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Thoughts from the Chief Scientist
T-hc sCCI't (ol cI I CC I\C ( )T&F 1, tic dcL\lC i

wellI de111L finelad Cc ii jl~ie nI\ c lest( cc dicpl. Iai
inl adk ance oA %\riling tlic test plan. The
c'oncept slicnild contain not cml\ tie issuics and
ollcjccli~c. bcut also [lie balsic mlciilljcjlop tcst
SccajIM10' hokk (1t) sjilulathin -,kill he tilld toc

complement the (tst and required lt reoure

Embedded inl the test conce pt should he it les

deindetaiilinig the ke c\ sici pe rloi nance

fiactois, (speed. altitude. dat\ nicht. etIc.) , amnple
Si/C. nti mber ol test re plicatiions. et c. I ntegral
to the cluci tnulibe aI chcar IIIPiticltllie cc

\kkIi' these lactors are- important.
For example. suppos c~ ve choosec a saniplc si/c

(11 one-ia perfecctly valid partial LactMicril c"lsi.
We should bie able to suipport [hill choice \' ithI

\\i1h the third issu ol C the Technical Journal. sOund rationale wich include,, an ainaI,,is of It,,

ko old seeIL ,c nmrked iprovemint in fornmt imac lc drawing \ alid test conclusilons. The

Ilic liaiice fromCC a101 itv llc~Iter to it rationale mayt we-cl e that each scenario can
pi otessional journ11il. wkith mlorec iprox ementsl only bie repeated once. As another example.
cctillhccliiti COIsILI-it svslefli for wich thie user

The put pocse (it die journal is tcc dissemin11ate perl-orilaniie criteria requiites that target

tclhial 'Information cocnerning test ii(1 locations bie resolved to within .2,; n. On ly b\

cx aluticInI. iid tic dis'cuss, p)olex issues that are IJv% utderstandinc insituiiitation errors.,
ccL'lil(iill c 11~. ocpu. l,()T ,i estiniated variance. and planined aiialsisl

sini pie iiissicn: put the ,yvstein in a realisti t echn iques wIlI we bec able: to iden ii x test dICMVn

clix ircinnienit w\ith ciperaticial peciiie anlrenith, and weaknesses -to yield \%llgrune

deter niI me xx he I 1ri is e fleetI ix and suitable (Acinusins oinle ni flet i\ eness.
It, oicte \wirds. see if it can do its ms.sicn in Alter wecighing suich lest design factoirs,. wec

he e \lIc etc c cux In inint x; lien O)iipe I ratdnd miay lIe just it icd to request mcire lest I lin
mad IIt a in ia lnlec.Btsnpead or resources At the ver\ least. \%c will

Iimplenmentaiocn ( )& E is not. WeC Cai sell kncm icc at to expect. Thc' toipic cfit ore

replicate die miisslin scenario, and must deail stl uct IIi d lest inc is not mere ly acaele ic. tci

l'i IIlie: not ir mM u licrilint\, and n10n- paraphrase ( eneral Pc iwell. A F( TIE mutjl

tr:ciLetilit\ cA field testinLg. problemsv Ai accomnplish more detailed, thoirough test planniluc
iiiiii~ti~rit . essluau-repreeliat x eand it niust bie clone earlier in t he life of a Ic'St

cicuil iftiailis., etc. ( erltinlx. ()T&F F it programi.
cpc pe prcilm. hilt a tract .able oine. Futuresc s cl the Technical .louriial \% ill

-l ereirese\era xs\ tc aproch YI ~addreiscses such ats tcst desIin. aiialsisl

canl 11", Mm icitexe \ke aul lind ivs a tClilILIUcl and ocie related topics. II " cit arc.

Ic- pIc-c 1tlltiC elinicie. aiid then pt lie famliliar- w\ih sp cifi aiples of ccccd test

1,\t lie 'tIller enid oM I1Lc spetrtiiii. xxe tlieiii ' itli Ils. icUIcld test Lclsil is, critlial tcc

cLi1i l1 J teici l cl11 '1knx icilli. thicn 01.ur buies- lfective )TkF.
11i ;c I 'til idIill\ xilic I till lictil its lsil
\kil A~ cl cicirolecl aind Linccintriollecl %iiiildl~cs

cciilclctl iII clIni t e1I lcl. \(: shiuclin'liio lie
l clinitr, id rc 1 i ihcl (a'ci a i ;d ofI tlie lit cc. [)ili

cci ii' c..~ 'ub c ~ ,.. Ia

Mc c pc llc
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A Vector-Normalization in TOPSIS That
Gives a Rank Ordering Which is Invariant

Under a Special Class of Attributes
By Srikantan S. Nair, Aviation Division,

Operational Test and Evaluation Agency, W/ * 2FalLs Church, Va. (vii) =( Wj*ji i, )
INTRODUCION (2)

I to i andj = I to i.

The Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) is a method where wi is the wight of ic j-th attributc.
used in Multiple Attribute Decision Making toepullional rout is will hold good vt n trific

(MADAM) (1). It rank orders a set of weights do not sum to I since when the final
alternatives based on a set of attributes and ratio (li is computed in equation (5). the required
their associated weights. TOPSIS is based on normalization factor will be cancelled out. of
the principle that the alternative closest to the course. to maintain credibility of the TOPSIS
ideal solution, while farthest from the negative weights. it should be standard practice to have
ideal solution, is the preferred one. The ideal the weights sum to 1. The wcightcd normalied
solution consists of the "best" attribute values numbers vi are used to find the set of best and
available irrespective of ihe alternatives. In the the worst attribute values.
TOPSIS method described in (1). the decision Attributes are classified into one of two types:
matrix (or the matrix of attribute values) is benefit attributes and cost attributes. If the
normalized to make all attributes the same unit measure of an attribute is such that larger is
length vector as well as independent of the units better, then it is classified as a bencfit
measurement. attribute. If the measure is such that smaller is

better, then it is classified its cost attribute.
BASIC TOPSIS The best (e.g.. ideal) attainable measure of a

benefit attribute C- is v. = marx vi and its
A summari/ation of the TOPSIS method worst (e.g.. negati -id& .al) attain le m as re is

described in (I) follows. If A i is the i-th vi = min v On the other hand the best
alternative and C the j-th attribute and xj the attainable measure of a cost attribute Ck is x+ =
measure (quantitative) of the j-th attribute for min vik. and its worst itainable measure is \'k =

the i-th alternative, then the decision matrix is max vik'
defined by (xii) i = I to m and j = I to n: m is In the third step. the separation measures of
the number ofalternatives and n is the number each altrnalive from the ideal measure.
of attributes- As a first step of TOPSIS. each
altributc is normali/ed to make all attributes the /_
same unit length of vector as well as .+(V +v ) 2

indcpendcnt of the units of measurement. Thus Jul
the normalied decision matrix is given by .

i= i,2...

In the second ,Icp. the measures ofeach S_ n V 2

altribule in the normalized decision matrix ar e-j (4)
multiplicd by ils wciehl lo obtain is %,LtjihLd
nor malied decision matrix i = I.2. iI

Page 3/Technical Journal/July 1988



then Ni= maxT vis its best attainable measure
arc computed. Finally. wc calculate tlie relative an = nan its is best ataablc measure
closeness of alternative A i from the ideal aidon4= mm is its worst attainablc measure.
measure On tile other haind. if the j-th attribute is cost.

+ then v= min N- is its ideal and v: = max jj isqt $ (S: + S ) . . . .. 1 1
q Sits neatcve-idel attainable measure.

i 1 2. m (5) lf' denotes the separation measure of the i-
Ili alternative from the ideal measure and.]that

where qi takes a value between t) and 1. Also. ' the negative ideal. then

qi equals I when alternative A i has the best
meaur of* everv attribute and (1 when Ai has all ;+ z (8)

the worst measures. Of course, it is a rare - t
event to have (ii = t or I.

PROBLEM i=1.2. m

There is a special class of attributes which and

can be converted to cost (or benefit) from
bcncl'it (or cost) by subtracting its measure from "V (9)
a constant. For example, if an attribute is IIj

measured in percent. by subtracting its measure
from l(H). the attribute will be changed from i = 1.2 .... m
benefit to cost (or cost to benefit). Similarly.
the attributes measured as probabilities when Finally the relative closeness of the i-th
subtracted from I. or attributes measured as alternative from the ideal measure is given by
counts when subtracted from total counts where qi. where
total counts are the same for all alternatives.
change ihc cost-bencfit status. TOPSIS rank 1/(i + S(

orders should not depend on how this special
class of attributes are recorded, as cost or
beinefit. The recording of thcse attributes as i = 1,2..
cost or benefit must be a choice of convenience.
In this paper we propose a vector normalization The set of alternatives can nov be rank ordered

which gives a TOPSIS rank ordering that is using thesel-values. The altrnative which has
independent of whether the special class of the highest '-value is the most preferred andattributes are recorded as cost or benefit. the one with lowest 7"*value is the leastpreferred. The rank ordering based on

MODIFIED TOPSIS METHODOLOGY 'r-values will be the same regardless of how the
special class of attributes arc recorded, cost or

In place of the normalization ( I). we propose beliefit.

the lollowins normalization
NUMERICAL EXAMPLE

IS/ 2 (6)
{xij - Vj r / ; (xtj " j) * The decision matrix of the navigation data on

J-1 four aircraft is given below. The altcrnalivcs
\which gives it weighted normalized decision are the four aircraft A. B. C. and D and the

matrix (7) in plact of (2). attributes are the six measures of performance
(7) (MOP).

* Xlj " X- /-)2
/ 00~~~~1 009 1 4 P4170.0 100.0 71.' '1.1 $7.1. 72.9 A

90.0 0.0 4.1 41.1 92.1 4.9 (IL(I ) I * 00.0 90.*0 40.1 14.0 41.4 74.7

v hrc \k- is the weight and j tile mean of the 100.0 100.0 1S.0 104.5 76.2 7S.7 0

i-th attriute. If the j-thi attribute is benefit

Technical Journal/July 1988/Page 4



\%here NI( P4 is cost and .0l others arc benef'it The rank order now obtained in the case (still
attributes. The weiizhlts of the MOPs arc izIVcn usintz the basic TOPSIS normalization) was A, D.
bs the wecight vector: B. C. wNith q-\alues .80_061_ 43, and .35,

respectively. Thus, D moved to second place
\% (.19)79,..tst)5.. hOS7.. 1275..207).. 146i8) f'rom the fourth place when MOP2 and M( P3

we-re chang~ed f-rm benefclit to cost.
In the above decision matrix, the attributes In the case oft modified T( PS IS normiali/at ion

are defined ats holows. technique described in this paper, both the
,N1( P l Perccnt courses completed (bicneftit): decision matrices (11) and ( 12) gave the same
MOP2: Percent courses not disoriented (benef'it): rank order: A. D. B. C. The--values for A. B.
NI( P3: I ercent oi* time %ithin 200tm of course C. and D in both cases were .82..51_ 47. and
(benecfit): NI( P4: Secll-location error in meters .51). rcspectixely. It is recommended that thie
cost): MO( P",: Percent sellf-locations within 20ttni modified vector - normalization presented in this

(benfiht): and MO( P: Velocity in knots (benefit). paper be used whenever one or more of the
The attributes M( PI. MO P2. NI( P3. and M( P5 attributes in the TOPS IS analysis belong to the
belong to the Special Class defined earlier, since special class of* attributes.
each is, at percent.

