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Globalization has not only generated immense business opportunities, but also created a very competitive
marketplace. To retain competitive advantage, a manufacturer must satisfy a client's multiproduct and quality
requirements with limited in-house capacity. An outsourcing strategy can overcome capacity constraints and
shorten the fabrication cycle time. This study explores a hybrid multiproduct single-machine inventory re-
plenishment system incorporating an outsourcing plan. The in-house multiproduct fabrication process is under a
common cycle time policy. That is, each product receives one replenishment in a common cycle length. All
fabricated items are inspected for quality; items with random defects are sorted out as scrap and repairable, and
the rework occurs immediately after the regular fabrication. All reworked products that fail the quality re-
assurance test are scrapped. The quality of outsourcing items is assumed to be guaranteed by the outside pro-
vider. Our objective is to determine the optimal common cycle time that minimizes the total relevant cost. An
accurate model is constructed to represent the characteristics of the system studied; furthermore, we utilize
mathematical analysis to derive the total system costs and apply differential calculus to find the optimal cycle
length. A numerical example illustrates the applicability of our result and highlights the effect of variations in
outsourcing- and quality-related attributes on the optimal solution, as well as the various performance indicators

that facilitate planning and controlling decisions.

1. Introduction

This study investigates a hybrid multiproduct single-machine in-
ventory replenishment system with an outsourcing plan and quality
reassurance. To satisfy the growing trend of buyer multiproduct needs
and to increase the utilization of production facility, batch fabrication
of multiproduct on a single machine is commonly planned. Arthur and
Lawrence [1] developed a model to help determine the multiproduct
fabrication and delivery policy for the pharmaceutical and chemical
industry. Multiple manufacturing plants and transshipment points were
considered over multiple time periods. A model was built with the
purpose of minimizing the deviations from (i) the targeted overall
system costs; (ii) the expected final levels of inventories; and (iii) the
planned production schedules for various manufacturing locations and/
or delivery routes for certain goods. Byrne [2] used a simulation
technique to study lot size decision for a multi-item fabrication pro-
blem. The author presented an interactive algorithm to continuously
revise lot sizes according to previous simulation results with the aim of
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minimizing total system cost. Federgruen and Katalan [3] presented
heuristics to examine stochastic lot sizing problems under the periodic
base-stock policies, wherein products are fabricated periodically in line
with a given item-sequence. Such sequence was determined according
to each product's desirable fabrication frequencies. Their objective was
to minimize the total system cost. Wide-ranging numerical studies were
conducted to test for performance of the proposed heuristics. Lin et al.
[4] examined a multiproduct single-machine economic lot scheduling
problem with continuous deteriorating items. Each product is assumed
to have a constant demand rate and exponential deteriorating rate, and
multiple products are scheduled to be fabricated periodically on a
machine in a specific order under the common cycle time policy. Ac-
cordingly, a near optimal cycle length for the problem was determined
under the conditions of no permitted shortage and continuous review.
Karakaya and Bakal [5] studied a single-manufacturer single-retailer
supply chain system featuring decentralization and multiproduct sales
in a single period. The demand forecast is used by the retailer to place
the initial orders; however, the orders can be restrictively revised
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whenever the final demand information is received. To meet retailer
orders, the first purchasing option for the manufacturer is by regular
delivery based on retailer's initial orders and the second option is by
expedited shipment upon receipt of the revised orders. Their objective
was to find the optimal policies for both parties so that they can both
gain the benefits of flexibility. Additional studies [6-13] explored di-
verse aspects of multiple products manufacturing/supply-chain sys-
tems.

