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1. INTRODUCTION

Data of adequate quality are key to the successful use of diverse tools such as computer technology, data
bases and statistica methods. Redman (1992, 1996), a pioneer in the gpplication of modern qudlity
methods to data quality, gives many reasonsto be concerned about data quality. This paper describesan
approach using control charts that can help improve data qudity, which adds value to adata base. This
approach can aso help to assure that a data base does not have mgor inadequaciesin data quality. The
method advocated in this paper does not require the collection of additiona data. The approach can be
used on itsown to complement moretraditiona quality assurance practices, or it can beused in conjunction
withor in trangtion to the moreintensive “ datatracking” approach recommended by Redman (1996). By
usng the approach outlined in this paper, problems in data quality can be detected and dedlt with far in
advance of the release of a data base to the genera data user community.

Statigtica quality control has recelved much attention from industry in the last decade, in part due to the
work of Deming (1986a, 1993). That work led us to hypothesize that control charts can be used to
improve the qudity of large data systems, such as the Nationa Highway Traffic Safety Administration’s
(NHTSA) Fatdity Andysis Reporting System (FARS). The opportunity to test thisarosejust prior to the
release of the 1993 FARS Annud Report Filein July 1994, when it was discovered that many vauesfor
Redraint Use (i.e,, seat belt usage) wereincorrectly coded for one state. Becausethisisan important data
dement for NHTSA and various FARS data users, it was imperative to determine the source of this
incorrect coding since some preliminary results had dready been released. In follow-up, it was
demongtrated that had the data been routinely control-charted, it would have been known months in
advance that some sort of a problem existed. Consequently, management determined that a program of
control-charting of the data should be established. This paper describes program features, givesexamples
of successesto date, and proposesideas for enhancement.

Whereas Deming (1986a, 1993) providesafine overview onthe use of control charts from amanagement
perspective, Western Electric’s (1956) Satistical Quality Control Handbook providesamore detailed
‘how to.” Following Western Electric's handbook as a guide, we have employed p-charts of attributes
over time. A p-chartisonetype of control chart, used when the basi ¢ dataare summarized as percentages.
We developed software using Base SAS® (SAS Indtitute Inc.1988) and SAS/GRAPH® (SAS Indtitute
INc.1990) to produce p-charts based on the Western Electric model. We follow the four rules for
identifying ‘ out-of-control’ points as recommended in the handbook (Western Electric 1956, pp. 25-28).

We found few reports documenting the use of control chartsfor dataquality control. Deming and Geoffrey
(1941) employed control charts of error rates in transcription, coding and card punching in the 1940
population and housing census. Hansen, Fastea, Ingram, and Minton (1962) mention the use of control
charts to help ensure the proper spacing of microfilm negatives used for computer data entry via optica
sengng in the 1960 Census. Naus (1975) eaborates upon this particular gpplication of control charts.
Liepins (1989) mentions the possibility of usng p-charts for repeated surveys. More recently, Redman
(1992, 1996) and colleagues (Huh, Kéeller, Redman, and Watkins 1990; Huh, Pautke, and Redman 1992;
Pautke and Redman 1990) applied control charts in conjunction with a technique called ‘tracking’ to
improve data qudity in information management sysems. Tracking involves randomly sampling a subset
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of observations when they first come into a data system, and following those observations through the
various subprocesses in the system to pinpoint the occurrence and rates of errors. The resulting dataare
both control-charted and used in other ways as outlined in standard quality and process improvement
theory (e.g., Redman 1992, 1996).

Neter's (1952) paper on datistical methods in auditing includes a substantial section on the control of
clerical accuracy. Neter (1952, p. 14) statesthat statistical control givesthe auditor the best assurance of
reasonably satisfactory clerical accuracy. Andogoudy, the adequacy of data quality is best assured by
datistica control of data quality. Indeed, Deming (1986a, pp. 268-269 and p. 332) states that it is
necessary to keep the measurement process in a state of dtatistical control. Control charts are a
fundamenta tool for attaining atistical control. In addition, control charts can be a tool for quaity
improvement. Oneillugtration of thisis Neter’ s (1952, pp.8-9) example of amail order businessthat used
control charts to reduce errorsin filling orders by 58% through the use of control charts.

