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Abstract

The issue of capacity constraint resources (CCR) or bottlenecks wandering in product mix
decision by applying Theory of Constraints (TOC) management philosophy has been men-
tioned and demonstrated in several papers. In this study, the effect for prolonging the plan-
ning period (PPP) so as to stabilize the CCR is investigated. The results show that the ef-
fect for PPP alternative will be positive or negative which is depending on the environment
condition. However, a majority cases which have positive effect for PPP alternative can be
recognized prior knowing the marketing demand, which is significant in the real application.
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1. Introduction

Product mix problem is one of the most fundamental decision problems confronting a
manufacturing company. It is defined as a collection of products or orders competition for
bottleneck or capacity constrained resources (CCRs) (Goldratt, 1990). Basic decision of prod-
uct mix is to determine which product and how many quantities of the product should be
produced. The objective of product mix decision is to maximize company profits (which
means selecting profitable products) unless a special strategy policy has been established. The

profitable product defined here is based on the unit-margin of the product. The higher
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unit-margin the more profitable will be. However, the unit-margin is viewed different in cost
world concept (conventional cost concept) and throughput world concept (Theory of Constraints
(TOC) concept) (Goldratt, 1990). In the cost world concept, the unit-margin of a product is
defined either the product margin divided by the total processing time of the product
(Goldratt, 1990) or the product margin minus the total allocated overhead of the product
(Atwater and Gagne, 1997; Patterson, 1992). The total allocated overhead of a product is
equal to the unit-overhead times the total processing time of the product. While in the
throughput world concept, since the CCR limited the throughput, the unit-margin of a prod-
uct is then defined as the product margin divided by the total CCR processing time of the
product. The product margin here defined as product selling price minus the material cost of
the product. Based on the throughput world or TOC concept, production plant with a func-
tioning CCR exist can reach more profitability (Goldratt, 1990; Luebbe and Finch, 1992;
Tsai and Li, 1997). However, this concept revolves around the effective management of
CCR and following assumptions: (1) Material is the only true variable cost; (2) Direct labor,
in most factories, should be considered a fixed cost in the short run, along with all other
operating expenses such as salaries, rents, insurance, etc; (3) Manufacturing overhead can no
longer be tied, if indeed it ever accurately could be, to the cost of manufacturing a product;
(4) CCR is present in most production plants; (5) CCR operations would remain stable from
one production period to the next and within the scheduling time horizon.

The above 1~4 assumptions probably holds true for most production plants in light of
current manufacturing environment. However, the assumption 5 is probably not true due to
both market demand change and Murphy. The phenomenon of different machines constrain-
ing the throughput of the plant at different times is known as CCR wandering. The CCR
wandering phenomenon can actually be demonstrated to occur in the most optimally sched-
uled plant when marketing demand changes (Hurley and Kadipasaoglu, 1998; Lawrence and
Buss, 1994). Ironically, CCR wandering would more likely occur for the more stability that
a plant has. Plenert (1993) first created an example with CCR wandering behavior to show
the inefficiency of the traditional product mix algorithm presented by Goldratt (1990). Lee
and Plenert (1993) further presented the CCR wandering issues for new product alternatives
exist. They demonstrated that linear programming technique for product mix optimization is
more accurate than the traditional algorithm of TOC. In order to improve the inefficiency of
the traditional algorithm, several revised algorithms were presented, i.e., Aryanezhad and Komijan
(1997), Balakrishnan and Cheng (2000), Fredendall and Lea (1997), Lee and Plenert (1996),
Onwubolu (2001), Onwubolu and Mutingi (2001a/b), and Huang et al. (2008).
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However, knowing whether CCR wandering occurs or not poses yet another problem. The
CCR wandering can be known to occur in TOC either only prior to knowing marketing de-
mand or else when Murphy is hitting. This is a reactive concept. Wu and Li (1995a/b) in
their study have shown that CCR wandering phenomena and its wandering behaviors have
been proved to be existed and can be known prior to knowing the marketing demand. What
effect does CCR wandering have on product mix? Would prolonging planning horizon so as
to stabilize the CCR be a viable approach? This is the primary focuses of this paper.
Although product mix decision with prolonging planning horizon should not consider product
margin only, it should include inventory cost, backorder and loss sale. This paper will take

product margin as the only considering issue.

2. Concept of Prolonging Planning Period

What does mean to prolong planning period to stable the CCR? An example shown in Figure 1
is used here to address the concept.

