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RESUME : We consider the problem of integrating production and preventive maintenance plans in
production systems subject to random failures. In particular, we are given a set of items to be produced on a
set of capacitated production lines, which are subject to progressive deterioration. We assume that failure rate
distributions of the production lines are known and that preventive maintenance is used to bring the system to
its initial state. We also assume that any maintenance action, performed on a production line in a given period,
reduces the available production capacity of the line during that period. We model this problem as a nonlinear
mized integer program when each production line implements a cyclical preventive maintenance policy, and
suggest an approzimate algorithm for its solution based on Lagrangian decomposition. We then reformulated
the problem as a linear mized integer program when a general preventive maintenance policy is implemented.
The value of this last model provides a lower bound on the value of the first model. We finally conducted some
computational tests to analyze the performance of the approzimate algorithm and discussed some issues that

still need investigation.

MOTS-CLES : Production Planning, Preventive Maintenance, Integration

1. INTRODUCTION

Production and maintenance planning functions are
often dealt with separately and carried out sequen-
tially in production systems subject to failures. It is
a prevailing practice that maintenance plans are de-
veloped based only on the system’s reliability data
without taking into account neither product type nor
its volume. Production plans are then developed
within the frame imposed by the system’s mainte-
nance plans. This results often in production and
maintenance plans which are not optimal with respect
to the objective of minimizing the combined produc-
tion and maintenance cost. It is, therefore, essential
to integrate production and preventive maintenance
plans effectively in an attempt to achieve optimal
tradeoffs between production and expected mainte-
nance costs.

The issue of simultaneously planning production and
preventive maintenance, in deteriorating production
systems, can be tackled at both operational and tac-
tical levels of the planning process. At the opera-
tional level, scheduling problems on unreliable ma-

chines have received a considerable attention in liter-
ature (Glazebrook 1987, Adiri et al. 1989, Birge et al.
1990, Li and Cao 1995, Graves and Lee 1999, Lee and
Chen 2000). A large part of these scheduling prob-
lems assume that maintenance periods are known in
advance, and thus reduce to scheduling problems with
machine availability constraints (Adiri et al. 1989,
Lee 1996, Qi et al. 1999). A recent survey on schedul-
ing problems with limited machine availability can
be found in (Schmidt, 2000). A general result is that
scheduling problems, with availability constraints un-
der different machine configurations and various ob-
jective functions, are NP-hard (Lee 1997, Kubiak et
al. 1997), and thus various heuristics as well as exact
methods for their solution were proposed.

At the tactical level, Wienstein and Chung (1999)
presented a three-part model to resolve the conflicting
objectives of system reliability and profit maximiza-
tion. An aggregate production plan is first gener-
ated, then a master production schedule is developed
to minimize the weighted deviations from the speci-
fied aggregate production goals, and finally work cen-
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ter loading requirements, determined through rough
cut capacity planning, are used to simulate equip-
ment failures during the aggregate planning horizon.
Several experiments are used to test the significance
of various factors for maintenance policy selection.
These factors include the category of maintenance
activity, maintenance activity frequency, failure sig-
nificance, maintenance activity cost, and aggregate
production policy. Aghezzaf et al. (2003) presented
a production and maintenance planning model for
single-machine systems subject to preventive mainte-
nance with minimal repair at failure. They assumed
that maintenance actions carried out on the machine
reduce its yield. They proposed a mathematical pro-
gramming model to establish optimal integrated pro-
duction and maintenance plans for these systems.

In the following section, we propose a mathematical
model to optimally integrate production and main-
tenance plans in production systems implementing
cyclical preventive maintenance policies. In section
3, we suggest a Lagrangian decomposition method to
solve this problem. Section 4 presents a mixed integer
linear program which models the general integrated
production and preventive maintenance planning
problem. This latter model provides lowers bound
for the first model. The last section presents some
computational results related to the performance of
the proposed Lagrangian decomposition algorithm.
Finally, some possible extensions and remarks are
discussed in the conclusion.

