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Abstract: Model Predictive Control (MPC) is a model-based control method based on a receding
horizon approach and online optimization. In previous work we have extended MPC to a class of
discrete-event systems, namely the max-plus linear systems, i.e., models that are “linear” in the max-
plus algebra. Lately, the application of MPC for stochastic max-plus-linear systems has attracted a lot of
attention. At each event step, an optimization problem then has to be solved that is, in general, a highly
complex and computationally hard problem. Therefore, the focus of this paper is on decreasing the
computational complexity of the optimization problem. To this end, we use an approximation approach
that is based on the p-th raw moments of a random variable. This method results in a much lower
computational complexity and computation time while still guaranteeing a good performance.

Keywords: Stochastic discrete event systems, stochastic max-plus linear systems, model predictive

control, approximation, raw moments

1. INTRODUCTION

Model predictive control (MPC) (Rawlings and Mayne, 2009)
is an advanced control approach that relies on a dynamic model
of the process and is capable of handling constraints on inputs
or outputs in a systematic way. Although conventional MPC
uses linear or nonlinear discrete-time model, MPC has also
been extended to discrete-event systems (De Schutter and van
den Boom, 2001; Necoara et al., 2004).

The class of discrete-event systems essentially consists of man-
made systems that contain a finite number of resources (such
as machines, communications channels, or processors) that are
shared by several users (such as product types, information
packets, or jobs) all of which contribute to the achievement
of some common goal (the assembly of products, the end-to-
end transmission of a set of information packets, or a parallel
computation) (Baccelli et al., 1992). In this paper we consider a
special class of discrete-event systems, namely the max-plus
linear (MPL) systems. Loosely speaking, this class contains
discrete event systems with synchronization but no choice.
Models of such systems are based on two main operations,
maximization and addition. This leads to a description that is
linear in max-plus algebra (Baccelli et al., 1992; Cuninghame-
Green, 1979; Heidergott et al., 2006), and that applies to both
deterministic and stochastic discrete-event systems. Some re-
sults for the analysis of stochastic MPL discrete-event systems
can be found in (Olsder et al., 1990; Resing et al., 1990).

One of the relevant topics that has attracted much attention re-
cently, is the application of MPC for perturbed max-plus-linear
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systems in which modeling errors, noise, and/or disturbances
are present. Van den Boom and De Schutter (2004) have devel-
oped an MPC controller for such perturbed MPL systems. They
also showed that the resulting MPC optimization problem is
convex under quite general conditions. However, by increasing
the prediction horizon and the system order, the computational
complexity increases significantly. In (Van den Boom et al.,
2007) an effort is made to reduce the complexity by introducing
an approximation method, namely the variability expansion.
However, despite the resulting complexity reduction, the level
of the complexity of the main problem remains too high.

This paper focuses on another approach to reduce the com-
plexity of MPC for perturbed MPL systems by approximat-
ing the calculation of stochastic integrals using raw moments
of random variables. This method simplifies the computations
considerably and by choosing the appropriate order p of the
raw moments, the approximation error can be made sufficiently
small. Moreover, due to the special structure of the p-th raw
moments, this method also results in a convex optimization
problem that can be solved efficiently. Since we can compute
these moments analytically, this approach results in a much
faster and more efficient way to solve the stochastic MPL-MPC
problem without increasing the computational complexity.

The paper is organized as follows. Section 2 provides some
background information on max-plus algebra and stochastic
MPL systems. In Section 3 we give a concise account of the
MPC algorithm for stochastic MPL systems presented in (Van
den Boom and De Schutter, 2004). Section 4 introduces the
new approach based on p-th raw moments and describes how
it reduces the complexity of the MPC optimization problem. In
Section 5, we study the convexity of the MPC MPL problem
after applying the approximation method. Section 6 presents
a worked example in which the computation time of the ap-



proximation method is compared with the one from the analytic
computation.

2. MAX-PLUS ALGEBRA AND STOCHASTIC
MAX-PLUS LINEAR SYSTEMS

This section presents the basics of max-plus algebra and the
class of stochastic max-plus systems. More detailed informa-
tion can be found in (Baccelli et al., 1992; Cuninghame-Green,
1979; Heidergott et al., 2006).

