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Abstract. One of the topics that has received the attention of
mathematicians, scientists and engineers is the notion of
complexity. The subject is still being debated, as it lacks a
common definition of complexity, concrete theories that can
predict complex phenomena, and the mathematical tools that
can deal with problems involving complexity. In axiomatic
design, complexity is defined only when specific functional
requirements or the exact nature of the query are defined.
Complexity is defined as a measure of uncertainty in achieving
a set of specific functions or functional requirements. Complex-
ity is related to information, which is defined in terms of the
probability of success of achieving the Functional Require-
ments (FRs). There are two classes of complexity: time-
dependent complexity and time-independent complexity. There
are two orthogonal components of time-independent com-
plexity, i.e., real complexityand imaginary complexity.The
vector sum is calledabsolute complexity. Real complexity of
coupled design is larger than that of uncoupled or decoupled
designs. Imaginary complexity can be reduced when the design
matrix is known. As an example of time-independent imaginary
complexity, the design of a printing machine based on
xerography is discussed. There are two kinds of time-dependent
real complexity: time-dependentcombinatorial complexityand
time-dependentperiodic complexity. Using a robot-scheduling
problem as an example, it is shown that a coupled design with a
combinatorial complexity can be reduced to a decoupled design
with periodic complexity. The introduction of periodicity
simplifies the design by making it deterministic, which requires
much less information. Whenever a combinatorial complexity is
converted to a periodic complexity, complexity and uncertainty
is reduced and design simplified.
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1. Introduction

On May 6 1997, theNew York Times,one of the
leading newspapers in the United States, carried an

article entitled ‘Researchers on Complexity Ponder
What It’s All About’. The appearance of such an
article in a daily newspaper indicates that the issue of
complexity has reached the center stage of science
and technology in the 1990s. The article stated that

Some of the grandest phenomena, like the
coursing of comets around the sun, are marve-
lously predictable. But some of the most
mundane, like weather, are so convoluted that
they continue to elude the most diligent fore-
casters. They are what scientists call complex
systems. Though made up of relatively simple
units – like the molecules in the atmosphere – the
pieces interact to yield behavior that is full of
surprise[s].

1.1. Past Attempts to Define Complexity

In spite of all the efforts that have been made,
mathematicians, scientists and engineers have not
even accepted a common definition of what is meant
by complexity. According to the author’s colleague,
Seth Lloyd1 there are some three dozen different ways
scientists use the word ‘complexity’. Some definitions
dealt with the complexity of process; for instance,
how much computing it would take to solve a
problem (Cover and Thomas 1991). Complexity has
also been equated with the scale of measure – how
many bits of information it takes to describe an object
or a message (Shannon and Weaver 1949). Those in
the field of manufacturing associate complexity with
how much effort it would take to manufacture a
product (Suh 1990). Chaitin (1987) and others came
up with a concept called ‘algorithmic complexity’.
The basic idea is that simple tasks can be done by
short computer programs and complex tasks, by
longer programs. According to this view, one should
be able to measure the complexity of a task by the
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lengthof its mostcompactdescription.The problem
with this idea is that the length of eventhe shortest
computerprogram dependsupon the design of the
softwareaswell ascoding.

Gell-Mannproposedthe ideaof schemato identify
the system’s regularities as a means of defining
complexity.He claimedthat the lengthof theschema
measureswhat he calls ‘effective complexity’, which
is roughly the lengthof a compactdescriptionof the
identified regularities of an entity. In the case of
language,the schemais its grammar.Gell-Mannand
Lloyd (1996) also proposed the concept of total
information, which is effective complexity plus an
entropyterm that measuresthe information required
to describethe randomaspectsof the entity. Bennett
developeda different measureof complexity called
‘logical depth’. The idea is to gaugehow long it
would plausibly take for a computerto go from a
simple blueprint to the final product.Hubermanand
Hogg (1994) equates complexity with ‘a phase
transition’ between order and randomness.Lloyd
andPagels(1988)equatedcomplexityto freeenergy.
Therearemanyotherviews (Yates1978,in Flood et
al. 1993).All of theseeffortsareattemptsto discover
the basicabsolutemeasurefor complexity, which is
contraryto theconceptof informationandcomplexity
usedin axiomaticdesign.

A very recentissueof Science2 devoteda special
sectionon thetopic of ComplexSystems.Thejournal
dealtwith complexsystemsin manyfieldsof science,
including life sciences, chemistry, mathematics,
biology, physiology, geology, meteorology and
economy.No attemptwas madeto presenta unified
definitionof complexity.It is interestingto reviewthe
notion of complexity used by different authors to
describethecomplexityof their fields.Someof these
notionsare:

(a) In the introductoryarticle by R. GallagherandT.
Appenzeller,‘complexsystems’is takento beone
whosepropertiesare not fully explainedby an
understandingof its componentparts.

(b) In their article entitled ‘Simple Lessonsfrom
Complexity’, N. GoldenfieldandL. P. Kadanoff
states that ‘‘complexity means that we have
structurewith variations.Thus,a living organism
is complexbecauseit hasmanydifferentworking
parts,eachformedby variationin theworkingout
of the samegeneticcoding.’’

(c) G. M. Whitesideand R. F. Ismagilov statesthe
following in their article on Complexity in
Chemistry: ‘‘. . . a complexsystemis one whose

evolutionis very sensitiveto initial conditionsor
to smallperturbations,onein whichthenumberof
independentinteracting componentsis large, or
onein whichtherearemultiplepathwaysby which
the systemcanevolve.Analytical descriptionsof
such systemstypically require nonlinear differ-
ential equations.Their secondcharacterizationis
moreinformal, thatis, thesystemis ‘complicated’
by somesubjectivejudgementandis notamenable
to exactdescription,analyticalor otherwise.’’

(d) In the abstractof their article entitled ‘Complex-
ity in Biological SignalingSystems’,G. Weng,U.
S. BhallaandR. Iyengarstatesthat ‘‘Complexity
arises from the large number of components,
many with isoforms that have partially over-
lapping functions, from the connectionsamong
components;and from the spatial relationship
betweencomponents.’’

1.2.Axiomatic DesignPerspectiveof Complexity
and Informatio n

Many of the past ideas of complexity are not
consistentwith that definedin axiomatic design.In
many of the past works, complexity was treatedin
terms of an absolutemeasure.In axiomatic design,
informationandcomplexityaredefinedonly relative
to whatwe aretrying to achieveand/orwantto know.
Informationwasdefinedasa logarithmic function of
the probability of achievingthe specifiedFunctional
Requirements(FRs),wheretheprobability of achiev-
ing a specifiedFR wasdeterminedby computingthe
area under the systemprobability density function
(pdf) within thecommonrange(Suh1990).Complex-
ity is relatedto information.

To generalize the notion of complexity in the
context of axiomatic design,we needto define the
termcomplexitymoreprecisely.We shouldbeableto
specify the meaningof complexity in the following
situations:

1. What is thecomplexityin a barof AISI 1020mild
steelthat hasto be machinedto the dimensionsof
1 meterin length,0.02metersin diameter,and10
micronsin surfacefinish?

2. What is the complexity of a machine that has
seven(7) FRs?

3. What is the complexityof a laserprinter?
4. Whatis thecomplexityof a manufacturingprocess

designedto makeNylon fiberswith amicrocellular
structureconsistingof 1 micron diameterbubbles
with a cell densityof 1012 bubbles/cm3?

