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Model-Based Reliability Analysis

Rene L. BierbaumMember, IEEEThomas D. Brown, and Thomas J. Kerschen

Abstract—Testing has typically been a key means of de- I. INTRODUCTION
tecting anomalous performance and of providing a foundation . . . .
for estimating reliability for weapon systems. The objective of ECENT improvements in physical-response modeling
model-based reliability analysis (MBRA) is to identify ways to capabilities coupled with declining resources for develop-

capitalize on the insights gained from physical-response modeling ment and qualification of new product, causes one to examine
both to supplement the information obtained from testing and to  new means by which nontraditional data and knowledge

better-understand test results. . . :
Five general MBRA processes are identified which can capitalize obtained from modeling can be used to make inferences about

on physical response modeling results to make both quantitative reliabil_ity. The purpose of MBRA is to identif_y th? areas where
and qualitative statements about product reliability. A case study modeling can supplement the current reliability assessment
that explores 1 of these 5 processes was completed and is describe¢hethodology, which is based primarily on using product test

in detail. It had the benefits: data obtained at various levels of assembly and under various
* MBRA can be used to determine a performance baseline anyironmental conditions.

Sg?;r&st which current and future test results can be com- Five general areas by which modeling can assist in reliability

During the design process, MBRA can provide tradeoff analysis are describeq. Then a specific case study applying one
studies such that development time and required test assets Of the elements of this framework to a weapon component is
can be reduced. described. The insights gained, as well as the limitations and

* MBRA can be used to evaluate the impact of production cayveats of the MBRA approach, are discussed. Finally, the next
and part changes, as well as aging degradation, if they arise steps in the MBRA project are delineated
during the product life cycle. . .o ) . .

« MBRA lays the foundation to evaluate anomalies that are ob- The initial application for MBRA has been the simulation of

served in a test program. Typically it has been challenging to electrical systems using a variant of the SPICE code. There is a
determine how anomalous behavior can manifest itself under |arge body of existing literature on the use of electrical-circuit
different—but still valid—conditions. One can use modeling physical-response modeling in the context of reliability. Many
to inject hypothesized behaviors under different conditions of the tools and techniques share the following 2 characteristics:

and observe the consequences. ) . . .
ndex Terms_CAD/CAE/CAM/CIM. des i electrical 1) Focusing on modeling at least 1 time-dependent failure
ndex Terms , design margin, electrica mechanism at the transistor or integrated circuit level.

modeling, life prediction, modeling, SPICE, weapon system. . . . .
g P g pon sy 2) Allowing incorporation of these time-dependent effects
into relatively simple circuits.

ACRONYMS! A review article [1] highlights the current state of the tools
BERT  Berkeley reliability tools and capabilities. The most widely used of these tools is BERT
C centigrade [2], which offers analysis capabilities for several classes of
DMA  design margin analysis failure mechanisms in the context of a circuit. There are many
ESD environmental sensing devices published applications and extensions of BERT [3]-[7]. There
LHS Latin hypercube sampling are numerous other modeling tools that examine a single time-
MBRA model-based reliability analysis or temperature-dependent failure mechanism [8]-[12], also in
PS product specification a circuit context. There are also many modeling approaches
SNL Sandia National Laboratories for examining time-dependent behavior of selected electrical
SPICE  simulation program with integrated circuit emphasfeVvices, e.g., [13], [14]. To our knowledge, MBRA is unique
STS stockpile-to target sequence in its approach of examining both static and time-dependent
TSSG trajectory sensing signal generator behavior in the context of system-wide variability.

[I. BACKGROUND
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Weapon
Lifetime

essentially a 1-shot device. Further complicating the reliability

analysis is that, due to treaty limitations, the weapon systems

cannot be fully exercised. overationd
The customer for these systems wants to know the reliability cﬁZZZ?z?SZ;

of the weapon systems in the operational context. Thus relia-

bility is defined as:

Operational
Environmenis

Fig. 1. Weapon system reliability state space.

