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Materials Requirement Planning (MRP) technique is widely employed by most manufacturing companies, even though
field applications point out some weaknesses, including ignored production capacity constraints and fixed lead-times.
These weaknesses often lead to infeasible production schedules, which trigger fluctuating workloads over time,
significant adjustment effort and eventually unpredictably long lead times. This paper introduces a capacity-oriented
MRP procedure that combines the traditional MRP procedure with an approach based on linear programming: in this
way, requirement of lead times pre-determined a priori outside the MRP procedure is overcome. The new procedure is
then applied to a real-life company and results highlight that feasible plans of orders are generated without requiring
lead-times as input and without relevant computational burden.
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1. Introduction

Orlicky’s (1976) seminal work on Material Requirements Planning (MRP) has remained popular through decades: some
years ago, almost 75% of manufacturing companies employed MRP as the main method for materials planning (Jonsson
and Mattsson 2006). Even nowadays, MRP is an up-to-date tool, widely employed by manufacturing companies (Oztiirk
and Ornek 2012) due to its adaptability to dynamic demand fluctuations and to its ability to determine in advance what
and how much to order to both internal and external suppliers. Indeed, MRP is more popular than reorder point-based
inventory planning systems and mathematical programming approaches (Segerstedt 1996; Chen and Ji 2007).

However, when used in field applications, MRP shows some weak points: it ignores facilities capacity constraints
and assumes fixed lead-times (Rossi and Pero 2011; Jodlbauer and Reitner 2012; Sun et al. 2012; Dolgui et al. 2013;
Aouam and Uzsoy 2015). Either shortcoming above leads to infeasible production schedules, fluctuating workloads over
time and significant users’ effort to adjust the plans. In particular, the waiting time caused by the competition to chase
bottleneck facilities causes unpredictably long lead times, eventually triggering the increase of planned lead-times,
according to a common managerial practice. In the end, excessive work-in-process inventories and erratic lead times
affect the production systems (Billington, Mcclain, and Thomas 1983).

MRP 1II and Closed Loop MRP evolved from the application of MRP in field (Wight 1995). In particular, MRP 1I
includes a Rough-Cut Capacity Planning (RCCP) phase, which is based on fixed lead times and checks the plan
compliance to capacity constraints. However, RCCP does not give assistance to managers in the process of adjusting
day-by-day schedules (Rossi and Pero 2011). On the other hand, Closed Loop MRP tries to get automatically a feasible
plan, by applying specific procedures. However, Closed Loop MRP is just a reactive procedure, and it does not change
the structure of the MRP algorithm, which is still based on fixed lead times, and thus similar to MRP IL

Finally, some other finite-capacity MRP procedures early proposed in literature (Reiter 1966; Godin and Jones 1969;
Goldratt 1980) proved to be computationally very complex in their seminal formulation, which led to a plethora of
heuristics aimed at reducing the problem size and so the computational burden (e.g. Miltenburg 2001). However, most
of these heuristic procedures still require pre-defined lead times (Rossi and Pero 2011).

This paper aims to define a capacity-oriented MRP procedure to help practitioners plan their production systems by
also overcoming the requirement for lead times pre-determined a priori outside the MRP procedure. In particular, this
paper addresses the relevant number of manufacturing companies still using MRP as their main tool for materials plan-
ning (Milne et al. 2012; Milne, Mahapatra, and Wang 2015).

*Corresponding author. Email: margherita.pero@polimi.it


mailto:margherita.pero@polimi.it
http://www.tandfonline.com
http://www.tandfonline.com
http://www.tandfonline.com

The paper is arranged as follows: Section 2 presents the literature review. Section 3 introduces the methodological
pattern followed and presents the new finite-capacity MRP procedure. Sections 4 and 5 apply this procedure to a real
case. Finally, Section 6 draws some concluding remarks and outlines future research paths.

2. Literature review

Despite the number of approaches proposed by researchers and practitioners, the field performance of MRP procedures
that consider capacity constraints is unsatisfactory (Lee, Park, and Park 2009), which makes the development of MRP
procedures still an open issue. In the last decades, several approaches have been introduced: they take advantage on var-
ious techniques (Rossi and Pero 2011), including algorithms, simulation and linear programming (LP).

2.1 Approaches based on algorithms

In the domain of algorithmic approaches, Agrawal, Minis, and Nagi (2000) developed the Lead Time Estimation and
Scheduling Algorithm: it takes into account capacity constraints by firstly defining the lot sizes that minimise Work in
Progress (WIP) of each product and then by estimating the most accurate lead-time of the previously identified lots. The
lead-time above corresponds to a pre-defined product mix and to an estimated overload ratio of each resource.

