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Abstract. In this paper we adapt the well-known parametric approach from fractional programming
to solve a class of fractional programs with a noncompact feasible region. Such fractiona problems
belong to an important class of single component preventive maintenance models. Moreover, for a
special but important subclass we show that the subproblems occurring in this parametric approach
are easy solvable. To solve the problem directly we also propose for arelated subclass a specialized
version of the bisection method. Finally, we present some computational resultsfor thesetwo methods
applied to an inspection model and aminimal repair model having both a unimodal failure rate.
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1. Introduction

In [2] a framework in the form of an optimization problem is presented which
incorporates almost al of the single component preventive replacement models
in the literature where age is the only decision variable. Since in most preventive
replacement models in practice this is the only decision variable it is useful for
unification purposes to have at hand a general framework describing all these
apparently different models. Classical examples of the above models are given by
age-replacement, block-replacement, inspection and minimal repair [4, 27]. Having
this general framework it is important to present efficient algorithms to solve the
corresponding optimization problem. Unfortunately this issue is highly neglected
in the maintenance literature which is primarily focused on the construction of
models and so the purpose of this paper will be to present two algorithms which
solve the optimization problem of [2]. Since the objective function in the general
framework is a cost/time ratio with a noncompact feasible region it seems natural
to apply fractional programming techniques. This shows ancther example of a
practical problem to which these techniques can be applied and as stressed by [26]
in his recent survey on fractional programming this issueis of importance.

We begin by presenting in Section 2 the parametric approach for aspecial class
of fractional programs with a noncompact feasible region. Next we introduce in
Section 3 the framework of [2], which can be solved by the described parametric
procedure. Since in most cases of practical interest the objective function of the
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maintenance framework has some nice additional properties we are able to further
simplify the parametric approach. In particular, we will show in Section 3.1 for an
important subclassthat the parametric problem is easy to solve and simultaneously
derive localization results for global minima. In Section 3.2 we will derive for
a related class an alternative algorithm which can be seen as a specialization
of the classical bisection method. Finally, in Section 4 we present and compare
the computational results obtained when applying these two procedures to the
ingpection and the minimal repair model having both a unimodal failure rate
function.

To conclude this introduction we like to observe that [1] discussin very gen-
eral terms the parametric approach for a more general framework involving also
condition based replacement policies. However, their paper is mainly focused on
the probabilistic properties of the underlying model and without being aware of
related results in fractional programming rediscovers the validity of the paramet-
ric approach. Due to the generality of their model they did not give a solution
procedure for the parametric problem, which stopping rule to use or derive rate
of convergence results. Observe all these issues are addressed in this paper for a
dlightly less general framework which has important applicationsin practice [2].

2. Fractional Programming and the Parametric Approach
In this section we consider the fractional programming problem

inf {g(z) : 0< z < oo} P)
with g : (0, 00)— IR given by

o12) = B

The following conditions are now imposed on the functions N and D.
— Thefunction N : [0,00)— IR is continuous and strictly positive on (0, oo)
with N (0) := limg o N(z) > 0and N(o0) = liMyo N(z) < o0.
— Thefunction D : [0,00)— IR is continuous, strictly increasing and positive
on (0, 00), with D(0) := lim, 0 D(z) and D(c0) := limyyee D(z) < o0.

— Thelimit co > g(o0) = limgto g(z) existsif N(oco) = D(o0) = oo.
Observe, if D(0) > 0we extend the domain of g to [0, oo) by setting g(0) = #rq¢
and in this case the feasible region of (P) isgiven by [0, o).

By the above assumptionsit is clear that ¢ is continuouson (0, occ) and A, :=
infocr<oo g(z) SaAisfies0 < A\, < 0.

If N(o0) isfiniteand D(o0) = oo it follows that g(co) = 0 and so A, equals
zero. Alsointhiscase g(x) > O for every feasible z and so the optimization prob-
lem (P) has no optimal feasible solution. Since we are interested in optimization
problems (P) which have an optimal feasible solution we will only consider the
remaining cases.
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(i) Both N(o0) and D (o) finite;
(i) N (oo) infinite and D(oo) finite;
(iii) Both N(o0) and D(oc0) infinite.

Fractional programming problems with noncompact feasible regions yield, be-
side the existence or not of an optimal feasible solution, problems when applying
usual fractional programming solution procedures, as discussed by [22] and [9].
In particular, while for linear fractional programming with a compact feasible
region the methods of [20], [21] and [10] are equivalent [28], for the noncompact
case this equivalence fails. Moreover, as shown by [22], the methods of [20] and
[21] may fail for the noncompact case to recover an optimal feasible solution.
Recently [8] and [9] have proposed modifications of respectively the methods of
[21] and [10] for linear fractional programs with a noncompact feasible region.
Basically, the difficulties created by a noncompact region are whether an optimal
feasible solution exists and if so, whether it is possible to apply Dinkelbach’s
algorithm [14] to recover such a solution. Observe, since Dinkelbach’s algorithm
usesiteratively an optimal feasible solution of the so-called parametric problem for
appropriate values of A > A, one presumes that these solutions indeed exist. This
clearly holds for compact feasible regions but it is not clear in advance whether
it also holds for noncompact feasible regions. To return to the first question and
to decide for the class of optimization problems (P) whether an optimal feasible
solution exists we note that this always holds for case (ii). For the remaining cases
the following necessary and sufficient condition is easy to derive.