5. How complex is the job of being the weather-
person?

2Thesearticlescameout on theApril 2 1999issueafter this paper
wassubmittedfor publication.
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2. Complexity, Uncertainty, Information,
and Periodicity

2.1. Preliminary Remarks

In axiomaticdesign,thedesignprocessis describedin
termsof the mappingbetweendomains.The design
goals for a product (or software,systems,etc.) are
described in the functional domain in terms of
Functional Requirements(FRs). The design task is
to achievethesetof specifiedFRsby mappingFRsin
the functionaldomainto DesignParameters(DPs)in
the physicaldomain(seeFig. 1).3 Thus,the selection
of DPsdeterminestheprobability(anduncertainty)of
satisfyingthe FRs.

When the FR is defined, its desiredtarget value
FRoandits tolerancearespecifiedin thedesignrange
as shown in Fig. 2. However, the actual pdf of the
resulting design embodimentis the system range,
which may be different from the designrange4.The
portion of the designrangeoverlappedby the system
rangeis called the commonrange.

If thesystempdf for a givenFR is denotedps(FR),
thentheprobabilityP of satisfyingtheFR is givenby

P�dr1 � FR� dru� �
Z dru

dr1
ps�FR�d�FR� �1�

where the limits of integration,drl and dru, are the
lower and upper limits of the design range,
respectively.

Information content I is defined in terms of the
probability P of satisfyinga given FR as

I � ÿlog2P �2�

� ÿlog2

Z dru

dr1
ps�FR�d�FR� �3�

The information content for satisfying a numberof
FRs for an entire system is just the sum of the
informationcontentI i of the separateFRi

I � �Ii �4�
� �ÿ log2Pi

wherePi is the probability of satisfyingFRi given by
Eq. (1).

Becausethe systemhas a fixed number of FRs,
complexity is unrelatedto the numberof FRs, but
insteadis theprobabilitythatasystemwill achieveall
FRs.A systemwith low total I (i.e.highprobabilityof
achieving all FRs) is less complex than another
systemwith exactlythesamenumberof FRsandDPs,
but with high total I (low probability of satisfyingall
FRs). This leads us to a specific definition of
complexity.

2.2. Definition of Complexity

Complexityis definedas a measureof uncertaintyin
achievingthespecifiedFRs.5 Therefore,complexityis
relatedto information contentwhich is definedas a
logarithmic function of the probability of achieving

Fig. 1. Four domainsof the designworld. {x} are characteristic
vectors of each domain. Design of products involves mapping
from the functional domain to the physical domain. Design of
processesinvolves mapping from the physical domain to the
processdomain.

Fig. 2. Design range system range and common range, with
probabilityof satisfyingtheFR givenby theareaunderthesystem
pdf in the commonrange(shadedarea).

3When the design matrix that relates the {FRs} vector to the
{DPs} vector is diagonal, the design is defined as uncoupled.
When it is triangular, it is a decoupleddesign.All others are
coupleddesigns.

4For detaileddiscussionof thedesignrangeandthesystemrange,
seeSuh(1990,1999).
5This definition is consistentwith such ideasas a machinewith
manypartsbeingmorecomplexthanmachineswith a fewerparts,
sincetheuncertaintyof achievingthemachinefunctionsincreases
with the numberof parts.Uncertaintyincreasesas the ability to
predict the future outcomedecreases.
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the FRs. The greater the information required to
achieve the FRs of a design, the greater is the
information content (Suh 1999), and thus the
complexity. These ideas will be expandedin this
paper.6

Thereare two kinds of complexity: time-indepen-
dent complexity and time-dependentcomplexity.
Time-independentcomplexity can further be divided
into time-independentreal complexity and time-
independentimaginary complexity. Time-dependent
complexitymayalsobedivided into two kinds: time-
dependentcombinatorialcomplexityandtime-depen-
dent periodic complexity. These complexities are
examinedanddefinedin this section.

2.3. Time-Independent Complexities: Real
Complexity, Imaginary Complexity and
Absolute Complexity

In axiomaticdesign,time-independentcomplexities–
real complexity and imaginary complexity – are
definedto deal with two kinds of uncertainties real
uncertainty and imaginary uncertainty. Imaginary
complexity is not at all related to real complexity;
that is, it is orthogonalto real complexity. Absolute
complexityis definedas a vector sum of thesetwo
orthogonal componentsof time-independentcom-
plexity.

Real Complexity is defined as a measure of
uncertainty when the probability of achieving the
FR is lessthan1.0 becausethe commonrangeis not
identical to the system range. In Fig. 2, the
uncertaintyis given by the clear portion (un-shaded
area)of the systemrange.Realuncertaintyin design
exists becausethe actual embodimentof the design
doesnot quite satisfy the desiredFR at all times.

The probability of achieving a given FR is
determinedby the overlapbetweenthe designrange
andthe systemrange,calledthe commonrange(Fig.
3). Therefore,the real uncertaintyexistsevenwhen
the IndependenceAxiom is satisfied,if the common
rangeis not the sameas the systemrange.Thus,the
real complexity can be related to the information

content,which wasdefinedin termsof theprobability
of successof achievingthe desiredset of functional
requirementsas

I �
Xn

i�1

log2

�
1
Pi

�
�5�

wherePi is the probability of achievingFRi andn is
the total numberof FRs.Therefore,the information
contentgiven by Eq. (5) is a measureof uncertainty,
andthusrelatedto the real complexity. If we denote
the real complexity as CR, then we will define the
real complexity to be equal to the information
contentas

CR � I �6�
Whentherearemore than two FRs,coupleddesigns
have larger real complexitiesthan an uncoupledor
decoupleddesignthat satisfy the samesetof FRs.7

Real complexity may be reducedwhen the design
is eitheruncoupledor decoupled,i.e. whenthedesign
satisfies the IndependenceAxiom. For uncoupled
designs,the systemrangefor eachFR canbe shifted
horizontally by changingthe DPs until the informa-
tion contentis the minimum, sinceotherFRsarenot
affectedby sucha change.Therefore,themeanvalue
of FR providedby the systemcan be determinedby
adjustingthe correspondingDP until the information
is at a minimum. For decoupleddesigns,the system
rangecanbeshiftedto seektheminimuminformation
point by changingthe DPs in the sequencegiven by
the design matrix. The best values of DPs can be
obtained by finding where the value of the real
complexityreachestheminimum whenthe following
two conditionsaresatisfied.Xn

i�1

@CR

@DPi
� 0 �7�

Xn

i�1

@2CR

@DP2
i
> 0 �8�

Whenthe designis uncoupleddesign,the solution
to Eqs (7) and (8) can be obtained for each DP
without any regardto otherDPs,i.e. eachtermof the
seriesmustbeequalto zero.In thecaseof decoupled
designs,these equationsmust be evaluatedin the
sequencegiven by the design equation, since the
designmatrix is triangular.

6Gunnar Sohleniusin his unpublishednote entitled ‘Notes on
Complexity,Difficulty and Axiomatic Design’ arguesthat ‘‘high
information content should be used as measureof uncertainty,
complicationor difficulty ratherthancomplexity.’’ Thesediffering
definitions of complexity exist becausein the daily usageof
English‘complexity’ is usedto meanmanydifferentthings.In this
paper,the word ‘complexity’ hasa specificdefinition.

7This is consistentwith a theoremthat statesthe following (Suh
1990, 1999): Theorem 18 (Existenceof an UncoupledDesign)
Therealwaysexistsan uncoupleddesignthat haslessinformation
than a coupleddesign.
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In thecaseof acoupleddesign,realcomplexitycan
alsobe changed,but the minimum informationpoint
for eachFR is no longer meaningful,becausewhen
oneof the DPsis changedto affect only oneFR, all
other FRs may change. Therefore, the minimum
informationpoint is definedonly for the entiresetof
DPswherethesumof informationfor theentiresetof
FRs is the minimum. This corresponds to an
‘optimum’ point, which is often soughtin operations
research.However, this is a wrong designsolution
sincemanyof the FRscanbe satisfiedexactly in the
designspaceif the IndependenceAxiom is satisfied.
In manycasesof coupleddesign,Eq. (7) may never
be satisfied.