Facing customer timely requirements and in-house capacity con-
straints, the management often considers an outsourcing strategy to not
only overcome the capacity constraints, but also shorten the fabrication
completion time. Momme [14] developed a reference model to identify
elements of the fabrication system as well as in-house supporting
functions through analyzing the effect of strategic planning of the
outsourcing process on the internal resources/capability. In their fra-
mework, several built-in performance indicators in key activities and
the expected output from each stage were established to help achieve
research goals. A real-world case study demonstrates the applicability
of their proposed model. Sinha and Sarmah [15] built a two-stage
supply-chain model to study lost sales circumstances from the view-
point of supply-chain coordination. They considered the situation that a
retailer's annual demand is greater than a supplier's capacity. The
shortages of supplier can be recovered through purchasing items from
an outsourcer, and such a feasible solution may boost profits for both
parties in the supply-chain. Authors provided a numerical illustration to
show the benefits derived from their model. Mokhtari and Abadi [16]
examined a scheduling problem, wherein a number of single-stage jobs
can be either fabricated by an in-house system with parallel machines,
or outsourced to an available external provider who has single pro-
duction equipment. The objectives were to jointly minimize total out-
sourcing cost and summation of total weighted completion times. The
integer programming and heuristics were employed to first break down
the problem into sub-problems and then derived the optimal solution.
Ferretti et al. [17] examined a joint lot-sizing problem incorporating an
outsourcer in a vendor-buyer supply-chain system. In which raw ma-
terials were purchased by a vendor who performs the first-round fab-
rication processes. The semi-finished items are then shipped to an ex-
ternal manufacturer for the second-round operations before they can be
finalized by the vendor as end products and sold to the buyer. Two
different scenarios of vendor-buyer agreements were examined to de-
termine the optimal lot-size policies that keep the overall system cost at
minimum. Other studies [18-23] addressed different features of out-
sourcing policies in manufacturing systems, corporations, and supply-
chain systems.

Production of items with random defects is inevitable because of
many unforeseen factors in the manufacturing process. To assure
quality, all in-house fabricated products have to be inspected, and items
with defects are sorted out as scrap and repairable. Rework can serve to
retain quality as well as reduce quality cost in production. All reworked
items must also be screened for quality reassurance. Yum and McDowell
[24] used a mixed integer linear programming (MILP) approach to
determine the optimal inspection plans for a serial fabrication system.
Each inspection station in the proposed system comprises rework, re-
pair, scrap, or mixed tasks, and a MILP package is utilized to solve and
derive the optimal policies of inspections. So and Tang [25] studied the
optimal operating policy for a bottleneck equipment with random re-
work. The authors proposed a model for this equipment with two se-
parate kinds of operations, namely regular and rework. A test is re-
quired for every completed job, and any job that fails the test will need
to cycle back and wait for rework operation. A semi-Markov process
was formulated for the problem with the aim of determining the op-
timal policy to operate the bottleneck equipment that the operating cost
can be kept at minimum. A “threshold” policy in terms of the critical
amount of reworks waiting could be found through a proposed sim-
plified procedure. The result was also used to evaluate the effect of lot
sizes and other system performance indicators. Ojha et al. [26]
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examined an imperfect production-inventory system featuring quality
assurance and periodical deliveries. The system produces defectives,
and these items must be reworked and inspected again for quality re-
assurance. Delivery starts only if the entire batch is quality-ensured.
The authors examined three distinct scenarios on the connections be-
tween finished products and raw materials. Accordingly, for each case,
separate cost function and optimal order size were derived, respec-
tively. Additional studies [27-40] examined different characteristics of
imperfect production systems and/or rework processes. Seeking to help
manufacturers gain competitive advantage by meeting timely and
quality multiproduct demands under limited capacity, this study de-
velops a math model to explicitly depict the aforementioned realistic
problem and investigate such a hybrid multiproduct single-machine
inventory replenishment system with outsourcing and quality reassur-
ance. As little work from the literature has focused on this precise area,
our study aims to fill this research gap.

2. Materials and methods
2.1. The proposed hybrid replenishment system

A hybrid multiproduct stock replenishment system featuring quality
reassurance is proposed to meet multiproduct demands. It is assumed
that the demands of L end products are to be met by an internal batch
production plan incorporating an external supplier. That is, in each
replenishment cycle, a m; portion of the batch Q; of each product i
(where i equals to 1, 2, ..., L) is supplied by an outsourcer, and receipt
of 7;Q; portion is scheduled prior to the beginning of product depletion
time (see Fig. 1). Table 1 shows the notation used in our study.