The rank order obtained using, the basic
T( PSIS normiali/ation is A. B. C. and D w here SOFTWARE
aternative A is most preferred and D is least
preferred. Their LI-values wecre .71..58_ 48, and An in-house sof'tware package has been

.6 respectively. When the decision maker (e.g.. developed to compute the (I and q values wvhich
evaluator) reclassified NI( P2 and MOP3 as cost can be run oin an IBM PC or IBM compaitible PC.
attributes along with M( P4 and all others There is no limitation on thie number of'
remained benef'its, the decision miatrLx becamec alternatives and the number of attributes.

Copies of' the soft\%vare- Can be obtained by
-OI mD, 40p IOV calling AV 289-2404,'9.
100.0 ". 29. .' " ' A

"0 ,0'3 36. 4'1. 30. 92 34. 6 121
"" 10 30.3 59.*9 36. 3 63.6 '6. 7 C

100.0 0. 0 4S.0 104.5 16.2 '3.7 0

The \%cieht vector is samec: REFERENCE

w ( I9~..150.. 657. 125..076 . 168)(1) Hwang. C. and Yoon. K.. "Multiple Attribute

Dr. Srikantan S. Nair is the Mathematical Statistician. Aviation D\,ivisi. LI.,',
,Arni.\ O perational Test and Evaluation Agency. His nmajor duties involve
applying mathematical and statistical IICtlIodolgis ii6oert331Wtet las
aid dcx l 1opine m n ois and tCChnIIILC i lue trough xx X\Ii~ ichI sxst i prknianCe
a nl (operational interre lat ionship,, can bec valued amid measure. I-e hws
published sexera I pa pers, on (operations research. Dr. Na ir Ihold" at bache lor"s
in Mlathe matics from Un iversitx of Ke ralIa. India and at master's and Ph.D. InI
N lthe nmtica I Statisitcs front Purdue Unixers it %.
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The Analytical Test and Evaluation
Software System (ATESS)

By Ms. Pat L. Branncn, and analysis support for field tists. ATESS can
Operations Analysis Directorate and be adapted to changing data formats and flows

Ms. Kathleen M. Hibson, without changing the code itself. Rather,
ATESS Program Manager BDM Corp. changes are made through use of extcrnal files

containing such information as record type,
INTRODUC..ION length, and format; delimiters: numbers and types

of parameters: valid data ranges; functions to be
ATESS was developed for AF(TEC to meet a performed: and relationships between data sets

wide range of typical T&E data reduction and and contexts. In the past. these types of
analysis requirements. The need for something information were usually embedded within typical
like ATESS became apparent to analysts and data processing and analysis software code,
soft\are developers through experience gained requiring time-consuming software revisions each
supporting a number of test programs, such as time one of the items changed. The external
Wild Weasel (WW), Precision Location Strike approach implemented in ATESS allows the
System (PLSS), and High-Speed Anti-Radiation analyst to concentrate on data relationships
Missile (HARM). rather than on the mechanics of writing and

Each test program began with the same validating source code, relieving the analyst of
challenge: develop data reduction and analysis the overhead associated with developing software
support software with little or no documentation to read, process, and write data files from
of thc "real- data structures and relationships different sources.
that would be available during the test. This
uncertainty often delayed the start of the FUNCION
software development process until it was too
late to get done before the test started. The individual modules of ATESS can be used

Even when the software development process in it widc variety of combinations to produce
began early enough to ensure adequate time and different processing flows to meet the needs of
resources, the test program could still be delayed different test programs. At one end of the
\whilc software was revised to accommodate last spectrum, ATESS has a module designed primarily
minute changes to poorly documented data to read input data files written on "other"
formats and relationships, computers and produce output files in "standard"

The same types of software requirements, with host computer files. At the other, ATESS
minor variations. were being identified and includes a module designed to provide the
addressed on different test programs. Each new analyst with a flexible data display capability
program s requirements were solved by (listings or graphics). Other modules perform
developing a new softwarc package tailored to such functions as data quality control checks:
that single program. Many of the processes data file merging and subsctting under user
were common to several test programs: but control: event recognition based on time-
specific dala structure differences for each correlated multiple data file contexts, data
program required different software solutions, scaling, and validation; manual file creation and
preventing use of exisling data reduction and editing: and data archicval and retrieval. Each
anal~sis software to support new test programs module is independent of the others, and there is
or requiring extensive revisions to meet new no fixed sequence for processing data through
constraints, the individual modules. Not all modules need to

be used for a particular application, and each
module may bc used several times in a particular

CONCEPTUAL DESIGN processing flow. ATESS lends itself to a
building block approach. initially implementing a

ATESS is it comprchcnsi\c set of modular basic data flow to meet requirements at test
tools,. designed to provide flexible data reduction start, then building to add multiple levels of

Technical Journal/J'uly 1988/Page 6



data analysis ats (lie test progresses and] data performe.d in support of T& E. The eight
relationship,, are better understood. This comlponents of ATESS are Housekeeping. Manual
flexiilit% IS espcially uIsefl when analysis Forms. Record Preparation, Convert,'Oualits,
emphasis shiftis during :i test from planned to Transformation, Intervals, Event ( icrnratoi and
exploratory, as unexpected relations comle to Data Presentation. ats shown in the overv-iew%.
light, and niew% questions must be answered. Each component provides the user,'analvst with

several capabilities, and data may be processed
STRU CTU RE through ats manl\- iterations of the same or

different components as required to attain the
AT ES"S is a modular set of softxsai e processing objective of the user. Several

components that can be uIsed in different capabilities are available in more than oine
conibinat ions to perform datta reduction and comnponent. providing even greater f'clexiiliits
anialysis functions to Support T& E programs. The order in which components are used] for
ATESS consists of eight top-level functional processinig d,.ta depenlds on Specific T& E program
components, e ncom pasS ing approxiniatclv 800t requiremcnts and canl be tailored to nmeet
routines or 40),000t lines of source code programn-specific data type. format, and
(Figure I ). Each lunctional component addresseS processing requirements using process control
one data processing function frequently andi( data description files.

Figure I

Analytical Test and Evaluation Software Systenm

REPORTS DESCRIPTOR

OWLINE MANUAL [OUUXErW
DATA Ec sRq

RECORD CONVEATI TRANSFOR- RT~ASEEN AAUEREE)
Pil !ARATIOIN 17C AUTY MAM1ON CNAR PIRESENTATIN IARCHIVE1

REPORTS

TAESS PLOTS TAPE

INPUT
MiE
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TOP-LEVEL COMPONENTS onte record I'm output containingz start and stop

Houskeepne -con~rts CNIItimes and any support data tielIds desired.
Hnouthekreqeina nrtur AC citor 11 1. Event (i Ierator - reads and[ interprets theInto(he equred ~na\ fom l'r ue [i oter cntet irrne-sc(Iueniced multiple input file-,.,\%slel components. U'sing tfie VAnNtin srsecfe at tts It

Backup, Restore coimnand. this component also prom h srs-midatvte niae Iperforms archieva[, retrieval functions,. pnetor morte usr-specified assctivtes indicatedt i
Manual Forms - is, used to create ncw data exvent.

tie s or to add, mt di lv ort dielete records in1 Data Preseniitat io n - pitoduces ifstings. phlit,
cmstliz dta I~cs.and statisticat summaries. A user-enitered

Record Pre paration -extracts and translates, Cont rot Ile specifies ttie type, content, and
raw diatat to usecr-speicified parameter fields. tt f'ormat oft the outputl. TtIs user input tias the
canl he used to separate data into individUat f'clexiilit\ to produce various types oflistllics.
records. retrie~te only reurddt rmiptplots. and statistics using several different
d.isk or tape. and elimin11ate invalid data records,. options.

(onertQuaity- rplaes r ceats ie ~ ~ The APPLICATIONS

\I'atics CXternal spcification. It Canl gl oballyTh PSS test teamn was the f~irst user of*
repla1(c '.atCcorrect for calibrations. convert ATESS components. The software was used to
codes, ort perflormn any user--definedC f'unction reduce, process. archive and retrieve datat
usIie exsternal subroutines. relational operators. ganthered during limited 10 T& E of' PLSS. Data
FORTRAN operators, and IF-THEN-ELSE flow s through ATESS have been defined for F-4(i
state me rits. It also f'lags questionable data. The \VW PUP wvhich is expected to begin testing III
t1ICcr defines the quality control check. the f'lag. FY8S. The remaining current users. O ver The
and the replacemnent of' the f'lag for each chec(k. Hori/on Backscatter Radar ( ( TH-B ) East Coast
Qulestionable data are easjiy Identified for Radar Svstern (E('RS) and Tacit Rainbow (TR).
I urt her processii. h~ave dl mhed preliminary data I lows and wIll be

Traishmniaion- rstrctur,, he ati I~lcsusing ATESS during l( T& E in the near future.
and(11 reord wihou chngig te dta alus. Additionally. Consolidated Space O perations

and c o rb irec s wul i thou I hacino he dae o t I alue s ('en ter ( C S ( )(). H igh-S pe ed A nti-R ad atio n

Itn combin multiple fil s nt one itfie, oratlMIissile (HARM ) and M ILSTAR test teams ats wecll
can e spit ito mltipe fies b spltttn (Tacticalt Warfare Center (TAW(') and Na~al

r eords inl several ways: by outputting separate WaosCne N C) esne aeiqie
files, for each unique Value of a seectedI Weaon eter ( NWC. phe rnnel have ciqired
paramelot. by selecing subsets of the original it h s fAES h ubro oeta

users is unlimited because this same software
f ie cosri c r c r s r li o b n t o 1e uid be applied to virtually any new test

sm IrTn and subsetting,.
prograrn. regardless of diffecrences in data

Intervals - e linminates redundant iiormnation structures. and methods oif evaluation. Thus the
Itromnicm-LCenerated (vs.e vent-cenerated) data. use of ATESS can significantly reduce f'uture
The user canl def'IIiate~ stte, then specify soft(ware: development e fforts.