The probability of achieving:
« the specified explosive output (“yield”),

* at the target, The current reliability assessment approach uses data from
 across the STS environments, a broad set of tests that are performed at various levels of as-
« throughout the weapon'’s lifetime. sembly, under various environmental conditions, and with var-
Conditions: ious operational objectives. This test diversity allows for de-
 The specified inputs and conditions at the interfacdsct-detection across the state space, but it also means that not
are present. every test can detect each of the defects present in the weapon
» The normal environments specified by the STS hawystems. The reliability analyst must decide which test data are
not been exceeded. relevant when doing an assessment. This in turn requires an
» The specified lifetime has not been exceeded. in-depth root-cause analysis for each defect to help determine

The STS defines the various environments to which tighether or not it could be detected in each of the test pro-
weapon system could be exposed during its normal lifetim@fams. Modeling provides an excellent avenue to assist with
and includes transportation, handling, storage, and operatiofi root-cause analysis. Modeling can also be used to evaluate
use environments. The types of environments experiend8@ generalized effect of an observed anomaly; through mod-

range from mechanical vibration and shock, temperature, a@lihd, one can vary the characteristics of an anomaly, such as
humidity to ionizing radiation. its severity or where it is manifested, to examine its impact in a

There are some challenging consequences of defining reffioader sense. o _
bility in this fashion. The definition implies that we must as- N Summary, the current reliability assessment approach is

sume thatPr{exposure to the worst-case set of normal ST&s€d upon a diverse test program in which root-cause analysis
environments = 1. A realistic lower bound on reliability is Pl2ys @ key role. The desire to capitalize on the information
needed that applies to the entire range of conditions that g@ined through modeling (to aid in prediction of the impact
weapon system can experience. Hence the test program nfli9ing phenomena, to supplement the existing test data, and
span the range of environmental conditions as well as the sef®pnderstand better the data already acquired) is the motivation
weapon operational capabilities. This results in a very large st2@hind the MBRA effort. This is particularly important because
space to explore, particularly when the “throughout the lifetimg€SOurces for testing are becoming scarcer.

constraintis added. This is shown in Fig. 1. Each test that is per-

formed gives information about a very limited area of this state I1l. MBRA FRAMEWORK

space. Modeling can be important in leveraging these test dat
by allowing extrapolation of these test results to an expanded
of conditions.

o develop the MBRA framework, reliability activities as a
ction of product life cycle were reviewed, and areas where
the capabilities provided by MBRA could be applied were de-

Another challenge posed by the reliability definition arises isymined. This review identified 5 general MBRA processes:
how success is defined. The desire to relate success to “yield at

the target” when such a full-up test cannot be performed means DMA. _ o .

. . .~» Specification Limit Analysis
that success must always be inferred. Ideally, pass/fail speci- ;. _—
. . . .« Lifetime Prediction
fications for testing at each level of assembly are tied to this Anomalv Investigation
high-level definition of success, but this is difficult in practice. y 9

. : : . .  Probability Quantification.
Here again, modeling can be important in developing test spec- . , )
ification limits that are better related to system success. | €se are areas where physical-response modeling can be im-

In the context of multidecade weapon-system Iifetimeg,ortamm providing cost-effective insights into reliability.

degradation due to aging is a concern. There is a major

program at SNL examining age-related changes of mafe- PMA

rials and pieceparts to provide a predictive capability. One DMA has, perhaps, the lowest technical risk of any of the pro-

of the important challenges of this effort is relating angesses with potentially a large payoff. It can be used at almost
observed degradation at the material and piece-part leagely stage of the product lifecycle when there is a desire to either
to weapon-system performance (yield at the target). Thegeantify or to improve the performance margin of a system or

degradation mechanisms can be pervasive throughout a systambsystem. In MBRA, physical response modeling (in conjunc-

further complicating the analysis. These inferences are difficulipn with validation testing) is used to explore the performance

and modeling provides an avenue by which the impact of thestate-space of a system and to identify key contributors to per-
changes can be evaluated in a system context to determintoimance. DMA serves as a foundation for each of the other

they affect reliability or simply reduce design margin. MBRA processes.
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Design margin for weapon systems has historically been de-
termined (and improved) using an iterative process. A design
is generated, and then development hardware is built and char-
acterized. The amount of design margin is dictated by the re-5)
quirements, but generally these continue to be negotiated during
the design and development phase as the actual capabilities of
the hardware become clearer. The process of finalizing require-
ments can be prolonged as the design evolves.