2.1 Max-Plus Algebra

Define € = —eo and R, = RU{€}. The max-plus addition (&)
and multiplication (®) are defined as follows:
x®y=max(x,y)
XRQYy=x+Yy
for x,y € Re. Note that the zero element of the max-plus
addition is €, i.e., x@® € = x, and the identity element of the max-
plus multiplication is ¢ = 0, i.e., x ® e = x. The corresponding
max-plus matrix operations are defined as
(A® B)ij = aij © bij = max(aij, bij)
n
(A@C ij = @alk@)ck] = kn}aX ( ik+ij)
k=1

for A,B € R™" and C € Ry™”.
2.2 Max-Plus-Nonnegative-Scaling Functions

Let #mpns denote the set of max-plus-nonnegative-scaling func-
tions, i.e., functions f of the form

f(Z) = IlilaX (Tl 121+ + TinZn+ éz)

with variable z € R} and constant coefficients 7; ; € RT and
& € R, where R™ is the set of the nonnegative real numbers.
In the sequel, we stress that f is a function of z by writing
f € Zmpns(2). As shown by Van den Boom and De Schutter
(2004), the set .#npns is closed under the operations @, ®, and
the scalar multiplication by a nonnegative scalar.

2.3 Stochastic MPL Systems

Discrete event systems with synchronization but no choice can
be modeled as follows (Baccelli et al., 1992; Cuninghame-
Green, 1979):

x(k) =A(k) @x(k—1) @ B(k) @ u(k) (1

y(k) = C(k) @ x(k) )
where x(k) is the state of the system at event step k, and u(k) and
y(k) are the input and output of the system. In fact, the vectors
u(k) and y(k) contain the time instants at which the internal
input and output events occur for the k-th time, respectively.
Since in a stochastic system noise leads to perturbations of the
system matrices, A(k), B(k), and C(k) are in general uncertain
system matrices. Following Van den Boom and De Schutter
(2004) and Van den Boom et al. (2007), these uncertainties are
presented by the vector e(k), which is a stochastic variable with
a certain probability distribution. Hence, the entries of the sys-
tem matrices belong to .#jpns (Van den Boom and De Schutter,

2004), i.e.. A(k) € Spii(e(k)), B(k) € Smpns' (e(k)), C(k) €
Frnpns (e(k)).

3. MPC FOR STOCHASTIC MPL SYSTEMS

In (De Schutter and van den Boom, 2001; Van den Boom and
De Schutter, 2004) the MPC framework has been extended to
MPL models (1)—(2) as follows. Following the conventional
MPC methodology (Rawlings and Mayne, 2009), we define a
cost criterion J that reflects the input and output cost functions
in the event period [k,k + N, — 1]:
J (k) = Jout (k) + AJin ()

where N, is the prediction horizon and A is a weighting factor.
Since we consider a stochastic system, the cost criterion is
actually defined as

No—1 ny No—1 p,
ZZEK,]{—I—] AZZu,kﬂ 3)
j=0 i= j=0 I=

where E[-] denotes the expected value operator, k;(k) =
max(y;(k) — ri(k),0) is the tardiness error for the i-th output
at event step k, and r(k) is the vector of reference (due date)
signals. The aim is to compute an optimal input sequence
u(k),...,u(k+ N, — 1) that minimizes J(k) subject to linear
constraints on the inputs and outputs as discussed in Van den
Boom and De Schutter (2004). Since the u(k)’s correspond
to consecutive event occurrence times, we have the additional
condition Au(k+ j) = u(k+j) —ulk+j—1) >0 for j =
0,...,N, — 1. Furthermore, in order to reduce the number of
decision variables and the corresponding computational com-
plexity we introduce a control horizon N (< N,) and we impose
the additional condition that the input rate should be constant
from the point k+ N, — 1 on: Au(k+ j) = Au(k+ N, — 1) for
j=Nc,...,Ny, — 1, or equivalently A%u(k+ j) = Au(k + j) —
Au(k+j— 1) =0 for j = N,,...,N, — 1. MPC uses a reced-
ing horizon principle which means that after computation of
the optimal control sequence u(k),...,u(k+ N; — 1), only the
first control sample u(k) will be implemented, subsequently
the horizon is shifted one event step, and the optimization is
restarted with new information of the measurements. Consider
the following vectors:

a(k) = [ u (k) - " (k+Np=1) 7,

Fk)=[rT (k) - T (ke Np=1) 17,

(k) = [yT(k) Y (kN =1) T
el

gk)=[e (k) - " (k+Ny—1) ]".
By using successive substitution on (1)-(2), we get ji(k) =
C(é(k)) ® x(k— 1) & D(é(k)) @ ii(k) for appropriately defined
matrices C(é(k)) and D(é(k)) (Van den Boom and De Schutter,
2004). The stochastic MPL-MPC problem for event step k is
then defined as follows (Van den Boom and De Schutter, 2004):

r}}gl]out (k) + 2'Jm (k)

s.tAu(k+j) >0 for j=0,...,N,—1
2u(k+j)=0 for j=Ne,...,N,—1
Acon (k)i (k) + Beon (k)E[§(k)] < ccon(k)
where the last inequality is in fact a soft constraint due to the

expected value of y(k) (so ceon(k) will in general include a
safety margin if necessary).

To solve the above optimization problem, we need to com-
pute the expected value of the signals & (k) and J(k). By
Lemma 2 of (Van den Boom and De Schutter, 2004), both & (k)
and §(k) belong t0 Fmpns(z(k)) with z(k) = [—7 (k) xT (k —
1) i (k) &' (k)]”. Now, let the signal v(k) be a max-plus-



nonnegative-scaling function of /i(k) and é(k) (Van den Boom
and De Schutter, 2004):

v(k) = max (& + B (k) + 8] w(k) + 7] e(k))

where n, is the number of terms that appear in the maximiza-
tion, §; € Re, Bj € (RT)™, §; € (RT)™, y; € (RT)", w(k) =
[—#T (k) xT(k—1)]T is the vector of non-stochastic variables,
and é(k) € R" is a stochastic variable with probability density
function f. For a shorter notation let oj(k) = §; + 5]»Tw(k);

hence,
o (k) + B} (k) + ] &(k) )

Accordingly, the expected value of v(k), denoted by ¥;(k) =
E[v(k)], can be computed analytically as follows:

Y [ /‘a, )+ Bla(k)+7/e)f(@de  (5)

J=1 ecdj(

max. (
j=1

where dé = dé\deé, .. .dené and the sets @;(ii(k)) for j =
1,...,n, have non-overlapping interiors and are defined such
that for all & € @; (ii(k)), v(k) is equal to (4) and U”V D;(i(k)) =
R"2. By Proposition 3 of (Van den Boom and De Schutter 2004)
the function ¥;(k) is convex in (k) and its subgradient g, (ii(k))

is given by
gm/ /f

ee@

(6)

Note that since the system matrices are perturbed by é(k),
both j(k) and (k) depend on é(k). Furthermore, E[§(k)] and
E[& (k)] are convex in #(k), due to Lemma 3 of (Van den Boom
and De Schutter, 2004), which implies that Jou (k) and J(k) are
convex in (k).

Remark 1. Ttis assumed that the reference signal, 7(k), is fixed
and known at event step k. The state, x(k), depends on its
previous value x(k — 1), which is known at event step k, and on
the optimal input (k). Hence, x(k) changes due to the change
of ii(k). Therefore, we only consider the variations of i(k) and
accordingly, the convexity of all functions in (k).

Hence, referring to Property 4 of (Van den Boom and De Schut-
ter, 2004), if the linear output constraints are monotonically
nondecreasing, the MPL-MPC problem turns out to be a convex
problem in #(k). Such a problem can be solved using reliable
and efficient optimization algorithms, such as interior point
methods.

4. APPROXIMATION METHOD

Due to the numerical integration of (5) and (6), the complexity
of the direct computation of E[§(k)] and E[k(k)] grows fast
when the number of stochastic variables, nz, increases. To solve
this problem, Van den Boom et al. (2007) have introduced
an approximation method based on the variability expansion.
However, this method could not reduce the complexity of
the problem sufficiently and consequently the problem still
remains complex. In this section, we introduce an alternative
approximation method that is based on the p-th raw moment
of a random variable. Related work is presented in (Krivulin,
2000).