LEMMA 1. For cases (i) and (iii) the optimization problem (P) has an optimal
feasible solution if and only if there exists a feasible z satisfying g(zg) < g(o0).

Proof. If (P) has an optimal feasible solution then there exists a feasible xg
satisfying g(zo) = A« < g(o0) and so the if part is verified. Moreover, if there
exists some feasible xg satisfying g(zo) < g(oo) and additionally g(oo) = A, then
clearly zo is an optimal feasible solution. If A\, < g(oco) then for D(0) > 0 the
result follows from the continuity of g on [0, co) and Welerstrass theorem [5]. A
similar proof appliesfor D(0) = 0 or equivaently ¢g(0) = oo.

We will assume in the remainder that (P) has an optimal feasible solution. This
implies that inf in (P) can be replaced by min and the set X* of optimal feasible
solutions of (P) is nonempty.

Consider now the following parametric problem associated with (P) given by

inf {gx(z) : 0< z < oo} (P2)
with gy : [0, 00)— IR defined by
gr(z) == N(z) — AD(z),
forA € R.Letasop : IR — [—o0, o0) bethe associated parametric function
p(A\) i=inf{ga(z) :0< z < o0}
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and X*()\) the (possibly empty) set of optimal feasible solutions of (P,). For
D(0) = 0 the feasible region of (P,) differs from the feasible region of the
"classical” parametric problem with a compact feasible region as introduced by
[14] or with an arbitrary feasible region as discussed by [11]. This modification
is made in order not to exclude zero beforehand to become an optimal feasible
solution of (Py). However, for the optimization problem (P) under some conditions
the point zero will never be an optimal feasible solution of (Py) for A > A, and so
taking the closure of the original feasible region will not influence the structure of
the parametric problem. Similarly asin [11] one can show the following result.

LEMMA 2.

(@) p(N\) < +oo for every A € IR, and the function p is decreasing.
(b) p(A) < Oifandonly if A > A,. Moreover, p(\,) > 0.

(c) If (P) has an optimal feasible solution then p(\,) = 0.

Another useful result relating (P) and (P,) is given by the next lemma. Observe
the first part is also discussed by [11]) but due to our modification of the feasible
region for D(0) = O we also need to show its validity for this case.

LEMMA 3. If p(A\) = 0, then (P) and (P, ) have the same set of optimal feasible
solutions (which may be empty).

Proof. If D(0) > 0 then the proof is given by (d) of Proposition 2.1 of [11].
Let now D(0) = 0 and suppose that z, is an optimal feasible solution of (P).

Then clearly F(3 > &) = ), for every z > 0 and this implies that N (z) —
AD(z) > 0= N(x,) — \D(z4). Since the functions N and D are continuous
thisyields that . isan optimal feasible solution of (Py, ). Moreover, if p(A,) =0
and z, is an optimal feasible solution of (P,,) then x, must be positive due to
N(0) > 0and D(0) = 0. Sincefor every z > 0 we havethat N (z) — \.D(z) >
N(zx) — M\eD(z4) = 0 thisimpliesthat x, is an optimal feasible solution of (P).
Finally, if either the optimal feasible solution set of (P) or of (Py,) isempty then
by contradiction and the previous observation one can show that the other set is
also empty.

It is well known that Dinkelbach’s algorithm is nothing else than the Newton—
Raphson root finding procedure applied to the function p. Therefore we must know
at least for which values of A the function p is finite-valued. Among other results
thisissueis discussed in the next lemma.

LEMMA 4. If N(o0) and D(o0) arefinite, or N (oo) isinfiniteand D(co) isfinite
then the function p is finite-valued, concave and continuous on (—oo, o).

If both N (o0) and D(o0) areinfinite then the function p is finite-valued, con-
tinuous and concave on (—oo, g(0)).
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Proof. Clearly for the casethat N (o0) and D (oo) arefiniteor N (oco) isinfinite
but D (o) isfinite, thefunctionp isfinite-valued and concave. Hence, by astandard
result in convex analysis[18] the function p must be continuous on IR.

Finally, if both N(oco) and D(o0) areinfinite and g(oco) exists we obtain easily
that gy (00) = o0 if A < g(o0) and gy (oc0) = —oo if A > g(o0). Thisimplies that
the function p is finite-valued on (—oo, g(o0)) and since p is concave it must be
continuous on (—oo, g(oo)) [18].

The next exampleillustrates that for N (oo) and D(co) infinite it might occur that
p(g(00)) = —oo for g(o0) < o0.