Later, Horiguchi, Raghavan, Uzsoy, and Venkateswaran (2001) proposed an algorithm that estimates the start and
finish date of each job scheduled on each critical resource: their algorithm considers the available time for all the
feasible combinations of time bucket and critical resource, and it reduces the available time whenever a new production
order is added to the schedule. This approach, due to the high aggregation level in modelling resources and
relationships, might lead to orders overlapping on the same resource in the same time bucket (i.e. unfeasible plans).

More recently, loannou and Dimitriou (2012) presented two methods to incorporate the estimated lead times in typi-
cal MRP calculations. All incoming orders of their make-to-order manufacturing system, are given an estimated comple-
tion time by means of an iterative decomposition algorithm based on processing requirements of orders and on the
current status of the manufacturing system. The decomposition algorithm operates anytime a new job enters the system,
while the workload (due to the jobs already on the shop floor) is managed through ‘first come first served’ dispatching
rule, which requires a number of time consuming operations.

Taal and Wortmann (1997) early introduced a seven-step algorithm that extends the MRP procedure: as under tradi-
tional MRP, lead times are given and capacity issues are managed by applying different techniques, such as alternative
routing, lot splitting, safety stocks and backward shift of late orders. In a similar way, Jodlbauer and Reitner (2012) pro-
posed to modify the traditional MRP procedures, on the one hand by considering dynamic lead times and, on the other
one, by adding to the MRP run the planning of capacity at each level of the Bill of Materials (BOM). This is achieved
by integrating different techniques for capacity adjustment, such as safety stocks or lot splitting. However, this approach
does not make sure that the plan of orders is actually a capacity-feasible plan.

Later on, Kanet and StoBlein (2010) proposed the Capacitated-ERP method for one-stage production, single-level
bill-of-material, single-resource without backorders. It takes into account the capacity of each resource and, if needed, it
solves capacity infeasibilities, e.g. by adding production capacity before exploding the requirements of lower level com-
ponents.

Along the path of integrating MRP procedure with forward and backward scheduling techniques, Pandey, Yenradee,
and Archriyapruek (2000) developed the Finite Capacity MRP (FCMRP). This method is remarkable for the simplicity
of the kernel algorithm, and because it takes into account WIP. Later, Wuttipornpun and Yenradee (2004) tested this
approach in multi-product multi-level assembly operations with bottleneck stations, showing that FCMRP can reduce
overtime, but it can increase earliness and/or tardiness. Therefore, Lee, Park, and Park (2009) proposed an approach
based on the Longest Tail First rule to minimise the total lead-time of FCMRP, thus minimising the tardiness that might
be caused by a rescheduling procedure. However, the no-common-parts assumption remains a relevant hurdle for this
approach.

2.2 Approaches based on LP

LP is broadly exploited in the operations management field. Its applications range from supply chain design (see among
others Creazza, Dallari, and Rossi (2012a, 2012b) to master production schedule (see e.g. Chase, Aquilano, and Jacobs
1998). Several authors considered LP as a useful tool also to improve MRP procedures.

Billington, Mcclain, and Thomas (1983) proposed a mixed integer LP (MRP-ILP) model to minimise workforce and
stock holding costs. At the beginning, a ‘minimum’ lead-time is defined, that does not include the delays — if any — due
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to capacity constraints. Indeed, the MRP-ILP model calculates these delays implicitly. Interestingly, to reduce the mixed
integer problem in the size while keeping optimality, these authors introduced some techniques of product structure
compression. Nevertheless, MRP-ILP remains a complex model: stock levels are calculated at each step, which requires
huge computational efforts in real-life problems (Jodlbauer and Reitner 2012). Moreover, lead time is often considered
as an exogenous parameter independent of workload (Kacar and Uzsoy 2014).

Ornek and Cengiz (2006) proposed a three-step algorithm that combines LP with the traditional BOM explosion to
generate a capacity-feasible schedule. Once a plan has been developed via traditional MRP procedure (hence with pre-
defined lead times), LP is used to check capacity feasibility by appropriately shifting backward over time some produc-
tion lots that exceed the available capacity.

Mula, Poler, and Garcia (2006) firstly introduced a LP model that considers capacity constraints. Then, they devel-
oped three models based on objective functions that take into account — as fuzzy variables (see e.g. Cigolini and Rossi
2008) — stock keeping costs, market demand and production capacity. These authors claimed that the proposed models
were applied to a real-life company. However, while the model is supposed to support decision-makers in simulating
scenarios or for rescheduling purposes, the authors could not properly customise the three models and they applied them
just to one finished product.