2. DATA AND METHODS
2.1 Data

We have applied control chart methodology to data from two of NHTSA'’s data systems: the Fatality
Andyss Reporting System (FARS) (U.S. Department of Transportation, 1997) and the General Estimates
System (GES) (U.S. Department of Transportation, 1998b). These data systems can be viewed ashaving
athree-levd hierarchica data structure. The basic unit of observation is the motor vehicle crash. Data
elements (variables) describing the crash comprise the base level of the data structure. The second level
conggts of data €lements that describe each vehicle inthe crash. Thethird level conssts of dataelements
that describe persons. Within a vehicle, there are usualy one or more occupants — the driver and
passengers. A crashmay asoinvolve pedestriansor occupantsof non-motorized vehiclessuch asbicycles.
Datadements are referred to as crash-levd, vehicle-level, or person-leve, depending on their level inthe
hierarchy. Notethat driver data dements are often viewed as vehicle-level variables Sncethereisamost
adways a one-to-one correspondence between vehicle and driver. For example, in FARS the data
elements related to Driver License Status are stored in the Vehicle File (U.S. Department of
Transportation, 1998a, pp. V.22-V .24).

The FARS (formerly, the Fatal Accident Reporting System) is an annua census of dl fatd crashesin the
United States. NHTSA has cooperative agreements with al 50 states plus the Didtrict of Columbiato
provide dataonfatal crashes. (Dataare aso collected for Puerto Rico, but these are not considered in the
current work.) Each state has one or more data collectors caled FARS andlysts. They obtain existing
stateandlocal recordsconcerning fatal crashes, interpret and mentally recongtruct therelevant events, code
the data in the standardized FARS format, and key the datainto microcomputer filesthat are periodicaly
transferred to headquarters. There are avariety of quality assurance stepsin the process of obtaining the
dataand building computerized files. Four datareleasesare madefor acaendar year, with thefirst release
covering the first sx months of the year and the find release being the most complete.

The GES is a complex probability sample of al police-reported crashes in the United States, and is the
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basisfor nationa estimates on a variety of datafrom such crashes. Sixty Primary Sampling Units (PSUs)
were randomly sampled from 12 strata based on geographic region and degree of urbanization. The
selected PSUsarelocated in 26 states. Within aPSU, policejurisdictionsare randomly selected. Crashes
are ligted a the police jurisdiction. There is an additiona dratification into a variety of crash types of
interest to NHTSA, based on vehicle type, tow status and existence of injuries. Listed crashes are then
sampled on a probability basis withinthese strata. For these crashes, photocopied police reports are sent
to acentra location where data entry/coding speciaists code the data following the standard GES formet.
A file used for anaytica effortsis built and updated quarterly during each caendar year, with the year's
finalized file being completed around the middle of the following year.

Note that in building the FARS and GESfiles, data are entered in an ongoing fashion into whet is called
amader file. Then, a certain pointsin the data cyclefor acaendar year, theaccumulated dataare ‘ frozen’
in so-cdled analysis files in SAS data sets. At the later stages of the data cycle, the anadlysis files are
released for public use. The earlier andysis files are used for in-house purposes only, since they are
subgtantiadly incomplete data sets.

22  Methods

We use control chartsin two ways. First, as part of our quality assurancein preparing for adatarelease,
we examine control chartsto check that there are no mgjor anomaliesin sdected important deta el ements.
Second, we use control charts in the quality management sense, to identify opportunities for data quality
improvement. In this paper, we focus on the later use of control charts.

2.2.1 Contraol Chart Construction

We follow the Western Electric modd in producing p-charts (e.g., Figure 1), each with time (in months)
onthex-axis, and percentage (per month) of observationsthat have a specific attribute on they-axis. (An
attribute is a categorica characteristic which can be determined as either existing or not existing for eech
observationd unit. For additional explanation, see Western Electric (1956, p.17). For example, in FARS
if a person is coded 1 (Totaly Ejected) or 2 (Partidly Ejected) for the data element Ejection, then that
person is affirmative for the attribute ‘gected’. Asapracticd matter in the current work, an attribute is
defined by a data element plus one or more specific coded vaues for that data element.) The actud date
of the crash isused in grouping crashes by timein months. Data from three calendar years are used -- the
data from those months in the current data release that are expected to be reasonably complete, plus dl
the data from the latest releases for the two previous years. For each atribute charted in FARS, we
produce achart for each state and the Didtrict of Columbia; thisyields 51 charts per attribute charted. In
the GES we produce a chart for each PSU. This yields 60 charts per attribute. However, we use an
automatic screening algorithm (described below) to suppress the printing of many control charts. The
attributes charted are those judged important to the respective data system. Recently, we have been
charting 23 attributes in FARS and 17 atributes in GES. Thus, there is the potentia to produce 1173
chartsfor FARS, and 1020 charts for GES.