EXAMPLE 5. Let the functions V and D be given by

1 ifo<z<1
N(‘”):{x—lnx fr>1

and D(z) = z. For these functions it follows that the optimization problem (P)
satisfies A\, = 1 — exp(—1) and the optimal feasible solution is given by z, =
exp(1). Moreover, g(oo) = 1and p(1l) = —oco.

By the concavity of the function p the next result is easy to verify. Remember the
scalar a € IR is caled a supergradient of the function p at the point )\ if

p(A) <p(Ro) +a (X = Ao)

forevery A € IR. Observethenext result holdswithout any monotonicity conditions
onD.

LEMMA 6. If (P,) has an optimal feasible solution ), then —D(z)) is a super-
gradient of p at the point A\. Moreover, for ), and x,, optimal feasible solutions
of (Py,), respectively (Py,) with A2 < Ay wehave D(z),) < D(zy,).

Since for the optimization problem (P) it is assumed that the function D is strictly
increasing the following result is an easy consequence of Lemmaé.

LEMMA 7. If 2, and ), are optimal feasible solutions of (F,), respectively
(Py,) with X2 < A1 then z, < x,,. Moreover, if the nonempty optimal feasible
solution set X* of (P) satisfies X* C (0, oo) then 0 isno optimal feasible solution
of (Py) for every A > A,.

Proof. Thefirst part is an immediate consequence of Lemma 6 and D strictly
increasing. Clearly the second part holds for X*(\) empty. Therefore assume
X*(X) nonempty and by the first part it is sufficient to show the result for A = A,.
Observe now by (c) of Lemma 2 and Lemma 3 that X*(\,) = &A* C (0, c0) and
this proves the resullt.

As aready observed applying Dinkelbach’s algorithm might not be possible if we
only know that (P) has an optimal feasible solution. Additionally, we also need
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to identify some interval containing A, on which the parametric problem has an
optimal feasible solution. Unfortunately we cannot use Lemma 4 to identify such
an interval since it might happen for p(\) finite that the corresponding problem
(Py) has no optimal feasible solution as shown by the next example.

EXAMPLE 8. Let the functions N and D be given by

1ifo<z<1 I ifo<z<1
N(x)_{zifz>1 ’andD(x)_{x—%+1ifx>1

For these functions it follows that the optimization problem (P) satisfies A, = g
and its optimal feasible solution is given by z, = 2. Moreover, g(o0) = 1 and
p(1) = —1. However the parametric problem does not have an optimal feasible

solution for A = 1.

The next results relate for the three cases (i), (ii) and (iii) the conditions that (P)
has an optimal feasible solution to the conditionsthat (P,) has an optimal feasible
solution for appropriate values of \. At the same time it identifies an interval on
which the parametric problem has an optimal feasible solution.

LEMMA 9. If N(oo0) and D(oc) are finite the optimization problem (P) has an
optimal feasible solution if and only if (P,,) with Ao := g(oo) has an optimal
feasible solution. Moreover, if (P) has an optimal feasible solution then (Py) has
an optimal feasible solution for all A < g(o0), and p(A\) = 0implies\ = A,.

Proof. If (P,,) has an optimal feasible solution then there exists some feasible
xq satisfying

P(Aa) = gro(20) < grg(00) =0

andsofor D(0) = Othepoint 2o cannot bezerodueto N (0)—XoD(0) = N(0) > 0.
Since g, (zo) < 0thisimplies g(zo) < Ao and applying Lemma 1 yields that (P)
has an optimal feasible solution.

To show the reverse implication we observe since (P) has an optimal feasible
solution that by Lemma 1 there exists a feasible zg satisfying gy,(zo) < 0 =
g, (00). Hencefor every A < Ao we obtain by the monotonicity of the function D
that

0 < gp(00) = gxo(z0) = (N (00) — N(z0)) — Ao (D(00) — D(x0))
< (N(00) = N(z0)) — A (D(00) — D(x0)) = ga(o0) — ga(wo)

and this showsthat p(\) < gi(zo) < ga(oco) for every A < Xo. Sincethe functions
D and N are continuouswe obtain by asimilar argument asused in Lemma 1 that
the parametric problem (P,) has an optimal feasible solution for A < Aq.

To prove the last part we observe by (b) of Lemma 2 that A < A\, < Ag if
p(A) = 0. Moreover, since (P) has an optimal feasible solution thisimplies using



OPTIMAL REPLACEMENT MODELS AND FRACTIONAL PROGRAMMING 411

the just proved result that () has an optimal feasible solution. Hence, there exists
some feasible z, such that

0=p(A) = N(zx) = AD(z)) < N(z) — AD(x)

for every z > 0. Clearly for D(0) = 0 it follows that =) cannot be zero and so
g(x) > g(xy) = X for every feasible = proving the last result.

Using the same arguments as in Lemma 9 one can show the following result, for
case (ii), i.e. N (oo) infinite and D(o0) finite.

