1 A METHOD FOR BI ASI NG DESI GNS OF EXPERI MENTS P?@DN"«
CF THE INVENT[CN This invention relates to a nethod for inplenenting o
i ndustrial designs of experinments in which the inportance of process 1FOX
vari abl es may be taken into account. | NTRODUCTI ON TO THE | NVENTI ON An
I nportant inquiry related to manufacturing processes is to ascertain
whet her or not a process is in control or is out-of-control, to an end of
ef fecting expedi entus for bringing an out dof - cont r ol process back into

control . Industrial desi gn of experinent DC%%EFonce ts include known
techni ques for addresdi MET EXPRRAMENESes, in brief,

may be utilized for arriving at proper specifications for new

FIELD OF THE INVENTION

This invention relates to a method for
implementing industrial designs of experiments in which
the importance of process variables may be taken into

account.

INTRODUCTION TO THE INVENTION -

An important inquiry related to manufacturing
processes is to asc;rtain whether or not a process is
in control or is out-of-control, to an end of effecting
expedients for bringing an out-of-control process back

into control.

Industrial design of experiment (DOE) concepts
include known techniques for addressing the cited
inquiry. The DOE techniques, in brief, may be utilized
for arriving at proper specifications for new - i~
manufacturing processes, thereby enabling a recovery of

an out-of-control process. For general further



manuf acturi ng processes, thereby enabling a recovery of an-out-ef—eonttot—-
process. For general further 2 instruction on this point, reference may
be nmade to Design and Anal ysis of Experinents, Douglas C. TubiShedineBsen Rdmdued
Wley & Sons, 1996. SUMVARY COF THE | NVENTI ON Qur work cente ue
of the capabilities and viability of the foregoing represen

control techniques, to an end of disclosing novel nethodol ogy Wwhich can
advant ageously inprove their performancez : In this regard, we note that

al | extant design of experinment techniques include as an underlying self-
evi dent axi om tHRFaFESEoNarkabled |1 srecasBisgad sgnesrage, can be used

for implementing a design of experiment technique

subsuming such prior knowledge of process variables and

manifesting, thereby, improved performance.

In accordance with our discovery, we disclose, first

aspect, a method'comprising the steps of:

(1) determining a ranking of manufacturing process

variables and their interactions;
and

(2) employing a biased experimental design
utilizing the ranking of the manufacturing
process variables and their interactions for
the purpose of controlling a manufacturing

process.
In a second aspect, we disclose a
method for controlling manufacturing processes via o~

biased experimental designs, so that prior knowledge of

the importance of process variables and their
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considered to be of equal inportance. As a result of this axiom all known
desSi gns of experinent techniques are unbiased and do not (and can not) give
preference to any one process variable or group of variables. At the sane
time, in practice, process engineers have know edge of the relative

| nportance of process variables, but this know edge nust be otiose with
respect to the cited self- evident axiom W have di scovered, in contrast
to the extant techni ques, that a suitableyuse of prior know edge of -3 -
process variables i.e., a biased construct, can be used for inplenenting a
desi gn of experi festreccimm guetbidspmimg secbrgndeomaknbed redise tof process

vari abl es and mani festing, thereby, inproved performance.
Design and Analysis of Experiments, Douglas C.

Montgomery, John Wiley & Sons, 1996.

SUMMARY OF THE INVENTION

Our work centers on a critique of the capabilities
and viability of the foregoing representative DOE control
technigues, to an end of disclosing novel methodology

which can advantageously improve their performance.

