Increasing the Profit of a Microeconomic Process
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Atheory is the more impressive the greater the simplicity of its premises, the more
different kinds of things it relates, the more extended its area of applicability. Therefore
the deep impression that classical thermodynamics made upon me. It is the only theory of

universal content which | am convinced will never be overthrown.
Albert Einstein

Abstract

It would be of great benefit if management coulédict the huge profits that
would result from modest investments in procesgavgment initiatives such as Lean,
Six Sigma and Complexity reduction. While the apgion of these initiatives was
initially restricted to manufacturing, they haveeheexpanded to transactional processes
such as product development, marketing, and indk@dicroeconomic processes...
This paper derives an equation that, subject tihéurtesting, appears to make such a
profit prediction possible, allowing a rational@stment in microeconomic process
improvement.

That the profit of a company is greatly increasgdhe reduction of internal
waste was originally demonstrated by Henry Ford has been greatly extended by
Toyota. All waste in any process results in lorigad times, measured from the injection
of work into the process until its delivery to thestomer or user. Thus the increase in
profit is principally driven by the reduction ofdé time through process improvement.
The lead time of any process is governed by theu@gerheory formula known as
Little’s Law.

The central result of this paper is that the redandead time, as expressed by
Little’s Law, leads to an equation for the reductad process Entropy and waste. The
expression is identical with the reduction of epyrand thermodynamic waste in a heat
engine. Case studies are used to estimate the mdgmf the related Boltzmann’s
Constant for Microeconomic processes. The resuggation of Profit Improvement
allows the prediction of the amount of waste cdistiaation based on explicit Lean, Six
Sigma and Complexity reduction process improverpardmeters. Additional data is
being collected to more accurately estimate themtade of Boltzmann’s constant for
microeconomic processes.
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Introduction:



The efficiency of the transformation of Revenudtofit not only drives the share
value of corporations but also the destiny of ecoies, nations, and the career
opportunities available to their citizens. That thener “Big 3" automakers did not
immediately and universally apply the Toyota Prdaurcand Toyota Design
Development System when it was well understootheén1t980’s contributed to the loss of
50% of market share and made the cost of emplogeefits unsupportable long before
globalization. Had the leaders of the “Big 3” bexdate to project that > 10% cost
reduction would result from the Toyota processytheuld more likely have taken
immediate action and be twice their current sizee §oal of this paper is to propose an
Equation of Profit that makes such projections fidssand effective management action
more probable.

In 1824 Sadi Carnot wrote that the economic supy of Britain depended as
much on her invention of the steam engine as oNaey and Empire. Carnot sought to
understand the maximum useful Work output thatragiree could deliver for a given
heat energy input. We will first describe Carnatigestigationéand then apply them to
the profit in a microeconomic. The application leétmodynamics to microeconomic
processes is justified by the work of E. T. Jayaesl is discussed herein.

Waste in an Engine Carnot, followed by Clausius, reasoned thatachecycle, an

engine receives heat energy ffom a Hot combustion source at temperatuyeWith

each power stroke of the piston, the engine tramsfgart of this input energy into

useful work to drive a shaft. The rest of the inpoérgy is expelled as waste energy Q

to the environment at the Cold sink temperaturd &25°C at which point the cycle is
complete and engine is ready to receive more heag. Carnot discovered that a
guantity known as the Entropy Sgy was drawn from the Hot source and at least that
much Entropy was delivered to the Cold temperaturie. Even under ideal conditions:

Qi _Q
Entropy =S — = 1
Py TH Tc @
thus the minimum waste energy Qelivered to the Cold temperature sink is
Waste=Q = T ! (2)

Minimum waste in an engine is proportional to epytoAccording to (1) entropy falls as
Ty increases. This discovery helped inform the dgyeknt of engines, from the
atmospheric engines of the™&entury which operated at 3% efficiency and about
100°C to the modern gas turbines which operate at 4ifigbemcy and 300€C.

The explicit expression for the entropy of an idgas undergoing compression at a
constant temperature is easily derfvadd will be useful in studying microeconomic
waste:



Change in Entropy A S {d?Q , but from the 1 Law oéfrhodynamics

dQ=dU+pdV where Q=heat, T=Temperature jternal energy,p=Pressure,V=Volu

\Y T
AS:j(dU;pd ) :j(qd +pd\0 = in for isothermal process where dT=(

T
for an ideal gas, pV=nRT ang c is the specific heahumber of moles
VFinaI
nRTdV dv
AS :j VT =R j v = NRIG(Veina !V iiar) 3)

Vinitial

Similarly, if we compute the change in energy due tohisohal compression:

AE J. dv J. MRT gv= nRTlog V/V) (3a)
note that:

A_S:E (3b)
AE T

Waste in a Microeconomic ProcessSince the minimum waste in an engine is
proportional to the entropy, we will inquire if cparable entropy exists in a
microeconomic process and if its’ equation canlanty inform the reduction of waste
and increase in microeconomic profit. If the comphas W units of Work In Process
Inventory’ and ships products which contain C units per ytben the company turns
inventory Z=C/W times per year. Each turn of inegtis analogous to a power stroke
of an engine. W units of Revenue are drawn inamae/unit r, processed, and under
ideal condition W units of cost are expelled attost c. The input revenue per turn is
R¢= rW, where r is the average revenue per unit and iWe number of units per turn.
Likewise, a business expels cost per inventory tdin€=cW where c is the average total
cost per unit including indirect expenses such &8 &R &D, Cost of Capital, etc. Notice
that if we form the ratios:

R_MW_, G_cW_, "
r r C C

Since under ideal conditions W units flow from Rewe to Cost, and we inquire if some
function of W is related to the entropy and wadta process.