LEMMA 10. If N(o0) isinfiniteand D(oo) isfinite the optimization problems (P)
and (P,) for all A € IR, have an optimal feasible solution. Moreover, if p(A) = 0
ther] A == A*.

Finally we will consider case (iii).

LEMMA 11. If both N(o0) and D(oco) are infinite then the parametric problem
(Py) hasan optimal feasible solution for every A < g(oo). Moreover, if (P) hasan
optimal feasible solution and p(A) = Othen A = A,.

Proof. Thefirst part is easy to verify and so we omit its proof.

To verify the second part observesincep(\) = Othat gy (x) > Oforevery z > 0.
Thisimpliesthat g(z) > A for every z > Oand hence A\, > A If A < A, < g(o0)
then by thefirst part the problem () has an optimal feasible solution and so there
existssome zy > 0for D(0) > Oorzy > Ofor D(0) = O satisfying gx(zx) =0
and hence g(z)) = A < .. Thisyields a contradiction with the definition of A,
andso )\ = \,.

As shown by Example 8 it is in general not true that also (,,) has an optimal
feasible solution and so the above result is the best possible.

Thefollowing important theorem relates, for all the three cases, the optimization
problem (P) to its parametric problem (Py).

THEOREM 12. If (P) has an optimal feasible solution then p(A) = 0if and only
if A = .. Also, if (P) has an optimal feasible solution then the optimal feasible
solution set of (P) equals the optimal feasible solution set of (Py) for A = A,.
Proof. The aboveresult isan immediate consequence of Lemma 2 and respec-
tively Lemma 9 for case (i), Lemma 10 for case (ii) and Lemma 11 for case

(iii).

By Lemmas9, 10and 11 and Theorem 12 itisclear that with aproper chosen starting
point A1 we canapply Dinkelbach’salgorithm to find an optimal feasi ble solution of
(P). Observethat such avalue can befound by simply taking A1 := g(zo) < g(00),
with zo afeasible point. Clearly, if N (occ) and D(c0) areinfiniteand A, < g(o0) <
oo we could haveused somefeasible g satisfying g(1:0) = g(oo), butif thisholdsit
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may happen that (1),) doesnot have an optimal feasible solution. However, dueto

Ax < g(00) there must exist some feasible x satisfying g(xo) < g(oo) and hence,

by using this value we can still properly apply Dinkelbach’s algorithm. Notice, by

Lemma1 weknow that there exists somefeasible g satisfying g(zo) < g(o0) orin

case N(oo) and D(oo) infiniteand A, < g(oo) some zq satisfying g(zo) < g(o0).
Dinkelbach’s agorithm can now be summarized as follows:

ALGORITHM 1 (Dinkelbach).

Step 1.
Let A1 := g(z0), k := 1 and Got 0 Step 2.
Step 2.
Determine z, := argming., .9, () and GoTo Step 3.
Step 3.
Let A1 = g(my,)-
Lf Apyr= Ak
Then St op.

El se Letk :=k+ 1and GoTo Step 2.

By the previous lemmas it follows that the parametric problem (P, ) aways
has an optimal feasible solution and by a similar reasoning asin [14] one can show
that the sequence {\;, : k > 1} is decreasing with limyo A, = A,. Moreover, if
A = A1 for somefinite k then A, = A, and the algorithm stopswith the optimal
feasible solution x5, (Theorem 12). As shown by [25] the sequence { )\ : k > 1}
converges superlinear or sometimes quadratic to the value A, if the algorithm does
not stop after a finite number of iterations.

Observe aso that the stopping rule p(A\;) > —e with e > 0 some given constant
can beused. If at iteration & this stopping rule holdsit follows by the supergradient
inequality applied at A\, and using Lemma 6 and Theorem 12 that

—e <p(Ap) < p(A) — Ok — A) D(zy,) = — (A — M) D(xy,)

with z, belongingto X* (). Thisinequality impliesthat A, < A, + eD(w,\k)_l
and since the sequence A, k£ > 1 decreasesto A\, we obtain

A < g(m0) = Mes1 < e < A+ € (D(z,)) 2

Finally, observe that the efficiency of Dinkelbach’s algorithm strongly relays
on the ease to solve the parametric problem (P,), and that this depends on the
structure of the original problem (P). Aswe will seein the next section, there are
several classes of maintenance problems for which the parametric problem (P) is
easy to solve. Moreover, in that section we will also specialize the above resultsto
ageneral single-component preventive maintenance model.
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3. A General Single-Component Maintenance M odel

[2] argue that the objective function of any preventive maintenance model, where
age is the only decision variable to start preventive maintenance, necessarily has
the form of the optimization problem (P) with

N(z):=c+ /Oxm(z) h(z) dz
and
D(@) = d+ /Oxh(z) dz

withe > 0,d > 0andm : [0, c0)— IR acontinuous and positive function, while
the function h : [0,00)— IR is continuous and strictly positive on (0, 0c). A
proof of their result can be found in [15]. Well-known examples are the average
cost and expected total discounted cost versions of the age replacement and block
replacement model [6], the minimal repair and standard inspection model [12] and
models where preventive maintenance is only possible at opportunities [13, 2].
Other less known models which fit into the above framework are discussed in
[7,12] and [2].

