e

LMI

COVERNMENT CONSULTING

THE QPPORTUNITY TO MAKE A DIFFEREMCE HAS WMEVER BEEM GREATER

Use of Welbull Failure Rates
Virginia Stouffer

SCEA/ISPA Workshop
June 2-5, 2009

ACQUISITION » FACILITIES & ASSET MAMAGEMENT + FINAMCIAL MANAGEMENT « |NFORMATION & TECHMOLOGY » LOGISTICS = ORGAN|ZATIONS & HUMAN CAPITAL



Presented at the 2009 ISPA/SCEA Joint Annual Conference and Training Workshop - www.iceaaonline.com

Introduction to Failure Rates

* Mean Time Between Failures = 1/ Failure Rate
— Failure Rate often expressed per million operating hours

» Failure Rates easy to deal with because they are additive
for components of a system

Ny =N, N+ FA A

1/ = MTBF
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MIL HDBK 217

Ap = Ap T Rp MR ARG T R NE

where:
JLp is the par failure rate,

"'b is the base failure rate usually expressed by a model relating the influence of electrical and
temperature stresses on the par,

ng and the other n factors modify the base failure rate for the category of environmental
application and other parameters that affect the pan rehability.

Environmental Factor - L

Environment e
Gg 5
Ge 2.0
Gy 4.0
”5 4.0
Ny 6.0
Ac 4.0
A 5.0
.ﬂuc 50

8.0 1
8.0
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The Challenge

* Vendor estimated reliability using commercial physics-of-
failure model techniques

* Vendor System MTBF estimated at near threshold of
1000 hours

 Dem-Val MTBF = 250

MTBF* = Zn(elapsed time intervals)
failures during demonstration
*MIL HDBK 189

n = all units in demonstration evaluation

« Concern that we are measuring the infant mortality
failures
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Vendor's Hypothesis

A

Failures

ﬂfnre Infant

period mortality wearout
period /

burn in

v
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Test Results (Run til Hard Failure)

Test periods
1 a 3 4 3 6 7 8 9 10 11 12 13

units 1|
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Gompertz Curve, Plotted in In-In Space

Ln(fail) 1o

e

Ln(time)

MIL HDBK 189 Section 5.2.6.1.2
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Curtailed Sample Due to Time-Limited Test

Demo cut off
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What to do with Limited Sample?

Choices

« Chi-Square Adjustment
(confidence estimating)

* Fit to Weibull

* Ignore it and go back to simple
mean
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Chi-Square Adjustment
« Used for small sample sizes; the distribution depends on degrees of

freedom
» Can be used with zero failures

M confidence =2T / X22r+2(a)

[time-terminated test]
T = time period (hours)
(1- a ) = confidence level; for two-tailed, divide alpha by 2  MTBF =r/T
e.g., for two-tailed 80% confidence, alpha = .10
X%5r40(0) = Chi-Square distribution with 2r+2 degrees of freedom
where r is number of failures under test
Use Lookup table for (.90, 2r+2), (.10, 2r+2)

For failure terminated test d.f. = 2r
Ref. Neubeck , 2004

PAGE 10




Presented at the 2009 ISPA/SCEA Joint Annual Conference and Training Workshop - www.iceaaonline.com

Chi-Square Conclusions

« Adequately deals with the curtailed sample problem

« Assuming away the impact of non-uniform start dates

» Gets us an 80% confidence interval (upper bound) of 630
« Still does not agree with vendor

* No explicit credit for infant mortality stage

PAGE 11




Presented at the 2009 ISPA/SCEA Joint Annual Conference and Training Workshop - www.iceaaonline.com

Why Weibull

« A distribution to represent real world data allows us to make
predictions and make confidence estimates on those predictions

« The Weibull can be adjusted to mimic real world data, using its scale
(aka characteristic life) and shape (or slope) parameters

«  Weibull shape parameter of <1 mimics a system with failures that

decrease over time, indicative of infant mortality

— defective items fail early and the failure rate decreases over time as they fall out of
the population

« A constant failure rate (shape = 1) suggests that items are failing from

random events
— it is also an exponential distribution

* Increasing failure rate (shape >1) suggests "wear out:" parts are more
likely to fail as time goes on

« Shape parameter = 3.5, the Weibull is identical to the Gaussian
distribution
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Weibull PDF

f(x) 1

B=8 Ref. Kapur & Lamberson p 295.
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Weibull Estimation and Fit Steps

1.
2.

