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Abstract

Subject of this paper is the design of optimal experiments for chemical processes described by nonlinear DAE models.
The optimization aims at maximizing the statistical quality of a parameter estimate from experimental data. This leads to
optimal control problems with an unusual and intricate objective function which depends implicitly on first derivatives of
the solution of the underlying DAE. We treat these problems by the direct approach and solve them using a structured
SQP method. The required first and second derivatives of the solution of the DAE are computed very efficiently by a
special coupling of the techniques of internal numerical differentiation and automatic differentiation. The performance of
our approach is demonstrated for an application to chemical reaction kinetics. (©) 2000 Elsevier Science B.V. All rights
reserved.

Keywords: Optimum experimental design; Parameter estimation; Nonlinear DAE models; Direct approach; Internal
numerical differentiation; Chemical reaction kinetics

1. Introduction

Computational simulation and optimization of chemical processes based on mathematical models is
essential in today’s chemical industry. From the planning of a production plant via the optimization
of the production process, regarding, e.g., yield maximization or minimization of the formation of
pollutants, up to the training of employees and the simulation of critical scenarios, mathematical
tools can be applied to support the decisions of chemical engineers. To reproduce the real-world
behaviour properly the processes must be described by mathematical models which are valid over a
wide range. In this paper we consider the so-called rigorous models which are based on physical and
chemical laws. Especially, we concentrate on processes in reaction kinetics and chemical engineering
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which can be modeled by systems of differential algebraic equations (DAE). Typically, these DAE
systems are nonlinear and stiff.

Often the models depend on parameters the values of which have to be determined from measure-
ments. Typically, these parameters describe specific properties of the reactions and of the involved
species, for example reaction orders, reaction rates, velocity constants, equilibrium constants, or
reaction enthalpies.

The parameters are estimated by fitting measurement data given from experiments. The conduction
of these experiments is often extremely expensive and time consuming. Depending on the design
of the experiments the confidence regions of the estimated parameters may be small or large. The
aim of optimum experimental design is to determine experiments that yield a parameter estimation
with maximum statistical quality. This leads to intricate infinite-dimensional nonlinear optimization
problems. This paper deals with the formulation of these problems, the solution procedures, and their
capabilities.

Additionally, several constraints have to be considered in the experimental design problem, such
as cost limitations, restrictions on the number of measurements, safety and environmental protec-
tion rules, or the validity of the model describing the process. The mathematical formulation of
these restrictions yields numerous nonlinear and particularly time-dependent equality and inequality
constraints.

Optimum experimental design applied to linear models has been investigated already for a long
time, see, e.g., the textbooks of Atkinson and Donev [1] or Pukelsheim [22]. Nowadays, these
methods are frequently used in industry.

In contrast to this, there are only a few papers on optimum experimental design for nonlinear mod-
els and especially for models describing dynamic processes. Rudolph and Herrendorfer [23] applied
experimental design to nonlinear regression models used in long-term selection. For a system with
three unknown model parameters, the optimum experimental design is calculated analytically. Baltes
et al. [2] studied a nonlinear dynamical system in unstructured growth models. To design optimal
experiments they set up an unconstrained nonlinear optimization problem which they solved by a
simplex algorithm, see [20]. Nonlinear optimum experimental design for chemical reaction systems
was treated by Lohmann et al. [18,19]. He considered the optimal selection of the measurements but
the variables describing the behavior of the process were kept fixed. Consequently, his optimization
problems have a simpler structure than the ones presented in this paper. Hilf [16] developed and
implemented methods for nonlinear optimum experimental design for mechanical problems described
by DAE systems. In this case, he only had to consider optimum experimental design problems in
which the underlying parameter estimation problems are unconstrained. Moreover, the differential
equations describing the mechanical models are not stiff.

Our paper is structured as follows: in Section 2, the experimental design optimization problem
is formulated, resulting in a nonlinear state-constrained optimal control problem in DAE systems
where the objective function implicitly depends on first derivatives of the solution of the under-
lying constrained parameter estimation problem. In Section 3, we present a direct approach to
solve these problems. In Section 4, we introduce the SQP method which we use for the numer-
ical solution and we describe the special requirements in the case of optimum experimental design.
How we compute the required derivatives of the objective function and the constraints using tech-
niques of internal numerical differentiation combined with automatic differentiation and semi-analytic
formulas is explained in Section 5. In Section 6, we present a sequential procedure for optimum
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experimental design and parameter estimation and briefly sketch a method based on multiple shoot-
ing to solve the occurring constrained parameter estimation problems numerically. Finally, in
Section 7, we give applications of our methods to an example from chemical reaction kinetics,
the reaction of urethane.

2. Formulation of the optimum experimental design problem

The aim of optimum experimental design is to plan experiments in order to maximize the statistical
reliability of some variables estimated from the experimental data. These variables are typically the
unknown parameters in the process model — here we consider DAE systems — but may also be
additional characteristic quantities such as, e.g., initial values of the state variables or other trajectory
values that may be important.

2.1. Parameter estimation

We first describe the underlying constrained parameter estimation problem and consider an aug-
mented formulation which already contains the quantities required for optimum experimental design.
Typically, not all unknown variables can be estimated from a single experiment with sufficient re-
liability. Therefore, we consider parameter estimation problems for multiple experiments containing
N, single experiments:

J—

i iy — by(ty, xi(ty), p.q:))
min " > - = Dot 200 p.00) "
=1 j=1 ij

subject to for (i =1,...,Nx):

x; = (1, z;) fulfills the DAE system

V= filt,xi, p,qi,u:), (2)
0= gi(t,x:, p,qi, u;) (3)
+ additional interior point constraints

di(xi(ti0),---»xi(ti.z,)> p-qi) = 0. 4)

A least-squares functional is minimized subject to the parameters p € R"» and the differential and
algebraic state variables y;:[t;o;t, ] — R™ and z:[t;0;t ] — R™ in order to approximate the
experimental data best. We consider experimental data

Ny = byt xi(t;), p,qi) + €y, i=1,....,Nex, j=1,...,0, %)
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with measurement values #;; € R and the corresponding values of the model responses bii(ti, xi(t;),
P,q:). The measurement errors & = (&,...,&y, ), & = (ail,...,s,»nmi ), i =1,..., Ny, are assumed to
be independent and normally distributed with expected value zero and known variance—covariance
matrix X? = diag(s7,):

&~ N(0,2%).