Observethat this problem falls into the fractional programming class discussed
in the previous section. Introducing

o0 > fp = ”Tm m(z) h(z)dz >0
ztoo Jo

and

oo>p1:=1lim [ h(z)dz>0
ztToo JOo

we have that N(oo) = ¢ + fp and D(co) = d + (1. Moreover, to describe
maintenance activities the only realistic situations correspond also to cases (i), (ii)
and (iii). Also, if the optimization problem (P) has an optimal feasible solution
and d > 0 it is only redistic from a maintenance point of view to assume that
any optimal feasible solution is strictly positive. An example of (i) is given by
the age replacement model, while the block replacement and inspection model
satisfy the assumptions of (iii). To guaranteethat g(oo) aso existsfor case (iii) we
introduce the additional assumption that m(co) = limg1o, m(2z) exists, implying
g(00) = m(o0). For this specia problem we can specialize Lemma 1 as follows:

LEMMA 13. If By and ;1 are finite then the optimization problem (P) has an
optimal feasible solution if and only if there exists a feasible g satisfying
;:m(z) h(z)dz S c+ fo
Jog h(2)dz T d+ 1
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Moreover, if 5o and 5y are infinite and m(occ) < oo then the optimization
problem (P) has an optimal feasible solution if and only if there exists some
feasible z( satisfying

/(:Eo (m(o0) —m(z)) h(z) dz > ¢ — dm(c0).

The above result does not exclude for ¢ > 0 that O is an optimal feasible solution
of (P). However, in the remainder we will alwaysassumethat for d > 0the point 0
is not an optimal feasible solution and so the nonempty set X'* of optimal feasible
solutions satisfies X* C (0, c0). Observe that, for 5y and 31 finite it is easy to
verify, if m(oo) exists and m(oo) > g(o0) = S, that the sufficiency condition
stated in Lemma 13 holds. Also for this case, if we have found some ¢ satisfying
m(z) > g(oo) for every x > xo, then g(zo) < g(oo) and so A1 = g(zp) can be
used to start Dinkelbach’s algorithm.

3.1. APPLYING THE PARAMETRIC APPROACH

Before specializing the results derived in Section 2 notice that if (P) has an
optimal feasible solution and d > 0 it can be easily shown that X* C (0, c0) if
m(0) < g(0). Using now Lemma7 it isrelatively easy to prove the validity of the
following lower bound on the optimal feasible solution of (P,) for A appropriately
chosen.

LEMMA 14. If the nonempty optimal feasible solution set A'* of (P) satisfies
X* C (0, 00) and the continuous function m : [0, oco)— IR isdecreasingon [0, b]
for some b > 0 then =) > b for any optimal feasible solution =, of (Py) with
A« < A. Moreover, the same result holds for any optimal feasible solution of (P).

Proof. Clearly, for b = 0 the result follows by Lemma 7 and so we assume
that b > 0. Using Lemma 6 and the function D strictly increasing it is enough to
prove these results for \,. Hence, suppose z, is an optimal feasible solution of
(Py,). By Lemma 7 it follows that ), > 0 and so by the first order necessary
conditions for a global minimum and 4 strictly positive on (0, oc) we obtain that
m(xy,) — A = 0. If z), < bthisimpliessincem isdecreasingon [0,b] and & is
strictly positive on (0, co) that

9, (@) = h(z)(m(z) = A) = h(z) (m(zx,) — ) =0

for every 0 < z < =x,,. Hence by the mean value theorem [24] this yields
gx, (0) < gy, (z),) andsincex), isanoptimal feasible solution it must follow that
O isalso an optimal feasible solution contradicting Lemma 7. This proves the first
part and by the first part and Theorem 12 the second part follows immediately.

Before discussing a class of functions for which the parametric problem is easy
to solve we observe if (P) has an optimal feasible solution that for any scalar Ay
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generated by Dinkelbach’s algorithm with starting value A1 := g(xo) it follows
by Lemmas 9, 10 and 11 that the set X*(\;) of optimal feasible solutions of
(Py,) isanonempty set. Moreover, if additionally 0 is no optimal feasible solution
of (P) (only needed for d > 0) and m is decreasing on [0, b] with b > 0 we
know by Lemma 14 that =), > b for every x,, belonging to X*();). By these
observationsit follows that the constrained optimization problem (Py, ) is actually
unconstrained and so by the Karush—Kuhn—Tucker conditions for an optimum and
the strict positivity of 4 on (0, o0) we obtain that

X*(Ak)Q{ZL‘ER:’ITL(:L‘)—A]C:O,()<:L‘}. @

Henceto find an optimal feasible solution of the parametric problem (P,) we have
to generate in the general case al stationary pointsz > b.