Order failures (achieve adjusted rank)

Estimate F(t) matching ordered failures
Use adjusted rank to determine adjusted probability of failure F(t),
also known as median rank of F(t)

Regress log of time elapsed on log of median rank of
adjusted probability of failure to get rates of change of
time and probability (CDF)

From regression, the slope is the shape parameter and
the inverse log of the intercept is the scale parameter of
Weibull distribution (CDF)

Find mean of Weibull to get MTBF
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Weibull Fit Steps

1. Order failures to create x values for CDF
(Analogous to constructing a pdf from data; create the abscissa buckets)

A. Rank all units (failed and non failed during demo) by hours accumulated
(k) and then by failures (j)

j

Failed in field before end of test 1

Failed in field before end of test | 2
Failed in field before end of test| 3

0O NOoO O~ WN -~ X

> time
B. Rank failed units by a proportionate amount of accumulated hours. N =
number of units in demonstration (here N=8)
r(j)= rank of failed unit = r(j-1) + N+1 —r(j-1)
N+1 — (k(j)-1)

And r(0) =0
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Weibull Fit Steps

2. Find probability of failure F(t) associated with adjusted
failure ranks

Here the median rank is used;
median more robust in a
skewed distribution

F(t) = r(j) -0.3
N +0.4

This formula is an approximation for the probability of
any unit having failed at time t
» For details, see Kapur & Lamberson

» For tables see Pearson, Tables of the Incomplete Beta Function,
1932.
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Weibull Fit Steps

3. Regress log of time elapsed on log of rate of change of adjusted
probability of failure to get rates of change of time and probability

/‘ -\

Regress In(t(j)) onIn [ In 1
1. 3203 CDF

— N+04 ~
/

Cum.
freq.

Double In linearizes the CDF, so a
linear regression can be fit to it
[Dodson, 2008]
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Weibull Fit Steps

4. From regression, the slope is the shape parameter and the inverse
log of BIny is the scale (width) parameter of Weibull distribution

2

[

Cum.
freq.

5. Find mean of Weibull to get mean expected life (MTBF)
u=al(1+1/b)
where b = shape parameter; a = scale parameter
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Weibull Fit Steps

*  Problem that we have non-uniform start dates
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Subsamples with Same Start Dates

Test periods
1 3
units

NRPRRRRRPRRPRERIPFRPROODNOTDN®WN
Cww~N OouhNwNFO
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Subsample Result

subsamples adj rank [f{t) In {t) In In
rank by [hrs at  |rank by Weibull arith
tot hrs hours  [fail failure 0 X v w2 beta alpha mean mean
1 1942 4 1.25 0.22 527 -1.41 2776 -0.07 0.51 LI 235
2 2264 1 2.50 0.50 542 -0.37 29.40
3 239 2 3.75 0.78 5.45 0.43 28.99
4 273 3 5.00 1.07 5.63
tot hrs rank by [hrs at fairank by 0 beta alpha YWeibull mean |arith mean
254 2 254 1 1.5 0.2d 5.54 -1.38 30.66 -0.14 0.oo #MLIMI 340
425 3 425 2 3 0.50 5.05 -0.37 35.63
52 1 3.6 0.51
472 4 4.8 0.83
352 5 B
tot hrs rank by |hrs at fairank by 0 beta alpha YWeibull mean |arith mean
114 1 114 1 1.25 0.18 4.74 -1.64 2243 2.30 232.43 232 210
175 2 175 2 2.5 0.41 5.18 -0.65 26.85
2278 3| 2278 3 3.75 0.64 5.43 0.0z 2947
3 4 3 4 5 0.87 577 0.71 33.3
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Subsample Result: Lessons Learned