In this regard, we note that all extant design of
experiment techniques include as an underlying self-
evident axiom, the notion that all process variables are
considered to be of equal importance. As a result of
this axiom, all known designs of experiment techniques
are unbiased and do not (and can not) give preference to
any one process variable or group of variables. At the
same time, in practice, process engineers have knowledge
of the relative importance of process variables, but this
knowledge must be otiose with respect to the cited self-

evident axiom. _ - -

We have discovered, in contrast to the extant

N~

techniques, that a suitable use of prior knowledge of



I n accordance with our discovery, we disclose, in a first _aspect of the
present invention, a method for optim zing an experinmental design used in a
manuf acturi ng process, the nmethod conprising the steps quhéngﬂmmgﬁﬂﬁaﬁhﬁg

a nunber of points for said experinental deS|gn (2) sel - ed
maxi mum nunber of interactions anong process' variables to m uﬂ : BME
sai d experinental design; (3) assigning weights to each S

vari ables and all said interactions up to said maxi mum nunber; (4)

creating a sorted_|ist of decreasing weights by ranking all sald Jrocess
variabl es and sai #*FFRFEQI0AE "é&‘@é‘rﬂ’i‘?fgafﬁo‘é%’f'dtﬁﬁ"gﬁ%t“é’ eeppri ding

normal i zing said wgi ggregate to unity; (6) obtai ning said
poi nts assigned to egﬁﬁix%Q§§ld process variables and said interactions by

mul tiplying said normalized weights by said nunber of points; and (7)
utilizing said obtained points to optim ze said experinental design. In a
second aspect of the pfEseselientingi @n, nwebeh solf ossxperéoaptébr desdgnam
devi ce readabl e by a nmachi ne, tangibly enbodyi ng a program of instructions
execut abl e by a machi ne toPﬁéPFérﬁ1nethod steps for optimzing an
experinmental design used in a

(2) selecting a desired maximum number of
interactions among process variables to be

included in the design;

{3) assigning weights to each of the process
variables énd all their interactions up to the

maximum specified in step (2);

(4) ranking all process variables and their
interactions according to their weights for

creating a sorted list of decreasing weights;

(5) normalizing the weights so that they sum to

unity;

(6) multiplying the normalized weights by the —
number of experimental points n specified in
step (1) for obtaining the number of

~

experimental design points assigned to each of
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manuf act uri ng process, the nethod conprising the steps of: (1) ~—Sefecting—
a funber of points for said experinental design; (2) selﬁgt'n a desired
maxi mum nunber of interacti ons anobng sai d process vari abl es) il heasita Repleced
in said experinental design; (3) assigning weights to eac -

process variables and all said interactions up to said maxi |

creating a sorted list of decreasing weigghts by ranking all said process

vari abl es and said interactions according to said weights; (5)

normal i zing said weights to aggregate to unity; (6) obt ai ni ng sai d

poi nts assigned to eaech of 8§ dPPPeRYSs veaiphbees aafd §hetr i ede&tPons by

mul tiplying said nornalizeqn%gkghéﬁ Qx sai d nunber of points; and (7)
utilizing said obtained points o %ﬁlﬁhze sai d experinmental design

Enbodi ments of the present invention can realize significant advantages,

wWith respect to the prior art design of experinent techniques, including

inter alia:-- and

{(7) assigning values to each process variable and

each selected interaction.

The invention as defined can realize significant
advantages, with respect to the prior art design of

experiment techniques, including inter alia:--

(1) wusing prior knowlédge of manufacturing
processes in affecting an improved selection

of experimental points;

(2) minimizing the number of experimental points
by constraining them to a desired number and
apportioning them to selected variables and
interactions according to their ranking

weights;

(3) modifying existing experimental designs by
redistributing their experimental points in

proportion to their importance;

]
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(1) using prior

know edge of nanufacturing processes rfre#igmiLng_an

|nproved sel ection of experinental points: (2) m ni ni zi ng the nunber of
experinmental points by constraining themto a desired nunberThnﬂwm}hsBe
apportioning themto sel ected variables and interactions accor

ranling weights; (3)

en Replaced
nodi fyi ng existing experinmental desig m myﬁ

redi stributing their experinental points in proportion to their

and (4) automatically deleting |n5|gn|§|cant vari abl es and/ or
interactions fromthe design by assigning themno points. BRI EF DESCRI PTI ON
OF THE DRAW NGS #né invention is illustrated in the acconmpanyi ng draw ngs,

I n which: Figures 1 and 2 conprise respectively symmetric (unbi ased) and
asymmetric (biased) experinental designs in illustration of an Exanpl e of

the present invention
proceeds by first set

ﬁETﬁéuﬁﬁ oealfy GLhEhy Q%@?{;@%ﬁ?&’arﬂ@%&k%iw

consi der at
and/or interactions from the design by

assigning them no points.