The weights w; € {0, 1}" describe a selection of measurement points out of the possible ones. They
are fixed in the parameter estimation problem as well as the control variables ¢; € R™ and the control
profiles u; : [t;0;% s,] — R™. The measurement values #;; and the standard deviations o; € R™ are
given from the experimental data.

Note that all variables besides the parameters p are only locally defined in each experiment. The
model equations (2) and (3) of the DAE system may differ from one experiment to another as well
as the constraints and the dimensions of the variables y;,z;, g;,u;,w;, and a;.

2.2. Parametrization of the solution of the DAE system

The constrained parameter estimation problem (1)—(4) depends on the solution functions x;: [#; ¢;
ti ] = R, i=1,..., N, of the DAE system (2) and (3). We use a direct approach to transfer
the infinite-dimensional optimization problem to a finite-dimensional one. Therefore, we introduce
additional variables s;, i = 1,..., N, which, e.g., can be the initial values of the DAE system at
time ¢t =t;,. We add the consistency conditions

g[(ti,();Siap,qiaui):O, l: 19---aNex> (6)

to the vector of constraints d;, i = 1,..., N, of the parameter estimation problem. The solution
of the DAE system can now be considered as a function of the finite-dimensional variables s; (of
course also depending on the parameters p and the fixed controls ¢ and u), which is computed by
an integration method solving the DAE system with initial values x(#;¢) = s;. Possible additional
constraints for the variables s; are also added to the constraints d;.

Thus we can write the parameter estimation problem (1)—(4) in an equivalent form as a finite-
dimensional constrained least-squares problem in the variables s and p:

N. T,
2o i — bty xi(tijs Py Sty qis i), s i) )

miny Zw,-,--("’ (L %8 P:5iq ui), pqi))

SR - Oij .
. (7)
ZHrl(p’anHul’wt)Hz ||F(p,S qvu W)”z

subject to

di(p’si’qi’ui)zo’ l: 17""NeX' (8)

Remark. Like the parameters p, also the introduced variables s; are random variables. If the user
is not only interested in the reliability of the model parameters and initial values, but also in the
reliability of the trajectories of some important components, additional variables s; ; at some interior
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points #;; € [#;0; ¢ r,] may be introduced. The underlying parameter estimation problem is then of the
form (29)—(32) as described in Section 6.2.

2.3. Variance—covariance matrix

We linearize the constrained parameter estimation problem (7)—(8) at a given point (p,S) and
obtain a linear constrained least-squares problem in the unknowns (A p, As):

2
min
Ap,As

R A A
5h)- (A7) +r(pd)

2

subject to

R A . a
J2(p,5)' (Af) +d(pas):0,

where the matrix

dr . .
J= <J1> _ d(p,s)(p’s)
‘ 9 5.8)
d(p.s)™"”
denotes the Jacobian of the constrained parameter estimation problem (7)—(8). In vector d =
(df,....dy )" we summarize the equality constraints.

A necessary condition for (p,$) to be a local minimum of (7)—(8) is that
r(ﬁ,§)>
d(p,$)

where J* denotes the generalized inverse

X A AR AN A
Jr=u 0)<J o) (0 1) ®
2

of the Jacobian J of the constrained parameter estimation problem.
As the experimental data is random the estimated solution (p,§) of the parameter estimation
problem is also a random variable which is in a first-order approximation normally distributed

(p:$) ~ N ((p",57),C)

with the (unknown) true value (p*,s*) as expected value and variance—covariance matrix

b

J(D,8) (

I 0\ .,
CzC(ﬁ,iq,u,W)zJ*(O O>J+. (10)

The variance—covariance matrix describes the confidence ellipsoid which is an approximation of a
nonlinear confidence region of the estimated variables. The 100x¢% confidence ellipsoid (0<a<1)
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can be described by

GL(OC; ﬁ:@q: M:W) = {(P:S)3 (p - ﬁ,S - §)Tc(i)5§’q: “,W)(P - ﬁ,S - §)<'))2(OC)} .
The probability factor y(a) is given by

vA(0) = 15, (1 — o),

where /; is the dimension of (p,s), /, is the dimension of the constraints d, and )ﬁ_ ,(1 —a) is the
quantile of the y2-distribution.

2.4. Experimental design optimization problem

Optimum experimental design aims at maximizing the reliability of the variables to be estimated by
the underlying constrained parameter estimation problem. Therefore we minimize a design criterion
on the variance—covariance matrix C. As described above, the infinite-dimensional solution of the
DAE system is parametrized by finite-dimensional variables s.

The optimum experimental design approach then leads to an optimal control problem of the
following form:

min $(C(p,s,q,u,w)) (11)

q,u,w,s
subject to (for every experiment i, i =1,..., N ):

control and path constraints

ci(t,x(t, p,si,qi,u;), p, qisui(2), w;) =0, tE€[tiot: 1] (12)
constraints of the underlying parameter estimation problem

di(p,si,qi,u;) =0 (13)
and the integrality constraints

w; € {0, 1} (14)

Note that for every evaluation of the objective function and of the state constraints the solutions of
the underlying DAE systems are required. For the objective function additionally derivatives of the
solution of the DAE with respect to the parameters have to be computed.

Remark. Formally, we have introduced all initial values as variables s to obtain a finite-dimensional
formulation of the optimization problem. If parts of the initial values are known in advance, they
can be eliminated a priori in order to save computational effort.

