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total cost of resources consumed to produce output
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CHAPTER I
'THE RESEARCH PROBLEM

Introduction

Continuous improv¢ment, .which.has emei‘ged as a legitimate and widely
accepted paradigm, provides a conceptually new approach for pi‘oducing goods and
services. Simply put, continuous improvement is the firm’s desire to bécome always |
better. Elimination of waste is the mdtivation fqr continuous improvement (Suzaki,
1987).

~ Waste cari exist for a variety of reasons. Inefficient opérations can lead to the
excess use of resources. Poor quality can lead to the excess use of labor and
materials caused by inspection and rework and poor product design can cause the usei
of more costly production methods.

On the other hand, as waste in productive inputs is eliminated, output can be
increased with no increase in cost or current output can be produced with less cost.
In today’s operating envirQnm‘ent, controlling cost is essential for survival. By
eliminating waste, the firin attempts to create or méintain a competitive advantage.

Continuous improvement is the elimination of iNéste throughout the
organization. This waste elimination is achieved through small but systematic

incremental changes that have the potential of creating a significant cumulative effect;



Zero waste is the ultimate goal. Thus, continuous improvement.can be defined as
systematip, incremental changes that lead to the complete elimination of | waste.
Continuous improvement is a type of organizational change (Choi, 1995).
Researchers in the area of organj<zationalvchange havg' identified different types of
changes. Two of these types of changes are referred to as "alpha changes" and
"gamma changcs" (Golembiewski ef al., 1976; Van de Vliert et al., 1985). Bartunek
and Moch (1987) note that alpha, or firét-order, changes are "incremental
modifications that make sense within an established framework or method of
operating" and that gamma, or second-order, 'chénges are "incremental modificationsj

"

in the frameworks themselves. | Alpha changes are gradual and incremental; gamma -
changes are abrupt, major changes that disrupt the entire organjzatidn. Process
reengineering, for example, would be considered a gamma type change.

Choi (1995) notes that continuous improvement represents low risk,
operational level change that has the poténtial of making a major change without
disruptive effects. Thus, continuous improvement corresponds to alpha changes; it is
characterized by the elimination of waste within an existing framework rather than
any change in the framewnrk itself. Over time, the incremental, sjstématic changes
can accumulate to create a potentially large .cumulative effect. Leavitt (1988),
indicates that, "trying routinely to get better one step at a time is a far better way than
shooting constantly for the moon . . . getting better and better one step at ba time adds

up. Sometimes a little step turns surprisingly into a big leap.” Leavitt also concludes

~ that "big prophetic leaps into sudden business successes are rare."



The potential for continuous improvement to produce a major change in
organizational effectiveness depends strongly on the amount of waste present in an
- organization: the greater the amount of waste, the greater the opportunity for a major
change. Yet the continuous improvement approach makes no effort to identify the
total amount of Wasfe present in the produétiori process. Instead, efforts are made to
identify some observable waste, eliminate it, and then repeat the process (Treece,
1993). Thus, waste elimination is achi_cveved‘ through a local search process that may
be guided by sbme general,‘ albeit‘vague, global sense of direction.

However, no well structuﬁd control system exists to support the firm’s
continuous improvement efforts (Makvvand Roush, 1994; Greenwood and Reeve,
1992). Asa resﬁlt, McNair (1994) notes that, "Managers start taking on the lobk of
zombies wandering from one cohtinuous improvement seminar to another, juggling
six different implementations at once and wondering where it will all end; " Ifa
control system can be developed, the firm will be able to successfully guide and |
evaluate waste elimination efforts. This, in turn, will support the firm’s obj'ective of
creating or maintaining a c‘ompetitive édvantége by directing efforts to reduce cost.

The ability to control continuous improvement depends on the ability to
identify the potential for improverrient and how that improvement should be achieved:.
If the total waste to be eliminated were known, th¢ potential benefits from continuous
improvement wéuld be revealed. This ~knoW1edgé, in turn, could be used to guide
and evaluate the firm’s improvpment efforts. Once the zero waste target is known,
the firm can devise strategies for achieving this goal. Furthermore, the information

could be used to facilitate Choosing among competing continuous improvement optioris



by identifying those that generate the greatest waste elimination relative to the cost oﬁ
| implementation.

| Another issue of importance is the rate of waste elimination. Getting better
one step at a time does not neceésarily mean that it has to take a long time to achieve
a large cumulative effeét, In fact, a firm engaged in an orderly but rapid pace of
.change should"have a competitive advantage over one with an orderly but slow pace
of change. By guiding and evaluating improvement efforts, the control system can
provide information to help the firm increase its rate of waste elimination by
| removing the uncertainty (and error) involved in waste elimination.

Finally, knoWing the total potential for improvement may signal a need to
search for gamma-type changes. This is because alpha changes may not accumulate
to a point where they make a difference significant enough to maintaiﬁ or improve a
firm’s competitive position. The potential for continuous improvemenf depends on
the total amount of waste in the organization. Thus, the ability of continuous
improvement to lead to the creation or maintenance of a competitive advantage can
only be determined by identifying th¢ total amount of waste present in the system.

Identifying the total waste, howéver, is not a frivial prbblem. Wasté can be
- defined as the difference between the inputs actually used and the ihputs that should
have been used (optimal inputs) to produce a given output. The actual inputs are
observable, but what are the optimal inpﬁts‘? In theory, for a given output, the
optimal inputs are fdund by minimizing the total cost of the inputs subject to an
output constraint where output is produced according to a well defined production

function.



By bimplementing the optimal input combination, the firm minimizes cost and achieveé

the zero waste state. Unfortunately, the production functidn that defines the output

constraint is a theoretical construct and is not explicitly known to management. Sincé
the underlying production function is unobservable, the zero waste state and total

waste cannot be derived in a direct fashion and are also unobservable.

Purposes of‘ this Study

This leads to the first of three purposes of this study. A model of continuous
improvement is developed that uses observable data to identify the zero waste state.
Although the optimal inputs and minimum cost that define the zero waste state are
unobservable, the fifm can observe the acfual output, actual inputs and actual cost
eacﬁ period. As continuous improvement efforts eliminate waste, these observable
data generate systematic input and cost sequences. To model continuous
improvement, the conditions that must hbld for the firm to achieve complete waste
elimination are determined. Within a set of reasonable assumptions. that are consisteﬁt
with the noﬁon of continuous improvement, these conditions and the systématic nature
of the observable data are exploited to identify the zero waste state defined by an
unknown production function. This information can be used to control the firm’s
continuous improvement éfforts )

The hex_t purpose of this study is to show how information gaihed from the
model can be used to guide and evaluate the firm’s waste elimination efforts. The
observable data are used.to ensure that continuous improvement efforts are
progressing as intended. Also, the vobservable- data provide feédback that is used to :

help the firm to increase the rate of waste elimination. By providing direction for



continuous improvement, the control system should help fhe firm to create or maintai?n
a competitive advantage.

The third and final purpose of this study is to incorporate the control system
into an existing accounting structure. - According to Choi (1995), waste elimination
brought about through ‘continuous improvement is accompiished by eliminating
wasteful proceséés. A process is a series of activities linked to achieve a specific
objective (Haﬁsen and MoWen, 1997). Activity-based management is an accounting
information system designed to focus f[he firrri’s attention of activities with the
objective of eliminating'wasteful pfactices. It seems, therefore, that activity-based
management provides an ideal accounting structure to support continuous
improvement. Thus, this study shows how the control system can be incorporated
into a very basic activity-based management accounting structure.

The remainder of this study is organized as follows. Chapter II discusses the
framework and objectives of the continuous improvement control system. Chapter III
develops an input—based mode] of continuous improvement that uses observable data
to identify the optimal input combiﬁation. In Chapter IV, the model is extended into
a more- generél co'st'frameWork. This cost-Based inodel is used in Chapter V to
describe a control system capable of guiding and evaluating the firm’s continuous
improvement efforts. Chapter VI shows how the controll.system can be incdrporated‘
into a very basic aCtivity-based mana'geme’nt'accountingvsvtructure. The final chapter |
summarizes the study, discusses the limi_ta_tions and suggests extensions for future |

research.



CHAPTER II
THE FRAMEWORK OF A CONTINUOUS IMPROVEMENT CONTROL SYSTEM

Introduption

The pu:pdse of any control system is.to‘support the attainment of the firm’s
goals. One of fhe firm’s goals is to minimize the cost of producing a product. This |
goal is operationalized through céntinuous improvéments efforts that have the objectiye ,
of completely eliminating waste, thereby minimizing cost. To support continuous
improvement the control system should guide and evaluate‘ the firm’s waste elimination
efforts to ensure that the cost minimizing zero waste state wilvl' be achieved. This
chapter begins by describing the 'sﬁucture of a control system capable of supporting
continuous improvement. Waste is defined and the structure of the control system is

incorporated into the process of waste elimination.

Structure of the Contfol Systém
~ Controlling is defined as the activity of monitoring a plan’s implementation aﬁd
taking corrective acﬁon as necessary. Idealiy, a control system should evaluate the
progress of a plan, provide insight into the root cause of the pefformance, focus
atfention on the biggest opportunity for improvement and suggest what actions should;

be taken to realize that opportunity (Drach, 1994; Nanni, et. al., 1990; Romano, 1989_;



Mosconi and McNair, 1987). In a continuous improvement environment, McNair
(1990) summarizes the control process as a "plan/do/check" loop.

The controI system should identify the potential for improvement ("plan"),
determine the actions necessary to impl,ementvthe.improvement ("do") and determine
whether or not the intended improvements occur ("check") (Drach, 1994; Ostrenga,
1990). Such a system is illustrated in Figure 2.1. In implementing a control system to
support continuous improvement effoﬁs, the total amount of waste to be eliminated

~must be identified. Thus, the control system should guide and evaluate continuous
improvement efforts so that ’;his waste is completely eliminated. The waste
eliminaﬁon process can be guided by setting short term, interim standards designed to
systematically éliminéte waste. To evaluate the progress, actual results can then be
compared to the standard amounts to determine if desired level of waste elimination is
achieved.

Figure 2.1
Structure of a Continuous Improvement Control System

Plan/Do/Check ,
; Revise
Plan
l Clln
Control
Y
Maintain Establish Interim
E;c)tl‘end . Performance Standards
an  |%€ 4

Do Not
Maintain
Performance

Determine Cause/
Take Action to
Regain Performance




The established standards of the continuous improvement control system must
be dynamic and théoretically based. As actual results conform to the desired outcome,
the interim standards must be revised and extended. It is through the use of bthese
interim standards that the control system guides and evaluates continuous 4
impfovement.

According to Choi (1995), thearzero waste state should be the eventual outcome
of continuous improvement.  The control system is a critical part of this process. It
reveals the potential for improvement, guides improvement efforts and evaluates actual
progress. In short, the control systeﬁ supports the attainment of the firm’s goal of

total waste elimination.

Waste Defined

The firm’s objective is to minimize cost subject to the production function.
The production function is expressed as ¢ = f{x) where q is the output of the firm and
x is a 1 x n vector of inputs used to produce the output. (Bold characters denote
vectors throughout the paper.) An input combination, x, is technically efficient if it is
impossible to produce more output using the same inputs. The optimal input
combination, x°, is the technically efficient input combination that minimizes total cost
of inputs for a given level of output. Lét x? be the actual input combination used to
produce q. Total waste, w, is defined as the difference between x* and x%: w = x? -
x°. Thus, w; = x - x£ is the total waste for the ith input.

Letting p be the vector of input prices, 2 - Xn: pixia is the total cost of the _’

i=1

actual input combination. The minimum (optimal) cost to produce ¢ is then



c°=‘;prx;’ (2.1)

Given that input prices remain constant over time, the potential savings from the
elimination of waste is the difference between ¢ and c°.

Using a two input production function, waste can be illustrated graphically.
Let g = f{x;,x,) be the production function. In Figure 2;2, the curve SS’, commonly’
referred to as an isoquant, represents the locus of all technically efficient input
combinations that can be usgd to produce a given output, g. Let ¢ = p,;x; + pyx, be
the isocost curve for any combination of inputs. The point where the isocost curve is
tangent to the‘. isoquant, x°, defines the zero waste state (point B is Figure 2.2). The
actual inputs used, x%, are represénted by point A. Total waste is the difference
between points A and B.