Oztiirk and Ornek (2012) developed a Capacity Allocator Scheduler coupled with a mixed-integer heuristic, which
allows minimising stock holding costs and the use of external capacity (outsourcing). Lead-times are constant so the
quality of the solution is tightly linked to the likelihood of the pre-defined manufacturing and replenishment lead times.

2.3 Approaches based on simulation

There are a number of studies to be found in the literature where simulation models are connected with an optimisation
algorithm (Gansterer, Almeder, and Harti 2014). As well, a number of authors have proposed iterative algorithms that
combine LP models using fixed lead times with a simulation model (Kacar and Uzsoy 2014). Simulative methods refer
to techniques aimed at integrating MRP procedure with simulation tools, so that the actual lead times can be determined
by taking into account the capacity constraints in the simulation model.

Weintraub, Zozom, Hodgson, and Cormier (1997) integrated an infinite-capacity MRP with a simulation-based
scheduling system. Starting from the plan of orders (coming from the MRP procedure), the scheduling system calculates
the lead-times by assigning jobs to resources, beginning with the lowest-slack job (the slack is defined as the difference
between the job’s due date and the sum of its waiting and working times). Then, the estimated lead-times are used as
inputs of the infinite-capacity MRP procedure in a recurrent way, until a MRP plan consistent with the schedule is gotten.

In a similar way, Rossi and Pero (2011) considered the net requirements at the highest level of the BOM and
employed a simulation model of the production process to assign to the resources all the orders for all the items at all
the BOM levels. Then, by applying appropriate right-shifts (shifts of lots backward over time), the plan that minimises
stocks and WIP is obtained.

2.4 A taxonomy

So far, the literature review has pointed out that the debate about the way capacity constraints should be taken into
account along the MRP planning phase is still open, and the proposed approaches by several authors still have some
limits. Table 1 presents a taxonomy of the literature.

Lead time as input is a relevant variable as it states whether lead time is a fixed value input of the procedure or not.
Capacity constraint is relevant as well, since capacity constraints can be embedded in the proposed procedure (in pro-
cess), or they can be considered only after the traditional MRP procedure has been run (post process) or even evaluated
level by level of the BOM (Level by level), or just for some levels or only for bottleneck machines. Lot sizes can be
either requested as input by the procedure (fixed) or output of the procedure (variable), sometimes subject to some con-
straints (constrained). Finally, the model can be tested via data generated by authors (example) or through data from
real-life production systems (real case)

Whilst capacity and lead time are tightly linked one another through the Little’s law (Little 1961), lead time is con-
sidered by most approaches as fixed input to the MRP procedure. Moreover, some methods are unable to check the
capacity-related constraints at each level of the BOM, thus leading to infeasible plans for components or materials.
Some other methods check capacity-related constraints level by level, thus leading to solutions that are locally (i.e. at
each level) optimal, but not optimal for the entire BOM. Finally, the applicability in field to real-life companies has not
been reported for many methods.
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The research work outlined here tried to overcome some of the limits above: the new proposed finite capacity MRP
procedure does not consider lead times as input, it evaluates capacity-related constraints at all level of the BOM at the
same time and it has been tested in a real-life industrial context.

3. Methodology

The procedure proposed here is based on a combination of the traditional infinite-capacity MRP and a MILP approach.

The manufacturing environment is made up from a number of capacitated production resources (Ry,) focused on a
family of products (Sy). All the resources belonging to a given products family can manufacture all the finished products
(belonging to the corresponding family) and all the semi-finished products they are composed of. Both finished products
and semi-finished products are defined as P;; (where i is the index of the item belonging to family f) and they are man-
ufactured according to a given lot-size (lots;). Each item is characterised by a given cycle time on each resource of the
corresponding family (cts; ).

In short, within the new methodology proposed here, the steps outlined below are followed.

(1) The traditional MRP procedure allows to calculate the net requirements (including waste, NReqW/;,) for all the
time buckets () of the horizon for all the finished products and the number of lots to be ordered for each pur-
chased component in each time bucket.

(2) The MILP model allows to calculate the net requirements (including waste, NReqW,;,) of semi-finished prod-
ucts and the number of lots to be ordered for each finished and semi-finished product in each time bucket (X; ).

3.1 Input data

The proposed model requires some input data below summarised.

