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Working Capital Management in Single-period
Production Planning for Maximisation of
Shareholder Wealth

Xiao Jun Wang and Shiu Hong Choi

Abstract—Dynamic lot sizing is pivotal to uncertain batch
production, especially under the capacitated multi-product
environment. Although much progress has been made in this
area, most studies are not applicable to capacitated
make-to-order (MTO) manufacturing environments with
stochastic interarrival orders. This paper develops a dynamic
lot sizing model for the stochastic multi-product MTO
production environment, aimed to realize the overall business
objective of maximising the sustainable economic interests of
business owners, i.e., shareholder wealth. Management of
working capital is examined to explore its critical impacts on
shareholder wealth. Computational studies are conducted to
numerically and analytically demonstrate the significance of the
shareholder wealth optimisation in stochastic multi-product
manufacturing. Moreover, effective management in working
capital is proven to be of huge assistance in keeping operations
stability and improving shareholder wealth.

Index Terms — lot sizing, shareholder wealth, stochastic,
working capital

I. INTRODUCTION

N many industrial sectors, multi-product manufacturing is

universal and successful. This universality and success, to

a significant extent, is attributable to the dispersion of
operations risks and diversification of profit sources arising
from multi-product manufacturing. As shown by [1],
multi-product business was prevalent in the global market. In
terms of the output share, multi-product firms made up
around 70% of the total manufacturing output, while
multi-industry and multi-sector firms formed 50% and 31%
respectively.

The global prevalence of multi-product manufacturing
fires up a great deal of enthusiasm for academic research in
production planning. Reference [2], for example, studied the
multi-product economic lot scheduling problem with
manufacturing and remanufacturing, which were performed
on the same production line and assumed to produce products
of the same quality and to fulfil the same demand stream.
Reference [3] dealt with the issue of investing in reduced
setup times and defect rates for a multi-product manufacturer
in a just-in-time (JIT) manufacturing environment.
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In the current research on production planning, batch
production with lot sizing is one of the most pivotal. Impacts
of lot sizing on optimisation are twofold. First, uncertain
arrivals of orders and capacitated machines may give rise to a
great deal of work-in-process (WIP) inventory. Second, lot
sizing is closely related to work flow times. Lot sizes that are
smaller would result in high utilization of machines due to
excessive machine time. In contrast, lot sizes that are too
much larger may cause excessive waiting times of incoming
orders.

Accordingly, lot sizing for stochastic multi-product
manufacturing is a very common and important problem
facing manufacturers. Much literature has explored the lot
sizing policy for various multi-product manufacturing
circumstances. Reference [4], for instance, demonstrated the
necessity of the capacity-constrained lot sizing research
when taking account of economic factors. In the basis of an
approximate work flow time, [5] applied the partial
differentiation approach to determine optimal lot sizes for a
multi-product manufacturing environment, in order to either
minimise the total cost or maximise the operational profit. A
more recent research conducted by [6] examined a lot sizing
issue with nonlinear production rates in a multi-product
single-machine manufacturing firm in Carlisle, where
learning effects were allowed, with the aim to minimise the
total production cost.

In this paper, we attempt to examine the lot sizing
decision-making problem of production planning for
stochastic multi-product MTO manufacturing. Different than
other studies, our proposed model is characterized by the
following three aspects.

A. Stochastic Multi-product MTO Manufacturing

This paper fixates on stochastic MTO batch manufacturing
with unexpected interarrival orders of multiple products and
uncertain production machines.

To enhance the generality and preciseness of the proposed
model, all random variables involved are characterized by
their first and second moments, rather than making any
assumptions on their distributions, for such assumptions may
be misleading. Currently, it is common to assume the Poisson
process for incoming orders, and the negative-exponential
distribution for processing times. Reference [7], however,
have argued that these factitious assumptions were extremely
restrictive and thus unrealistic. This is exactly the main
reason that we describe each random variable using their
statistic merits.
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Although such optimisation is interesting, no exact
solution is available for the expected work flow time in this
case. As an alternative, approximations are typically applied
to deal with this type of production planning [8-10].

B. Shareholder Wealth Maximisation

Thus far, selection of optimisation objectives seems a bit
ill-considered. Most research studies focus on work flow
times [3, 11, 12], costs [13, 14], or profits [15-17], with little
consideration of the overall operations goal of business
owners. Indeed, it is the maximisation of the shareholder
wealth and sustaining a steady real cash flow that is the top
priority of most enterprises [18-21]. Inappropriate choice in
optimisation objectives may not necessarily benefit equity
holders, and even undermine their profitability.

Efforts to tackle this problem have been attempted in some
studies. Reference [22], for instance, derived a holistic model
for short-term supply chain management (SCM), aimed to
optimise the change in equity. An integrated lot sizing
queuing model for a single-item, single-server case was built
to maximise economic value added (EVA) [23], which was
one of the popular financial performance metrics to measure
the economic interests of business shareholders.

Indeed, benefits of selecting the shareholder wealth as the
optimisation objective are huge. For a start, a series of
relevant costs are considered, which can thoroughly reflect a
firm’s cost structure. Second, a deep concern of shareholder
wealth is the real purchasing power, rather than the nominal
value. Finally, shareholder wealth measures the sustainable
economic profitability, adjusted for differences in business
sizes.

In this paper, we choose to measure the shareholder wealth
using the financial metric—cash flow return on investment
(CFROI), due primarily to its economic superiority to other
popular metrics, such as net present value (NPV) [24], return
on investment (ROI) [25], and EVA [26-28].