2. PRODUCTION AND CYCLICAL PRE-
VENTIVE MAINTENANCE PLANNING

We are given a planning horizon H of length T'= N,
covering N periods of fixed length 7, and a set of
products ¢ € P to be produced on a set of capacitated
production lines j € L during this planning horizon.
Each production lines j € L of the system produces
each product ¢ € P with a known production rate
7i; expressed in product units per unit of time. Dur-
ing each period t € H, a demand d;; of each product
i € P must be satisfied. We assume that each produc-
tion lines j € L has a known nominal capacity (given
in time units) denoted by «;, and that each preven-
tive or corrective maintenance action performed on
the line consumes a certain percentage of this capac-
ity. Consequently, each planned preventive mainte-
nance action and each corrective maintenance action
on the line j € L consume respectively 07 = a;
and 0;5 = [k, capacity units (where 0 < a < 1 and
0 < B <1). We also assume that the failure distri-
bution of each production line j € L is known, and
we denote by f;(t) and Fj(t) its corresponding prob-
ability and cumulative density functions respectively.
Next, we let 7;(t) denote the failure rate function of

the production line j € L at time t. It is well known
that r;(t) is given by:

fi(t)
R F;(t)

Finally, we assume that preventive maintenance tasks
are performed periodically on each production line
j € L, at periods t = 1, (n; + 1)7, (2n; + 1)7, (3n; +
1)7,---, T, and that corrective maintenance tasks are
carried out on the line at failures.

The following mathematical program models the
problem of determining optimal integrated produc-
tion and cyclical preventive maintenance plans in a
multi-line production system. The model assumes
that each production line returns to its initial sta-
tus after each preventive maintenance action, that
any failure of equipment is immediately repaired, and
that the expected failures increase with elapsed time
since the last preventive maintenance.

To define the model parameters we let cf be the cost
of preventively maintaining production line j € L in
the beginning of each maintenance cycle, and ¢} be
the cost of performing a corrective maintenance ac-
tion on production line j € L when a failure occurs.
We also let f}, be the production setup cost of item
1 € P in period t € H on production line j € L, pzt be
the production variable cost of item 7 € P in period
t € H on production line j € L, h}, be the inventory
holding cost of item 7 € P in period t € H, and py;
be the processing time of item ¢ € P on production
line j € L (expressed in time units per item).

The model variables are given by: =z, the quantity
of item ¢ € P produced on line j € L during period
t € H, I;; the inventory of item i € P at the end of
period t € H, TV = n;7 the length of the preventive
maintenance cycle for production line j € L, and ygt
a binary decision variable set to 1 if item ¢ € P is
produced on line 5 € L during period ¢ € H and 0
otherwise.

The mathematical model:

(PCPM): Minimize

Zpm = Z Z Z (fftyft +pgtzgt) + hiedye | +

teH icP \jeL
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subject to:

szt"_li,tfl_lit:dit: Vie P,te H (1)
jeEL
> pirl <ki(t), VieLteH (2
i€P
wl, —dinyl, <0, YiePjeLitcH (3)
>yl <, VieLite H (4)

i€P

al, I >0, yl, € {0,1}Vie P,je L,tc H.

where djy = Y cp o> dis, and the function r;(t)
defines the available capacity of the production line
j € L in period t € H as is explained below.

Constraints (1) are the flow conservation constraints
defined for any item ¢ € P in any period t € H. They
guarantee that the available inventory of an item aug-
mented with the quantity produced, on each produc-
tion line, of that item is sufficient to satisfy its de-
mand in period ¢. The remainder is stocked for the
subsequent periods. Constraints (2) are the capacity
restrictions defined for each production line j € L in
each period t € H. They guarantee that the quan-
tity produced on a production line does not exceed
the available capacity of that line in period t. Con-
straints (3) force payments of the fixed costs, in any
period t € H, for any item ¢ € P that is produced
during that period. Constraints (4) ensure that at
any moment no more than one product is scheduled
on a production line.

We now define exactly how the available capacity
function of each production line in each period is de-
termined. Consider a production line j € L, and
assume that its preventive maintenance cycle is given
by 77 = n;7. Assume also that a maintenance
action on this line took place in the beginning of
a period s € H, and that it covers the periods
{s,s +1,---,(s+mn; —1)}. The available capacity of
the production line j € L in period s is then given by
equation:

Kj(s) =Kk — 07 — 0] /OT r; (u) du (5)

The capacity x;(t) for the periods ¢ €
{s+1,---,(s+mn; —1)}, during which only the
necessary corrective maintenance actions take place,
is given by equation:

k;(t) = Kk; — 6;/0 ri(u+(t—s)71)du (6)

Notice that when the maintenance periods are given,
the available capacity of each production line dur-
ing each period can be determined, and that the

expected maintenance cost becomes a constant. In
this case the problem (PCPM) reduces to the usual
multi-item multi-line capacitated lot-sizing problem.
Thus, problem (PCPM) belongs to the class of NP-
hard problems since it contains, as a special case, the
single-line capacitated lot-sizing problem known to be
NP-hard (Bitran and Yanasse 1982).