The other (1 — )Q; quantities of product i are produced in-house at
an annual rate of Py; and during the production processes, an x; per-
centage of nonconforming items are randomly produced at a rate of dy;
per year (where d; equals to x;P;). Among these nonconforming items,
a 6,; portion (where 0 < = 6;; < = 1) is scrap and the other (1 - 6,)) is
considered re-workable at extra unit rework cost C;. For each product i,
the rework process follows its regular process (see Fig. 1) in each cycle.
The inventory level of nonconforming product i in the proposed hybrid
multiproduct stock replenishment system is exhibited in Fig. 2. It is also
assumed that a 6,; portion (where 0 < = 6; < = 1) of reworked items
fails and turns into scrap, so the generation rate of scrap during rework
process is ds; or 0P, The inventory level of scrap product i in the
proposed system is shown in Fig. 3. It reveals that the maximum level of
scraps in a cycle is (d1;61; tiix + do; toi) OF @; X; [(1 — 7)Q;] (where g;
equals to [0,; + 051 — 6;)]). The stock-out circumstances are not
permissible, so (Py; — dy; — A;) has to be greater than zero. Upon finish
of rework, m;Q; quantities of product i are received from outside sup-
plier, so the on-hand inventory of end product i goes up to H;. At this
time, product depletion time begins, the on-hand stocks of product i are
consumed to empty before initiation of its next replenishing process
(see Fig. 1).

2.2. Formulations and derivation of E[TCU(T,)]

From the aforementioned assumptions of the hybrid multiproduct
replenishment system (refer to Figs. 1-3), the following formulas are
obtained straightforwardly:

po= A= M H;

e Py Py— 2 —dy (@)
Hy =Py — 4 — dihtin (2
by = x[(Q - mQ]QA - 6)

" Py ()
Hy = Hy; + (P — A — dy)boin 4
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Time

v

Fig. 1. Level of perfect end products in the proposed hybrid multiproduct stock replenishment system featuring quality reassurance.

H; = Hy + mQ; = Aitsir ()
PR :
3imr — Ai (6)
Tr = iz + bin + iz @)
liTﬂ

Q=r"T——""—"=

[1-9x(1-m)] 8
itz = XiPutiz = x[(1 = m)Qll. ©
itz 61i + daitrir = @xi[A — m)Qi] = [61; + 61 — 61)]x:[(A — m) Q).

(10)

where Eq. (1) is the fabrication uptime for product i; Eq. (2) stands for
the level of finished product i when its fabrication process ends; Eq. (3)
is the rework time for product i; Eq. (4) denotes the level of finished
product i when its rework process ends; Eq. (5) is the maximum level of
end product i when outsourced items are received; Eq. (6) represents
the inventory depletion time for product i; Eq. (7) is the rotation (or
common) cycle length of the system; Eq. (8) stands for the batch size of
product i; Eq. (9) is the total nonconforming items produced at the end
of fabrication uptime of product i; Eq. (10) is the total scrap items
produced in uptime and rework times of product i.

System cost per cycle TC(T,) includes the sum of internal pro-
duction's setup (K;) and variable costs [Ci(1 - w;)Q;], variable rework
[Crixi[(1 — m)Q;1(1 — 6:;)] and disposal [Csip[(1 — 7)Q;]] costs, ex-
ternal supplier's setup (K,;) and variable costs [C,;(;:Q;)], and total
holding costs for rework, scrap, and finished items in a cycle, as shown
in Eq. (11) below:

K+ CG(1 — m)Q; + Crix;[(1
or L xi[(l - 7T1)Qx]
( 71) - Z + Kﬂ'i + Cm'(ﬂi Ql) + hﬁPzi;Zin ([21'7[)

i=1
Hij + diitii Hij+ Hyi Hj
[ M ) o IR ) 4 ) |

- m)Q( = 61) + Csio,

1D

As stated earlier, the following equations represent the relationships
between internal and external parameters of setup and unit costs:

K?ri = (1 + ﬁli)Ki (12)

Cri = (1 + ﬁzi)ci 13)

where -1 < f3;; < 0 and f85; > O are rationally assumed.