Pat L. Brannen is Ms. Katheen Hihson is

an anali st in the miue i iitCrlo
onrfand Quatris

Modelig andAssurane H r The BDN1
Anlal ,Is, Divisilon atl Crp. She is currcniV

Ai )TE . She the Procra~m \tanavcr Io
chair the TESSthe ATESN (onieuraion

\tanaernien i Task.
irnfitm ra innA F( TE( Subask .447.

( urtrol BoardI andc PY wr exrcrifC inctudes

is, project ollicer iteseliping NttmareA

f'r the ATESS Maintenance Subtask. Her f'ormer stqcms lor ihe Prcisioin Localion Sirike S ' stem. ihe: Space
pi iit i i wasin he ucler Stet Deprtmnt.Tianstiritiion Svstem. and the High Tec(hnolopz Test Bed \%wh
po,,lio \%,,, II te Nclea Sa'ctyDeprtmet.8DM. %1s. Hibmsin received her bachlcliir'N in Sssims Planniniz

Na cif ~mpi ns E a lualtion Facilit v. KA FB. and kMatiracmeni trim sierens Istifuic (it Tcchnoiitie in IQ_2
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Coping with Mission Support Factors
in Test Planning and Evaluation

By Samuel G. Chariton Ph.D., deIandWILs thatill bII e placed ifo operl or Miad

AFOTEC's Human Factors Division iiaintiiirs by% thc operatioinal systern.
Adding to this probleni are thle frequent

INTRODUCTION miodificaions made to thle sstem hardwarc.
softsxarc. and procedures. The larcr systemis

lision support factors arc those ck meints oit are dsniamilicitlv rcconficured. the comman1lidS andI
a ssstc ii I\ pical onIdec uic ccus proccdurcs rcq uircd to operate themi arc changed

of, at tcst but which arc not normall N elvated to as, the ir loads and mnissions, are clt ed and
the ('( )I. obicctive level. These ission101 Support redefined. Thle mission support factor
ai.k.iC cxtaf) factors, contribute ito missionl conlsiderations of the original svste i

e ftctiseness, as neccssari. prerequisites wit hout confIig~urat ion maty bear little or no resemlblance
he m.l~ce e de fin intc niissilo mSuccess. NI ission1 to the mission support factor [,ssues, pcr-t inent to

factors, Includc but acn(11Climted thie systcn al'ter having, uneg e xns\

ill, .abilt\ coipatilt!ir It\ r~ilnirg. safis.enincering and procedural chiancs. Thle
Iiuw. - '.s -- ''"'w' It' nd transitional naiture of these sytm lsoi has the

suribift ffctc of making I[ difficuilt orl imnpossible to
The importance of- theseC mission suippor t prov0ideC adequate training for- thle operatlors and

facti-r has, becomec increasinidv apparel ' Ot iou maintainer-s, there be inc no static ()tein o

)F& E ef forts. A significanlt pcenltac of' whIich to base at training pri gra in.
sl r% ice re po rts ( .SRs ) arc speccific tii thle missil ii
support( factors nionel abos e. In addition. THE PROBLEM OF CRITERIA
theseC ftors~l are- r1eCeisI in1C icse attention
froml DO T& E. Mission s.upport factors are A second, perhaps more fundamental prolemn
inpi rtait contr1.ibutors, to systen ceiii fletines inherent in evaltia nc and or assessin! mnision
arid need t1 ' eaUAted .1 s- uch. Thle object ofl support f'actors in T& I tislte lack of approsed
tisl' article is toW r Id d1 sir ieI a prom1ising, stanldards or critcria ion w\hich to base the

a10 af ti te iIlann i and esalat~ ion asC we ealuations. Inl somec cakses.. teehnoog.y advaiices
has% C appliedI It ito the ( T& E humnan l[uctors of hase outpaccd the aibilit of industry to decfinel
miodern Air Force sst n.acce pt~hle standards, for soltare perf-ormIanice.

Operai r performance. or mian- maciinc inter faces.
FINDING THE TARGET Similaly.. mnyi system users are unable to

specify criteria f'or- these mlission support f'ictors
)ne of thle pr incipal problems inherent in until tile\ hiaw an opplortun itS' to aict uallv beCgin

es aluatingc iion Support factors In miodkrn Air to operate the svstecni. A related issuec concerns
Force sst sis the di 'Imi is e and changiiliii the seclecion of' which mission suipport factors to
chatracteCrist ics (of thsesss ils ( )wing to Ile ir test and to \%hatl lese I (f dclauif. To tisl, end, it
si.'e. coiiile Its,.% and cost. mnaln of' these Isl reaily aipparcnit that one cannot consider
s\c stems. par tt ifrf\ Inl thle striteic and the issou support factors, ii Isolation.
cominiunicul lioris arena. are one-of -a-kiiid. Miss"ionl support factors are Iliiltit onf I iiith
e ofut ioilir U \st n i like ,rma lcr produicts comntelit of the61 ir ict onilse i c fleet ~iv ness
\%li, hre i duct mii ii dcc iisuii can bie blased onl Furt her, thle mt eraict ions betweeii thle sohtssare.

e stensiL rescarch aind tetn fnils sion suipport Ifiard\%arc. human operators, and their traininu
facti rs, corisderathins, thesec farc svt :lsire [)I igra iilit11st% hee me CV IifL s,~lim Ianeouss.

uiqtue and thus a fe tcisiofi to putrchasi ic Iin tile case of luiu an fact:ors,, thI IiNI siseaCie

coes firt offossed ki explciidIiture of tulle. Ill the fornm ot laick of1 humnan factors s'atandard

efort, arid dollars tol nake it work. The or criteiai oill \\ huh to base thie ( T& F of
dic clopnent anid test ocxde are tx picalls cut c imple\ ml arx ssteins. Whiile criteia ildo e \ist

quite short ito saie mno As, at result there. is lilt' thle opt11ial issi\caf faxout1 id
oflten loo little t ine spent cuiiidering tIe intliri pi ietr of anr opeira \i orkstaionl1.
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thcsc arc not ihc thl fihi Iactors in op cratil candidate measures of human pcrfornfman .e, human
lar e '3 svse ns. Th3 pIrtincnt human factors factors engineering and system performance.
,,stcu sn\ 1\ ' dent ificaioni of the limits o1 The human perflormance measures iclude

human opcrators in assinilating and respondine opcrator response times. decision times, and
to the inhoi llation prescnled to them. Aside response series times and error frequencies, thus
from ,omc \ cr\ basic knmvedge about human representing several levels of task complcxit..
intormation prmcessing and mciory capabilities. These human performance measures are dra\n
tc\N criteria c\ist hr evaluating the complex from the human-intensive components of system
imilc ioill all Ving from niipic cognitive tasks. functioning such that thc are representative of
Nor are there cr iteria for determining the operator activities and relevant to system
correct \ .\ Io present the information required effctiveness.
h1) supptl the disc rse and changing repertoire of The human factors engineering measures can
tplIrator tasks, include the results of human factors

questionnaires administered to system operators
AN INTELik- , k ioK APPROACH or checklists completed by human ifactors

engineers c\aluating the system. These human
tI ux, ihcn itc sste nl evaluators io cope \with factors eninering measures focus on issues of

thC altocntliconed prtIlcmS? ()ne promising display fornlats, data entry procedures, sy'stem
approach \c are currcntly employing in the documentation, ambient noise and illumination

)T& E of sexeral major ('3 systems is based on a and other issues relevant to operator
miss,,ion support-,;\sCel effectivencss integration performance. Measures of system performance
approach to the idntification of mission support include systern throughput times, failure rates, or
factors 'risks in sslcm design. The integration other measures related to the user-specified
approach to human factors attempts to identify requirements for system effectiveness.
I isk factor,, Ior the performance of (3 operators. ()nce operational data of the above three types
In the abSencc of data specifying the causal have Ibecn collected, the next step involves
clato nsips betvecn svsicm design. htman determining the degree of association between
inlrmaliOn i processnIn. and human error, this the mission support factors and system
a ppriach c,,tablishes a circumstantial case for cffectixeness via multivariate statistics. The key
thC idenLilit-ation of ,itualions and operator to this step is linking the criteria-less mission
hask, that arc 'at i sk or close' associated support factors measures to the objective criteria
%s ith s, ste ifailure. This approach is analogous for system performance. For example. when
to thc medical epidemiological approach system effectiveness measures are found to be
,pccilt, ing risk factors associated with a discase marginal or lailing, measures of human
in the absence ,f physiological data specifying performancc are ranked according to their degree
IhC cause of the disease, of relationship with those system functions.

Briclh. the intcgralion approach involes three Human lasks having a significant prcdictivc
procedlral stcps. The first step is the relationship with system performance, as
ide i it icalin of wdhich Iiissioin support la or determined statistically, are identlificd is areas
mc aistirs t include in an ()T&E plan. To (il hunian faclors focus. The human factors
maximi/e the clficicncv and cf ectixeness of our enginccring measures are then statisticallv
tesl Mow,, r iission support faclor ( )T& E related to those human performance tasks in
imCasu,,res should be sclccted on the basis of their order to determine the human factors issues
rclalonship to system cflccti eiess ralher than having the greatest impact oin the system
simply bccau,c hes are measurable or have opcralors" performance.
historical precedent. In essence, all our The results of interest are the human tasks
mcasurc should hasc o pass the so what?" test identified as having significant relationships to
pri or to thcir inclusion in an ( )T& E plan. That systcm performance dcliciencics and the human
is. ( )T& E mClsurCs Must eilher possess user- factors engineering issues possessing significant
specified criteria, or be logically and liantif ialh relationships with those human lasks. The

dc nltol ,ltalc as havin. an i oipacl (it the tes criteria or measure of e llctiveness for human
icquircmcnt It r ,\ ,teni pcrlrmaicc. factior, engineering in these systcms is tius

For human fict' irs ( )T& E. \\e idcnil opcrationally delinCd as a positive conllribution
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to ovcra II s\ste n clteeti%-ciiss. ( andidatte are identified its being~ prol~e ns oni lvInasmuch its
statistical nwm hod.' ranec front the rcliitil cl\ thev are statistically associated with poor svstcrm
simple multiple regrression anilx sis to thle Mnore performance. Simnilarly this approach ht.s tile
sophisticated l'actor anatltIlc and categiorical adv antage of' considerinit vai let\ ot, missioni

Cl us ter ing pro ceduire s. support tiictors silnultaneous"l\. therebcy alowing
Final lx. a ft(Cr the reklX It LN iIt dcere ssocia tin the idenlt ificatuin anid cx alhiat iin of thle

ol the various humnan factors nieasures has been interactions bctw-en different mission support
detcCrininICd. Oinc Caltiln Ipt111 (0 (ICr.C' aspects in terms of* their relative .ontribution to,
cxplanator\ ort causal connections b~et\%een s\stemn elfectixeness.

operator perlormance: and the humni factors The products of' the integrat ion mlethodologty

considerations; of' the systemn design aind also provide at means (Or l'ocusing remnediation
operations. These explanatory connections, can and corrective actions on those areas w\ith the
then be USedI to begin11 formiulating, more eneiric greatest impact. The specific mission support

sets, of humnan factors (lecsigf criteria to he used (aictor problems aSSOCiated wdit a ci Ssste in
ill theC desiL!ii test, aiid exalluation of f'uture funct ion are ranked in order ol' importance so as
sx steins, to provide at hierarch% of effe'ctixc e remCce.