An exact algorithm for problem (PCPM):

Clearly, the variables (77);cr, defining the preven-
tive maintenance cycles, for the production lines of
the system, cause the objective function of the prob-
lem (PCPM) to be nonlinear. Now, recall that if
these preventive maintenance cycles are known in ad-
vanced the problem reduces to a capacitated multi-
item multi-line lot-sizing problem. This latter prob-
lem can be solved with any usual linear mixed inte-
ger solver. Also, many branch and bound, branch
and cut, and branch and price exact methods as well
as many heuristic methods were proposed to solve
the single-line version of this problem (Florian and
Klein 1971, Lambert and Luss 1982, Eppen and Mar-
tin 1987, Aggarwal and Park 1993, Van Hoesel and
Wagelmans 1996, Belvaux and Wolsey 2000). A re-
cent survey on the multi-item capacitated lot-sizing
problem can be found in (Wolsey 2002). The follow-
ing steps describes an algorithm to solve the problem
(PCPM):

e For each combination of the preventive mainte-
nance cycles (nq,...,n;,...,ny) of the produc-
tion lines j € L, withn; € {1,2,..., N}, perform
the following two steps:

1. Compute the expected maintenance cost
corresponding to the selected combination,
and determine for each production line j €
L the available capacity «;(t) in each period
te H.

2. Solve the resulting pure production plan-
ning problem, with the above computed
available capacities (k;(t)ter)jer, and add
together the resulting expected mainte-
nance and production costs.

e Rank these total costs and select the plan result-
ing in the least cost, this is the optimal integrated
production and cyclical preventive maintenance
plan.

The number of possible combinations of the preven-
tive maintenance cycle sizes is exponential of order
NI where N is the number of periods in the plan-
ning horizon. Now, observe that when the number
of production line is very small (2 or 3), then the
complexity of the above procedure depends actually
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on the complexity of the algorithm used to solve the
pure capacitated lot-sizing problems.

In the following section we discuss a Lagrangian
decomposition based approximation algorithm for
the problem (PCPM). Since the single-line produc-
tion and cyclical preventive maintenance planning
problem play a central role in this procedure, we
first start by detailing how this latter problem can
be efficiently solved.

3. A LAGRANGIAN RELAXATION
BASED ALGORITHM FOR PROBLEM
(PCPM)

The mathematical program (PCPM) models the
integrated production and preventive maintenance
planning problem on parallel production lines imple-
menting cyclical preventive maintenance policies. To
take advantage of the properties of the single line
version of the problem, we reformulate the problem
(PCPM) to make these single line versions appear
as sub-problems. We therefore introduce new vari-
ables 67, and n/, both defining the fraction of demand
of item ¢ € P produced on production line j € L in
period t € H, (i.e. 0}, = n);). We also introduce
the variables Ift defining the proportion of inventory
of item i € P at the end of period t € H resulting
from the production line j € L. The resulting model
becomes then:

A reformulated mathematical model

(PCPMg):
PCPMpg: Minimize

Zpm = Z Z Z (fzjtygt +pft9€ft + hitIz'J;&) +

JELtEH icP
N n;T
| (&F+c rj(t)dt
n; S ’
jer 1 0
subject to:
o+ I, —I,=0,, ViePjeLteH (7)

> o, < ry(0),

i€P
wl, —dinyl, <0,  ViePjeLitcH (9)
> oyl <, Vj e L,t € H (10)

Vje Lte H (8)

i€P
5, —ml, =0, ViePjeLteH/(l)
Sl =dw, Vi€ PteH(12)
jeEL

al, I, 60, nl, >0, yl, € {0,1}Vie P,je L,te H.

Constraints (7) are the new flow conservation con-
straints defined for each production line j € L. The
constraints (11) and (12) guarantee, for each item
i € P and each period t € H, that the sum of the
quantities shipped from inventories accumulated by
the production lines j € L are sufficient to cover the
demand of item i € P in period ¢t € H.

