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We consider the economic lot scheduling problem with returns by assuming that each item is returned by a constant rate of
demand. The goal is to find production frequencies, production sequences, production times, as well as idle times for several
items subject to returns at a single facility. We propose a heu ristic algorithm based on a time-varying (TV) lot sizes approach.
The problem is decomposed into two distinct portions: in the first, we find a combinatorial part (production frequencies and
sequences) and in the second, we determine a continuous part (production and idle times) in a specific production sequence.
We report computational results that show that, in many cases, the proposed TV lot sizes approach with consideration of
returns yields a relatively minor error.

Keywords: economic lot and scheduling problem; returns; time-varying lot sizes approach

1. Introduction

The economic lot scheduling problem with returns (ELSPR) describes the challenge of finding a feasible cyclic schedule
for producing several items subject to returns at a single facility. If returns are ignored (i.e. demand is fully satisfied
from manufactured items), the traditional economic lot scheduling problem (ELSP) applies. However, if returns have
economic value, recovered items can be used as substitutes for manufactured items. The ELSPR reflects production situations
in manufacturing facilities that make, for example, single-use cameras, pallets and containers or service parts for cars
or computers (Tang and Teunter 2006). Uncoordinated manufacturing and remanufacturing lot sizes result in additional
inventories and associated set-up costs for the returned items. Therefore, by using the ELSPR to coordinate manufacturing
and remanufacturing production scheduling, firms try to find feasible, simultaneous, production schedules with the best
trade-off between inventory and set-up costs related to manufacturing and remanufacturing operations. The determination
of recovery strategies for return items is described in Hosseini-Nasab and Dehghanbaghi (2015).

Under the ELSPR model, a single facility is dedicated to the production of manufacturing and remanufacturing operations
that can be used only to produce one item at a time. Demand is met by manufactured and remanufactured items without
stockouts in each production cycle. Figure 1 represents the system components involved in the ELSPR model and the main
relationships among them (Zanoni et al. 2012). Because manufacturing and remanufacturing operations are performed at
the same production facility, two kinds of inventory are utilized to meet the demand. The serviceable inventory is used for
manufactured and remanufactured items that meet the demand. The recoverable inventory is comprised of returned items
used until remanufacturing is initiated in the production schedule.

Because of its nonlinearity, combinatorial characteristics and complexity, the ELSP is generally known as an NP-hard
problem (Hsu 1983; Gallego and Shaw 1997). Because the ELSP is a special case of the ELSP with returns, the ELSPR is
also NP-hard. The ELSPR is more complex than the ELSP for two reasons (Tang and Teunter 2006): first, manufacturing
and remanufacturing lot sizes for the same product are linked by the return and demand ratio, and therefore, their values are
restricted; second, the sequencing of lots within a production cycle influences the inventory holding cost.

Different coordination models can be used for the ELSP. The production environments in these models are similar to
the one-machine situation. However, the models tend to be more complicated than the ELSP variants mainly because of the
additional coordination needed for supply, delivery and returns. The economic lot and supply scheduling problem (ELSSP)
is a coordination model that regards supply of raw or input materials. Gallego and Joneja (1994) first extended the traditional
ELSP by considering the holding and ordering issues for raw materials. Kuhn and Liske (2011) was the first example of an
ELSSP considering raw material supply routing and they Kuhn and Liske (2014) presented a basic period (BP) approach
for the ELSSP using a power-of-two policy. Bae, Moon, and Yun (2014) developed a heuristic algorithm through which
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Figure 1. ELSPR system.

Table 1. Comparison between the researches of different ELSP coordination models.

ELSPR (This paper) ELSSP (Bae, Moon, and Yun 2014)

Coordination Manufacturing and remanufacturing,
Consideration of return items
Environment Multi-item,
Single-production system for manufacturing
and remanufacturing

Condition Constant return rate

Supply and manufacturing,
Consideration of raw materials
Multiple raw materials and multi-item,
Single-production system

for manufacturing

A raw material belongs to one item

Total cost factors

Decisions

Methodology

Holding costs for serviceable

and recoverable inventory,

Set-up costs for manufacturing

and remanufacturing

Cycle length,

Idle times,

Production sequence for manufacturing
and remanufacturing,

Production times for manufacturing
and remanufacturing

Nonlinear program,

Modified LB,

Common cycle approach,

Holding costs for raw materials
and serviceable inventory,
Set-up costs for manufacturing,
Routing costs for raw materials
Cycle length,

Idle times,

Production sequence,
Production times,
Transportation route and
quantity for raw materials
Nonlinear program,

Modified LB,

TV lot sizes approach

TV lot sizes approach

they applied the existing lower bound (LB) and time-varying (TV) lot sizes approach to solve the ELSSP by considering
three issues: production, inventory and inbound transportation routing in an integrated way. The differences and similarities
between Bae, Moon, and Yun (2014) and this paper are summarised in Table 1. A production management system for capacity
utilisation and minimisation of work-in-process inventory is described in Shin, Ryu, and Ryu (2014). The economic lot and
delivery scheduling problem (ELDSP) addresses coordination between production schedules on a single machine at a supplier
and direct transportation schedules to an assembly facility. The ELDSP concept with a single item was first introduced by
Hahm and Yano (1992). They (Hahm and Yano 1995) extended the ELDSP for multiple items with the common cycle (CC)
approach. Osman and Demirli (2012) recently proposed a new methodology for three stages consisting of two suppliers
and a single assembly facility. In this method, they presented a hybrid algorithm of combining the outer approximation
decomposition method with the Benders decomposition approach. While coordinating between production and delivery
decisions with the ELDSP, theses researchers have been only interested in the direct delivery costs through multiple stages.
Another coordination model, the economic lot and scheduling problem with returns (ELSPR), was first introduced by Tang
and Teunter (2006), who presented a CC approach for the ELSPR using a mixed integer programming (MIP) model. They
only solved a problem consisting of five items. They considered that a serviceable inventory is jointly managed (JM) with
manufacturing and remanufacturing operations; the inventory levels of manufacturing and remanufacturing operations for
each item are not separated but are managed together. They also proposed a LB for the ELSPR, but their suggestion reflected,
not a LB, but a minimum cycle length based on the inventory and set-up costs for the ELSPR. Using the CC approach, Teunter,
Kaparis, and Tang (2008) developed a MIP for the ELSPR. They considered separate production lines for manufacturing and
remanufacturing operations. Teunter, Tang, and Kaparis (2009) suggested a simple heuristic to generate manufacturing and
remanufacturing production sequences under the CC approach. They also assumed use of a JM serviceable inventory.
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Table 2. Summary of literature review by solution methods.