Figure 2.2 :
Waste in a Single Output/Two Input Setting

\

X2

Ss’

%

Total waste is made up of two types of waste: technical inefficiency and mix.

inefficiency. Technical inefﬁciency exists if the firm uses any input combination

10



above the isoquant. By eliminating technical inefficiency, the firm is able to produce:
the same output using less inputs, thereby reducing cost. All input combinations that |
lie along the isoquant are technically efficient. Even though an infinite number of
input combinations will eliminate 'technicél inefficiency, only one of these
combinations will minimize cost. Mix inefficiency exists if the technically efficient
input combinaﬁon that is identical in mix to the actual ihput combination does not
minimize cost. By changing the relative mixv of inputs used to produce the output, the
firm can achieVe further cost reductions.

Because point A lies above the i‘soquant,‘ fewer inputs c»ould have been used to
produce the given output, g. The differenc’e“lbnétween points A and T is the portion of
total waste attributable to technical inefficiency. Furthermore, the relative amounts of
the inputs diffef from the optimal inputs. This indicates that some waste is attributable
to mi?c inefficiency (thé difference betWeen points T and B). Continuous improvement
is a search process that moves the firm from point A to point B so that both technical

and mix inefficiency are eliminated.

The Role of a Control System in Continuous Improvement
Continuou.sbir‘nprovement is a waste eliminatio;l process. Once some amount of
waste is identified, efforts ére undertaken to tid the vﬁrm of that waste and thereby
reduce cost. The first objective of the control‘-system is to reveal the potential cost
savings from Qontinuous improvement by identifying the total amount of waste to be :
eliminated as defined by the firm’s producﬁon- function.-
To create or maintain a competitive advantage, the firm must not only eliminate

waste, but do so as rapidly as possible. The control system must guide the firm so

11



that the rate of waste elimination increases. This must be done within the logical
constraints of continuous improvement and the economic constraints of the firm’s
production function. These constraints are discussed in detail in Chapter III.

In addition, the controi system $hou1d evaluate past and current continuous
improvement efforts. This is necessary to ensure that waste elimination is progressing
as intended and that the zero waste state wﬂl ultimately be acnieved. A control system
capable of guiding and evaluating continuous improvement efforts is described in
hChapter V. |

Knowledge of the zero waste state derived from the production function is the
crucial first step for the vcontrol system. Unfortunately, the production function is a
theoretical construct and, therefore, is not empirically opservable. Thus, a need exists
for a model to use observable data to identify the zero waste: state. }Such a model will

be developed in Chapters III and IV.

Summary

The goal of continuous improvement is complete waste elimination. A control
system which supports this goal should take the form of a dynamic "plan/do/check”
loop. The opportunity for improvement Will be reVeéled when the zero waste state is
identified ("plan"). The ﬁrm’s Waste elimination efforts should be guided so that the -
firm achieves the zero waste state as rapidly as possible ("do"). Finally, actual
progress toward the zero waste state must be evaluated to ensure that waste eliminatio'n
efforts are progressing as planned ("check"). |

To oontrol continuous improvement efforts, the zero waste state must be

identified. However, the zero waste state is derived from the unknown production

12



function. Thus, a need exists for a model which uses observable data to identify the -
total amount of waste to be eliminated even though the production function is

unobservable.

13



CHAPTER III -

REVELATION OF THE ZERO WASTE STATE:

A MODEL OF CONTINUOUS IMPROVEMENT

Ihtrodﬁction
~ Continuous improvement is the firm’s search for the zero waste state. This
chapter describes the conditions sufficient for this search to be successful. Observable
date are used to detérmine if thése conditions exist. If the conditions exist, the data |
are then used to reveal the total amount of waste to be eliminated and, therefore, the |

Zero waste state.

A Model of Continuous Improvement

Choi (1995) states that the "most direct driving force for continuous
improvement is the organization’s desire to eliminate waste." He goes on to quote
Suzaki as saying that these changes come about through "ceaseless repetition." Thus,
conﬁnuous improvement is characterized by incremental, ongoing changes that
systematicaliy eliminate waste on a period-by-period Basis. In a continuous
improvement environment, waste is systematically elir‘ninatéd on a period-by-period
basis. Over time, these changes align togetﬁer to create the potentially large

cumulative effect of total waste elimination.

14



Incremental and Systematic Waste Elimination

Let w be the initial waste present at the beginning of period 1, where period 1
is the first period in which continuous improvement is implemented. Let I, be the
observable improvement (waste eliminated) in period t. After ¢ periods, the residual
waste is expressed by the following

]
R =w-Y1I, (3.1)
v=1
Equation 3.1 implies that the propdrtion of waste eliminated for the ith input in period

t is defined as follows:

k=2 (3.2)

where 0 < k;, < 1.

The requirement that k;, > 0 means that some waste is eliminated each period,
consistent with the conceptual definition of continuous improvement. The upper
bound, k;, < 1, implies that only a portion of the residual waste is eliminated in any
given period. This is consistent with the notion of incremental improvement.

From Equation 3.2, I;, = kiR 1.1 Thus, for period 1, the waste eliminated for
input i is I;; = k;;R;; = k;;w;. From Equation-3.lv, the residual waste for input i at thé
end of period 1 is expressed as R;, = w; - k;w; = (I - k;)w;. Repeating this process‘

for each period yields two equivalent equations for residual waste:

-1
R,=w,-w,lk, +k,(1-k,)+.. +kJ(1-k,) (3.3)
v=1

15



R, =w 10 -k,). G4

v=1
13 3 y . - ‘ t
Note that the negative component of the right side of Equation 3.3 corresponds to I.
. . v

v=1

The residual waste equations and the notion of "ceaseless repetition" imply that

the zero waste state can be described by any of the following three conditions:

t
limR, =lim ] (1-k)w, =0 (.5
oo e y=]
o , |
im) I =w, . (3.6)
tooo y=]

-1 (3.7)

t v-1
lim &, +E ks H (1-k,,)
foo v=2 -m=1

The following lemma, stated without proof, describes the relationship among the above

three equations. |

Lemma 3.‘1: If any of the zero waste state equations holds (Equations 3.5 -

3.7), then the other two must also hold.

In order to reach the goal of total waste elimination, any given continuous

improvement program must satisfy Lemma 3.1.

Systematic and Total Waste Elimination

Convergence of each of the thre¢ series described by Equations 3.5 through 37
is possible because of underiying econofnic constrainfs. " The series, il:lit, is bounded
. {=
from above and below such that 0 < i I, <w,. The upper bound, il:ln <w,, states
: t=1 t=
that it is impossible to eliminate more waste than what exists. The lower bound

follows from the definition of continuous improvement. These boundary conditions

16



also imply that 0 < hm

t-1 v-1
k, +Ek ITa- kim)}sl and hmH(l ~kw, = sw,,

m=1 e y=]

where 0 <s < 1. Thus, convergence must occur for all three series. Unfortunately, |
there is no guarantee that any of the series converges to the zero waste. state.
However, by imposing,certain restrictions on the behavior of k;,, convergence to the
total waste elimination is assured. The following proposition describes the conditions
for zero waste coﬁvergence.

t

_— ' vl
* Proposition 3.1: Ifk, < k i1+ for all ¢, then lim |k E H (1 —kim)} = 1.

it —

treo

Proof: Let k;, = k for all . From Equations 3.3 and 3.4,

1-Y k0 —k,f]
v=0

lim R, = w,lim (1 -k) = w,lim

foo {00 {00

hmzk(l -k’ -1

tre y=0
Now let k;, < k;,, ;. This implies that 1 - k;,>1 - k;,,, Thus,

w(l -k, > w.f[(i -k,)

11m(1 k,)’ > 11m1'[(1

o p=]1

0> lirnH(l -k,).

tmoee y=]

Similarly, since 1 - k;, > 0 for every ¢, IImH(l -k,) > 0. Thus, llmH(l -k,) =0,

f~eo =] troo p=]

v-1
~ and, by Lemma 3.1, llmﬁk +Ek [1a-x )]—1

- 00 m=1

17



Q.E.D.

Example 3.1. Assume that k;, = k for'all z. This produces the following series:

t v

kg + Z k.,

-1
v=2 m=1

(1-k,) = k+ k(1K) + k(1 -kP + ... + K(1 k).

This is a geometric series with a ratio of (1 - k). Thus, the sum is k/[1 - (1 - k)] = 1.

Behavior of k;

A constant or increasing k; is a sufficient condition for convergence to the zero .
waste state. A constant k; means that the firm can eliminate the same proportion of
residual waste in future periods as it can in the current period. An increasing k;
implies that the rate of waste elimination increases over time so that the firm "gets
better at getting better."

This is consistent with the objectiﬁe of establishing a competitive advantage.
Ceteris paribus, firms that eliminate waste more rapidly will prevail over those that do
not. It makes sense that competition in the continuous improvement environment
provides an incenti\}e to produce k;s that increase over time.

There is some logical support for this possibility. As improvement occurs,
management shoﬁld be increasing its understandiﬁg of the true nature of the underlying
production function. Over time, a cumulaﬁve information effect is created that may
enable acceleration of the wasfe elimination procéSs.

However, there are natural economic and logical limits to the concept of
accelerating imprvovement. No more waste than exists can be eliminated. This implies
that limk, < 1. As shown in Figure 3.1, k; can increase over time but must increase

oo

at a decreasing rate. Increasing at a constant or increasing rate implies that limk, — e,

oo

18



an economic impossibility. For example, if k;, = t/(t + 1), the zero waste state will be

achieved. It is easy to show that k;” > 0 and k;” < 0.

Figure 3.1
The Behavior of k;

k> kg

K>k,

K<k

Considering the cumulative information and compétitive effects, a decreasing k;
makes the least sense. Additionally, it can be shown by example that a decreasing &;
may not produce a zero waste state. As with an increasing k;, the type of decreasing
behavior is restrained by the nature of continuous improverhent and economic logic.

Specifically, ltim k, < 0 isrequired. This implies that a decreasing k; must
decrease at an increasing rate as shown in Figure 3.1. Decreasing at a constant or
decreasing rate suggests that ltim k, - ‘-°°, an economic impossibility. ‘If k;, = 1/t, the
waste will be éompletely eliminated. Obviously, k;” < 0 and k;;”” > 0.

Thus, an increasing or decreasing k; within a continuous improvement

framework is defined as increasing at a decreasing rate or decreasing at an increasing

rate. Clearly, knowing the behavior of k; reveals much about the success of a
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continuous improvement program. Yet k; is unobservable, and any inferences about &;
must be made from observable data.

The waste eliminated each period, I;;, is observable even though the terms k;,
and R; ;; that define /;; are unobservable. ‘Thé observable waste elimination series, 7 ;,
v=12,..,1, enables some specific statements to be made about k;. These statements

are expressed in Proposition 3.2.

Proposition 3.2: The following relatibnships hold between bbsewable
improvements and kl-:}

A I L /Ty > el then k is increasing.

B. If Ii,t+1/1it. < Ii,‘t+.2/ Lt then k; is decreasing.

C. If L, /I = I, /I ;4 1> then k; is constant.

Proof: A. Assume £; is either constant or decreasing. It must be at an increasing rate.

ki,t+1 -1< ki,t+2 -1
kit ki,t+1
- Ii,t+1 < Ii,t+2

Iit(l ~ky) Ii,t+1(l _ki,t+1) :

.=,Ii,t+1 < Ii,t+2.
Iit Iz‘,t+1

a contradiction.
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B. Assume £; is constant or increasing. It must be at a decreasing rate. Thus,

k. k.

if+1 -1> it+2 -1
kit kt',t+1

I I

i+l it+2

2
Iit(l —kit) - Ii,z+1(1 _ki,t+1)

Ii‘,t+1 > Ii,t+2 )

Iit Ii,t+ 1

=

a contradiction.
C. From part A, assuming a strictly decreasing k; produces a contradiction.
From part B, assuming a strictly increasing k; produces a contradiction. Thus,

k; is constant.