Apply E[x;] to handle randomness of x;, substitute Egs. (1) to (10),
(12), and (13) in Eq. (11), with additional derivations E[TCU(T,)] is
obtainable as follows:

L
E[TC(Ty)] K@ +AY | hikiTy
EITCU(T)] = — 7y ,:Z; { I 2
Gl = m) + GriBzi + CsipE [xi](A — m) + (1 + B)Cimi
ATrE (- m)?( - 1)
ZL:L +W[h-(l—91i)_h’]
Z g, W[(l + ) — 29,E [xi](1 — )]
)t - - 2
a4
where Ey; = [1 — gE[x](1 — m)]; By = E[x:]Q — m)(1 — 61)

Before entering the optimization process, one must make certain
that the capacity is adequate for the multiproduct fabrication and re-
work. That is the following prerequisite condition must hold:

L
Q- mai Q- mAEG](1 - 6;) 1
2 [([1 ~GENIA - m)] Ph) " ( [ = @B - m)] le-)] <!

(15)
or

» [((1 - m)/li) . ((1 — WALE[x](1 eu))] -

Py By Py E1i Py (16)
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Table 1
Nomenclature.
T outsource portion of the batch
Q; batch size
Ai annual demand rate for product i
Py; annual production rate for product i
K; internal production's setup cost for product i
C; internal production's unit cost for product i
Tr rotation cycle length — the decision variable
tiix production time for product i
toin rework time for product i
t3in inventory depletion time for product i
Xi random nonconforming rate during fabrication of product i
E[x;] expected value of x; for product i
dy; fabrication rate of nonconforming product i
Cri unit rework cost for product i
01; scrap portion of nonconforming product i
Csi unit scrapped cost for product i
0 scrap portion of reworked product i
@; overall scrap rate among the nonconforming product i
h; unit holding cost of product i
hy; unit holding cost of product i during rework process
Hy; level of finished product i when its production process ends
Hy; level of finished product i when its rework process ends
H; maximum level of end product i when outsourced items are
received
I(t); level of end product i at time t
In(t); level of nonconforming product i at time ¢
Is(®); level of scrapped product i at time t
K external supplier's setup cost for product i
Cri external supplier's unit cost for product i
B the linking parameter between K,; and K;
Boi the linking parameter between C,; and C;
tyi production time for product i in the proposed system without
external supplier
to; rework time for product i in the proposed system without external
supplier
ts; inventory depletion time for product i in the proposed system
without external supplier
T rotation cycle length in the proposed system without external
supplier
TC(T,) system cost per cycle
E[TCU(T,)] Expected system cost per unit time
Si The setup time for each product i
X The average of x;
T The average of m;
? The average of ¢;
5_2 The average of f35;
A
ll)(’),'
(ll :tl Zﬂ ————————— .\L‘l’ﬂl?
(I t b — scrap
uliiz 7 d, \. P wrap
|
(4 | 'Pn | -P,
I I . . . |
| | | i | Time
| | 5 >
t”" : t:l;r : ’Ilrr : ch_ : | tll;r | IZI lmlumul
| | I I
Il._.__.____t‘______l__.I
3in |
jl— — — — — — — - — — Tn ——————————— e

Fig. 2. Level of nonconforming product i in the hybrid multiproduct stock re-
plenishment system.

3. Results and discussion
3.1. Optimal rotation cycle length T,*

The first and second derivatives E[TCU(T,)] can be gained as fol-
lows:

Operations Research Perspectives 6 (2019) 100112

A
L2,
2fi2x Tl

A 0t + ot dy

A\ Oty + oty d, 6, |
; : : Time
! R >
| | T
| rl[:r | fz' Ildh lnm:

L. A 4

Fig. 3. Level of scrap product i in the proposed hybrid multiproduct stock re-
plenishment system.

dE[TCU(Ty)] _ < [-Ki@+ By | hidi
dT, - Z}{ T; T }

EalP(1 = )2 — 61;
+ AERPA- 2000 gy ]