Free variables of the optimization problem are the control profiles u;(¢), the time-independent
control variables ¢g;, and the weights w; on possible measurements. The elements g;; of the variance—
covariance matrix X? of the measurement errors are now no longer considered as fixed values. This
takes into account that the standard deviations of the measurement methods may depend on the
experimental settings ¢g; or on the states x;: 6;; = ¢;;(x;,q;) with ¢;; : R™ % x R" — R"™v. Thus we
are able to formulate also measurements with a relative or more complex measurement error.
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Possible design criteria to minimize the confidence ellipsoid are:

e A-criterion: Minimizing the average half-axis length of the confidence ellipsoid resp. the average
variance of the parameters

1
Pa(C) = Z—trace(C), ly =n, + n,.
1

e E-criterion: Minimizing the largest expansion of the confidence ellipsoid
¢E(C) = )“maX(C)a

where Ay, denotes the largest eigenvalue of C.

e D-criterion: Minimizing the volume of the confidence ellipsoid.
In case of constrained parameter estimation problems we restrict on a regular submatrix of the
variance—covariance matrix C corresponding to a linear combination KT - (p,5) of the variables
of the parameter estimation problem. Matrix K € R'"*/x is of full rank. We obtain a restricted
variance—covariance matrix Cx = Cov(KT(p,$))=KT - Cov(p,$) - K. For regular Cx € R*/x we
apply the D-criterion to the matrix Cy

¢D(CK) = det(CK)l/[K.

In principle, also other functions on the variance—covariance matrix can be treated, e.g., minimizing
the maximal edge of a box enclosing the confidence ellipsoid, i.e., minimizing the maximal (scaled)
variance of the parameters, or criteria defined on the off-diagonals of the variance—covariance matrix
or on the correlation matrix, minimizing correlations of the parameters.

3. Direct approach

To solve the state-constrained optimal control problem (11)—(14) numerically we use a direct
approach. We parametrize the control functions and discretize the solution of the DAE system and
the state constraints to obtain a finite-dimensional constrained nonlinear optimization problem.

3.1. Parametrizing the control functions

The control functions are parametrized on an appropriate user-defined grid
Lo =Tio <+ <Tip, =Ly (15)

and replaced by piecewise continuous functions with a finite-dimensional number of degrees of free-
dom. Typically, these functions are piecewise constant or piecewise linear, but also other parametriza-
tions are possible. If continuity at grid points 7;; is required, additional constraints have to be
introduced.

In the following we denote by the vector ¢ not only the time-independent control variables but
also the the additional control variables introduced by the parametrization of the control functions.
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3.2. Discretization of state constraints and state variables

The state constraints in (12) are discretized on an appropriate grid defined by the user. They are
replaced by interior point constraints on this grid. The grid does not need to be the same as for the
parametrization of the control functions.

The solution of the DAE system is discretized applying methods of variable step size and order
based on backward differentiation formulae. The algebraic equations (3) of the DAE system depend
on the control variables g which vary in every iteration of the optimization process. Thus the algebraic
equations will normally not be consistent. Therefore, we use a relaxed formulation of the algebraic
equations (see, e.g., [12])

0=gi(t,x;, p.q:) — 9(t)gi(ti.0,x:(ti0), P q:) (16)

instead of (3) which allows us to solve the initial value problem for the modified DAE system
(2) and (16) with consistent initial values x;(#;o). The damping factor J;(¢), with ¥;(¢,o) = 1 and
0<9,(t)<1 for t €[t;0,t ], should be non-increasing and may be chosen, e.g., as ¥,(t) = 1 or as
9i(t) = e~ =40) with 6 > 0.

Consistent initial values for the original DAE system are eventually ensured by the consistency
conditions

9i(ti,0,x:(t;0), p.qi) =0 (17)

which we add to the constraints of the optimization problem.

3.3. Relaxation of the integrality constraints

The weights w on the measurements are 0—1-variables:
w; €{0,1}"™, i=1,...,Ng. (18)

For the numerical solution of the optimization problem, we use a relaxed formulation of these
integrality constraints:

w, €[0,17™, i=1,...,Na. (19)

A measurement with a weight 0.5, e.g., may be interpreted as a measurement with twice the variance
as a measurement with weight 1. In an analogous way, also measurements with weights > 1 can
be treated if desired. To obtain an integer solution we apply rounding heuristics to the solution of
the relaxed problem if necessary. For example if we only have to fulfill restrictions on the number
of measurements for each measurement method, we can round up the largest weights belonging to
a measurement method and round off the smallest ones keeping the sum of all weights below or
equal to the allowed maximum number. Another possibility is to accumulate the weights for each
measurement method for increasing measurement times. If the accumulated sum is smaller than 1,
round the current weight off to 0. If the sum reaches 1, round the current weight up to 1, decrease
the sum by 1 and continue accumulating. Our computational results have shown that the solutions
of the relaxed problems tend to be almost integer. Rounding in the described ways affects the value
of the optimality criterion only slightly.
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4. Numerical solution of the nonlinear optimization problem

We obtain a nonlinear finite-dimensional equality and inequality constrained optimization problem
which we write in abbreviated form as

mvin F(v)
st.  G(v)=0, (20)
H(v)=0.

In the vector v we summarize the parametrized control variables ¢, the variables s describing the
parametrization of the solution of the DAE system, and the weights w on the measurements. The
consistency conditions (17) of the DAE system are contained in the equality constraints G(v) = 0.
We choose the method of sequential quadratic programming (SQP) for the solution of the opti-
mization problem (20). The general approach of this method is as follows.
We start with an initial guess 1° and calculate in a loop the subsequent iterate

VT =k AR, k=0,1,... . (21)

The step length r*€(0,1] is determined by a line-search. The search direction Av¥ solves the
quadratic subproblem (QP)

min %AUTA" Av+ VF0T Av
Av

st. G+ VG Av=0, (22)
H(")+ VH@"" Av=>0.