Imaginary Complexity is definedas the uncertainty
that is not real uncertainty,but arisesbecauseof the
designer’slack of knowledgeandunderstandingof a
specificdesignitself. Evenwhenthedesignis a good
design,consistentwith both the IndependenceAxiom
and the Information Axiom, imaginary (or unreal)
uncertaintyexistswhen we are ignorantof what we
have.

To understandthe distinction betweenreal and
imaginary uncertainty,considera decoupleddesign
with n FRsandn DPsgiven by the triangularmatrix
in Eq. (9).
which may be generallywritten as

fFRsg � �ALT�fDPsg �10�

where[ALT] is a lower triangularmatrix.
The design representedby Eq. (9) satisfies the

IndependenceAxiom, and thus the design can be
implementedbecausethere is no uncertaintyasso-
ciatedwith this designif the DPsarechangedin the
orderindicatedin Eq. (9). If thecommonrangeis the
sameasthesystemrange,thenthe real complexityis
equalto zero.If thecommonrangeis not thesameas
the systemrange,thereis a real uncertaintyandreal
complexity.This real complexitycannotbe removed
unlessthe systemrangeand the commonrangeare

made to be the sameby choosingnew DPs, or by
making the design more robust so as to remove
uncertainty.

The decoupleddesigngiven by Eq. (9) can be a
sourceof imaginaryuncertainty, despitethe fact that
thedesigndoessatisfythe IndependenceAxiom. It is
called imaginaryuncertaintybecausethe uncertainty
is not real but the perceived uncertainty exists
nevertheless.This imaginary uncertaintyexists only
in themind of thedesigner,becausethedesignerdoes
not know that the designrepresentedby Eq. (9) is a
gooddesignor whenthe designerdoesnot write the
designequation.8

Supposethe designerdoesnot recognizethat the
design,althoughit canberepresentedby Eq. (9), is a
decoupleddesign and does not know that the DPs
mustbechangedin a properorderto makethedesign
achieve the given set of n FRs. Therefore, the
designerresortsto trial-and-errormethodsof evalua-
tion, trying many different combinationsof DPs to
satisfy the FRs. Then, the probability of finding the
right combinationof n DPsto satisfytheentiresetof
FRsis given by9

P� 1
n!

�11�

The probability of achievingFRs througha random
trial-and-error processgoes down rapidly with an
increasein the numberof FRs,asshownin Table1.
Whenn is 5, theprobability of satisfyingall five FRs
is 0.008,which is asmallnumber,andtheinformation
content is log2120 = 6.9. Therefore, this design
appearsto be very complicated,and one would say
that this design is very complex because the(9)

Table 1.

n n! P = 1/ n!

1 1 1
2 2 0.5
3 6 0.1667
4 24 0.04167
5 120 0.83336 10–2

6 720 0.13896 10–2

7 5,040 0.19846 10–3

8 40,320 0.24806 10–4

8Imaginarycomplexity existsundermany other circumstances–
wheneverthe perceivedcomplexity is not entirely due to real
complexity, thereexistsimaginarycomplexity.
9The actualprobability of satisfyingthe FR may be smallerthan
the probability of finding the right combinationssincethe system
range for each FR may be different from the design range.
However, for large n, this probability of finding the right
combinationsis likely to dominate.
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uncertaintyis large.However,it is not thecaseof real
uncertainty;this uncertaintyis artificially createdasa
result of the lack of understandingof the system
designedor how naturereally works. Therefore,this
kind of uncertainty is defined as imaginary uncer-
tainty. In manysituations,this imaginaryuncertainty
leads to the erroneousconclusion that a design is
complex althoughit may not be– all dueto the lack
of fundamentalunderstandingthe axiomatic design
theory.

If wedenotetheimaginarycomplexityasCI, thenit
may be relatedto the probability of successgiven by
Eq. (11) as

CI � log

�
1
P

�
� log n! �12�

For very largen, e.g.n4100,Eq. (12) maybewritten
as

CI � n�log nÿ 1� �13�
If the designmatrix is suchthat therearem possible
combinationsof n DPs that can equally satisfy the
FRs, then the probability of satisfying the FRs is
given by P=m/n!. Therefore, as m increases,the
designwill appearto be less complex becausethe
imaginary uncertaintydecreases.However, the real
uncertaintydoesnot changewith m.

Example 1. Xerography-basedPrinting Machine.
HG Company is one of the leading printing press
manufacturersin the world. They just developeda
commercial label-printing machine basedon xero-
graphy technique.This machine can quickly print
commercial labels as soon as the original copy is
inserted into the machine since it is based on
xerographyprinciple. The designof the machineis
schematicallyillustratedin Fig. 3.

An optical imageof the label is transmittedto the
surface of the selenium-coatedaluminum cylinder
using light. The cylinder rotatesat a constantspeed.
When the chargedsectionof the cylinder passesby
the toner box, the oppositely charged liquid-toner
transfersto the chargedpart of the seleniumsurface.
To control the thicknessof the toner layer on the
seleniumdrum,thewiper roll removestheextrathick
toner layer from the surfaceof the cylinder. Paperis
fed into the gapbetweenthe main seleniumcylinder
and the paper feed roll. When the paper comesin
contact with the selenium surface under the light
pressureexertedon the paperby the paperfeed roll,
the imageis firmly printedon the paper.

The AdvancedEngineeringDivision of HG Co.,
which wasdevelopingthis printing machine,ran into

trouble. They found that sometimesthe selenium
coatingis badly scratched,creatingpoor imagesand
damagingthe expensiveseleniumcoatedrolls (about
$4000 per cylinder, which was about 18 inches in
diameter).Sincethe betamachinehad to be shipped
in a few months,they assignedmany scientistsand
engineersto figure out the problemandsolve it.

Thescientistsandengineerscameto theconclusion
thatthescratchmarks(in theform of lines)musthave
beena result of abrasivewear. They attributed the
sourceof abrasionto be unknownabrasiveparticles
thatsomehowgot into thetonertank.Their reasoning
receivedmuch internal supportfrom everyonein the
AdvancedEngineeringDivision, since the machine
(which wasabout30 feet long) wasbeingassembled
at a cornerof a largemachineshop.Theyconjectured
that tiny metal chips from the machiningoperation
somehowgot into the tank, occasionallyscratching
the seleniumdrum.

To make sure that the toner was free of any
abrasiveparticles, they installed special filters that
would removeall particlesgreaterthana few microns
and put plastic sheetaroundthe machineto createa
cleanenvironmentaroundthemachine.However,the
despicablescratchmarks would not go away! The
high-level managersof the companybecameuneasy
about the situation, and decided to consult a
tribologist at MIT aboutthis abrasivewearproblem.

Fig. 3. Schematic drawing of the xerography-basedprinting
machine.Image is transmittedto the seleniumcoatedaluminum
cylinder using light. When the chargedsection of the cylinder
passesby the toner box, the oppositely charged toner liquid
transfersto the chargedpart of the seleniumsurface.The wiper
roll removesthe extra thick toner layer from the surfaceof the
cylinder. Papercomesin contactwith the seleniumsurfaceunder
the light pressureexertedon the paperby the paperfeedroll.
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The tribologist told themto reada referencebookon
tribology to learn all about the things that affect
abrasivewear.

