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Abstract: The Statistical Feed-Forward Control Model

(SFFCM) relies on a sequence of specification a@djests
made on subsets of a population to counter theenfie of
the long time component of the variation. The diffty
strives in finding a proper estimate for the measoir the
central tendency of each subset to minimize the bmurnof

the required adjustments. By means of simulating th

To carry out the experiments the manufacture lof af
one thousand assemblies made of two types of coamen
was simulated. The numbers corresponding to thenalby
distributed dimensions of the components were gegedr
using Monte Carlo methods.

The influence of the factors was measured in teofms

assembly of two components having high dimensionahe process’ ability to produce assemblies withive t

variation, forty experiments were designed to camphe
individual influence of different factors such e thumber
of adjustments, the sampling strategy and two nreasof
central tendency: the sample mean and the cumelalty
noised average. Simulation results showed thagrdéess
of the sampling strategy but keeping the inspectaie at
20%, the use of the cumulative de-noised averagjead of

required assembly specifications. In practice, iasw
quantified by the reduction achieved in both theamshift
and the standard deviation of the dimensional whbfethe
resulting assemblies and by the number of the redui
adjustments.

Simulation results showed that, independently & th

the sample mean made possible to reduce the nuaiber sampling strategy but keeping the inspection rat@0&%6,
adjustments by 20%. Thus, while the shift mean tef t the mere use of the cumulative de-noised averagerasal
resulting assembly was decreased by 90%; the sthndaendency measure of the population’s subsets masklpe

deviation was reduced by 15%. Hence, the seleaifoa
proper central tendency measure is crucial whenefirogl
the long time variation. The cumulative de-noised@rage
proved to be a valid alternative.
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1. INTRODUCTION

to reduce the number of adjustments by 20% anidks#p
the effectiveness of the controller.

2. STATISTICAL DYNAMIC SPECIFICATIONS
METHOD (SDSM)

SDSM is a collection of steps to help managing
dimensional specifications and tolerances of thaeeiin
components of an assembly [1], [5], [6].

SFFCM has been conceived as an alternative to help Let Lssyand sy be the target and tolerance of a given

controlling those processes
dimensional variation of the assembled componenits ithe
order of magnitude of the nominal tolerance of wiele
assembly. However, different from classical apphesc

SFFCM focuses on managing the specifications ard th
than on

tolerances of the inner components rather
neutralizing the influence of the sources of vaoiat

in which the cumulativeassembly whose two components’ specifications Hmeeen

setto L and {[7 p.14]. Let the variation of,Lbe composed
by a random and a long term component (Fig.1).

Lassy = I‘1 + L2 (1)
tassy = V t12 + t22 (2)

To apply SFFCM the population under study has to be

divided in subsets of units produced consecutiirely short

time interval from which some will be drawn for pection.

Through this work the individual influence of thebset size,
the sampling strategy and the central tendency umeamn

the detection and modeling of the long time vaviativas

revealed with the help of forty specific experinwenhat

were replicated seven hundred times each.

If a small subset were taken from the population of
Component 1 (Fig. 1) [8 p.192], it would be disc@ckthat
99.73% of the units lie in a band of widtks,G,, which is
centered at ik, . Since the influence of the long time
variation is only partial, the standard variatidntite subset
is expected to be smaller that the one of the windle



4.1 Subset Size

] &Th The subset size is defined by the number of cotisecu
‘ units coming out of the feeding Sub-system A frohich a
sample will be drawn to determine the adjustmeatshe

1| Target, input of the controlled Sub-system B. The subset si

7301&'175 1 determines the number of adjustments.

Length Component 1 [mm]

4.2 Sampling Strategy

The sampling strategy comprises two aspects: the
number of observations per subset and the selent&thod
in which the sample will be drawn: either simple or
systematic random sampling [10 p.52] with individwa

common selection pattern for all subsets [3], [4].
It is reasonable to think that, at least for thibset, the

nominal tolerance; thad not been fully used and that part of
it could have been spared to complement the nominal
tolerance 4 of a matching subset of Component 2. In fact, it Since SFFCM exerts the control by means of
would have been possible to have another tolerapge determining the values of ,L,, that counter the drift

experienced by 4k, through time, finding a proper central
3) tendency measure for each subset is crucial toesdcdn
this work, two approaches were considered: the Eamp
mean and the cumulative de-noised average.