We are inspired by considering p-norms and related inequalities
(Golub and Van Loan, 1990). Assume that y = [y1,...,y,]”

is a vector in R"; then |y, = (|y1|P+ e |yn|p)‘/1’ and

Iyl = max(|y1],...,|yn|) define the p-norm and ce-norm of
, respectively. However, for the computation of v(k) in (4), we
do not consider the absolute value of the variables but the exact
values. Obviously, y < |y| where the equality holds for y > 0.
Hence, to be able to take advantage of the norm relations, we
introduce a new variable L as a finite lower bound of yj, i.e.,
L<yjfor j=1,...,n. Hence, y; — L >0, Vj and we have
max(yi,...,y,) =max(y; —L,...,yo—L)+L
=max(|y; —Ll[,...,|ys —L|) +L
Note that for the case that y;, j = 1,...,n, is not bounded

from below, we can define L as an offset and consequently, the
equality sign changes to inequality as follows:

max(yi,...,yn,) =max(y; —L,...,yn—L)+L
<max(fy; —Ll,.... [y~ L)+ L. ()
In this case, the role of L is to decrease the error of approximat-
ingy;—Lby |y —L|.

In the sequel we will use the following theorem (Boyd and
Vandenberghe, 2004):

Theorem 2. (Jensen’s Inequality). Let x be an integrable real-
valued random variable and ¢ be an integrable, concave func-
tion. Then: ¢ (E[x]) > E[@(x)].

In this paper, we assume that each element of the error Vec—
tor & (k) is an ii.d. normally distributed random variable !

with mean ; and variance o7, i.e., & (k) ~ A (W, c?) for
i=1,...,nz Hence, &;(k) is not bounded from below. However,
99.7% of the observations of a normally distributed random
variable fall within 3 standard deviation of the mean, i.e., be-
tween U; —30; and U; + 30;. Therefore, the lower bound of each
random variable &;(k) can be approximated by §; = p; — 30; for
i=1,...,n and hence, we can take L = min({i, ..., {,,)-

Now consider the random variables y; ~ 4 (i j,sz) for j =
1,...,n. Let xj = y; — L where L = 'nllin (uj —30;). By
Jj= n

gouoy

considering (7) and the fact that expected value is a linear,
monotonic operator, we have:

x0)] +L < E[max(|xq],...
<E|x|le+L
Since ||x]|o < ||x||, (Golub and Van Loan, 1990), we have:

]E[HXH«,+L] S]E[(|xl|p+...+‘xn|P)1/p+L]
or E||x||oo+L§E[(|x1|l’+..‘+|xn|p)1/p] 1L )

Finally, by applying Theorem 2 to the right-hand side of (9), we
obtain:

E [max(xi,..., )] +L

®)

1/p
E||x||w+L§(E[x1|p+~~—|—|xn|p]> +L  (10)

Note that we can apply Theorem 2 since ¢@(x) = x'/7 is a
concave function for p > 1 and x > 0, and in our case the
argument x is Y, |x;|? which is positive. Accordingly, from
(8)-(10) we conclude that

xn) | +L < <ZE[|xJ|”])1/p+L (11)

Therefore, instead of minimizing the left-hand side of (11),
we can minimize its right-hand side. As a result, we choose

E[max(xl e X

! Note that in theory this may sometimes result in negative values for quantities
that are in principle positive such as the execution times. However, this will not
have any impact later on due to the selection of the offset or lower bound L
(which will then be taken positive).



the function ¥z app(k) as an approximation of V;(k) for an
appropriate choice of p as follows 2 :

e 1/p
Da.app (k) = (ZE[(aj+ﬁfﬁ+ yféL)ﬂ) +L. (12)
j=1

Remark 3. For an even positive integer p =2q, g € Z1, E[x’] =
E[|x|?]. Hence, without loss of generality, we can use E[x”] in
our problem by only considering even values for p in the sequel.
So from now on, p is an even integer larger than or equal to 2.