Another way to solve the global optimization problem (P,) is given by one
of the algorithms discussed by [16] if we know additionally an upper bound
u on the set of optimal feasible solutions of (P,) and an upper bound on the
vaues max{m(z) : b < x < u} and max{h(z) : b < z < u}. In this case the
optimization problem (P,) reduces to the optimization of an univariate Lipschitz
continuous function over acompact interval. Moreover, by Lemma? it followsfor
Ak+1 < Ag that

TAp41 < Ty,
and hence we have an upper bound on the set X*(Ax11)
X*()\k+1) - {(II cER: m(m) — A1 = 0,b<z< :E)\k}.

At the same time it shows using Theorem 12 that limy, 7, = 3 With z; the
biggest optimal feasible solution of (P). By the previous observation it is now easy
to introduce a class of functions for which the parametric problem (P,) hasanice
structure and is therefore almost trivially solvable.

DEFINITION 15. [3] A function f : [0, co) iscalled unimodal if there exists some
0 < zp < oo suchthat f isdecreasing on [0, zp] and increasing on (zp, o).

It is clear for any unimodal function f that co < f(00) = lim,1x f(2) exists.
Moreover, if additionally f is continuous, one can also find constants 0 < b; <
by < oo satisfying f attains its minimum on [b1, b2]. In this case the continuous
function f is called unimodal with parameters 0 < b1 < by, < oo. The next
theorem characterizes the optimal feasible solution set of (Py) and (P) and shows
that under a unimodality assumption the inclusion in (1) can be replaced by an
equality. Observe a weaker result for the optimization problem (P) withd = 0
using a completely different approachis given by [12].

THEOREM 16. If the optimal feasible solution set X* of (P) satisfies X* C
(0, 0), the continuous function m : [0, 00)— IR is unimodal with parameters
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0 < b <by<ooandfor A > )\, the parametric problem (P,) has an optimal
feasible solution then the optimal feasible solution set X*(\) of (P,) equals the
closed interval

{reR:m(z) —A=0,b<zx}.

Moreover, under the same conditions the optimal feasible solution set of (P) is
given by the closed interval

{reR:m(z) = \=0,bp<z}.
Proof. Clearly by (1) we havethat
XN C{zeR:m(z)—A=0,by<z}.

Consider therefore an arbitrary point = > by satisfying m(z) — A = 0 and let x)
denote an optimal feasible solution of (P,). Since by Lemma 14 the inequality
x > by holds and m isincreasing on [b2, co) we obtain due to m(x)) = A that
m(y) = X for every

min{z,z)} <y < max{z,z)}

and s0 ¢4 (y) = 0. Applying now the mean value theorem yields g, is constant on
the interval [min{x, z)}, max{z, z, }] and hence g)(x) = gx(x,). Thisshowsthe
first part and the second part follows immediately from this and Theorem 12.

By Theorem 16itisrelatively easy using for example astandard bisection algorithm
[5] to compute an optimal feasible solution of (P,) for the appropriate A. Clearly
for the subset of unimodal functionsm which are strictly increasing on (b, co) we
obtain that (P,) for the appropriate A has a unique optimal feasible solution and
this implies by Theorem 16 that the optimization problem (P) also has a unique
optimal feasible solution.

Finally, if the continuous function m is unimodal with parameters 0 < b; <
b2 < oo and the function h is decreasing it is also possible for d = 0 to solve (P)
by using a specialized version of the bisection method. This will be discussed in
the next section.

3.2. SPECIALIZED BISECTION METHOD

Besides the Newton—Raphson root finding approach, another important method to
find the unique root of the univariate equation p(\) = 0 is given by the classical
bi section method. Basically thismethod constructsasuccessionof smaller intervals
containing theroot. Although at eachiteration the diameter of theinterval ishalved,
the convergencerate of this method is only linear in opposition to the Dinkelbach
algorithm. [19] proposesavariant of this method, resorting to the bounds produced
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by the Dinkelbach method, which converges superlinearly. However, the bisection-
like method introduced inthis section aimsat solving directly (P), and fully exploits
the very special structure of the maitenance model discussed in this section.
Since the function D is strictly increasing its inverse D : [d,d + (1) —
[0,00) exists and is aso strictly increasing. Let us consider aso the function
G (dJrlﬂ 7d] [0, 00) given by
u(y) = yN(D(3)).

Clearly by the above definition it follows that the objective function ¢ of the
optimization problem (P) equals g(x) = U(ﬁ). It is now possible to prove the
following result for the function v. In the next lemma notice that if both b = 0 and
D(0)=d= Othenﬁ = oo.