Examining carefully the problem (PCPMpg), we ob-
serve that if the constraints (11) are relaxed, the prob-
lem splits up into (|L| 4+ 1) sub-problems. The first
|L| sub-problems consist of planning production and
cyclical preventive maintenance on each single pro-
duction line j € L for a given demand vector §7. The
last sub-problem is a simple linear program, which as-
signs the demands to be produced to the production
lines with the objective of minimizing the marginal
production costs of each production line.

Now, let )\ft be the Lagrangian multipliers associated
with constraints (11). The resulting sub-problem for
each production line j € L is given by:

PCPM] 5(\): Minimize
VgMO‘) = Z;;JVI - Z Z A?ﬁf&
teH ieP

subject to:

; Vie P,jeL,t e H(13)

S pual, < wp(t), Vi€ LteH(14)
eP

J J _71d _ §J
xit"'lz',tq I = &,

wl, —dinyl, <0, Vi€ PjeL,tcH(15)
>yl <, Vj e L,t € H (16)

i€P

wl, I, 6%, >0, yl, € {0,1}Vie P,j € Lt € H.
where ;(t) is the available capacity of the production

line j € L in period t € H, defined by equations (5)
and (6), and Z},, given by:

Zhg = S5 (i 4wl + ) +

teH ieP

2o

As already mentioned, observe that if the vector 57
is given, then the quantity >, ., > ,cp A7,07, in the

objective function of (PC’PMIJ-%(/\)) becomes a con-

stant. The resulting problem reduces then to the
problem of planning production and cyclical preven-
tive maintenance on a single production line, in which
87, are the demands for each item i € P in each period
te H.
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The last sub-problem (DASP())) determines, for
each item ¢ € P in each period ¢t € H, the best as-
signment of the demand d;; to the production lines
j € L, and is given by:

DASP(X): Minimize

VPQM()‘) = Z Z Z Afmfﬁ

jELteH icP
subject to:
Sl =dy,  forallie PteH (17)
jEL
w,>0 forallie PjeL,teH.

If we let V2,,(\) and V3,,(\) be, respectively, the
optimal values of the problems (PC’PM 7 R()\)) and

(DASP()N)) for a given A € R, then the Lagrangian
dual associated with the above relaxed problem is
given by:

WLD = MaximizeAeR Z Vlg’]VI(/\) + ‘A/PQM ()\)
JEL

In the following we discuss an approximation solution
procedure to solve the problem (PCPM) using the

subproblems (PCPMgR(A)) and (DASP())).

A Lagrangian based solution procedure for the
problem (PCPM): To launch the solution process
explained below, we need to start with a first as-
signment of demands to the production lines. We
start with an assignment of demands to the produc-
tion lines in proportions of their processing rates (fair
share):

6, =LY g4, forallicl,teH,jeL.
> jrer Pig’

Step 1: Solve the linear programming relaxations of
the problems (PC’PM i R) obtained from the

problems (PCPMI{R()\)> by letting A = 0 and
47 as defined above. We use the single pro-
duction line algorithm as described above but
where the pure production planning problems
(PC’PMj(nj)), for fixed values of n;, are solved
as linear programs (LP-relaxation).

Step 2: Get the shadow prices /\gt associated with
the constraints (17) for the optimal problem

(PCPM?), ice. the optimal (PCPM{,(n;)).

Step 3: Using these shadow prices )\gt solve the prob-
lem (DASP())) and get the new values for &7.
These values are used in step 1 to get the new
shadow prices as explained in step 2, and the pro-
cess is continued until the values of the problems

(PCPM{R) are not changing.

Step 4: Once the final values of 67 are obtained, then
for each line we use the single production line al-
gorithm described above, but now the problems
(PCPM?Y) are solved as integer linear programs.
The collection of optimal plans for each produc-
tion line j € L is taken as the best approximate
to the optimal solution for the problem PCPM.

The values obtained with this solution procedure is
compared to a very good lower bound on the optimal
solution of the problem to assess the optimality gap.