Model CC BP TV
M Teunter, Tang, and Kaparis (2009),
Teunter, Kaparis, and Tang (2008)?, X X
Tang and Teunter (2006)
M This paper Zanoni et al. (2012) This paper

4Separate production lines for manufacturing and remanufacturing.

In the ELSP, the CC approach always allows one to find a feasible schedule using a very simple procedure. The objective
value obtained from this method serves as the upper bound on the general ELSP (Moon, Silver, and Choi 2002). Jones
and Inman (1989) provided a detailed analysis of conditions under which the CC approach provides optimal or near-optimal
solutions. The feasibility of the CC solution in the ELSPR JM model, however, is not guaranteed unless the manufacturing and
remanufacturing production sequences are determined within a row-per-cycle manufacturing and remanufacturing processes
for each items. To find the feasible manufacturing and remanufacturing production sequence under the CC approach, Teunter,
Tang, and Kaparis (2009) developed a simple heuristic for the ELSPR and Teunter, Kaparis, and Tang (2008) considered
separate production lines for manufacturing and remanufacturing operations. Recently, Zanoni et al. (2012) developed a
BP approach for the ELSPR. They considered that serviceable inventory levels of manufacturing and remanufacturing
operations for each item are separated and independently managed (IM). This disconnected management process increases
the serviceable inventory, but IM makes the problem simple to find various feasible production frequencies. Table 2 presents
a description of the papers about the ELSPR that we reviewed. In the table, X means that we found no existing approaches
to the specific problem.

Generally, research on the ELSP has focused on cyclic schedules. Moreover, almost all researchers have restricted their
attention to cyclic schedules that satisfy the zero switch rule (ZSR) which states that a production run for any particular product
can be started only if its physical inventory is zero (Moon, Silver, and Choi 2002). Counterexamples to the optimality of this
rule have been found but are rare (Maxwell 1964; Delporte and Thomas 1977).

At the present time, the most dominant and widely studied approach for the ELSP is the TV lot sizes approach. It was
first presented by Dobson (1987). Gallego and Shaw (1997) showed that the ELSP is strongly NP-hard under the TV lot sizes
approach with or without the ZSR restriction, giving theoretical justification to the development of heuristics (Moon, Silver,
and Choi 2002). In this paper, we propose a TV lot sizes approach for the ELSPR in an IM inventory model.

The contributions of this paper to ELSPR research include a proposal of (1) a TV lot sizes approach to the ELSPR that
produces a feasible cyclic schedule that accounts for return items; (2) a simple idle-times insertion method for determination
of the continuous part of a specific production sequence; (3) a modified LB on the ELSP that can be solved by the well-known
independent solution (IS) approach such that the synchronisation constraint is ignored. Furthermore, the study shows, through
an extensive computational study, that in many cases, the TV lot sizes approach with respect to returns yields a small error
(gap) compared with the LB in the objective values.

This paper is organised as follows. We explain the basic assumptions and notation and present a LB for the ELSPR model
in Section 2. In Section 3, we first present the ELSPR JM model with the CC approach and then propose the ELSPR IM
model with the TV lot sizes approach. The numerical results of the proposed algorithm as well as comparisons with other
methods are reported in Section 4. Finally, in Section 5, we present our conclusions.

2. A LB for the ELSPR model
We based the research on the following assumptions about the ELSPR:

(1) Manufacturing of several items at a single facility results in item-specific competition because only one item can be
manufactured or remanufactured at a time.

(2) Demand rates, production rates, as well as set-up costs and times for all items are known constants.

(3) Demand is met without stockouts.

(4) Demand can be satisfied with two methods: manufacturing and remanufacturing.

(5) There are two kinds of inventory: serviceable and recoverable.

(6) In a serviceable inventory, manufactured and remanufactured items are stocked through the IM model.
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(7) Each item is returned based on a constant rate of demand.
(8) Arecoverable inventory is used for collection of returned items.

The following notation is used in the models:

m number of items

j index foritems, j=1,2,...,m
k index for position, k =1,2,..., K
p?’l constant production rate of item j for manufacturing (units/unit time)

constant production rate of item j for remanufacturing (units/unit time)

constant demand rate of item j (units/unit time)

known inventory holding cost of item j for serviceable inventory ($/unit/unit time)
known inventory holding cost of item j for recoverable inventory ($/unit/unit time)
known set-up cost of item j for manufacturing ($)

known set-up cost of item j for remanufacturing ($)

known set-up time of item j for manufacturing (unit time)

known set-up time of item j for remanufacturing (unit time)

cycle length for item j (unit time)

constant return rate of item j,0 < 8; < 1

e e ~
E:.b \S\:ﬂ%\' T~ % §\§\§ \g‘\- B

We first find a LB on the minimum average cost of the ELSPR which will be used for a TV lot sizes heuristic in Section
3. ALB can be easily obtained by considering each item in isolation and calculating economic production quantities. In this
IS approach, the capacity challenges caused by the use of a single machine to make several products are ignored. A tight LB
for the ELSP has been implicitly suggested by Bomberger (1966) and restated in several different ways by other researchers
(Dobson 1987; Gallego and Moon 1992). We apply the existing LB on the ELSP, which can be solved by the well-known IS
approach, to our ELSPR. The nonlinear program that we propose provides a tight LB of the average total cost (TC) per unit
time for the ELSPR.

ELSPR-LB e R
. Af A e
Ming, .7, Y "+ HJT; + T (1)
j=1 !
subject to
" (s 5T
Y L=<k )
- T;
j=1
7,20, j=1,....m. 3)

The objective function is a LB on the average cost of producing m different items on a single machine. The constraint is
the proportion of time available for set-ups. The objective function and the constraint set are convex in 7’s. Therefore, the
optimal points of the LB model satisfy the Karush-Kuhn-Tucker (KKT) conditions as follows:

A+ AT — (H} + HDT] 261 s =0, j=1.2,....m, “)
m M R
(s7" +57)
M=)y —L—-|=0, 5
K ]ZI 7, 5)

A > 0 complementary slackness with ZTZI [(s;” +s]R)/Tj] < Kk, where HJS. = hsjdj |:(1 - B —(1— ﬂj)dj/pj.”)

+8;(1 —,sjdj/pf)]/z and H} = WB;d;(1 —B;d;/p)/2;j=1,2,....m.