BRIEF DESCRIPTION OF THE DRAWING

S

The invention is illustrated in the accompanying

drawing, in which:

Figures 1 and 2 comprise respectively symmetric

(unbiased) and asymmetric (biased) experimental designs

in illustration of an Example of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The detailed description of the invention proceeds

by first setting forth a Summary of general

considerations; then, secondly, articulating Preferred

Aspects as especially referenced to the invention in its-

second

aspect as set forth above; and, finally,

disclosing an Example of the present invention.

~
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then, secondly, articulating an embodinent; and, finally, dlsttos+ﬂg“an_
Exanple of the present invention. GENERAL CCNSIDERATICNS One aspect of this

invention relates to the ranking of process variables for théh @H&Q;Qhk}
using this know edge to inplenent an experinental design mhlc b aced
advant age of prior process know edge. Another aspect of this IMW U”
relates to specifying the | ocations and val ues of the experlnenta

based on the nunber, interactions-level, 7and ranking of process vari abl es

and their interactions, to arrive at an inproved experinental design.

Accordi ngly, given that an existing manufacturing process requires the
services of an esgﬁ&éﬂgntal design in order that its perfornmance nay be

i nproved, and gi t prior know edge of said process variabl es

i mportance is known, the follow ng procedure is preferably inplemented: (1)

The total nunber of experimental points is selected. This is normally done
via selection of a tramdidisimdseeXovignionl depegt, oihtkbs invention

comprises the ranking of process variables for the
purpose of wusing this knowledge to implement an
experimental design which can take advantage of prior
process knowledge.

Another aspect of this invention is specifying éhe
locations and valueé of the experimental points, based on
the number, interactions-level, and ranking of process
variables and their interactions, to arrive at an

improved experimental design.

Accordingly, given that an existing manufacturing
process requires the services of an experimental design
in order that its performance may be improved, and given
that prior knowledge-of said process variables importance
is known, the following procedure is preferably

implemented:

{1) The total number of experimental points is
selected. This is normally done via selection

of a traditional experimental design, which
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-5 - dictates the nunber of experimental points. It can also be sel ected by
external conditions such as time limtations or fi nancmdSh@bﬂsﬁBﬁm mﬁrd

(2) The maximum level of process variables |nteract|on
commensurate with the total nunmber of experinental poi nts

vari ables and their interactions (up to the nmaxi mum| evel are g| ven

wei ghts based on prior know edge of the grocess. (3) The tot al nunber of
experimental points are distributed anong the process variables and their
interactions in proportion to their weights. Values are assigned to
t he experi nent al poi nts difkateg cehelafwmber wf hexperimental points.

It can also be selected by external conditions

such as time limitations or financial

constraints,

(2} The maximum level of process variables
interactions is selected, commensurate with
the total number of experimental points.
Process variables and their interactions (up

to the maximum level) are given weights based

on prior knowledge of the process.

{3) The total number of experimental points.are
distributed among the process variables' and
their interactions in proportion to their
weights. Values are assigned to the
experimental points in accordance with
traditional methods or otherwise desirable

values. This completes the design.