Figure 1 showsap-chart in good atistical control in one PSU from the GES. For each month over three
years, we have plotted the percent of drivers reported by police as usng acohol (code 1) or, in
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juridictions where the distinction cannot be made from the crash report, acohol/drugs (code 7). This
control chart was produced using the 1998 nine month file data plus the 1997 and 1996 find file data
Note that anaiasisemployed for the PSU (or state) namein thisand dl other charts shown in this paper.
Each plotted point for a month is the monthly percentage of passenger vehicle drivers whose vaue of
PER_ALCH (Police Reported Alcohol Involvement) was 1 or 7 (recoded as 11 for programming
purposes), with drivers having unknown va ues excluded from the computations. Themonthly samplesize,
M, is not fixed, since the number of driversinvolved in crashes varies from month to month. To smplify
comparisons between p-charts, we aways let the y-axis run from 0% to 100%.

Inaddition to plotting the monthly percentages, the chart has acenterlineand ‘ stairstep’ control limits. We
cdl the firgt two yearsin the chart the base years, and the last year the extension year. The centerlineis
apercentage, 100 timesthe proportion, P, computed by taking the cumulative number of passenger vehicle
drivers having the vaue 11 for PER_ALCH in the two base years, and dividing by the total number of
passenger vehicle driversin the two base years having nonmissing PER_ALCH. Contral limits for each
month are diplayed around the centerline a plus and minus three standard errors (or ‘three sgma’). The
standard error istaken asthat of abinomia digtribution, so SE:\/P(l-P)/M. The lower control limit for
amonthisthen LCL =100(P-3SE), and the upper control limit for amonthisUCL = 100(P+3SE). These
are so-cdled three-sgma control limits. Since the sample size M varies from month to month, the control
limits vary, giving rise to the term *Stairstep’ control limits.

2.2.2 Control Chart Theory

When the fluctuations in the charted data appear random (see Figure 1), the system producing the datais
termed ‘stable.” The data behave asif they are coming from a binomia random process with parameter
P. The points are predictable in terms of the random process, and dl fal within three-sgmacontrol limits.
All pointsarein ‘datigticd control.” The PSU whose data are charted in Figure 1 is moderate in terms
of an average monthly sample size of 134, but its P of 0.072 is smal, hence the narrow control limits. In
addition, the fluctuations seen from month to month in the control limits are smdl, indicating low variability
in the monthly sample Szes.

The use of two base yearsto estimate the centerline and control limitsis based on Deming's (1993, p.180)
notionthat asystem in gatistical control ispredictable, at least in the short run. If the system producing the
dataisin gatistica control, then the dataiin the extension year should continue to fal between the control
limits determined from the base years.

In Figure 2, for percent of unrestrained passenger vehicle occupants from FARS, the data are not in
datistica control. In January of the third year charted, the point goes “ out-of-control” beyond the lower
control limit. Each successive point isaso out-of-control. 1t appears that the process producing the data
dabilizes around March at a much lower value than in the preceding two years. In short, the process
becomes incongstent with abinomia model with afixed P for dl three years.

Western Electric (1956) recommendsfour rulesto identify patterns (and implicitly, points) in control charts
as out-of-control. The firgt isthe three-sgmaruleillustrated in Figure 2; that is, the chart has at least one
point faling outsde of the three-sigma control limits. The other rules are: rule 2, two out of three
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consecutive points more than two sgmaaway from the centerline (with the two points on the same sde of
the centerlineg); rule 3, four out of five consecutive points more that one sgma away from the centerline
(with dl four on the same Sde of the centerling); and rule 4, eight consecutive points on the same side of
the centerline.

When apoint’s vaue violates one of the four rules, it is marked as ‘unnatura’ or ‘out-of-control.” The
Western Electric handbook does this by putting an ‘x’ above or below each unnatural point. For
programming smplicity, we plot an unnatura point with an asterisk ‘*’ rather than with alarge dot as is
usedtoplota‘natura’ or ‘in control’ point. Notethat rules2-4 apply to control chartswheretime or some
other ordered variable is on the x-axis. At each point and for a given rule, we take the required number
of preceding points, if they exist, and apply therule. If the st of points satisfies the condition of therule,
the point is unnaturd.