After a few months, the tribologist received an
urgentcall from HG Co. They saidthat they haveto
ship the beta machineto a customer’sfactory in a
week and yet the scratchmarks were still there –
apparentlythe referencebook did not do any good!
The tribologist wasaskedto hop on an airplaneright
way and visit the factory where the machine was
beingtested.So he went.

What do you think the tribologist found at the HG
Company?

Solution.The tribologist, who alsoknowssomething
aboutaxiomaticdesign,listenedto HG engineersand
scientistswho explainedall the thingsthey haddone
and their theory on the causeof the problem.They
were sure that somehowdevilish small particlesare
getting into the printing machineand the toner box
and these particles caused the scratcheson the
surface.Indeed,the examinationof the surfaceand
micrographsindicated that the scratchmarks were
typical scratches caused by abrasive particles.
However,the tribologist was not convincedthat the
explanationgiven by HG engineersand scientists
werecorrect.

The functional requirements of the machine,
assumingthat abrasiveparticles somehowgot into
the tonerbox, may be chosento be the following:

FR1 = Createelectrically chargedimages
FR2 = Coat the chargedsurfacewith toner
FR3 = Wipe off the excesstoner
FR4 = Makesurethatabrasiveparticlesdonot cause

abrasion
FR5 = Feedthe paper
FR6 = Transferthe toner to the paper
FR7 = Control throughputrate

The tribologist reasonedthat DPs used by HG
personnel (although they did not use axiomatic
design) in their trial-and-error approach are as
follows:

DP1 = Opticalsystemwith light on seleniumsurface
DP2 = Electrostaticchargesof the seleniumsurface

andthe toner
DP3 = Wiper roller
DP4 = Filter
DP5 = Paperfeedingmechanism
DP6 = Mechanicalpressure
DP7 = Speedof the cylinder

Sincethereare sevenFRs and sevenDPs, thereare
more than 5000 combinationsif they try to run the
tests by trying different combinationsof DPs. The
probabilityof successof achievingtheFRsby a trial-
and-errormethodis quite small.Evenif they devised
an orthogonalarray experiment,there are still too
manyteststo determinethecause.Furthermore,if the
design is a decoupled design, simply identifying
important DPs through the orthogonalarray experi-
mentwill not yield theanswer.Indeed,their extensive
testsdid not yield any solution!

The designmatrix that may representthe thinking
of the HG engineersmay be representedas

DP1 DP2 DP3 DP4 DP5 DP6 DP7

FR1 X 0 0 0 0 0 0

FR2 X X 0 0 0 0 0

FR3 0 0 X 0 0 0 0

FR4 0 0 X X X 0 0

FR5 0 0 0 0 X 0 0

FR6 0 0 0 0 0 X 0

FR7 0 0 0 0 X 0 X

According to the abovedesignmatrix, the order of
FR4 and FR5 as well as DP4 and DP5 should be
changed to obtain a triangular matrix. What the
matrix is saying is that if the paper feeding
mechanismor processcreatesparticle, filtering the
toneroutsidethe machinewill not do any good.The
filter mustalsoremovethe particlesgeneratedby the
paper feeding mechanism. This is not easy to
achieve.

Anothersolution is to preventlargeparticlesfrom
ever approaching the interface by means of
controlling the fluid motion. For abrasionto occur,
kinematic considerationindicatesthat somehowthe
abrasiveparticle, whateverit may be madeof, must
be stationary at the interface between the main
cylinder and the wiper roll. If the particle goes
through, then at most, the seleniumsurfacewill be
indented rather than scratched.Then FR4 may be
decomposedas

FR41 = Preventtheabrasiveparticlebeinganchored
at the interfacebetweenthe main cylinder
andthe wiper roll

FR42 = Preventthe particlesfrom approachingthe
interface

At this point, it is instructive to consider the
kinematicsand fluid mechanicsof the toner motion

122 N. P. Suh



neartheentrancebetweenthewiper roll andthemain
roll.10 When the machineis first started,if the main
cylinder rotatesfirst beforethewiper roller is rotated,
thetonerwill bedraggedalongandanyparticlein the
tonerwill anchorat thenarrowsectionof theopening
betweenthe roller and the main cylinder. Further-
more, if the surfacespeedof the main cylinder is
greaterthan that of the counter-rotatingwiper roller,
thepressureat thenarrowgapwill begreater,andthe
tendencyto squeezein the abrasiveparticle at the
interface betweenthe main cylinder and the wiper
roller will be greater.On the otherhand,if the wiper
roller startsturningfirst andif thesurfacespeedof the
wiper roller is greaterthanandopposite(asindicated
in the figure) to the surface speed of the main
cylinder,thenthepressureat theentrancewill beless.
It will reducethetendencyfor largeparticlesto come
into the narrowgap.Furthermore,the vortex motion
in the toner will prevent the large particles from
approachingthe main cylinder/wiper interface as
shownin Fig. 4.

Then,DPsmay be chosenas

DP41 = Theorderof rotationof thewiper roller and
the main cylinder (wiper roller rotatesfirst)

DP42 = Thesurfacespeedof thewiper roller greater
thanandoppositeto thesurfacespeedof the
main cylinder

The tribologist madethe suggestionthat DP41 and
DP42 be implemented.The machinehad a digital
control system,and thereforeDP41and DP42could

be implementedimmediately.He alsoaskedthe HG
engineersto put abrasive particles into the toner
intentionally.Whenthemachinewasturnedon, there
wereno morescratchmarks!The tribologist happily
hoppedon anairplaneandreturnedto Boston.He had
spentsix working hoursat HG Companyto solvethe
problem,while manymonthsusingthetrial-and-error
approachprior to his visit producedno success.

If a design is uncoupledwith a diagonal design
matrix and zero information content, both the real
uncertaintyandtheimaginaryuncertaintyareequalto
zero.In thiscase,boththosewhodoandthosewhodo
not understandaxiomatic design may come to the
sameconclusionon complexityanduncertainty.

AbsoluteComplexity.The absolutecomplexity CA is
definedas

CA � CR� jCI �14�
CR, the real complexity, and CI, the imaginary
complexity, may be plotted in a two-dimensional
complex plane, as shown in Fig. 5. The ‘ j’ is the
imaginary unit and the ‘ j’ axis is for the imaginary
complexity. CI and Cr are orthogonalto eachother,
becausethe imaginarycomplexityhasno relationship
to therealcomplexity,andvice versa.Thevertical ‘ j’
axisis theaxisof ‘ignorance’,sinceit is causedby the
lackof knowledge,whichyieldstheperceptionthatthe
designis morecomplexthanit really is.Thehorizontal
axis representsreal uncertaintyas a result of design
and/or unknown behavior of nature. The absolute
complexityCA is shownasthevectorsumof Cr andCI,
sinceCr andCI areorthogonalto eachother.

It is difficult to predicttheexactvaluesof Cr andCI

a priori if the design is coupled or decoupled.
However, a bound for CI can be estimatedif the

Fig. 4. Thevortexmotionof the tonerandthe rotationaldirection
of the main cylinder andthe wiper roll.

Fig. 5. Complexity consistsof the real and imaginary part. The
vertical axis is the axis of ignoranceand the horizontal axis
representsreal uncertaintyas a result of designand/orunknown
behaviorof nature.