Q.E.D.
Thus, even though the exact value of | k; is unobservable, the behavior of k; can

be inferred from observable data.

Example 3.2. Suppose that k; = #/¢ + 1 and w; = 40. The unobservable sequence for
k; is V2, %, %, ..., and the Qbservabl_e improvement series is 20, 13.3, 5, ... bThe |
following‘ observable .rétios can be computeci.

I,/I; = 13.3/20 = 0.665, I,/I, = 5/13.3 = 0.376
Thﬁs, L p o 1/I; > 144 5/1; 4 g Which implies £; is increasing. An increasing k; implies,
by Probosition 3.1, that the continuous improvement efforts will eventually lead to the
zero waste state. However, what the zero waste state is and how long it will take to

achieve it are still unknown.
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Revelation of the Zero Waste State

The key to identifying the zero Waste state is producing a convergent series thét
satisfies Lemma 3.1. The zero waste inputs are defined as the actual inputs minus the
waste: x° = x% - w. Since x“is observable, khowing w reveals x ¢ Of course, w is
unobservable; waste niust be inferred from observable data. -

For Vaiue of k; that satisfy Proposition 3.1, an observable improvement series,
I, I, ..., I, will be created that sums tb S. Itis assuméd that for each of the i
inputs, S; caﬁ be deduced after a finite number of periods. Given certain assumptions,

S; will reveal w;.

Assumpﬁon 3.1: Input prices remvain constant so that D;; = p; for all £, where

p; is the price of the ith input.

Assumption 3.2: The underlying unknowﬁ production function remaihs

constant over time so that % = 0. |

Assumption 3.3: Output remains constant over time so>that q; = q for all 7.

Assﬁmptions 3.1 and 3.2 ensure that x° lies along a fixed expansion path. By -
assuming output to be constant, Assumption 3.3 limits k" to a fixed point along this

path. This last assumption will be relaxed later to allow for varying output. The

following proposition shows how the waste can be identified.

Proposition 3.3: Given Assumptions 3.1 - 3.3, if k;; = k,-’t_ ;- then S; reveals

w;.
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Proof: Let x;, be the input usage with waste of w;. The observable waste sequence

can be represented as follows:

: -1
 kwa k(U -kw, s kT (KW,
: . v=1

which has a sum of

t v-1
k, +Y, k,, H (1 —kim)}wi
y=2 m=1

S, = lim
[0
ThuS, Sl = Wi.

Q.E.D.
The process in Proposition 3.3 can be repeated until waste has been identified
for each of the i inputs. Once waste has been revealed, the zero waste state can be

identified by subtracting w from x%.

Example 3.3. Suppose that a firm’s unknown production function is ¢ = x; I/sz

%;
g = 20, and p = ($1,81). Thus, x° = (20,20). Let x,* = (15,60) so that w = (-5,40).
Assume k; = 2 and k, = Va. The observable improvement series are given below.

Improvement series:

Cxp 2.5, -1.25, 0.625, ..

X, 10, 7.5, 5.625,
The I, ,/I, ratios are constant (V2 for the first input and % for the second input). By L
Proposition 3.2, k; is constant, and by Proposition 3.1, the series converges such that
the zero waste state is achieved.

The observable improvement series suggest geometric series with ratios of 2

and %, respectively. Thus, §; = -5, §, = 40 and w = (-5,40). Thus, x¥ = (20,20).
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Nonconstant OQutput

The assumption of constant output (Assumption 3.3) can be relaxed provided

the following restriction is placed on the behavior of the production function.
Assumption 3.4: f(x) is homogeneous of degree one.

Linear homogeneity implies that f(mx) = mf(x), where m is any positive real number.
Additionally, assume that th¢ homogeneous property extends to include waste: f(m (xv
+w = bmf(x + w). For ‘example, if the output doubles, then the waste also doubles |
so that if output increases from g to ‘2q; the actual inputs will increase from x% to 2x%.

Now, consider the following obéervablé sequences: | {45, 95, ..., g, and {I;,
L, ..., I}, where g, is allowed to change from one period to the next. By
Assumption 3.4, My = qj/ Qo j, k=12,..,1j #k The homogeneity parameter,
My, can be used to restate the observable improvement sequence such that waste
elimination is measured with respect to ‘a constant g, and thus a constant w.

Suppose, for example, that waste is to be measured with respect to ¢g;. In this
case, the improvement that would have been realized had g, been ecjual to g; is ’m 1di
Thus, the restated sequence, {I;;, m, 1, myz1;5, ..., mItIit}; provides a sequence of
observable improvemehts using g, as the outpuf sté.ndard for each period. This

restated series converges to w; if k; is constant or increasing. This leads to the

following corollary.

Corollary 3.1: Given a production function homogeneous of degree one and

Assumptions 3.1 and 3.2, the observable improvement series reveals w.
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Proof: Follows directly from the property of homogeneity and Proposition 3.3.

Example 3.4. Suppose x;, = 100 and w; = 80. Assume that three periods of
observable data exist: |

q: 20, 25, 30

I: 40, 25,15
Using g, as the standard, the I; series can be restated as: 40, (20/25)25, (20/30)15,
yielding 40, 20, 10. Since 20/40 = 10/20, k; is constant and the restated series
converges. Furthermore, k; appears to have a Valué of %2. The sum of the geometric
series is 40/(1 - %2) = 80 and x° = 2 - (IOO - 80). By the homogeneity property, the
value for any q; is simply m;q;. Thus, for g = 25, x£ = (25/20)20 = 25 and, similarly,

for ¢ = 30, x? = 30.

Summary

Continuous improvement'is characterized by incremental, systematic and total
elimination of waste. As such, a portion of residual waste is eliminated so that some
improvement (reduction in waste) is observed each period. Invthe limit, waste is

| completely éliminated, and the firm reaches the zero waste state as defined by the

underlying production function. -

The proportioh of residual waste. elifninated each period for each input, k;, is
unobscrvablé_. The firm C}an observe only the total improvement determined by the
change in input consumption. However, by comparing the ratio of observable

improvements over time, the behavior of k;, can be inferred.
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If the proportion of residual waste eliminated each period is constant or
increasing at a decreasing rate, waste will be completely eliminated in the limit. Even
though the total amount of waste to be eliminated is unobservable, the optimal input
combination can be revealed frorﬁ the observable ‘improvcment series. If the behavior
of k;, is such that the zero waste state will be achieved, the improvement series will
converge such that the sum of the series is equal to the total amount of unobservable
waste.

Thus, from the observable improvement series, the behavior of k;, can be
determined. If k;; is constant",o.r increasing at a deéreasing rate, waste will Be
completely eliminated. The amount of waste can then be inferred by determining the
sum of the observable improvement series. By subtracting tofal waste from the actual
inputs consumed, the zero waste state is revealed.

The definition of continuous ‘imbrovement states orﬂy that some improvement
occurs each period. This model of continuous improvement assumes that some
improvement is realized for every input in every period. Thus, the model assumes a
more strict definition so that the firm always moves directly towards the zero waste
state. For this to be true, the firm must have prior 'knoWledge aBout the direction in
which the zero wastc' state lies. .It may not be reasonable to assume that such
knowledge exists. |

If the firm moves away from the optimal level of any input in any period, the
observed change in input consumption will not represent an imi)rovement. The
assumption that some waste is eliminated for every input will be violated, but the

observable improvement series can provide no signal that such a violation has
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occurred. Thus, the input-based model of continuous improvement developed in this
chapter is limited in its practical application. This is discussed more fully in Chapter
IV. A cost-based model that relaxes the assumption of periodic improvements is

developed. This cost-based model overcomes the limitations of the input-based model.
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CHAPTER IV
A COST-BASED MODEL OF CONTINUOUS IMPROVEMENT

Introduction
This chapter extends the model of continuous improvement to cost-based
instead of inpuf—based information. By using cost information, the definition of
continuous improvement and fhe model can be generalized. The more general cost-

based model is used in the development of the control system.

A Cost-Based Model
The control system that supports continuous improvement must guide the firm
towards the zero waste state and ensure that the desired improvements are realized. A
system based solely on physical measures of inputs may not perform these functions |
because the observable physical improvements can provide misleading signals. A
system based on cost information will overcome the limitations of the physical

measures.

Limitation of Input-Based Model

The definition of continuous improvement in Chapter III is very restrictive. It
is required that k;, is bounded such that 0 < k; <1 for all i and z. This severely |
restricts the area in which the firm may search for the optimal input combination.

Furthermore, this continuous improvement search area changes based on the nature of
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waste. For the two input case, the firm must pursue one of the three alternatives listed

below to eliminate waste.

Alternative waste elimination strategies:
1. increase x;, decrease x,
2. decrease x;, increase x,

3. decrease x;, decrease x,

The continuous improvement search area for each of the three alternatives is shown by
the shaded regions in Figure 4.1.

For the first case, the seavrchf area is boundeci by the isocost curve at t = 0, the -
vertical lines passing through x° and x,, and the isoquant. This is shown by the shaded
region in Panel A of Figure 4.1. All points below the isoquant are infeasible. Any |
movement to the left of the vertical line passing through x, moves the firm away from,
rather than towards, x° (ie. waste increases). Thus, w; - I;, > w; so that I;, < 0 and
k;; < 0. Similarly, any movement to the right of the vertical line passing through x°
moves the firm beyond the optimal input combination. Thus, I;, > R;,; so that k;, >
1. Even though some movements above the isocost curve satisfy the requirement thati
0 <k; <1 for all i, the isocost curve is the appropriate bound. Any movement above
the isocost curve incréases cost and, therefore? wbuld not be considered by a rational

firm.
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Figure 4.1
- Input-Based Continuous Improvement Search Area

Panel A

Q)

QN

i

X

Panel B

Panel C

S

Xy

If the firm must decrease x; and increase x,, the continuous improvement

search area will be bounded by the isocost curve, the horizontal lines passing through
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x° and x, and the isoquant as shown in Panel B of Figure 4.1. Obviously, the isocost.
and isoquant bounds hold as in the first case. Any movement below the horizontal
line passing through x, moves the firm away from x° so that k,, < 0. Likewise, any
movement above the horizontal line passing through x° moves the firm beyond the
optimal input combination so that ky > 1.

Finally, if both inputs must be decreased, the continﬁous_ improvement search
area is bounded by the horizontal and vertical lines passing through x° and x, as
shown in Panel C of Figure 4.1. Any movement to the right of the vertical line
passing thro‘ugh, X, yields kj, < 0; any movement above the horizontal line passing
through x, yieldé kj; < 0. Similarly movements to the left of the vertical line or below
the horizontal line passing through x° yield k;, > 1 or k,, > 1, respectively.

To be within ‘these narrow continuous improvement search areas, the firm must
know at £ = 0 in what direction x° lies. It is not reasonable to assume that such
knowledge exists. If thé firm moves outside the area so that k; < 0 or k;, > 1 for any
input, the observable improvements will mask its true behavior. Cbnsequently,v a Series
that appears to satisfy Propositions 3.2 - 3.3 can be generated which converges to a

nonoptimal input combination. Consider the following example.

Example 4.1. Assume the problem is the same as described in Example 3.3. The
problem is shown graphically in Figure 4.2 where points A and B represent x, and x",v
respectively. Instead of moving within the continuous improvement search area, the

- firm moves down the expansion path passing through A. Thus, k;, < 0 so that waste

increases for x; (i.e., the firm is moving away from the optimal level of x,).

31



Figure 4.2
A Violation of the Input-Based Model

1

Y

The following input sequences are observed.

Input sequences:

x;0 15, 14.3, 13.67, 13.103

Xy 60, 57.2, 54.68, 52.412
resulting in the following 'improvement. series.

Improvement series:

I;: 0.7, 0.63, 0.567, ...

I: 2.8,2.52,2.268, o
From Proposition 3.2, the I, ratio test indicates a constant k;, for each of the inputs.
The series sum to 7 for x; and 28 for x,. This suggests that x° = (8,32) which is

infeasible (point C in Figure 4.2).
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Cost Improvements

The isocost bound on the continuous improvement search area assumes rational,
cost minimizing behavior by the firm. By eliminating waste, the firm is attempting to
minimize cost subject to the unknown prodﬁction function. Efforts to do so stem from
the desire to create or maintain a competitive advantag‘e. Thus, any decrease in cost
will be viewed as an improvement.