Figure 3illusratesrules 2 and 4. The two points for April 1992 and May 1992 are both more than two
sgmaabove the centerline, so the point for May is marked as out-of-control because of the two-out-of -
threerule. The point for June 1993 ismarked becauseit violatesthe eight-in-a-row rule. Findly, the point
for May 1994 is marked because it violates the two-out-of-three rule, in this case below the centerline.
It gppears that a dight reduction in nonuse of restraints (i.e., an increase in restraint use) occurred around
late 1992 or early 1993.

As explained by Deming (1993), the reason for using a control chart in indudtry is to determine whether
aprocessor sysemisin gatistica control. 1f not, then the processis not predictable, and cannot be relied
on. A responsbility of workersand management isto bring the processinto Satistical control. If aprocess
isnot in datidica contral, it is affected by ‘ specid cause’ variability. The workers operating the process
are usudly in the best position to identify and diminate the specid causes of variability. If aprocessisin
datidica contral, its variaghility is cdled ‘common cause.” In this case, management needs to assess the
adequacy of the performance of the process. Efforts to improve performance are typicaly beyond the
control of theworkers. So if improvement is needed, it is usualy the responghbility of management to find
way's to change the process to improve its performance.

Although FARS and GES tréffic safety data are neither industrial nor commercid, a atistical process
control gpproach to thinking about them seems appropriate. Such dataare aproduct of multiple systems.
Inaddition to the environment, roadway, and other systems and factorsthat lead to crashes, thereare dso
systemsfor highway safety management, notification of crashes, police reporting, recapture (by FARS or
GES «aff), recoding, collection of supplementary data, data entry, quality control, and electronic data
processing. The purpose of control chartsisto detect Situationsthat need specid investigation. Theresults
of the investigation may point to a problem in data qudity, or may point to an actua change in highway
safety. If dataquality, then some action is needed to remedy the data quality problem. If highway safety,
then the results of the specid investigation may suggest other action.

By way of example, suppose highway safety management practices for influencing restraint usage are
changed and lead to a different usagelevd. Thisisaspecid cause of variability, and the pointsin acontrol
chart for restraint usage are expected to go out of gatistical control. Thus, dthough errorsor problemsin
one of the subsystems may be a reason for a control chart having points out-of-contral, it isaso the case
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that changes over timein highway safety management or other highway/traffic factors can affect acontrol
chart.

2.2.3 Control Chart Enhancements

An early refinement in our use of control charts for data quality improvement and assurance was partia
automationinthereview and selection of chartsto bereferred for specid investigation to thedatacollection
daff. Based on experience gained with our data, we do not want to refer to the data collection staff every
chart that has an out-of-control point, because it is time consuming and expensive to carry out specid
investigations. Wewant to refer to them only those charts having more dramatic patterns of out-of-control
points. So we conduct amanud review of the charts and gpply judgement before sdecting the charts to
be referred to them.  Many control chartsarein statistica control or closeto statigtical control. Sincethe
meanua review of control chartsistime consuming, at the encouragement of management we developed an
agorithm to iminate from congderation charts that are not substantialy out of statistical control. Many
charts have no points or just one point out of statistical control, so we decided not to print those charts.
We modified our software to print out two categories of charts for manua review. Thefirgt category of
charts, termed 5S charts, conssts of those having two or more points more than 5 standard errors (5
sgma) from the centerline. The second category of charts, termed 20 (numeric 2, capita letter O),
consstsof non-5S chartsthat have two or more points out-of -control based on any one or more of thefour
Western Electric rules. The number of 5S chartsisnormally small, so we are ableto review them quickly.
The number of 20 charts is larger, hence it takes more time to review those. Nonetheless, with this
procedure only about a half of the charts need manud review. When gpplicable, weidentify achart as5S
or 20 by marking it so in the upper right-hand corner of the graph. Figure 2 shows a 5S chart.