Little’s Law and Microeconomic Entropy

Waste is defined as any cost that does not addrg feature or function of value to the
customer. Lead time is measured from the timengdction of raw material into the
process to its completion as finished gobdehe major intuitive insight that the
elimination of waste in labor and overhead by psscimprovement drove faster lead
time was due to Henry Ford. The Model T originaittd for $850 and took 14 days to
produce. Process improvement eliminated nearlghallvaste in labor and overhead, and
the same car was produced in 33 hours and solB#5 at higher total profit. Kiichiro
Toyota essentially adapted this process to theymtazh of a variety of cars using what is
now known as Lean Six Sigma and Complexity reduactomls. That faster lead time
results in lower cost has been observed in othes#ctional (non-manufacturing)



microeconomic processes such as product developmarnieting, planning, budgeting,

etc. The Lead Time of any process is governed byd'sttl aw?, The time per cycle of

production from injection of work into a processt®completion is:

Lead Time of any Processl,\l-l“lmber of Units of quk In Process W, - time/cyce (5)
Average Completion Rate D

As an example of Little’s Law, if a process has Wior Process (WIP) of 50 units and

has an average completion rate of 2 units per hbean the average time for a unit of

WIP to transit the process is:

Lead Time of Process :SOU—nItS =25ho

2 units hour

Thus a manufacturing cycle is completed every 2&$idn a transactional process, the
Average Completion rate is measured in numbersistaompleted per unit time. Notice
that the Work In Process in Little’'s Law is a dirsgmless number...it is simply the
number of units, not their cost or revenue etc.ubiothe WIP may consist of a variety
of different items having different completion ratenly theaverage completion rate
governs the lead time (often called cycle timefhef process. Moreover, Little’s Law is
distribution independent: whether the variety sktaompletion times follow a Gaussian
distribution as in manufacturing, a Rayleigh dition as in product development, or
other is irrelevant to lead time. Little’s Law Haesen referred to as the Newton"8 Raw
of processes by Professor’s Hopp and Speatman

To discover if entropy exists in microeconomicqesses, we transform Little’s Law
into a velocity equation by inversion:

Process Velocity = v = Average Completion Rate ~ _ 1 _ D cycles/utime (6)
No. of Units of Work In Process t W

This velocity is the number of manufacturing cyatespleted per unit time, or in the
case of Product Development the number of desiglesiunit time. Clearly the velocity
is inversely proportional to the Work In Processad directly proportional to D. The
first tenet of Toyota is that a Pull Systemust be established such that the Average
completion Rate D= Market Demand. This having bessomplished, D is a constant
exogenous variable driven by the market duringgasricomparable to the lead time.
As a first approximation, we will assume that Zastant. We will then show that
variable D does not affect the derivation of thaatwpn of improved profit.

1. Assumption that Demand= D=Constant

The rate at which the velocity of a process iniggccelerated is related to the rate at

which W can be reduced assuming that D is constémis -dW/dt is a factor in the

force reducing accelerating the process. Takieditat derivative of (6) we obtain:

Acceleration = a ___d_v = %d—w cycles/hour(i (7)
dt W< dt

The Role of the factors in the Acceleration equatio (7):

Equation (7)is the acceleration of the velocityhaithich the WIP completes a cycle of
production, for example, from Raw Material to Finegl Goods. We will examine the role
of the factors in equation (7)

A.The-cij—\{[v factor in (7):

We know that a reduction of WIP will accelerate pnecess, hence we relate this factor
to an external force applied by process improveraaah as setup reduction etc which
reduces the batch size needed for a given demém®rda he smaller batch sizes result in



less WIP and hence faster lead times and ultimésel/waste. Similar examples will be
discussed below in transactional processes

B.The # Factorin (7)

Newton actually attributed the term "inertia" toan€'the innate force possessed by an
object which resists changes in motidrThe greater the inertial mass, the less will a

body accellerate under a given external force mchil—vtv Looking at (7) we conclude

: W : :
that, for a given force—dd—t, the larger isW? the smaller the acceleration. We

tentatively associate the mass of a process withOfe might intuitively expect the
mass of a process to be directly proportional toAMdwever, each unit of WIP can only
advance on average if all those ahead of it alsaraze, as well as all those behind it.
Thus each unit of WIP is, on average, coupledltthalother units of WIP through
Little’s Law. This coupling is analogous to an iwthr, in which each turn is coupled to
all the other turns leading to self inductance prapnal to thesquare of the number of
turns rather than just the number of turns. Sincis Wdimensionless number, so is the
inertial mass of a process,WHowever, unlike the dynamics of particles, the
acceleration WIP is determined, not by its madslograms, but by the total number of
units of WIP in the process. Since the inertiabsof a mechanical body is measured in
kilograms, the word mass cannot be used in a teahsénse.to describe a process. We
propose to make the distinction between mechamediial mass and process inertial
mass by using the terRrinertia for process inertial mass .

Process Inertia Prinertia = W (7

Self-Consistency with Newton’s 2nd LawAssuming that that YMs the Prinertia of a
process, we can use Little’s law to determineadf dierivation thus far is consistent with
Newton’s Second Law. Using the Variational Prin€ijdnown as the Principle of Least
Action.

:% from (6), thus Momentum =p = Mv = V@%) = DW fromg(),

tf tr
Action:j pvdt=j D\N(%j dt =0 (t-1) all of which areonstant, henc  (8)
ti ti

A(Action)=0
Since the variation in Action is zero, the Eulegtange criterion is satisfied and
Newton’s Laws are the equations of motion of a pssc

C. The D factor in (7):

While the role of W and —dW/dt in process acceleration is clear, oheaf the D factor,
unit demand per unit time, is not obvious. Theretaro possible parsings of (7). Does D
contribute to mass or to force? To determine whetkeD factor in (7) is part of force —
dw/dt or Prinertia W, we will calculate the “energy” to accelerate W& from the

initial velocity to a faster velocity. We will reqe that the resulting units of measure of
“energy” be in appropriate units of KlvThis will thus determine if the D factor is part
of Force or Prinertia, Given that M s dimensionless in a process, process energy
will be measured in terms of a velocity squared. d&ienot use the term energy in its
strict technical sense since it is measured is.e&vipreover, the ergs expended on WIP
has no more to do with the acceleration than dd&ilbgrams of WIP. We will therefore
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employ the term Process energy or “Prenergy”. lséfbllow a unit of WIP down the
process. Process improvement is continually redusatup time, batch size and hence
WIP W or its equivalent in transactional processe$ime dt, the unit of WIP will, on
average, be slightly accelerated as it moves artistds down the process, reduang
hence increasing the number of cycles per unit.tirhe amount of “Prenergy” applied
in accelerating the WIP due to process improverfartioth possible parsings of the
factor D in (7) are :

