the constant parameter p;, by using (6.12b),
takes the form

* t* 2 * 1t* *
ay(t)zf Wmﬁdt:{s HEE —Hen 0 <t ST o0
0 ap1

p I + Iy, T < t* <21,
where
=1 a
I :/ W(t)—fdt
0 op1
B . 1 .
= £ =Dl £ £ (T =) F SEpy(rF — )P
—E2py(t* — 1) T — £ py (1 — e, (6.41)
and
a af 2 * t*
I =/ W(t)gdt =1 +E +E@* — &), (6.42)
t*—t 1

The sensitivity of y(¢) to the parameter ps is given by
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M 2/ W(t)ﬁdt (6.43)
ap3 0 op3

& =, 0<tr<t

- {ézpz S P+ Epy(r — T — £)en D, 7 < < 27O

It is clear that

ay(t*
g @ o), asitis satisfying Eq. (6.32).

3
By using (6.12c), we obtain the sensitivity coefficient of y(¢) to the constant
parameter T as

Ay(r* rer af (t
Y0 —/ wie+ 0D v
ot -7 ol T
0, 0<rt*<r,
- { —pr(t* —T)eP T T < tF <21, 6.45)

Numerical results using the variational approach are presented in Figs. 6.1, 6.2, 6.3,
6.4, 6.5, and 6.6. Figure 6.1 plots the analytical solution of DDE (6.32) in the interval

[0,27]. Figures 6.2 and 6.3 show the sensitivity of the state variable to the initial
ay(r*)

Y ()

respectively. For case (i),

function

(t < t*)as afunction of # for (i) 0 < ¢* <t and (ii) T < t* < 27,

*

ay (")
oY (t)

interval [—t, t* — t] and attains maximum value at r = t* — t and vanishes for
dy(r™)

. . Iy (1) o

attain the minimum at t = t* — 2t. We note that t = t* — 27 is the time when the
initial data stops to affect the state delay in the system dynamic. The functional

is positive and increases monotonically in the

t*— 1t <t <0.In case (ii),

monotonically increases and then decreases to

Fig. 6.1 Analytical solution y(t)
of DDE (6.32) in the interval
0 <t <2t with p; = -2,
p2=4,and p3 =1
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*

ay(t)ow(t)

PW(t+1)

- t-1 0

Fig. 6.2 Functional derivative sensitivity density function 33,(’(:)) (6.37),when0 < t* <t

Ayt (h

pW(t+)

< t-2 0

Fig. 6.3 Functional derivative sensitivity density function ‘Z)’vft(:)) (6.38), when t < t* <2t

*

derivative sensitivity density function is shown in Fig. 6.4 as a function of ¢

for t* = 27.

ay(t)

P1
is positive and increases as t increases. Figure 6.6 shows the sensitivity of the state

ay(1)

Figure 6.5 shows the plot of the sensitivity coefficient . We note that
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dy(t)du(t)

0 T

Fig. 6.4 Functional derivative sensitivity density function M) (6.39), for t* = 27

du(r) °
ay(t)/ap,
|
/ |
’ |
!/ |
! |
! |
! |
! |
dy(vp, | 1
/ |
‘ |
/ |
’ |
! l
6 ’C 2t t
Fig. 6.5 Sensitivity function ‘g’p‘?, (6.40)
. ay(1) ay(r) . . .
variable to lag 7, y_‘ We note that Y is negative and, as expected, y(¢) is very

sensitive to changes in 7 in the time inter\gal T < t < 2t and is insensitive to changes
in the constant lag 7 in the time interval [0, t]. The plots have a kink att = 7t as a
result of existence of the delay in the system state.

e Secondly, if we apply the direct approach in the example being considered
(6.32), we can simply use the results obtained in Remark 6.1 to obtain a variational
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0 T 21

ay(t)/at

Fig. 6.6 Sensitivity function 33, (6.45)

system of NDDEs in the unknown functions of the sensitivity coefficients. We solve
this system numerically, as discussed in the previous section, using Archi code [13]
together with the original equations. The numerical results are displayed in Fig.6.7.
We note that this approach provides the same results provided by the variational
approach.