Here the matrix 4" denotes an approximation of the Hessian of the Lagrangian function
L(v, 2, ) = F(v) = 2'G(v) — ' H(v),

where /4 and u are the Lagrangian multipliers.

5. Derivative generation

The solution of the optimization problem with an SQP-method requires the evaluation of the
objective function F and of the equality and inequality constraints G and H. Furthermore, the
gradient of the objective function VF and the derivatives of the constraints VG and VH with
respect to the optimization variables v are needed. The approximation of the Hessian 4* is updated
from step to step. The modifications are based on derivatives of the Lagrangian function.

We obtain the derivatives of the constraints c,d, and g with respect to the optimization variables
v =(s,q,w) by applying the chain rule

d(c.d,g) _ d(c.d.g) ix n d(c,d,g)
dv  ox o v

(23)
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The derivatives of the constraint functions with respect to x and v are calculated by automatic
differentiation, see [9]. The calculation of the derivatives of the solution trajectory x(¢) with respect
to the variables s and the controls ¢ is explained in Section 5.4. Since the variable x(¢) does not
depend on w, the derivative of x with respect to the weights w is trivially equal to zero.

It remains to derive formulas needed for the computation of the derivatives of the objective
function with respect to the optimization variables v = (s,¢,w). Since in most applications only
directional derivatives are required, only (d¢/dv)Av with a suitable direction Av has to be computed.

Using the chain rule we obtain

_d¢, _dgpdcdJ

In the following sections, we describe in detail how the required terms
AJ ::dJA AC_d—CAJ A¢p = d¢
dv dJ

are calculated.

5.1. Derivative of the design criteria with respect to the variance—covariance matrix

For the derivative of the design criteria ¢ with respect to the variance—covariance matrix C explicit
formulas are available (see, e.g., [21]):

o A-criterion:
(:fg\ AC = 1_11 -trace(AC).

o E-criterion: Let ¢p(C) = Inx(C) be a single eigenvalue of C and let z be the corresponding
normalized eigenvector which is unique up to the sign. Then

doe
dC

o D-criterion:

d¢p &
ac AC_—(detC )TN (C Ny (KT AC K

i=1 j=1

“Z2AC=ZTAC.

5.2. Derivative of the variance—covariance matrix with respect to the Jacobian

In this subsection, the calculation of the derivative of the variance—covariance matrix C with
respect to the Jacobian J of the underlying parameter estimation problem and the corresponding
numerical implementations are discussed. The variance—covariance matrix

I 0\ .
C=J* J*
0 0
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may be written as
—1

JL JINT a0\ (g JT It
C=u 0 1 Y1 2 1 Y1 171 2 < )
Jr 0 0 0 Js 0 0
=0 -M'-S-M"-1.
Some technical manipulations yield
C=OM~YIMHS)

for the variance—covariance matrix and

%AJ = (LMY (LM ) (—(SIFLM ™ YAM)T + AS — (SIN (LM~ )AM)T)!

for its derivative, with
Y AN AT AJNT AL AT
-\ AL o) AT 0

and

S AJIT) 0 AT +JTAT 0
B 0 0 0 0/

Both for the calculation of the variance—covariance matrix C and for its derivative, formally (/;M ')
has to be multiplied with different matrices. To realize this operation, we use a generalized QR
decomposition of the Jacobian J. The matrices J; and J, have to be decomposed only once.

5.3. Derivative of the Jacobian with respect to the optimization variables

It remains to establish formulas for the computation of the derivatives of the matrices J; and J,
with respect to the optimization variables v.
We write the Jacobian J; of the least-squares problem (7) in abbreviated form as

dr ob Ox 0b
gt~ (s o)
d(p,s) ox d(p,s)  d(p,s)

with W = diag(,/w;;), ¥ = diag(c;(x;,¢:)), and the model response function b= (b;(t;;,x:(t;), p.q:))
as introduced in (5).
For the derivative of row ij of the Jacobian J; with respect to the control variables ¢ we obtain

dJlij 0 1 ﬁb, ox Ox 0 1 ab, ox
“YAg=—-W | — [ -2 ~ZA IR j A
dg 1 <6x <g,»j 8x> o(p,s) 0q 7 dq (Qij 0ox ) a(p,s) 1

0 (1 0b; ox 0 1 0b;;
4+ — | — Y —ZA 4+ - = Y A
ox <g,~j a(p,s)> 2q~ 17 2 <gf,~ a(p,s)>

15[),] azx
=0T Ag].
2y x 0gd(p.s) q)

i
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To compute the terms (0/0x) ((1/¢;)(0b;;/0x)), etc. we generate subroutines evaluating ((1/g;;)(0b;;/
0x)), etc. which we then differentiate by automatic differentiation.

The derivative w.r.t. the variables s is established analogously.

Finally, we have to provide the derivative of J[J; with respect to the weights w. Let Aw, :=e,.

Then
d 1 L (9 ox b \\' [ 1y (0b Ox ob
a A = TZ 1 < >> ( TZ 1 < >) 5
dw(J1 JAw <er 0x 0(p,s) * A p,s) “ dx d(p,s) " a(p.s)

where e, is the rth unit vector.
The derivatives of the constraints

d = (dfa D) d]];/ex )Ta di == di(xi(ti,o)a L) 7xi(ti,_fi)’ p: Sis Qz))

of the underlying parameter estimation problem with respect to the control variables g (and analo-
gously the variables s) can be computed as

%i(dd)i(&_d 8x+6d)
dg dg \d(p,s) dg \ ox d(p,s)  d(p,s)
_0°d o0x ox  0’d  ox 0*d  Ox 0*d od  0*x

T a2 U(p,s5)0q | 0q0xd(p,s) | 0x0(py5)0q | 0qd(pys) | Ox 0q0(p,s)

The Jacobian J, does not depend on the weights w.