In this example, machines A and B are identified as being potential CCRs with the algorithm
developed by Wu and Li (1995a) without considering the marketing demand. With the mar-
keting demand P and Q for period | and 2 is illustrated in Table 1(a). By performing the
loading computation for the potential CCRs machine A and B, in period 1 machine A be-
comes CCR, while in period 2 machine B is CCR, as shown in Table 1(b). From the

throughput world concept, the product mix and total throughput in period | and 2 can easily

P Q
l $90/Unit ‘ r $100/Unit |

Purch. Part D_ D‘

$5/Unit. 10 min. 10 min.
C C B

10 min. 5 min, 6 min.

A B A

15 min. 10 min. 10 min.

RM 1 RM 2 RM 3.
$20/Unit. $20/Unit. $20/Unit.

Figure 1. A production plant example
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be determined as illustrated in Table 1(c). However, is this right product mix decision?
Consider another alternative. If we combine both periods into one period would make more
profit? For following discuss, this action of combining several periods into one period is referred
as prolong planning period (PPP) alternative and the original alternative is referred as not
prolong planning period (NPPP) alternative. The marketing demand and available capacity for
PPP alternative is equal to the sum of both periods as shown in Table 1(d). Table 1(e)
presents that the loading for the potential CCRs are then computed again and machine A is
CCR. The product mix and net profit for PPP alternative are illustrated in Table 1(f). It is
obviously the PPP alternative is better than the NPPP one. But can we make conclusion the

PPP alternative in a wandering CCR production environment is more profitable? This requires
further study.

Table 1. The effect of PPP alternative in Figure 1

(a) Marketing demand in either period (b) The loading in either period

Period Loading
Product Period
1 2 A B
Q 40 100 1 2500" 2040
P 140 90 2 2350 2500"
*is the CCR.

(c) The product mix and total margin in either (d) Market demand and capacity for PPP al-

period ternative
. Product mix Period Q P Capacity
Period o b Total throughput 142 140 230 4,800
1 40 133 8,385
Loading for PPP alternative
2 93 90 9,630 () g
Total 133 223 18,015 Loading
Period A B
1+2 4,850" 4,540
" is the CCR.

(f) The product mix and total margin for PPP alternative

Period

Product mix

Total throughput

1+2

140

226

20,370
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Basically, study of the effect of PPP against NPPP alternative is simply to compare the
throughput between both alternatives. It is because that the net profit equals throughput mi-
nus overhead. The more throughputs the more net profit is because the overhead is fixed for
both alternatives. Secondly, the complexity of the problem depends on the number of poten-
tial CCRs, number of products and number of planning periods and it is a combinatory
problem. Table 2 illustrates a combination cases for two potential CCRs, two potential CCRs
and two products. Further, the product mix decision is based on the rank of unit-margin of
CCR and it is also a combinatory problem. Four cases for two potential CCRs and two
products are shown in Table 3. In an environment, it is supposed there are N types of
product, M potential CCRs and D planning periods in a planning horizon. In this environ-
ment, the number (denoted as L) of CCR will occur for PPP and NPPP alternatives depend-

ing on the number of CCR which has occurred in each planning period, as follows:

Table 2. A combination cases for two potential CCRs and two products

dy d, Dy 4y
case 1 m, m, my
case 2 m, m, m,
case 3 m, My my
case 4 My My My
case S m, m, My
case 6 My my my

Table 3. A combination cases of the rank of unit-margin for two potential CCRs and two products

my my
Gy G Gy G,
case 1 —_—= — —_— =
by lyo Ly log
G G G _ G
case 2 — > —= — < =
tiy 20} ta1 2
G, G G, G,
case 3 e = L > —
ty tyy 2 2%
G, G G, G
case 4 L < = —L < —
t o 21 2]

Note: Notations used in this paper, see Appendix.
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[Case 1] one CCR occurred in each planning period.
There is only this CCR will occur for PPP and NPPP alternatives; in other word, the
CCR is stable. This case is excluded to be discussed, i.c., L =0.

[Case 2] two CCRs occumred in each planning period.

There will occur two or three CCR for PPP and NPPP alternatives, which is depended on
the number of potential CCRs, i.e., L =min{2+1, M}. However, for one CCR, there are N!
combination of dollar per constraint minute for N types product. Therefore, the total combi-

. . L in{2+1,
nation is NI“ or Ny LM

[Case 3] three CCR occurred in each planning period.

There will occur four or less CCR for PPP and NPPP alternatives, which is depended on
the number of potential CCRs, ie., min{3+1, M}. However, for one CCR, there are N!
combination of dollar per constraint minute for N types of product. Therefore, the total com-

P L in{3+1, M
bination is N!" or N!™™ '

[Case X] X CCR occurred in each planning period.