We also have (Dekking et al., 2005):
Lemma4. 1f zy ~ A (u1,07) and zo ~ A (U, 05) are inde-

pendent, then azy +bzy + ¢ ~ A (apy + bl + c,a* o} + b*63)
for any real numbers a, b, c

Recall that we assume that each element of the error vector
is normally distributed, i.e., & ~ A (;,07) for i = 1,...,n;.
By Lemma 4, the random variable x; = o; + ﬁITﬁ + }/J-Té -
L in (12) is also normally distributed with mean u; = a; +
B/ @+ 7y ue— L and variance 67 = ] [07,...,0,.]". Note that

.....

the mean of the error vector é.

By definition, the p-th raw moment of a normally distributed
random variable x with mean ( and standard deviation ¢ can
be computed as follows:

E?) = [ xP o /0% gy
2no
which is finite for all p > 2. According to Willink (2005), this
moment has a closed form which can be expressed as follows:
E[x"] = o?i P Hy(iu /o) (13)

—o0

where

Hy(x) = (-1 exp(/2) 0 exp(~2/2)

is the p-th Hermite polynomial. Considering equations (26.2.51)
and (22.3.11) in (Abramowitz and Stegun, 1964), leads to

p/2 (_l)kxp72k
= p! - /-
Hy(x) p'k;) 25Kk (p — 2k)!

where p is an even integer in our case and therefore, p/2 € Z™.
As a consequence, E [x”] in (13) can be written as,

TP, (14)

E[’] pf 2dhyk___ P!
= (e _—
e k! (p— 2K)!

which gives a better insight into the construction of (13).
5. CONVEXITY OF THE APPROXIMATION

The approximation method (12), where the expectation can be
replaced by (13) or equivalently (14), decreases the compu-
tational complexity significantly since there is no numerical
integration involved any more and consequently, increases the
time efficiency. Moreover, if we can prove the convexity of (12),
it is possible to use convex optimization algorithms to solve the
MPC optimization problem in a very efficient way.

To this end, let f;(i1) = a; + B/ @+ y} € — L, which is an affine

and so a convex function in #. As mentioned in Section 4,
the p-th moment of a normally distributed random variable is

2 For brevity, we drop k everywhere, except for 7.

finite for p > 2. Consequently, since é is normally distributed,
E[(é(k))P] < oo. Accordingly, the p-th raw moment of f;(i7) is
defined as:
~ * p
Blfi@?) = [ ()" dFatw)

where F; is the cumulative distribution function of f;(i).
Note that f;(i) is normally distributed with mean u; = a; +
Bl i(k)+ 7y} uz— L and variance 67 =y} [0F ..., 0, ]", as men-
tioned in Section 4. To be able to proceed further, we need the
following theorems (see Chapter 5 of (Mitrinovic et al., 1993)):

Theorem 5. (Minkowski inequality for functions). Let 4 and g
be real-valued functions in R such that the functions |/2(x)|’ and
|g(x)|¢ for an integer £ > 1 are integrable on R. Then

(Bt +511)” < (BIA1T) " + (Ellel))

1/¢

Theorem 6. (Minkowski inequality for vectors). Let x,y € R”
and ¢ > 1 be an integer. Then,

. 16 . e 1
(Z Ixj+yj|£> < (Z |ij£> + <Z |y,»|"> :
j=1 j=1 J=1

Since p is even in our case (cf. Remark 3), we have |x|P = xP.
Consequently, we do not use the absolute value sign for the
expressions with the power p in the rest of this section. First we
prove the following proposition:

Proposition 7. (E[(f;(#))"]) /7 is a convex function of i.

Proof: If we show that

(E[(fl(lﬁl +(1 71)[!2))17})1/17
< (zl@)) "+ (1-2) (L))

for any two points iy and ii; in the domain of E[(f;(i))"] and
for any 0 < A < 1, then the proof is complete. Since f; is a
linear function in i, we have

Fidin + (1= A)iz) = A f(in) + (1= A) f(ia2)
Therefore, instead of the inequality above, we prove that the
following inequality holds true.

(]E[(/lfj(:zl) +(1 fl)fj(ﬂz))pD

<a(Bls@)) " - (E@r) T as)

In fact (15) follows directly from the Minkowski inequality
for functions (Theorem 5). So the inequality holds true and

1/p

1/p

consequently, (E[(f;(#))"]) P is a convex function in 7. [J

Before proving the convexity of (12), consider the following
remark.