10In selectingDPs,thedesigner’sknowledgeof associatedphysics
and engineeringis obviously indispensable.Axiomatic design
cannot make up for the lack of fundamentalunderstandingof
physics,mathematics,andotherassociatedknowledgebase.Either
designermust know the fundamentals or a databasemust be
provided.
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designis adecoupleddesignusingEq.(12).Whenthe
design is uncoupled,the imaginary componentof
complexityis equalto zero,andonly real complexity
may exist if the systemrangeis not insidethe design
range.In thecaseof coupleddesign,themagnitudeof
the imaginary complexity can be very large and
dominatethe real complexity.

Based on the foregoing discussionof absolute
complexity,real complexityandimaginarycomplex-
ity, we may adopt the following definition of
complexity:

Time-independentcomplexity is a measureof
uncertaintyin achievinga given set of FRs and
thusrelatedto informationcontent.It consistsof
two orthogonalparts– therealandtheimaginary
complexities.Therealcomplexityis definedasa
measureof real uncertaintyin achievinga given
set of FRs and thus related to the information
content given by Eq. (5). The imaginary
complexity – perceiveduncertainty– is caused
by the designer’slack of knowledgeabout the
systemdesignedor the behaviorof nature.

2.4. Time-DependentComplexity: Time-
DependentCombinatorial Complexity and
Time-DependentPeriodic Complexity

The time-independentcomplexity discussedin the
precedingsectiondealt with complexity involved in
makingdesigndecisionsbecauseof the uncertainties
inherentin the systemdesigned,which is definedas
the real complexity, or becauseof uncertainties
causedby the lack of knowledge, i.e. ignorance,
which is definedasthe imaginarycomplexity.

There is another kind of uncertainty – time-
dependentuncertainty – becausethe future events
occur in unpredictableways, and thus cannot be
predicted.In this section, the time-dependentcom-
plexity will bedefined.In thenextsection,themeans
of reducing the time-dependentcomplexity through
the use of the IndependenceAxiom and the
InformationAxiom will be discussed.

Time-dependent complexity arises because in
manysituations,thefutureeventscannotbepredicted
a priori. Many of theseproblemsare combinatorial
problemsthat cangrow complicatedindefinitely asa
function of time, becausethe future eventsdepend
upon the decisions made in the past but in an
unpredictableway. In some cases,this unpredict-
ability is due to the violation of the Independence
Axiom. An exampleis the problem associatedwith
scheduling a job shop. Job shops are typically
engagedin machining a variety of parts that are

broughtto them by their customers.In this case,the
future scheduling– which parts are producedusing
which machines– is affectedby the decisionsmade
earlier and the complexity is a function of the
decisionsmade over its past history. This type of
time-dependentcomplexity will be definedas time-
dependentcombinatorialcomplexity.

There is another kind of time-dependentcom-
plexity: periodiccomplexity.Considertheproblemof
schedulingairline flights. Although airlines develop
their flight schedules,there exist uncertaintiesin
actual flight departuresand arrivals becauseof the
unexpectedeventssuchasbadweatheror mechanical
problems.The delayeddepartureor arrival of one
airplanewill affect manyof the subsequentconnect-
ing flights and arrival times. However, since the
airline schedule is periodic each day, all the
uncertaintiesintroducedduring the courseof a day
terminateat theendof a24-hourcycle,andhencethis
combinatorial complexity does not extend to the
following day.Thatis, eachdaytheschedulestartsall
over again, i.e. it is periodic, and thus uncertainties
created during the prior period are irrelevant.
However,during a given period thereare uncertain-
tiesdueto combinatorialandotheruncertainties.This
type of time-dependentcomplexitywill bedefinedas
time-dependentperiodic complexity.

Both time-dependentcombinatorial and time-
dependentperiodic complexities are real complex-
ities.

In the next section,it will be shownthat a time-
dependentcombinatorialcomplexity can be changed
to time-dependentperiodiccomplexity,greatly redu-
cing informationcontent,uncertainty,andultimately,
complexity. This is done through re-designor by
introducingdecouplers.

3. Reduction of Uncertainty – Conversion
of a Designwith Time-Dependent
Combinatorial Complexity to a Design
with Time-DependentPeriodic
Complexity

TheIndependenceAxiom andtheInformationAxiom
can be usedto reducethe information contentof a
design, deal with time-dependent combinatorial
complexity,andto converta combinatorialcomplex-
ity problem to a deterministicproblem through the
introductionof periodicity.

Example2 is a beautiful casethat showshow a
coupled design was decoupled by applying the
IndependenceAxiom so that the robot schedule
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would not affect the manufacturingprocess.This
decouplingis achievedby adding decouplers.This
exampleshowshow a time-dependentcombinatorial
complexity problem was reduced to a periodic
complexity problem, reducing the information
neededto makethe systemwork to a minimum and
increasingthe reliability of the systemby removing
uncertainty.

Example 2. From Combinatorial Complexity to a
Periodic Complexity– Designof Fixed
ManufacturingSystemsfor Identical Parts
(adoptedfrom Oh and Lee1999)

Highest-leveldesignof a fixedmanufacturingsystem.
Consider the case of making identical parts by
processingthemthrougha setof different processes.
For example,it mayberelatedto coating,curing,and
developing a photoresist material – a viscous
substancethat is light-sensitive which is used to
take images on silicon-wafer surfaces– for semi-
conductormanufacturing.In this case,the highest-
level FR may be statedasfollows:

FR1 = Maximize the returnon investment(ROI)

To maximizeROI, we haveto producethemaximum
number of coatedwafers, sell them at the highest
possibleprice, minimize the manufacturingcost,and
minimize the capital investment.However, we will
considerhereonly the taskof maximizingthe output
of a dedicated,automatedmachine.Then,the design
parametermay be written as

DP1 = Dedicated automated machine that can
produce the desired part at the specified
productionrate.

TheFRsof thededicatedandautomatedmachinemay
be written as

FR11 = Processwafersin variousmodules
FR12 = Transport the wafers between modules,

between the loading dock and modules,
betweenmodulesandunloadingdock

The correspondingDPs may be chosento be the
following:

DP11 = Processmodules
DP12 = Robots

The Cs are

C1 = Throughputrate
C2 = Manufacturingcost
C3 = Quality of the product
C4 = Yield (production of acceptable products

divided by the total output)

When a machinewith a robot and processmodules
was designed,FR11 and FR12 were coupled. For
example,sometimesthe wafers from two or more
different modules would be finished nearly at the
sametime, anddemandtransportto the next module
by the robot. However, since one robot cannot
perform two functions at the sametime, a decision
hadto be madeasto which wafer is to be pickedup
first. The decisionaffectedall subsequentdecisions.
The original designsolvedthis problemby usingthe
‘if, then’ type expert systemalgorithm. Sometimes
incorrectdecisionsweremadedelayingtheoperation,
andthemachinewouldcometo a completestopwhen
there was not an appropriate‘if, then’ rule. The
problemwith this designis that it is a coupleddesign.
The designequationfor this coupleddesignis given
by �

FR11
FR12

�
�
�

X X
X X

��
DP11
DP12

�
�15�

Therefore,a decisionwas madeto designthe robot
schedule based on axiomatic design so that the
IndependenceAxiom is satisfied.The new proposed
designcanbe expressedusingthe designequation�

FR11
FR12

�
�
�

X 0
X X

��
DP11
DP12

�
�16�

Equation(16) expressesthe fact that in the proposed
design,DP11 (the processmodules)will affect both
FR11 (processwafers)and FR12 (transportwafers),
but DP12 (the robot) will not affect FR11 (process
wafers).This is an important designdecision– the
designwill bedonesothat the robotmotionshallnot
affect the processes.All subsequentdecisionsas we
decomposetheseFRs and DPs must be consistent
with this decision.Design representedby Eq. (16)
statesthat, given an arrangementof the modules,we
must design the transportationsystemthat will not
affect themanufacturingprocess.This is a decoupled
design.