The key difference in the new MBRA approach is that mod-
eling is used to explore the state space in a systematic manner
rather than relying on small quantities of hardware tests for
which conditions are difficult or impossible to control. The pro-
posed process is described here for a particular example: deter-
mining the margin of an electrical subsystem using the SPICE
tool. The approach is similar for other modeling disciplines and 6) Run variability study.
could be extended to multidisciplinary modeling when techni-
cally and computationally feasible.

Proposed Process:

1)

2)

3)

4)

Identify scope of analysis.

Identify the hardware to be analyzed, as well as the in-
terfaces (electrical sources and loads) that could influence
the behavior of that hardware. The case-study approach
was to emulate, to the degree possible, the production ac-
ceptance test conditions (including inputs, loads, environ-
ments, monitoring points, specific measurements, and the
range of allowable values for those measurements) that
are detailed in the PS document. This helped to delineate
clearly the scope of the modeling effort.

Identify key response variables.

Identify the key outputs of the hardware that require
analysis. Existing test definitions can also provide helpful
guidance in this step. For the case study in Section IV,
the PS documents were used to identify the key response
variables. 7)
Plan variability study.

Identify input parameters that could be contributors to
the variability of the key response variables. These input
parameters are generally device attributes, such as the
resistance of resistors. Some semiconductor devices can
have a large set of input parameters that describe their be-
havior. Then one must determine the phenomenologies of
interest. For electrical circuits this could include temper-
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Both of these are important in ensuring that the output
variability is based upon realistic input parameter ranges
and combinations.

Develop model and validate.

The device models must be combined into a subsystem
model having the proper scope. The subsystem model
must be exercised to ensure that it works properly and
yields correct results. This is often done by comparing
model results with results of testing performed under
nominal conditions. Full model validation requires
further study. To some extent existing test data can
provide validation information, but generally it is highly
advantageous to design an experimental program tailored
to the validation exercise at hand.

One can use Design of Experiments, Monte Carlo ap-
proaches, Response Surface Methods, etc., to analyze de-
sign margins. Each has specific advantages and disadvan-
tages. To date LHS has been used for MBRA. LHS is a
type of stratified Monte Carlo sampling that helps ensure
efficient coverage of the input parameter distributions.
LHS is used in the case study to select values for each of
the input parameters of interest (e.g., the resistance value
for each of the resistors) to build the set of simulation
runs. These input vectors are then embedded into SPICE
netlists and executed. The output of the SPICE transient
analysis tool is a set of waveforms for each of the cir-
cuit nodes describing behavior (current and voltage) as a
function of time. Since generally a single attribute of the
waveform (such as maximum value or rise time) is desired
to characterize the response, customized post-processing
software is needed to extract the attribute of interest from
the waveform data.

Analyze results.

One of the major outcomes of a design-margin study is
a histogram of the values that the key response variables
can assume. Other useful calculations include correlation
coefficients that help to identify the key contributors to
the output and its variability. It is very helpful and pru-
dent to examine the scatter plots that show the relation-
ship between each of the input parameters and each of
the response variables.

ature, ionizing radiation, and aging. These are the condi-These results can be used in three ways.

tions which one wishes to vary to determine their effect

upon the key response variables. In all cases, tolerances od) To identify meaningful specifications for the subsystem

electrical parts should be a part of the analysis unless ex-
plicit rationale is given to exclude them. These tolerances

being analyzed (this is described in more detail in Sec-
tion 1lI-B).

can also be coupled with the phenomenologies, e.g., tol-b) To target improvements. Parameters that affect the output

erance bands might change with temperature. Finally, de-
termine the range of interface conditions to be analyzed,;
these too can depend upon the phenomenologies, e.g., cir-
cuit loads might change with temperature.
Gather needed device-model data.