This expands the continuous improvemént search area fo the region bounded by
the isocost curve at # = 0 and the isoquant és shown by the shaded aréa in Panel A of
Figure 4.3. Any movement below the isocost curve w111 decrease cost, regardless of
the Value of k;. Asan improveniént (cost decrease) is realized in period 1, the upper
bound becomeé the isocost curve at 7 = 1. This shrinks the search area to the shaded |
region in Panel B. The region continues to shrink until, in the limit, it becomes a
point and no further improverﬁents (cost reductions) are possible within the existing

technology. This is shown in Panel C of Figure 4.3.
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Figure 4.3
Cost-Based Continuous Improvement Search Area

~Panel A

> X
t=wt=n t=1t=0
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CoSt is minimized only at one point, the zero waste state, x°. The firm plans
improvements within the expanded cost-based search area until the zero waste state is
achieved. Thus, cost is an alternative, but more general way, to view continuous
improverﬁent.

The actual cost in period ¢ is defined as
¢ =Y. Pxy | @.1)
= v

The minimum (ééro wasté) cdst is given by Equation 2.1. The total dollar value of
waste to be eliminated, w,, thfough ‘cont‘inuous improvement is the difference between
the actual and minimum c;o‘st. |
w,=c ~c”’. 4.2)
Since any cost reduction ‘is viewed as an improvement, the improvement in period ¢ is
given by the following equation. |
I,=¢_-¢ 4.3)
Assuming that input prices remain constant, the improvement can only be
realized because of waste elimination. (The assumpﬁon of constant input prices holds
throughout this study.) Consistent with the; notion of continuous improvement, only a
portion of the dollar value of residual waste will be eliminated each period. The
dollar value of residual waste is
. A
RC; =¢c,-c’ =wc—';Iw. 4.4)
Letting k_, be the proportion of the égllar value of residual waste eliminated in period

2
Ict =. kctRct-I‘ (45)
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Thus, in period ¢,

t v-1 .
R,=w -wk,+Y k J[0-k,) (4.6)
v=2 m=1

Notice that Equation 4.6 is parallel to Equation 3.3 and that the definitions of .
w., R, I, and k_, are all parallel to tho'se of w, R, I, and k;. Because of this

parallel structure, the following similar propositions and corollary can be stated for the

cost framework (proofs follow directly from Propositions 3.1 - 3.3 and Corollary 3.1).

Proposition 4.1: If k, < k., for all ¢, then 3, Ix L+ zt: k ﬁ (1-k ) =1.
oo ¢ v=2 cvm:l o

Proposition 4.2: The following relationships hold between observable cost
improvements and k.

A IE1 1y > 1440/l 4 then ks increasing.

B. 1,y < Iopi/leirs then k. is decreasing.

C. If1 ., /1, =1.,.,/1 ..} then k_is constant.

Proposition 4.3: Given Assumptions 3.1 - 3.3, if k, = k

bl then S, reveals

We.

Corollary 4.1: Given a production function homogeneous of degree one and

Assumptions 3.1 and 3.2, the observable cost improvement series reveals w,.

It is through the use of cost information that the firm can begin to guide and
evaluate continuous improvement efforts. Unlike w;, w, is always greater than or

equal to zero because ¢, = ¢°. As a result, the sign of k., is unambiguous. If cost
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decreasés, k. > 0; if cost increases, k< 0.  If k> 1, more waste than exists will be
eliminated - an economic impossibility. Thus, when cost improvements are observed,
k., is appropriately bounded such that 0 < k. <1, and the firm can know with
certainty that they are within the cost cbntinuous improvement search area given in
Figure 4.3.

From Propositions 4.1 - 4.3, the behavior of k,, can be inferred frorh observablé
improvements (cost‘ decreases) and that if k, is constant or increasing at a decreasing
rate, waste will be completely eliminated. The observable improvements can be used

to infer the value of w, and, therefore, ¢’. This is illustrated in the following example.

Examp_lc 4.2. C;)nsider the same problem described in Examples 3.3 and 4.1. From
Example 3.3, x° = (20,20) and p = ($1,81). Thus, ¢, = $75.00, ¢’ = $40.00 and w, =
$35.00. The expansion path intersects the isoquant at x = (10,40). From Figure 2.2,
the total dollar value of waste, w,, can be divided into technical inefficiency, wCT , and
mix inefficiency, w™: w1 = $75.00 - $50.00 = $25.00 and w ™ = $50.oo'- $40.00 =
$10.00.

~ As the firm moves down the expansion path, ;the same output is produced using
less of all inputs. This rgsult has a great deal of intuitive appeal. Indeed, even though

waste is increasing for x; (k;, < 0), technical inefficiency decreases as follows.

Technical inefficiency:

w.I: $25.00, $21.50, $18.35, $15.52

However, along the expansion path, mix inefficiency remains constant. When the

changes in technical and mix inefficiency are aggregated, the net result is a decrease in
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total waste. By using cost information, the firm can value tradeoffs between
reductions in technical and mix inefﬁciency.

The input-based model ignores th_eée potentially beneﬁcial effects. To be
within the input-based continuous irﬁproverhent search area for this example, the ﬁrm
must decrease both technical and mix inefficiency. Thus, cost prdvides a more
complete fneasufe of improvement.

Even though the firm is not within the continuous improvement search area
described by the input-based model, it is within the cost-based search area because cost
is decreasing. From the observed input usage, the following cost sequence will be

observed.

Cost sequence:

c. $75.00, $71.50,‘$68.35, $65.52, ...
This yields the following cost improvement series.

Cost improvement series:

I: $3.50, $3.15, $2.83, ... -

The I, Ratio Test indicates a constant k.. By the Convergence Property of
Proposition 4.1, the optimal cost will be achieved. The sum of the series is $35.00

which suggests that the optimal cost is $40.00. This is the cost at x°.
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The Search Process

With the cost-based system, the continuous improvement‘ search area increases
dramatically. -The firm is not assumed to have any prior knowledge about the
direction in which the optimal input combination lies. The firm knows only that cost
will be reduced as waste is eliminated and that the zero waste state must be achieved
~ to minimize total cost. This increases the need for a control system to guide the firm’s
~ continuous improvement efforts. It is ﬁnreasonable to expect the control system to
guide the ﬁrrﬁ’s search so _that wasfe w111 be simultaneously eliminated in all inputs;
this would put the firm in the restrictive search area of the input-based model. The
control system must, however, guide the firm through a rational, yet conceivable,

search process.

A Linear Search

Irﬁti_ally, the firm may choose td eliminate waste from one input at a time. For
example, they may begin by eliminating waste in the most costly input, the input that
with the greatest usage or the input in which the most waste is believed to exist. Such
a process creates linear search patterns. By focusing on the most wasteful input, |
several imbrovéménts can be realized quickly and easily.

These linear search patterns are unlikely 'vto lead to the optimal input
combination. However, if &, is constant or increases at a decreasing rate, the |
Convergence Property ensures that the optimal cost will be revealed. Proposition 4.2

shows this result.
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ct =

t v-1
ky + ) ksz a- kzm)]) =

Proposition 4.4: For q = f(x;,x,), if k;,= 0 and k., = k,,}, then

PX10 t Py %39 ~ W,
v=2 m=1

Proof: From Equation 4.1,
C, = D%yt PYXy

Equation 4.7 can be rewritten so that

. t v-1
ST | (RS
v=2 m=1

v-1
Pl(xlo Wy k +Ek H(l -k, ] +
v=2 m=1
v ] t v-1
Da| %y ~ W, |k, +2;k2v11(1 ~ky,)

But, since k;, = 0 for all ¢,

't v-1
_wc kcl +Ekch (l -
v=2 m=1

t

1 E H(l

sl

Pi¥ip + Py | Xy ~ W, |K

- Taking the limit of both sides yields

‘ t v-1 | |
- w, lim [kd +y kI —km)] =
f-o0 v=2 m=1 . n

S r;Il(l—kz,,,)D

Since k,, = k,,;, the Convergence Property ensures that

+Ek ﬁ kzM)D

PXi0 tPy| %o ™ w211m

© =X tPy| Xy T w211m

m=
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Q.E.D.

Once the linear search path has revealed the optimal cost, the continuous
improvement search area can be reduced to the shaded region of Figure 4.4. It is
known with certainty that the zefo waste bstate 1ies somewhere along the lower
boundary which is 'the‘ optimal isocost curve. The optimal‘ isocost curve is the goal,
target cost, for continuous improvement efforts.

_ } Figure 4.4
Cost-Based Search Area After Optimal Cost is Identified

.A

Xy

Example 4.3. As before, suppose that x, = (15,60), x° = (20,20) and p = ($1,$1) so
that ¢, = $75.00 and ¢° = $40.00. The firm chooses to focus waste elimination efforts
on x, so that the continuous improvement process moves along the vertical line passing

through x,. The following improvement series are observed.
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Improvement series:
I;: 0.00, 0.00, 0.00, ...
I 875,875,656, ...

I: $8.75, $8.75, $6.56, ...

The I, Ratio Test indicates an increasing &, so that the Convergence Property is
satisfied. The series sum to 0, 35 and $35.00 for x 1> X and ¢, respectively. This
suggests that ¢® = $40.00 and x° = (15,25). This is the minimum cost, but (15,25) is

not the zero waste state. However this point does lie along the optimal isocost curve.

Fluctuating k ,

As the firm searches for the zero waste state, k, will not alwéys be constant or
increasing. If k, was always appropriately behaved, the linear path chosen by the
firm would leéd to the zer‘o}waste state. Consequently, there would be no need for a
control system._ However, the firm’s search involves a certain amount of trial and
error.

Initially, the waste to be eliminated is sufficiently large so that any effort to
eliminate it should be successful. Thus, in the early periods of the searcﬁ process, the
firm should be able to successfully maintain or increase the rate of waste elimination.
It is, therefore, reasonéble to assume that the Convergence Property holds and the
tafget (optimal) cost will Be revealed. This assumpti‘on can be validated by the I,
~ Ratio Test.

Unless the linear path chosen initially leads to the zero waste state, a

t v-1

nonoptimal cost will be achieved along the path so that lim |k, + E ka (I-k,)| <1

{ro v=2 m=1
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If k., is originally constant or increasing, it. must eventually decrease for this to be
true. Thus, it is likely that £, will fluctuate over time so that it increases and
decreases.
From Proposition 4.1, the model of contihuous improvement assumes a well
_behaved k. To use the model in the control system, this must be relaxed. This leads

to the following assumption.
Assumption 4.1: For all ¢, k, = min(k,).

Unlike the assumption that £, is well behaved, Assumption 4.1 states only that-
k., will not fall below some minimum value. Over time, k .can fluctuate above, but
not below, this value. With this less restrictive assumption on the behavior of &, the

Convergence Property will still achieved. This is shown by the following proposition.

v-1
~ Proposition 4.5: If k., = min(k,,) for all f, then hm [k + E kI -k =1
v=2 m=1

Proof: From Proposition 4.1, if k., = min(k,) for all ¢,

= 1.

3 v-1
limlk,+Y k, 1] (1-k,)
froo v=2 m=1

If k, > min(k,), it must be that
[ [

: v-1 ]
lim |k, +Y k JI(1-k,) = 1.
m=1 ]

freo v=2

However, no more waste than exists can be eliminated. As a result,

4 v-1 ]
limik,+Y k T (-, <1
fre | v=2 m=1 ]

Thus, : M ;
lim kcl +Ekcv (1 —kcm) =L
{0 v=2 m=1



Q.E.D.
Example 4.4. Refer back to Example 4.3. Obviously, the firm can not continue along
the linear path te reach the point (15,25) so that the cost is minimized. Even though
k., is initially increasing, it must eventualllyv decrease.

Extend the improvement series as follows.

Cost improvement series:

I $8.75, $8.75, $6.56, $4.38, $2.73, $1.64, ...

The I, Ratio Test indicates that &, is increasiﬁg each period.