Trial 1: Assume that the D factor is part of forde= - Dd—W

dt

APrenergy :j Fds , but if v is the velocity of theRVthen ds=vdt,

and with D part of Force we have:

Mass=Prinertia =W which is dimensionless sinces\&l dimensionless number

and F = - D(L—Vtv (8a)

then with v D from (6) ds D dt, therefore:
w w

APrenergy:]L Fdsj( %)(R %t: . d—v\\//V: A logW -logyv (9)

w

Wi

The second factor on the right side of equationg#e entropy of an economic process,

similar to that previously derived by Bryant (2067p in (9) is a parameter of the

process, not a universal constant. Thus compa@ingith (3a) and assuming (7a) we

make the association:

Table of Thermodynamic to Microeconomic Processesith Prinertia =W 2
Thermodynamics Microeconomic Process

1.Universal Constant R - 1
2.Energy to compress nRTlogV- D?logW to accelerate
nT - B (9a)
3.Entropy nRlog\L logW
n - 1
4. Temperature T - B
5. oumeV - WIP W

Discussion:We will discuss the logic of these 5 items in tlabIE in sequence

1. Equation (9) contains no universal constant, hétwek.

2. Thermodynamic energy contains a coefficient nRTctitranslates to a process
energy coefficient B On a preliminary basis we therefore translatémnT
thermodynamics to £in a process.

3. Thermodynamic entropy contains a coefficient nRowhranslates to 1 in process
entropy, hence process entropy is logW with n=1

4. Since n=1, nT translates to T, and the analog afffgature is B

5. Since n and R both translate to 1 in item 3, Thelynamic Volume translates to
Process WIP

. It should be noted that this analysis makes seréiesn on the magnitude of the process
values of the Microeconomic Boltzmann constant clvimust be determined



experimentally. The assertions above assume tivarBa= W. We will show that all
other choices are internally inconsistent.

2
Trial 2: Assume that the D factor is part of Prinerﬁa.:WF

This alternative parsing of D between Force anddetia in (10) is:

2
M= w , F= dW ,then

dW T dw (10)
Prenergy{ Fdsj = L B -D logw -logi)

Wi

And the units of measure resulting from Trial 2 m@nsistent with a Kinetic Energy
since there is no velocity squared and must betegjebased on the criterion of units of
measure of Kinetic energy.

Conclusion: Prinertia= W the D factor is part of forcdsorce= DOlﬂ (10a)

dt
Trial 3: Consistency dPrinertia = W with the Kinetic Theory of an Ideal Gas:

The derivation thus far has relied solely on Ligtleaw. We will now assume the values
derived for Prinertia df1=W? assuming that D is a factor in the force peajlWe

will substitute Prinertia dfI=W? into Maxwell’s velocity equation for an ideal gasd
determine if the units of measure of a velocitysistent with Little’s Law result.
Equation (9) is similar in form to the entropy of ideal gas under isothermal
compression as derived in (3). Using items 2 aimdtBe Table, we have

(Prenergy = B logw=B( Entropy (11)
J(Ent

In ThermodynamlcsM -1 by analogy we calculate from) (11

o(energy T

0(Ent

—( n rop)b ——therefore the tengrature of the process is:

o(Prenergy D

T-D?, (12

confirming item 4.The average velocity of a moledn an deal gas is,
from the Kinetic Theory of Gas:

2.55k—T (12¢
M

but if we substitute T=D , M=W we have:
2
2555 D\/255k (13)

but v= % according to Little's Law

Thus the derivation of the entropy of a proceg®)reads to a velocity (13)which is in
form consistent with both kinetic theory and quepiimeory. The coincidence is the more
remarkable because Maxwell’s derivation of (12anisrely mechanical in origin, and
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the derivation of (6) by Little is based on Queuirigeory. That the same form results
from two entirely different sources lends credetacthe result. The value of the
Boltzmann Constant of Microeconomics will have eodetermined experimentally.
However, had we chosen the form of (10), the equaif a velocity would have been of
the form:

KT kD? ED3 D
v=,[255— =255 —— o 2. =+ 2.55k
M \/ W?/D w2 w

Which form is not functionally consistent with Léts Law in (6). Thus our preliminary
assignment of Mass=1/4 internally consistent since it results in toeare of a
velocity, and is externally consistent with Maxweelrelocity formula for an ideal gas.
The speed of WIP passing through a process is amtkgmt of the dollar value of the cost
when the WIP enters the process or the revenue wheeits. Because the velocity is
independent of dollars, so is the internal tempeeadf the process.

Discussion: We would normally expect the energyeexied by a constant force
accelerating a constant mass to be:

S t t \';
\ 1
(Energy). :j Fds{ det{ ( I\?&j th:’{ vdv=2 I\@f& +6)
S i i

"

However, in the acceleration of a process, bothrtass (prinertia) and the accelerating
force arevelocity dependent:

Since V:'VRV , W-—-[2 , the Force= _‘%VtX can be written
v

2 2
Force:-Dg(EJ = +D_(ﬂ’j :(Ej (ﬂj and the mass
dt{ v v dt v) \dt

2
Prinertia=W {Bj hence both the process Force and Bi@sgelocity depedent
Vv

That the energy to accelerate a process shoultt reswch a simple expression as
D?logW, given velocity dependent force and massyigegsurprising.