Based upon both the nature of the analysis and the phe-

variability most can perhaps be screened to minimize the
variability they contribute; alternatively, other parts can
be selected that demonstrate more stable performance.
This analysis might set the stage for a circuit optimiza-
tion study once the key contributors to the outputs have
been identified.

nomenologies of interest, appropriate SPICE models forc) The modeling performed during the DMA process pro-

the devices must be obtained. For this step, one must also
make any needed assumptions about parameter distribu-
tions and whether any input parameters are correlated.

vides a foundation for future analyzes, such as lifetime
predictions or anomaly investigations (described in Sec-
tions 11I-C and IlI-D).
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There are several anticipated benefits of using the MBR@. Lifetime Prediction
DMA process. It can provide focus for resource allocation, | ifetime is a key decision-making and resource-allocation

aiding in decisions about what parts to upgrade or screenpiLyric for weapon systems, and improved means of predicting
can also be used to evaluate the impact of production and Rl impact of age-related changes are critical. The MBRA
changes if they do become necessary. Most importantly, hg,0ach allows incorporating models of material or piece-part
design margin will be improved. Although this might not be gaqradation into a subassembly- or system-level context.
quantifiable reliability improvement, it is obviously desirablerpis a1s0 provides a framework to evaluate pervasive aging

and makes the subsystem more resilient to changes in extefagl,ghout the system, e.g., if multiple pieceparts are changing
conditions and changes over time.

i i i i with time.
There are three risks in using this process:

Lifetime prediction is necessary:
* The model might fail to include all parameters that influ- 1) During design development. The most obvious issue is

ence output and output-variability. that of the need for planned replacement for components
» The parameters that are included might not have their vari-  that are known to have a limited life. A combination of

ability quantified correctly. testing and analysis has been done to determine if planned
* Failure to identify existings-correlations between input replacement was needed and when it would be needed.

variables can cause misleading results. 2) During investigation of an anomaly. It is necessary to de-

termine if the anomaly is time-dependent. If it is, the an-
ticipated failure probability as a function of time must be
estimated such that a decision regarding corrective action
can be made. Again, testing and analysis have been re-
lied upon to answer these questions. Because unantici-
pated retrofits are costly and difficult, credible and accu-

B. Specification Limit Analysis

One of the variants of the DMA process is setting realistic test
specification limits. This could result in appreciable cost sav-
ings. The cost of overly conservative specification limits can be e N .
very high due to: excess scrap and rework, unneeded inspectiol?h rate lifetime pred;]ctlon_|slfassentlal. dell ina beh
and screening, and selection of more expensive parts. Specifica- e MBRA approac capna 12€S Oh MOTETNg aging benav-
tions that are not tight enough can lead to unanticipated failu 8fs that can be done at either the basic material or piece-part
even worse, these unanticipated failures might not be easily vel. The 4 process-steps are:
tected in a test program. 1) Aqalyze the subsystem or system for key contributqrs

There is an important reliability implication to setting speci- using the MBRA DMA Process. Parameters should be in-
fications. As mentioned in Section Il system success or failure ~ ¢luded thatare prone to variation and/or are suspected to
must be inferred by comparing subsystem performance to the _ afféct system output and variability. _
specifications, because full-up tests cannot be conducted. Therg) Develop a m_odeI of behavior as a.f.unc'uon of age. Th|s
have been numerous anomalies for which the focus of the inves- €1 be physws-pased and/or emplrlcal. Although it will
tigation was understanding how realistic the specifications were often be at the plece-par.t Ievel,'|t' could be at any level of
and whether they really related to system success/failure. The ~@sSembly: piece-part, printed wiring board, subsystem, or
subsystem might have failed the specification limit but would __ SYSt€m.

not have prevented the system from working. These investiga-3 .Incorporate the models devel_oped. n st_ep 2) for a!l crit-
tions can be very costly and time-consuming. ical age-related variables as identified in step 1), into a

subsystem or system model.
4) Exercise the model as a function of time and examine
the outputs to see if specifications are not met at some

Currently, specification limits for subsystems are negotiated
using a combination of “knowledge gained through develop-
ment hardware characterization” and the “bounds dictated by . ) L T .
the interface requirements.” This is an evolutionary process and gxmtgnp doégtgg(zvn\?ilrl]grfe?i';t)il;iftetgeé ;[Jhr:iti(i)onug ilhrﬁg be
can lead to overly stringent requirements because of the limited _ . . y . .
data available. This process aIIovx{s for more informed choices of materials

The MBRA Specification Limit Analysis builds on the DMA and parts during design, based on the MBRA modeling results.