The above conditions are derived by assuming that 7';’s are non-trivial. Equation (4) yields:

AM L AR L (sM 4 5B
L J J J J .
T; = I .V (6)
A
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We can use the following procedure to find the optimal 7';:
Algorithm for Lower Bound

(Step 1) Check if 1 = 0 gives an optimal solution.
SetA =0and find Tjs (j =1, ..., m) from Equation (6).
(Step 2) If 37 [(s} +57)/T;] < k, then the Ts are an optimal solution.
Otherwise, go to Step 3.
(Step 3) Start with an arbitrary A > 0.
(Step4) Compute Tjs (j =1, ..., m) from Equation (6).
(Step 5) If Z’;’zl[(sjw + S]R)/Tj] < «, reduce A. Go to Step 4.
It Z’;’zl[(s;” + sf)/Tj] > K, increase A. Go to Step 4.
If Z?:l[(sj.‘l + sjl.e)/Tj] = K, stop. The T;s are optimal.

3. The ELSPR model

The ELSPR inventory is classified into two models: JM serviceable inventory and IM serviceable inventory. The JM model
requires that one item is manufactured, and the inventory is reduced to zero and then the remanufacturing of the same item
is started. The same constant demand rate applies for the manufactured and remanufactured items such that the inventory
is jointly managed. In this case, the CC approach, which specifies that the items cycle lengths must be equal, does not
always allow for a feasible schedule through a simple procedure. Thus, an additional method is needed to find or check the
feasibility of the solution. The IM model involves that one item is manufactured, and the remanufacturing of the same item
is started before the inventory of the manufactured item is reduced to zero. For each item, demand of manufactured and
remanufactured items is met separately based on the return rate, 8, so that inventory is managed independently and demand
rate is reduced differentially for the manufactured and remanufactured items. In this case, the CC approach always allows one
to find a feasible schedule using a simple procedure. Thus, the ELSPR under IM model does not require manufacturing and
remanufacturing sequences to be placed in a cyclic schedule. Because the IM model reflects a disconnection of manufacturing
and remanufacturing operations, the serviceable inventory cost is increased. The error in the IM model was at a maximum
when the return rate is 50% (Zanoni et al. 2012). Generally speaking, in the IM model, the average TC per unit time, but
especially the serviceable inventory holding cost, is increased; however, this IM model allowed us to obtain a closed form
expression for a scheduling problem by adopting various production frequencies related to the implementation of the BP
policy (Zanoni et al. 2012). Figure 2 depicts a comparison with inventory levels and cycle lengths for the IM and JM models.
The ELSPR IM model involving N items is a special case of the ELSP featuring 2N items. Therefore, any solution algorithm
for the ELSP can be used to solve the ELSPR IM model.

3.1 ELSPR JM model with the CC approach

The inventory holding cost of the serviceable inventory per cycle is reflected as the sum of the area under the inventory
triangles of the manufacturing and remanufacturing operations (Figure 2(a)). The inventory holding cost of the recoverable
inventory per cycle is also reflected by the area under the inventory triangle of returned items (Figure 2(b)).

The average TC which consists of the set-up costs for manufacturing and remanufacturing and inventory holding costs
for serviceable and recoverable inventory per unit time, is therefore, stated by:

J J
TC=Z[—T, +HiT; + HiT) | (7)
j=1 !
where H} = h'd,; [(1 — B —d;/pM) + 21 — d,»/pf)] J2 and HY = Whd;Bi(1— Bid;/pR)/2:j = 1.2,....m.
In the CC approach, we have T1 =T, = - - - = T, = T (say). Therefore, the average TC function above can be stated as
AM 1 AR
TC = %—l—(Hs—i-H’)T, (8)

where AM = .Z;’;?:l A;M, AR. = ij’zl A;e’ Hv = H; and H" = Z’J’?:l H.
TC is minimised by 7* which satisfies Equation (9).

AM 1 AR
T* = /%_ )
+ H
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Figure 2. Comparison with inventory level for the JM and IM models.

Moreover, before we get T* as the minimum cycle length in the interval, we should consider the available time for set-ups
within the cycle. Because the sum of total set-up and production time per cycle should be less than the cycle length, we
impose the following constraint on 7':

m
) [Sf'wﬂfﬂLdj(l—ﬂj)T/pflerjﬂjT/pf] <T (10)
j=1
m M R
"M s
o, T > M = Thin (say), (11)

K

where xk = 1 — Z’]'Ll {d;(1— ﬂj)/pj-u + ,BA/dj/pf}, the long-run proportion of time available for set-ups. TC(T') is convex
in T'; therefore, the minimum cycle length should be taken as the maximum of 7* and Tpi,; that is, 7 = max{T*, Tyin}-
The remanufacturing operation is followed by a manufacturing operation based on the time that the serviceable inventory
level of the manufacturing operation reaches zero. In this CC approach of the JM model, the feasibility of the solution is not
guaranteed. Thus, the CC approach of the ELSPR JM model must be subjected to additional procedures to find production
sequences of manufacturing and remanufacturing in a feasible schedule.

3.2 ELSPR IM model with the CC approach

Because each inventory from production operations continues to be maintained within the same cycle length T, the inventory
holding cost of the serviceable inventory per cycle is reflected by the sum of the area under the inventory triangles of
manufacturing and remanufacturing operations (Figure 2(c)). The average inventory holding cost of the recoverable inventory
per cycle is also the same as that of the JM model (Figure 2(d)).

The average TC function per unit time of the ELSPR IM model also can be stated as:

m [AM 4 AR
J J R
TC =) T+H;Tj+Hj’.Tj, (12)
j=1

where HY = h%d; [(1 =B = =Bpd;/pi)+ ;1 - ﬂjdj/pf)] /2 and H = WB;d;j(1 — B;d;j/pf)/2; j =
1,2,...,m.
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The average TC per unit time consists of the set-up costs for manufacturing and remanufacturing and the inventory
holding costs for serviceable and recoverable inventory per unit time.

In the CC approach, we have Ty = T> = - - - = T,,, = T (say). Therefore, the average TC function above can be stated as
AM 4 AR
TC=¥+(HS+HV)T, (13)

where AM = 3" AY AR =3 AR, B =3 H} and H' =37 H.