C. Working Capital Management

Another critical concern in our research is on working
capital management. Working capital is defined as the
difference between current assets and current liabilities. It is
the source of short-term capital, and thus represents a
business’s short-term liquidity. A better liquidity lays the
foundation for a firm’s sustainable development and stable
operations. Efficient management of working capital in
production planning is hugely beneficial to profitability [8,
29-32].

This paper examines working capital management in the
form of investing or financing operating cash flows, arising
from operational activities. Dependent on operating cash
flows, only the short-term financial activities are allowable.
In other words, a manufacturer is allowed to invest its surplus
operating cash flows in financial instruments with higher
liquidity, aimed to earn more profits by taking full advantage
of time value of money (TVM). When working capital is
insufficient for the firm’s operations, for example, resulting
from business distresses, it is allowed to finance its daily
production by short-term financing instruments, such as
taking short-term loans from banks, issuing short-term

corporate bonds, and so forth. As a consequence, except the
traditional operating activities associated with production
planning, we need to take account of two additional financial
activities, that is, the financing and investing activities on the
operating cash flows.

This paper is organized as follows. In section 2, a
stochastic lot sizing multi-product model integrated with the
objective function for maximising shareholder wealth under
relevant constraint conditions is derived. In section 3, several
propositions related to the global optimisation are proved. In
section 4, numerical experiments are conducted to validate
the proposed model. Section 5 concludes this paper.

II. MODEL FORMULATION

A. Problem Description

The concerned manufacturing environment for stochastic
MTO production planning is illustrated in Fig.1, where N
types of products are being processed.

Batch
gathering

Arriving
orders

Product type 1 @
Product type 2 E
]

Product type N g

Fig. 1. Multi-product MTO manufacturing.
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For all N types of products, orders randomly arrive at the
manufacturer on an individual basis. When each type of these
orders accumulate to a batch of lot size Q;, where the
subscript 1 €[1,N] denotes the specific type of products,
they are collected and immediately transferred in batches to
queue for the batch setup.

The batch setup is incurred before each batch is processed.
Setup times are merely dependent on the product type,
without any relationship with either the incoming sequence
of batches or lot sizes. Moreover, the setup times are
mutually independent.

Subsequently, these partially completed orders are moved
to the processing stage for further work on an item-by-item
basis, where they are converted into finished products for
immediate delivery to end customers one by one, without
having to wait until the whole batch is completed.

The term ““stochastic” refers to that the interarrival times of
orders, setup times, and processing times cannot be predicted
with certainty. All working stages are assumed mutually
independent. In the event of competition for capacitated
resources, orders are assumed to be served in accordance
with the first-come-first-served principle. We further assume
that each order contains only one product item, and that the
prices of all types of products are exogenous.

B. Shareholder Wealth Formulation

Before examining the effective management of working
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capital through short-term financial activities on operating
cash flows, we need to consider two additional sources of
cash flow—cash flows from either investing or financing
activities. The total cash flows are the sum of these three
types of cash flows, as in

CF, =0OCF, +ICF, + FCF, | (1)

where CFy , denotes the total nominal cash flow produced in
the t" period; OCF, is the operating cash flows, arising from
operational activities in the t" period; ICF, and FCF

respectively represent the investing and financing cash flows
in the t" period.

As recommended by [33], OCF, equals net income NI,
plus noncash expenses NC, . NI, can be computed by
subtracting the fixed and variable costs, denoted respectively

by Ce¢ . and C, , from the sales revenue R,, that is,

OCF, =NI, +NC, =(R -C., -C, )+ NC, 2)

where
Ie% Pt (3)
z |t+E(W”)hW|P ) (4)

ie[l,N] .

Here 4, represents the interarrival rate for product type i
in the t™ period and P, is its unit sales price. The symbol

S;; denotes the unit setup cost, whereas hi\TP is the unit

inventory cost of holding WIPs in the t™ period for product
type i . Other variable costs, such as sales costs, procuring
costs, and the like, are independent of lot sizes and thus

aggregated as @, , referred to as other aggregate unit
variable. E(W,;) is the mean work flow time for product
type 1.

The non-cash cost expense NC, in the proposed model is

merely composed of the depreciation expense of the
long-term asset investments. By the straight-line depreciating
approach, we have

A
NCt - L (5)

where A, is the initial outlay invested in the long-term
assets, which is assumed to be depreciated straight-line to the
salvage value of zero during their estimated life L

As stated previously, the manufacturer is allowed to adopt
a policy of rolling over the surplus operating cash flows
through the short-term investing instruments, leading to the
following short-term investing return:

t
ICF, = IRthax[max(OCF[,O)—min(OCFvO)’OJ (6)
k=1

where max (OCF,,0) denotes the positive cash flow from

the operating activities in the t* period. IR, stands for the
investing rate of return in the t™ period.

In a similar fashion, we can estimate the financing cost
expense as

t
FCF, = FR, > min[ max (OCF,,0) ~min (OCF,,0),0] (7)
k=1

where min(OCF,0) represents the amount of working
capital in shortage aiming at sustaining daily operation
activities. FR, is the financing cost of capital in the t* period.

CFy ; is now a nominal term and has yet to be adjusted for

inflation to be eligible for a qualifying input to CFROI. The
inflation level for a period is typically estimated as that
period’s GDP deflator index divided by the GDP deflator
index at the beginning of the planning horizon. Then, the real
cash flow in this period equals its nominal counterpart
divided by its estimated inflation level, as in:

or CFy . CFy . .
" r  GDP/GDP, ®)

I,

where GDP, represents the GDP deflator index in the t®
period and I, denotes the inflation rate in this period.