5.4. Derivative of the solution of the initial value problem of the DAE system

It remains to derive techniques to calculate the following expressions efficiently:

0 0 o

a(si p) 5QiXi(t)’ and 0q:0(si, P)xj(t)'
This requires the numerical solution of an initial value problem for the DAE system and the first and
second derivatives of the solution trajectory with respect to initial values, parameters, and controls.
This is the main computational effort in the evaluation of the quadratic subproblem (22) and therefore
has to be done very efficiently. In our approach the variables s;, introduced for the parametrization of
the solution of the DAE system, are the initial values. For an extended approach, where the variables
s; consist of initial values and interior points, the calculation of the derivatives with respect to s;
reduces to the calculation of the derivatives with respect to initial values starting at the points ¢, ;
and can therefore be implemented in nearly the same way as in the approach presented here.

In case of multiple experiments the solution of the DAE system x;(¢) is computed separately for
each experiment. In the following, we will omit the index i specifying the particular experiment for
the sake of readability.

The state variables x(¢) are computed by the integrator DAESOL, a multistep-method with variable
step size and order based on Backward Differentiation Formulae (BDF) which has proven to be very
successful for stiff systems. Error control and step size selection take into account the true nonuniform
grid (for the special techniques implemented see for example Eich [14], Bauer [3], Bauer et al. [5,6]).
For derivative generation see also Bauer et al. [4].

xi(t)7 xi(t)a
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The basic idea in the BDF-discretization is to approximate the unknown p, , in step n + 1 by
a polynomial oy, = —(1 /h)Zf;O o; Var1—; of degree k through the last (already computed) values
Ynseos Vntl—k

k
O(iynJrlfi + hf(tn+1:xn+la P, 61) — Oa
,-Zo: (25)

9(tusr15Xns1, P> q) — V(8)g(to,x(10), p,q) = 0.

The unknowns x,.,1 = (¥,+1,2,+1) are iteratively determined by a modified Newton method.

In order to compute the derivatives of the state variables x with respect to initial values, parameters,
and controls, we apply the techniques of Internal Numerical Differentiation (IND) which have been
introduced by Bock 1981 [10]. The idea is to calculate the exact derivative of the approximation
of the solution of the initial value problem. Here we approximate the solution of the initial value
problem by the BDF-discretization scheme (25). We consider the discretization as a mapping of
the initial values, parameters, and controls to the discretized solution trajectory and differentiate this
mapping by applying the chain rule. This mapping is continuous and differentiable with respect to
the initial values, parameters, and controls, if we freeze the adaptive grid and all other adaptive
decisions made by the integrator.

In one step (here step n + 1) the derivative of the discretized DAE system (25) with respect to
the parameters p is of the form

k
a n+l1—i a axn 5
ZOC,' ya+1 +h : (_f(tn-‘rl,xn-‘rla p:q) ' - + _f(ln+1,xn+la p:‘])) :O’
— )4 Ox op op
i=0 (26)
0 ox, 0 0
It Xt 2o0) - 2+ %10 Paq) — () 2 (10, x(t0)s poq) = O.
Ox op op op

On the other hand if we discretize the variational DAE
W = fW,+ [
0=g. W, +g, — V() g,(to)

for the Wronskian matrix W, = (W,", W;")" = ((0y/0p)",(0z/0p)")" we obtain the same system of
equations as (26). This means that the solution of the variational DAE (27) is the derivative of the
solution of the DAE system calculated by the BDF discretization — presupposed that we use the
same discretization scheme for both.

In an analogous way we set up variational DAEs for the Wronskian matrices W,, = (0x/0x,) and
W, = (0x/0q) for the calculation of the derivatives with respect to initial values and controls.

For the calculation of second derivatives we again differentiate the discretized system (26) with
respect to the controls ¢g. If we use the same discretization scheme as for the nominal solution (25)
and the variational DAEs of first order (27) then discretizing the variational DAE of second order

W;q = (fxxVVq + fxq)Wp + fop,q + fprVq + qua
0= (gxxVVq +gxq)Wp +ngVp,q +gprVq +gpq - 79(t)gpq(t0)

(27)

(28)
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for the expression W, ,=d%x/(0q d(s, p)) is the second derivative of the discretized nominal solution
with respect to parameters and controls. Similar schemes hold for the calculation of the second
derivatives W, , with respect to initial values and controls.

The required first and second derivatives of the model functions f and g of the DAE system are
calculated by automatic differentiation (for more details see the ADIFOR User’s Guide of Bischof
et al. [9]) which allows us to evaluate the derivatives with high accuracy. Moreover the user does
not need to specify any derivatives of the model functions. We evaluate the complete expressions,
e.g., fulW,W,, by directional derivatives.

In every step of the BDF discretization, we have to solve a nonlinear system of Egs. (25) for the
unknown x,,; and linear systems of equations for the derivatives W,,;. In our implementation we
only need one evaluation and decomposition of the Jacobian of (25) to compute all first and second
derivatives W, ;. For the calculation of x,,, by a modified Newton method we reuse the Jacobian
again in the next step.

Remark. Note that the BDF polynomials represent a global error controlled approximation of
the solution of the initial value problem (see [13]). Therefore, the grid of the BDF-discretization
scheme may be decoupled from the grid for the evaluation of the model response and interior point
constraints — and their derivatives. The computation of these quantities requires only the cheap eval-
uation of the BDF polynomials and no additional function calls of the (often costly) right-hand side
of the DAE.

6. Sequential proceeding for optimum experimental design

As the experimental design optimization problem (11)—(14) depends on the values of the para-
meters which are fixed within the optimization we have to apply a strategy which both determines
the parameters and designs the experiments.

In Korkel et al. [17] we suggest a sequential approach which consists of the alternate solution of
experimental design problems (with fixed parameters p) and parameter estimation problems (where
the experimental settings (q,u,w) are fixed). Experimental data are evaluated by carrying out the
optimized experiments in laboratory according to the ones suggested by the previous optimum exper-
imental design. Further, we need an initial guess for the parameters which can be taken, e.g., from
prior experiments, similar processes, or literature. We stop the sequential procedure if the quality
for the parameter estimates satisfies the user’s requirements.