TC is easily minimised by
AM 4+ AR
e AT AT (14)
HS + H}’

Moreover, before we get T* as the minimum cycle length in the interval, we should consider the available time for set-ups
within the cycle. Because the sum of total set-up and production time per cycle should be less than the cycle length, we
impose the following constraint on 7 :

) [Sf'wﬂfﬂLdj(l _IBj)T/P;W‘i‘djﬁjT/Pf] <T (15)
j=1
m M R
MR
o, T > Z] 1 Kj L Toin (say), (16)

wherex = 1 — Z;’;l {d;(1— ﬁj)/pj-” + ﬂjdj/pf}, the long-run proportion of time available for machine set-ups. TC(T') is
convex in T'; therefore, the minimum cycle length should be taken the maximum of 7* and Ty, ; thatis, T = max{7T*, Tyin}-

The CC approach with the ELSPR IM model makes cycle lengths of all items equal. Thus, it always yields a feasible
schedule, which makes it advantageous over the CC approach with the ELSPR JM model. However, the CC solution generally
works as an upper bound and sometimes it is quite far from the LB.

3.3 ELSPR IM model with the TV lot sizes approach

We first represent Dobson’s (1987) original formulation of the ELSP for the ELSPR. To formulate this problem some
additional notation is needed. The subscript j and superscript k are the indexes of item j and the item produced at the kth
position in the sequence, respectively. The definition of F is the set of all possible finite sequences for items. Here K is the
set of positions under a given production sequence of item j; thatis, K; = {k | f k = j}. Let L; represent the set of positions
in a given sequence from / to the previous position of the sequence where the item f! has repeated itself. The ELSPR can be
formulated as:

inf min>0u=0 70
feF -
1 i 1hk k 1 ky gk Pﬁ4 kN2
T ES(pM_( —BHd") m (ty)
k=
11 koo k k ik Plfe kN2
7 | 22\ 3wk = B4 | gege ) @)
| & K K /4 o
+ - [Z A+ AR+ <§h’;(p’,; — Bd*) <,3k_§’k> (tg)z)} (17)
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subject to

Yty + pfig) = diT, j=1....m, (18)
kEKj

3 (e sy uby ok sk ik = oy /Dl + (Pl/ditk.

kEL[

I=1,...,L, (19)
K

Dtk shy by i sk ub) =T (20)
k=1

The objective function is the sum of the inventory holding costs for serviceable and recoverable inventory and the
set-up costs for manufacturing and remanufacturing per unit time. Constraint (18) means that enough production time for
manufacturing and remanufacturing process to each item j is allocated to the production of item j to meet its demand over
the cycle. Constraint (19) ensures that we must produce enough of the item in position / to meet its demand for the next time
till the item is produced again. Constraint (20) implies that the cycle length 7" must include times with respect to production,
set-up and idle times of manufacturing and remanufacturing operations for all the produced items in the cycle.

In this paper, the TV lot sizes approach proposed by Dobson (1987) is considered to solve the ELSPR. The proposed
heuristic first selects the relative production frequencies by solving the ELSPR-LB model. We then find the production
frequencies rounded to power-of-two integers using an algorithm as suggested by Roundy (1989). Finally, a production
sequence comes out of the bin-packing heuristic with respect to frequencies and average loads. Based on these given
production frequencies and sequence, we can compute the continuous variables that are composed of production times t, idle
times u and the cycle length 7'. The procedure that allows one to find a feasible production schedule can be described in the
following steps:

Step 1 We define the relative production frequencies by solving the ELSPR-LB model. x ; is defined as the relative
production frequency for item j :

. *
‘= Max 7{ *{TJ }

J

where T’} represents the optimal cycle length for item j in program ELSPR-LB. We present a one-dimensional line
search algorithm in the previous section to find a KKT point of the ELSPR-LB model (the detailed procedure of
this problem can be found in Section 2).
Step 2 'We round the relative production frequencies solved in Step 1 to power-of-two integers. Roundy (1989)
has shown that the cost increase cannot exceed 6% when the intervals are rounded off to the power-of-two integers.
We define y; as the production frequencies comes from the power-of-two integer of item j. Then y; is calculated:

. —9P . Py pi| —
v =27 if x(,e[ﬁZ,«/ﬁZ , p=0,1,....
Step 3 We determine an efficient production sequence f via the bin-packing heuristic proposed by Dobson (1987).
The items should be spread out as uniformly as possible in b bins where b = max ;{y;}. When we find an assignment
of the items to the bins, a variation of the longest processing time (LPT) heuristic can be used as (y;, v;). The items
are first ranked in decreasing order of the production frequencies, y;. The items with identical frequencies y; are
assigned in decreasing order of the estimated production time duration, v; where v; = s j” +d;(1-B)T/ p?’l yj)+
s jR +d;B;T/ pf v;). The heuristic can handle a production sequence f efficiently through minimising the maximum
height of the bins (see Dobson 1987 for more details).

Step 4  For a given production sequence f, we solve for production times t and idle times u. The idle times at the
manufacturing lots are assumed to be identical, except that the idle time for the first position of sequence is zero. The
available idle times easily can be spaced out evenly by Equation (21). Let T¢¢ be the CC length and K be the total

number of positions in the production sequence; u* is equal to zero in the first position of the sequence. Otherwise,
m

wt = Tec =Y (s + 5K +diTee/p; ) | /(K =), @1
j=1

where p; = pi pR/ [(1 = BppR+ Biplt |1 j=1.2,....m.
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After the production times have been determined using Equation (22) under a given f and u, we can find the average
TC per unit time of the schedule in the objective function. If idle times are assumed to be zero (i.e. u = 0), it can be
easily seen that we can find the production times t using Equation (22) with a given f (see Dobson 1987 for more
details). This approximation fits very well at a highly loaded facility. Although, given a fixed sequence, the nonlinear
programming problem that determines the variables t and u at the same time is a rather complex, an optimal solution
can be solved by a parametric quadratic program (see Zipkin 1991).

t=U—-P ')y 'P7LGs +uw), (22)

where P is a diagonal matrix with Py = ph, pk/ [(1 — B)d* pk + Fd* pt,].
Step 5 We can improve the average TC function per unit time by modifying idle times under the TV lot sizes
approach. The average TC function per unit time (17) can be written as:

K K K K
1
TC=— [Z A+ Y A+ > HEC PR A+ Hrk(tkpk/dk)zi| : (23)
k=1 k=1 k=1 k=1

where Hf = hyd* [(1— B (1 — (1 = Ya*/py) + B (1 = Ba* /pip] /2, HE = hppta*(1 — prd*/pl) /2
and pk = pk pk/[(1 = BOpk + Y] j=1.2.....m.