However, the linear path intersects the isoquant where ¢ = $41.67. Thus, I, <
$0.52. If I, = $0.52, the I, Ratio Test indicates that &, has decreased. Even though
k., is not well behaved, by Proposition 4.4, the firm can still achieve the zero waste
state.

After period 7, the continuous improvement searvch area has been reduced to the
shaded region in Figure 4.5. By redirecting the search into this area, the firm can
continue to eliminate waste and the area will continue getting smaller. By
appropriately directing and redirecting the search, waste will, in the limit, be

completely eliminated'.l_i It is the function of the control system to provide this

direction.
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Figure 4.5
Reduced Cost-Based Search Area

Practical Convergence

- . Complete elimination of waste only happens in the limit. Since k_, < 1 for all
t, it is impossible to reach the optimal cost in a finite number of periods. The zero
waste state is, therefore, a theoretical goal. After 7 periods,
[ 1 —[kd +Xt;kévﬁ 1-k)
ve2  m=

To capture or maintain a competitive advantage, waste must be eliminated

) w, amount of waste still exists.

quickly instead of waiting an indefinite amount of time. Because of the competitive
pressure to eliminate waste quickly, the firm should work towards a practical level of
waste elimination rather that the theoretical goal of the zero waste state. Define m to

be the target level of waste elimination, where 0 < m < 1. The value of m is
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arbitrarily determined by the firm. For example, the firm may Believe that a
competitive advantage can be captured if 90% of the waste is eliminated. Thus,
m = 0.90.
From Equation 4.4,
(1 ;mjwc = wc—zt;lw, 4.8)
v -
where ¢ is the number of periods required to reach the practical level of waste

elimination. Equation 4.8 simplifies so that

—_— “.9)

Substituting Equation 4.5 into Equation 4.9 yields

t

mw =Y kR . _ (4.10)

c cv ev-1°
v=1

Suppose that k,, = min(k_,) for all z. From Example 3.1, if k_, is constant, the
waste elimination series becomes a geometric series. After 7 periods, the sum of the

series, S, is given by the following equation.

_ min(k, w1 - [1 - minCk,)Y)

, : ; ‘ 4.11)
¢ min(k,)
From Equation 4.10, S, #;mwc. Equation 4.11 can be rewritten so that
In(1l -m)

(1 - min(k,) @12

Even though w, can only be eliminated in the limit, the firm can eliminate mw
in a finite number of periods. Equation 4.12 shows that the number of periods

required to achieve this level of waste elimination depends on the value of k. Letting
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m = 0.99, Table 4.1 shows the number of periods required to achieve the target level
of waste elimination for different minimum values of k... To capture or maintain a
competitive advantage, the number of periods required to reach this goal must be
minimized. Since the values in Table 4.‘1 assume. a constant K, they represent the
maximum number of periods required to reach the target level of waste elimination.

Table 4.1
Periods Required to Reach Practical Convergence

min(k,,) t
0.01 | 458
0.05 : 90
0.10 44
0.25 16
0.50 7
0.75 4
0.90 2

Example 4.5. Let ¢y =$75 and w C = $35. Management feels that a competitive
advantage can be gained if 99% of the waste is eliminated. Thus,‘m = 0.99 so that the
target cost is $40.35. Table 4.2 shows the cost sequence that would be observed for
different minimum values of k, assuming k., = min(k,,) for all . Notice that the
number of periods required to achieve the target cost corresponds to the values

indicated in Table 4.1.
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Table 4.2
Cost Sequence for Different Values of min(k,)

'kct
t 0.25 0.50 0.75
0 $75.00 $75.00 $75.00
-1 66.25 57.50 48.75
2 59.69 48.75 42.19
3 54.77 4438 40.55
4 51.07 42.19 - 40.14
5 48.31 41.09
6 46.23 40.55
7 44.67 40.27
8 43.50 o
9 42.63
10 41.97
11 - 41.48
12 41.11
13 40.83
14 40.62
15 40.47
16 40.35

Summary

The model of continuous improvement developed using physical input measures
in Chapter III is very restrictive. The requirement that 0 <k, <1 for all i and ¢ forces
the ﬁrm’s search for the zero waste state into a very limited area. There is no reason
to believe that this area can be identified in the initial period of the continuous
improvement program.

Thus, it is not unreasonable to expect to firm to select an inpuf combination
outside the narrowly defined continuous improvement search area. If this happens, the
constraint on the value of k; will be violated. Consequenﬂy, the I;, Ratio Test may not

reveal the true behavior of k;

.» and the improvement series may suggest an optimal

input combination which is infeasible.
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By using cost as a measure of improvement, a model of continuous
improvement which is parallel to the input-based model has been developed. The
cost-based model, however, is more general. As a result, the behavior of &, is
unambiguously revealed by the I, Ratio Test. If k, is appropriately behaved, the true
optimal cost will be revealed regardless of the value of k;,.

As the ﬁrin moves along differeﬁt search pathé, kc, will not, at all times, be
appropriately behaved. It is more likely that &, willi increase for several periods,
decrease until a new search path is chosen, then increase again. However, even though
k., is not weil behaved, the optimal cost can be revealed and achieved. By moving
toward the optimal cost, the firm must eventually achieve the zero waste state, x°.

The zero;waste state can only be reached in the limit. It is, therefore, a
theoretical goal. By sétting a target level of waste eliminatiqn which is less than
100%, a target cost can be determined which can be achieved in a finite number of
periods. The number of periods required to achieve this target cost depends on the
value of k.

It seems that the ability to control continuous improvement is derived from the
ability to control k. The cbst-based model developed in this chapter provides the
infofmation necessary to éstablish this céntrol., Chapter V details how information
regarding k,, is incorporated in the control Sysfem to guide and evaluate continuous

‘improVement efforts.
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CHAPTER V
CONTROLLING CONTINUOUS IMPROVEMENT

Introduction
The cost-based model of centinuous fmpfovement in Chapter IV provides the
foundation for a control systeni which can guide and evaluate the firm’s waste
elimination efforts. This chapter first describes how the control system guides the
firm’s seé.rch for the zero waste state or the target waste state. Then, the control

system is used to accelerate convergence to the practical waste level.

Guiding the Search Process
Guiding the firm’s waste elimination efforts involves two steps. First, the
control system must identify the target cost to be achieved. Second, it must ensure

that the firm’s continuous improvement efforts are sufficient to meet this goal.

Identifying the Tzir,qet Cost

The first and most critical ﬁinctibn of any guidance system is to identify the
goal to be achieved. As such, a centrol system which guides continuous improvement
must identify the optimal (target) cost as quickiy as i)ossible. Ideally, the té.rget cost
would be identified before the firm implemented its continuous improVement program.

Since the production function is unobservable, this is impossible. However, using the
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cost-based model of continuous improvement developed in Chapter IV, this can be
accomplished after a finite number of periods.

The Convergence Property ensures that if k,, is constant or increasing, the
improvement series will reveal thé Waste to be eliminated and, therefore, the optimal |
cost. As suggested in Chapter IV, the firm may initially concentrate its continuous
improvement efforts on one input. By following a linear search path, a series of
improvements that satisfy the Convergence Property should be generated quickly and
easily.

This linear sgarch teéhnique needs to continue only until number of
improvements sufficient to détermine the sum of thé series have beeh observed. Thé |
number of periods required to reveal the optimal cost dépends on the complexity of
the series. For example, if k,, is constant, the improvement series is a geometric
series. The sum can be easily determined after three periods. As the improvement -
series becomes more complex, more periods will be needed to determine the structure
and sum of the series.

The complexity of the improvement series depends on the behavior of k.. The
behavior of k, is revealed by the I, Ratio Test. This knowledge is important to help
determine the pattefn of the series and to ensure that the Cbnvergence Property is
satisfied. |

Once the waste to be eliminated has been revealed, the optimal cost will be -
known. This optimal cost is the theoretical goal of continuous improvement. In
addition to this theoretical goal, the firm should set a practical target objective that can

be reached in a finite number of periods. Setting a target cost of less than 100% waste
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elimination will increase number of feasible solutions that satisfy the objectives of

continuous improvement. Consider the following example.

Example 5.1. Suppose the problem is the same as described in Example 4.2. Instead
of complete waste elimination, the firm believes that a competitive advantage can be
captured if 97% of the waste is eliminated. Thus, m = 0.97 and mw, = $33.95 so that
thé practical target cost is $41.05." The feasible number solutions that satisfy the
objectives vof continuous improvement increases from one point, the zero waste state,

to all of thosé shown by the shaded area in Figure 5.1.

Figure 5.1
Feasible Solutions for Target Cost

c=%$40 c=9$41.05 c=8%75.
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Guiding Waste Elimination

Setting the target cost is only the first step. The control system must also
ensure that this goal will be reached. To do so, the continuous improvement efforts
must be evaluated to ensure that they are a’chieving the intended results. The
Convergence Test coupled with the I, Ratio Test provide the necessary means to
evaluate current waste elimination efforts.

The Convergence Property ensures that if k,, is constant or increasing, the zero
waste state will be achieved. Obviously, if the firm is on course toward the optimal
cost, the practical target cos‘tv will be achieved. Thus, the firm needs only to determine
the behavior of k,, to know if current continuous improvement efforts are functioning
as intended.

Once the optimal cost becomes known, the value and, therefore, behavior of k,
can be determined directly from Equation 4.5. The behavior of k,, can also be
determined by the I, Ratio Test. Because the optimal cost can not be known until
after a finite number of periods, the latter method must be used in the early periods of
the continuous improvement program. It is this knowledge of the behavior of k, that
provides the necessary feedbaek to guide and evéluate continuous improvement.

If k., is shown to be constant or increasing, the Convergence Property is
satisfied, and continuoﬁs improvement is known to be in control. On the other hand, a
decreasing k_, indicétes that current continuous improvement efforts are out of control. |
The waste elimination process must then be revised. A new search path should be

chosen until the Convergence Property is again satisfied. By Proposition 4.5, repeating
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this process will ensure that the target cost is achieved. This is illustrated by the

following example.

Example 5.2. Extend Examples 4.4 and 5.1. If the firm continues down the initial
linear path, in period 7, the I, Ratio Teétlwill reveal that k, is decreasing. Thus, the
current cohtinuous improvement process' is '01.1t of control, and a new search path must
be chosen.

From Figure 4.5, it is evident that it‘is impossible to continue decreasing X,
without increasing x;. It may take sevéral periods for this to become evident to the
firm. However, the appropriate direcﬁoh will e_venﬁlally be chosen. The input

sequences may appear as follows.

Input séquences:
x; ..., 15.00, 15.00, 15.00, 15.00, 15.10, 15.19, 15.27, ...

Xy .., 27.19, 26.67, 26.67, 26.67, 26.57, 26.16, 25.95, ...
This yields the following cost improvement series.

Cost improvement series:

I .

c*

..., $0.52, $0.00, $0.00, $0.17, $0.15, $0.13, ...

To satisfy Proposition 4.5, any period where k_, = 0 is removed from the series.
In the revised series, k,, initially increases, then decreases, then becomes constant.
Once the constant &, is revealed, the Convergence Property will again be satisfied.

This signals that continuous improvement efforts are in control.
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Along the revised path, the input improvement series sum to suggest that x° =
(16,24), an infeasible point. Thus, along this path, k, must eventually decrease. This
will again signal that éontinuous improvement efforts are out of control and that the
firm needs to search for- a new imprOvement path. This process conﬁnues until the

target cost is achieved.

Accelerating Waste Elimination
To capture a competiﬁve advéntage, the humber of peribds required to achieve

the target cost must be miﬁimized. By Assumption 4.1, the values in Table 4.1
represent the maxjmum nufnber of periods required to reach this goal. This puts an
upper limit on the time horizon. By increasing ) - the firm can decrease the number
of periods required to reach‘the target cost.

: Equations 4.6 and 4.9 show that as waste is eliminated, R, ; ‘decreases. Thus,
early increases in k, result in larger improvements that vlater decreases. Several early

increases in k, can create a large cumulative effect of rapid waste elimination. This is

illustrated in the following example.