L i 2P E1;
M) mA(d-m) N 11 —
" i1 Eu 2P1iEy; (A +7) = 26E ] — 7)]
hiZiE2i
+ opyy (PE X (1 = 7) = 27]

a7
FETCUE)] _ 5, K2+ By)

dT, = T; (18)

Eq. (18) yields positive for (2 + f;;), K;, and T,; are all positive.
Hence, E[TCU(T,)] is convex for all T, values other than zero. In order
to locate T,* that minimizes E[TCU(T,)] one can set first-derivative E
[TCU(T,)] = 0 and solve for T,* as follows:

4 AiEL] 20— m)?(1 - 61)
o [h: (1 = 61) — hil

L
z —K(2+ﬁ1l " hidi +ﬁ (=)

S 2= PRI+ ) — 29[l - m] =0

+ 2o E [x](1 - m) — 2]
19
with extra derivations, the following T,* is found:
\ 2
T* = “ 221‘:1Ki(2 + B
+ W[hu(l = 6u) — kil
A4 A muQ-m) _ :
hidi + 4 pumy L+ ) = 29, E[x] (1 — m)]
4 JidiEai
+ o [PE ] — ) — 27] 20)
where Ey; = [1 — ,E[x](1 — m)]; B = E[x](1 — m)(1 — 61y).

3.2. When the sum of setup times cannot be negligible

When the sum of setup times S; of each product i is large enough (or
greater than system's idle time), the following formula for a new cycle
time T,, must hold:

L
> Z [Si " ((1 - ﬂi)Qi) n ((1 - m)QE [x](A — 911'))]
P, Py

i=1 L

2D

Substitute Eq. (8) in Eq. (21), the following is obtained:

1- i AiEy;
T>ZS+Z A= | B T,
Plelz Py Ey;

or

(22)
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Table 2
Numerical values of in-house system parameters.

Operations Research Perspectives 6 (2019) 100112

End product number K; C; h; Xi 61 Cri hy; 0 [ Csi Ai Py; Py
1 10,000 80 10 5% 0.05 50 30 0.05 0.0975 20 3000 58,000 2900
2 11,000 90 15 10% 0.10 55 35 0.10 0.1900 25 3200 59,000 2950
3 12,000 100 20 15% 0.15 60 40 0.15 0.2775 30 3400 60,000 3000
4 13,000 110 25 20% 0.20 65 45 0.20 0.3600 35 3600 61,000 3050
5 14,000 120 30 25% 0.25 70 50 0.25 0.4375 40 3800 62,000 3100
Table 3
Values of outsourcing related variables. E[TCU(T,*)]
Product number T i K i Cri o
b P $2,650,000 -
1 0.4 -0.60 4000 0.40 112.0 $2,600,000
2 0.4 —-0.65 3850 0.35 121.5
3 0.4 —-0.70 3600 0.30 130.0 $2,550,000 -
4 0.4 -0.75 3250 0.25 137.5 $2,500,000
5 0.4 -0.80 2800 0.20 144.0
$2,450,000
$2,400,000 -
TS
T, > i=1 $2,350,000
_ 5L , |Q-m) Eai
1= 4 [ iy T Py E1i] (23) $2,300,000 -
. . $2,250,000 -
Let the right-hand side of Eq. (23) be Tp,; then, to ensure that the
sum of setup times of multiproduct can be incorporated into the cycle $2,200,000
time, one has to select max(T,,*, Tmin) as the optimal cycle time as in- $2,150,000 -
dicated by Nahmias [41]. $2,100,000 - - ; ’ . . : . )
0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9

3.3. Numerical illustration

The following numerical values of parameters shown in Tables 2
and 3 are utilized as an example to demonstrate the applicability of the
proposed multiproduct hybrid replenishment model and its results.

From Table 2, applying Egs. (12) and (13), the outsourcing related
variables can be obtained, as displayed in Table 3.