Algorithm. Sequential parameter estimation and experimental design

(1) Choose an initial guess p" for the parameters. Set k:=1.

(2) Determine N (new) experiments by solving the experimental design problem (11)—(14) with
p=p®. If k > 1 use the information from the old Ne + - - - + Nei—; €xperiments.

(3) Carry out the optimal experiments to obtain experimental data.

(4) Compute a new parameter estimate p**! by solving a constrained least-squares parameter es-
timation problem using the experimental data from all Ng; + - - - + Nex experiments. Calculate
the variance—covariance matrix C(p**V,s, g, u, w).

(5) If a user specific criterion based on the variance—covariance matrix C is fulfilled then stop.
Otherwise set k:=k + 1 and go to step 2.
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6.1. Use of a priori information in experimental design

When we optimize the experimental design in step 2 of the algorithm above we want to obtain
new experiments which complement the information already present in the old experiments.

The rows of the Jacobian of the underlying parameter estimation problem consist of two parts — one
for the old experiments and one for the new experiments. The variance—covariance matrix ensuing
from this Jacobian describes the estimation error of a parameter estimate out of the experimental
data from both the old experiments and the new ones. But of course, only the control variables and
weights on the measurements belonging to the new experiments are variables for the experimental
design optimization, whereas the old experiments are kept fixed.

6.2. Solution of the parameter estimation problem

For the optimum experimental design approach the underlying parameter estimation problem is
parametrized by only a few variables as described in Section 2.2. In the following, we present a
slightly different approach for the numerical solution of the infinite-dimensional constrained least-
squares problem (1)—(4). To reduce the infinite-dimensional optimization problem to a finite-
dimensional one we again use a direct approach and apply the method of multiple shooting (in-
troduced for parameter estimation by [10], see also [11] or [24]). We define an appropriate multiple
shooting grid

Lo ="Tio < < Tin, =lif,

which needs not to be the same as the grid for the parametrization of the control functions for the
optimum experimental design problem. At the grid points 7, ;, j =1,...,n,, we introduce additional
variables v;; to parametrize the solution of the DAE system. On each interval [7;;,7;;41], we solve
an initial value problem for the DAE system with relaxed formulation of the algebraic equations (cf.
Section 3.2)

)}i - fi(t’xia ps qiaui)’

0= gi(t,x:, P, qiswi) — 9i(1) 9i(Ti 1, Vi js P> i i)
with initial values x(z;;) = v;; = ((v; )", (vi )")".
Now, we can formulate a nonlinear finite-dimensional least-squares problem in the unknowns
(p:v)
min || 271 (= b(p,v))3 (29)

s.t. d(p,v)=0. (30)
We add the consistency conditions
gij(vi,jsp):: gi(Ti,jsvi,japaqiaui)ZOa i=1,....,Ny, j=0,...,n,, 31)

to the constraints of the least-squares problem to ensure consistent intial values at the solution point.
Additional continuity conditions for the differential state variables

h,j,-(v,-,_,-,vix,-_s_],p)::y(‘c,-,jﬂ;vi,j, p) — vij‘H :0, = 1,...,Nex,j:0,...,l’lz‘. — 1, (32)
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guarantee continuity of the final solution also at the multiple shooting grid points. Here the control
functions u; may be represented by additional control variables ¢; like in the optimum experimental
design problem or by some other functions. In any case they are fixed within the parameter estimation
problem.

Advantages of this approach are the free choice of the multiple shooting grid and of the initial
guesses v;; of the state variables x;(t;) which enables the user to make use of information on the
values of the states that, e.g., is given by the measurements. Moreover, the influence of bad initial
guesses for the parameter estimates is reduced.

We solve the constrained parameter estimation problem (7)—(8) by a modified Gauss—Newton
method: we linearize the problem (29)—(32) at a given point (v, p) and obtain a linear constrained
least-squares problem in the iterates (Av, Ap). If we order the parts of the objective and the con-
straints experiment-wise we yield a linearized least-squares problem with a Jacobian of the following
structure:

M, 0 M}
JLS =
0 My MY
N&X NSX
with
Vi,0 Viong,
R; R,
D D" »
i i R;
, p
Vi, :
Gl 0 D/
Gio
vo__ P __
All‘ - Viong; ’ M - [7
0 Gi,nri ”;Ti
i,0
Vi,0 Vi1 1
Hy Hig 0 ;
p
I_Ii,nri—l
Ving —1 Ving,
0 H “, H "

ing—1 ing—1

and right-hand side

v

d
gdi,0

I'hSl .

rhs = : , ths;=— '
h' Gin,,

rhs

Nex hi,O

hi,nfi —1
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Here we use the following notations:

. or od; 09 ; oh; ;
R" = 71, DK: l, GK: l’j: H'K': l,ja KE Vijs s
L ok T o0k B Ok R ok (i, P}

i=1,...,Nex, j=0,...,n, resp. j=0,...,n, — 1,

i

and

I{[vi"Hl = (_Irly;’()nzt,)’ = 1""5NCX’j:O""’nTI - L

5J
For the calculation of H; we solve initial value problems for the DAE system and the first derivatives
of the solution trajectory with respect to k € {v;;, p} on each interval [7; ;, 7, ;;1]. These are computed
experiment-wise by DAESOL using the techniques of internal numerical differentiation as described
in Section 5.4.