Since this machine processesexactly identical
parts, a ‘push’ systemmay be designed,where the
partwill besuppliedto themachineon a regulartime
intervalT. T is equalto (3600/m)seconds,wherem is
the number of wafers supplied to the machineper
hour.T is thecycle time duringwhich the robotmust
pick up wafers from all modulesat least once.The
numberof modulesneededfor eachprocessis related
to the periodT, sinceif the processtime of a module
is largerthanT, it will takemorethanonemoduleto
be able to meet the requiredthroughputrate. If the
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processtime in Module i is denotedas tP,i (sec),the
numberof themodulesneededto meettheproduction
requirement,ni, is given by

ni � Int
tP;i
T
� Int

�
tp; i

�3; 600=m�
�

�17�

Int [x] is a function that rounds x up to the next
nearestinteger. The total number of modules,M,
requiredto processthe wafersis given by

M �
XN

i�1

ni �18�

whereN is the numberof tasks,i.e. processes.These
processmodulesmustbe arrangedso that the robots
canserveall of thesemodulesin theshortestpossible
time.

Within the cycle-time period T, the module for
eachprocess(or one of the moduleswhen there is
morethanonemodulefor a givenprocess)completes
its task.Therefore,within a given periodT, the robot
mustpick up the wafersfrom thesemodulesthat just
completedtheir processcycles and transferthem to
thenextsetof modules.Therobotmustalsodelivera
wafer from the supply cassettestation to the first
module, as well as from the last module to the
outgoingcassettestation,all in a given periodT. If it
takestT for the robot to transportthe water from one
module to the next, then the numberof movesthe
robot canmakein time T is equalto T/tT.

The sequenceof the robot operationis as follows.
The robot picks up a wafer from the supplycassette
station and delivers it to Module 1 for Process1.
Uponcompletionof Process1 in Module1, the robot
picks up the wafer from Module 1 andinsertsit into
Module 2 for Process2. Similarly, from Module 2 to
Module3, andsoon.Whenit is againthetime to pick
up anothernew wafer from the supply cassetteafter
anelapseof time T, therobotgoesbackto thesupply
cassetteandloadsfrom thecassetteto thefirst module
for Process1. If thefirst Module1 is still processinga
wafer, this new wafer is loaded into the second
Module 1. This sequenceof wafer transfercontinues
until theentireprocessis completed.In oneperiodT,
the robot must move all the wafers that have just
finisheda prescribedprocessandmoveit to the next
modulefor anotherprocess.[Note: therecanbemore
thanonemodulefor eachprocess,asperEq. (30).] In
addition, the robot must load a new wafer from the
supply cassettestation and also deliver the finished
wafer from the last module to the outgoingcassette
station.

A conflict canarisein schedulingthe robotmotion
if two processesare completednearly at the same

time (i.e. within the time required for single robot
motion), since the robot has to be at two different
placesat the sametime. This coupling of functional
requirementscancausea systemfailure. In the past,
this problemwas tackledusing the ‘if, then’ type of
algorithm for decidingwhich wafer the robot should
pick up next. An ‘if , then’ type of AI approachis
unreliable, since the number of combinations in-
creasescontinuously, as each subsequentdecision
dependsuponthedecisionsmadeearlier.Thenumber
of possiblecombinationsincreasesto Pni whereni is
the number of modulesavailable for each process.
Furthermore,when there is no appropriate‘if, then’
rule, the systembreaksdown.

This problemcanbe solvedrigorouslyby introdu-
cing decouplers,i.e. by redesigningthe system!The
coupling occurswhen two or more waferscomplete
the prescribed processes nearly simultaneously
(within the transport time of the robot). We can
decouple the pick-up functions by introducing
‘decouplers’– devicesthat storethe wafersuntil the
robot becomesavailable.11 The role of decouplersis
to decouplefunctional requirementsof the transport.
The decouplersdo not have to be separatephysical
devices. In this case, the modules can act as
decouplersby letting the wafersstay in the modules
longer.Decouplersprovidequeuesbetweenmodules
so that the wafers can be picked up in a pre-
determinedsequenceby the robot.The designtaskis
to determinewherethe decouplersshouldbe placed,
and how long their queueshouldbe. Somemodules
cannotact as decouplersif the processtime in the
moduleis tightly controlledfor chemicalreasons.

Whendecouplersareintroducedwith queueqi, the
process time TC increases.As TC increases,the
numberof modulesmay increasedependingon the
processtime tP of eachmodule.Therefore,we have
dual goals: decouplethe processby meansof the
decouplersandminimize TC by selectingthe bestset
of qi. Then, FR12 (transport wafers) may be
decomposedas

FR121 = Decouplethe processtimes

FR122 = Minimize the numberof modulesM

The correspondingDPsare

DP121 = Decouplerswith queues,q’s

DP122 = The minimum valueof TC

The designequationis given by

11The term ‘decoupler’wasusedfor the first time by J. T. Black
(1991).
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FR121
FR122

�
�
�

X 0
X X

��
DP121
DP122

�
�19�

To minimize the number of modulesM, we must
satisfy the following two conditions:XN

i�1

@M
@qi
� 0

XN

i�1

@2M

@q2
i
> 0

�20�

whereN is the numberof processes.

Analytical solution for queues in decouplers.12

Having designed the manufacturing system, we
mustreplacethoseX’s with mathematicalexpressions
if theycanbemodeled.In this section,thequeuesq’s
will be determinedthroughmodelingandanalysisto
determine the exact relationship between FR121
(decouplethe processtimes) andDP121(decouplers
with q’s).

If we denotethetime thewaferhasto bepickedup
upon the completionof processj in Module i as Ti,
then Ti is the sum of the processtime tP and the
accumulated transport time tT, which may be
expressedas

Ti � tP � tr �21�
Ti, tP andtT arenormalizedwith respectto thesending
period T, i.e. actual time divided by T. Therefore,
throughout this analysis, all of the times will be
dimensionless,i.e. the actual time divided by the
periodT.

Since the total process tP is the sum of the
individual process times, tP,j, and the transport
times, tT, is the sum of the all robot transporttime,
tT,j, Eq. (21) may be expressedas

Ti � tP � tT �
Xi

jÿ1

tP;j �
Xiÿ1

j�1

tT;J �22�

Thenumberof pick-upmovestherobotcanmakein a
given periodT is given by

nR � T
tT

�23�

If thereareN processsteps,thereareM moduleswith
wafers that have gone through their respective

processesand ready to be picked up within a given
periodT. Within this time period,therobotmustpick
up all thesewafersfrom the modulesthat completed
theprocess.Therobotmustpick up a waferat time ti

that is measuredfrom thebeginningof eachperiodT,
which may be expressedas

�i � Ti ÿ Int

 Xi

j�1

tP;j �
Xiÿ1

j�1

tT;j

!

�
Xi

j�1

tP;j �
Xiÿ1

j�1

tT;j ÿ Int

 Xi

j�1

tP;j �
Xiÿ1

j�1

tT;j

!
�24�

where Int(x) is a function that roundsx down to the
nextnearestinteger.However,if thepick-uptimesare
coupledbecausetwo or more processesare finished
nearly at the sametime, the robot cannotimplement
the schedulegiven by Eq. (24).