Trial 4: Analogy of Process Improvement with the Thermodyica of a Nozzle

Process Improvement accelerates low velocity WA ligh velocity WIP at the same
demand rate D. Process Improvement can also bedias a nozzle which similarly
accelerates low velocity gas to a higher veloattthe same overall flow rate. But do the
process variables satisfy the thermodynamic egusif a nozzlé', which are:

Pt S
A(KineticEnergy) nozze <A Ulozzie = j vdP j Tds (13,
Pi Si

where V=Volume, S=Entropy,P=Pressure, T=Temperature



2 2
U=Kinetic energy=1— MV - 1 W Lo :
2 2 W 2

Since D is constant throughout the improvementgssc
2

AU=A(D7J = 0 and the left side of (13a) must be zero

We have expressions for all variables ingjL8xcept Pressure.
From Thermodynamics we know :

PressurezP:(TﬁJ - T{i Iog\}/ 22— (13b)
Vv ), ow o> W
2
D2 D2

dP= {Wj = e dW and (13a) becomes, with egsions for V,T,S from (9a)

Wi Wi Wi Wk

2
A(KineticEnergy) :J v{ D—2 d\Aa j aw :j aw j pdW 0 (13c)
W W W W
Wi Wi Wi Wi

And (13a) is identically zero showing that the ded process improvement variables in
fact satisfy the thermodynamic equations of a rezz|

2 Prinertia = W? when Demand D is variable:
We have derived and expression for process ineft¥s* when Demand D is constant.
Will the prinertia remain \Wwhen demand is variable? We first take the derieatf the

velocity (6) with dD/dt20 and obtain:



Acceleration%—\t/ :E(Bj -1 ( dDj —D( de (13d)

dtlw) “wl dt) w2 dt
we will make the hypothesis that MW and determiribé
resulting Prenergy is consistent with (9). SincecE Acceleration
Mass = W

We factorWi out of (13d):

2

Force =[ V\{dDj [{ dWD ,and recalculating Prenergy as in (9)

dt) Udt

between the pair of initial values (W ,D) and fimalues (W ,bD),

D, Wr D, Wt
Prenergy = Fds W(d—DjD(d—Wj (Edtj

dt dt w
Di,Wi Di,Wi
Dt Dt, Wk
dw 1 o Dr, W

Prenergy{ DdD J. W =(§ 5) ) ( B IogV){'DiYWi

Di Di,Wi
Prenergy%( 3] -IDZ) ( B logW -» IogW) (13e)

asD - D Prenergy- -B logw -logWy
Which agrees with (9) when:D D and i¢fsmnsistent with the hypothesis th
Prinertia = W *for both constant and variable DemandD

This allows us to use Prinertia 2\When we wish to consider growth in demand D by
scaling the WIP in proportion to the demand. Reeegrowth is the subject of a paper in
process and requires both the concepts developédsipaper as well as additional
concepts from statistical mechanics.

The result of the trials is that the assumption Brinertia=\W appears self consistent and
leads to process entropy of logW.

The reader can confirm that no other choice ofggtia other than \Wwill asymptotically
approach (9). The prinertia of44h turn drives us to process entropy of logW in\ige
will now discuss the nature of this logW “Processr@py” and its connection with
information entropy, complexity, process improvemeamnd profit.

Information = Negative Entropy— Reduction of Waste

To investigate this logW Prenergy, let us compatpVN to determine its’ relationship to
process improvement, entropy and information. Wiierexamine the total Work In
Process W of a factory or transactional procesdjmiethat it consists of Q different
types of items or tasks. Then we can write:

Q
W =wi+ we +...Wo =z w where w is the number wiits of the T item or task type in W
i=1

We will first derive an expression for Q = 2 anérilgeneralize:

10



W=w+we
1

We 1 .
I W—— | W’r— I W—k log— | -—logp| — | , wewillnowadd 0+0
002 0g 0g W WJ WOQ{ j

Iogzwz-mlog(lj e Iog(lj{Wl log w w Iogwa ( Iogwk Iogv%
w w,) W W) (W w

Wi W2 W2
[ W—-—I | +—| +—I which can be generalized from 0]
oG W OQ{WJ W OQ(WJ oW oV WNI g 1Z Q=%

logW =

different types which comprise W by defining thetfability that a unit of WP is thg"i product asiﬁ

Q Q
log:W=>) " plogp © plogw (14)
i=1 i=1
Note that the ® term can be written:

Q
> plogw = expectation olog:w = elog:.w = average value lofg: W
i=1

We can therefore write (14) as:

log:W = H.+edog.w (15)

W=2H+elogzwi = oH Zelogzvm (16)
Information and Generalized Entropy: The first term of (15) is also known as the
Shannon equation of Information in bits. It is aldentical to the Boltzmann expression
for thermodynamic entrop§with k=1. Thus the nature of the work requiredtfe
reduction of logW necessary to accelerate the ggaad eliminate waste is equivalent
to the increase in information added to the pracgsannon’s equation of information
will be developed from first principles below. Senthe first term in (15) is entropy bits, e
the second term must also be in bits. Hence we t@fd.5) as the Generalized Entropy
of a Process.

Discussion of Terms in the Generalized Entropy, eation (15):

We can most easily explain the role of each terfi%) by considering limiting cases.
Complexity: Let us assume that each of the Q items of WIP Wathadit the same
quantity of units w= W/Q. Then the probability of occurrence or fiétem is
pi=wi/W=.1/Q and:

Ho = -i plogp = -ZQ: ! Iog( Qj :é Iog(éj+—é Iog(—éj M Q terms=lag

i=1 i=1
Therefore H measures the variety of internal productsin WIP needed to deliver m
different end productsto the customer. The larger is H, the more setups will be required
to meet demand, hence the greater the non valuecstdi@f setup time, and
accompanying scrap as well as the cost of tootlres, etc. Value add costs add a
form,feature or function of valued by the custon#drelse is waste, e.g. the cost of
setup, scrap, rework, warehousing, distributiomedabor and most overhead cost. The
total amount of non value add cost is determinethbywell known Value Stream
Mapping process. As Q is reduced, more volume is driven throughefiepart numbers
leading to lower procurement costs, with similapaot on non-manufacturing processes.
Lean: The second term in (15) can similarly be undeidtdssume i thatipl/Q,
wi=W/Q, then:

o3[ ({3 2 o
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Therefore thesecond term elog=wi measures the average amount of WIP per part
number. Thus the larger islog-wi, the larger will be the waste due to scrap, réwor
warehouses, distribution centers, transport, arglyftems, and all related indirect
personnel to control and store all the materialels as expediting expense to
compensate for long lead times. We will see in Y b&ow that in manufacturing this
elogzw; term is primarily driven by setup time, machinevidtime, and quality defects.

Conclusion: the “Prenergy” needed to accelerate process veltgis Information.
The Information is generated through the applicatf process improvement tobls
which reduces entropy, Work In Process, and waste .

Mechanical Energy that accelerates a mechanictmyis measured in ergs, but ergs
applied to a process do not accelerate velocitg. Hienergy that accelerates process
velocity is measured in bits of information.