Example 5.3. Consider Exarhples 4.4 and 5.1. The firm’s optimal cost is $40.00, and
the target cost is $41.05. By Equation 4.5, k; = Va. Letting k ; = min(k,), Equation |
4.12 shows that it will take a maximum of 12 periods to échieve the target cost.
Because k, is incfeasing, the firm achie\}es a cost of $41.67, $0.62 from the target
cost, after only 7 periods. Thus, there is a significant benefit frdm increasing the
value of k., as much as possible and as early as possible. The control system should

guide continuous improvement efforts so that this effect is achieved.
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Guiding the Behavior of &,

The number of periods required to achieve the target cost is maximized when

k

.+ Is constant. From the I, Ratio Test, if k ,is constant, I ,, /I, = I 4,/ ;. Let

_ D =1/ -1,

ct+2/I:+47- Tt must also be true that D = 0 if &k, is constant.

If k, is increasing at a decreasing rate, I, /I, > I;,,/I ;. so that D > 0. It
seems that as the rate of increase in k,, increases, the value of D increases. This
information can be used to guide and evaluate the rate of waste elimination. Consider

the folloWiﬁg example.

Example 5.4. As before, w, = $35’.OO. Consider three alternatives for the behavior of

k

ct

Alternative 1:
k,=1/2
Alternative 2:
k,=1t/@+ 1)
Alternative 3:

k, = (2t - )/2t

The folldwing cost improvement seties will be observed for each of the three

alternatives.

~Cost improvement series:
Alternative 1:

I; $17.50, $8.75, $4.38, ...
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Alternative 2:
I $17.50, $11.67, $4.37, ...
Alternative 3:

I; $17.50, $13.13, $3.65, ...

As expected, waste is eliminated most quickly under Alternative 3. Notice the

differences between the I, ratios.

D=1,,1,- Ict-}-Z/ ct+ 1
Altemative 1: D= $‘8.75/$17.50‘ - $4.38/8.75 = 0.00
Alternative 2: D=2$11.67/$17.50 - $4.38/$11.67 = 0.29

Alternative 3: D = $13.13/§17.50 - $3.65/813.13 = 0.47

By guiding continuous improvement efforts so that the difference between the I s Tatios
increases, the rate of waste elimination increases. Thus, the target cost is achieved

more quickly.

A ‘Necessary Tradeoff

The continuéﬁs improvement control system has two objectives. The potential
for improvement and the targetb cost must be identified. The control system must
guide the ﬁfm’s waste elimination efforts toward that goal. By influencing the
behavior of &, the control sysfem forces a tradeoff between these two objectives.

If k_, is constant, the improvement series is known to take the form of a

geometric series, and the sum can be easily calculated. This behavior of k,, will be
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revealed by the I, Ratio Test after three periods. A constant &, will minimize the
number of periods required to identify the target cost.
However, if k_, is constant, the number of periods required to achieve the target

cost is maximized. By increasing k., waste elimination is accelerated. As the rate of

cr
waste elimination is changed, the number of periods required to identify the target cost
increases because‘ the improvemenf series becomes more complex.

To creaté or maintain a competitive advantage, the firm must reduce cost by
eliminating waste as quickly as possible. Exan‘lp_leb 5.3 shows that early increases in &,
significantly reduces the number of pefiods required to achieve the target level of
waste eliminati?),n. Even though the ﬁumber required to identify the target cost
increases, the Convérgence Property ensures that the firm is on course toward the goal. .
Thus, in terms of the firm’s competjtive advantage, the benefit gained by accelerating

the rate of waste elimination exceeds the benefit lost by not knowing the final goal of

continuous improvement efforts as early as possible.

Summary
~ The cOst-based model of continuous improvement provides the necessary

framework fér a control system capable of guiding’ and evaluating the firm’s waste
elimination effovrts.b The I, Ratio Test reveals the behavior of k. If k is constant or
increasing, the Convérgence Proberty ensures that continuous improvement efforts are
in control. If £, is decreasing, continuous improvement efforts are out of control and
must be revised until a constant or increasing k, is again achieved.

The control system should guide continuous improvement efforts in such a way

that waste is eliminated as quickly as possible. This is accomplished by increasing the
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rate of waste elimination as much and as early as possible. Doing so will allow the
firm to create or maintain a competitive advantage.

As the rate of waste elimination becomes more variable, the number of périods
required té identify the target cost incre_ases. ‘Even though the target cost will remain |
unobservable for a ldnger period of time, the Convergence Property ensures that it will
be achieved. The key to success in a competitive environmeﬁt is to achieve the target
cost as quickiy as possible. Thus, the tradeoff between the time required for waste
elimination and target cost identification is beneficial.

The control System must function Within an accounting information system.
The cost-based i_nodel of continuous improvement relies only on observable resource
spehding which is recorded by any cost management system. Chapter VI explicitly
incorporates the continuous improvement control system into the existing accounting

structure of activity-based management.
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'CHAPTER VI

ACTIVITY-BASED MANAGEMENT: AN ACCOUNTING STRUCTURE

FOR A CONTINUOUS IMPROVEMENT CONTROL SYSTEM

Introduction
The model of continuous improvement‘and the subsequent control system

developed in Chapters IV and V have assumed. an unknown technology consistent the
classical economic theory of the firm. In activity-based management, the firm operates
according to a syStem of production functions rather than a sihgle production function.
Assuming a very basic activity-based management probleml, this chapter will show
that the technologies described by the classical and activity-based frameworks have the
same properties, the éame zero waste state and same level of waste. By incorporating
earlier developments into activity-based management, this chapter will also show that
the control system can be used to guide and ¢valuate continuous improvement in an
activity-based environment and that thé activity-based information provides insights

into the nature and cause of waste.

The Structure of Activity-Based Management
Choi (1995) states that a culture conducive to continuous improvement is

"process oriented" and designed to eliminate "wasteful practices". Activity-based

It is assumed that the firm produces a single product and that all activities are unit level.
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management is defined as an information system that focuses on activities with the
intent of eliminating wasteful practices. In short, activity-based management is
continuous improvement and, thus, provides an ideal accounting structure for the

~ control system.

The control system discussed in Chapter V is designed to guidé the firm’s
search for the optimal cost as defined by the underlying production function and
evaluate the progress realized in this search. If the control system is to function within
an éctivity-baSed management ﬁamework, it must be that activity¥based management
can be described by a production function. This allows the model of continuous
improvement u}son which- the control system builds to be used tol describe waste

elimination effort within the activity-based managementv accounting structure.

The Production System

In the classical economic théory of the firm, the firm consumes resources to
produce a product. Letting x be a vector of resources, the production function g =
f(x) defines the process that transforms these resources into the final product. The
- developments in Chapters II, III and IV implicitly assume that the waste elimination
problem is structured according (to‘ this classical theory.

In an aétivity-based environment, the firm consumes the outputs of activities to
produce a product and consumes resources to provide those activity outputs. Thus,
letting z be a vector of activity outputs, the firm operates according to a system of
production functions such that ¢ = k(z) and z; = g;(x) for j = 1 ... m activity outputs.

The product level function, 4(°), defines the process that transforms the activity outputs
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into the final product, g. The activity level functions, gj( 9, define the transformation
of resources into those activity outputs, Z.

It is easy to see that the system of producti.on functions can be rewritten as a
composite function of resources: g = h(g(x). Assume that the following identity
holds between the classical production function and the system of productioh functions
in the activity-based environment. |

fix)=h(g(x)) (6.1)
Thus, the actiﬁty-based framework is nothing more than a more detailed way of
describing the firm’s technology. This is similar to the approach taken by Becker
(1965) in his discussion of utility.

Even though the earlier developments assume that the firm’s production
function is unknown, some structure is imposed on that technology. Specifically, it is
assumed fhat the firm’s unknown production function is homogeneous of degree one. -
To extend these developments into the activity-based management accounting structure,
the classical and activity-based technologies must both have this structure. The

following proposition shows that such a relationship can exist.

Proposition 6.1£ If () and gj( J are homogeneous, then f(*) is also

homogeneous.

Proof: Let g = h(z) be hombgeneous of degree o and Z = g;(x) be homogeneous of
degree B for j = 1, ..., m activity outputs and x = (x,, ..., x,). By Equation 6.1,

g = fx) = hg(x)] = h[g,®), » Zu(®)]

50, m |
Z hz, =g (6.2)
Jj=1
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", dg, |
Sy, =Bz forj=1, o m 6.3)

i=1 x,.

i=1 ax,.

m . . m n ag
fx)=h(gx)), Y, hz =o0g = ij( J 'x,.] = afqg 6.4)
j=1 Jj=1
Since f = Xm:hj_aﬁ ,
Jj=1 axl.

f)=hE®), Y hz, = aq = Y xf, = abq
J=1 i=1
Thus f(-) is homogeneous of degree /8.

Q.E.D.

This result shows that hombgenéity of h(+) and g() is sufficient for the
homogeneity of f( ).  Furthermore, if h(+) and g(-) are homogeneous of degree one, f{(°)
will be also. Since this is the only structure required by either the input or cost-based
models of continuous improvément, they can be extended into acﬁvity—based

management.

The Zero Waste State

‘Since the aétivity-based framework is simply a more detailed way of expressing
the classical problem, ‘then' the resources consumed to provide the activity oﬁtputs must
be the same resources used to. produce the product in the classical problem so that

ij
J=1

5 =)x, | 6.5)

Since the activity outputs are endogenous to the system, the firm will incur costs only

for the purchase of resources. Thus, the firm’s basic objective in activity-based
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management is the same as the classical problem: minimize the cost of resources
subject to the underlying technology.

However, in activity-based management, the optimization problem faced by the
firm is more complex than the classical problem. At the activity level, the firm must
minimize the cost of resources used to provide each of the activity outputs demanded
at the product level subject to gi(). Let xj" be the zero waste combination of resourcés
that should be used to provide‘the actual amount of the jth activity output, z%,
consumed at the produdt level. The minimum actiVity level cost for the jth activity is

given by the following equation:

Cjo = lz::plx;. . ‘ » (6.6)
At bth_e product level, the cost of activity outputs used to producé the final
product must be minimized subject to A(;). Since activity oﬁtputs are prbduced and
consumed internally, they have no market price. The cost is determined by the
activity rate. The activity rate, I is the cost incurre_:d to provide one unit of activity

output. By the assumption of linear homogeneity, the optimal activity rate for the jth

activity can be defined as follows.

o
C.

=Ll | 6.7)

74
J

To minimize cost, the firm must select the optimal combination of activity

outputs, z°. The optimal cost is given by the following equation.

=Y r’z° (6.8)
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If the firm minimizes cost, 72 = z°. As a result, substituting Equation 6.7 into

Equation 6.8 yields

¢’ =3¢’ =YY pr;. | 6.9)

By Equation 6.5, it must be that

m .
Yxf =x | (6.10)
j=1

Thus, the zero waste state is the same for both the classical and activity-based

management frameworks. The following example illustrates this point.

Example 6.1. Suppose that the firm produces g = 20 units of output according to a

- linear production function.

.| *1 %
=min| —,—

Thus, x° = (40,40). The activity-based management systém of production functions is |

as follows:

q = min (lezz) 7
z) = min (x;,,%,,)
z, = min (x,y,%),)
For g = 20, 2° = (2020). Ifz, =20, x,° = (t;3, X,y = (20,20). Similarly, if z, = 20,
x,’ = (X5 %) = (20,20). From Equation 6.10, x,° = x;,° + x;,° = 20 + 20 =40

~and x,° = x5, + x,,° = 20 + 20 = 40 so that the zero waste state is the same for

both the classical and activity-based problems.
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Dual Nature of Waste

If the firm fails to minimize cost at either the activity or product level, waste
will exist. Waste exists at the product level if the firm uses a nonoptimal combination
of activity outputs to produce the prodﬁct. Waste exists at the activity level if the firm -
consumes a nonoptimal combination of resources to provide any of the activity outputs
demanded at the product level.

Let xj’_‘ ’be the actual resources consumed to provide the jth activity output. The
actual cost to provide the activity output demanded at the product level, ¢;, is the total

cost of the resources consumed:

-n .

Waste for each of the activity outputs is the difference between the actual and optimal
A 0

cost of providing the activity output demanded: w," = ¢; - ¢;°. Total activity level

waste is given by the following equation.