6.7 Concluding Remarks

In this chapter, we have investigated the sensitivity of model solutions by perturbing
the parameters appearing in delay differential systems, using variational and direct
approaches. The theory is applied to a linear DDE. Either of the two approaches is
capable, in principle, of providing the same information concerning the system. It
has been shown that adjoint equations need to be solved to estimate the sensitivity
coefficients via the variational approach. In models consisting of parameters that are
varying or temporally varying, the functional derivative sensitivity coefficients can
only be computed via the variational method. The direct method is based only on
considering all parameters as constants (those independent of time or location) and
then the sensitivity coefficients are estimated by solving a variational system simul-
taneously with the original system. The variational approach can provide a rigorous
sensitivity measure that gives a precise interpretation of the results because sensitivity
density functions contain more information than the sensitivity coefficients.
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Fig. 6.7 Numerical results for (6.32). The first graph (from left to right, up to down) plots the

numerical solution. The second shows the sensitivity function aay—p(f), the third aév—’), and the fourth

(
P2
ay(®)
aT

We have discussed how sensitivity analysis can be used to evaluate which param-
eters have a significant effect on uncertainty. Sensitivity functions of the solution
y(t) for the given DDE model are shown in Figs.6.2, 6.3, 6.4, 6.5, and 6.6 (by
using the variational approach), and in Fig. 6.7 (by using the direct method). These
functions are useful in simulation studies for assessing the sensitivity of the solu-
tions with respect to assigned model parameters. We have seen how the sensitivity
functions enable one to assess the relevant time intervals for the identification of spe-
cific parameters and improve the understanding of the role played by specific model
parameters in describing experimental data. We noted, e.g., from Figs.6.6 and 6.7,
that the experimental points in the subinterval [7,27] are informative data points for
the estimation of parameter t, while the state variable is insensitive to a change in the
constant parameter T through the time interval [0, t]. The oscillation accompanied
by the sensitivity of y(¢) to 7 (in Fig.6.7) indicates that the solution is sensitive to
changes in the parameter t, and this parameter plays an important role in the model.

In the next chapter, we extend the analysis to study stochastic delay differential
equations (SDDEs) which play a prominent role in many application areas including
biology, epidemiology, and population dynamics. SDDEs mostly can offer a more
sophisticated insight through physical phenomena than their deterministic counter-
parts do.



122 6 Sensitivity Analysis of Delay Differential Equations

References

1. Biiskens, C., Maurer, H.: Sqp-methods for solving optimal control problems with control and
state constraints: adjoint variables, sensitivity analysis and real-time control. J. Comput. Appl.
Math. 120(1-2), 85-108 (2000)

2. Eno, L., Beumee, J.G., Rabitz, H.: Sensitivity analysis of experimental data. Appl. Math.
Comput. 16 (1985)

3. Leis, J.R., Kramer, M.A.: The simultaneous solution and sensitivity analysis of systems of
described by ordinary differential equations. ACM. Trans. Math. Softw. 14, 45-60 (1988)

4. Thomaseth, K., Cobelli, C.: Generalized sensitivity in physiological system identification. Ann.
Biomed. Engin. 27, 607-616 (1999)

5. Thomaseth, K., Cobelli, C.: Sensitivity analysis of dynamic systems with time lags. J. Comput.
Appl. Math. 151, 445-462 (2003)

6. Kolmanovskii, V.B., Shaikhet, L.E.: Control of systems with aftereffect. Amer. Math. Soc.
(1996)

7. Kolmanovskii, V.B., Shaikhet, L.E.: Mathematical Modelling of Immune Response in Infec-
tious Diseases, MIA, vol. 395. Kluwer Academic Publishers, Dordrecht (1997)

8. Marchuk, G.I.: Adjoint Equations and Analysis of Complex Systems, MIA, vol. 295. Kluwer
Academic Publishers, Dordrecht (1994)

9. Bard, Y.: Nonlinear Parameter Estimation. Academic, New York (1974)

10. Ratkowsky, D.A.: Nonlinear Regression Modelling, a Unifed Practical Approach. Marcel
Dekker, New York (1983)

11. Bates, D.M., Watts, D.G.: Nonlinear Regression Analysis and Its Applications. Wiley, New
York (1988)

12. Rihan, F.A.: Numerical treatment of delay differential equations in bioscience. Ph.D. Thesis
University of Manchester, UK (2000)

13. Paul, C.A.H.: A user-guide to archi: an explicit runge-kutta code for solving delay and neu-
tral differential equations and parameter estimation problems. MCCM Technical Report 283,
University of Manchester (1997)



	6 Sensitivity Analysis of Delay Differential Equations
	6.1 Introduction
	6.2 Sensitivity Functions
	6.2.1 Adjoint Equations

	6.3 Variational Approach
	6.4 Direct Approach
	6.5 Sensitivity of Optimum Parameter p"0362p to Data
	6.5.1 Standard Deviation of Parameter Estimates 
	6.5.2 Non-linearity and Indications of Bias

	6.6 Numerical Results
	6.7 Concluding Remarks
	References