(1) The BoM of each finished product, together with the indication whether each component is manufactured
in-house (i.e. it is a semi-finished product) or it is outsourced (i.e. it is purchased from an external supplier) and
the coefficient of use (ug;;) that pegs item Py; to the corresponding parent item P/; including scraps (if any).

(2) The gross requirements (GReqy;,) of each finished product (Ps;) in each time bucket () of the horizon.

(3) The demand (Dy;,) coming from outside the production system (e.g. in case the semi-finished product is sold as
a spare part) of each semi-finished product (Ps;) in each time bucket (#) of the horizon.

(4) The initial (i.e. at the beginning of the planning horizon) availability of each finished product, each semi-finished
product and each purchased component (Ag;;) given by its initial inventory level reduced by committed
inventory and safety stocks.

(5) The percentage of waste (wy;) of each finished and semi-finished product (P;).

(6) The set of resources (Ry,) that can process each finished and semi-finished product.

(7) The cycle time (ct;;,) spent by each finished and semi-finished product on the resource (Ry,) where it is
manufactured.

(8) The production capacity (pcy,, measured in hours) for each resource (Ry,) and each time bucket (f) of the
horizon.

3.2 The proposed method

As stated above, the proposed method is based on a combination of traditional MRP and MILP. In particular, for each
finished and semi-finished product, the MRP table is outlined by Equations (1)—(7), while for each purchased component
the used MRP table is the traditional one.

In case of finished products, gross requirements are given, while in case of semi-finished products, they are
calculated according to Equation (1).

GReqy;, = Y Xy - loty, - ufJJ) + Dy Vf, Vi, VA, 1)
J#

where X;, represents the number of ordered lots to satisfy the requirements of finished products and lot;; represents

the lot size. uy,; represents the coefficient of use that pegs item Py; to the corresponding parent item P; including scraps
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(if any). Dy;, represents the demand coming from outside the production system (e.g. in case the semi-finished product
is sold as a spare part) of each semi-finished product (P,;) in each time bucket (¢).

Equations (2)—(7) give respectively: availability, net requirements, net requirements and wastes, net requirements and
wastes as number of lots, cumulative net requirements and wastes as number of lots and cumulative number of lots.

Apio = max (0, Apy 1 — GReqy, 1) Vf, ViV, @)
NReqf,iJ = max (0, GReqf’[T, — A_,g,-J) Vf, Vi, Vt, 3)
NReqW,,;, = NReq,,, - (14 wy,) Vf, Vi, Vi 4)
NReqW, ;,
NReqWLots;;, = ————=  Vf, Vi, Vi, )
o IOth‘
!
CumNReqWLot,; , = NReqWLoty;x Vf,Vi,Vt, 6)
k=1
t
CumOrdery;, = > Xyix Vf, Vi, Vt. (7)
k=1

In particular, MILP is applied only to Equations (5), (6) and (7), where purchased components are not taken into
account in that they do not absorb production capacity of any modelled resource. Therefore, MILP allows calculating
the number of lots to be ordered for each finished and semi-finished product in each time bucket (¢) in such a way: (i)
to comply with the production capacity of each resource; (ii) to minimise the cost of holding stock; (iii) to cover the net
requirements and wastes.

3.3 MILP model

The minimisation of the cost of holding stock mentioned above is obtained by calculating the integer decision variables
X;:+ The objective function is given by Equation (8).

minY YN X FC,, @®)
;oo

where FC;s represent fictitious costs set so that:
FC; > FC;+1 Vt, (9)

Because of (9), the objective function (8) delays the manufacturing activities as much as possible, thus minimising
the cost of holding stock, without explicitly calculating the amount of stocks at the end of each time bucket of the plan-
ning horizon. (10) and (11) give the constraints of the model.

CumOrdery ;, > CumNReqWLot,;, Vf, Vi, Vt (10)

D Xy Doty ctyip <pes,, Vi (1)

Equation (10) makes sure that the net requirements are fulfilled, since the sum of the ordered lots for each finished
and semi-finished product must be equal or greater than the sum of the net requirements and wastes (expressed as num-
ber of lots). Equation (11) makes sure that the lots (i.e. the workload) released to each resource in each time bucket do
not exceed the production capacity of the corresponding resource. The sum of the production hours of resource Ry,
required by the ordered lots of all the finished and semi-finished products belonging to family f must not be greater than
the production capacity of resource Ry, in each time bucket z.