subsamples adj rank [f{t) In {t) In In
— 7%
rank by [hrs at  |rank by / Weibull arith
tot hrs hours  [fail failure 0 X v s beta alpha mean mean
1 1942 4 1.25 0.22 =1 2 -1.41 2776 -0.07 0.51 LI 235
2 2264 1 2.50 0.50 = -0.37 29.40
3 239 2 3.75 0.78 &. 0.43 28.99
4 279 3 5.00 1.07 5.53\/
tot hrs rank by [hrs at fairank by 0 beta alpha YWeibull mean |arith mean
254 2 254 1 1.5 0.2d 5.54 -1.38 30.66 -0.14 0.oo #MLIMI 340
425 3 425 2 3 0.50 5.05 -0.37 35.63
52 1 3.6 0.51
472 4 4.8 0.83
352 5 B
tot hrs rank by |hrs at fairank by 0 beta alpha YWeibull mean |arith mean
114 1 114 1 1.25 0.18 4.74 -1.64 2243 2.30 232.43 232 210
175 2 175 2 2.5 0.41 5.18 -0.65 26.85
2278 3| 2278 3 3.75 0.64 5.43 0.0z 2947
3 4 3 4 5 0.87 577 0.71 33.3

1. Not enough samples: log of adjusted rank remains negative
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Subsample Result: Lessons Learned

subsamples adj rank [f{t) In {t) In In
rank by [hrs at  |rank by Weibull arith
tot hrs hours  [fail failure 0 X v w2 beta alpha mean mean
1 1942 4 1.25 0.22 527 -1.41 2776 -0.07 0.51 LI 235
2 2264 1 2.50 0.50 542 -0.37 29.40
3 239 2 3.75 0.78 5.45 0.43 28.99
4 273 3 5.00 1.07 5.63
tgrfirs ragk by [hrs at farank by 0 /7~ N\ beta alpha Weibull mean |arith mean
/ 254 \ 2 254 1 1.5 0.22 a4l [ -1.38]\ 3066 -0.14 0.00]  #Um 340
( 425 3 425 2 3 0.50 5.05 -0.37 35.63
52 1 3.6 0.51
472 4 4.5 0.53 ~—
\ a2 /5 5
N\
tot hrs rank by [hrs at farank by ] beta alpha Weibull mean |arith mean
114 1 114 1 1.25 0.18 4.74 -1.64 2243 2.30 232.43 232 210
175 2 175 2 2.5 0.41 5.18 -0.65 26.85
2278 3| 2278 3 3.75 0.64 5.43 0.0z 2947
3 4 3 4 5 0.87 577 0.71 33.3

1. Not enough samples:

log of adjusted rank remains negative

2. Total hours to hours at failure inversion
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Subsample Result

\

subsamples adj rank [f{t) In {t) In In
rank by [hrs at  |rank by Weibull arith
tot hrs hours  [fail failure 0 X v w2 beta alpha mean mean
1 1942 4 1.25 0.22 527 -1.41 2776 -0.07 0.51 LI 235
2 2264 1 2.50 0.50 542 -0.37 29.40
3 239 2 3.75 0.78 5.45 0.43 28.99
4 273 3 5.00 1.07 5.63
tot hrs rank by [hrs at fairank by 0 beta alpha YWeibull mean |arith mean
254 2 254 1 1.5 0.2d 5.54 -1.38 30.66 -0.14 0.oo #MLIMI 340
425 3 425 2 3 0.50 5.05 -0.37 35.63
52 1 3.6 0.51
472 4 4.8 0.83
352 5 B /\
7~ N\
tot hrs rank by |hrs at fairank by 0 [ |beta ha [ lvveibull mean [arith mean
114 1 114 1 1.25 0.18 4.74 -1.64 22 2300/ 232\3 232 210
175 2 175 2 2.5 0.41 5.18 -0.65 26.85 \/
2278 3| 2278 3 3.75 0.64 5.43 0.0z 2947 .
3 4 3 4 5 0.87 577 0.71 33.3

This looks pretty good!
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Lessons Learned

« Weibull is very flexible

— Too flexible if you don’t have a sanity check in place

» To fit the Weibull ideally you need

— A well-behaved test sample

« Same start times
» Hours at failure increasing with hours of operation

* At least 3 failures
« About half the units in failure

» This project was not a good candidate for the Weibull
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All Samples

beta alpha | Weibull Arithmatic
mean mean

0.308 966.4 | 5798 230

1 (infant mort) 966.4 | 966 230

15 failures out of 22 tests
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