The maximum ﬁumber of CCR in all planning periods is X =min{D, M}. There will occur
X+l or less CCR for PPP and NPPP alternatives, which is depended on the number of po-
tential CCRs, i.e., min{X+1, M}. However, for one CCR, there are N! combination of dollar
per constraint minute for N types product. Therefore, the total combination is N!“ or
Ny LMy, Therefore, the total combinatorial number (TCN) is to sum up all cases dis-
cussed above. That is

min{D, M}

TON = Z N !min{iJrL]l/[)!
=2

Table 4. The combinatorial numbers

N M D TCN N M D TCN
2 2 2 4 2 2 5 8
3 2 2 36 2 3 5 16
4 2 2 576 2 4 5 40
5 2 2 14400 2 5 5 72
2 5 2 8
2 5 3 24
2 5 4 56
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Some combinatorial numbers are illustrated in Table 4.

3. Model for Study the Effect of PPP Altemative

How to model the problem so that we can know in what situation the PPP alternative
will make more profit and in what situation will not? This section we will present clearly
our concept by using a simple environment-two product type, two potential CCRs and two
planning period in the planning horizon, for ease of understanding. Under this simple envi-
ronment, we assume the CCR combination in different period is case 2 in Table2 and the

combination of dollar per resource minute is case 2 in Table 3. That is the CCR in d; is my,

: . o G G
in d, is m, and in dy,,) is ml and the dollar per resource minute relationship is t~'~ =z
11 12
G, G
and — = —.
t21 t22

According to TOC concept and the above assumptions, the produced quantities in each

planning period for NPPP and PPP alternatives are as follows:

C—qyt
Ty =g, and 7’212% for d;;
12
C'— oot
Ty = and 7, :—ﬁﬁ for d,; also
21

20— (‘111 +(112)1511

Tia12) T diee) =9 T e and Ty(1+2) = t,

for d(1+2).
The total margins for each planning period are

. - C—qyty,
Ti=ry Gty Gy =q,G+ P Gy,
L2

C— ooty

T2“r1201+7‘22617_,—q22672+( )Gl’ and

a1
T(l +9) ”'1(1+2)Gl 7y +2)G2

207<(111 +(112)t11 ]
— | G,
tyg

= <(I11 +(llz)Gl + [

So,
T(1+2)7T17T2
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20_(911 +912)t11
= (‘111 +q]2)G1 + { ; ~ G, ~ gy, G,
12

C—qyyt C— oot
_( a1y 11)6’2—(1226’2—( 22 22)61

t12 t21

C~ O Gt
= 0,C, *+—( a1z 11)6 4Gy — ( ~ o2 Q,Z)G1

1P 2

C—qyoty; — Gootra C— gty — Gt
:( 12011 221k)02*( 12b21 — Gooba2 G

t12 t21

C—1y lyy—C
{55

tl” 21

Because the CCR in d, is m,, l,,—C> 0. However, the term (C—1,) which is greater

than or less than zero is dependence:

[Case 1] If C=1,, (C—1y)=0. So, T, T~ T, = 0.

[Case 2] If C<l,, (C—1,)<0. The term [T}, — 7, 7,] which is greater than or less
than zero is dependence:

[Case 2.1} If C<i, =V, Tyopy~ 11— T, 2 0;

[Case 2.2] If V<i, <lyy, Topy— 11— T, <0;

G’IXQ(

Where V=C+ G

122——(')

The V is named as a critical point since V determines the effect of PPP alternative. If [,
is greater than ¥ then the effect of PPP alternative is negative otherwise the effect is
positive. Based on the above analysis, we can summarize the term [7},, — 7}~ 73| as fol-

lows:

If L, <V, Ty,p—17,-T, 2 0. (1
If V<ly <lp, Thog— 11— T, <0. 2)

G}tl'l

From Equation (2), we have a necessary condition is C+ o
2v21

(Iy,— C) < l,, which can be

rearranged as follows

Gityy
ey — >
(1sy C’)(l T 0.
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B (L,~C) =0, |1 Citia |
ecause (1,,— ) > - ey
RS SRR
. Gy
So, Gity = Gity, or —-= -—.(3)
Gl t21

Equation (3) is a necessary condition to have 7j,,,~ 7}~ T, = 0.

4. Algorithm for Identifying the Effect

Equation (1) through (3) only show in what condition the effect of the PPP alternative is.
In practical application, the following algorithm is developed here which helps identify the
effect. This algorithm is divided into two phases. The phase one is used prior to knowing
the product marketing demand, The only input of it is the product margin and machining
time on all potential CCRs. If the effect can not be determined in phase one, then phase

two is applied after knowing the product marketing demand.

[Phase 1: Prior to knowing the marketing demand.]
Step {: Check if Equation (3) is satisfied. If the environment condition does not satisfy
Equation (3), we can conclude that the PPP alternative is positive to increase the
total margin, which bears no relation to the marketing demand. Otherwise, the

impact can’t be concluded in this phase. Go to phase 2.