: : : rlC&[itical parameters can be identified for on-going monitoring.
g@_ere is a much better understanding of design margin as a func-

fying the design margin of the subsystem as described in S e .
tion I1I-A. Using the information derived from that exercisel°" of age, and cost/lifetime tradeoff studies can be performed.

specification limits can be defined. First, the acceptable outpyt
level must be determined. This is based on both the interface o _ _ o
and operational requirements. Then specification limits can bePhysical-response modeling is agood choice for investigating
placed on the parameters, focusing primarily on those that c@fiomalies, and a variety of tools have been used for this appli-
tribute most to the output and the output variability. Durin§@tion. Modeling is a cost-effective way to:

this process, it must be determined if variability needs to be * perform root-cause analysis,

reduced (and if it can be reduced) or if additional margin is * examine the effect of an anomaly in a general sense,
needed. If variability can be reduced, it might be possible to re- * identify fixes.

turn more margin to the system, allowing another subsystemNtmdeling can also help to focus on what tests need to be per-
have greater variability. formed and how to perform these tests.

Anomaly Investigation
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MBRA offers a more formalized approach to modeling in theechnical challenge. The cost to validate the model results could
context of anomaly investigation, as well as integrated tools be substantial. There is always a risk that the model has not
perform the analyzes. The process in this paper has three stepptured all of the key factors. These could lead to misleading
1) Develop a model with adequate detail (as for the DMA)ESUlts and improper allocation of resources.
to emulate the anomalous results. Despite the technical challenges noted here, we strongly rec-

2) Postulate root-causes and inject them into the mod@mmend that this process be explored thoroughly. A careful ap-
compare with the observed anomaly and add to the list proach with thorough consideration of uncertainty is essential.
possible sets of anomalous behavior if they are similar.

3) After generating a set of anomalous behaviors, itis neces- IV. MBRA CASE STUDY

sary to determine their impact. Recall that specific anom- _
alies themselves might not lead to system failure. How- The MBRA DMA process was used to examine an €lectro-

ever, they might be indicators that other units similarly afpechgnice}l deyice u;ed ina weapon system_. Results to date are
flicted could be failures due to different environments 0(ijescrlbed in this section, along with the details of the approach.

different interface-conditions. Thus a critical role of mod- ]

eling is taking each anomalous behavior and developifly Focus of the Analysis

a generalized view of its impact. Each type of anomalous The device being examined is a TSSG, and is a member of

behavior should be exploreds-a-visthe sources of vari- the general ESD class of components designed by SNL. These

ability, the different environments that can be anticipatedyre very specialized devices whose purpose is to detect an ac-

and the interface conditions that might be experiencedial use environment and then to cause contacts to be closed,

Any time-dependence must also be examined. The relgtowing for weapon operation. In the absence of the actual use

vance of this anomaly to other parts or technologies mustivironment, these devices “reject” other environments and the

be examined to identify any other impacts. contacts remain open. An ESD helps to ensure that the weapon

There are important advantages to this proposed approa@stem does not operate except when intended.

Modeling is a much less expensive way to gain insight than The function of the TSSG is to detect an acceleration of a cer-
testing. Parameters are easily controlled, and monitoring cant@@ level and duration, upon which a relay is closed. This relay
done unobtrusively. The ability to inject faults without otherthen provides an electrical path for 2 coded pulse-trains that are
wise affecting performance is particularly useful. Typically iamplified by the TSSG before being sent to an electromechan-
has been challenging to determine the generalized impact ofie@ rotary switch that causes contacts to be closed upon receipt
anomaly: how the observed anomalous behavior can manifesgitthe proper pulse-trains. The TSSG senses acceleration using a
self in other components, under different environments, and f@lamite (a mechanism consisting of rollers and a flexible band);
other weapon capabilities. Use of a modeling framework allovi@e duration of the acceleration is measured using a simple re-
easy injection of the behavior under these different conditionssistor—capacitor charging circuit as a timer. The 3 general func-
observe the consequences. This would be prohibitively expdiens of the TSSG are thus measuring: acceleration, timing, and

sive to do with hardware in most cases. amplification.
TSSG has been fielded for almost 20 years; thus there are

extensive test-data available including:
* 100% production acceptance tests,
« sample production acceptance tests at environmental ex-