Solving the structured linearized constrained least-squares problem with Jacobian J; g and right-hand
side rhs we exploit both the structure of the multiple experiments and of the multiple shooting ap-
proach in each experiment (see [24,25]). First, we eliminate the local variables v, ,.. o> Vi, IN each
experiment and solve the structured condensed least-squares problem in the reduced set of variables
(vi.0, p) with reduced Jacobian

E) 0 Ef

JRLS =

with
SVi 0

R; R

1 1

E' = Dﬂm R EP = Dp , i=1,..., N

1 1

Gio Gl
and new right-hand side
thSl i
rhsy = : , r}Tsi:— d |, i=1,....Na.
thsy,, Gio

In each experiment we use a LU decomposition for the matrices corresponding to the local variables
vi0. The submatrices corresponding to the parameters p are also transformed as well as the right-hand
side. The remaining system is summarized and ordered by equality and least-squares conditions and
solved by a generalized QR decomposition. We obtain a new iterate for the parameters p and then
calculate successively the iterates for the local variables Vi0s Vils -+ s Vi, in a backward recursion.

7. Application of the methods to the reaction of urethane

We applied our methods and software tools to the reaction of urethane, provided by Kud from the
BASF AG. Even though this example involves only few reactions, it already shows typical properties
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and difficulties of nonlinear experimental design, but it also demonstrates the enormous potential of
this method.

Further applications are presented in [8].
7.1. The reaction of urethane
The reaction of urethane is a simultaneous and consecutive reaction including a reversible reaction:
A+ B — C,
A+ C =D,
34 - E

with 4 we denote phenylisocyanate, B is butanol, C is urethane, D is allophanate, and £ is isocya-
nurate. Solvent is dimethylsulfoxide.

The experiments for this reaction are carried out in a semi-batch reactor with two feed vessels,
one for phenylisocyanate and one for butanol. In the beginning, the reactor contains phenylisocyanate
and butanol. The temperature inside the reactor can be controlled.

We describe this process by a nonlinear DAE model:

ny=V-(ry—ry+rnr),

ny =V -(r; —r3),

1’25:V'V4,

0=ny +n3+2n4 +3ns — Ny — Niegs
0=mny +n; + ny — ny — Naep,
O:nﬁ_naé — Neea — Neebs

I’l3(t()) = n4(t0) = I’ls(to) =0 rnol, ty = Oh, ty = 80h
with

M Eq;(1 1
V = Zni—’, k,- :ki :krefi exp(_l <_ _ _)) ,

= P R \T  Ten
r1:k1~%~%, i=1,2,4,
rz_kz.”—Vl.”—Ij, k3—]]§—i,
r;:k3-1;, kc:kczexp(—d;’z-(;—;gz»



L Bauer et al. | Journal of Computational and Applied Mathematics 120 (2000) 1-25 19

The molar numbers n,,...,ns of the species 4 to £ and ng of the solvent are the state variables of
the DAE system.

In this model eight parameters are unknown: the steric factors k., i=1,2,4, the activation energies
E,, i=1,2,4, as well as the equilibrium constant k., (for the reference temperature 7,,) and the
reaction enthalpy dh, of the reversible reaction.

The two feeds are modelled by two monotonously increasing control functions

feed,, feed, : [ty;t] — [0; 1]

describing the profiles of the accumulated feeds. Multiplied with the initial molar numbers within
the feed vessels, we get the feed molar numbers:

Nyea = Nglea * feedu’ Noep = Na2eb - feedba

Neea = Natea * feeda: Neeb = Nageb * feedb-
The third control function is the temperature profile
T : [to;tr] — [293.16K;473.16 K].

Each experiment lasts 80 h. The beginning is Monday, 8 pm, the end Thursday, 4 pm. During the
nights, the feed rates and the heating/cooling rate have to be zero due to safety rules.

Further control variables for experimental design are the mole ratios MV, € [0.1; 10], MV, € [0; 1000],
and MV; € [0; 10], the parts of active ingredients g, € [0; 0.8], guew € [0;0.9], and ¢g,., €[0; 1], and the
initial volume V, € [0m?;0.00075m?] of the species in the reactor.

These quantities are connected to the initial molar numbers as follows:

MV, = + Nazeb g, = Na - My +ng - My
1 — ’ a — s
Na1 + Nylea Nay - My +ngy - My + nge - My
MV . Nglea o Nalea * Ml
2 — 9 gaea - )
Ng1 Nalea * Ml + Na6ea * M6
_ Naep _ Nazep - Mo
MV3 — ) gaeb - s
Ngy Nazey * My + Ragen + M
Ng1 1) Na6
Vazi'Ml—Fi'Mz—Fi'M@
P1 02 Ps

All other quantities in the model are constants: the molar masses M;, the densities p;, the reference
temperatures T,.¢; and T, and the gas constant R, see Table 1.
Three measurement methods are available:

e titration, measuring mass percent of phenylisocyanate with a standard deviation of the measure-
ment error of 0.5,

e HPLCI1, giving mass percent of urethane and allophanate with standard deviations 0.5 resp. 0.005,
and

e HPLC2, for mass percent of isocyanurate with standard deviation 0.0005.

In each experiment, 16 measurements can be selected out of 30 possible ones. We parametrize
the time depending control functions using piecewise linear and continuous polynomials. Altogether
we have 90 experimental design variables for each experiment: 7 control variables, 7 initial molar
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Table 1
Constants in the model for the reaction of urethane

Molar masses Densities Reference temperatures

M; =0.11911 kg/mol
M, = 0.07412 kg/mol
M5 =0.19323 kg/mol
My = 0.31234 kg/mol
Ms = 0.35733 kg/mol
M = 0.07806 kg/mol

p1 = 1095.0 kg/m*
p2 = 809.0 kg/m®

p3 = 1415.0 kg/m?
pa = 1528.0 kg/m?
ps = 1451.0 kg/m*
ps = 1101.0 kg/m’

Trer1 = 363.16 K
Tret2 = 363.16 K
Tretsa = 363.16 K
Tp=363.16 K

Gas constant
R=28314J/(K mol)

Table 2

Sequential parameter estimation for the reaction of urethane. The table shows the initial guesses for the parameters, the
estimates after one and two optimized experiments, and the parameter estimate from the intuitive experimental design
after 15 experiments. The estimated parameters are shown with the corresponding standard deviations. The parameters are
scaled such that all initial guesses are equal to 1

Parameter Initial First Second Intuitive

guess estimate estimate result
ket 1 251 +3-1072 2504 +6-1073 250+2-1072
Eax 1 0.835+4-1073 0.836+1-1073 0.835+7-1073
kret2 1 912+1-107" 9125+2-1072 913+7-107"
Eun 1 0.8355+2-107* 0.83537 £8-107° 0.8344+2-1073
Krets 1 580+ 1-107" 58.004 £ 61073 57.990 +9- 103
Eu 1 0658+ 11073 0.6574+2-10* 0.65725+7-1073
dhy 1 1.09+2-1072 1.082+6-1073 09+3-107"
ke 1 130 £3-1072 129+1-1072 1.1+3-107"
A-criterion 38-1073 55-107° 721072

numbers, 30 weights on the measurements, and 46 variables due to the parametrization of the control
functions.