WCA = chj = E l pi(xi; —x,;.’) A (612)

Similarly, let z% be the actual combination of activity outputs used to produce the final

product, g. The product level waste is given by the following equation.
P_ Y | |
w, =31 -z , - (6.13)

~ Continuous improvement calls for total waste elimination. For this to be

accomplished, waste must be eliminated at both the activity and product levels. Thus, |
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the total waste to be eliminated is the sum of the total activity level waste and the
product level waste: w, = wcA + wcP .

If waste is eliminated at the activity level, the firm will use xj" amount of
resources to produce zj“. Assuming that g () is homogeneous of degree one, the
optimal resource combination that should be used to provide the optimal level of the
Jjth activity output, z2, is yxj" where y = zj"/zj“. By substitﬁting Equation 6.7 into
Equation 6.13 and summing Equations 6.12 and 6.12, the total waste to be eliminated
can be expressed as follows.

m n
L= Y ) -yxy)) (6.14)

j=1 =1

Thus, total waste can be expressed as a function of resource spending. Total
waste is the difference between the cost of the actuél resources used to provide the
actual activity outputs consumed and the cost éf the resources thét should be used to
provide thé optimal combination of activity outputs. By Equations 6.10 and 6.14, total
waste is the same for both the activity-based management and classical frameworks.

The following example illustrates this point.

Example 6.2. Consider the same problem described in Example 6.1. Also, let p=
($1,81). Suppose that 2% = (30,60), x,* = (xu XY (40 60) and x,* = (x;,%x,,")
= (80,120) so that x% = (120,180). |

Since z;* = 30 and z,% = 60, x,° = (30,30) and x,° = (60,60). From Equation
6.7, r° = ($30 + $30)/30 = $2 and r,” = ($60 + $60)/60 = $2. The activity level

waste for each of the activities is determined by Equation 6.12 as follows:
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wi = ($1)(40 - 30) + ($1)(60 - 30) = $40

w = ($1)(80 - 60) + ($1)(120 - 60) = $80

The total activity level waste is determined by summing over each of the activities:

wA = w4 + w_! = $120. From Equation 6.13, the total product level waste is

w, = ($2)(30 - 20) + ($2)(60 - 20) = $100.

so that, w, = w4 + w. =$120 + $100 = $220. -

In the classical framework, since x? = (120,'1 80) and x° = (40,40), w, = $220.
Thus, the total waste to be eliminated is the same for both the Classical énd activity-
based management frameworks. However, the latter approach provides a more

detailed insight into the nature of waste.

The Control System in Activity-Based Management
Since the classical and activity-based management frameworks express the same
problem and have the same optimal solution, either approach can be used to guide and-
evaluate continuous impro?ement. Activity-based management simply provides more
detailed information. - This detail provides valuable insights into the nature and cause
of waste. This makes actiflityfbased management a more ideal accounting structure for

the control system.

The Information Content of Activity-Based Management

Activities are the central focus of activity-based management. They represent

the work performed by the firm. By identifying what activities are performed,
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describing how they are performed and determining why they are performed, the firm
gains an understanding of the process involved in producing the product.

Once they have been identified and described, activities are analyzed to
determine the root cause of why they are performed. From this analysis, all activities
are classified as either value-added or nonvalue-added. An activity is nonvalue-added
if h(z,zj ) = h(z) for Z & z. In other words, an activity is considered to be nonvalue- |
added if the output of that activity is not inclﬁdéd, in any techﬁicaﬂly .efﬁcient
combination of activity outputs. If the output of an activity does belong to some
technically efficient combinaﬁon, that acﬁvity ‘is considered to be value-added.

A value-added activity can have a nonvalue-added conipohent under either of
two conditions. First, if zj" > 72, the firm consumes a nonoptimal amount of activity
output. The excess consumption is nonvalue-added. Also, if »xja # xj"’, the firm |
consumes a nonoptimal combiﬂation ;)f resourées to provide the activity output
demanded. Thu.s, a value-added activity has a nonvalue-édded component if the
activity output is not. provided efficiently, not used efficiently or both.

The nonvalue-added activities and nonvalue-added components of value-added
activities représent wasfe. Together, tﬁe‘ total cost of fhis waste, g‘iven in Equation
6.14, is the rionvalue-édded cost. Through continuous improvement, the firm
systematically eliminates the nonvalue-added cost to achieve the Value-‘added (optimal)
cost. | |

To completely eliminate the nonvalue-added cost, the ﬁrmmust perform all
activities efficiently and consume only the zero waste combination of activity outputs.

Knowing why the waste exists should help the firm to better understand how to
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proceed tewards the zero waste state. By identifying, describing and analyzing
activities, the firm learns Qhemer waste exists because a nonoptimal set of activities is
being performed, the activities‘ are not being performed efficiently or both. This
information can then be used to identify the areas fer, improvement and to guide the

firm in its improvement efforts.

Example 6.3. Assume the same problem described in Example 6.2. In addition to z;
and z,, the firm performs a third activity, z;, where z; = min (x;3,x,;). Let z;* = 20
and x;* = (30,40) so that x* = (150,220). As before, x° = (40,40) so that the firm has

total waste of $290.

Since ¢ = min (z;,2,), 73 is not included in any technically efficient
combination of activity outputs. It is a nonvalue-added activity. The total resource
spending of $70 represents waste. Knowing this, the firm should target this activity |
for complete elimination.

From Example 6.2, the outputs of activities 1 and 2 are not provided efﬁciently
and the activity outputs are not used efficiently. Thus, even though each of these
actiyities is value-added, each has a nonvalue-added corrrpenent equal to the sum of
the activity level and produet\level waste. To eliminate waste, the firm must select a
more efﬁcient‘ combination of activity outputs land 2 and provrded these activity

“outputs more efficiently.

Waste Elimination in Activity-Based Management

The nonvalue-added cost to be eliminated is defined by the system of

unobservable production functions. Thus, the activity analysis must rely on the cost-
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based model of céntinuous improvément and the control system developed in Chapters
IV and V to guide and evaluate the firm’s waste elimination efforts.' These earlier
developments extend in a straight forward way to the activity-based management
framework.

In the cost-based model of confinuous improvement, the firm realizes an
improvement equal to the change in resource spending. From Equations 4.3 and 6.10,
this imprpvement is given by thé following équation.‘

m n
I, = Ezpi(xijt—l _xijt) (6.14)
j=1 i=1
This total cost improvement can occur as a result of a reduction in activity and/or
product level waste. Through continuous improvement, the firm acts to simultaneously
eliminate both activity and product level waste. To reflect the dual nature of waste in
activity-based management and to idéntify the waste eliminated at each level, the total
~ improvement must be disaggregated into activity and product level improvements.

An activity level improvement is realized when resources are used more

efficiently to produce activity outputs. In period #-1, the firm incurs c;

.1 amount of

spénding to provide Zj;.; amount of activity output: Ci-1 = § PXy1e Similarly, the
firm incurs actual cost of ¢, in period ¢ to provide z; amount of activity output. By
the. assumption of linevar homogeneity, if the output of the Jth activity would have
remained constant, the firm would héve incurred feéource spending in period ¢ of

(zj,_ I/th) (c - The differenpe between the actual cost in period 7-1 and the cost that
would ﬁave been incurred in period ¢ if activity output would have remained constant
is the activity level improvement. Thus, the improvement in period ¢ for the jth

activity output, / cj,A, is given by the following equation.

71



4 X~ 2y
_ _ -
I = pi(xijt—l

i=1 th

X (6.15)

%

At the product level, improvements are realized only because the activity
outputs are used more efficiently. Operationally, the improvement is the decrease in
spending that would. haVe bf;en realized if no activity level improvements occurred (ie.
~ there was no change in the éfﬁciency of the usage of resources, only the usage of
activity outputs). If resources were not uséd more efficiently, the actual cost of each
unit of activity output (the actual activity rate) would remain unchaﬁgéd. The actual

activity rate in period ¢ for the Jth activity output, ry, is given by the following

equation.
Z .
. - gp'xw 616
z;,
The product level improvement, I CjtP , is then determined as follows.
I;, =1,(2,.1 ~2,) (6.17)

It is easy to see that the total of the product level improvements and the
activity level ifnprovements for each of the j ‘activity outputs sum to the tqtal decrease
in cost given by Equation 6.14. Thus, the activity and produét level improvements
provide a more detailed view of the same cost improvement described by the cost;

based model of continuous improvement. This is illustrated by the following example.

Example 6.4. Extend the problem presented in Examples 6.1 - 6.3. Table 6.1 shows
the resource spending in total and for each of the three activities and the actual activity

outputs for the first three periods.
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Table 6.1
Observable Resource Spending

it %
t ¢ Cpy Cy C3; 21t Zy Z3

$370.00 $100.00 $200.00 $70.00  $30.00 $60.00  $20.00
225.00 70.00  120.00 35.00 26.25 45.00 12.73
152.50 55.00 80.00 '17.50 24.06 36.00 8.10
116.25 - 4750 ~ 60.00 8.75 22.86 30.86 5.15

W N = O

The total improvement for activity 1, I ,,, is the change in resource spending
for that activity: I.;, = ¢y - ¢;; = $100 - $70 = $30. By Equations 6.15 and 6.17,

this total improvement can be disaggregated into activity and product level

improvements.
30
I, = $100 - ——(870) = $20
cll 2625( )

$70 ' '
15 = 22 (30 -26.25) = $10.
cll 2625( ] ) .

The total improvements for activities 2 and 3 cén be disaggregated in a similar
manner.

The aétivity level imi)rovement indicates that a cost reduétion was realized
because resources were used more efficiently to provide the activity output. The
product level improvement represents an additional cost savjngs because the activity
output was used more efﬁciently to pfoduce the product. Thus,‘ the total improvement
of $30 occurred because of the elimination of a portion of both activity and product -

level waste.
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Guiding the Elimination of Nonvalue-Added Cost

To ensure that the total elimination of nonvalue-added cost will be
accomplished, the firm must guide and evaluate the activity and product level waste
elimination efforts. The control system developed in Chapter V can be extended to
activity-based management to provide this guidance. Extension of the control system
to the activity-based framework is straight forward.

As product and activity level improvements are realized, 'the residual waste

decreases. After ¢ periods, the residual product level waste, R and activity level

c1t >

waste, Rc]t , for the jth activity output are glven by the followmg equations.
» P .
qt = E o (6.18)
and ;
4 4 4 . - '
Ry =wy - 1, (6.19)

A portion, kqt (k

it 4), of the residual product (activity) level waste will be eliminated

in each period. The following equations determine the proportion of waste eliminated

at each level in period ¢.

1 |
kg=—2— (6.20)
¢t-1
and
A4 .
ke = i;i- (6.21)
git-1

If it is observed that I P >0 4> 0), then k P >0 (kA > 0). By the assumptions

¢t Gt

of continuous improvement and economic feasibility, k P <1 (kth <1). Thus, k P

(kqt ) is observably and unambiguously bounded such that 0 < k P <1(0< k A <1).
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Obviously, the elimination of nonvalue-added cost follows the same basic
structure as the cost-based model of continuous improvement developed in Chapter IV.

4

Thus, by the Convergence Property, if kcjtP (k.;”) is constant or increasing, the product

(11
(activity) level waste will be completely eliminated in the limit. By Equations 6.15
and 6.17, the observable total cost improvement seri‘es (. Iy ..., 1) can be
disaggregated into pfoduct and activity level improvement series.‘ The behavior of kcjtP
(kcth) can be inferred by apply‘ing. the I ,Ratio Test to each of these series

individually. As discussed in Chapter V, this information can then be used to guide

and evaluate continuous improvement efforts. Consider the following example.