E. Probability Quantification

Probability quantification is the culminating step of MBRA,
but it also carries with it the highest technical risk. In order to tremes
use physical response mode_ling res_ul_ts _directly to r_nakg relia- sample, testing done as part of the on-going surveillance
bility statements, it is essential to minimize uncertainty in the program at SNL.
results and to ensure that all salient factors are included. The re- e ,
sults must be highly credible when major allocation of resourci e TSSG P_roduct Spe_C|f|cat_|on was used to defm_e the scope
can be at stake. Itis anticipated that initially the MBRA proce th? m"de"”_g effort—mclu_c_img inputs, loads, environments,
for probability quantification will be used sparingly or in con monitoring points, and specific measurements.
junction with other methods until its credibility is validated. )

Probability quantification builds on the other MBRA pro-B- Modeling Issues
cesses, most importantly the DMA. It is more demanding, A model of the TSSG was built using a commercially avail-
though, in the sense that one can tolerate uncertainty in desigpie version of the SPICE electrical simulation software. The
margin analysis because the goal is typically understandingdel was then converted to run using SNL's ChileSPICE. The
relative (rather than absolute) margin. primary motivation for using ChileSPICE is that it offers the ca-

The probability quantification process in general is very sinpability of running in a multiprocessor environment; this appre-
ilar to that used for the DMA. However, the final step is to comeiably shortens execution time when doing variability analyzes
pare the output distributions of the key response variablesttmt can require hundreds of simulation code runs.
specified success/failure criteria to determine reliability. Some of the pieceparts in the TSSG are mechanical and are

There are several risks to probability quantification. The ned¢ldus modeled in a simplistic fashion (e.g., the rolamites are
for high credibility has already been discussed. Understandimpdeled as simple switches). The electrical pieceparts, how-
the sources and magnitude of the uncertainty is an enormaver, are modeled in a relatively detailed manner using typical
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SPICE constructs to describe their electrical behavior. The elec- aov
trical models for these devices also include temperature depen
dence and tolerance information. Customized post-processing
software was developed to extract the attributes of interest from 1ov
the SPICE current and voltage waveform data.

Voltage ov

v)
—— INPUT WAVEFORM

C. Results to Date o ] = = oUTRUT WaEFRU

The measurements relating to TSSG amplifier operation were v , , , [

examined first, because we felt that the amplifier model was 1.40 145 150 185 e \1‘55 170
1 1 Ti I
the most mature and had the best fidelity. The PS called out - :1:»101 e feseonds) oD
. . . . est ID: e
4 different measurements to verify correct amplifier operation, Delay Time Betveen Input and ol et Signal
. . . tput Signals (at 12.5 Volts]

shown notionally in Fig. 2. -

Three studies have been completed to date to determine: Test ID: VSAT? Test ID: VINA

Voltage Drop Across Qutput Negative Spike on
° Val’l abl | |ty, Transistor of the Amplifier Output Signal

« key contributors to variability at each temperature,
« key contributors to the temperature dependent behavioFig. 2. TSSG model outputs (amplifier operation).

See Sections IV-C-1-1V-C-3.

1) Variability Study: Because the PS called out tests at 3 it i
temperatures{55 °C, 25°C, 75°C), the temperature-depen- s 10 DO
dent model was also run under these conditions. Also, the tol- ., -
erance information was used to develop distributions for the I
passive devices (resistors and capacitors). The passive-devic
values (resistance and capacitance) were assumed to be un
formly distributed across the specified tolerance band. The ac-
tual distribution is unknown but could differ appreciably from
the usual assumption of a Gaussian distribution due to the typ-
ical practice of removing and separately marketing electrical
parts that meet various tolerance screens. Thus a uniform distri:
bution was selected to ensure equal coverage of the entire toler
ance range. For the semiconductor devices, high, low, and nom:
inal models were used to represent the tolerance variability. Lo T Ao Tomt R