Then, based on the financial definitions of internal rate of
return (IRR) and discounted cash flow (DCF), we relate all
the relevant input parameters together to derive the
shareholder wealth in terms of CFROI [18, 19, 33]:

Ay
Z(1+Z) 1+2) ©)

where Z denotes the shareholder wealth in terms of CFROI.

A and A, respectively refers to the initial investments in
the total assets and the non-depreciating assets with the
relationship A= A, + Ay . T refers to the time length of the
planning horizon.

III. PROPERTIES OF GLOBAL QPTIMISATION SOLUTION
In the above section, all parameters have been clearly
stated except for the expected work flow time E(W,) . It is

defined in our paper as the time that elapses after an order
arrives at the manufacturer and before delivery to customers.

Proposition 1. E(W,,) can be approximated using

~ Q-1 Var(X)+Var(T") Q +1
B = e ey T 2, 10
subject to
Qizl Vie[LN]te[L,T
o <100%  EBNLEELT] (b

Proof. For orders of each product type 1,1 €[l,N], once

placed, they immediately enter the gathering stage for the
gathering service without any delay, leading to

E(w)=0, (12)
where W, represents the queuing time that an individual

order of product type i has to take for the gathering service
in the t™ period.

Using Xij,t to denote the interarrival time of the jIh order

of product type i in the t" period, then the gathering time

(Advance online publication: 30 November 2014)



TAENG International Journal of Computer Science, 41:4, IJCS 41 4 06

Wijg,t that this order spends in the gathering stage is

QI
Wijg,t = Z Xim,t . (13)
m=j+1

Taking expectations on both sides of (13) results in

E(W,)= i E(X,..) _Q-i

m=j+l1 ﬂT,t ’ (14)
and then
ctn)- el o e -2
" : (15)
B et Bl
j=1 Qi ﬂ’l,t 2ﬂ’|,1

The symbol P(U) represents the probability that the
random event encompassed in the brace occurs. W, denotes
the gathering time that orders of product type i take to be
gathered to a batch of a given lot size Q;.

Next, instead of treating setup and processing separately,
we perceive them as one integral part, named the batch
service stage. Further suppose another situation where
completed orders would not individually leave the processing
stage to be delivered to customers until the whole batch
where it resides has been gathered, as illustrated in Fig.2.

Batch service stage

Queuing for
batch service

Setup Processing

Delivery to

] customers
E E E * o EJ »>»0000

Y

Overestimation
in processing
time

Fig. 2. The supposed batch service stage for multi-product manufacturing.

This artificially supposed scenario is almost identical to
the original manufacturing environment except for
overestimation of processing times for all orders. Hence,
simply subtracting the overestimated time from the work
flow time spent in the batch service stage, we can arrive at the
setup and processing times specific for our original
production environment.

For the batch service stage, the expected batch work flow

time E(Wi,btf ) can be estimated as the sum of the weighted
expected queuing time E(Wtbq) for all N types of product
orders and their expected batch service time E (Wiﬁs) [5], as
in

E(W)=E(W>)+E(WS), (16)

where E(Wtbq) can be estimated using the approximation

suggested by [10], that is,

£ (W)= Var(X;)+Var(T?)
t 2AEX)-ET]

(17

In (17), E(X;) represents the weighted expected batch

interarrival times considering all types of orders, and E(T, tb)
is the weighted expected batch service time considering all
types of product orders. Var(X!) and Var(T,”) respectively
denote their variances.

Since the batch interarrival time Xit;,t of the jth batch of
product type i is the time that all orders in this batch need to

take to be gathered into a batch of size Q,, then
QI

=2
Xij’t - Xi1rl>Qi+k>t '

(18)

As all Xij’t ’s are independent and identically distributed

(i.i.d), where Xij,t refers to the interarrival time of the j®
order of product type i in the t" period, we have

Q Q
b _ _ i
E(Xiwt)_;E(xi<rwi+k’t)_ﬂmt

(19)

it

Q
Var(X},) = 2 Var (X, 00i) = Q0%
=1

Similarly, the batch service time Tijb,t of the jth batch of
product type i is

QI
Toe=Y +2, Zi ot (20)
k=1
Since Yil,t ’s and ZiJ ’s are respectively i.i.d for any j in
the t" period, it follows

E Tibt =it &
( J‘) i +1ui,t 1)

Var (Tijb,t ) =0y +Qo;,

where Y; .+ represents the batch setup time of the j™ batch of

orders for product type i, and Zij,t denotes the processing
time of the j™ order of product type i .

Equations (19)-(21) holds for all j 21, implying that the
expected times and variances of the interarrival batch times
and batch service times are independent of J . Thus, we can
ignore the subscript ] without giving rise to any ambiguity.
Then, considering all N types of customer orders, we get

N A
E(X)=1/> "
(X?) 20 (22)
N A N A Qi
Zg‘E(T.ﬁ) Z'(T't yf]
E(T")="— == =L, (23
Z;t ppas
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NOA
) B QT Bk
var\Xi)=""x7 Lz @
N ﬂ/ N ﬂ,
;&Var(ﬂrt) ;%(ofl +Q'O-§.l)
Var (T) = T - 5)

%9

Based on (22) and (23), we get the traffic intensity or the
resource utilization rate as

E(T’)

_ EETCTY T
P = E(th)_izzl: Qi (Ti’[—i_ﬂi,[J.

For orders of product type i, we readily get the batch
service time

(26)

E(Tiﬁ)zriﬁ&,

Hit

@n

b . .. . .
E (Ti ) is not for our original manufacturing environment.