In the manud review of the charts, our objectiveis to sdect out-of-control charts that are highly likely to
reflect underlying data qudity problems. Such sdected charts are passed on to the data collection staff so
that they may conduct specid investigationsinto the cause of thelack of atigtica contral. Inthe past when
sdecting charts, we prioritized themin terms of apparent need for additiona investigeationsas high, medium,
low, and none. Inatypica runfor adatareease, wefound roughly 30 high priority charts that we passed
onto the data collection gaff. The specid invedtigations are time consuming, and usudly not al of the out-
of-control charts were due to adata quality problem. Thus, in view of the work required to do a specia
investigation, and a presumed relatively low likdlihood of data quaity problems being the cause of these
additional out-of-control charts, we did not feel warranted to pass on medium or low priority chartsto the
data collection staff. Currently, we only select high priority charts to be forwarded to the data collection
daff, and do not identify low or medium priority charts.

2.2.4 Miscellaneous

In choosing the attributes that are charted, we conferred with subject matter speciaiststo salect attributes
of highimportanceto thedatasystem. For FARS, we had been control-charting 18 attributes, but recently
we increased the number to 23; for GES, we control-chart 17 attributes. We produce control charts at
every mgjor datarelease for these systems, four times per year bothin FARS and in GES. If severad data
releases show that an attribute is rarely out-of-control in the states or PSUS, then that attribute is usualy
removed from the set being charted and we subgtitute another attribute in its place.
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Regarding unknown (i.e, missing) data, the unknown values are included in the denominator only when
charting percent unknown for a data element. For the percentages for other categories, the unknown
vaues are not used when determining the counts for the denominator. The rationde for this gpproach is
givenbelow. Seethe commentsin Section 3.2, paragraph 8, and the discussion in Section 4, paragraphs
7 and 8.

3. RESULTS
31 Substantive Results

At NHTSA, we find the control-charting process useful. The charts hep identify avariety of dataquality
issues. Data system managers find the results useful, and they support the ongoing production and use of
these control charts as a complement to their other quality assurance efforts.

Three examples illudrate the usefulness of control charts in identifying problems. Fird, in Figure 2, we
show the chart for the predicament described in the Introduction. 1t hasastriking pattern of out-of-control
points, caused by a FARS analyst who misunderstood revised coding conventions. Had we been using
control charts earlier, we would have discovered the difficulty sooner and fixed it more easlly.  Second,
inFigure4, License Compliance code 3 (vaid licensefor thisclassvehicle) hasa dramatic pattern ofout-
of-control points. Thiswasduetoa programmingerrorwhichputcertaindataintothewrongFARSdata
element. Third, see Figure 5 for Ejection codes 1 and 2 (total and partia gection, combined together as
code 12). This chart has points out-of-control beginning in April 1994. These were associated with
employment of anew FARS andyst, who apparently needed more training. In summary, the charts help
the data system managers to pinpoint specific issues, such as data processing inadequacies and needs for
traning.

Another finding isthat many of the control chartsarein satistica control. The datafrom thetwo baseyears
give control limits between which the data usudly fdl in the third (extenson) year. Almost no seasond
vaiability appears in the charted percentages. In other words, the charted attributes are stable, in the
quality management sense of the word (Deming 1986a, 1993), in very many of the states and PSUs over
the three year time periods utilized. Thus, the charted attributes by and large appear predictable.

A pevasvefinding in FARS was that the dow accrual of data caused the percentage of unknown values
for certain data elements to go out-of-control toward the end of the extension period. Efforts are being
made to improve the timeliness. In some states the loca systems producing the data are inherently dow
and cannot easily be speeded up (e.g., obtaining blood acohol vaues from medica examiners). One
management effort was adding an earlier “three month” andysis file to the data cycle, to encourage the
FARS anayssto promptly begin entering detaiinto the system at the beginning of anew year. Previoudy
some gates alowed along time lag before they began entering data into the system.

Our focus to date in the GES has been on the data entry process that produces the data in the standard
GES format. Some data entry problems have been found viathe specid investigations instituted based on
the control chart results, leading to the reentry of portions of thedata. But only aminority of the chartswith
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out-of-control points were due to causes related to dataentry. Nonetheless, according to the GES staff,
enough data entry problems have been detected using the control chartsthat it continuesto be worthwhile
to use them for this purpose.

Some charts with out-of-control points are due to recent postive safety changes in the highway
management system. Figure 6 for one sate' sFARS data has out-of-control pointsbeginningin September
1993 that are associated with the initiation of enforcement of a new restraint use law in that state on
September 1, 1993. In this state, public information and education programs accompanied the new law.