4. Case study

The proposed model has been applied to a real-life company (hereinafter referred to as CML) manufacturing manual
valve actuators, designed to provide the force of torque to operate valves, in order to modulate the fluid flow. CML is
the Italian branch of a multinational group, leader in the valve actuators market, and it is specialised in manual valve
actuators, widely employed in oil and gas industry, in water distribution and treatment, and in chemical processing. The
planning process of CML is complex, due to the high number of finished products, each of them with at least four
levels in its BOM, and to the importance of capacity constraints, in that CML manufactures and assembles many com-
ponents in house.

Data regarding a family (called M Series) composed of eleven actuators (finished products) was gathered through
several company visits, by interviewing plant managers and production planners, by analysing company documents and
by extracting information from the company Enterprise Resources Planning (ERP) system. Figure 1 provides an
example of a manual valve actuator belonging to M Series.

All the M Series actuators have a cover (see ‘1’ in Figure 1), a gear case (see ‘2’ in Figure 1), a quadrant (see ‘4’
in Figure 1) and a worm shaft (see ‘5’ in Figure 1). The finished products belonging to M series differ from one another
by the maximum output torque, by the input torque, by the turns to close, and by the size of the mounting flange.

On the other hand, the components of each finished product are different in size and in number (ranging from 17 to
27), since e.g. some actuators have an additional input pinion and a spur wheel to provide higher torque. Table 2 shows
that the complexity of M series family is comparable to the one reported by other similar studies.

Figure 2 depicts the BOM of a typical finished product belonging to M Series.

Table 3 shows the cycle times of the four different semi-finished products (turned quadrant, broached quadrant,
drilled gear case and drilled cover), for all finished products (M10, M12, M14, M15, M16, M20, M30, M40, M55,
M60 and M70 actuators, where M identifies the series and the number the size of the actuator).

The cover, the gear case and the quadrant are manufactured from blanks (purchased from external suppliers). The
manufacturing process takes place in a job shop where blanks are drilled (to get the drilled cover and the drilled gear
case), and turned and broached (to get the turned quadrant and the broached quadrant respectively). All the other com-
ponents are bought from external suppliers. Then, the assembly is performed internally through assembly cells: each cell

Item Com ponent 9  Cover screws Rugged cast iron construction, sealed to IP67.

1 Cover 10 Stopscrews Exposed parts corrosion
resistant or protected with paint.

2 Gearcase 11 Locknut

3 Wormshaftoilseal ~ 12 Bearing thrust washers

4 Quadrant 13 Thrust bearings Adjustable stop screws sealed with protective caps.
5 Wormshaft 14  Indicator O-ring

6 Wormshaft bearings 15 Quadrant O-ring

7 Indicator cap 16 Dowels

8 Nameplate 17  Locknut protection caps

‘0" ring sealing indicator to cover face.
Large raised indicator of
non-corrosive material for remote
visibility.

On centre line position indication.
Large mounting flange to accept 3 sizes of ISO
sealed base tappings on each unit size, plus other
existing industry stds.
High efficiency gearing & bearing
systems to reduce input effort &
handwheel size.

Large output drive bore for direct customisation to suit

Vi r with rate r ri h.
Girase lubiFiEstad fortifa. alve stem or with separate removable drive bus|

Input shaft protected against corrosion.

Input shaft lip seal with multiple sealing surfaces.

Figure 1. Example of a manual valve actuator belonging to M Series.



Table 2. Complexity of M series family compared to other studies in the same field.

Rossi and  Nagendra and Agrawal, Minis, Molinder and
Paper This one Pero (2011); Das (2001) Enns (2001) and Nagi (2000); Olhager (1998)
Finished products (#) 11 2 3 2 1 1
Items (#) 55 6 20 8 8 3
BoM levels (#) 4 4 3 3 4 3
Machines (#) 4 3 6 5 2 2
Shared machines yes yes Yes yes Yes No
Shared components yes yes Yes yes No No
Same items @ different levels of the BoM no yes No No No No
Orders in progress n.a. yes No yes No No
Manual valve
actuator
l I l \
[ Drilled cover J [Drilled gearcase} [ Broached J Other
quadrant components

(e.g.
wormshaft)*

Blank cover* Blank Turned
gearcase* quadrant

Blank
quadrant*

Key: * = item purchased from external suppliers

Figure 2. BOM of an actuator belonging to M series.

Table 3. Cycle times (in min/pcs) of the 4 semi-finished products composing the 11 finished products belonging to the ‘M’ series.