We have to subtract the overestimated time from it to arrive at

the batch service time specific for our proposed model.
Under the batch service scenario, after the processing

service is finished, the j™ order of product type i has to wait

until the remaining Q; — j orders are processed one by one,
and thus its processing time is overestimated by

Qi
Oij,t = z Zik,t 5

k=j+1

(28)

where Oij,t represents the overestimated processing time for

the j™ order of product type i . Thus,

E(oipt)= i E(zik,t):Qi—_j,

k=j+1 lui,t (29)
and hence,
E(Oi,t): > E(Oi t)P[E(oi t): Q- j)
el . : Hiy
' (30)
Q-] 1 Q-1

Q1 Hiy Q 2/ui,t'

As a consequence, the expected batch service time specific
for our proposed manufacturing environment is

EW5)=E(T})-E@©,)

B D I
" Hiy 2/ui,t €2))
:ri‘[+Q‘+1.
21ui,t

Substituting the above equations into (16), we can figure
out the expected batch work flow time, as in
W) _Var(X))+Var() Q.+l

[R b b it

2AE(X)) -E([)] 24

it

(32)

Hence,

E(W,)=E(W%)+EWS)+EW)
Q —1+Var(th)+Var(Ttb)+ L Qi+l (33)

= T: .
22, AEX)-ET Y 24,

Further considering the constraints on the lot size and
utilization rate, that is

Q21
£, <100%
for, in any case, lot sizes should not be less than one, and a
realistic queuing system must have the traffic intensity less
than 100%. ]
Then we attempt to demonstrate the effectiveness of our
proposed approach in achieving the global solution under the

single-period, single-product production environment, that
is, T=1 and N =1. In this case, (10) can be transformed to

:Q—1+Q(0'>2(+0'§)+0'Y2 +Q+1

*oaG-e-a
y

Vie[LN]te[LT], (34)

E(W)

T3

where the subscripts i and t are intentionally ignored, for
their omissions in this case can facilitate our derivation but
giving rise to no ambiguity.

Proposition 2. Under the single-period, single-product
EW) is Qedom EW)
where dom E(W) defines the domain of E(W) .

Proof.
with EW) = f +0 , where

f =|:Q(O'>2( +G§)+UY2]/2|:Q(/11—:£J—T:|

environment, convex for

Divide E(W) into two components f and 9

(36)
¢:Q2—:11+Q2—;1+7
vQ",Q® e domE(W) , we can get
f(Q%)-f(Q")-VF(Q)'(Q®-QM)
o1 1 2 2 1 2))\?
|:GY (ﬂ_yj+T(GX+GZ):|(Q()_Q()) 37)

A Gl

1 1
From o <100% it follows that VQ e E(W) z——>0
1

1 1
and (Z__]Q_T >0. As a consequence, the right-hand
M

side of (37) has to be larger than or equal to zero, that is,

FQ¥)2 fQ")+VIQ") Q™ -Q"),

satisfying the first-order convexity condition [34].
In contrast, 9 is a linear function in terms of Q , and thus

readily that for all QV |
Q" edom g =domE(W) and € with 0<0<1,

9(6Q" +(1-0)Q®)<6g(Q")+(1-6)g(Q?). (39)

(3%)

we can prove
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Thus, ¢ is also a convex function in its domain, for the
above equation is the definition of convexity [34].

The sum of convex functions remains convex. Hence we
can get the conclusion summarized in Proposition 2.[]

Proposition 3. Under the single-period, single-product
environment, the global optimisation result to minimise the
expected work flow time can be achieved if and only if

1 [(ok+0d)e+oy (A-1/u)]
A= u A+1/u

Q +7.(40)

Proof. The continuity and differentiability of E(W) in

terms of Q imply that its global optimisation result has to be

one of its stationary points, i.e. meeting the following
first-order condition:

1 1
(oy +0))T+0, (—

el

; t —+Lj=0 (41)
1 1 2u 22 ’
2 Q E_; -7

which can be further transformed into

dEW)
dQ

2 2 2 1 1
{ L1 2 (O'X+0'Z)T+GY(/1—ﬂj
Q(———J—r} = . @)
Ao 1.1

A

In proof of Proposition 2, we have demonstrated that

vQeEW), Q(%—%j—r>0 , thus
1 (o +o3)r+0y (1/A-1/1)
Q_l//t—l/,u{\/ A+ u H]' (43)

As a consequence, here exists only one stationary point for
E(W) . Further considering its convexity, we can infer that it

has to be the optimal lot size to globally minimise E(W) .[]
Similar to the work flow time, for the single-period,
single-product production environment, the shareholder
wealth can be summarized as
7 = CFR_+AN 1.

A (44)

The following two propositions states the characteristics
related to its global optimisation solution.

Proposition 4. Under the single-period, single-product
environment, the shareholder wealth is a concave function in
terms of Q for all Q edom Z | where dom Z defines its
domain .