Preferred Aspects

The invention in its second aspect, as set forth

above, comprises seven (7) steps.

ggggg
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traditional nethods or otherw se desirable values. This conpletes the
deSi gn. EMBODI MENT An enbodi nent of the invention conpri seg;SfYAkhs Bdh Replaced

st eps: -6- Step (1) preferably conprises using prior kno auua
u‘
3

process for selecting the nunber of experinental points, anp
conprises using the nunber of experinental points as dictat
experinental design. Step (2) preferably, conprises cunulatively using at

| east one of main effects, 2-way interactions, 3-way interactions, or

hi gher interactions, for selecting the maxi mum nunber of interactions to be
I ncluded in the Step (1) preferably comprises using prior knowledge

of the process for selecting the number of experimental
points, and preferably comprises using the number of
experimental points as dictated by a known experimenEal
design.

Step (2) preferably comprises cumulatively using at
least one of main effects, 2-way interactions, 3-way
interactions, or higher interactions, for selecting the
maximum number of interactions to be included in .the

.

design.

Step (3) preferably comprisés: assigning weights
based on prior knowledge of the manufacturing process,

preferably based on computation of the respective

correlations to process performance.

Step (4) preferably comprises removing parameters
with weights less than a prescribed value, while step (5)
preferably comprises normalizing each weight by dividing

it by the sum of all weights.

Step (6) preferably comprises providing fractional” .

values in said step (6) for obtaining integral values.

S
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degign. Step (3) preferably conprises assigning weights based on prior

know edge of the manufacturing process, preferably based onhs&hmﬂﬁanmmhmhkd
the respective correlations to process performance. Step (4)

conprises renoving paraneters with weights |less than a presc

while step (5) preferably conprises normalizing each wei ght IVI |
by the sumof all weights. Step (6) prefgyably conprises providing
fractional values in said step (6) for obtaining integral values. Step
(7) preferably conprises assigni values to the selected variables and
sel ect ed |nteract|onssﬁééofa)r@FQé;nﬂQéYc§émH§F%ﬁse?%ﬁﬁaﬁHQGdVékﬁﬁﬁiﬁ%ntal

the selected variables and selected interactions

according to the coding of a standard experimental

design.
EXAMPLE

A manufacturing process has two variables. It is
desired to implement an experimental design with no more
than 10 points, with main effects and up to zlgay
interactioris, and use up to three levels for each
variable. A traditional experimental design would be a
3-factorial design which calls for 3**2 = 9 experimental
points. Coded value; for three levels are -1, 0 and 1 so

that the traditional (unbiased) 3-factorial design is:
-1
-1
-1
0
0 0
0
1
1
1

This design is illustrated in Figure 1, numeral 10.

Note that this design is fully symmetric (unbiased) in

~

the two variables.
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design. EXAMPLE A manufacturing process has two variabtes—1tT TS desired to
i npl ement an experinmental design with no nore than 10 points, with main
effects and up to 2-way interactions, and use up to t [fhieSheridiapBesn Replacedach
variable. A traditianal experinmental design would be Aot @iiesi gn
which calls for 3**2 = 9 experinental points. Coded val . TiieH| | evel s
are -1, 0 and 1 sO that the traditional jgunbi ased) 3-factorial design is:
This design is illustrated in Figure 1, nunmeral 10. Note that this design
is fully symmetric (unbiased) in the two variabl es. G ven that prior
know edge of the procetgengd@itf ppkor knowledge of the process specifies

that the first variable (X1) has weight 10, the second

(X2). has weight 4, and the interdction between X1 and X2
has weight 6, the normalized weights to the total of 20
are 0.5, 0.2 and 0.3 respectively. For 9 points the
distribution is 4.5, 1.8 and 2.7 points which round off
to 5 for X1, 2 for X2 and 3 for the interaction between
X1 and X2 (a total of 10 points).- Our invention,

therefore, calls for a 10 points design:

X1 X2
-2 0
-1 -0
0 0
1 0
2 10
0 -1
0 1
-1 -1
1 1
0 0

This design is illustrated in Figure 2, numeral 12.

Note that this design is asymmetric (biased) in the

correct proportions for the two variables and their

interaction.