7.2. Computational results

As initial guesses for the parameters values from literature were chosen. In the first iteration,
one experiment was computed by minimizing the A-criterion. The parameter estimation from the
corresponding experimental data resulted in parameters with standard deviations of at most 2.5%
(see Table 2). We decided to design a second A-optimal experiment taking into account the a
priori information from the first experiment to improve this estimation. After the second parameter
estimation, the standard deviations were smaller than 0.8%.

The experimental data were generated by simulations. A set of parameters was assigned to be the
true one. The simulation results of the measurements were perturbed by normally distributed errors
with the variances of the measurement methods.
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7.3. Initial values for the optimization

We started the optimization with the following initial values for the experimental design variables:
MV, =1.0, MV, =0.3, MV3;=0.3, ¢, =0.75, gaea = 0.5, Guer =04, V,=2.75-107"m".
For the control functions we used the following initial profiles:

feed of isocyaﬁate 550 temperature -
feed of butanol -
T} ; — 500 |
X, .
()
E 0'75 L -E 450 [ ' Trmmmmsmmmsseesenene]
5 , a
a g 400 |
- I A g
L / g 350
025 / £
= 300 f
0 : : : 250 : - :
0 20 40 60 80 0 20 40 60 80
time [hours] time [hours]
7.4. Experimental set-up of the two computed experiments
First experiment
Control variables:
MV 1 MV2 MV3 Ya Yaea Yaeb Va
0.637635 15.9264 10 0.8 0.9 1 2.09045-10°m?
Measurement points for the different methods:
e titration: 0.5, 1,
e HPLC 1: 0.5, 1, 4, 8, 24, 32, 48, 56, 72, 80,
e HPLC 2: 4, 8§, 32, 48.
Control functions:
1.25 feed of isocyanate 550 temperature - :
feed of butanol -
— 500 |
1} <
» VA 2 450 | e — .
2 4 <] {
g 0757 s
s / g 400
8 o5t/ ©
- Q 350 ;
£ i
0.25 1 2 300f
0 : : - 250 : : :
0 20 40 60 80 0 20 40 60 80

time [hours] time [hours]
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Second experiment:
Control variables:

MV 1 MVZ MV3 Ya Yaea Yaeb Va
0.370994 25.9546 10 0.8 0.9 1 9.00762 - 10~°m?,

Measurement points for the different methods:

e titration: none,
e HPLC 1: 4, 8, 24, 32, 48, 56, 72, 80,
e HPLC 2: 4, 8, 24, 32, 48, 56, 72, 80.

Control functions:

550

feed of isocyanate temperature - -
feed of butanol ————
T — 500 |
<
k)
8 075+ 5 450
kS s
s g 400
3 % © A
Q2 8 350 oo ]
025 ¢ £
_____________________ = 800 f
O - 1 1 1 250 1 1 1
0 20 40 60 80 0 20 40 60 80
time [hours] time [hours]

7.5. Trajectories

The following plots show the trajectories of the five species, evaluated for the second and final
estimate of the parameters:
First experiment:

0.5 - T T T 0.8 . ;
isocyanate —— - allophanate ~———
butanol -~ P — isocyanurate -~
04 urethane - J \
’ 06 | — . 1
o £ o [ T e —
L 03¢ g ,
5 E o4l |
c 02 g
o 8 |
[} o |
£ 0.1 i € o2t
VA ’
0 0 4
0 20 40 60 80 0 20 40 60 80

time [hours] time [hours]
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Second experiment:

1

isocyanate allophanate ~——
butanol - 04 isocyanurate -
08 urethane -
14 o 03¢ 1
8 o6} 8
5 g
c s 02+ |
3 04 E /
° <] /
E E o1t /
021 /
!/
0
0 1 L 1 1 1 1
0 20 40 60 80 0 20 40 60 80
time [hours] time [hours]

We used an SGI O2 workstation with one mips R5000 processor and the IRIX 6.3 operation sys-
tem. The code was compiled by the SGI C++ and FORTRAN compiler using the -O2 optimization
level. The SQP library SNOPT of Gill et al. [15] was applied. The optimization runs took up to
250 SQP iterations and lasted up to 1 h and 15 min.

7.6. For comparison. intuitive experimental design by an experienced experimentor

Worz, a chemist from BASF, was asked to design experiments and to estimate the parameters
under the same conditions as for optimum experimental design, see [7]. Using his experience from
chemical laboratory’s everyday life he planned his experiments according to the following principles:

e separation of the several reactions,
e isothermal experiments,
e batch reactor.

He designed

e four experiments for the formation of urethane at three different temperatures using the titration
measurement method,

e six experiments for the formation of allophanate at five different temperatures using the HPLC1
measurement method,

e and five experiments for the formation of isocyanurate at three different temperatures using the
HPLC2 measurement method.

Altogether he employed 15 experiments with 90 measurements. After 15 experiments he obtained
the parameter estimate shown in Table 2. The standard deviations still are up to 30% of the values
of the parameters.

The comparison between intuitive and optimum experimental design shows the enormous potential
arising from the application of numerical methods regarding the savings of experimental costs and
experimental effort.
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