Finished product Turned (lathed) quadrant Broached quadrant Drilled gear case Drilled cover
PM,]O MVA 1 0 2 5 1
PMJ[MVA 10 2 5 1
Prr1a Mva 10 2 5 1
PM,I 57M VA 1 0 2 5 1
P M,16:MVA 10 2 5 1
Pr2o Mva 10 4 13 2
PM’30_MVA 30 70 13 2
PM,407MVA 35 90 14 2
PM,55:MVA 40 90 15 2
P60 Mva - 90 7 3
Pym70 Mva - 90 7 3

of the plant is devoted to a specific family (series) of actuators; therefore, a specific cell is devoted to M series. Drills,
lathes, broaches and assembly cells are available on a daily basis of one 8-hour shift.

Hereinafter, M represents the family index, while the product index is as follows. A figure (e.g. 16) identifies the
size of the corresponding actuator, followed by some capital letters, which pinpoint the type of the considered item:
MVA means the actuator, TQ means the turned quadrant, BQ means the broached quadrant, DG means the drilled gear
case and DC means the drilled cover.

The planning horizon comprises 25 buckets, corresponding to 5 weeks, 5 working days each. The gross requirements
— i.e. the demand — of the finished products that feed the MRP procedure are the same for each product and equal to
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100 pieces over week 1, 200 pieces over week 2, 150 pieces over week 3, 200 pieces over week 4 and 150 pieces over
week 5.

Gross requirements are assumed the same for each one of the 11 finished products, while there are no gross require-
ments for components, since they do not face external demand.

Inventory, committed inventory, safety stocks, waste and lot sizes are, accordingly, 300 pieces, 50 pieces, 50 pieces,
0% and 100 pieces for the actuators, while for the drilled covers (the semi-finished products for which next section
presents the MRP tabels) are, accordingly, 300 pieces, 0 pieces, 50 pieces, 0% and 50 pieces. According to (9), the ficti-
tious costs are set 10,000, 1000, 100, 10 and 1 for week 1, week 2, week 3, week 4 and week 5, respectively.

5. Results

The application of the new capacity-constrained MRP approach to the M series family of actuators produces 55 MRP
tables. 11 MRP tables are related to the actuators: each table is related to one actuator (finished product) belonging to
the considered family. 44 more MRP tables are related to components: each table is related to each one of the four
semi-finished products pegged to each finished product. For the sake of simplicity, just 2 MRP tables are presented here:
one for a finished product, namely the M10 actuator (Pap 10 mva, see Table 4) and one for a semi-finished product,
namely the M10 drilled cover (P10 ¢, see Table 5).

Table 4 clearly indicates that rows A to F are filled with figures, while row G (number of ordered lots) and H (cu-
mulated number of ordered lots) are left parametric, since they will be filled with the results of the MILP phase. In a
similar way, all the rows of Table 5 — which represents the MRP table of a semi-finished product — are all set parametric
as well. This is due to that row A of Table 5 links (as under the traditional MRP procedure) the gross requirements of
the semi-finished product (the M10 drilled cover) to the number of ordered lots of the corresponding parent item (the
M10 actuator, which is a finished product).

The number of ordered lots for each finished and semi-finished product in each time bucket (Xy;,) is obtained
through MILP, using the objective function expressed by Equation (8). As stated in Section 4, outsourced components
do not take part in the MILP model, as their procurement does not absorb capacity.

The constraints of the model are presented in Tables 6 and 7. In particular, Table 6 outlines the fulfilment of require-
ments of the M10 manual valve actuator (finished product). Table 7 shows the capacity constraint fulfilment referring to
week 1 (¢=1). For each set of machines, the capacity utilisation is calculated by summing up, bucket by bucket of the
horizon, the production time required (calculated based on cycle times, lot sizes and ordered lots) by finished and semi-
finished products in the considered period. The available capacity of each production resource for each bucket (period f)
accounts for 48,000 minutes.

Table 4. MRP table of M10 actuator (finished product).

Row Week 1 Week 2 Week 3 Week 4 Week 5

A Gross requirements 100 200 150 200 150
(GReqwm,1 OiMVA,t)

B Availability (Am.10 mva.t) 200 100 0 0 0

C  Net requirements 0 100 150 200 150
(NReqp,; OiMVA,t)

D  Net requirements and 0 100 150 200 150
wastes (NReqWhs 10 mva,0)

E  Net requirements and 0 1 1,5 2 1,5

wastes as number of lots
(NReqWLoty, 10 Mva,b)

F Cumulative net 0 1 2,5 4.5 6
requirements and wastes as
number of lots
(CumNReqWLotm 10 mva.)