Units of Component 1

Fig. 1 Subset mean and standard deviation

4.3 Long Term Variation Modelling

tl,sub = 30-1,sub

— 2 2
tz,sub - tassy - t],sub (4)

The cumulative de-noised averagg is based

ssubcdna?

On the other hand, if the subset mean,4, had been _ )
known then it would have been possible to define afin the accumulation of knowledge about the popurati

adjusted target 4., for a matching subset of Component oBasically, the observations of th_e current gnd phevious
to help meeting the desiredsl, subsets are processed by a noise reduction algotitiat

delivers a new set of points which is used thecotstruct a
smoother curve by interpolating consecutive poirithe
points of the new curve corresponding to the cirsaibset

are finally averaged to obtaiX g, .4, @S the central

L2,sub = Lassy - lul,sub (5)

3. STATISTICAL FEED-FORWARD CONTROL

MODEL (SFFCM ) tendency measure of the current subset (Fig 3).

SFFCM divides the system in two parts, a feeding) @n
controlled sub-system, to place an intermediateiciasion

Current Subset
Observations

Previous Subsets
Observations

point between them (Fig. 2). Thus, by means of yapgl ¢
iteratively SDSM any possible deviation detectedttie
output of the feeding Sub-system A could be cowatdry
altering the input to the controlled Sub-systenpBtevent
the occurrence of defective units from within thestem. Y
The implementation of SFFCM only makes sense iray| Interpolate

time scale component in the variation can be dedeirt the Generated Points
output of the feeding Sub-system A [5], [6].

Apply Noise
Reduction

A\
Average Points

T —
Sub-System I Sub-System Xl.sub,cdnn

A : B

Fig. 3 Cumulative de-noised average.

Information Flow
Measurement | "
Step _:
¥ |
| { 4. EXPERIMENTS
JI control
Sub-System A . . .
Material Flow Sub-System B Forty experiments were designed considering three

factors: number of adjustments (subset size), dampl

Fig. 2 Statistical feed-forward control model strategy and central tendency measure.



Table 1 Experiments Design

5.1 Simulation Results

Random Subset Tendency
Sampling Pattern Measure Table3 Assembly averagemean [/, o ay
#  sSimple Systematic Common. Indiv. Xisup  Xisubedna Exp 2-Adj 4-Adj 5-Adj 8-Adj 10-Adj

1 N N N 1 29.9489 29.9494  29.9480 29.9485 29.9491

2 N N N 2 299470 29.9511 29.9511 29.9555  29.9522
3 N N N 3 29.9481 29.9489 29.9473 29.9484  29.9490

4 N N N 4 2909468 29.9518 29.9506 29.9546  29.9509
5 N N N 5 29.9490 29.9487 29.9498 29.9493 29.9493

6 N N N 6 209458 29.9511 29.9499 29.9543  29.9529
7 N N N 7 29.9484  29.9501 29.9481 29.9499 29.9487

38 N N N 8 299464 29.9513 29.9499 299564 29.9516

Table 4 Assembly average standard deviation O . .4
5. SIMULATION B0 2Ad 4Ad 5Ad  8Ad  10Ad

The production of 1,000 assemblies made of two 02494 0.2486 02474 02449 02456

componerr)wts was simulated and replicated 700 tiEesty 2 0.24% 02480 02473 0.2457  0.2457
replication was made employing a new populatioregated 3 0.2496 0.2478 0.2473 0.2453 0.2454

randomly using Monte Carlo Methods. Whereas the 4 02495 02478 02479 02454 0.2462
inspection rate was set to 20%; the number of &ujersts 5 0.2494  0.2478  0.2472  0.2455  0.2455

was shifted between 2 and 10. The numbers in Télsed 6 0.2492 0.2481 0.2474 0.2463 0.2462
Table 5 average the result of 700,000 tries. 7 0.2491 0.2478 0.2468 0.2452 0.2454