Proof. Substituting relevant equations into (44) yields

GDP, A,
= 5% OCF+ICF + FCF)+ 2 1
AxGDP1( N o)
GDP, GDP
=N ocr B MTeT=
Let %= cDP » %7 AXGDP , and

GDP,

0

~ AxGDP

of Z , we only need to prove that ¢, is concave. The

o, FCF . Then, in order to prove the concavity

reasoning is as follows. Based on the proposed management
strategy of working capital, @, is adjusted for a multiplier

factor when @, >0, and otherwise zero. In contrast, @, is
the result adjusted for the financing cost when ¢, <0, and
otherwise zero. So if ¢, is a concave function, both @, and
@; have to be concave. The sum of three concave functions

remains concave.
The concavity proof of ¢, constitutes to prove its negative

is convex. Denote its negative by @ =—¢, =y, +y, +v,,
where

_ /1hW'PGDP0 Q(Gi +0§)+GY2
YITTAGDR 20(1/4- 1/ —7]

_ AsGDP, 1 46
W, = AGDP, Q (46)
hWIP _1 AhWIP +1
LR e coR
Vs = H AGDP,

~(Ap+NC—-C. — Arh"" — i)

We can easily test that i, and ¥, satisfy the first-order
convexity condition [34], i.e., VQ",Q® edom Z,
¥, (Q?) 2y, Q™) +Vy,(Q") (Q® -Q")

{V’z Q") 2y, Q")+ Vy,(Q") (Q”-Q™)

Moreover, for all VQ",Q® edom Z and € €[0,1], it is
easy to prove

v, (6QV +(1-0)Q% ) < 6y, (QV )+ (1- )y, (Q™) ,(48)

(47)

meaning ¥/, is also convex in its domain.

As a consequence, @, is proven to be convex, and thus its
negative @, is concave in its domain, which completes the
proof of the proposition. []

Proposition 5. Under the single-period, single-product
environment, the global optimisation result for maximisation
of the shareholder wealth has to meet the following quartic
relationship with one unknown

A’Bh"""Q* —2AB7h""Q’ + CQ* +4AsrQ - 2s7” = 0 ,(49)

where
A=1/2—1/u,
B=1/1+1/u,

C =Br’h"" —2sA” -[ (0}, +03)r +0y A"

Proof. The shareholder wealth Z is continuous and
differentiable in terms of lot sizes in its domain. Thus, its
optimal lot size has to meet the first-order condition:

dz GDP, d

——-_2= __ (OCF +ICF +FCF)=0
dQ AxGDP, dQ

(50)
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Simplifying (50) in the case of either OCF =0 or

OCF <0 can yield the same result, as in
doiz _1(_i+whww) =0,
dQ Q" dQ

Then, substitute (41) into the above relationship, we can
get the necessary condition for the global optimisation result
of the shareholder wealth maximisation, as presented in this
proposition. []

Now we turn to the multi-product case for the
single-period planning horizon. By differentiating the work
flow time and the shareholder wealth with respect to all types
of lot sizes and then setting them equal to 0, we can obtain the
necessary conditions of the global optimisation solutions in
this case, respectively for the work flow time minimisation
and the shareholder wealth.

(1

Proposition 6. Under the multi-product, single-period
environment, the optimal lot sizes to minimise the total
expected work flow time has to meet the following condition,
ie, Vie[LN],

1 1 1
N(I+,LTJ-)_
N N ' N N A 3
Aoy, (1_2/1._2“]@% D Aloy +oz)+ Y i (52)
2 S O i=1 i Q
0 L4 &Y
1— 4 (M|
QJ gﬂl ; Qi ]

Proof. For the multi-product production case, we define
the total expected work flow time as the average of the
expected lead times for each product type, i.e.

- 1 q
T(Q):WZE(Wi). (53)
i=1
Partially differentiating (53) with respect
Q= (Q,,Q,,:--,Q,) results in
MQ_1f1, 1]
;2\ 4
N N . N N Aol
R (7 b v

2 JOwa) wan|
211 =Y 4 |-y Al
N K gﬂ.] o Q }
The proposition can be proved by setting (54) to zero.[]

Proposition 7. Under the multi-product, single-period
environment, the optimal lot sizes to maximise the
shareholder wealth has to satisfying the following condition,
ie, Vie[LN],

5, EW))

" =0
aQ,

(55)

where

EW)_ 1, 1

Q, 24, 24

200 [[1%1']&’%}/17 Yol +o2)+ Y i (56)
T izl M i=1 Qi N ' ' i=l Q.

Proof. First, partially differentiating the shareholder
wealth with respect to Q = (Q,,Q,,---,Q,) and let it equal
Zero, as in

oz
~—~ =0. 57
0 (57)

OCF
oQ;

The proposition can be proven by rearranging this
equation.[]

As illustrated in Proposition 5, it follows that =0,

IV. NUMERICAL STUDIES

This section applies the above propositions to validate the
proposed model, and then analytically compares the
optimisation results.

A. Single-product Production Planning

We start with a simple example where only one type of
product is produced. The operational data can be achieved
from a pioneering research study conducted by [21]. The
remaining economic parameters can be obtained from a
firm’s managerial accounting system (Garrison and Noreen
2000). Their values are as follows T =1 year, N=2 |

L=5 year, A=1, 7=10 minutes, #=2 , o, =0.5 ,
ol =10, o2 =00625, P =$200, S =$1500, h"° =$1,
®=$2.5, A=$10 million, Ay =$2 million, C =$1.5 million.

Global Optimisation Solution

60

55

50

45

Work flow time

40

35

30 I I I I I I I
20 25 30 35 40 45 50 55 60

Lot size

Fig. 3. Changes of work flow time with respect to lot size.

To further provide a clear picture of the convexity of the
work flow time, which has been proven in proposition 1, its
changes with respect to the lot size is graphed in Fig.3.

Then, substituting the above parameter values into
proposition 3, we can figure out the optimal lot size to
globally minimise the work flow time, as in:

(Advance online publication: 30 November 2014)
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o | (\/(0.5+0.0625)><10+(1—0.5)><10HOJ
(1-0.5) (1+0.5) (58)
=25.3229

with the minimum work flow time of 33.2969 minutes,
corresponding to a shareholder wealth of Z (Q* ) =39.41%.