Ladtly, thereare chartswith out-of -control pointsthat remain unexplained despite our specia investigations.
Perhaps a wider scope of investigation isneeded. Nonethel ess, wefind the control chartsaussful addition
to the quality control efforts carried out for the FARS and GES data systems.

3.2  Technical Results
In this section we focus specificaly on methodological issues.

Prior to producing p-charts, we expected to see seasond variation in many charts. Thiswould havecaled
for making seasond adjustments and producing control charts of theresulting resduas. Surprisingly, there
was no apparent seasonable variability in the attributes charted. Many chartswerein or closeto Satistical
control (see Figure 1.) For example, in the February 1997 runsfor the 1996 FARS early assessment file,
there were 918 potentia charts for 18 attributes for 50 states and the Digtrict of Columbia. Of these, 436
were excluded by the automatic selection routine. Of the 482 printed charts, 464 were judged as not
warranting specid investigation. Of the 18 chartsforwarded to the FARS staff for additiona investigation,
none appeared influenced by seasond variahility.

For our highway safety data, we found it necessary to apply a substantia amount of judgement in
interpreting charts with out-of-control points. 1n the norma use of control charts, such points indicate the
need to search for and diminate any specia cause of variability. But many of our charts had one or afew
isolated points out-of-control, which, compared to more striking out-of-control patterns in other charts,
made it appear that a specid investigation would not likely be cost effective. For our data, it is clear that
the decision to carry out a specid investigation cannot be made smply based on the existence of out-of-
control points as determined by standard control chart rules. Since specid investigations are time
consuming and cogtly to carry out, itismore practica to apply judgement when selecting the control charts
referred to data collection staff for specia investigations. For example, when thereis a continued pattern
of out-of-control points, asin Figure 2, then a specid investigation seems more warranted.

Regarding the four rules for determining out-of-control points, the three-sgma and eight-in-a-row rules
appear more useful than the two-out-of -three and four-out-of-five rules. However, the latter two rulesdo
sometimes add to a pattern of out-of-control points suggesting a more compelling need for a specia
investigation.

Thereistechnicd judtification for ignoring isolated out-of-control points. The underlying binomia modedl
for the contral limitsis based on the assumption that observations are satigticaly independent. Whilethis
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assumption may be reasonable for crash-level variables, it is not reasonable for vehicle- and especialy for
person-level variables. For example, factors affecting the crash may cause two or more vehicles in the
crashto have unusudly high or unusudly low valuesfor certain datadements. The same reasoning gpplies
at theperson-level. For example, supposethereisatendency in somevehiclesfor everyoneto wear aseat
belt, while in other vehicles no oneisusing asedt bdt. If one of those vehicdlesisinvolved in afatd crash,
then al of the occupants will have the same vaue for restraint use. If al occupants are restrained, no one
may be gected in the crash. But if no occupants are restrained, everyone may be gected. The data for
persons in the same vehicle are clearly correlated, violating the assumption of atistical independence of
the observations.

We examined some charts with isolated out-of-control points to check whether they could be explained
by alack of gatigica independence. Asan example, Figure 7 is the chart for percent gected for asmall
date (in terms of monthly average sample sze), reflected by wide control limits. Note the out-of-control
point in December 1993. Detailed investigation showed that only 24 vehicles with 56 persons were
involved in fatal crashes that month. However, one vehicle, gpparently a van, had 11 occupants, 7 of
whom were gected. A second vehicle had 6 occupants, al of whom were gected. Thus, two vehicles
had 13 (45%) of the gections that month. Had these two fatal crashes not occurred, the monthly
percentage would have been ingde of the three-sigma control limits. Clearly, the observations (persons)
in these vehicle are corrdaed, resulting in the unusualy high value in December 1993.

In short, the binomid modd is not drictly warranted for vehicle- and person-level variables, lending
judtification to our practice of ignoring isolated out-of-control points in our charts. Related to this, it
appearsthat states or PSUswith small monthly sample size are more prone to have isolated points beyond
three-sgma control limits. However, we have not sudied this sysematically.

Attimesit isuseful to comparetwo or more charts. Figure 8 showsthree chartsfor the GES data € ement
Manner of Leaving Scene. The upper chart displays percent unknown. Thetwo lower charts display the
percent towed due to damage, but use different methods of handling the unknown vaues. Although the
percent unknown increased subgtantialy beginningin April 1997, the percent towed dueto damageremains
in gatigtica control when the unknowns are counted in the denominator in computing the percent towed.
However, when the unknowns are excluded in computing percent towed, a lack of gatistica control is
associated with the increase in unknown values. Apparently, the additional unknown vaues occurring in
the later months are not occurring at random.