-, 5757) if and only if the continuous

LEMMA 17. Thefunction v isconvexon (-2 5 Do)

function m isincreasing on (b, co).
Proof. Clearly, the function v is convex on (d+ﬁ , D(b)) if and only if the

functiony — yN(D‘—( )) isconvex on(dwl, B )) Adapting dlightly the proof
of Theorem 7.1.1.6 of [18] one can easily show using the criteria of increasing
slopes that y +— yN(D* (1)) is convex on (75 ,D% ) if and only if y +—s
N(D* (y)) isconvexon (D(b),d + (1). Thederivative of thelast function equals
m(D* (y)) and since by our assumption the function m is increasing on (b, co)

and D* isdtrictly increasing the equivalence follows.

1

A direct consequenceof the abovelemmaand the subgradient inequality for convex
functionsis given by the next result.

LEMMA 18. If the continuous function m is increasing on (b, 00) and a > b is
some arbitrary point then

for every x > b.
Proof. By Lemma 17 it follows that the function v is convex on (5, ).

d+p1° D(b)
Thisimplies by the subgradient inequality that

g(z) = U(D(lm)) 2 U(D(a)) +UI(D:(L0.)) (D(x) o D(a))

= g(a) +U,(D(a)) (D(lx) - D%a)) )

It is easy to verify that v’ (y) = “(y)*m(?_(y_l)) and substituting y = ﬁ yields
the desired inequality.
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To derive a specialized bisection algorithm we restrict ourselves in the remainder
of this section to an optimization problem (P) with d = 0 for which the continuous
function h is decreasing and the function s is unimoda and continuous with
parameters 0 < by < by < oo. Examples of these models are given by age
replacement, inspection and minimal repair with a unimodal failure rate function
[27].

Under the above conditions it follows that the strictly increasing function D is
concaveand so itsinversefunction D¢ isconvex. Moreover, sinced = O we have
that D*(0) = 0 and using its convexity we obtain that D (ax) < aD* (z) for
every 0 < e < 1.

To start the discussion on our specialized bisection algorithm we observe the
following. Let [do — 7o, do + ro) betheinitial interval of uncertainty containing an
optimal feasible solution of (P). By Theorem 16 we may choose dy — rg equal to
by and dg + ro equal to =, with 5, obtained in Step 2 of Algorithm 1 for A = A;.
If di, is the midpoint of the (k + 1)th uncertainty interval [dy + rg,dr — 1] C
[do — 10, do + o] then we know for [, := min{g(d;) : i < k} that [, > g(z,) with
x, an optimal feasible solution and so by Theorem 16 and Lemma 18 it follows
forz = z, and a = dj, that

D(dy)
D(wy)
Thisimpliesfor ¢'(dy) > 0 or equivaently g(dy) — m(dy) < Othat I —m(dg) <
g(dy) — m(dy) < 0and so the above inequality yields that
g9(di) — m(dy)
Uy —m(dy)
Hence by our previous observation about the function D we obtain that
g(di) —m(dy) ) g(di) — m(dy)
———D(d < = —"d.
lk — m(dk) ( k) - lk - m(dk) ’
Moreover, if ¢'(di) < 0 or equivalently g(dy) — m(dy) > 0it follows by (2) that
I > m(dk) and
g(dg) — m(dy)
Ik — m(d)
Again by a similar argument we obtain
o, > 9(dr) —m(dy)
T Iy —m(dy)

Observe, if ¢'(dx) = 0 then dy, is the optimal feasible solution and we stop the
algorithm. By these observationsit follows for

- 9(dk) —m(dy)
CT = m(dy)

Ik > m(dy) + (g(di) — m(dy))

2)

D(z,) < D(dy).

2, = D" (D(z,)) < D* (

D(zy) > D(dy).

k-
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that the midpoint of the new interval of uncertainty is given by
{ %(dk + 7, 4+ apdy) ifg'(dg) <O
k+1 = _ .
%(dk —TE + akdk) if gl(dk) >0
Moreover, the radius of the new interval equals
. { 3(re + (1 — ag)dy) if g'(dy) <O
k+1 = _ .
3(rk + (a, — 1)dy) if ¢/ (dg) > 0

By the above results the interval of uncertainty is reduced by more than a half if
I < g(dy) and so this algorithm improves the classical bisection method [5]. We
can state this specialized bisection algorithm in the following way:

ALGORITHM 2 (Specialized Bisection).
Step 1.
Let [bp, z),] betheinitial interval.
Compute dy, r1, let k := 1 and Got o0 Step 2.

Step 2.

Compute ¢’ (dy,) and Got o Step 3.
Step 3.

I'f g'(dk) =0

Then St op with d. the optimal feasible solution.
El se Compute oy, dj 11,7k 11, l€t k := k + 1and GoTo Step 2.