The values for the inventory holding costs for serviceable and recoverable inventory of items have been changed to
those shown in Equation (23) as applied to the CC length for the idle times. Thus, this step intends to find balancing

between modified inventory holding and set-up costs. To modify the cycle length 7', we set T to «T in Equation
(23) such that

1

TC = —
aT

K K
[Z (A’jw + A’;) +a? Y (HEG phdhy + Hrk(tkpk/dk)z}i| . (24)
k=1

k=1

To find the value of « that minimises TC(«), we set TC'(«) equal to zero. This yields:

K (ak k
o it (Al + AR) 25)

YK [HEGkpkjdi)? + HE(@tk pk jdk)2]

We can find the updated idle times u using the modified 7¢¢ in Equation (21) as follows: Tcc = max{aTcc, Tmin}-
After calculating the modified idle times u, we can get the updated feasible production times and the average TC
per unit time of the modified schedule. This procedure of idle times calculation is repeated until no additional idle
times are added compared with the previous idle times.

4. Computational experiments

In this section, we present computational results for the ELSPR. Our computational experiments were performed on three sets:

Tang and Teunter’s (2006) 5-item problem, Teunter, Tang, and Kaparis’s (2009) 10-item problem and a randomly generated

10-item problem. Specifically, we compare the performances of our algorithm with the CC approach of the JM model and
the modified BP approach of the IM model as proposed by Tang and Teunter (2006) and Zanoni et al. (2012).

Example I Modified Tang and Teunter’s (T&T) 5-item problem
We solved Tang and Teunter’s (2006) 5-item problem. The modified data related to the items in Tang and Teunter’s

problem are shown in Table 3. To get a highly loaded facility example, we changed the production rate for manufacturing,

p;f’ from 80 to 60. We verified the result by computing 1 — « = Z’j'»l:l{dj(l - ﬂj)/pj."l +d; (ﬂ‘/)/pf} = 0.95. The 95%
represents the facility utilisation to meet the demand and it may be possible to use the rest of the utilisation for set-up and
idle times. The following steps detail the heuristic:

Step 1

Compute a LB and the optimal cycle length for item j in program ELSPR-LB.
Ty =71.90, T, =58.65, T3 =50.85, T, =28.57, T5=69.56,

with a LB $8.06.

Step 2 Round the relative production frequencies to power-of-two integers.

vi=1, =1 y3=1, =2, ys=1.
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Table 3. Data for the modified Tang and Teunter’s problem (k = 0.05 case).

Manufacturing Remanufacturing Holding cost
. m m m r r r K r . .
J Aj Sj Pj Aj Sj Pj hj j dj B
1 20 0.25 60 20 0.25 80 0.00175 0.00088 9 0.2
2 20 0.25 60 20 0.25 80 0.00263 0.00132 9 0.2
3 20 0.25 60 20 0.25 80 0.00350 0.00175 9 0.2
4 20 0.25 60 20 0.25 80 0.00438 0.00219 30 0.2
5 20 0.25 60 20 0.25 80 0.00525 0.00263 3 0.2
Table 4. Results for the modified Tang and Teunter’s problem (k = 0.05 case).

IM model JM model

LB TV CcC LB CcC
8.06 8.17 8.68 6.48 6.85%
(T =171.90) (T = 60.00) (T = 50.00) (T = 86.57) (T = 58.40)

4Infeasible solution (Tang and Teunter 2006).

Step 3 Generate an efficient production sequence using the bin-packing heuristic; we used the following lexicographic
order to spread items out as evenly as possible in bins.

(ya, va) = (2,17.58) =L (y1, v1) = (1, 10.75) =% (2, v2) = (1, 10.75)
> (y3,v3) = (1, 10.75) =L (s, v5) = (1,3.92).

The production sequence is
f=04,1,3,4,2)5).

Step 4  Compute idle times u and production times t using Equations (21) and (22), respectively, for the sequence and the
average TC per unit time using Equation (17).

u=(0,0,0,0,0,0) and

t = (16.83, 8.55, 8.55, 11.67, 8.55, 2.85)
with the average TC per unit time $8.17.

Step 5 Compute o and aT¢c using Equation (25). We update idle times u, production times t and the average TC per unit
time.
a=0.9797, u=(0,0,0,0,0,0) and

t = (16.83, 8.55, 8.55, 11.67, 8.55, 2.85)
with the average TC per unit time $8.17.

In some situations, the IM model does not yield a better objective value than the JM model, primarily because the IM
model requires more serviceable inventory within the same cycle length.

However, the disconnection (IM serviceable inventory) makes finding a feasible schedule relatively simple. This discon-
nection increases the serviceable inventory holding costs, but using this assumption, we can obtain a closed form expression
for the scheduling problem by adopting various production frequencies (Zanoni et al. 2012). The feasibility of the solution is
not guaranteed even when the CC approach of the JM model is used. Therefore, the JM model is more complicated because
it must be subjected to additional procedures to find feasible manufacturing and remanufacturing production sequences.

We compare the models and summarise the results in Table 4. A feasible solution under the CC approach of the ELSPR
IM model is illustrated in Figure 3. A feasible solution under the TV lot sizes approach of the ELSPR IM model is shown in
Figure 4.
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Figure 3. The CC approach of the ELSPR IM model (7 = 50.00).
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Figure 4. The TV lot sizes approach of the ELSPR IM model (T = 60.00).

Example II Teunter et al.’s 10-item problem

Teunter, Tang, and Kaparis (2009) proposed heuristics to obtain a feasible schedule with the JM model and the CC
approach. To present their results, they provided 120 sets of data (instances) generated from the well-known Bomberger
(1966) data. We conducted experiments on the Teunter, Tang, and Kaparis’s (2009) 10-item problem with the aim of evaluating
the performance of the proposed methods in the preceding sections. Teunter, Tang, and Kaparis (2009) grouped the 120 sets
of data into four groups based on the utilisation. The following data sets were used:

Examples 1-30: utilisation is between 12 and 47%, average 35%;

Examples 31-60: utilisation is between 50 and 75%, average 61%;

Examples 61-85: utilisation is between 75 and 95%, average 85%;

Examples 86—120: cycle length T¢c is smaller than i, and utilisation is between 87% and 99%, average 96%.

We regrouped examples by utilisation instead of 30 instances in a group of Teunter, Tang, and Kaparis (2009) who used
the same uniform distributions of manufacturing and remanufacturing intervals. The returns holding cost should be smaller
than the serviceable holding cost because remanufacturing adds value to an item (Teunter, VanderLaan, and Inderfurth 2000;
Teunter, Tang, and Kaparis 2009). In the 120 examples of 10-item production, however, the recoverable holding costs of 160
among 1,200 items were larger than the serviceable holding costs (i.e. Item 1 for Example 1 in Table 1 of Teunter, Tang, and
Kaparis (2009)).