4. PRODUCTION AND GENERAL PRE-
VENTIVE MAINTENANCE PLANNING

In many situations additional constraints, such as
limited size and number of maintenance crews com-
bined with the productivity requirement, can make
it difficult to implement cyclical preventive mainte-
nance strategies for all production lines of the sys-
tems. In the following paragraph, we present a model
that is more general in the sense that it relaxes the
cyclical restriction, and can handle these additional
constraints. Before developing the model, let us first
define some necessary additional parameters and vari-
ables:

Let x7(t) be the expected loss in production capacity
of line j, in period ¢, when the last preventive main-
tenance action before time ¢ on the line j has taken
place in period s, s < t. Thus, this expected loss is
then given by:

Ki(t) = {Hp S T )

Or [y 7j(u+t(t—s)7)du ift>s.

Let c¢I(t) be the expected maintenance cost of line
j, in period t, when the last preventive maintenance
action before time t on the line j has taken place in
period s, s < t. Thus, this expected cost is then given
by:

d(t) = P +Tcr Jo i () du ?f t=s, (19)
e fo i (ut (t—s)T)du ift > s.

Finally, let 5/, be a binary decision variable set to 1

if the preventive maintenance cycle on line j covering
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period t has started at period s, and 0 otherwise.
The general integrated production and maintenance
planning model (PGM P) is given by:

PGM P: Minimize

28y = S0 0 (vt + ) + ki +

teH icl \jEL

Z Z Cg(t)th

teH s€H,s<t

subject to:

S al+Lipy— Ly =dy, Vi€ PteT (20)
jeL
S puah+ > wi(t)2l, <kj, VieLteT (21)
iel s€H,s<t

al, —diyyl, <0, Yie PjeL,teT(22)

Syl <1, VjeLteT (23)
i€l
> Z=1, VjeLteT (24)
seH,s<t

2,2, <0, VjeLseT,teT,s<t(25)

xi; Iy > 0, yjj, 20 €{0,1}Vie P,j € L,s,t € H.
Constraints (21) are the new capacity constraints.
These constraints define for each production line j €
L the available capacity during each period. Con-
straints (24) determine the preventive maintenance
periods for each production line. Constraints (25)
guarantee, that if a period s is the last preventive
maintenance period before ¢ > s, then s is also the
last preventive maintenance period before ¢t — 1.

The advantage of this problem is the fact that the
objective function is not any more nonlinear, we
can then solve it using any solver for linear mixed
integer programs. In the following section we will
use this model to generate lower bounds for the test
problem (PCPM) to assess the optimality gap for
our approximation procedure.

5. DESIGN OF EXPERIMENT AND COM-
PUTATIONAL RESULTS ANALYSIS

To assess the quality of the solutions of the problem
(PCPM) obtained with the Lagrangian approxima-
tion procedure, we developed a design of experiment
based on some critical planning parameters which are
thought likely to have a significant impact on these
approximate solutions. Although the number of prod-
ucts, the number of production lines, and the number

of periods in the planning horizon are important fac-
tors to investigate, we limited our experimental de-
sign to study the impact of the cost structure, the
demand structure, the capacity tightness, and the
failure distribution of each production line. We as-
sume that the failure distribution of each production
line j € L can be either a Gamma distribution with
a shape parameter of 2 and a rate parameter which
can randomly be selected from the set {1,2}, or a
Weibull distribution with a shape parameter of 2 and
the scale parameter which can randomly be selected
from the set {1,2}.

The cost structure is assumed to have the following
properties: the setup cost f7, for each product is se-
lected randomly from [25,100], the production cost
pl, is selected randomly from [5,10], and the holding
cost is then defined as hy; = a%maz;(pl,), where a is
uniformly distributed between 5 and 20. The demand
for each product ¢ € P is assumed to have a stationary
mean d;. The mean demands are randomly sampled
from the interval [75,100], and the period-by-period
demands for each product ¢ € P are generated from
a truncated normal distribution having mean d; and
a standard deviation randomly sampled from the in-
terval [0.25d;,0.5d;].

The capacity is the last parameter set for each pro-
duction line in each test problem. We first introduce
the target average utilization of capacity factor § to
define the capacity tightness. The factor ( is set to
0.75, 0.85 and 0.95 corresponding respectively to situ-
ations with loose, moderately loose and tight capacity
constraints. We then compute the capacity required,
in each period, as if a lot-for-lot solutions were imple-
mented. These values are averaged over all periods
and the result is divided by the number of produc-
tion lines. The regular capacity of each production
line in each period is then obtained by dividing the
later result by the target average utilization of capac-
ity factor 3. The remaining parameters are given as
follows: the number of production lines is 3, number
of different products is set to 5, and the length of the
planning horizon is set to 12 periods.