WIP as a function of revenue demand and process pameters:

Two principal expressions for the calculation ofRA\ds a function of demand per unit
time and process parameters have been derived:

Manufacturing: The minimum WIP in a factory has been derived hielPand Geordé,
and a representative equation is:

QASD
FactoryWIP= +QA 17a
y 1-X-PD Q ( )

Where S=setup time, A=number of workstations ingharess, X=Defect rate,
P=Processing time per unit. One can see that negtice number of different internal
part numbers Q by 50% reduces WIP by 50%, wheeshsction of setup time by 50%

reduces WIP by very nearly 50% becaui%% > QA

In general, Q is directly proportional to the numbeexternal part numbet® shipped

to customers.

Transactional: (non manufacturing processes) such as ProduatlB@went, Marketing,
Planning etc, generally to do not have the oppdstua batch identical items. The Work
In Process is approximated by the Pollaczek-Khin&lequation

Fundamental Equation of Transactionad¢&ssses

214" )( C2 +C?
WIP = No.of Tasks In Proces@( 1 j p{1+ |G +C (17
K+1)| 1p{1+Z} 2

p = % of maximum capacity utiled
K= Number of resources cross trained
Z= % defectives that must be reworked
Cs=Coefficient of Variation of time to perform tasks
Ca=Coefficient of Variation of arrival of tasks
C= o=1 Standard Deviation

H=Mean Time

If the setup time can be driven to zero, then aliogrto the Patell-George equation
below) w=1 and since log(1)=0, (16) becomes:

W=2H+elogzwi = oH Zelogzvm - HH_ 4

In such an instance, there is only one unit permamnber hence; g1/Q, Helog,Q and
W=Q as required. In this instance logW= EntropyGg¢neralized entropy log¥¥ and
hence in general is larger than log of the numlbacoessible states(the definition of
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entropy) of the market which will be studied belolm.non manufacturing processes, this
elogow; term is primarily driven by defects and non vahdel costS. Thus adding
information to the process to reduce setup timigatie, etc reduces generalized entropy
and waste

Conclusion: Every practitioner of Lean Six Sigftharocess improvement will agree that
large WIP is due to a bad process and causes vasiewell known is the impact of
internal complexity’ upon waste which is the subject of a case stuthywbdoth forms

of waste must be comprehended in any theory ofaatanomic waste.

We have derived an equation (15) in which the taurses of waste appear co-equally
important. We now have determined the internalagytiof a process. We have derived
theinternal temperature of the process &siD(12) from Little’s Law which is
independent of dollars of cost or revenue. To deitez the waste that can be eliminated
and apply equation (2) we must determingtheexternal cold temperature related to the
cost of the process, which when multiplied by teaeyalized entropy will yield the
waste in a process. Referring to equation (4)

C . .
=~' where G is the cost per turn and ¢he averge cost per ur
c

logW=(Generalized Entrogy= log:C - logc
Now the waste cost:C is analogous towaste heat Energy «Q =r(
Cost per unit c is na function of G . We need to compute the
temperature of the cold sink. In (12) we computezihternal
temperature of the process as D2. We @ampute the temperature
of the cold sink using the geathermodynamic relation between
entropy and energy:
Thus the temperature is:
d(Entropy) _ d( Generalized Entropy 1 _ 9( logiv_ 1 +0
0 (Prenergy 0€ Tost 0G €

st =C (18)

Recall that the company turns inventory Z timesyaar. Now in a year there are Z
turns, and Zg=Cost Of Goods Sold Therefore the waste per year is

Waste in a Microeconomic Process
We are now in position to use (18),(2),(3) and jMa can propose an equation for the
waste in a microeconomic process :

Waste in a Thermodynamic Process= (Temperaturejyit

Waste in a Microeconomic Process = (Cost of Goadg)&logW)
Where k is the Boltzmann Constant of a microecoegmocess. Therefore:

$Waste= K $Cost of Goods S9ld log WEk $Cost of Goods Jold cldgan) (19)

The value of k, measured in reciprocal bits, mestiétermined empirically. The guiding
principle is that the reduction of generalized epyris the key to the elimination of
microeconomic waste and increase of profit jushasease in combustion temperature
and reduction of entropy is the guiding principfdneat engine design.

Equation of Profit:
Increased Profit & Profit § Wastea ( - Wajtex (2(

13



As the Patell-George (17a) equation shows, if a0 leitiative is launched and the volume and

related revenue doubles the WIP per part will disoble. We know from the analysis

resulting in (13b) that Mass=%¥¢ven in the face of Demand revenue growth. Howefar

lean initiative were launched, and setup timeslatdh sizes were cut in half, the total WIP

and hence waste would remain constant. Thus the aamunt of waste would be spread over

twice as many parts. We therefore correct for cbang revenue by multiplying final WIP by

a correction factorgc
_ (Revenuginia

B (Revenugina (202)
and per (17a) the same factor applies to changemplexity
Cost of Goods Sold = Cost of Goods Seid AWaste
and from (19)

AWaste = kCost of Goods Sal@( log W - 1()ga GW

(Cost of Goods Soldna £ Cost of Goods Qma.( +1 kz(CRijj

Equation of Profit

% Reduction in Cost of Goods Sold = Q1= klog- (C\RNij

(21

improvement, we must estimate the magnitude of k

Case Study 1 :(Client name withheld) : External Corlexity reduction

A $ 2.3 Billion revenue computer products compamg\osing money on a product line
that consisted dijiiar =3500 different end items. We know from (17a) tin&t number
of internal part numbers Q is proportional to tlhenber of external part numbens
shipped to customers. Hence cuttimgn half cuts Q and hence WIP in half. The new
CEO reduced the number of part numbers offeredistomers tomkn, =499. The gross
profit increased from 32% to 43%, due to a 32% c&du in labor and overhead cost.
The relevant data is:

Year ,i= 1 2 3
1. Number of External Products) 3500/ 2300 499
2. Revenue in $Millions 23003200 4000
3. cg=(Revenue)(Revenug) 1 0.72| 0.58
4. WIP/WIP, 1 059 | 0.14
5. cr (WIR/WIP;) 1 0.43| 0.08
6. Qi =(COGS% of Revenu#)COGS% of Revenug) 1 0.96 | 0.83