In Table 5, we compare the performance of our algorithm with another algorithm proposed by Tang and Teunter (2006)
for 10-item problem with low utilisation (x > 0.5). The results of the proposed algorithm for four groups of test problems
are summarised in Table 6. In these tables, the percentages improvement between the CC approach of Tang and Teunter
(2006) and the proposed heuristic of the IM model using the TV lot sizes approach are shown under the heading T&T — TV,
whereas CC — TV represents the percentages improvement between the CC approach of the IM model and the TV lot sizes
approach. Teunter, Tang, and Kaparis (2009) showed the exact algorithm result for the 120 sets of their data. We refer to the
result as T&T. We calculate the percentages improvement from T&T — TV = (T&T — TV)/T&T x 100, CC — TV =(CC —
TV)/CC x 100. The headings CC — LB refer to the percentage gap between the CC approach of the IM model and the one
using a LB, whereas the percentage gap between the proposed heuristic of the IM model under the TV lot sizes approach and
the one using a LB is shown under the heading TV — LB. We calculate the LB gap from CC — LB = (CC — LB)/LB x 100,
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No. 1 —« Average TC ($) Improvement (%) LB gap (%)
T&T CC TV LB T&T — TV CC-TV CC - LB TV — LB
1 0.12 12.43 15.27 13.16 12.92 -5.90 13.79 18.17 1.87
2 0.20 27.88 35.82 27.71 27.12 0.61 22.63 32.05 2.16
3 0.22 20.17 25.43 14.18 14.09 29.68 44.23 80.50 0.67
4 0.24 19.33 21.74 18.62 18.45 3.66 14.32 17.82 0.95
5 0.25 22.68 27.64 23.26 22.75 —2.56 15.84 21.47 2.23
6 0.26 14.14 16.90 13.79 13.39 2.48 18.41 26.20 2.97
7 0.26 18.95 23.34 13.65 13.37 27.99 41.53 74.53 2.04
8 0.29 45.90 51.79 34.15 32.97 25.60 34.06 57.08 3.58
9 0.30 21.75 27.77 1691 16.32 22.26 39.12 70.20 3.62
10 0.33 35.46 43.08 26.81 26.39 24.38 37.76 63.26 1.62
11 0.33 20.50 26.54 20.30 19.66 0.96 23.50 35.00 3.28
12 0.34 44.89 53.36 33.81 32.65 24.69 36.65 63.42 3.53
13 0.34 23.27 26.72 22.34 21.34 3.98 16.39 25.21 4.69
14 0.34 15.61 17.97 11.69 11.58 25.08 34.92 55.15 0.97
15 0.35 14.49 17.30 13.84 13.55 4.47 20.00 27.69 2.16
16 0.37 31.01 32.52 19.52 18.69 37.06 39.99 73.99 441
17 0.38 11.40 15.47 14.85 14.67 —-30.29 4.01 5.50 1.27
18 0.38 25.83 32.57 23.34 22.96 9.63 28.32 41.86 1.68
19 0.40 23.60 29.24 24.20 23.49 —2.53 17.25 24.46 3.00
20 0.40 21.77 27.84 23.94 23.64 —9.99 13.99 17.76 1.28
21 0.40 28.64 34.81 17.59 17.44 38.59 49.47 99.63 0.87
22 0.41 35.96 46.56 33.04 31.56 8.11 29.04 47.52 4.68
23 0.41 35.34 45.79 40.57 40.05 —14.79 11.40 14.32 1.29
24 0.42 30.54 39.42 29.24 28.10 4.24 25.81 40.28 4.08
25 0.43 14.54 15.78 10.58 10.45 27.21 3291 51.01 1.30
26 0.43 31.29 36.58 24.96 23.40 20.22 31.75 56.34 6.70
27 0.43 24.84 26.28 18.15 15.50 26.91 30.92 69.56 17.14
28 0.46 23.76 25.00 19.42 19.07 18.27 22.34 31.12 1.83
29 0.47 47.80 53.93 40.02 32.45 16.27 25.78 66.17 23.33
30 0.47 24.98 31.85 24.03 23.28 3.80 24.56 36.83 3.23
Max. 38.59 49.47 99.63 23.33
Ave. 11.34 26.69 44.80 3.75
Min. —30.29 4.01 5.50 0.67
Table 6. Computational results for test problems.
Improvement (%) LB gap (%)
Examples T&T — TV CC-TV CC—-LB TV — LB
Max. Ave. Min. Max. Ave. Min. Max. Ave. Min. Max. Ave. Min.
1-30 38.59 11.34 —30.29 4947 26.69 4.01 99.63 44.80 5.50 23.33 3.75 0.67
31-60 42.04 573 —=23.29 46.38 24.52 0.79 111.81 47.70 11.13 71.15 10.33 1.55
61-85 32.17 0.68 —51.58 36.87 19.92 —28.65 72.44 39.75 7.86 56.47 10.14 1.17
86-120 21.75 —131.18 —804.68 35.26 —66.51 —511.72 710.89  233.22 28.54  2,508.98 519.29 17.53
1-85 42.04 6.22 —51.58 4947 2393 —28.65 111.81 44.34 5.50 71.15 7.95 0.67
1-120 42.04 —33.85 —804.68 4947 —2.45 -—-511.72 710.89 99.43 5.50 2,508.98 157.09 0.67
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Table 7. A comparative study of computational results.

Improvement (%)

Examples 1 —« T&T — modified BP IM T&T — TV
Max. Ave. Improved Max. Ave. Improved
instances instances
1-30 0.12<1—xk <047 52.0 15.9 83 38.6 11.3 80
31-60 050 <1—-«k<0.75 434 13.6 87 42.0 5.7 60

Table 8. Randomly generated uniform distributions of data for test problems.

Parameters Set
Production rate of item for manufacturing and remanufacturing (units/unit time) [100, 200]
Demand rate of item (units/unit time) [5, 20]
Holding cost of item for serviceable and recoverable inventory ($/unit/unit time) [0.00006, 0.002]
Set-up cost of item for manufacturing and remanufacturing ($) [50, 100]
Set-up time of item for manufacturing and remanufacturing (unit time) [0.1, 3]
Return rate of item [0, 1]

TV — LB = (TV — LB)/LB x 100. As shown in these tables, the proposed heuristic using the TV lot sizes approach
outperforms the other previously published heuristics in terms of improvement and LB gap. The proposed heuristic improves
T&T’s heuristic in 24 out of 30 problems through the application of the IM model in Table 5. Table 6 summarises the results
of the proposed algorithm for four groups of test problems that feature different utilisation of items.