From computations of Egs. (20) and (14), for 7 = 0.4, we find
T.* = 0.6973, E[TCU(T,*)] = $2,222,848 (see Table A-1 in Appendix A).
Variations in cycle length T, effect on different elements of E[TCU(T,)] is
explored as exhibited in Fig. 4. It shows that as T}, increases, stock holding

Fig. 5. The impact of differences in average defective rate X on E[TCU(T.*)].

cost goes up significantly; on the contrary, both internal and external
setup costs considerably decrease when T, increases.

3.3.1. The impact from product quality issues

Looking into the quality reassurance issues in production processes,
from Table A-1, it shows that quality reassurance cost is $70,517 (or
3.17% of E[TCU(T,*)]). Furthermore, Fig. 5 depicts the impact of dif-
ferences in the average defective rate X on E[TCU(T,*)]. It points out

E|TCU(T,)|
$2,900,000 A

$2,500,000 -
$2,222,848 4

$2,100,000 -

$1,700,000 -

$1,300,000 A

$900,000

$500,000
0.18

0.38

0.58  0.68

1.28
T =0.6973

O Holding cost
B Quality cost
o Setup cost

® Outsourcing
setup cost

O Variable cost
(in-houce)

B Qutsouycing
variable cost

T:

1.88 248 3.08 3.68

Fig. 4. Variations in cycle length T, effect on different elements of E[TCU(T,)].
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Fig. 6. The effect of variations in @ on total cost for each end item.

E|TCU(T,)]
$2,500,000 -

$2,450,000 A

$2,400,000

$2,350,000 = = = = = = = = = =

$2,300,000 - ey p
$2,250,000 1 | : (3 =0.30)
I I e
$2,200,000 - | | i A
I I —_—
4 | |
$2,150,000 \ | (3 =0.30)
| |
$2,100,000 1 0.549 : : 0.691 lT’
$2,050,000 — i
00 01 02 03 04 05 06 07 08 09

Fig. 7. The impact of differences in ¢ on E[TCU(T,*)].

that as X rises, E[TCU(T,*)] boosts extensively; and for different &, as
the average scrap rate increases, E[TCU(T,*)] also notably goes higher
(it is worth noting that a portion of scrap items is derived from the
rework processes, and its generation rate is dy; = 05;P5; for each product
i. In addition, from Table 2, one can obtain the detailed value of d;).

The effect of variations in average scrap rate & on total cost for each
end item is studied, and the outcomes are presented in Fig. 6. It can be
seen that the total cost for each end item increases as & lifts.
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Fig. 8. The effect of deviations in 7 on sum of machine utilization.
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Fig. 9. Joint impacts of variations in 7 and 8, on E[TCU(T,*)].

Fig. 7 shows a further analytical result on the impact of differences
in @ on E[TCU(T,*)]. It demonstrates that the proposed model can offer
managerial information to support decision makes, for instance, in
the case that 7 = 0.4 and X = 0.3, if the in-house production has an
average scrap rate @ > 0.549, then 100% outsourcing policy (i.e.,
“buy”) is a better decision in terms of cost reduction. Additional study
reveals that the critical make-or-buy ratio is @ = 0.691, for the case of
7 =0 and X = 0.3 (see Fig. 7).

3.3.2. The impact from the outsourcing issues

The effect of deviations in average outsourcing ratio 77 on the sum of
machine utilization is explored, as exhibited in Fig. 8. It is noted that
the sum of machine utilization decreases drastically, as 77 increases; and
at 7 = 0.4, the sum of utilization drops from 65.77% to 38.98%, as
compared to a nearest model [8] (which did not consider outsourcing
option; i.e., 7 = 0) (see Table A-2 in Appendix A). However, such a
decrease in utilization is at the expense of 7.89% increase in E[TCU
(T.*)] as compared to the nearest model [8] (i.e., E[TCU(T.*)] that
went up from $2,060,294 to $2,222,848; see Table A-1). Furthermore,
Table A-2 reveals the actual uptime, rework time, and machine idle
time (in year) in a cycle length.

Fig. 9 illustrates the joint impacts of variations in average out-
sourcing ratio 77 and average outsourcing unit cost linking variable §,
on E[TCU(T,*)]. It points out that as both 7 and 5_2 go up, E[TCU(T,*)]
rises significantly (especially when both 7 and f, increase to 0.5 and
higher).