In a similar fashion, the concavity of CFROI with respect
to Q, which proof has been given in proposition 4, is
represented in Fig.4.

Now we demonstrate how to obtain the optimal
optimisation result for the shareholder wealth maximisation
using propositions 4 and 5. First substituting the parameter
values into the necessary condition (49) yields

0.3750Q* —15Q° —610.6250Q° +30000Q —300000=0 (59)

with four solutions to this equation, that is, -44.8727,45.7117,
19.5805+2.5727i, and 19.5805+2.5727i. Considering the
constraint condition, we see that only 45.7117 lies in the

feasible region {Q|Q >20} , that is, it is the only one
stationary point of CFROI with respect to Q . Since CFROI
is concave in its domain, we can infer that 45.7117 is the

optimal lot size to maximise the shareholder wealth, with the
maximum CFROI of 57.78%.

0.7

Lot size

Fig. 4. Changes of shareholder wealth with respect to lot size.

Effects of Working Capital Management

We have demonstrated that those proven propositions can
effectively figure out the global optimisation problems for
both the work flow time minimisation and the shareholder
wealth maximisation.

This section applies these approaches to explore how the
management of working capital can affect the interests of a
firm’s shareholders.

Table I lists the optimisation results for a series of different
financial environments. It can be seen that irrespective of
work flow time minimisation or shareholder wealth
maximisation, working capital management imposes no
impact on the optimal lot sizes, which remains unchanged
respectively at 25.3229 and 45.7117 for these two
optimisation cases when the financing environment changes.

Moreover, as illustrated in Proposition 1, the work flow
time depends exclusively on the operational parameters and
lot size. Thus, we can conclude that the work flow times
under the global optimisation conditions also remains
constant for these two optimisation cases, as illustrated in the
third and the sixth columns of Table 1.

TABLEI
IMPACTS OF WORKING CAPITAL MANAGEMENT ON OPTIMISATION UNDER
SINGLE-PRODUCT PRODUCTION

IR, Work flow time minimisation Shareholder wealth maximisation
FR Q EW) z Q EW) z
0 253229 332969  33.73% 457117 454227  51.22%
1% 253229 332969  34.86% 457117 454227  52.53%
2% 25.3229 332969  36.00% 457117 454227  53.84%
5% 253229 332969  39.41% 457117 454227  57.78%
10% 253229 332969  45.10% 457117 454227  64.34%
15% 253229 332969  50.78% 457117 454227  70.90%

Although impacts of working capital on the optimal lot
sizes and the work flow times are ineffectual, its impacts on
the shareholder wealth are significant, as represented in
Fig.5. It can be observed that the higher the investing rate and
the financing cost, the more evident the impacts of effective
management of working capital on shareholder wealth

Also, in contrast with the work flow time minimisation, the
optimal lot size under the shareholder wealth optimisation
shifts up from 33.3229 to 45.7117, leading to an apparent
increase of shareholder wealth for each level (for example a
rise from 45.10% to 64.34% when IR = FR =10%) in spite of
a larger increase in the work flow time. This result unveils the
misalignment between the work flow time optimisation and
the overall business objective of maximising the shareholder
wealth. It highlights the significance of the overall business
optimisation objective to production planning.

g Work flow time minimisation
70%
==Q== Shareholder wealth maximisation
=
Fi /O
2 60%
5
=
o)
<
=
£ 50%
17}
40%
30% T T T T

Fig. 5. Impacts of working capital management on CFROI under various
financial environments.

Such optimisation results reflect some interesting
managerial logics in production planning. First, corporate
management determines its optimal lot size based on market
demand and its capacity without considering the financing
and investing circumstance at that time. This is the main
reason that the optimal lot sizes for both optimisation cases
are independent on the investing rate and financing cost.
Then, based on cash flows arising from operations, executive
effectively manages these current assets and liabilities
through short-term financial instruments, leading to the
increase of shareholder wealth. This exactly explains why the
working capital management plays a critical role in
shareholder wealth creation but has no effect on the optimal
production plans.

(Advance online publication: 30 November 2014)
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B. Multi-product Production Planning

This section is intended to validate the efficiency of the
proposed model in dealing with multi-product production
planning.

Let T =1, N =2, L =5, 4 =25, 4 =2,
minutes, 7, =3 minutes, 4 =10, 1, =5, O'>2<1 =1, G>2<2 =2,
oy =7, oy =3, 0; =0.6, 0; =1, P, =$150, p, = $160,
s, = $2k, s, = $2.5k, b= $25 h'"¥ = $35 o=
$5, @, = $4, A= $10million, Ay, = $2million, and C; =
$5million.

Using the pattern search algorithm, we can estimate the
optimisation results for both work flow time minimisation
and shareholder wealth maximisation under a series of
different financial market environments, as listed in Table II.

It can be proved that all these optimal lot sizes meet the
necessary conditions for the global optimisation solutions
stated in Propositions 6 and 7, validating the critical
importance of these two propositions in solving for
optimisation results.

We can observe that, irrespective of the work flow time
minimisation or shareholder wealth maximisation, efficient
management in working capital can create more shareholder
wealth or corporate value.

Moreover, the higher investing rates of return and the
financing cost, the more effective the working capital
management with much higher shareholder wealth. This
result is clearly reflected in Fig.6.

Despite the positive role of the working capital
management in shareholder wealth creation, its impacts on
the optimal lot sizes and work flow times is insignificant.