We will graph Cost reduction vs. WIP reductiongpit 5 vs. item 6 in the table)
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Case Study 1: Computer Board Manufacturing
Reduction of Waste and WIP thru Reduction of Product Complexity

1.02
L \\ 1
0.98

\ .

y = 0.065Ln(x) + 1.00 \ 0.96
R®=0.9945 0os
\ 0.92

AN

\ 0.88

\ 0.86

\ 0.84

T T T T T T T T T 082
1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
(Revenue Adjusted WIP)/(WIPinitial)=Cr(WIPi/WIP1)

(COGS)i/(COGS)1

Q

Note that the equation of the graph has a coeffi@&0.065 for the natural log,
Converting this to logusing logX =(logeX)(log2€),and since loge=1.44 we have, in
(21a):

k= (0.065)(1.44) = 0.093
as our first estimate of the Boltzmann constara oficroeconomic process.
Return on Investment of theinitiative:>300% per year

Case Study 2: United Technologies Automotive, H&Fig(PTG): Lean Initiative

The company produced m=168 different products aitlaverage cost per part of $50
and operated at 10.5% GPM. Because internal cormpemeere qual tested and approved
by clients such as Ford, GM etc negligible oppaitiufor internal complexity reduction
existed. Rather that waste had to be eliminatedhassical Toyota Production system
lead time reduction. The setup time at key workstatwas reduced from an average of
2 hours to approximately 10 minutes. The resulyjrass margin increased from 12.0%
to 19.5%. Operating margin grew from 5.4% to 13.84les grew from $144 million to
$311million per year. Cost of Goods Sold rose f&i27.4 Million to
$250.6Million.Product complexity was essentiallyhstant. The relevant data is:

Year ,i= 1 2 3 4
1) Number of External Products, m 16855 | 170| 175
2) Revenue in $Millions 144191 | 246| 311
3) cr=RevenugRevenue 1 0.75] 0.58| 0.46
4) WIP/WIP, 1 0.96| 0.96| 0.57
5) cr (WIP/WIP;) 1 0.72| 0.56| 0.26
6) Qi =(COGS% of Revenu#&)COGS% of Revenug) 1 0.98| 0.97| 0.91

We will again graph reduction of cost (item 6) reduction of WIP(item 5)
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United Technologies Automotive Hose and Fittings div
Lean Six Sigma initiative reduces waste, WIP and cycle time

1.02
y = 0.0672Ln(x) + 1.0054
2 _

Py R =0.9767 = 2
a
©
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—
' (99}
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N 092 &
*
T T T T T T T 0.9
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Cr(WIPI/WIP1)

And obtain our second estimate of the Boltzmannstamt of microeconomic as:
k= (0.067)(1.44)=0.097

Elimination of Non Value add
costs through 67% WIP reduction

14 Day Lead Time - 2 Day Lead Time -
Low Velocity Supply Chain High Velocity Supply Chain

BEFORE AFTER

Metal Ware Flare running large batches with Metal Ware Flare with pull system and setup
large amounts of WIP at revenue of $145MM reduction: inventory reduced 85% at revenue
of $300MM

The Equation of Profit asserts that waste is atfan®f logW. For large initial values
of W, small changes in W remain in the flat aregheflog curve. Only dramatic
reductions toward the origin will drive the log fttron down. This effect was
considered counterintuitive and suspect when diosierved, and its best fit to a log
function was puzzling. Notice that the actual dabow showed that as W was
initially reduced, the cost reduction was modest VA approached 35% of its original
value, the cost suddenly fell somewhat below tleglisted logW curve. One of the
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major items of non value add cost that was elinedatas a warehouse comparable
in size to the factory. The cost of the warehouas fairly constant as WIP/part
number fell. When WIP/part number and lead timletée35% of their original
value, the lead time was such that the warehousld t@ closed leading to a
guantum of cost reduction. Non value costs arenafteantized, and are the
phenomenological reason why waste follows a logeufhus equation (21) must be
considered a statistical average rather than ardetistic equation.
The cost reduction can only proceed until all wastemoved and only the value add
cost remains. In a manufacturing process thisWeia (9) at Q. In a transactional
process this sets Vit the number of workstation in the process. Hqodg21) predicts
that complexity reduction which reduces Q is pspowerful as Lean initiatives which
reduce w This is also evident from the Patell-Gedfgeguation for factory WIP:
The Lean Six Sigma initiative cost approximatelyr$#lion. The company was
purchased for $64 million and sold 26 months I&ie$208 million for a return of 619%
per year

Driver of Process Improvement: Information is Negaitve Entropy

But what are the connections with Entropy of ititi@s such as Lean, Six Sigma and
Complexity reduction? We will show that these atitres inject Information into the process,
and that Information is in fact Negative Entropyiethreduces waste. Let’s first define what we
mean by Information. Information tells us somethumgxpected, i.e., there is a “surprise”. The
Ford Model T line held no surprise...every car conffiighe line was an identical Black Model
T, every flywheel magneto was the same with 100ébalility, and hence no information was to
be gained by looking at the next car or componenticg off the line. But what if you were told
that it was July #4in Dallas and there was four feet of snow on timigd...this highly

improbable event would be very surprising and hexeerey huge information. Therefore we
conclude that thamount of Information is inversely related to the prbligy of the event. It is
also reasonable that, whatever the functional firnnformation may be , if two independent
events, 1 and 2 happen, the total informatiohéssum of their separate Informatiqrahd },

i.e., hgo=I1+l,. But the probability of independent events 1 armbthhappening is the product

of their probabilities .= pip.. SO0 we need some function for Information | sthat: |g, (

pp2) =li(po)+12(p2) and the only function which satisfies this reqaient is | = log(p) since

log( pup2) =log(p)+log(p) . Therefore I(p)=log(p). But since we want théohmation to be

larger if the probability is smaller we will defingp)=log(1/p) = -logp which is still OK since
log(1/pp2)=log(1/p)+log(1/p). Theaverage amount of information among N choices is, like any
other average, is just the sum of the probghiliteach choice times the value of each choice:

N N
H=-> pi=-) plogp (24)
i=1 i=1

Equation (24) is known as the Shannon equatidnfofmation.
But how does Information relate to a company? Assamompany produces two products,
product 1 in quantities;rper month, and product 2 in quantitigger month, where it n, = D
total units produced per month. The actual demdildeomarket for the two products is random,
and results in a variety of possible sequences asich

1121221122212212

2211212211121221

2122122111211212
, etc.