We compare the performance of our algorithm with the modified BP approach under the IM model as proposed by Zanoni
et al. (2012), namely, the modified BP IM. Table 7 presents the comparative results between the T&T and the modified BP
IM or the proposed algorithm (TV). We only consider the instances of 1-60 in this paper because the cycle length T¢c is
smaller than the Tp,i, for most other instances. We show the maximum and average improvement rates and the number of
improved instances compared with the CC approach of Tang and Teunter (2006). Because each result of the modified BP IM
is not available in Zanoni et al.’s paper, we cannot directly compare the modified BP IM with the proposed algorithm. For
these test problems, the modified BP IM outperforms the proposed algorithm due to additional refinement procedures based
on the BP approach.

In the case of heterogeneous products and high utilisation, the solution under the TV lot sizes approach is generally better
than the solutions under the BP and the CC approaches. However, the CC approach can perform well in cases of homogeneous
products in which the item’s independent cycle times are not too different between items (Gallego and Shaw 1997).

Example III Randomly generated 10-item problem

Additional computational experiments are conducted for comparison of the proposed heuristics of the IM model with
other models. We obtained the data-set over randomly generated uniform distributions in Table 8. For two test problems with
different utilisations, we randomly generated 50 instances for each test problem. The ELSP is more meaningful and difficult
to find feasible solutions when « is small (Dobson 1987). Thus, we generated only problems with k < 0.1.

We used the same uniform distributions of the intervals for manufacturing and remanufacturing. The returns holding cost
is smaller than the serviceable holding cost, just as in the problems of Teunter, Tang, and Kaparis (2009). The comparison of
the algorithms for 10-item problem with high utilisation are shown in Tables 9 and 10. As shown in these tables, the proposed
TV lot sizes approach outperforms the CC approach at highly loaded facility in terms of improvement and LB gap. Because
of the non-linearity and combinatorial properties of the ELSP, most researchers have focused on the development of heuristic
algorithms to find a near-optimal solution, which is commonly compared against a LB (Moon, Silver, and Choi 2002). In
these tables, the LB gap of TV solutions over CC solutions is smaller. The results of the proposed algorithm are summarised
in Table 11. For higher utilisation, the improvement of TV solutions over CC solutions is slightly bigger. The results clearly
show that the TV solutions are better than the CC solutions at the highly loaded facility.
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Table 9. Computational results for examples 1-50 with high utilisation (0.05 < « < 0.1 case).

No. 1—« Average TC ($) Improvement (%) LB gap (%)
CC TV LB CC-TV CC-LB TV-LB

1 0.94 60.78 50.46 47.89 16.99 26.93 5.36
2 0.91 38.36 34.78 33.79 9.33 13.52 2.93
3 0.93 26.09 22.93 21.71 12.11 20.20 5.64
4 0.90 29.98 27.50 26.95 8.27 11.24 2.04
5 0.94 27.33 26.23 25.69 4.01 6.37 2.11
6 0.94 43.35 41.01 39.08 5.39 10.91 4.93
7 0.94 48.79 43.64 41.33 10.55 18.04 5.59
8 0.94 58.52 52.23 50.12 10.75 16.77 4.22
9 0.90 28.36 25.95 25.03 8.50 13.30 3.67
10 0.90 29.18 26.14 25.42 10.42 14.79 2.83
11 0.94 25.47 22.32 21.56 12.37 18.15 3.53
12 0.92 48.65 43.93 43.22 9.70 12.56 1.64
13 0.94 42.15 41.14 40.13 2.38 5.02 2.52
14 0.93 21.11 19.35 18.26 8.33 15.60 5.96
15 0.92 37.26 33.22 31.49 10.84 18.32 5.49
16 0.95 34.83 29.44 27.99 15.49 24.45 5.17
17 0.94 32.97 26.66 25.72 19.14 28.21 3.66
18 0.93 34.02 28.47 27.34 16.33 24.44 4.13
19 0.91 18.17 17.65 17.28 2.84 5.09 2.11
20 0.92 26.95 25.49 24.25 5.42 11.11 5.09
21 0.92 30.00 28.72 28.00 4.27 7.12 2.55
22 0.92 29.80 27.99 26.92 6.08 10.68 3.95
23 0.91 26.70 24.78 23.73 7.20 12.53 4.43
24 0.92 37.33 34.44 33.13 7.73 12.68 3.97
25 0.90 29.14 27.99 27.25 3.92 6.93 2.73
26 0.90 27.28 25.60 24.39 6.16 11.88 4.99
27 0.91 27.04 24.35 23.68 9.95 14.20 2.83
28 0.93 42.43 39.80 38.00 6.21 11.67 4.74
29 0.94 49.12 39.88 36.38 18.81 35.01 9.61
30 0.93 45.66 38.58 37.72 15.50 21.03 2.28
31 0.91 23.28 19.84 18.74 14.77 24.19 5.85
32 0.91 24.44 24.28 23.74 0.64 2.94 2.27
33 0.95 41.77 37.66 36.67 9.83 13.90 2.71
34 0.91 32.52 28.76 27.79 11.57 17.05 3.50
35 0.91 27.34 26.56 25.45 2.83 7.40 4.36
36 0.92 29.97 28.12 27.63 6.17 8.47 1.77
37 0.94 59.85 57.01 54.16 4.75 10.52 5.27
38 0.94 41.33 41.29 40.08 0.10 3.12 3.02
39 0.93 38.07 34.79 33.68 8.63 13.03 3.28
40 0.91 32.69 28.95 27.92 11.44 17.09 3.70
41 0.93 33.79 30.70 29.15 9.14 15.93 5.34
42 0.92 41.05 39.97 37.43 2.65 9.67 6.77
43 0.92 39.81 34.40 32.66 13.59 21.92 5.34
44 0.92 32.68 31.72 30.22 2.94 8.14 4.96
45 0.93 26.53 21.73 20.78 18.11 27.69 4.57
46 0.92 27.95 26.38 25.38 5.62 10.11 3.92
47 0.92 25.96 22.90 22.25 11.77 16.68 2.95
48 0.92 28.06 22.12 21.08 21.15 33.07 4.92
49 0.90 21.20 20.89 20.16 1.48 5.16 3.61
50 0.91 30.12 28.39 28.01 5.73 7.52 1.36

Max. 21.15 35.01 9.61

Ave. 8.96 14.65 4.00

Min. 0.10 2.94 1.36
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Table 10. Computational results for examples 51-100 with high utilisation (0 < x < 0.05 case).