A SNL-developed sensitivity and uncertainty analysis tool, . f-55 (250
SUNSP, generated the variability-analysis test cases. The goal
of the analysis was to use modeling to determine the rangeF(I)f
output values that could be anticipated, given the tolerance and
temperature-dependence of the various input parameters. LHS
sampling was used to generate a set of simulation runs tha2) Key Contributors to Variability at Each Tempera-
would emulate the unit-to-unit variability and temperature-déudre: Fig. 3 shows there is variability in the model results
pendence that would be observed in actual hardware. The inptiteach temperature. A study was done to identify the key
parameter values were inserted into ChileSPICE netlists, whiobntributors to that variability. The SUN'Sool allows one to
were then executed on a multiprocessor computer. The relevexamines-correlations between input and output parameters.
outputs were extracted from the ChileSPICE output waveforri$is provides the capability of identifying important contrib-
and processed using SURS utors to the outputs of interest, as well as the nature of the

Fig. 3 compares the production data and modeling results fintribution, i.e., if the parameters are positively correlated or
the D1Q1 measurements—the measured delay time betweermégatively correlated with the outputs.
input and output signals. The limits on the graph are the speci+ig. 4 shows the results of this study for the D1Q1 measure-
fications in the PS for D1Q1. The whiskers in the graph encoment. The results from Fig. 3 are repeated; shown beneath them
pass the middle 80% of the data distribution, with data valuage the results (at each temperature) of¢te®rrelation study.
outside of this range shown as individual points. The boxes efe simples-correlation coefficients are plotted for several of
compass the middle 50% of the data range, and the line in the inputs and D1Q1.
box is the median value of the data. One test-data point taken affor the —55 °C case in Fig. 4, the capacitor C102
75°C failed to meet the specification; it is shown outside of th€CBH1 _C102) has as-correlation coefficient greater than
PS limits in the graph in Fig. 3. As shown in Fig. 3, the rang@.9, indicating that it is a strong contributor to the variability
of the results obtained from modeling bounds the test resultsofitthe D1Q1 measurement at55 °C. The scatter plot for
—55°C and at 25°C. However this is not the case at 76, C102 and D1Q1 at-55 °C is shown on the right, illustrating
where the distribution of test results does not match well withe important relationship between the input C102 and the
the distribution of model results. Model validation is still unoutput D1Q1. As the capacitance value of C102 increases, the
derway to determine the reason for this difference. D1Q1 increases. This example shows that an increase in the

o pecidlcmtlon

3. Comparison of model and test-results for D1Q1.
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Fig. 4. Analysis of key contributors at each temperature for D1Q1.
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Fig. 5. Key contributors to 2 measurement.

capacitance of C102 could cause D1Q1 to exceed the PS limiB) Contributors to Temperature Dependencsection 1V-
at low temperatures. Similar analyzes are done for each of i€ identified the key contributors to performance at each tem-
measurements. perature. The next step is to determine the key contributors to
Fig. 5 shows the same type of analysis for another of thiee temperature dependence. Fig. 3 shows that the center value
measurements, VINA. The key contributor is different for thigf the distribution of D1Q1, as well as its variability, appears to
measurement, which raises an important point. There might lbe a function of temperature.
multiple key measurements that quantify the performance of aThis analysis was very similar to that described in Sec-
particular subsystem. Because these measurements mighttide- I\V-C-2. The critical difference is that the part-parameter
pend on different variables, changes made to variables to @jistributions for the study were chosen to reflect values that
timize them for a particular measurement should not be matihey could assume over the entire temperature range of interest.
without considering how these changes might affect other méiis is slightly different from the previous study, where the pa-
surements. rameter distributions represented values that parameters could
An importance study, such as that just described, can bessume due to usual variability but at a fixed temperature. In
valuable tool during both design and field life of a producessence, for this study the temperature of each part was selected
During design, one can identify areas where investing in tightexndomly; this results in input parameters that represent each
specifications for a part will have the most impact. It providegart at a different temperature for a single simulation run. This
insight into testing opportunities, both during design and faloes not represent a realistic scenario, and the results of the
field-tests. For products where aging is a concern, an importanegiability analysis should be used only with great caution.
study can help identify key investment areas for aging researétowever, doing the importance study in this fashion can high-
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