For each capacity tightness level, we first generate a
group of 10 test problems in which the failure dis-
tributions of all production lines are Gamma distri-
butions, then a group of 10 other test problems in
which the failure distributions of all production lines
are Weibull distributions, and finally a group of 10
test problems in which the failure distribution of each
line is randomly selected randomly to be a Gamma
or a Weibull distribution (Mixed). In this last group,
test problems in which the failure distribution are all
the same are discarded. Each test problem is solved
with the Lagrangian relaxation based approximation
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solution to get a very good upper bound Zpj; on
the optimal value the problem (PCPM). We then
solve the model (PGMP) for the same instance to
get a lower bound on the optimal value the problem
(PCPM). We finally compute the gap as follows:

Zpn — 28
Gap = 10022M — ZPM o
Zpm

The following table shows the summary of the results
of the averages of above ratios computer for each test
group:

Capacity tightness
Failure
Distribution | Loose Mod. loose Tight
Gamma 1.24 1.97 2.26
Weibull 1.07 2.15 2.37
Mixed 1.19 1.92 2.71

Table 5 : Summary of the Solution gaps (mean).

The average solution gap ratios shown on table 5 in-
dicate that the tightness of the capacity constraint
has a significant effect on the solution gap. Test prob-
lems with tight capacity constraints have much larger
solution gaps than those with loose capacity. Ac-
tually, this result was expected since, for test prob-
lems with loose capacity, usually the two indepen-
dently obtained optimal production and maintenance
plans produce a feasible optimal integrated plan for
the problem (PCPM). The table shows also that
when Weibull distributions are used, the solution gaps
become larger than when Gamma distributions are
used. But this is also expected at some extent since
the expected capacity loss, as a function of the age of
the system, is larger in case of a Weibull distribution.
Overall, the results obtained are fairly good in terms
of optimality gaps but also in terms of computational
time in comparison with the time required to exactly
solve the problem.

In our Lagrangian based approximation procedure,
the assignment of demands to the production lines is
carried out on the basis of marginal costs obtained
through the solutions of LP-relaxations of the single-
line linear mixed integer sub-problems. When no
improvement is realized we keep the last assignment
of demands and solve the latter sub-problem as
mixed integer problems. The test problems, at least
those we solved exactely, indicate that a large part
of the gaps resulted from non-optimal assignments
of the demands to the lines. To improve this gap we
are currently investigating the Lagrangian dual of
the problem (PCPMEg) in which the variables 7 are
eliminated and the constraints (16) are relaxed.

6. CONCLUSION

In this paper we studied the problem of integrating
production and preventive maintenance plans in a
multi-line production system, in which the produc-
tion lines are subject to progressive deterioration.
‘We proposed two mathematical programming models
for the problem. The first model assumes that each
production line of the system implements a periodic
preventive maintenance policy with a fixed cycle
size. The second model relaxes this last restriction
and establishes for each production line specific
maintenance periods, which do not necessarily
fall at equally distant epochs. The first model is
an NP-hard nonlinear mixed integer program, for
which we developed an approximation method using
Lagrangian relaxation. = The sub-problems, used
to iteratively construct an approximate optimal
solution, are single-line versions of the problem, one
for each production line, and a last sub-problem
is a linear program used to assign demands to the
production lines. A series of test problems, with
moderate size, were generated and solved with the
Lagrangian based approximation procedure. The
optimality gaps were assessed using lower bounds
obtained with the second model, which is a linear
mixed integer program. The results show that the
procedure performs fairly well in terms of both
computational time and solution quality. Observe
that the integration of production and preventive
maintenance plans is tackled here at the tactical
level, and through a very precise definition of the
available capacities of the production process at any
period of time horizon. There is no doubt that this
approach performs better than tackling the problem
only at the operational level without this precious
information on the capacities. Of course this does
not mean that the problem at the operational level
will become too easy, but it will certainly be sim-
plified. The question of integrating the tactical and
operational levels needs to be investigated. Many
other technical questions regarding the structure
and the complexity of the models obtained with
different maintenance policies need to be addressed.
Questions regarding the convergence of the solution
improvement process used in our approximation
procedure and many others are on our agenda for
future research.
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