G Number of ordered lots XM,IOﬁMVA,l XM,IOfMVA,2 XM,]OfMVAJ XM,IOfMVAA XM,]()iMVA,S
(Xnm,10 MvaL)

H Cumulative number of
ordered lots S Xanio Mvas Yorey Xm0 Mvar Doiey X0 MvAr Dorer XM10_MVAL Doio; XnM.10_MVA
(CumOrderyy, OiMVA,t)
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Table 6. Fulfilment of M10 actuator requirements (‘<’ means that the values in row 2 must be less or equal than the values in
row 4).

Week 1 Week 2 Week 3 Week 4 Week 5
Cumulative net requirements + 0 1 2,5 4,5 6
wastes in number of lots
(CumNRquLOtMylo MVA,t)
Constraint - < < < < <
Cumulative number of ordered lots
(CumOrderyg 10 mva,0) 23:1 XM,10_MVAt 2,2:1 XM,10_MVAt Z?:l XM,10_MVAt Zle XM,10_MVAt 2,5:1 XM,10_MVAt

Table 7. Capacity constraint fulfilment in week 1 (‘<” means that the values in row 2 must be less or equal than the values in row 4).

Product Assembly cell Lathe Broach Drill
Required ~ 15-100 - 3505 N A Xt . 10 o 50 o b
capacity . .
(min) 10-100- Z ~10_TQ Xmi1 2100 Z —~10_BQ Xmi1 5-70- Z —10_DG XM, 1
+30-100 - XM,lO_TQl +4-100 - XM_Q()_BQI +13-70- EXOZOD(];G XMl
+35-100 - Xma0_T1Q,1 +70-100 - Xp30 BQ,I +14-70 - Xuao ;G]
+40 - 100 - XM,55 TQ,1 70_BQ
- +90-100-3 B XMil 7,70, meDiG X1
16_DG
+1-50- Z 10_pG "Ml
55_DG
+2-50- Z —20_pG "Ml
70_DG
+3-50- Z —60_pG M1
Constraint < < <
Available 48,000 48,000 48,000 48,000
capacity
(min)

The MILP model has been solved through Analytic Solver Platform (a software by Frontline Solver) and the
computing time is less than 3 minutes. Tables 8 and 9 show the ‘solved’” MRP tables respectively of the M10 actuator
(finished product) and M10 drilled cover (semi-finished product). Figures filling rows F and H of Tables 8 and 9 show,
respectively, that M10 actuator’s and M10 drilled cover’s requirements are met: for each week, the cumulative net
requirements and wastes as number of lots is smaller or equal to the cumulative number of ordered lots. As for the
capacity constraint, over week 1 the broach is the sole working resource, whose capacity is absorbed by the quadrants
of M30, M40, M55 and M70 actuators that require 7,000, 9,000, 9,000 and 9,000 minutes (units of time) respectively
and 34,000 minutes on the whole, thus quite far from the broach capacity (48,000 minutes).

The finite-capacity approach introduced in this paper is remarkably different from many models proposed in litera-
ture and based on LP, MILP or some other programming algorithms. Indeed, MILP problem here is significantly
reduced in its complexity since the output of the model does not consist in the whole MRP table: it merely consists in
the (limited) portion of the MRP table impacted by facilities capacity. This allows reducing the computational burden —
even when dealing with real-life problems — without having to resort to sophisticated heuristic algorithms, which usually
operate in a recurrent way: they receive lead-times as inputs and they convert an initially infeasible solution (where the
capacity constraint has been relaxed) into a feasible one by adding the capacity limit step-by-step. Besides, the new
model introduced here does not require lead times as inputs.
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Table 8. MRP table of M10 actuator (finished product) after MILP.

Row (see
Table 1)

Week Week Week

1

2

3

Week

Week

TmgoQw >

T QO

Gross requirements (GReqn 10 mva.0)
Avallablhty (AM, 1 oinA,t)
Net requirements (NReqn, 10 mva.t)

Net requirements and wastes (NReqWyy,10 mva,e) 0
Net requirements and wastes as number of lots (NReqWLoty 10 mva,) 0
0

Cumulative net requirements and wastes as number of lots

(CumNReqWLoty 10 mva,)
Number of ordered lots (Xn.10 mva.t)

Cumulative number of ordered lots (CumOrdery; 10 mva,)

100
200
0

0
0

200
100
100
100
1
1

1
1

150

0

150
150

1.5
2.5

2
3

200

200
200
2
4.5

150

150

150
1.5
6

O\

Table 9. MRP table of M10 drilled cover (semi-finished product) after MILP.