Also note the repetition of the design at the origin

(0,0). This is common practice in experimental designs,




that the first variable (X1) has weight 10, the second (X2),._has weight 4,
and the interaction between X1 and X2 has wei ght 6, the normalized weights
to the total of 20 are, 0.5, 0.2 and 0.3 respectively. s 2pi ntithe
distribution is 4.5, 1.8 and 2..7 points which round of f tomeiedenfg a2 Fbr
X2 and 3 for the interaction between XI and X2 (a total oﬂ - !L L”I
Qur invention, therefore, calls for a 1Q2points design: Th : '
illustrated in Figure 2, nuneral 12. Note that this design is asymetric
(biased) in the correct proportions for the tw variables and their

interaction. A SB'G6 8¥PREIPRMAY PPORtDPATENERRAN N faF TR BTG Lo, 0) .
This is common FH:%‘E:tés%ev'aQi%Pf{dﬂe”hélseQ'fé'%s out automatically.
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wher e experinmental points are repeated for evaluation of process
vdriability. Here it comes out autonmatically. .10 - CLAIMS 1. A
met hod for optimzing an experinental design used in a nanuﬂaﬁmatmn@mnmmhwd

process, the method conprising the steps of: (1) selectln
points for said experinental design; (2) selecting a de5| mi "
nunber of interactions—anong process variables to be include

experinment al desi assigning wei'ghts to each of said process

vari abl glﬁ“@ﬁ“ﬁmﬁﬂm\m tr actions up to said naxi mum number; (4)

creatin ecreasi ng wei ghts by ranking all sald process
vari abl e§ ahd sai'd interactions according to said weights; (5)

normal i zing said weights to aggregate to unit
g CLAE% ggr eg Y,

What is claimed is:

1. A method comprising the steps of:
(1) determining a ranking of manufacturing process

variables and their interactions;

and

(2) employing a biased experimental design
utilizing the ranking of the manufacturing
process variables and their interactions for
the purpose of controlling a manufacturing

process.

2, A method according to claim 1, wherein step (2)
further comprises employing the biased expérimental
design for the purpose of controlling and

optimizing the manufacturing process. _ - -~

3. A method for controlling manufacturing processes

via biased experimental designs, so that prior

D
- ——
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(6)'\ obtai ning said points assigned to each of said process variables and
sai'd interactions by nultiplying said nornalized wei ght s b HH Iﬁ'ltﬂmm‘ "cml '
points; and (7) utilizing said obtained points to optim

experinental design. 2.

The nethod of claim1, wherein prior knomdedge
of ranking of said process variables and said interactions is used for
sel ecting said nunber of points. 3. The nmethod of claiml, wherein
sel ection of said nunmber of points is dictated by a known experi nent al

design. 4. The nethod of claim 1, wherein selectin sald de |red

maxi mum nunber conpr|¥Rﬁ¥ ledat 8fi Foey 1TOPREAnTe | ¥hskT fvﬁﬁ% 1&ffect s
't‘?x% r O\é‘@i‘?é:&toq{sa“i%' QORen Hidd , the

i ncludi ng, 2-way inter
i nteractions. 5. The

assi gned based on prlmbtmaambeﬂgﬁasihg the Fbepgmmifiod of claim 1, wherein

said wei ghts are assigned based on a conputation of

The nmethod of claim1l, wherein step (4)
rocess varlables and said interactions

to process performance.

7.
further conprises renoving said

alm 1, wherein sal V\BgtS ar e

with wei ghts | ess tharfld pPELEFE ¢al Rgmber  of  experimental design

(2)

(3)

(4)

(3)

(6)

points n;

selecting a desired maximum number of
interactions among process variables to be

included in the design;

assigning weights te each of the process
variables &nd all their interactions up to the

maximum specified in step (2);

ranking all process variables and their
interactions according to their weights for

creating a sorted list of decreasing weights;

normalizing the weights so that they sum to

unity;

multiplying the normalized weights by the

number of experimental points n specified in

~

step (1) for obtaining the number of

respective correl ati ons

REPLACED
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8. = The nethod of claim1, wherein step (5) conprises nornalizing €ach
off said weights by dividing it by a sumof all weights. ﬁmu B AR

of claim1, wherein step (6) further conprises roundi ng [l “"uﬂm“ﬂﬂmmg
for obtaining integral values. 10. The nmet hod of claint1,° wher &i ns st-ep