The market makes N Choices monthly (in this cdsepnit of time is a month) of either 1 or 2.
Each sequence is a state of the market in the séi@&bbs .The number aistinct sequences or
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“messages” sent by the market, to be satisfiedveycbmpany, is calculated by the usual
combinatorial formul&:

! D I
Number of Distinct Messages=M=D'— = =D
ninz! (ny) nul(D-ny)! (25)

We will follow the trail Boltzmann’s has alreadyalzkd by taking the logarithm of the number of
states, which in the microeconomic case is the murbdistinct messages from the market:
According to Stirling’s formula, to first ord@r

log-D! [1DlogzD-D, note that D=(D-n )+n =n +n
log:M=(Dlog:D -nlog n{ D-n) log( D-n)
log:M=(((D-n.)+n) log D -nlogn { D-n) log D-p)

IogzM:-[(D-nl)Iog{%j + nbg{%j} ,multiplying byg ,obtair

D-n. D-n. N n n N-n
logpM=-D lo +| —|log| —||,letph=— ,p =——
¥ [(DJQ{DJ[DJQ{DD " P7p

IogzM=D(-{ plogep+plog p}) - D- E plog pt =DH for m prodts,
m— (26)
M=2°"" = Number of Distinct Messagesdye to m different products

Notice that Shannon’s equation for Informatiopped up naturally. The market is makiby
variety choices per month, selected from one ohthgroducts , each with information,HThe
M messages per month corresponds to the numbé&atesgper month .

m

m= - E plogp =Shannon Information in Bits per Choice

i=1

Transmission Rate of Market: DLH- -
Month )\ Choic

Chmceﬂ( B'tsj ~  Varietjt8per Month (27)
e

Thus the market is acting like a communicationaysttransmitting B bits of information per
month about the variety of products it wants to tanych the company presently offers.
Referring to the early automotive market, initithye market demanded utility transportation and
Ford responded with m =1 in the form of the ModeR§ the technology of cars improved from
1908 to 1925, Ford continued on with m=1 whereasthrket demanded variety as brilliantly
offered by Sloan of GM where m>5, and the seeminglyregnable Model T was quickly
destroyed'. Thus the market began sending more complex messegich will be discussed in
the next section.
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Does Thermodynamics apply to the Prediction of Praf Increase?

Little’s Law led us to an expression for Procestr&y of logW, Prinertia of W, and
Temperature B, Volume =WIP Win (9a). The substitution of theglues into the Kinetic
Theory of Gases in (13) as well as the equatianrafzzle in (13c) are consistent
Thermodynamics. That Queing Theory should be cdedegith Thermodynamics is perhaps the
most surprising element of the investigation ofhediction of profit increase .

The resulting decomposition of W in (16) led usdrtftormation Theory. The argument
leading to (27) is also Information Theoretic Asiell known, Thermodynamics is a
macroscopic approximation and sub-branch of SidlsMechanics. Jayn&shas shown that Z,
the Partition Functicfi, from which all Thermodynamic variables are deieed, is in fact a
consequence of maximizing Shannon’s Informatiotrdpy..In this view, Thermodynamics is
not a physical theory at all, but rather is a bhaotinformation Theory, and is presented as such
by Tribus in reference 11. Within the confineshistpaper, and related to the prediction of
microeconomic profit increase, Thermodynamics dgmsy to this specific question.

The question as to whether thermodynamics broggiiyies to all of Economics has
been argued pro and con by many authors The itkeresader is referred to Bryahtor
references.. We have no brief in this larger isalthpugh we believe the investigations of Jaynes
to be fundamental to such and investigation.

How does Lean Six Sigma and Complexity Reduction a@dnformation to a process?
When processing in batches of quantity B, how muo@drmation is added by selecting a
given product to setup and run? Let us assumaeatfatory consists of A workstations,
each of which processes Q/A = N part numbers. §idahere are N products produced
at a given workstation, the decision to selectaeates Iy bits of information.

However, the probability is 1 of running that puatifor the rest of B-1 units in the
batch. Therefore, the B-1 units add zero infornmatis the setup time is cut in half, the
batch size can be cut in half and still maintam$hme production rate according to (22).
Now however we add information twice as often beeawne select the particular product
of the N possibilities twice as often. In genetiag information supplied to the process is
thus:

In=Information in production of N Products per momgh Hn

B> SD
1-X-PD
P=Processing time/Unit, D=total demand in unitd/time, hence
N

In= —SD
+1
(1-X-PD j

and for A workstations, AN=Q which is necessarptoduce m external

products for customers

ANHnN - QH~n=Hm (28a)

Thus the goal of the Toyota Production systemespond “Just In Time” and produce
only what is needed when it is needed is equivdtean information flow within the

factory which matches market demand. In regardhtmpy due to average WIP, Lean
Six Sigma process improvement results in: :

+1 according to Patell-George, where $tfp Time, X=scrap rat

Soiat - Sna = 0 kugo (|092V\/jmma| - |ng\Mﬁna|) (29)
Snitial D Sina\ D

Siia - Swa = © Kvgo| lOQ| —————+1|-l0g| —————+1 30

Q( g (1'Xiniilal' Rnilial D j gz( 1'Xina| - Rnal D jj ( )

Applying Lean initiatives such as driving-S0 drives entropy related to WIP0 and
leaves only the entropy related tq, Hue to theComplexity of parts .The addition of
information by lean as a means of reducing entispyerely one example of a general
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theory propounded by the Physicist Leon Brillommihich he coined the term
Negentropy for Information since it is Negative Entropy aséen in (30) as the amount
of entropy subtracted by addition of process infation. Although the specific tools
change, the same conclusion applies to transatpooeesses For a manufacturing
process the minimum WIP is clearly Q, that is ohesweery internal item necessary to
produce the current mix of products. For a transaat process the minimum WIP is one
task per step in the process, or A since therdateps. The minimum WIP may never
be attainable from a practical viewpoint, but hes/gled the purposive thrust for Toyota
among others.