Further. the approach can provide periodic
SUMMARY ..snapshots" (of"dnr mission support factors

The intcration approach to mission Support issues as they' evolve in the frequently chancging,
factors, test an1d cV- aluat lion is Catpable Of cnvironiment of' at modern C.; systenm.
alddrcssing many of the problems identified Finally. this approach can serve ats a startingy

carli. The SsIstems-h xci view of thle approach Point f'or the development of, a talxonloniv of,

enisures that ouir evaluaions and assessments are mission support factors criteria. Through the

first and foremost directed at( addressing user systematic use (i1 this and similar evaluation

ic quir liccilts l'ir s.%ste ii pertormance. All techniques. an emnpirieal databasec of mission
nimss11onl support latctors to be assessced In ( T& E support factors standards can be collected and
are placed in the larger landscape of' their geneirali/ed tot- application to ile tcst and
imipact on systemn effectiveniess. The lack of' evaluation of new systemis. Faced w ith at need
humnan f'actors test criteria is also remedied I,\ to field effective operational systems, and in the
usingz overall system elffectiveness ats the mecasure absence oif definitive human factors criteria, the
it pertor mance I,\ x\ Iiich humnan (actors issues integration approach des-cribed above has proved
are ludged. toi be quite valuable in thle dynamic environment

In other words, areas of humnan factors desien of' humnan factors test and evaluation.

Dr. Samuel G. Chiarlton is an Entcineerii Psychologist wilth the Actron1CIediali.
F-I ii m Fact irs Dlix ston ot A F(TEC w,,here he 1'11i01ct1 ios aait 1.1Miiniitctlrs
anak lo t i a arict\ x ifstrateigic and commun1,11iCat urns systemIs il~udinL: thle

inst ilidated S-pace ( )pcirations ('enter, the ( )ver the Hori/on-Backscatter
Rildir sxstc' in. tihe ( ilobal Positioning syste in. the Automated Remote Tracking
Sx.sten and related programs. He also serves as an AdJunct Assistant
Prit c ss i of' Psychitlogx at the Llniversit\ oif New Mexico. Prior toi II is,
assicnmnrt atl A F( TE(. Dr. ('harhton held positions, with the B DM Corp.
Senior Staff Neer cr. The inivcrsitx oft Albuquerque (Assistant Professor).

iind thc Vceterains Adinin istrat on Medial ('enter (Nc uropsvchioligv Research Associate). Dr. Chiarltoin
ho lds at bache h hr's inl Expcierime ntal Psvchology fromn San lose State tin ryersit x and it naste rs and Ph.D.
in Evcpr iicnta I Psych ilogx fromn the tifniveri't\ (if New Me xieo. He is at three-mtile recipient (if the
National Insitiut of V, mtll Health (NNIIH ) National Research Ssce~c Aw\ard and wast, selected as
'N Ni's, ( huistlndini! Doto ralI Candidate oif 1982~ by Siia Xi. hie Scientific Rescearch Scicts.
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Simple Linear Regression and Nonparametric
Slope Estimation Techniques for Navigation
Drift Rate Caculation using Non-Continuous

Time, Space, Position, information (TSPI)
By Capt. Robert A. Elsenbergcr and and compared to the navigation system position.

Capt. Christopher A. Strickland The diffcrence between the two values is
automatically calculated and stored in temporar.

INTRODU lON computer memory called the "radar buffer.

TIME, SPACE, POSITION,
The B- 1 B Follow-on Operational Test and INFORMATION (TSPI)

Evaluation (F()T& E) test team evaluates the
elfectiencess of thc B-I B weapon system and its In discussing method one, a description of the
supporting subsystems. Two such systems are aircraft instrumentation system must first be
the incrti:,I navigation system (INS) and the dead presented. The Production Data Acquisition
rcckoning (1DR) systcm. Although thcsc systems system (PDAS) is a palletized instrumentation
ate common to manv aircraft, the testing mclhod svstcm which is installed in the B-I B Central
used by the F(T&E team is unique due to the Equipment Bay. The pallet contains a processor
instrumentation svstcms restriction of non- chassis. Power Distribution Unit, and a disk
continuous Time-Space- Position-Information drive assembly. The Disk Assembly is removable
(TSPI). The purpose of this paper is to describe and can hold up to + 16(i megabytes of data. The
tMlo lechniques to cstimalc the true drift rate of PDAS has an internal clock which is initiated
the navigation s\stcms without a continuous TSPI wilh a time svnchronization (WWV) signal and
SoMrce. Wc will discuss two methods of maintains time throughout flight within 60
icasurinvi the time history of navigation position milliseconds per eight hours. The processor
error. two mcthods to estimate navigation drift receives inputs Irom up to six MIL standard
rate from the position error history, and a 1553B avionics bus sources, reformats and cdits
Nhhnt. Carlo analysis \which describes each the data, and passes it on to the removable disk
techniques, robustness for different quality for storage. Following a test mission, the disk
na\ igators. and both small and large sample is removed from the aircraft and transported to
sies.a ground station where the data is extracted

Irom the disk for further processing. Using the

POSITION ERROR MEASUREMENT PDAS. INS and DR latitude and longitude are
recorded continuously throughout flight.

F)T&E uses 1\%o sources of measuring the The PDAS is a passive listening device and
p ,ilin error ol the navigation system. ()ne cannot act as a TNPI source. It does not have
method uses Time., Space. Position Information an independent reference such as the Navigation
(TSPI) mcasurcnents of aircraft position from an Instrumentation Accuracy System (NAIS) or the
instrumented range. These mcasurcmcnts arc Completely Integrated Reference Instrumentation
assumed to e truth and compared to aircraft System (('IRIS). F()T&E plans each mission to
rccorded estimate,, of position. The difference pass through the radar coverage of multiple
bct\ccn these mcasurcmcnts is the aircraft instruicntation ranges along the route of flight.
na, ig ation system position error. The second Cocragc over each range lasts from 2 to 30)

melhod uses the aircralt's radar system. It minutes depending on mission profile, range
measurcs a range and earing from the aircraft availabilitv and range capabilities. Due to the
I, a Defense Mapping Agency (DMA) surveyed limited number of ranges available on any given
ground point. This range and bcaring estimate is day. \vc receive one to four shorl periods of
added to the known position of the surveyed continuous TNPI and long periods of no TSPI. A
gro und point to calculate aircraft position. It is position error time history of these portions of
thcn stored in the aircralt's computer complex continuous TSPI coverage is calculated post-
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flight. The calculation uses an oblate (assumes position and site alignment inaccuracies. Though
the earth is elliptical) earth model to convert actual capability varies from site to site. an
differences in latitude and longitude to estimate of 100 feet of error hounds all systems.
dilferences in leet (3). Oblate ellipsoid model assumes the earth is an

I he errors associated with using this technique ellipse with a specified eccentricity. Though this
of position error time history measurement are I

its ollos:is not totally accurate, f'or short distances ( < 201as follows: miles) this error is small. FOT&E testing shows

Timing difference Iet-wccn the PDAS clock it toe approximately It feet.

reference and range lime reference. Both Therefore, summing tht values from a.b. and c
sources svnchronie to WWV. The range uses an abovc, the error in measuring position error 1,\
interranec instrumentation group (IRI(i) time comparing aircraft recorded position to range
generator to maintain the reference, while the measured position is on the order of plus or
PDAS uses an intcrn,0 crystal. Since the PDAS minu 4- I5tI feet.
can drift up to 0 mil1,;,c. ,,nds after cight hours, An example of the data accumulated using this
a position error is created duc '." ,,ircralt technique is plotted in Figure 1.

Figure 1

P
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R
0
R

+ -+-+ +- +

1 2 3 4 5 6 7 8
TIME (HOURS)

airspeed during this (,( millisecond lapse. With RADAR BUFFER READINGS

an average cruise speed of 750 ft/sccond. typic'al
errors due to lime are approxinmately 45 leet (75(0 As stated earlier. the second method of
ftlscc .016 scconds). accumulating a time history of navigation

Range ncasurcment error is the ability of the position error uses the aircraft radar system. In
instrunentalion range to measure aircraft Figure 2, the navigator commanded a radar map
position. This error includes errors dtie to of an area that contains a surveyed point. For
tracking the aircraft at other than the INS this example, the point is the center of a bridge
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spanniniv a river hetween two land rnises. Each c. O n the lowecr left corner (it' (he map, the
pin t (in fii radar Imp hil as a tall de and radar b u tie vs are displayed. Tile lop number

lonizit1ude asociated W111h it avs measured h\ thie represents, the error in the INS in distance.
INS. B\ o~erkak ing a set of nmvalei compuLter" wilec thc bottom number represents thce bearing.
LCenerated crosshairs onl thie map. the nieator These buttecrs arc accurate f*or thie time of map)
hia, thle ab1i o I(linell his position error. generation. displayed on the lower right corner
The procedure ctos ot each map. These numbercis are only accurate

when the crosshajrs are on the ainipoint.
a. The map is generated as in Figure 2 when (Figures 2& 3)

thle naviecator commands thle
INS to place thie crosshairs oin \\hat it thinks
should bie thie aimpoint. This information is hand recorded onl a test

card every-\ 15 minutes bv the naviicator. Atter

b. Ii the example, thie INS laced thie assuming that thle Schuler frequency is the
crosshairs northwest of what the radar sy*steml highecst t'requenc\ in the signal, it sampling rate
,,how, lo be thec a inpoint (center* of the bridge), can be determined. Fifteen minutes of sampling

is required to satisfy Shannon's sampling theorem
c. Since the INS commalndedLC( (uncorrected) \ ich states "A band liitied signal can bie

ptacemntt of the crosshairs is Inl error,* at uiq~uely represented ly at set of samples taken
position errIor exists inl thle tINS. at tlime intervals spaced less than V,2 W secoads

aipart. where \V is thle highest frequency in thle
d. The navigatlor mnoes thle crosshairs on the signal 151. Since the frequency of the Schuler

aimpoint througzh a hackhandte control stick with period is 84.4 minutes. Shannon reqluires samples"
the result becing Figure 3. to bie taken at.......xcr 42 minutes.
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Using this technique. a position error time Figure 5

history plot can be created that has one sample
every 15 minutes throughout the mission. An
example is plotted in Figure 4.