Moreover, a critical 7 ratio can also be exposed from our analysis to
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Fig. 10. The effect of differences in 7 on E[TCU(T,*)] to support make-or-buy
decision.
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Fig. 11. The combined effects of differences in 7 and @ on optimal rotation
cycle length T,.*.

support the make-or-buy decision (see Fig. 10). It indicates that as
7 > 0.757, a 100% outsourcing becomes a favorable (economic) policy
(see Table A-2, in Appendix A).

The combined impacts of variations in average outsourcing ratio 7
and average in-house scrap rate & on the optimal rotation cycle length
T.* is specifically explored, and the result is depicted in Fig. 11. It
shows that as @ increases, T,* reduces slightly; and as 7 rises, T,*
declines notably.

4. Conclusions

To satisfy client multiproduct and quality requirements with limited
in-house capacity and to shorten the cycle time, a hybrid multiproduct
single-machine inventory replenishment system incorporating an out-
sourcing plan and quality reassurance is explored in the present study.
All in-house fabricated/reworked products are inspected for quality,
whereas the quality of the outsourced items is assumed to be guaran-
teed by the provider. Accordingly, we develop an accurate model to
represent the characteristics of the system studied. The mathematical

Table A-1
Effect of differences in 7 on diverse expenditures in the proposed system.
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analysis is utilized to derive the total system costs, and differential
calculus is employed to find the optimal cycle length that keeps the
total system costs minimum. A numerical illustration shows the ap-
plicability of the research results and highlights (i) the influence of
variations in cycle length and quality-related attributes on total system
costs (see Figs. 4 and 5); (ii) the impact of changes in average scrap rate
on total cost of each individual product and on the make-or-buy deci-
sion makings (refer to Figs. 6 and 7); (iii) the effect of differences in
outsourcing-related attributes on the utilization and on the total system
costs (see Figs. 8 and 10); and (iv) the joint influence of variations in
outsourcing- and quality-related factors on total system costs and on the
optimal cycle length (refer to Figs. 9 and 11). It is worth noting that the
utilization and cycle length is sensitive to the average outsourcing
portion of the batch (see Figs. 8 and 11) and is insensitive to the average
scrap rate. Furthermore, the total system costs are sensitive to the
average random defective rate, average outsourcing portion of the
batch, and average outsourcing unit cost (refer to Figs. 5, 9, and 10);
however, the total system cost becomes insensitive to the average
outsourcing portion of the batch when average outsourcing added cost
is relatively small (see Fig. 9). In summary, the proposed model enables
an in-depth exploration that reveals diverse, valuable information of
the realistic problem to facilitate managerial planning and controlling
decisions. Future study may consider examining the impact of sto-
chastic demand in the context of the same problem.
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Appendix A

Table A-1, Table A-2.