Operational Procedure to Predict Profit Increase de to Process

Improvement

1.Estimation of Non ValueAdd costA Value Stream Mapping procéésliscussed on
page 8 will determine the value add and non vatltecast of the process. Most of the
non value add cost resides in labor and overhest] @od may exceed 50% of those
costs.

2.Measurement of Current Work In Process The number of units of initial Work In
Process Wat each workstation or node and average compleditenmust be determined.
This information is typically available in manufadhg companies but must be gathered
empirically in non manufacturing processes.The muth Work In Process will also be
defined as W= Q( number of internal part numbers needed to prodmagput after
complexity reduction initiative) in manufacturiregnd W = A the number of steps in a
transactional process. If the company is expemgngrowth, the Revenyg, and
Revenug,, (after Y years of improvement)must be estimatecbimpute & in equation
(20a).

3. Defining the Maximum Profit Improvement goal: Given the data in (2) we can
compute the maximum profit improvement that camltesom process improvment

Max % Reduction in Cost of Goods Sold = 1 kJégWCRij

This value, multiplied by current Cost of Goods&gahould be less than the total non
value add cost defined in 1 above as a check odatee

4.Cost of Process ImprovementThe cost of achieving W or some practical
alternative, should be the basis for a requeggdiotation to determine the invested
Capital $C from the many process improvement caastd. The initiative should include
Lean, Six Sigma, and internal and external Complexiduction and . As an alternative,
the company can consider the use of internal ressukVhatever Ws chosen, the
resulting % reduction should be multiplied curr@uist of Goods sold to obtain the
increase in profif\P.

5. Return On Capital: The company should estimate its share price nielpof
Earnings Before Interest, Taxes and Depreciatiomfthe appropriate stock market

( M=14 for the S&P 500 as of Oct 2007). Calculdie Return on Capital as:

1
ROC % :(—M (AP)JY -
C

If the ROC exceeds 100% per year it will more thestify management execution of
process improvement on a risk adjusted basis. ROC1%9%6 for the S&P 500 Oct 2007.
6. Limitations on Application: The equation of profit (21) provides insight when
process improvement can effect WIP. This is nosixs in single product factories(e.g.
Adipic Acid plant, single model car plant, etcvitnich no setup exists in (28). No such
limitation applies to transactional processes wiaighinherently multi-output
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Guidance for Management:

1. Complexity Reduction: The impact of the Cost of Complexity must viewed as
yet another source of profit improvement of equagnitude to Lean Six Sigma
initiatives. and must drive Product Portfolio (Cdges well as internal
standardization initiatives

2. Great Gains are from High, not Low Hanging Fruit: The Equation of Profit
predicts that waste will follow a logW curve. Hertbe gains from modest
reductions of WIP are negligible but a reductio\dP of greater than 70% will
yield very significant returns per the EquatiorPobfit . Thus the “high hanging
fruit” are biggest as is depicted by the log cureéow and limited by W4 in (9).

The log W curve, W=units of Work in Process

. 6
small profit Large Profit
improvement Improvement

~_ |

=klogW

Waste

100 % 80 70 60 50 40 30 20 10 0
WIP=W

Thus the goal of Toyota to drive WIP to Q, thabme unit of each item, which has been
SO puzzling to many executives, can be understood.

3. The Corporation as an Information System: The market is transmitting DHm
bits per month per (27). The company receives médion at this rate, and
processes it per (28) for example. If the compaaryapply process improvement
such that the rate at which the company interraibcesses information matches
the rate of transmission from the market, all edawvaste is eliminated. The
Toyota Production system is therefore a methoda{imizing the external
entropy with which the company(28) so that it ekatsponds to the market (27)
while minimizing the internal entropy (15)and wa&é) by reductions of logW
thru reductions of W via process improvement

Next Steps: Additional data will be collected on properly insnented companies to
determine if the value of Boltzmann’s constanMatroeconomic is universal for
both manufacturing and transactionaland confirmmamfute the Equation of Profit
(21). Those who wish to cooperate in the study khoontact the author at
entropy3141@yahoo.com).
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Appendix 1
Demonstration that Shannon Entropy is an approximaion of Boltzmann Entropy
Boltzmann Entropy=S=kldg , whefe =Numlzérdistinct State

Take the simplest case where there are N totalustedhipped in a given month
consisting of M= 2 types, wherg=nnumber of the"l product shipped in a month.
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D = m+re, then
_ D!
ni!n2!
logQ =logD!-logn -logr !

Stirling's approximation can be derived t8 2 ordenf Poisson dist as:

logD!=DlogD- D+ IongD
1 1
IogQ:DIogD-D+E logZD-| nilogr - rn+ logZni|—| nzogre-re +§ logZn:
but since D=n +n
1 1 1
logQ=DlogD +§ IongD-(nllognﬁ—2 Iongnlj—(nzlognﬁ—z logzn 2) O,
logQ=DlogD +% logZD -n:logn. -relogn —; lod 2n:9) now ne=D-nJ

logQ=DlogD +% log2:D-nzlogn:-( D-t) log( D-n) Iod z{D-n} nl) now add
0 = -nlogD+n logD and obtain:

logQ =(D-n) logD- nlog( j { D-n) lod D-n) Io@ 2{D-n} n])+— log2tD

logQ= nllog( j { D-n) Iog( D[_)nlj > Iog( 2{D-n} nl) +§ log2tD, now mult by% .

IogQ:D(-(%lj Iog(%lj (%} Iog(%hj +2—é Iog&D-z—élog(Zn{ D-ni} nl)j —_

define p {Ej etc.
D
{D-n}m

_ i'Io
|OQQ:D(H 21D |09{{D rI;l} nlD ->.0 =2D(H 2 g[ ° D to second order,also

k

s 1 {D-ng m S
H=—> +_~ |og| 4 2 for M t
Dk 2D Og( D J Dk 2D Og(DH j or M pes

However, as noted above, the Stirling approximaisoonly in error by 1% when D=10.
* MacKay, Information Theory, Inference, and LeagWkgorithms, page 2
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