(7) is, performed according to the coding of a standard experi nent al
11. °~ * A conputer program device readabllg by a machi ne, tangi bly enbodyi ng

a program of instructions executabl e by

desi gn.

machi ne to perform nmet hod steps

for optim zing an experinental, design used in a manufactuyring process, the

met hod cenprising the st eFPTETPLF

deslgn pP{RG® FSRGARET O SP6I'ntS for

said experimental design;q{2) procggg eﬁégﬂbqegesﬁgd dRi-TUgL ] Bgdrer of

i nteractions anong said process varia

experinmental design;

and

es to be included in said

(3) intexaeitgbhsg wei ghts to each of said process
vari ables and all said interactions up to said maxi num nunber;

(7) assigning values to each process variable and

each selected interaction.

A method according to claim 3, wherein step (1)
comprises using prior knowledge of the process for

selecting the number of experimental points.

A method according to claim 3, wherein step (1)
comprises using the number of points dictated by a

known experimental design.

A method according to claim 3, wherein step (2)
comprises cumulatively using at least one of main
effects, 2-way interactions, 3-way interactions, or
higher interactions for selecting thg maximum
number of interactions to be included in the

desigﬁ.
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(4)5 creating a sorted I'ist of dectreasing weights by ranking all said

process vari abl es| i Shai tions according to said weights; (5)
normal i zi ng said mnmnm’m’l%[,mate to unity; (6) obt ai ni ng said

poi nts assigned to*ea€h ©f #saisd process variables and said interactions by
mul tiplying said normalized wei ghts by said nunber of points; and (7)
utilizing said obtained points to opti mt&e said experinental design. 12.

The nethod of claim 11, wherein prior know edge of ranking of said process

vari ables and saj d | of GGAGIONR do3ayagdehOL 0kt Nglosald Bugberspt

{
poi nts. 13. The met hod o arm erern sefection of s
points is dictated byompknows expsiinety al wdegntg. ddsed Jhe melibed of
claim 11, wherein selecting said desired maxi mum nunber conpri ses
cunul atively using atknowdstdgens dhenmanuéidiaoting proecelsg, 2-way
I nteractions, 3-way interactions, nmultiple-way interactions. -12 -

8. A method according to claim 3, wherein step (3)
comprises assigning weights based on computation of

the respective correlations to process performance.

9. A method according to c¢laim 3, wherein step (4)
comprises removing parameters with wéights'léss

than a prescribed value.

10. A method according to claim 3, wherein step (5)
comprises normalizing each weight by dividing it by

the sum of all weights.

11. A method according to claim 3, wherein step (6)
comprises rounding fractional values in said step

(6) for obtaining integral values.

12. A method according to claim 3, wherein step (7)
comprises assigning values to the selected
variables and selected interactions according to

the coding of a standard experimental design.

~
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155" The nethod of claim11l, wherein said weights are assigned based on

pri'or knowl edge. 16. The method of claim 11, wherein said wei ghts are
assi gned based on mmmummrespecti ve correlations to process
per f or mance. Tl | aim 11, wherein step (4) further
conpri ses rermw ng said pfoc'bss vari abl es and said interactions with

wei ghts | ess than a prescribed val ue. 18 The nmethod of claim 11,
wherein step (5) conprises nornal i zing each of said weights by di vi ding it
by a sumof all yeightfs. maPhod he et hod of claiy rﬂ 11, vvhgg (6)
further conprises round| ng lfractl onar val ues for obt aini ng 1n egra vaI ues.

20. The nethod of ghAidhehlinyheh&idtedseBn( <) coipur@if.ormed according to
the coding of a standard experinental design. .
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