For this specialized bisection algorithm we can al so derive a stopping rulewhichis
comparable to the stopping rule of the Dinkelbach algorithm. Such a stopping rule
is needed in order to give afair comparison in the next section of the specialized
bisection algorithm and the Dinkelbach algorithm. First notice the trivial result

02> A —g(di) = g(zx) — g(di). €)
Using Lemma 18 and substituting x = z, > by and a = d > b, we have

D(dy)

@) (4)

g(z+) = m(dy) + (g9(dy) — m(dy))

)

and so by (4) and (3) we obtain
D(z,) — D(dg)
D(z)

Since the function D is concave and hence Lipschitz continuous on the interval
[dy, — 7, dx, + ri] with Lipschitz constant Ly, := D'(dy — ry,) it follows that

0> A\ —g(di) > (m(di) — g(dy))

0> A\ —g(dy) > —Ly | m(di) — g(di) |

D(zy)
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Hence, the specialized bisection algorithm stopsiif the stopping rule
—Lg [ m(dk) — g(dk) | re > —e€

for some positive ¢ > 0 holds and by the above ineguality this guarantees the
absolute error —ﬁ. This stopping rule is comparable with the stopping rule
for the Dinkelbach agorithm discussed in Section 2. Observe, if ¢’'(d;) = 0 and
hence dj; is the optimal point then m(d;) — g(dx) = 0 and the stopping rule is
automatically satisfied.

In the next section we will present some computational results comparing both

methods.

4, Computational Results

In this section we present some computational experiments with the Dinkelbach
algorithm and the specialized bisection algorithm applied to the inspection and
minimal repair model. For both models we assume that the distribution F' of the
time to failure of one component has afailure rate function given by

w0 (kz)?71 ifo<z<y
"= h0(e)P 4 B i 2 >
Such a function was proposed by [17] to model a unimodal failure rate. Observe
for both models we have d = 0,¢ := ¢, > O and h(z) = 1 for every z > O.
Moreover, for the inspection model it follows that m(z) = ¢1F(z), ¢c1 > 0, while
for the minimal repair model we have m(z) = ¢17(z), ¢1 > 0.

Before discussing the results we first mention how the parameters of the above
failure rate function were generated. Since « is a scale factor this value was set
equal to one in al the test problems. The remaining parameters 6, 3,0,y were
generated uniformly on the intervals [0.5, 3.5], [0, 1], [0, 10] and [0.5, 3.5]. Also,
the parameters ¢; and ¢, are uniformly drawn from [0, 0.5] and [0, 1.5]. For both
model swe generated ten problems. Finally, the stopping rule of both the Dinkelbach
algorithm and the specialized bisection algorithm used e = 10~°. By doing so both
stopping rules are comparable. Observe, since r(oco) = oo that the minimal repair
model has afeasible solution. Moreover, since

z (kx)? ifo<z <y
|| rierdz = { (h2)? + (52)8 ifa >

we do not have to use for the minimal repair model any numerical procedure to
evaluate the abjective function at any point. However, for the inspection model we
need to approximate the objectivefunction. Thereforewe used Romberg integration
[23] to evaluate this function. Observe, as the computational results in Table 11
show, that this affects the total execution time. All computations were done on a
COMPAQ PROLINEA 4/66 with mathematical coprocessor.
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We will start by discussing the results contained in Table | which refers to the
minimal repair model. For this table the entries on row Dinkel. report the results
obtained using the Dinkelbach algorithm. Similarly, the entries of row Sp.Bis.
report the results using the specialized bisection method. The column It refers to
the average number of iterations performed by the corresponding agorithm. The
column Sec refers to the average execution time in seconds measured by the unit
"TPTIMER” in Turbo Pascal version 5.0. The last column % Sub refers to the
percentage of the total time needed to solve the subproblems in the Dinkelbach
algorithm. To solve the subproblems in Step 2 of this algorithm we used the
standard bisection method.

Table!l. Minima Repair Model

Method It Sec % Sub

Dinkd. 58 0017 89.65
$Bis. 11.0 0.008

Although the average number of iterations in the Dinkelbach algorithm is less
it takes on average more time to solve the minimal repair model. Thisis obviously
caused by the fact that in Step 2 of the Dinkelbach algorithm the subproblems are
solved using bisection.

If both algorithms are used to solvetheinspection model theintegral [y F'(z) dz
has to be approximated. Therefore a numerical approximation is needed in every
iteration. The results for solving the inspection model using both methods are
containedin Tablel.

Tablell. Inspection Model

Method It Sec % Num % Sub

Dinkel. 4.2 0.770 98.31 1.50
S.Bis. 89 1499 96.14

This table is constructed in a similar way as Table I, but it contains an extra
column, % Num. This column contains the percentage of the total running time
needed for the Romberg integration to approximate the integrals in the model.

Also in this case the average number of iterations in the Dinkelbach algorithm
is less than the average number of iterations in the specialized bisection method.
Furthermore, the specialized bisection method takes on average considerably more
time than the Dinkelbach algorithm. Thisis dueto the fact that in each iteration of
both methods we need to compute an integral and thistakes more time than solving
the subproblemsin Step 2 of the Dinkelbach algorithm. From the above results, it
seems, if the parametric problem is easy solvable, that the Dinkelbach algorithm
is preferred to the improved bisection method to solve classical one-component
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mai ntenance modelswhenever weneedto call for anumerical procedureto evaluate
the objective function.
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