Attention to the width of the control limits can hep identify unknown vaue problems, because the width
isinversdy proportiond to the square root of the monthly sample size. In some charts the contral limits
become much wider in the last few months of data collection. This gppears to be dmost dways due to
dow dataaccruad causing many incomplete observations. For example, in Figure 7 note the extremely high
three sigma upper control limit for September 1994, and in Figure 5 in the last few months note the high
upper control limits. In Figure 3, where monthly sample sizes tend to be moderate, averaging 46 per
month, note the varigbility in control limits. Thisreflects monthswith sample Szesthat are only one quarter
of those for months having the largest sample Szes.
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4. DISCUSSION

In summary, control charts can usefully be applied to data quality. In this paper, we described their use
asatool toidentify dataelementsthat gppear to need investigation interms of the possible existence of data
quality problems. The control charts help usidentify dataeementsthat ‘just don't look right.” Additiona
investigations are then made; action is taken as appropriate. Sometimesthisisat themicrolevd, asinthe
case of a chart with out-of-control points found to be due to a programming error. In response, the
program was corrected. In other cases action is taken at the management level. For example, in one
ingance it was decided to add an earlier verson of the analyssfiles. Thiswas prompted by investigations
into why unknown valuestended to go out-of-control in certain states. It was concluded that certain states
were very dow to begin tharr coding. The idea was that building the firgt andyss file a an earlier date
would motivate dow-darting states to initiate the coding earlier in the cycle,

In addition, we can use control chartsto identify meaningful changesin data (Spiring, 1994). Theexample

on pp. 77-84 of Western Electric's (1956) Satistical Quality Control Handbook shows that control
chartssometimesallow insight that islost using conventiona datistical methods. AsDeming (1986a, p.132)
stated, “Analysis of variance, t-test, confidence intervals, and other atistical techniques taught in the
books, however interesting, are inappropriate because they provide no basis for prediction and because
they bury the information contained in the order of production.” (Italics added.) Stated otherwise by
Deming (1986b, p. i.), “Thus, the mean, sandard deviation-in fact any moment—s in most applications
inefficient, asit causesthe loss of dl information that is contained in the order of observation.”

Various issues have prompted ideas for possible enhancements and additions to thetypeof control chart
we have been using to date. For example, we want to explore using new types of control chartsin an
attempit to better identify problems in FARS and GES. We anticipate charting results across states or
PSUs, rather than across time, as a way of identifying anomalous dratification units. Also, a lack of
independence might be circumvented by redefining the Statistic charted so that it is determined on acrash-
level bassrather than a vehicle-level or person-level basis. For example, we could look at the monthly
proportion of crashes having no belted occupantsrather than looking at the monthly proportion of unbelted
occupants. However, such restructuring might lose needed detail.

Other issues include the sdection of control charts forwarded to deta collection saff for further
investigations. We need to obtain better data on the usefulness of the charts to improve their selection.
Also, our control-charting software needs maintenance and user documentation. Next, in some casesthe
Gaussian gpproximeation is not gppropriate for obtaining the control limitsfor the binomia-based p-charts,
the software should be generdized to obtain better control limitswhen M and Paresmdl. Findly, for the
GES, we have been ignoring the sampling design in producing control charts. We need to investigete the
gppropriateness of the smple binomid contral limits, and to examine the possibility of stratum-dependent
quality issues.

Thereare someinteresting questionsrel ated to the computation of the probability that achart will be out-of-
control when using the four rulesto test for unnatura patterns, giventhe systemisstable. Western Electric
(1956, pp. 180-183) provides some related computations, but these do not actualy give the probability
that at least one point will be out-of-control in a chart. This probability is clearly not smple to caculate.

10
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We have skirted the issue in part by relying on the reputation of Western Electric's handbook. Thisis
combined with the fact that exact cdculations of probabilities would require independence of the
observations so that the usua formula can be used to determine the control limits. But we know that the
individua observations are not gatistically independent for many of our charted attributes. Nonetheless,
it may be ussful to consder this computation. Perhaps the probability is too high and adjustments to the
rules would be useful to avoid too many ‘fase postives’

Work comparing the NHTSA approach with Redman’s data tracking approach, described earlier, may
be fruitful. The Redman approach, athough comprehensive, appears to require a great ded of work to
collect the needed data. Thisis particularly true when some of the subsystems are primarily manud as
opposed to automated processes. None of the references given above to Redman’swork discussed the
sample szes and costs needed to successfully implement his approach. The NHTSA approach requires
no additional data to produce the control charts. However, data to identify the root cause of a problem
suggested by a control chart may be lacking.