8 0.2494 0.2477 0.2475 0.2459 0.2458

Following the definition of SFFCM, Component 1
represented the feeding Sub-system A and Comp@ntre
controlled Sub-system B. Thus, the variable to m@¥nvas

Table 5 Standard deviation of the mean values /Jmsmdi

the length of the latter. Exp 2-Adj 4-Adj 5-Adj 8-Adj 10-Adj
The initial si lati dit inal Gifi 1 0.0134 0.0135 0.0137 0.0132 0.0132
€ initial simulation conditions, nominal Specstons 2 0013 00138 00151 00157 00151
and manufacture process characteristics, are sumedan
Table 2 3 0.0143 0.0135 0.0134 0.0130 0.0130
Table 2 Specifications and Process Char acteristics [mm] 4 0.0136 0.0147 0.0151 0.0143 0.0152
S_T_ o Td v SD c 5 0.0131 0.0130 0.0126 0.0134 0.0131
— ;;go 100'0 269625 ' oe;lé . 6 00137 00146 00154 00149 00146
c y 20'00 0.82 9.60 0'2 '09 7 0.0128 0.0128 0.0130 0.0128 0.0130
omp. 1 : : 19. 25 L 8 00137 00142 00145 00153  0.0145
Comp. 2 10.00 0.58 9.95 0.15 1.29
The values above can be derived from the following__ Table6 Standard deviation of the Std. Dev. values O sqyn;
formulae [8 p.339], [9 p.91]. Exp  2-Adj 4-Adj 5-Adj 8-Adj 10-Adj
1 0.0050 0.0048 0.0050 0.0049 0.0051
Hasey = Hh + 1y ©6) 2 00048 00051 00054 00050  0.0052
5 5 3 0.0048 0.0050 0.0052 0.0052 0.0050
Oassy =01 10, (7) 4 0.0047 00049 00048 00052  0.0053
- 5 0.0048 0.0051 0.0049 0.0051 0.0049
C, =t/30, (8)
6 0.0049 0.0051 0.0052 0.0052 0.0053
. . . 7 0.0047 0.0050 0.0050 0.0051 0.0047
The following assumptions were taken as valid:
8 0.0048 0.0051 0.0051 0.0052 0.0051

Normally distributed andhomoscedastic noise.

No correlation between components’ populations.
Process variation separable into random noise and Table 3 and Table 4 show that, regardless of the

potentially controllable long time variation. sampling strategy, the system output is sensitivethe

Process stability to respond predictably to the @Pplication of the cumulative de-noised averagg,,.4,,as

adjustments. central tendency measure. Particularly, Experim@nt4, 6
and 8 systematically delivered better results wihba
number of adjustments was either 8 or 10 (Fig. 4).




Fig. 4 Average mean and average standard deviation.
(2]
Differently from previous works [1], [2], [3] and5] in
which 10 adjustments along with the use of the samgan
as central tendency measure were customary, thidaiion
showed that only 8 adjustments combined with the
cumulative de-noised average can deliver bettenltses 3]
without sacrificing the output stability. In thisge the shift
of the mean of the resulting assembly was reduge@0Bo,
from 0.45 to 0.05. The resulting standard deviatioas
reduced by 15%, from 0.29 to 0.26. Thus the padénti
capability index G varied from 1.14 to 1.36.
(4]
The difference between using the sample mean (ejang
and the cumulative de-noised average (white) toehtite
long time component of the variation (light blus)shown
in Fig. 6.

(3]
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. 6. CONCLUSIONS
Average Mean - 700 Replications
29.9580 While both the number of adjustments and the ckntra
_ 29.95601 ——Exp-l tendency measure showed to impact significantly the
§ 29.95407 ®Exp-2)  simulation results; the sampling strategy did nioove a
= 29.9520 *Exp-3)  definitive influence
5 29.9500- :
2 - Exp-4
< 29.9480 e Expet . . o
29.9460- . P Acquiring and using knowledge about the variation
29.9440 +EXp'6 through the time proved to be worthy. It made pgaesto
2 4 5 8 10 _EXp'7 reduce the number of adjustments, and thereforedasieand
Adjustments —— effort, without sacrificing the neither the effaethess of the
controller nor the stability of the process’ output
Average St. Dev. - 700 Replications
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