Figure 4 A
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DRIFT RATE ESTIMATION

SIMPLE LINEAR REGRESSION (SLR)
The errors associated with using this technique

of position error time history measurement are The most common method of estimating a drift
as followvs: rate is to use Ihe skipe~t from the SLR model:

I f R

Avionics operator crosshair placement error -This is the ability of the naviRator to identify (7) Y = 
0  01 t .

an aimpoint on the radar display unit and vhere £ - 4 (0 , a z ) •

position the crosshairs exactly on the top of it.
It also includes the error due toi picture In (7) v the fitted data point.
distortion. beam smearing and antenna
misalignment. This error has beecn measured () - the v intercept.
through flight est and is shown to b R

consistently le,,s than 2t0t leet 161l i 1 - the slope,

Target survey measurement error - The - the difference between the
Defense Mapping Agency pulishes measurement fitted and the actual
errors associated wvith each aimpoint. Aimpoints value,
with Ro feet error or less arc used for our

analysis. ((0, n'1 ) - normatl distribution with a

meanl of ,ero and somle
unknown variance ( r).

COMBINING TECHNIRUES

Whenever possible. a totlinaion ot the two
position error measurement techniques arc used SLR is a methd of fitting a linear model
o accumlulate a position error time history (see through a set of points. The model is fit
Figure ). o e the method of least squares, in least squares
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regression. the model is (he line with lie This method takt of all of (he "wjat if"
smallest squared deviations between points on situations. For cxan.ple what if I started at
the regression line and the actual data points point b and stopped at point d, what would my
(see Figure (1). drift rate be? The Theil Statistic for Figure 7

is the nedian of slopes {s 1. . s3 , s3. s4. s5}.
It should be noted (hat the estimator of slope

,.... , . from the Thcil statistic is less scnsiti\c to gross
....... errors than is the classical least-squares

estimator from the SLR method. This is because
the Theil Statistic takes the median of the
slopes, whereas the classical slope is computed
by a weighted average of the slopes 171.

MONTE CARLO ANALYSIS

To dclcrminc the robustness of each drift rate

estimation technique. a Monte Carlo analysis
using 48 0tt samples was pcrformed. This analysis
varied as to

THE THEIL STATISTIC a. Schuler amplitude

The next method is a better estimator of drift b. Drift rate
rates whcn the sample sizes arc small and the
data is erratic. It is called "An Estimator c. Position error sample size
Associated With the Thcil Statistic" by Thcil.
The model built is similar to the model used in Each of these parameters were first varied
equation (7). Howevcr. normality of the errors scparatcly. i.e. Schuler amplitude was varied
is not required. The only assumptions arc as while drift rate and sample size remained
followvs: constant. Additionally. two variables were varied

while holdig the third constant. This approach
a. The crrorsE arc mutually independent. allowed us to determine the ability of each

estimation technique for different types of
b. Each Scomcs from the same continuous navigators and different data collection svslems.

population.
SCHULER AMPLITUDE

This method has practical test applications when

estimating drift rates since it uses all possible The first variable invcsligated was Schuler
slopes (see Figure 7). amplitude (4). A model depicting this 84 minutc

error is shown hi Figure 8.

Figure 7 Figure 8
Slope Estimated From The Theil Statistic Schuler Tuned Inertial System Error

d ~ PositionA
32;dError---

S42 84

Time (Minutes)
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The aiplitud "A" above x aries w\ith (III ferent else
qua ilitY* n ieajjtt ts or :iiding techiniqlues. The
lotmer the platform misalignment error (better th z-10 * ,1 >3te

INS). the lowecr the Schuler amlplitude. For tU) - 300 z

Mdd1%t11,(i.e. dolpler aided, stellar) else
llaliennmiM ervr iN ii per io d iea ll re di ee iI. t h us

decreainei)1 theC -SChu 1e allit)Jude. £(t) - -300 + z

# is a normal distribution
DRIFT RATE

Ui Is a uniform distribution

The miodel ineorpOratedL dIifferenCit drif't rates -r is the shu le r amplitude in feet.

'xith these %alue.,,. representing systemns with 61sditrt nfe e iues trateic aecuraev. such as anl ICBM. through6isdftreinetprmnt.
COarse naie~ationl SChe es.' used ill CiII lidtlion t i s time in minutes.

POSITION ERROR SAMPLE SIZE f is the drift in feet.

Ect) is the model error
This paranleter \Nas x aiic d to est inate

realistic sainple si/e opportunities. This sample RFS U LTS

sue/ w as selctecd randomfly fronm the 36t0 position
points glenerated front thle six hour navigation (hcxrall Comparison: The ii Statistic vs SLR.
Ilg. Though. one samnple e"v 15 minutes is the Ani analysis of variance (AN( )VA) was applied to
minimium recomimended sample from the total all of the test conditions against the following
population. we will Show smnaller sample sutes can hypothecsis:
be uIsed to estimate an accurate drift rate.

H- There is no difference be)tween the
RANDOM ERROR MODEL slope in the Theil Statistic and the slope from it

simple linear regression (SLR) for estimating
The simutlation In~olx ed 48t00 six hour drift rates.

na~,viilat i Icgles. Each t ime at nayv le was
ucenerated. It computed one sample every' minute Ha - Thle slope from the Theil Statistic is at
for at total of 36(1 samples per navigation leg. better estimator of drift rates.
The nay lees wecre based onl a Shuler with
amilplitudes of'250. 5tH). 750. It0W,) 15001 and 2t000t Based onl the results of the ANOVA. reject Ho5
feet and drift rates of' .1. .3, .5. .75, 1. 1.5. 2 in favor oif Ha. Over all three factors
and 3 nmn, hrl. From each nay leg random investigated an estimated drift rate based oin the
samnples of 5. Itt, 15. 25 and 30 wvere drawvn froml Thcil slope gives you an error of .032 nrm'hr.
the 301) points in the navigation leg. Twenty wvhile the SLR slope gives you an error of' .ttt)40
nay\ lees wecre generated at each amplitude, drift in m'h r.
rate anid rando ,r amnplc ,ilc grouping. The
results, oI tach of the groupingls can be seeII n mBv Sample Sue: Theil Statistic vs SLR.

Tabes .From Table I it can tic seen that in most cases,
the Theil Statistic was at better estimaijtor of

The fornmula for determiining the miodell ilas drillt rate than the SLR technique. though the
f dhttws:two estimalors tend to converge as the sample

si/es increase.

(i) (., : ) Tt - Ssln( .0744t) *C(t) Tabl. I

Err ... " r'"t -~.*tt~t b* y 0.. , ..

where bSol. 0- 960 1lV .:.Dt..p.i

(9 c( t) is defined as follows: SI* 0 00

10 .0009.06 000, .
if U( 0, 1) < .95 then is 01 . 00s

.0C '0057 ~ l 0

c(t) - U(-300,300) 10 -.00i .00O00 Y0
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Bv Drift Rate: Theil Statistic vs SL-R. measurement of the error. Front these tlime
histories, drift rate is calculated by using an

Table 2 shows the Thcil Statistic to be it better estimator of slope. Two techniques were
estimator of drift rate thain the SLR tchlnique, presented to derive this estimator. The first
Tilc error bectweeni the two techniques is method, simple linear rcurcssion. proved to be
constant over all drif't rates indicating incacrlL ihn.tt4 n'h vrie ro.A
a~cclurc of th slp ehIqu: mtce sample rate increases. performance of this

this ariale, stimator gets better, howeve\-r the more the
Schle~r cycle is allowed to remain undamped. the

P~alc i, th smllet prbablitytha wepoorer the perlformiance. Thle second method
Pvale i thesmales proabiity ~itX~eused the Thecil statistic to estimate drift rate. It

can reject the hypothecsis that the Tlieil Slope proved to he at more robust estimator under
equals the regression slope. (Typically we would virtually all test conditions. Its averaze error is
relect this hypothesis lor any Pvalue < .0)5) .0032 nim~hr.

Error In dr ft' rat. -1t-BtI by 0rift 9a..
,.a. d in 600 -m 1.g. per drifr rat. REFERENCELS

9.!. omn-r .... I ?.

0, )03- '00's 10. 1. ()lle'nsise Avionics Production Data
0M 027 01 1 Acquisition Svstem ( PDAS) Users Mianual,

70 003 ' 00,9 001 00 Rocll Initrnationail. Document # NA-Sw 1388.200 002 9 ' 14 ~ 0 ri Ro k\
1O029.1 1 17 O ctober 110r).

- 00 032)1 012 1001
1 3.300 I .0032 .1004? -.0015 1 00

2. Production Data Acquisitionj Systemi ( PDAS)
B\Shlcr Amlitude: Theil Statistic vs SL-R users Manual. Boeing FSCM No. 8218. Document

As, in the other two tables, the Theil Statistic is # D400-4500 1-7. 23 April 1980.
the beter estimator of drift rate. There are
noticeable trends in the difference between the 3. U9.S. Coast and Geodetic Survey Special
two methods as the Shuler Amplitude increases. Publication Number 241.
With an increase in amplitude, both estimation
techniques increase their error. however, the 4. American Practical Nav igator. Pub. No. 9
SLR tchiq~uc is Increasingz at at hiizher rate. Bowditch. 1977.

.able 3 5. Continuous and Discrete Signal and System
900 o~ ~ro ,. OCO1:90Analysis. Mc( illeinand Cooper. Holt, Rinehart

OO~2 rrr SRL Error i nd WVinston. Inc., 1974.
.nn .an 'ran

- 005 01

I'0l1 )020 " 6. M'onthly O perational Suitability and
Effectivenecss Summnary. B3-I1 B Follow-on

0 05 00 2 Opraioa Test and Ba'"'''o Test Tcam, 3

November 1987.