This works for both the work flow time minimisation and
shareholder wealth maximisation, as represented in the
columns 2, 3, 5, and 6 of Table II.

Under the work flow time minimisation, for example, the

7,= 4

optimal lot sizes remain unchanged at Q = (32.4331,

23.7122) with a constant minimum work flow time of
47.2183 minutes when IR and FR increases from 0% to

15%. Similarly, the optimal lot sizes stay constant at Q =

(36.4297, 29.2086) with an unchanged work flow time of
47.4834 minutes for maximisation of shareholder wealth
when IR and FR change.

As illustrated in Table II and Fig. 6, comparison of these
two optimisation approaches further highlights the
significant importance of shareholder wealth maximisation to
equity holders.

The work flow time minimisation weakens the corporate
capability of creating shareholder wealth with shareholder
wealth dropping from 94.03% to 86.92% with IR =FR =
10%, by focusing exclusively on the local optimisation
objective—the minimisation of work flow time.

This observation suggests that corporate executives should
concentrate on the overall business objective of maximising
the shareholder wealth in production planning, rather than
merely on local optimisation objectives, so as to maximise
the full interests of a firm’s equity holders.

TABLE II
IMPACTS OF WORKING CAPITAL MANAGEMENT ON OPTIMISATIONS UNDER
MULTI-PRODUCT PRODUCTION

Work flow time minimisation S'ha‘reh‘o der wealth
IR, maximisation
R g EW)  z 3 EW)  z
(32.4331, o (36.4297, o
0 237122) 47.2183 71.75% 29.2086) 47.4834  78.20%
(32.4331, (36.4297,
0, 0, 0,
1% 237122) 47.2183 73.27% 29.2086) 47.4834  79.79%
(32.4331, (36.4297,
0, 0, 0,
2% 237122) 47.2183 74.78% 29.2086) 474834  81.37%
(32.4331, (36.4297,
0, 0, 0,
5% 237122) 47.2183 79.34% 29.2086) 474834  86.12%
(32.4331, (36.4297,
0, 0, 0,
10% 237122) 47.2183 86.92% 29.2086) 47.4834  94.03%
(32.4331, (36.4297,
0, 0, 0,
15% 237122) 47.2183 94.51% 29.2086) 47.4834 101.94%
100.00%
% =g Work flow time minimisation /
o
z o
—. 90.00%
5 =={l== Sharcholde wealth maximisatj
S
E
=
n
70.00% T T T T

Fig.6. Impacts of working capital management on CFROI under
multi-product production environment.

V. CONCLUSION

In this paper, we propose a single-period multi-product
stochastic lot sizing optimisation model for enhancing the
sustainable long-term performance of a MTO production
firm under uncertainties.

The proposed model adopts general distributions for all
stochastic variables involved, instead of the traditional
theoretical distribution assumptions such as the Poison
process for the interarrival of customer orders, to improve its
generality and extensibility for dealing with multi-product lot
sizing in more realistic manufacturing scenarios. Most
importantly, the model choose to optimise the sustainable
long-term profitability of a firm in terms of CFROI, which is
considered a relevant financial metric that can better reflect
the firm’s overall business goal and hence the full interest of
its equity holders. Moreover, impacts of working capital
management on shareholder wealth are carefully examined to
explore its significant role in production planning.

We prove some relevant propositions pertinent to the
convexity or concavity of the optimisation objectives, and
give their global optimisation results. These propositions
provide theoretical solutions to our proposed production
model, compared with the analytical optimisation results in
numerical experiments.

Numerical experiments reveal the considerable spread of
optimisation between the traditional operation optimisation
and the proposed shareholder wealth maximisation model.
This highlights the importance of taking financial and
economic factors into account for production optimisation. It
is also found that the effective management of working
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capital is very necessary, even as important as production
optimisation of operational procedures, in promoting the
shareholder wealth, although its effects on the optimal lot
sizes and work flow time are indifferent. Hence, in addition
to the traditional short-term operational objectives, a firm
should pay more attention to the full interest of its equity
holders—the global long-term business goal, as well as its
effectiveness in working capital management. This provides
a practical guidance on the use of cash flows from operations,
and highlights the importance of cash reinvestment in
advancing corporate performances.

Now we are considering several possible extensions to the
proposed model. For example, the model may be extended to
cope with a multi-product, multi-period manufacturing
environment. A multi-stage stochastic programming may be
adopted as a more practical tool in line with periodic
accounting purposes. Also, we are trying to examine the
influences of the carbon footprint management on the
shareholder wealth.

REFERENCES

[1]  C.Fuss and L. Zhu. Comparative advantage, multi-product firms and
trade liberalisation: an empirical test. 2012 [cited 2013;Available om:
URL).

[2]1  S. Zanoni, A. Segerstedt, O. Tangd and L. Mazzoldia, Multi-product
economic lot scheduling problem with manufacturing and
remanufacturing using a basic period policy. Computers & Industrial
Engineering. 62(4), 2012, pp. 1025-1033.

[31 M. Diaby, J.M. Cruz and A.L. Nsakanda, Shortening cycle times in
multi-product, capacitated production environments through quality
level improvements and setup reduction. European Journal of
Operational Research. 228(3), 2013, pp. 526-535.

[4] H. Missbauer, Lot sizing in workload control systems. Production
Planning & Control. 13(7), 2002, pp. 649-664.

[5] S. Choi and S.T. Enns, Multi-product capacity-constrained lot sizing
with economic objectives. International Journal of Production
Economics. 91(1), 2004, pp. 47-62.