We mustmodify thedesignto decoupletheprocess
by adding decouplerswith queueqi. For example,
Process1 in Module1 andProcess3 in Module3 are
finishedwithin the transporttime requiredtT,1, then
therobotcannotpick-upbothpiecesat thesametime.
Therefore,in this case,we may adda ‘decoupler’ to
Module 3, which may be eithera physicallyseparate
deviceor just queuein Module1 to keepthewafer in
longer.In this case,Ti given by Eq. (22) is extended
by qi. Then,the new time for pick-up Ti* is given by

T�1 ÿ T1 � q1

Similarly, extending it to a moregeneralcase,

T�2 ÿ T2 � q1� q2 �25�
T�3 ÿ T3 � q1� q2� q3

etc.

Substituting these relationships into Eq. (24), we
obtainthemodifiedactualpick-up time. If we denote
this modified time as t* i, then (ti –t* i) may be
expressedapproximately13 as

��i ÿ �i �
Xi

j�1

qj � aij qj

wherethe matrix aij is definedas

aij �
�

0 wheni < j
1 wheni > j

�
�26�

12 This robot schedulingproblem comesfrom SVG, Inc. which
hiredmanyconsultantsto solvetheproblemwithout obtainingany
satisfactorysolution.While Dr Larry Oh, Vice Presidentof SVG,
Inc. andtheauthorwerewaiting at anairport,theauthorsuggested
the useof decouplersandDr Oh (with my graduatestudentTae-
Sik Lee)cameup with this elegantclosedform solution.A patent
hasbeenfiled by SVG to protectthis work.

13The approximation neglects the possibility that the integer
function can changeits value when argumentof the function is
closeto aninteger.However,theexactsolutionhasthesameresult
asshownby Eq. (26) becauseit is off-set by an integer.

A Theoryof Complexity,Periodicityandthe DesignAxioms 127



We can approximatelydetermineti* by solving Eq.
(25), by determiningwhere the decouplersmay be
needed,andby approximatingthe valuesof queues.

Equation(26) may be expressedas

f�i ÿ ��i g � �aij �fqjg �27�
where { x} denotesa vector and [x] is a matrix.
Equation(27) may be solvedfor qi as

fqg � �a�ÿ1f��g � 1
jaij j �A�f��g � �A�f��g �28�

where

�� � �i ÿ ��i
�a� � matrix with elementsaij

jaji j � determinantof matrix�a� �
YN
i�1

akk � 1

�A� � Adj�aij � � �Aji �
Aji � �ÿ1�i�jMji

Mji � minor of aji

Equation(28) can be solved iteratively. To solve
Eq. (28), we need to know {Dt}, which can be
approximatedby estimatingreasonablevaluesfor ti*
andby solvingEq.(26) for ti. Thevaluefor tj* canbe
estimatedby addingtransporttime to ti* since|ti*–
tj*|4tT, for all j’s exceptj = i. The solution can be
improvedby successivesubstitutionof the improved
valuesof ti*. The determinant|aij | of the triangular
matrix { a} is equal to the product of the diagonal
elements.

Since the best solution is the one that makesthe
total cycletime TC a minimum,wemustseekfor aset
of valuesof qi that yield a minimum value for the
total queue, Sqi. When the precise control of
processingtime is critical, the queueqi associated
with the processshouldbe set to equalto zero.

To solveEq. (28) for thebestsetof queuesq’s, Oh
(1998) and Oh and Lee (1999) developed an
optimization software program based on genetic
algorithms. Multiplying these q’s by T, we can
obtainactualvaluesof queues.

Determinationof thequeuesof a fixedmanufacturing
systemthat processesidentical parts. A manufactur-
ing systemis beingdevelopedfor coatingof wafers.
To producethe final semiconductorproduct,wafers
coatedwith photoresistmust be subjectedto various
heatingandcoolingcyclesat varioustemperaturesfor
different durationbefore they can be shippedto the
next operation. The manufacturing system is an
integrated machine that consists of five process

stepsinvolving five different modules.A robot must
placethe wafer with the coatingsinto thesemodules,
thentakethemout of themodules,andtransportthem
to the next processmodule according to a preset
sequence.We want to maximizethe throughputrate
by using the robot and use the modules most
effectively. The desiredthroughputrate is 60 units
anhour.A constraintis theuseof a minimumnumber
of modules.The time it takesfor the robot to travel
betweenthe modulesis 6 seconds.The wafers are
processedthroughthe sequenceshownin Table2.

The processtimes in Modules B and E must be
precisebecauseof the critical natureof the process.
Thecycle time is assumedto betheprocesstime plus
the transporttime both for placementandpick-up of
the wafer.

The robot must pick up the wafersfrom a supply
bin (load-lock)anddeliver it ModuleA andwhenthe
processis finished, it must pick up the wafer from
ModuleE andplaceit on a cassette.Theseoperations
take6 secondseach.

Solution. The minimum number of modules is
dependenton the processtime TC and the desired
throughputrate.Therequirednumberof modulesis as
follows:

Modules Numberof modules
A 2
B 1
C 2
D 2
E 1

Without any decouplers, there are simultaneous
demandsfor the service of the robot as shown in
Fig. 6, which showsthetime theprocessis finishedin
eachof the moduleswithin a given period T. In the
figure, the horizontalaxis is dimensionallesstime –
one (1) representsone period T. Since the transport
time is equalto 6 seconds,i.e. (T/10), thefigureshows
thatProcesser1 and3 arecompletedsocloseto each
otherthattherobothasaconflict.Similarly, Processes
2 , 3 and5 areall finishednearlyat the sametime.

Table 2.

Steps Modules Temp.(C) Duration± tolerance(Seconds)

1 A 35 50 + 25
2 B 80 45 +/- 0
3 C 10 60 + 20
4 D 50 70 +10
5 E 68 35 +/- 0
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The solution is obtainedby solving Eq. (26) using
the software program developedby Oh and Lee
(1999).The bestsolution was obtainedby finding a
set of values that give the shortestcycle time TC

solving Eq. (26) repeatedly,and using a genetic
algorithm. The solution yields the following values
for q’s:

qA = 0.2 sec
qB = 0 sec
qC = 11.0sec
qD = 10.2sec
qE = 0 sec

Thequeuesfor B andE arezeros,sincethe tolerance
on these two modules is specified to be zero.
Therefore, the queuesof other modules has been

adjustedto make thesetwo queuesto be zero. The
actual pick-up times at the completion of the
processesof ModulesA, B, C, D andE aregiven in
Fig. 7.

Thereareotherpossiblesetsof solutionsfor qi, but
they may not give the minimum M or minimum Tc

andthe minimumSqi.
Oneof the interestingresultsof this solutionis that

the number of combinationsfor part flow reduces
down from severalthousandsto a few, becausethe
parts flow through the manufacturingsystemalong
deterministicpaths.What the conceptof decouplers
hasdoneis to changea combinatorialprobleminto a
periodicfunctionthat repeatsitself with a givencycle
that is deterministic.

In the robot-schedulingproblemdiscussedso far, the
schedulingproblemwaschangedfrom a combinator-
ial problem to a deterministic one, immensely
reducing the uncertainty and complexity. Further-
more, the infinite time-dependent combinatorial
problem was changedto a periodic problem where
the cycle within the sending period was made to
repeat itself by adding decouplers. This is an
importantconsequenceof applyingthe Independence
Axiom to theserandomeventsto createa ‘periodi-
city’. This changeof the taskwith uncertainoutcome
to one with a definite outcomereducesuncertainty
and makes the task much less complex. In other
words,the introductionof decouplershasintroduced
periodicityandchangeda combinatorialprobleminto
a deterministicproblem.