Row (see
Table 1)

Week Week Week

1

2

3

Week
4

Week
5

THmO QW >

T o

Gross requirements (GReqw,10 mva.o)
Availability (AM,loiMVA,t)
Net requirements (NReq,10 mva,i)

Net requirements and wastes (NReqW1 10 mva.)

Net requirements and wastes as number of lots (NReqWLotyg 10 nva,e)
Cumulative net requirements and wastes as number of lots

(CumNReqWLoty 10 Mmva,)
Number of ordered lots (X;,10 mva,)

Cumulative number of ordered lots (CumOrderys 10 mva,t)

25

S oo OoOC O

o o

100
250

0
0
0
0

0
0

200

1

50
50
50
1
1

1
1

200
0
200
200
4
5

4
5

100

100
100

\9)

Table 10. Orders of the broached quadrant and capacity of the broach.

Available capacity (min)

Week 1
48,000

Week 2
48,000

Week 3
48,000

Week 4
48,000

Week 5
48,000

New procedure

Traditional MRP

Orders (#)
M10

M12

MI14

M 15

M 16

M 20

M 30

M 40

M 55

M 60

M 70
Required capacity (min)
Orders (#)
M10

MI12

Ml14

M 15

M 16

M 20

M 30

M 40

M 55

M 60

M 70
Required capacity (min)

— O NN ONDNNDNDNDN

47,8

[=ReNeloNoNeRolo ks o el =}

00

T T T e N e

1
44,400

SO DD OO0
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6. Conclusions

This paper introduced a capacity-oriented MRP procedure — based on a combination of the traditional infinite-capacity
MRP procedure and a MILP-based approach — to help practitioners plan their production systems, by overcoming the
requirement for lead times pre-determined a priori outside the MRP procedure.

Within the new model, the traditional MRP procedure allows calculating both the net requirements of all the finished
products and semi-finished products and the orders of purchased items, for all the time buckets of the horizon, while the
MILP model allows calculating the orders of all the finished and semi-finished products in each time bucket of the plan-
ning horizon. MILP solution is oriented (i) at complying with the production capacity of each resource, (ii) at minimis-
ing the cost of holding stock, and (iii) at covering net requirements and wastes.

Then, the proposed model has been applied to real-life company manufacturing manual valve actuators. Here,
Table 10 shows the orders of broached quadrants given both by the new proposed model and by the traditional MRP
procedure (where a 1-week lead time has been used for all the items of the BOM) and the corresponding required
capacity (in minutes) of the broach.

Table 10 points out that the plan provided by the traditional MRP procedure does not comply with the broach capac-
ity, whereas the one provided by the proposed model does. Besides, the lead time required by the traditional MRP pro-
cedure causes higher stock and, in this case, prevents the production system from exploiting the available capacity of
the broach over the planning horizon. Since the first and the second week are both overloaded, the sole option to cope
with the plan given by the traditional MRP procedure lies in outsourcing orders of broached quadrants for 40,800 min-
utes both in week 1 and in week 2. In the end, due to the outsourcing costs and the higher costs of holding stock, the
plan provided by the traditional MRP procedure is more expensive than the one given by the proposed model.

In addition, the new proposed model not only brings improvements in comparison to the traditional MRP procedure
but also in comparison to the finite capacity MRP literature. With reference to the approaches presented in Table 1, the
proposed model is the sole that does not require lead time as inputs, it considers capacity constraints along the calcula-
tion process and at all the levels of the BoM at once, and it has been applied to a real life (i.e. not-simplified) case (see
also Table 2). Furthermore, again unlike the LP-based approaches found in literature (see Table 1) the new model signif-
icantly reduces the MILP problem complexity. In fact, the constraints considered in the model are only related the (lim-
ited) portion of the MRP table impacted by facilities capacity, which allows reducing the computational burden.
Moreover, objective function considers only the fictitious cost and the quantity to be produced, thus avoiding the com-
putation of the inventory level for each BoM level at the end of each period in the MILP model. The inventory level at
the end of each period differs from availability since it should be calculated according to equation (12).

Final Inventory Levels;; = (CumOrders;; — CumNReqWLot; ;) - loty ; (12)

For all the above mentioned reasons, the proposed model allows generating MRP plans in a very short time span (less
than 3 minutes in the case presented here). Therefore, the proposed model proved helpful to production managers in get-
ting feasible MRP plans for real-life industrial plants. To this purpose, the tool used to solve MILP problem triggers a
very promising future research path: the approach introduced here could be fruitfully up scaled, to make it suitable to
more complex manufacturing environments than the one presented here as case study.
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