CONCLUSIONS 7. Myles Hollander and Douglas Wolfe.
Noniparamectric Statistical Methiods.J.ohi, Wiley

The B3-I1 B Follow% On Test and Evaluation Test and Sonls. 1973.
Team must perlorm naviization effecctines
testiniz wi thout a conltinuous TSPI source. TwNo 8. Sanford Weisbecrg. Applied Linear Regrression.
Methods wecre presentecd to measure the .1ohn1 Wile and soils. 19801.
na\iwZation error time historv of the INS. One
niethod uses, an ion-board recorder to record INS
position and compare it to non-continuous TS PI
sources (o calculate the error. The second
methlod uses the aircraf't radar system ats at direct
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Capt. Robcrt A. Capt. Christopher
Eiscnbcrger isa A. Strickland is at
astronautical master
engineer graduiate stiltist Icianl
from the IU)nited izraduate From the
States Air Force Florida State
Academ %. He holds 1'niversitv. He
at bachelors, and hot lds at bache lor's
mlasters, InI wvith1 mlajors III

Emnei nizn and an NI.B.A. in Aviation. NMathenmatics and Statistics and at master's Ill
He \%is priously. assigned to the Ballistic Applied Statistics. He was previously assIind

NlI isue ( ffiee: as at project enigineer for to the ( )fice ofl the Asistunt Secretary of
adivanced re-entrv vehlls. Defense (Comptroller) as, a sol'tware eIneee

for- budcetanlis

Both off'icer-s\work for the Data Ni anage ment [)epttate of the B-I B Follow\-on ( )pertational Test and
E aluat ion Test( Team at Dvess AFB, Texas. The Test Teamis objective is, to determine the operational
et (ectiveness., and sitability Of the B- I B.
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Tactical Operational Test and Evaluation
By Mr. Donald L. (;iadrosicb, to the difficult tradcoffs made in operational
USAFTAWC Chief Scicntist testing and the important roles played 1y the

INTR()DUCTION operational users. testers, and dcvclopcrs.

SYSTEMATIC APPROACH
()perat onal testing can be defined in many

%aN ,.bUl central to all of the dciinitions is the For over 2t) \ears tactical operational testers
acquisition of information to supLport acceptance have used a systematic approach in the design
or rcicction of an idea. concept. or weapons and execution of operational tests and tactics
systcm. ()pcrational tcsting establishes or development projects. Figure I depicts a
reinforces the confidence of decision makers that simplified version of this approach. We start with
a ,vstncm is indeed ready for production or a purpose that is amplified by the objectives.
application in combat. For those systems that The method of test is selected based on how the
are judged to he ready, it refines their idea, concept. or svstem relates to the
pcrformancc by identifying what can be done to appropriate tactical air missions and the expcted

make them even better, and for those that aren't threat environments. For each objective, one or
ready, it should explain why and whether they more measures of effectiveness arc chosen to
can eventually be made ready. For most complex assess pcrformancc with regard to that objective.
tactical systems. acceptance or rejection is Both qualitativc and quantitativc measures arc
rare ly a clear cut issue totally supportable by important and are used with emphasis upon

quantitativc data, and the informed judgment of operational realism, relevance, sufficiency.
the operator must play a vital role in the accuracy, and achievability.
decision process. This article focuses upon some

FIGURE 1

SYSTEMATIC APPROACH TO TACTICAL

IESIING/IACIICS DEVELOPMENT

-CONSIRAIN S
- EQUIPMENT

- ENVIRONMENT CRITERIA

- RESOURCES

METHOD MEASURES DATA

PURPOSE OBJECTIVES OF OF AND ATA ANALYSIS REPORTING

r TE ST EFFECTIVENESS 1PROCESSING
I I I I

I I I II

L . ... REVIEW-------------------.

PROCESS
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The mL'iUL I' cflLcilixnc',S ILad I0 the data conlidenec lcvel ti' at least 80' , sh(uld be
thal must he colleced during the test Mnd to [hc de manded b\ any prudcnt opcrator whlcr-"
instru mentat ion and ncthods that ic'd to be quantitative measures arc a pplicable and thc risk
used in collect ing, processing. and summari/ing can bl' qulilificd. Rcgardlcss of whctlicr
thc data for anal\,is. When decision, arc iadc quanilttic or qualiati\c mcasurcs arc being

in a lt lcpor. the test ic'port should dcfine tlcd. the sample si/c must bc largc crnough to
the cr itcriai that cxplains the basis of thc convince (he operational expert thai the results
tc1cisi~ls. ( 'rt ei. in turn. should he based are valid. If this is not possible, then the tcster
dirctell upon the operational need which needs to find more credible ways and measures
coniders both Iriendly and cILniv capabilitics, to make (ie evaluation.
,nc' most s,,tcms require a long time in ()pcrational tcsters should bc highly scnsitixc

dclclopmcnt and capabilit ics change with imc. ito thc nccd lor thc right balance oI
the criteria must r cflcct the latest informat ion instrumentation versus no instrumental ion. It
to cnsurc that the system produced can meet the the operational lester can understand what's
lhrm. The most appropriate lim and lace I'0- goin oi I il\Ing upon olpe rator obscrvathins
final commitmcint to criteria is alter the decision aumente.d b\ a minimal aniount of
nikecr has had the ben lit ol the knowledge and instrumentat ion, thats the way it sho uld be
o:\pcrl'ncc gained during operational lcsling. done. Any time instrumcntalion is introduced

into the mcasurcment process, there is also an
TEST DESIGN ISSUES increase in the cost and time involved in the

ltsl, a corresponding risk that the measurerntcni
In toda\s coiiplex testing world. the system may adversely affect the environment.

operational tester alwavs laces the probleni of and a tciency of' the tester to rely upon the
t~ryiii to decidc what to physically test alnd numbers gc'ieried rather !han tactical

hal ito simulate. ( )n (nc hand. there is tlie operational.juLdgme:nt. Too little instrumcntation
urge to be operationally realistic by dropping can result in not understanding what's going on
bombs. ,hooting bullets, and so forth. ( )n the in the test. \hereas too much instrumcntation
othe'r hand. computer simulations can examine may bias the resulils andior make it impossiblc to
maln situations that can't be physically tested, complete lhe test at, at reasonable cost and
Aid often sinulation can be done at significantlv \ithin a reasonabe time Irame .
less cost. In so1ime cases, at combination of
phisical testing and computer simulatioin is OPERATIONAL TEST INDEPENDENCE
requirled to examine le l'ull spectrum of issues.
hrf.'acts, tc. A lot has been said in reccnt Vears about the

In nix vicw. there is nio substiltutc or physical need for more independence in operational
operational testing if' it is within the realm of' testing. This immediately should lead one to the
being possible and practical. In those cases question: independence from what? On a new
where it is not possibl (or physical operational svstcni, the dcveloper beyond question has a

its)s to satlisfy the issues, comlpulcr simulations \sted interest in "making, the system work" and
and other analvical practicc's may be in order. he also has the most knowledge about "how the
Ho\cver, (tih bohom line is thait if ou can fly s\stem works." As taxpayers and interested
it and test it. thit's he most desirable and ciliens. most of us are rcluciant to see a

credible process. The operator needs the militarv svst'm scrapped alter several years and

assuraiice. provlded 1W physical testing that the millin-s iif dollars have been cxpendcd in its
actual weapon system (i.e., no the copliuter devel(pnicn. (n tie other hand. whiel'r

simulation) will work given tha he has to de\eloper, tester, or user, we niust demand and

eniplo it in combat. get a sy'tnm that satisfics the current needs of

In any test design, there is always the the user. Anything less is shirking our

(lucstion on how much data are enough. ()nc responsibilily aiid is not, acceplabie.

answer to this question is probabilistic, in that There also has been a rathcr loose use of the
it has Io do with how much risk the decision term "operational user." The operational usters
maker is wkilling to accept rcgarding the "proof" clearlv are the operational commands which will
or "disproof" of the idea, concept, or svstc'm. A eventually receciv' the ssl'ms and take Ihem

Page 21/Technical Journal/July 1988



into combat if the need arises. There: nay be a the most po\vcrful ingrcdient of operational
reaon for some indcpendence by the tester from testing. Computer simulations and other forms
Ihe dec lolpcr to ensure obiectivil in the of analysis are used where appropriate to
c',a nat itn: lo\kc c. arulents rcgarding tester augment and supplement the ;esults of physical
inde pendence from the operational user is like tests.
Ir\ in to ,ce cl the automobile \ou like for ,our The operational commands are the primary
eci ~hl,~i t.organ 'atiuns responsible for stating requirements

that lead to ideas, concepts, and systems. The\
SUMMARY play an important role in conducting operational

tests and iactics de'elopmcnt and in supporting
-At qui,,itinn and initial testing of \%capons the operational test and evaluation of maji nev,

- 1, s t da\ Is more of a team process than it s,'stems. ()perational commands will take the
L_ cI has been in the histor\ of the Air Force. systcms into combat if w\e go to war. and they
ghe ,,It\ ' of the devcloper, the independence of will \win or lose depending upon their
I .t le.t et mmaJnd, and the operational expCrtiCse effectivencss. Conscquently. they have a high
I the uscr are all cscntial. The informed degree of interest in all systems and must always

juidgmienit (11 the operator based on physical test play a highly active role in the acceptance or
data Md CxpCience has awa\s been and still is rejection process.