It is a very significantfinding that this creationof
‘periodicity’ reduces,if not eliminates,uncertainty
and thus, complexity associatedwith an infinite
combinatorial complexity. Furthermore,an infinite
time-dependent combinatorial system cannot be
sustainedbecausethe uncertainty associatedwith
its future eventsbecomestoo large.The systemthen
becomesrisky and unreliable. This means is that
evenwhen it is not clear as to how a period can be
defined,it is better to stop an eventand restartwith
new initial valuesto reducethe uncertaintyof future
events, where the current decisions affect future
eventsand probabilities.Nature forces this periodi-
city by giving a finite life to all living beings.These
observationswhich are extensionsof the Indepen-
dence Axiom and the Information Axiom can be
statedas a theorem14:

Fig. 6. Thepick up schedulein a periodT without anydecouplers.
Thereareconflictsamongtheprocessesfinishedin Modules1,2,3
and 5. This result is obtained using the software program
developedby Oh (1998)andOh andLee (1999).

Fig. 7. Theactualpick-uptimesof ModulesA, B, C, D andE. PR-
1 is Process1 thattakesplacein ModuleA, PR-2is for ModuleB,
PR-3 is for Module C, PR-4 is for Module D, and PAR-5 is for
Module E. This solution is obtainedusing the softwareprogram
developedby Oh (1998)andOh andLee (1999) 14Other theoremscanbe found in Suh(1990,1999).
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Theorem 26 (Conversionof a systemwith infinite
time-dependentcombinatorial complexity to a
system with periodic complexity). Uncertainty
associatedwith a design (or a system) can be
reducedsignificantly by changingthe designfrom
one of the serial, time-dependentcombinatorial
complexity to a periodiccomplexityone.

This relationshipbetweencomplexityandperiodicity
hasmany importantapplicationsandimplications.

4. Distinction betweenTime-Independent
and Time-DependentComplexity

One of the interestingquestionsis whetherthere is
any generalizationthat can be madeof the relation-
ship between the time-independentand the time-
dependentcomplexity. Although no thoroughinves-
tigationhasbeenmadeof this issue,it seemsthatthey
are distinct from eachother. It is as distinct as the
elliptic partial differential equationis different from
the hyperbolicpartial differential equations.

In the caseof time-independentcomplexity, the
endresultis governedby thegivensetof FR andDP
relationships.This is in contrastto the caseof time-
dependentcomplexity,which dependsupontheinitial
condition,butunlessthesystemgoesbackto thesame
setof initial conditionperiodically,the distantfuture
behavioris totally unpredictable.That is, in the case
of time-dependentcomplexity, the initial condition
has little control over the long-termbehaviorof the
system– unlike the caseof hyperbolic or parabolic
partial – differential equations.In the time-dependent
complexity case,the initial condition is not distin-
guishablefrom the stateat the systemat any other
time in terms of its ability to control the long-term
behavior.

5. Other Implications of Periodic
Complexity – A Speculation15

5.1. Nature and Living Beings

Oneof the importantdiscoveriesthis paperdescribed
is the power of changinga design with the time-
dependentcombinatorial complexity with a design
that hasperiodic complexity. It reducesuncertainty.
Whenuncertaintyis large,the future outcomecannot
beassured.Theperiodicityalsorenewsthelife-cycle,

and increasesreliability of the systemby re-starting
the systemfrom the sameinitial conditionsover and
over again.

It is interestingto note that naturehasknown this
fact all along. Many things in nature are periodic.
Atomic structureis periodic.The animal life-cycle is
periodic. Most animals sleep daily to renew
themselves.The life of all living beingsis periodic
andfinite.

Naturesustainslife by renewingitself periodically.
If living beings would live forever, they will go
throughmutationsand other changesthat cannotbe
predicteda priori nor controlled.Therefore,all living
beings stop living when theseunanticipatedevents
occur. They sustain and renew themselves by
reproductionthrough the combinationof the funda-
mentalbuildingblocksfrom groundzeroperiodically.

If we extend this speculationone step further,
nature may deal with the continuing level of
environmental pollution by replacing the current
expansion of combinatorial complexity of nature
with a periodic one, on a grand scale. This will
happenif theearthcannotsupportthecurrentform of
living beingswithout startingall overagain.Onemay
concludethat to preventthis unpleasantevent from
happening,humanbeingsmust discovera meansof
renewingthe naturethroughlesspollution.

5.2. Artificial Systems

The implication of Theorem26 also has important
implications on political and societal systems.A
kingdom or a country that is ruled by a dictator
without any possibility of renewal is one of the
systemswith time-dependentcombinatorialcomplex-
ity rather than a design with periodic complexity.
Therefore, such a political system can undergo
unexpected mutations, since the future outcome
cannot be controlled or predicteda priori . Hence,
the systemcan corrupt and deterioratein a totally
unexpected manner. There are certainly many
historical examples of such systems,one of the
most recentonesbeingthe SovietUnion.

We must introduce periodicity to even political
systemssothattheycanreduceuncertaintyandrenew
themselves.Possiblerenewal mechanismsare peri-
odic elections, a periodic setting of budgets and
periodicauditing.

Universities must also be designed to have a
periodic complexity. The existing mechanismsare
academicsemesters,fixed periodsof study, and the
academic tenure systemsfor faculty. Contrary to
popularview, thetenuresystemat leadinguniversities

15The topics discussedin this section may be classified as
intellectualspeculations,sincetheyarenot supportedby anyproof
and/orexperimentalconfirmation.Someof the speculativeideas
aregiven asfood for thought.
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guaranteestherenewalof academiclife. It providesa
means of renewing faculty on a regular cycle
(typically 6–8 years),sincemany who are judgedto
be less than the best end up leaving the institution,
althoughwrong decisionsare sometimesmade like
manyotherhumandecisions.For the tenuredfaculty,
the systemdependsupon the retirementsystemfor
periodicrenewal.Thefact thatsomeuniversitieshave
no longer the mandatoryretirement system is not
goodin termsof periodiccomplexity.

6. Concluding Remarks

This paper has examinedthe issue of complexity,
information, and uncertaintybasedon the Indepen-
dence Axiom and the Information Axiom. It was
shown that there are many different kinds of
complexities.

In the time-independentsituations,it was shown
that there are two kinds of complexities: real
complexity and imaginary complexity, which are
orthogonal to each other. Absolute complexity is
defined to be a vector sum of the real and the
imaginarycomplexities.

In the time-dependentcomplexity arena, it was
shownthat therearetwo different kinds of complex-
ities: combinatorial complexity and periodic com-
plexity. In a systemthat is subjectto combinatorial
complexity, the uncertainty of the future outcome
continuesto grow asa functionof time andasa result
cannothavea long termstability andreliability. In the
caseof systemswith periodiccomplexity,the system
is deterministicandcanrenewitself overeachperiod.
Therefore, a stable and reliable system must be
periodic. Starting from the application of the
IndependenceAxiom, it was shown how a coupled
systemwasbedecoupledthroughdesignchangesand
how a combinatorialcomplexity problem could be
changedinto aperiodiccomplexitydesignproblem.A
theoremwaspresented.

A case study was presentedto show how the
complexity could be reducedby redesignand by
replacementof a combinatorialcomplexity problem
with a periodiccomplexityone.

Finally, the consistency between nature and
Theorem26 (Conversionof a systemwith infinite
time-dependentcombinatorialcomplexityto a system
with periodiccomplexity) is discussed.It wasshown

that many things in nature are periodic, consistent
with the needto changea combinatorialcomplexity
designto oneof periodiccomplexitysystemto reduce
uncertainty.It wasalsoarguedthat the theoremmay
apply to political and societal systems as well.
Periodic renewal of political systemsand societal
systemsis essentialfor long-term self-sustainability
of the system.
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