b4 Ty* System cost E % increase External cost % of external cost Internal cost (production % of internal cost ~ Quality cost within % of quality cost
[TCU(T,*)] in system cost quality & holding) in system cost internal cost in system cost
0.00 0.6830 $2060,294 - $0 0.00% $2060,294 100.00% $141,041 6.85%
0.05 0.6864 $2102,603 2.05% $138,982 6.61% $1963,621 93.39% $131,150 6.24%
0.10 0.6894 $2119,413 2.87% $252,028 11.89% $1867,385 88.11% $121,570 5.74%
0.15 0.6919 $2136,346 3.69% $364,761 17.07% $1771,585 82.93% $112,300 5.26%
0.20 0.6940 $2153,402 4.52% $477,184 22.16% $1676,218 77.84% $103,337 4.80%
0.25 0.6955 $2170,581 5.35% $589,299 27.15% $1581,282 72.85% $94,679 4.36%
0.30 0.6966 $2187,882 6.19% $701,108 32.05% $1486,774 67.95% $86,325 3.95%
0.35 0.6972 $2205,305 7.04% $812,613 36.85% $1392,692 63.15% $78,271 3.55%
0.40 0.6973 $2222,848 7.89% $923,816 41.56% $1299,032 58.44% $70,517 3.17%
0.45 0.6970 $2240,509 8.75% $1034,719 46.18% $1205,790 53.82% $63,060 2.81%
0.50 0.6962 $2258,287 9.61% $1145,323 50.72% $1112,965 49.28% $55,897 2.48%
0.55 0.6949 $2276,180 10.48% $1255,630 55.16% $1020,550 44.84% $49,027 2.15%
0.60 0.6932 $2294,185 11.35% $1365,642 59.53% $928,544 40.47% $42,448 1.85%
0.65 0.6910 $2312,300 12.23% $1475,360 63.80% $836,940 36.20% $36,157 1.56%
0.70 0.6855 $2348,847 14.01% $1693,922 72.12% $654,925 27.88% $30,152 1.29%
0.75 0.6850 $2351,421 14.13% $1709,178 72.69% $642,243 27.31% $24,430 1.04%
0.80 0.6821 $2367,273 14.90% $1802,769 76.15% $564,504 23.85% $23,652 1.01%
0.85 0.6784 $2385,797 15.80% $1911,329 80.11% $474,468 19.89% $18,990 0.80%
0.90 0.6744 $2404,414 16.70% $2019,602 84.00% $384,812 16.00% $13,830 0.58%
0.95 0.6701 $2423,122 17.61% $2127,591 87.80% $295,531 12.20% $8946 0.37%
1.00 0.6655 $2351,755 14.15% $2235,297 95.05% $116,458 4.95% $4337 0.18%
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Table A-2

Impact of changes in 7 on sum of uptime, rework time and machine utilization.

Operations Research Perspectives 6 (2019) 100112

b4 To* Sum of production uptime (in Uptime utilization Sum of rework time (in Rework time utilization = Machine idle time (in ~ Sum of utilization
year) 1) year) 2) year) M+@2)
0.00 0.6830 0.1984 0.2905 0.2508 0.3672 0.2338 0.6577
0.05 0.6864 0.1892 0.2756 0.2390 0.3482 0.2582 0.6238
0.10 0.6894 0.1798 0.2608 0.2271 0.3294 0.2825 0.5902
0.15 0.6919 0.1702 0.2460 0.2148 0.3104 0.3069 0.5564
0.20 0.6940 0.1604 0.2311 0.2025 0.2918 0.3311 0.5229
0.25 0.6955 0.1505 0.2164 0.1899 0.2730 0.3551 0.4894
0.30 0.6966 0.1405 0.2017 0.1772 0.2544 0.3789 0.4561
0.35 0.6972 0.1304 0.1870 0.1644 0.2358 0.4024 0.4228
0.40 0.6973 0.1203 0.1725 0.1515 0.2173 0.4255 0.3898
0.45 0.6970 0.1100 0.1578 0.1386 0.1989 0.4484 0.3567
0.50 0.6962 0.0998 0.1433 0.1256 0.1804 0.4708 0.3238
0.55 0.6949 0.0895 0.1288 0.1127 0.1622 0.4927 0.2910
0.60  0.6932 0.0793 0.1144 0.0997 0.1438 0.5142 0.2582
0.65 0.6910 0.0691 0.1000 0.0869 0.1258 0.5350 0.2258
0.70  0.6884 0.0589 0.0856 0.0740 0.1075 0.5555 0.1931
0.75 0.6855 0.0488 0.0712 0.0613 0.0894 0.5754 0.1606
0.757 0.6850 0.0474 0.0692 0.0596 0.0870 0.5780 0.1562
0.80 0.6821 0.0388 0.0569 0.0488 0.0715 0.5945 0.1284
0.85 0.6784 0.0289 0.0426 0.0363 0.0535 0.6132 0.0961
0.90 0.6744 0.0191 0.0283 0.0240 0.0356 0.6313 0.0639
0.95 0.6701 0.0095 0.0142 0.0119 0.0178 0.6487 0.0319
1.00 0.6655 0.0000 0.0000 0.0000 0.0000 0.6655 0.0000
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