Remark 8. Let x,y € R" and p > 2 be an even integer. If |x;| <
lyj| for j=1,...,n, then

n 1/p ,, I/p
(300) " <(£0) "
j=1 j=1

Now according to the above notation, we can rewrite (12) more
compactly as

fuan(®) = (LB @) L
=1



Proposition 9. ¥y app (k) is a convex function of .

Proof: Considering Remark 8, the Minkowski inequality
for vectors (Theorem 6), and Proposition 7, we prove that
‘?lﬁ] +(1—A)i;,app (k) < lﬁﬂl,app (k) + (] - A)‘jﬁg,app(k) and there-
fore, it is a convex function of i:

N 1/p
(Z%E[()ij(m) +(1 —ij(ﬁz))p]>

y 1/p
- (Z, (B[(f @)+ —/l)fj(ﬁz))pD(l/p)(p))

=

eq.(15),Rem.8

< (z (A @Lf )
j=1

) I/p
+(1=2) Bl @) ”) )

Minkowski, Thm.6 [ . } 1/p
= Y. AVE[f(@)"]

=

Jj=1

y I/p
+ (Z(l l)”ﬂf;‘(%)”])
I/p

y 1/p nv
<A (Z,lE[fj(ﬁl)”]> +(1-2) <Z}E[f/(ﬁz)p]>

Note that the constant value L in V; 4pp (k) is omitted since this
term does not influence the convexity. [l

6. WORKED EXAMPLE

Now we illustrate our approximation method using an example
that involves a simple manufacturing system taken from Van
den Boom and De Schutter (2004). Selecting this example
also enables us to compare our results with the exact analytic
solution. Moreover, we can also compare the computation time
of our method with the one of (Van den Boom and De Schutter,
2004).

d1:5+€(k) d2:1

t1=0 Hh=1
u(k) —* M = M
x1 (k) x2 (k)

Fig. 1. A production system.

Consider the manufacturing system of Figure 1. This system
consists of two machines M; and M, and operates in batches.
The raw material is fed to M; where preprocessing is done.
Afterwards the intermediate product is fed to M, and finally
leaves the system. We assume that each machine starts working
as soon as possible on each batch, i.e., as soon as the raw
material or the required intermediate product is available, and
as soon as the machine is idle (i.e., the previous batch of
products has been processed and has left the machine).

Define:
u(k) :time instant at which the system is fed for the k-th time
y(k) :time instant at which the k-th product leaves the
system
x;(k) : time instant at which machine i starts for the k-th time

tj(k) : transportation time on link j for the k-th batch
d;(k) : processing time on machine i for the k-th batch.

The system equations are given by Van den Boom and De
Schutter (2004)
x1 (k) = max(x; (k—1) +dy (k—1),u(k) +1t,(k))
x2 (k) = max(x1 (k) +d (k) +12(k),x2(k—1)
+dy(k—1))
=max(x;(k—1)+d)(k—1) +d (k) +12(k),
u(k) +dy (k) + 11 (k) + 12 (k),
x(k=1) +da(k—1))
y(k) = x2 (k) + da (k) +13(k)
In matrix notation this becomes
x(k) = A(k) @x(k—1) ® B(k) @ u(k)
y(k) = C(k) @x(k) .
where the system matrices A, B and C are given by
A dy(k—1) €
- L di(k=1)+di(k) +12(k) do(k—1)
L ]
d; (k) +1 (k) +l2(k)
C=le do(k)+13(k)].
It is assumed that the transportation times are constant: ¢ (k) =
0,1, (k) = 1,#3(k) = 0; the production time of M, is constant:
dy(k) = 1; the due date (reference) signal is r(k) =4+46-
k and the initial state is x(0) = [0 7]7. The vector &(k) =
[di(k—1) dy(k) dy(k+1) dy(k+2)]T consists of indepen-
dent stochastic random variables, i.e., the production time on
M, is corrupted by noise: dy (k+ ) =5+ e(k+¢) where e(k +
£) ~ A4(0,1) for £ = —1,...,2. The cost criterion (3) will
be optimized for N, = 3 and N. = 2. Hence, we can write