No. 1 —« Average TC ($) Improvement (%) LB gap (%)
CC TV LB CC-TV CC - LB TV — LB

51 0.98 158.83 130.71 122.49 17.70 29.67 6.71
52 0.96 57.34 49.09 47.20 14.40 21.49 4.00
53 0.98 92.19 83.08 78.27 9.88 17.78 6.14
54 0.98 81.95 76.87 72.25 6.20 13.42 6.40
55 0.95 63.52 56.54 54.93 10.98 15.63 2.94
56 0.97 80.10 67.53 64.16 15.70 24.86 5.25
57 0.96 61.38 58.71 54.73 4.35 12.14 7.27
58 0.97 89.47 79.65 76.01 10.97 17.71 4.79
59 0.96 50.87 47.68 45.95 6.27 10.70 3.76
60 0.99 197.12 182.25 173.68 7.54 13.49 4.93
61 0.98 134.95 109.85 104.38 18.60 29.29 5.24
62 0.98 150.04 126.75 118.93 15.52 26.16 6.57
63 0.97 100.58 77.39 74.25 23.06 35.46 4.22
64 0.96 100.97 95.55 85.97 5.37 17.45 11.14
65 0.96 77.33 74.66 73.33 3.45 5.45 1.81
66 0.99 184.79 160.52 152.60 13.13 21.10 5.19
67 0.96 69.39 62.97 59.71 9.25 16.22 5.47
68 0.97 106.75 102.43 99.79 4.05 6.97 2.64
69 0.96 40.20 36.87 35.95 8.27 11.81 2.56
70 0.95 64.21 61.74 59.47 3.85 7.98 3.82
71 0.97 139.56 134.21 128.09 3.83 8.95 4.78
72 0.97 76.35 57.12 54.18 25.18 40.91 5.43
73 0.99 560.82 524.07 501.34 6.55 11.86 4.54
74 0.99 186.61 167.51 163.57 10.24 14.08 2.40
75 0.99 187.91 170.78 164.35 9.12 14.33 3.91
76 0.98 188.99 161.42 153.87 14.59 22.83 491
77 0.97 97.89 81.09 78.89 17.16 24.08 2.79
78 0.98 133.75 115.78 107.48 13.43 24.44 7.72
79 0.99 225.46 188.15 175.71 16.55 28.31 7.08
80 0.99 337.57 297.30 281.41 11.93 19.96 5.65
81 0.99 200.59 195.90 179.95 2.34 11.47 8.86
82 0.97 65.57 60.15 58.04 8.27 12.97 3.63
83 0.95 67.64 64.25 61.17 5.01 10.58 5.04
84 0.99 504.10 450.45 427.52 10.64 17.91 5.36
85 0.95 51.72 41.86 40.56 19.07 27.53 3.21
86 0.97 80.34 78.07 72.33 2.83 11.07 7.93
87 0.95 59.37 56.66 54.37 4.56 9.19 4.21
88 0.96 68.79 62.10 60.11 9.73 14.45 3.31
89 0.97 112.55 99.42 95.32 11.67 18.07 4.30
90 0.96 63.52 55.89 53.57 12.01 18.57 4.33
91 0.99 180.50 167.85 160.63 7.01 12.37 4.50
92 0.96 58.18 49.39 47.14 15.10 23.41 4.78
93 0.98 96.72 88.18 85.56 8.83 13.04 3.06
94 0.95 48.55 42.63 39.24 12.17 23.71 8.65
95 0.97 89.87 86.41 84.00 3.85 6.99 2.87
96 0.97 72.57 60.49 58.77 16.65 23.48 2.91
97 0.95 62.95 59.33 55.16 5.75 14.11 7.55
98 0.95 35.59 33.35 30.22 6.30 17.79 10.37
99 0.96 63.23 56.02 54.81 11.40 15.37 2.21
100 0.97 81.30 66.19 62.83 18.59 29.41 5.35

Max. 25.18 40.91 11.14

Ave. 10.58 17.92 5.05

Min. 2.34 5.45 1.81
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Table 11. Computational results for test problems.

Improvement (%) LB gap (%)
Examples 1 —« CC-TV CC—-LB TV — LB
Max. Ave. Min. Max. Ave. Min. Max. Ave. Min.
1-50 090<1—-—x <0.95 21.15 8.96 0.10 35.01 14.65 2.94 9.61 4.00 1.36
51-100 095<1—« < 1.00 25.18 10.58 2.34 40.91 17.92 5.45 11.14 5.05 1.81
1-100 090<1—-x <1.00 25.18 9.77 0.10 4091 16.28 2.94 11.14 4.53 1.36

5. Conclusions

In this paper, we have considered the case of the ELSPR. We have assumed that each item is returned at a constant rate
of demand and remanufactured items substitute for manufactured items. The goal of our approach was to obtain a feasible
production schedule in situations in which returned items are allowed. We have proposed a TV lot sizes algorithm to solve
the ELSPR. We have also shown that a simple insertion method of idle times can improve the cyclic schedule in specific
production sequences of the ELSPR. We have also successfully solved the ELSPR by modifying the existing LB model in the
ELSP with an IS approach in which the synchronisation constraint is ignored. The results of the computational experiments
show that in many cases the proposed TV lot sizes approach with respect to returns yields a small error (gap) with the LB in
the objective values.

Even in the CC approach of the JM model, the feasibility of the solution is not guaranteed. To find feasible manufacturing
and remanufacturing production sequences, one must subject the JM model to additional procedures. However, the IM model
does not require manufacturing and remanufacturing sequences to be placed together in a cyclic schedule because demand
of each manufactured and remanufactured item is met separately based on the return rate. Moreover, in the IM model, the
serviceable inventory holding cost is higher than in the J]M model because serviceable inventory levels of manufacturing and
remanufacturing operations for each item are separated and IM. To handle feasibility issues of the JM model and a relatively
high average TC of the IM model, we have developed a more efficient heuristic algorithm for the IM model, based on a TV
lot sizes approach that allows various lot sizes for any products during a cyclic schedule.

Ahybrid meta-heuristic algorithm, especially the genetic algorithm, may have tremendous potential on decisions regarding
production scheduling with returns. Genetic algorithms can be applied to find combinatorial parts such as production
frequencies and sequences. For instance, Moon, Cha, and Bae (2006) and Moon, Silver, and Choi (2002) already developed
a hybrid genetic algorithm in the ELSP and the GT-ELSP, respectively. They demonstrated the effectiveness of the hybrid
genetic algorithm in the combinatorial problems. Finally, retail ordering coordination is another extension. For example,
Kusukawa (2014) showed the benefit of retail ordering coordination with production system in supply chain. Coordination
of order batches and production schedule is a future research topic.
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