Mr. Donald L Giadrosich is the ('hidl Scientist Chief l( )perations Analysis
lot the LISAF Tactical Air \Walare (enter. Eglin AFB. Fla.He has scrxcd
lotr mtr 31 \car, as a Senior Electronics Engineer in industr\. Supervisor\
Research Analkst \with the IS Navy. Scientilic,'Tcchnical Advisor with the
.oint (hicls ofI Stall'. Chief Scientisl \with the LSAF Tactical Fighter
Weapons Center. and Director of ()perations Analysis. Headquarters LIS Air
Forces Europe. He holds a bachelor's degree in Electrical Engineering, a
master's in Economics, Systems analysis, and numerous awards \, hich include
the Florida AFA ( encral Lewis H. Brercton award and the Presidential rank
aimard of Meritorious Executive.
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AFEWES and REDCAP: Indoor EC Ranges

By LA. CoL Al Bryson, AFOTEQ/OL-AI lI;fcilitie*, usc hybrid. electronic combat

simulations. What's, a hybrid? In simple tcrmiis
INTRODUCTION it means that part o0 the simulated scenario is

accomplished wvilh real equipment, in real time,
(apt. (golden Arm is one of the Air Force', w%,ith a man-in-the-loop. The remainder of the

top F-I ( driscr' stationed at Briarpatch AFB. simulation (RCS, RF in frec spacc. etc.) is
lToda%. ho, c~er. he is strapped in (he cockpit 01 modeled in real time. Thc resulting hybrid
an F-t f l\ing os.cr cncm\ territory. His "InulatiOn ha, 1)oth adhantagcs and disad\anta-Ce,
Airborne Self Protection Jammer (ASPJ) is w, hen compared to range testing, such as the test
interfaced wvith his Radar Homing and Warnine range at Eglin AFB. FL. Some of its advantages

Rccci\cr (RHWR). and both arc in the green. arc:
Suddcnlh. the Surface-to-Air Mlissile (SAM) radar
that has been electronically painting his aircraft
locks on. gene rating that familiar, vet hair- Sccurit\ - Since emissions arc contained wilh
raising tone announcing danger. He checks the a secured and controlled environment, there is
alphanumeric on the RHWR receiver shotking the no opportunity for compromise of sensitive
thrcat at one o'clock. The ASP.l clectronicalls inlnormation. Therefore. SAR (and S(I at the
counters thc threat, causing the SAM operator AFEWES) dlat can be, and routinclv is. used.
oin the ( und to actis atc %arious EC(' modc,,
to reIacquire the F- I, target. Suddenlh a missile Rc .'aab6iit\ - Scripted eneounters can bic
launch indication is receivcd the F- Io cockpit. r. pcatcd numerous times under the same sel ol
Go lden franlicall% scarche,, at ino o'clock for a test condition,. This allows the tester to
\isual on the missile as he begins mancus ers. ssslcmaticallh alter test variables under a
The 1SAM operator skillfully maintains track on controlled scheme to do sensitiNit% testing or
the jinking Itarget to keep the missile on its technique optini/ation.
dcadlh intercept course. Suddenly, (olden has a
tals on the streaking missile and in desperation Scorin4Ilnstrumentation - Each facility is eas
aittcimpt, a lasti maneuver to aoid impact... to instrument due to the cry nature of hbrid

No, this is not it paragraph out of Red Storm testing. A \arielv of M()Es can be selected to
Ri,,ing. This isit ixssible scenario 'rom the Air meet the test criteria. Real-time measurements,.
Force Electronic Warfare Evaluation Simulator at man\ points of thc signal path or (3 net, can
(AFEW\ES). located at Air Forci- Plant #4 bc made and recorded on strip charts or ,tored

i(icneral Dynamics). Ft. Worth. Texas. I could in compuliter memory for display in almost an,
hasc just as casil, dcscribed an ingress of 11)1) format the tester desires. Each scenario run
Blue aircraft into Eastern Europe. and the produces a \ast amount of data, and many runs
reaction that the inlcgrated Air Defense System can be madc each hour of ltcstine.

lADS) \,ould take to counter the invading force.
That would represent a typical scenario from the Pre-Fabrication Testing - Ideas for proposed
Red ('apabilitics (REDCAP) test ltzcililv located sslCms can bc C\aluatcd against specific threat
at the (ALSPAN (orp., Buffalo. N.Y. systcms or scenarios to assess potential prior to

large hardwarc development investments. Also.
GENERAL HYBRID STRENGTHS nonflightwor th\ cquipmenl, such asI,, brass boards.

canlc bc alualcd.
AFEWES and RED(AP are ovned and managed

b, ASD RWW. ASD and AFOTEC maintai, on- Signal Densit, - Both facilities can gencratc
site ofpcralin locations to protidc astislancc Io lare numbers of RF signal,, prosiding a rcali,,tic

both dc clopmcntal and operalional testers. The background for equipment under tcs. Most EC
operation and maintenance if1 the simulators are ,sslcms ha\c to process and make decisions on
pcrlorm'd by contractor personnel. Both hundreds of thousands of pulses cach second.
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I lbrd imlaor lac 011 IilI plIiC5 thait AFEVVES CAPABILITIES

rI tlo t isc dcste sts canl be ci ductcd. A FEW ES has hIli lw -~dI, clsd loot)
simulations of min of wh artinic thrcats to

L i cII I 'c tIr h:ICC d IiaIld\ i 1 t iUC 1 1)1 h'blil a II-crat ofI( bot IllL I a nd I liildl loi'cign lorccs.

tcstinu FL main oncs arc 11hat tlhc cqIpnI~lcilt Tha t Is \\Iv nlanv U")5 ,Aim Nii and fio iiii
tinicicst no inad~i s Iligt (~ndtiinsmu cstrsjoin th Air Force Ii doig RD, DT. anid

IiL'ib th1 simu1lationl I" not trlnsmInttini! Into ( )T& E at 11w'c AFEWES. Eatch of thc closcd-loop
I;t r palcc. Ylicc c lcas \\he[-(. ('10 in11 iii simulators t' p)Iill\ has intcg~ratcd transmitter.

illiiLUt'l aic \crx% cilpillc. rcccilcr. s1ignal price'ssour. dIsplit\ and \ ciponi
clciiicnts inl liardwkac. Thcsc simulators aric

( ( MIEMENTING OPEN AIR RAN( 1&S dci Ic o dIO cllcctCixccss C ALuatSis ad haMc
('Ion l ic-o c ild-gimic scoring capabilIM. That is.

NfM\ tho natOII' al thini. to do is to hold dtlw the\ can Lgic missilc artillery mnissed distance InI
11i' bId fil, mid the tcst ranizc upt siIc-b. -sidc real-time and Pk via oH titl modeling.

111d do, a omnparison tom dcitrmin1c wh11ih Is th.L Thc A FE\VES simutlators havc it izcca dcal (11i

sIigct plact. to test. Lct lilt suggest thatl I Igxiblilit\. allowing a tcster tio ask ''w-hatl If"'
\ i i nt ciliparc dhcir ii i\dual capabilitics. butl quILcstions. SuIch (que1stions as, what 11 (tc Red

hat ' Is Ook all 1hoI" tlK\ cu(IllllCntl cdch iithcr." stcm \\*ts mounted onl ait I()ct1cr lo\ser ratherf

.-'tic h rlaltisec ratings ont the chart b~clo\\ than at ground lescI'.."hat i1 thc channels un

can bc deatcd. It sho\%s that ss crc iinic t\ pc of [lt: trcat rcceiscr had at three db imbalance duc
(,I . ,IcpihityI is sck th.' othcr ha trenth tii nocdcd maintennmc?' ''Whatii ithdat \S&, a

11 cir.the loic \ sss o test F-(- cquipmlenit Si\i dbI Or t\\i0 d11 IinII)AlaICC..\\hall if I rCduccd
nIt 1o to dccidc Mihether to take it to a lis brid thc RC'S onl selectcd Blue aircralt. This1 t vpc

or ai range. but to, detrnii ho\\ ito tikkc of questioning call sakec imeI and nmnc: , blr the

:Id\11ic unla t it tieth~ti iA cach b\ plannine, testcr who knows tilc right (lucstimn tii ask andI

anI Ilinratedi Ic tt11. how tio Inte rpret thc answcr.

Most omf these simulationis hiisc bcen thr-oimuih
_____________________________________________________ a FTD simulator validation (SIN1\'AL) and.

VEFST i-l (TuiRS HYBRIDS RAiSundcrgo per odic uppradc, to align thcm ill iIi thc

V- ("A, P- l~atcst inte ligc icc: estlimates. As wit i all
Scn ... ~ .F... simulators, there arc dlc rcnces betscci [tic

R W~. (..Ad -do. -kpb cmrrcmn sinmula tors and thc latest itel ligcncc. A

[ADi F-, simutlator validatiiin doecs nut1 %ilidit(c that the
(Yrm ehw Four u( I,d) \-,n (.. i.&rdi sinlu lataor Is cxatctlv\ thc sani, astic rcal t hrcit.

Hwd~l Ime,.dam F-. s,ivom)n v- i* .. A11- SIN V cport docs. hmocscr. tell a tester

tlic dilf~crcnccs and explain thc putcrnl Implact
on tcstili!L.

AFEWS VS. REDCAP AFEWES ofl'crs scvcral iuther signil icanti test
capabhilitics to spotthc abosc simuI.latlors:

Ihast rclcrrcd I(, both thc A FEWES and
R F IX) A P as, hs brids. hoxwc r t he\ arc not Nlt iplc Emitter ( iccr ator (NIEGi) - Ciapable oit

. dundanmtcapabilit. As in thc examples t thc CINIIL Lzca iupt k tt nIttr at1.t It
,tart id lhls artic. AFFEus' primlary missio iii i can ictierate atny signal In (tih .5 to IS ( III/

tot cs rca! F( \1 cquLipmcnt onI boaird dIcsiginaitd range,,. Thc NI E( I'is file hicart Iof the AFF[EWFS

1,111k it Irirt gIt au il t point dclesc1 suc as at, capabity~l to tcst [thc nidcrn pliser nimanlicd. F(
,.\ ~ () \I.A11-brA orkinci Intercc ptor. RELD( A\" P's ssscnfls.

1i(1uu is 41411,k:it at bnmader pitue.115
iloes an airci il . or multiple ircradl. pmcctrit JIamnmcr Tchiq~ucS-111iultor - JE', canl

inIL.)S 'o lit hcc arc tlic re~oI)IIrin delay.s, and siniuilatc most i~ pcs, of E( NI lin the 2- lS (ill/

ssha j IIi.sac ''I jin~ling L\Vs W I asss"l II it rauc.

cltili cmniiillio'n link.' V picalls. rcstilts IROptical Tracking - RI tcsts comlprise theC

Iftom*\i F\\ FN. 1 iir rnuc) lctcstini calli C (Ic niajirit\ oA the AFEWuES tcsting.,? himscsci, there

dIll .L Ik illl I Ihe RE I) ( \ P tocst . arc capabilit ics inl othcr lreqlucncies.
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(2 (3 Simulat ion - Simulates brigade. tabc below is it patrtijal list of the typical
battalion, and regimental headquarter control measure,, of l elleeivcness- that arc used in
over some ASN hautter simulations,. Also. ca REDCAP reports,:
e\valuate R F jamming effects oin voice and daita
links,. EWV Radar and Reporting NIO)Es:

Flig!ht Siulator Lab - This ultra-h1i-1h visual - Probiabilit\ oif initial target detect ion,
resolution domed flight simulator is the propcrt\ -Tracking accuracy.
of General Dynamics. However. it Is inteerated -Reporting rate. frequency. delays.
with thle AFEWES to dIo interactive tacticsl -False target reports. number, duration.
deselopmcnt and Blue mancuxer evaluation.