Another issue is the possibility of atest of the randomness of an incrementa increase in unknowns. As
mentioned above, we currently exclude unknown vaues before computing monthly percentages (except
when charting a data eement’s percent unknown). Previoudy, we included unknown vaues when
computing the monthly percentages. However, a problem occurred at some data rel eases when due to
dow data accrua some data € ements had substantia increasesin later monthsin the percent of unknown
vaues. Theseincreasesin percent unknown caused the percentages for other data element categoriesto
decrease. This often caused points in charts for those other categories to go out-of-control in those last
few months. We inferred from this that if both the incrementa increase is occurring a random and the
unknown vaues are excluded when computing monthly percentages, then the other categorieswill remain
in gatigtica control. This should hold provided the system does not coincidentally become unstable due
to other reasons. Thus, by excluding unknown values, fewer charts may need specid investigations.

Under the assumptionthat the system did not become unstable for other reasons, arandomnesstest of the
added unknown vaues in the latter months appears possble. When unknown vaues are excluded in
computing the monthly percentages and points go out-of-control for some category in thelater months, that
suggests that the extra unknown values are not occurring randomly (see Figure 8). 1t should be fruitful to
study this agpproach as a methodology for ng whether unknowns are occurring at random.

Besides technical problems in applying control charts as discussed above, there have been a few
management issues. For example, additiond and more systematic staff training is needed regarding the
purpose and interpretation of control charts. Also, there has been atendency to usethe control chartsas
an acceptance sampling tool to decide if the data appear ready for release. It will be better to increase
the use of the control charts as atoal to identify qudity problems, which then can be rectified to improve
the system. However, further discusson of management issues takes us beyond the scope of this paper.
An extengve literature has appeared over the last decade and a hdf on quality management. The best
(Deming 19863, 1993; Redman, 1996) argue that for maximum effectiveness top management needs to
take an active interest in quality.

Inconclusion, control chartswerefound useful asan aid intheimprovement and quality assuranceof FARS

1
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and GES data. Various data problems have been noted using the control charts, giving specific quality
issues to be addressed. The charts dso provide additiona quality assurance for the data items that are
graphed. Management satisfaction with the benefits of the control charts has resulted in ther routine use
since 1995 in the quality control of the FARS and GES data systems. It is anticipated that resolution of
technical and management issues discussed above will lead to increased use of control charts to identify
and rectify data quality problems.
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Control Chart Using GES Data from 1996, 1997, and 1998

Percent of Code 11 (ALCOHQL AND/OR DRUG INVOLVED)
for Variable PER_ALCH (POLICE REPORTED ALCOHOL INVOLVEMENT)
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Figure 1. An Example of aControl Chart in Statistical Control.

17



Control Charts asaTool in Data Quality Improvement December 1999

Control Chart Using FARS Data fram 1991, 1992, and 1993
55
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Figure2. A Control Chart Out of Statigtical Control.
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Control Chart Using FARS Data from 1992, 1993, and 1994

Percent of Code 0 (None used or N/A)
for Varlable REST_USE (RESTRAINT SYSTEM USE)
Occupants of Passenger Vehiclaes
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Figure 3. A Control Chart More Subtly Out-of-Control.
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Control Chart Using FARS Data from 1992, 1993, and 1994
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Figure 4. A Chart Out-of-Control Due To a Programming Error.
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Control Chart Using FARS Data from 1992, 1993, and 1994
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Figure 5. A Chart with Out-of-Control Points Associated with A New Data Collector.
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Control Chart Using FARS Data from 1992, 1993, and 1994
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Percent of Code O (None used or N/A)
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Figure 6. A Chart with Out-of-Control Points Associated with A New Restraint Use Law.
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Control Chart Using FARS Data from 1992, 1993, and 1994
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Figure 7. A Chart with an Out-of-Control Point Due to Failure of the Independence Assumption.
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Figure 8. Unknown Vaues Not Occurring at Random Appear to Explain these Control Charts.
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