[6] R.O.Neidigh and T.P. Harrisonb, Optimising lot sizing with nonlinear
production rates in a multi-product single-machine environment.
International Journal of Production Research. 51(12), 2013, pp.
3561-3573.

[77 MK. Govil and M.C. Fu, Queueing theory in manufacturing: A
survey Journal of Manufacturing Systems. 18(3), 1999, pp. 214-240.

[8] X.J. Wang and S.H. Choi, Stochastic Multi-item Lot Sizing for the
Shareholder Wealth Maximisation, Lecture Notes in Engineering and
Computer Science: Proceedings of The World Congress on
Engineering 2013, 3-5 July, 2013, London, U.K., pp420-425.

[97 M.R. Lambrecht, P.L. Ivens and N.J. Vandaele, ACLIPS: A capacity

and lead time integrated procedure for scheduling. Management

Science. 44(11), 1998, pp. 1548-1561.

U.N. Bhat, An Introduction to Queueing Theory:Modeling and

Analysis in Applications. Statistics for Industry and Technology, ed.

N. Balakrishnan, Vol. 9. 2008, Boston: Birkhauser Boston.

CH. Glock, Lead time reduction strategies in a

single-vendor-single-buyer integrated inventory model with lot

size-dependent lead times and stochastic demand. International

Journal of Production Economics. 136(1), 2012, pp. 37-44.

F. Ahmadizar, M. Ghazanfari and S.M.T. Fatemi Ghomi, Group shops

scheduling with makespan criterion subject to random release dates

and processing times. Computers & Operations Research. 37(1), 2010,

pp. 152-162.

K. Kianfar, SM.T. Fatemi Ghomi and B. Karimi, New dispatching

rules to minimize rejection and tardiness costs in a dynamic flexible

flow shop. The International Journal of Advanced Manufacturing

Technology. 45(7-8), 2009, pp. 759-771.

S.C. Sarin, A.A. Kalir and M. Chen, A single-lot, unified cost-based

flow shop lot-streaming problem. International Journal of Production

Economics. 113(1), 2008, pp. 413-424.

A. Webster and S. Ayatakshi, The effect of fossil energy and other

environmental taxes on profit incentives for change in an open

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

economy: Evidence from the UK. Energy Policy. 61, 2013, pp.
1422-1431.

K. George, C. Canel and B.D. Neureuther, The impact of lot-sizing on
net profits and cycle times in the n-job, m-machine job shop with both
discrete and batch processing. International Journal of Computer
Integrated Manufacturing. 97(3), 2005, pp. 263-278.

G.N. Kenyon, A profit-based lot-sizing model for the
n-job,m-machine job shop Incorporating quality, capacity, and cycle
time, 1997, Texas Tech University: Texas.

B.J. Madden, CFROI Valuation: A Total System Approach to Valuing
the Firm. 2002: Biddles Ltd.

P.D. Erasmus and L.J. Lambrechts, EVA and CFROI: A comparative
analysis. Management Dynamics. 15(1), 2006, pp. 14-26.

S.D. Young and S.F. O'Byrne, EVA and Value-Based Managment: A
Practical Guide to Implementation. 2001, USA: McGraw-Hill.

X.J. Wang and S.H. Choi, Optimisation of Stochastic Multi-item
Manufacturing for Shareholder Wealth Maximisation. Engineering
Letters. 21(3), 2013, pp. 127-136.

G. Guillén, M. Badell and L. Puigjaner, A holistic framework for
short-term supply chain management integrating production and
corporate financial planning. International Journal of Production
Economics. 106(1), 2007, pp. 288-306.

G. Reiner, Rapid Modelling and Quick Response Intersection of
Theory and Practice. ed. G. Reiner 2010, London: Springer.

T. Johnson and R. Kaplan, Relevance lost: The rise and fall of
management accounting. 1987, Boston: Harward Business School
Press.

W. Morse, J. Davis and A. Hartgraves, Management accounting: A
strategic approach. 1996, Cincinnati: Southwestern Publishing.

J.K. Kramer and J.R. Peters, An inter industry analysis of Economic
Value Added as a proxy for Market Value Added. Journal of Applied
Finance. 11(1), 2001, pp. 41-49.

J.U. De Villiers, The distortions in Economic Value Added (EVA)
caused by inflation. Journal of Economics and Business. 49(3), 1997,
pp. 285-300.

F. Farsio, J. Degel and J. Degner, Economic Value Added (EVA) and
stock returns. The Financier. 7, 2000, pp. 115-118.

P. Garcia-Teruel and P. Martinez-Solano, Effects of working capital
management on SME profitability. International Journal of
Managerial Finance(3), 2007, pp. 164-177.

O. Falope and O. Ajilore, Working capital management and corporate
profitability: evidence from panel data analysis of selected quoted
companies in Nigeria. Research Journal of Business Management(3),
2009, pp. 73-84.

H. Dong and J. Su, The relationship between working capital
management and profitability: a Vietnam case. International Research
Journal of Finance and Economics(49), 2010, pp. 62-71.

X.J. Wang and S.H. Choi, Wealth-Based Production Planning With
Uncertain Lot Sizing. IAENG International Journal of Applied
Mathematics. 44(2), 2013, pp. 109-116.

Z. Bodie, R.C. Merton and D.L. Cleeton, Financial Economics. 2 ed,
2008, USA: Pearson Prentice Hall.

S. Boyd and L. Vandenberghe, Convex Optimization. 2009, New
York: Cambridge University Press.

(Advance online publication: 30 November 2014)