Example 6.5. From the cost sequences in Table 6.1, the improvement series shown in
Table 6.2 can be calculated. Applying the I, Ratio Test to the total cost improvement
series shows that k, is constant. Thus, the Convergence Property is satisfied and, in

the limit, waste will be completely eliminated. The series sums to reveal an optimal

cost of $80.
Table 6.2
Cost Improvement Series
4 : P
cht cht cht
- 4 A 4 P P P
! Ict Iclt IcZ! IC3! Ic]t Ic2t Ic3t Iblt Ith Ic3t

$145.00 $30.00 $80.00 $35.00 $20.00 $40.00 $15.00 $10.00 $40.00 $20.00
72.50 15.00  40.00 17.50 10.00  20.00 7.50 5.00  20.00 10.00
36.25 750 20.00 8.75 5.00-  10.00 3.75 2.50 10.00 5.00

W N =

Consider activity 1. Applying the I, Ratio Test to the activity and product

level improvement series indicates that k,;# and k,;,” are constant. The series sum to
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reveal activity level waste of $40 and product level waste of $20. If the activity level
waste is eliminated, the firm would incur a cost of $60 to provide 30 units of activity
output so that r;° = $2. Thus, from Equation 6.13, z 1"‘= 20. At the zero waste state,
the firm would incur a cost of $40 to provide 20 units of activity output for activity 1
for the production of 20 uﬁits of the final product.

The zero waste state for the other activiﬁes can be determined in a similar
manner. By guiding and evaluating the beha{fior of kcth and kch as discussed in
Chapter V, the firm can accelerate waste elimination and create a competitive

advantage. Thus, the continuous improvement control system can be easily

incorporated into the existing accounting structure of activity-based management.

Summary

Continuous improvement is designed to eliminate wasteful practices. Thus,
with a central focus on activities‘, activify-based management provides an ideal
accounting structure for the control system that supports cohtinuous improvement. The
control system, described in Chépter V,‘ is easily extended to the activity-based
framework.

The cost-based model of continuous improvement upon which the control
system builds assumes a classical production function wherein the firm consumes
resources to produce a product. In activity-based management, the firm consumes
resources to perform activities and consumes the outputs of those activities to pr(‘)duce’
the product. Thus, activity-based management is described by a system of production

functions rather than a single production function.
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The technology described by activity-based management gives a more detailed
view of waste. By analyzing the root causes, the activities can be classified as either
value-added or nonvalue-added. The total cost of nonvalue-added activities and the
nonvalue-added components of value-added activities is waste. The total waste, the
optimal cost and the zero waste state is the same for both the activity-based and
classical frameworks.

As the firm eliminates nonvalue-addéd cost, waste will be _simultaneously
eliminated at both the activity and product levels. The total cost improvement can be
disaggregated into activity and product level improvements. By applying the cost-
based model of‘ continuoué improbvement to each of the production functions in the
activity-based management system independently, information gained from the activity
and product level ifnprovement series can be used to guide and evaluate the firm’s
waste eliminatioﬁ efforts as described in Chapter V.

The description of activity-based management presented in this chaptér is
limited to a very basic problem. Obviously, future research will benefit from a more
complex and realistic model in which multiple products are produced and nonunit level
activities are performed. These and other extensions to this study are discussed in

Chapter VII.
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CHAPTER VII
SUMMARY AND EXTENSIONS

Summary and Contributions

Continuous improvement is characterized by the incremental, sysfematic and
complete elimination of waste. In physical measures, waste is the difference between the
actual inputs used and optimal inputs that should have been used to produce a given
quantity of output. In financial measures, waste is the difference between the cost of the
actual inpﬁts used and the cost of the optimal inputs. The zero waste state is found by
mihimizing cost subject to an output constraint given by a well defined production
function.

In a continuous improvement environment, the control system must identify the
total amount of waste to be eliminated. Then, the actions necessary to achieve the
improvement must be determined. Finally, actual progress must be evaluated to
deterniine vwhether or not the ihtended improvement ,occﬁrs. In shért, the control system
must identify the amount Of Waste to be eliminated and theh guide and evaluate the firm's
progress toward the zero waste state. |

In practice, identifying the waste to be eliminated is no trivial matter. Because
the underlying production function is unobservable, the optimal inputs and minimum cost
are also unobservable. The firm can only observe the actual inputs used and cost

incurred each period. Assuming that some waste is eliminated from each input in each
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period, the differences in input consumption across time create observable improvement
series. These series reveal much about the firm's continuous improvement efforts.

The waste that remains after each improvement is the residual waste. Because of
the incremental nature of continuous irﬁprovement, only a portion of the residual waste
will be eliminated ‘il‘-l any given period. If the proportion of waste eliminated each period
increases at a decreasing rate or remains constant over time, total waste will be
eliminated in the Hmit. This is known asvthe Convergence Property. By comparing the
ratios of the observable improvements oﬂler time, the firm can infer whether or not this
property is satisfied.

If the Convergence Property is satisfied, the amount of waste to be eliminated for
each input can be inferred from the observable improvement series. Due to the
systematic nature of waste elimination in a continuous improvement environment, the
improvement series for each input eonverges sueh that the sum of the series is equal to
the total amount of waste to be eliminated for that input. By subtracting total waste for
each from the actual amount of inputs initially consumed, the optimal input combination
can be determined. Thus, under certain conditions defined by the Convergence Property,
the nature of continuous improverrient can be exploited so that the observable data can be
used to identify the zero waste state after a ﬁnite number of periods. This is true even
though the underlying production function is unobservable.

The assumption that some improvement is realized for each input in each period
requires that the firm have prior knowledge of the direction in which the optimal input
combination lies. It is not realistie to assume that such knowledge exists. If this

assumption is violated, the observable improvement series will provide ambiguous
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signals about the total amount of waste to be eliminated and the proportion of residual
waste eliminated each period. Thus, the input-based model of continuous improvement
is limitéd in its practical application.

These limitations and ambiguities can be overcome by a cdst-based model of
continuous improvement. The input-based model exteﬁds to the cost framework in a
parallel manner. However, any decrease in cost unambiguously signals an improvement.
Thus, if the observablé cost improvément series satisfies the Convergence 'PropertyA the
minimufn cost will always be revealed. If the firm achieves the minimum cost, it must
alsQ achieve the optimal input conibinatioﬁs. It is this cost-based model that allows for
the control of continuous improvement efforts.

The I, Ratio Test and the Convergence Property provide fhe foundatioh for the
control system. Ifthe I, Ratio Test reveals that the proportion of residua.l waste
eliminated each period is constaﬁt or incféaéing ata decreasing rate, the Convergence
Property is satisfied so that the firm is on course to the zero waste state and continuous
improvement efforts are in control. If the 7, Ratio Test reveals that the proportion of
residual waste eliminated each period is decreasing, the firm cannot be sure that the zero
waste staté w111 be achieved and, therefore, continuous imprbvement efforts are out of
control and must be revised. The /, Ratio Test evaluates the waste elimination efforts
and guides the firm toward the zero waste state.

- However, the zero waste étate éan only be achieved in tﬁe limit. It is, therefore,
the theoretical goal of continuous iniprovement. For practical purposes, the firm should |
set some target level of waste elimination that can be achieved in a finite number of
periods. If the firm is on course toward the zero waste state, it must also achieve this

practical target cost.

80



To create or maintain a competitive advantage, the firm must reach the target cost
more quickly than competitors. To do so, the rate of waste elimination must be
accelerated, especially in the early periods. As the rate of waste elimination increases,
the difference between the 1 c; ratios Will incr‘eaé‘e. By maximizing this difference, the
firm will achieve the téirget cost as rapidly as possible. Thus, the I, ratios can be used to
not only to determine if the target cost will be achieved but also to control the rate of
waste elimination.

The data used to control continuous improvement should be provided by an
accounting infbrmation system. Activity-based management is an accounting structure
that focuses the firm's attention on activities with the objective of eliminating waste.
Thus, activity-based management provides an ideal accounting structure for the control
system.

In an activity-based framework, the firm consumes resources to provide activity
oﬁtputs and consumes the activity outputs to produce the final product so that the firm
operates according to a system of production functions. In the production system, waste
exists at the activity level if the firm consumes a nonoptimal combination of resources to
~ provide the actual activity c;utputs demanded at the product level. Waste exists at the
product level if a nonoptirﬁal combination of activity outputs is consumed to produce the
product. To reach the zero waste state, waste must be completely eliminated at both the
activity and product levels.

By disaggregating waste into activity énd product levels, activity-based
- management provides detailed insight into the nature and cause of waste. As waste is

eliminated, improvement series can be observed at each level for each activity. The I,

81



iRatio Test can be applied to each of these series individually to guide and evaluate waste
elimination efforts. Thus, the control system can be incorporated in a straightforward
way into the existing accounting structure of activity-based management.

This study develops a model of continuous improvement that, within a set of
reasonable assumptions, uses observable data to ensure that the conditions necessary to
achieve complete waste elimination eicist and identifies the zero waste state defined by an
unobservable technology. Information gained from this model is used to guide and
evaluate continuous improvement efforts by determining if the firm is on course toward
the zero waste state and by controlling the rate of waste elimination to ensure that the
target cost is achieved rapidly. The resulting control system can be readily incorporated
into the existing accqunting structure of activity-based mariagement. This represents the
first step toward the creation of a comprehensive control system for continuous
improvement. At the samé time, the limitations of this study suggest many possible

extensions for future research.

Limitations and Extensions

The control system developed in this study is built upon a model of continuous
improvement. According to the model, the proportion of residual wasté eliminated each
period, k, must be constant or increasing at a decreasing rate if the zero waste state is to
be achieved. In total, there are seven possibilities for the behévior of k: constant;
increasing at a decreasing, constant or increasing rate; decreasing at a decreasing,
constant or increasing rate. The I, Ratio Test identifies oniy three of these and the
Convergence Property is satisfied for only two. These alternative behaviors open

avenues for future research.
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Obviously, waste will be completely eliminated in a finite number of periods if &
increases at a constant or increasing rate. What about a decreasing ? It can be shown by
example that the zero waste state can be achieved if k is decreasing, but this will not
always be true. What conditions rﬁust hold fora decreasing k to create an improvement
series that feveéls the zero waste state?

The behaviqr of k is inferred 'fro’m‘the I, Ratio Test. This test deals with only
three of the seven péssible behafliors for k. Ttis yet to be determined how the observable
data be used to identify other alternative pattems'. A more compléte understanding of k is
needed.

The observable improvement series of the input-based model fail to reveal when k
<0. Thus, in the model presented here, financial measures _of performance are more
complete and accurate than physical measures. This is counter to the current trend away
from financial measures. Thus, coﬁtihued research into the relative merits of each is
warranted.

From an increased understanding of the relationship between financial and
physical measures of performance and the informatioﬁ provided by each, the model of
contihuous irﬁprovement could be expanded. Using bofh measures together, it may be
possible to separate waste into technical and mix inefficiency. This might provide further
guidance for the firm's future improvement efforts. Even though neither measure is
sufficient to reveal the optimal input éombination, both together, along with an increased
understanding éf k, may completely identify the zero waste state. Future research should

address these possibilities.
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Throughout this study, it has been assumed that input prices remain constant.
Except in certain special circumstances (ie. the firm produces output according to a linear
pfoduction function), a change in prices will result in a change in the zero waste state.
The model of continuous improvement should, therefore, be extended to include the
possibility of changing 'prices. |

Anothera'ssumption of the current model is thét the underlying technology,
although unknown, remains unchanged. A firm could implement alpha (continuous
improvement) and gamma (reengineering) typé changes simultaneously. Any change in
the underlying technology will most likely 1_result in a change in the zero waste state.
Thus, the model should be further extended .to identify these changes.

A model that included changes in technology and prices, separated waste into
technical and mix inefficiency and identified both the minimum cost and optimal input
combination would provide a great deal of information about the waste elimination
problem facing the firm. With this information, it may be possible to identify the actual
production function faced by thé firm. Knowing this, a comprehensive control system to
guide and evaluate continuous improvement can be created.

‘The control system is incorporated into the existiﬁg accounting structure of
activity-based management. This study presents only a very basic description of activity-
based management. A more complete modeliﬁg of the frémework is needed. This model
should include, at a minimum, multiplé products and nonunit level activities.
Ihcorporating the éomprehensive control system into this accounting structure will
provide the support necessary to help the firm to create or maintain a competitive

advantage.
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In conclusion, this study represents an important first step toward the creation of a.
comprehensive control system capable of supporting continuous improvement. However,:
much work remains to be done. The controlbsystem and the model upon which it is built |
must be more fully developed before they can be tested empirically and incorporated into

practice.
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