the tardiness error equations with deterministic and stochastic
parts:

ma

bl
P
—~

y(k) —r(k),0)
=max (M +&; +&, M +&,1M3,0)
max(y(k+1) —r(k+1),0)
=max(ny+& +& +&,M5+ & + &3,
N6 +&3,M7 + &1 +&2,M5 +&2,M9,0)
max(y(k+2) —r(k+2),0)
=max(No+& +8é +é+és,M1+8E+é3+és,
N2 +€3+eé4,M3+e4,MNa+é +ér+é3,
Mis+é +é3,Mie+€3,Mi7+é1 + e,
M8 +&2,M19,0)
where 71, ..., M9 are sums of deterministic values and €1, .. .,é4
are the elements of the stochastic vector &(k). Note that we omit
the argument & for brevity. Next, we add an offset L to all terms
iny(k+¢)—r(k+¢),£=0,1,2. As mentioned in Section 4 the
value L used in (7) for each maximization term will be defined
as follows:

(16)

L= I{lin (T]j+'}/j~TIng—3Gj,O)

J=1,....ny
where [z = [t1,. .., ta]” and 67 = ¥/ [07,...,07]" such that
ti =0 and 6 = 1 are the mean and variance of & for i =
1,...,4 by assumption, and ¥; is a vector of 0 and 1 that

indicates which elements of & appear in the maximization.

Table 1 lists the results of computing the expected values of the
tardiness error shown in (16) using the approximation method



k |/ Vi (k) Vaapp(k) | relative error (%)
1 0 2.0089 3.6895 84
1 6.0120 6.2912 4.644
2 11.0099 11.1758 1.507
210 3.5606 3.6318 2.003
1 8.5607 8.5637 0.035
2 13.5603 13.5638 0.026
310 5.8460 5.8476 0.027
1 10.8460 10.8464 0.004
2 15.8459 15.8465 0.004
410 49771 5.0006 0.472
1 9.9766 10.0011 0.246
2 14.9758 15.0036 0.186

Table 1. Exact value ¥;(k) and approximation
Viapp(k) of max(y(k+£) —r(k+£),0) for £ =

Ty

(12), as well as the exact values obtained by using numerical
integration. At each event step k = 1,2, 3,4, three expectations
are computed due to the equations in (16). Our numerical
experiment with different values of p show that for the first
expectation, p = 8, for the second one, p = 24, and for the third
one, p = 36, give a very good approximation. The error of the
approximation method is less than 2% on average, as shown
in the last column of Table 1 which presents the percentage
relative error.

If we apply MPC in closed loop for 20 successive event steps,
then the total computation time® using our approximation
approach is 9s. The computation time for the method of Van
den Boom and De Schutter (2004) when applied to this example
is 93 s, but this computation time holds for the case that the error
vector € is uniformly distributed; for the normal distribution the
computation time will only increase.

So the proposed approximation approach combines a good
performance with computation times that are much lower than
existing approaches, and is thus an efficient and useful tool for
solving the MPL-MPC optimization problem.

7. CONCLUSIONS

For the stochastic MPL-MPC problem, we have introduced an
approximation method to reduce the computational complexity.
In this stochastic framework, the complexity of the optimiza-
tion problem increases if the number of stochastic variables
increases, due to the numerical integrations present in the cost
function and output constraint. To tackle these difficulties, we
have proposed a method based on the p-th raw moments of
the stochastic variables. We assumed that the elements of the
noise vector in the system are normally distributed. Since a
closed form of the p-th raw moments of a normally distributed
random variable exists, we can compute the expectation without
using the numerical integration. We have also proved that the
expectations and consequently the cost function are convex.
Therefore, if the constraints are a nondecreasing affine function
of the output, the resulting optimization problem is a convex
optimization problem, and thus can be solved very efficiently.

Future work will focus on decreasing the error of approxima-
tion method by finding the best choice for the offset L and the

3 The CPU times reported here were obtained running Matlab 7.5.0 (R2007b)
on a 2.33 GHz Intel Core Duo E655 processor.

raw moment order p. Moreover, we will compare this method
with variability expansion (Van den Boom et al., 2007) more
precisely to find the strong and weak points of these methods in
comparison to each other.
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