[Phase 2: After knowing the marketing demand.]
Step 2: Calculate the resource loading in different period, ie., ;, i=1, 2, -, M and k=
L2, -, D
Step 3: Calculate the value of critical point V.
Step 4: Evaluate Equation (1) and (2). If Equation (I} is satisfied, we can conclude that
PPP alternative is positive to increase the total margin. If Equation (2) is sat-

isfied, the PPP alternative is negative to increase the total margin.

5. Examples and Analysis

[Example 1}

The example illustrated in Figure 1 is used here again for demonstrating the effect for
PPP alternative.
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Step I: Check if Equation (3) is satisfied. [Prior to knowing the marketing demand.]
Because Gy, =45x16=720 and Gjt,, =60><15=900. So, Gy, < G, which does
not satisfy the necessary condition in Equation (3). We can conclude that under
the condition of example 1, the total margin for PPP alternative is positive to in-

crease total margin in spite of the marketing demand.

[Example 2]
The margin of product Q illustrated in Figure 1 is further modified to be 40. The effect

for PPP alternative is studied as follows:

Step L: Check if Equation (3) is satisfied.
Because Gy, = 45x16=720 and Gjt,, = 40x 15= 600. So, Gy, < Gt,, which sat-
isfy the necessary condition in Equation 3. The impact of PPP alternative can’t be
concluded in this phase. Go to phase 2.

Step 2: Calculate the resource loading in different period.
lii= 2,500, & = 2,040, I, = 2,350, and /= 2,500.

Step 3: Calculate the value of critical point V.

40 x< 15
45 %16

Step 4: Evaluate Equation (1) and (2).

V=2,400-+ (2,500 —2,400) = 2,483.33

Equation (1) is satisfied, because I, < V.

We can conclude that, under the condition of example 2, the PPP alternative is positive

to increase the total margin.

[Example 3]
The marketing demand of product P in planning period 2 illustrated in Figure 1 is further
modified to be 119. The PPP alternative is studied as follows:

Stepl: Check the necessary condition in Equation (3).
Because Gyt =45x16=720 and Git,, =40Xx15=600. So, Gy, > Gyt;, which sat-
isfy the necessary condition in Equation (3). The impact of PPP alternative can’t
be concluded in this phase.

Step 2: Calculate the resource loading in different period.
h1=2,500, Iy =2,040, /»=2,785, and Il =2,790.
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Step 3: Calculate the value of critical point V:
i 40X 15
= 2020 (2,790 - 2,400) = 2,725
V'=2,400+ - =20 (2,790 400) = 2.725

Step 4: Evaluate Equation (1) and (2).

Equation (2) is satisfied since V<l;, <ly

We can conclude that, under the condition of example 3, the PPP alternative is negative

to increase the total margin.

6. Conclusions

The issue of CCR wandering in product mix decision by applying TOC management phi-
losophy has been mentioned and demonstrated in several papers. The impact and how to
employ the CCR wandering should be studied. In this paper, the effect of PPP alternative
has been investigated. An application procedure was also developed and has been demon-
strated by some examples. The following conclusions could be made on the basis of above
discussion: (1) The effect of PPP alternative is positive or negative to increase total margin
depends on the environment condition that is product margin, product machining time and
marketing demand; (2) Tn most case, the PPP alternative is feasible and profitable, which
can be identified prior to knowing the marketing demand; (3) There is a few of cases that
PPP alternative has negative effect on the total margin. Basically, study of the impacts on
PPP alternatives is a combinatorial problem. The case studied in this paper is a simple one
to clearly present our concept and for ease of understanding. In practical application, differ-
ent combinatorial case can be modeled as computer program to eliminate the tedious compu-
tation process. Since the impact of the PPP alternative is not only on total margin, our fur-

ther research efforts would include other factors such as inventory cost and backorder cost.
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Appendix

C : The unit capacity of each machine.

D : The number of planning periods in a planning horizon.

G; : The margin for product ;.

l;, © The normalized loading on machine group i in the K" planning period, i.e.,

N
L= quk xt,, for
j=1

i=1,2, -, M; k=1, 2, -, D.

M : The potential CCR groups in the system.

: The number of machines in machine group i.

N : The maximum product types in the system i = 1, 2, -, M.

gy : The marketing demand quantity for product j in the K" planning period.

: The produced quantity for product j in the K planning period.

T;.: The machining time for product ; on machine group i, for i= 1, 2, -, M, j=1, 2,
o, N.

t,; © The normalized machining time for product ; on machine group i, for i= 1, 2, -,
M, j=1 2, -, N, lLe., tl-]-:Tij/mi.

T, : The total margin in the K planning period.