Proces.sing Center NI( )Es:
REDCAP CAPABILITES

-Track accuracy, versus niumber of' tracks.
REDCAP, like thie AFEWES. enmploys mian-in- -Ability to correlate redundant tracks.

lie- 1o p. real-time simulation. A simplistic - Dclay fronm first report to established track,
comparison of AFEWES and REDCAP would -Tracking accuracy through triangulation.
sho\\ that AFEWESN (3 capability supports, its -Abilitv of (tie net to correlate sparse data to
threat radar simulators, and REDCAP's EWG'l direct weapons.
radar simulators, support it,; (3. The focus of
REDCAP testing is to evaluate the penetration of' Weapons Direction MOBs:
at -Ci defenses. This can involvec enmployment (if
tactics. E(Al. force mixes. and;or (CNAI to -Assignment delay";.
deteC nitre the best nil\ oft E( dcimerits within at - Probability of arrival,
total lorce structure. REDC'AP Is iz'enerallv very -Probiabilitv of detection.
useful \% hencver at penetration concept affects -Probabilitv of conversion.
morc thanl one clement ol an air defense system. -Engagement type, range. aspect distribution.
wkhere there are a number oht independently - Vectoring erro r.
atcting penetrators. or \%-here there are a
multitude of simiultaneous. coordinated threat FUTURE UPGRADES
signals present.

Tile 1986 addition of' at SLUAWACS simulation Thle basic capabilities at both AFEWES and
extendsf, the EW 60I capability of' REDCAP to REDCAP need major upgrades to represent

le air. This added dimension atllows the potential Nveapon and C3 systems that our forces
REDCAP testers to explore qjuestions that can) and aircraft wvill have to counter in the l')QWs.
not be addresed at[ any other test facility or Air Staff. SAF,'AQC. has directed that these
range iii tile U.S.. upgrades be started immediately for deliv-er\- In

The effects and actions in at latrge scatle the FY9tI-93 timeframe. For more information
netC( ted. iiult-radatr. niult i-l-enetro'tor scenario itre on thle current and,/or future capabilities of the
et:\rencl\ coniplex. Tliereclore. it complete timei AFEWES and REDC'AP to support y'our test,
hlistory of signi ficant paratmeters and evecnts is contact AF( TEC/OL-AI. Lt Col Brvson. A's' 38-
rectorded bor later studs\ and test analysis. The 5854.
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Lt. Col. Allen L. Bryson is Director of the AF( TE('Operating Locattion Al.
AF Plant #4. Ft. Worth. Texas. H is responsibilities include planning for
'.iniu1lator uptgradcs and facilitaing test conduct Si JV 0pr Ol opraIoa
testing t[ both the AFEWES and REDCAP faciilics. His previous
wooiients hame included duty in the B-52D ( lt(Q combat missions in SEA).
RC- 135 V;I ( 117 operational missions). Flight Comminander t the AF
Electronic Warfare Trairiini-z School. Senior Militarv ELINT Analvst for- DIA
Warniiws and Indications, and ASD Progzram Mlanager for the AFEWES and
REDCAP facifliis. Licuteniant Coloncl Brvson holds at batClor\ degrcc in

(jcistvfom Southern Niarcnc Ulniversit\ and at mastcr's of'Systemn Nanagcmcnt from the
'n iversity of Southern California. He has beecn awarded tw Distinufushcd Fivinu-, Crosses, the Defensec

MitIorious Serv ice Medal, two Meritorious serv ice Medals, and thirteen Air Medals.
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Relational Database Design
By Capt. Jeffrcy A. Simmers, is kept to a minimum and the table r s. and

Dt 2 AFOTFC/ASPJ, Eglin AFB, FL C,)LIFIIs can ie viewed in any sequence withoul

affecting the functions that use the tables.
INTRODUCTION Often literature explains normalization by

constraining primary keys so that each different
Database,, arc more than just organi/ed data. kc\' valte must uniquely idcntilv one row of the

A functional database contains both the plan for table and each key cannot contain any redundant
storing the data. typically called the database. information. Inplementing primary keys in this
and the application soltwarc that utilics the manner is the usual approach to achieving
data. This paper will call the application normalization, and will be demonstrated (along
soft varc database management softwarc, with the definition of what a primiary key is) in
reigardlCss of whether it's user writtcn or a the examples in the following section.
commercial program. The primary topic of thiis
paper is the desiin of relational databases, which DATA RELATIONS,
arc databases whose data structures follow the NORMALIZATION AND KEYS
.rclalioral" model. Although (his paper does not
cs cr database managcimcnt software in any Although this article targets relational
detail, more information can be found in database management. manv of Ihc concepts and
Reference I. database building examples can be applied to trcc

and plcx database architectures, because their

RELATIONAL DATABASES structures can be represented as flat files. (Ref
1)

Dalabasc architectures are usually classilicd Consider the test team that wishes to build a,
into three majtor categories: relational, dalabasc to storc and manage the data
hierarchical (tree). and plcx (network). Another represented in Table I. The first question the
catcuor\. called the inverted list, is actually an team analyst asks is.
indexing schcmc that can be used within any of
the three and is not generally considered a
scparalc archilcturc. This article addresses TABLE I

Test Team Datadatabasc d.vclopment within the relational Missin Numhcr flown Datc Symcm ID

architecture, stressing the importance of ioo 01 JAN 87 SADS I .10
normali/alion. ( Rcf I ) 100 01 JAN 87 SADS 11 .20

100 01 JAN 87 SADS Ill .30
S)n of0 the primary chara0tLristi.s of a 0JAN 87 SADS IV .40relational databasc is the slorage of data in one 101 04 JAN87 SADS I .11

or morc flat files. A flal file stores data in two 101 04 JAN87 SADS II .22
101 04 JAN 87 SADS I .33

dimensional tables (rovs and columns). The 10 04JAN87 SADS IV .44
tables are structured so that tlie informat ion
about the relationships between data ilens is
prcscr\cd, and the tcrrn rclatioif can be applied will the team have the ('RIU D (create. rcriece.
to1 the tablcs. These rclations. or tables of data. updatc. and delete) rcquirement for an\ or all of

haxc caused Iic dalabase managemenlt pro rams the data? If so. then building a normalicd flat
that use such structurcs to be called relational filc database and using a relaitiomaI database
databasc managers ( r DBNIS). managvcr (such is DBASE Ill. (()ND( )R. or

Another equally important concept behind R:BASE V) should certainly be considered.
rclational databases invokcs the concept of data Assuming the team decides to follow such a plan.
normali/ation. Normalization can lie suiniari/cd ]l's step through the basic procedure io build
is the building of the tables such that 1ot only such a daabase.
is all of the in formation regarding the Table I shows a flat arrangcmcnt of the test
rclationship, prcscr\cd, but that dala rcdundanc\ tcam's cffectivcness data into rows and Columns.
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Usuallh the rows are called records, and the logical primary key. since there is only one
columns arc called fields. The database record for each Mission Number.
managiemcnt software accesses the rows using ('hoosing a primary key for Table 3 isn't so
record numbers, and the fields through field simple. since the Mission Numbcr alone isn'l
identifiers or titles. Table I shows the field enough to uniqu, ely idenlify a record. Howescr.
titles, such its Mission Number, but does not by combining Mission Numher and System we can
sho\ the record numbers, which arc just create a primary key that does mct( the uniquclk
.Nquential numbers given to each row starting identify requirement. Many database managcrs
with the first. Inmediately we see that the allow you to combine fields using string
table (or relation) contains two major types of concatenation, and further permit you to con\crt
data. The Nlission Number and Flown Date fields a non-string field into at string field for
are administrative, while the System and ID concatenation. Combining Mission Number ard
fields are effceti\cness. Obviously, the Systen to create it primary key c:tu:,es us to
combination of administrative and effectiveness consider another important aspect of primary
data is redundant since the Mission Number and keys. that the,' should not contain redundant
Flown Dale arc needlessly repeated. This infdormation. An example of redundancy within a
relation is not considered "normalized" because kc would be if we used Mission Number +

of the redundancy. Flown Date + S\stcm for it primary key in Table
The test team can eliminate this rcdivndaocv I (the " + indicates concatenation). The Flown

by separating the relation of Table I into two date would be redundant. since each mission
relations, shown in Tables 2 and 3. Table 2 number only has one possible Flown date. But
contains the administrative relation, while Table Mission number + System in Table 3 does not
3 holds the ,ffcetiveness relation. Note that contain redundant information, and so meets the
Table 2 still allows the test team to track the requirements for a primary key.
date that each mission was flown just as was By separating Table I into two relations, we
originally done with the Flown Date field in have not only organized the data more logically.
Table I. but have reduced our computer storage

rcquirements (which may not alwavs be the

TABLE 2 case). As previous!, discussed. we have also
Admt n tive Relation normalized the data relations. There arc various

Mission Numbcr Flown Date degrees of normalization, but this articlc will
00 01 JAN87 lust address the minimum degree required formost data base work. Further information on

normalization can be found in Referenccs I and
2. Normalization is the organizalion of the
relations so that each record can be uniquely

TABLE 3 identified by the primary key (no repeating
Effectivenesu Relation records). and that every non-key field is fully

functionally dependent upon thc primary key (i.e.
Misin Nunkcr SWtCM IDepdetuothprmrky(i.you can logically search for data in any ficld of
10 SAMS I .10 the record by using the primary key). Both
100 SADS IU -30 Tables 2 and 3 meet these two normalization
100 SAD)S tfl .3O0

too SADS IV .40 rcquircments. Neither table repeats an\, records.
101 SADS t .11 and in both tables we could track down the
101 SADS U .22 information contained in the non-key fields by
t01 SADS ID -33
101 SADs rV .44 logical use of the primary key. For example. if

we wanted to know what the ID values were
against the SADS II for all missions, we could
easilv obtain this information using just the

Using Table 2 we can now introduce the primary key.
concept of a primary key. A primary key is one Another type of key. called the secondary key.
or more fields used to uniquely identify each is sometimes used to allow the user to extract
record of thc relation. The Mission Number is a certain lypes of information from a relation, or
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to logically tie twvo different relations together. up all the subtotals. Typically, the team enters
In Table 3 a candidate secondary key vould be one new
the Mission Number. its each Mission Number in
this table could be equated with a Mission
number in Table 2. Usually the secondary key TABLE 4
does not meet all of the requirements for a Cost Data
primary key. Not only does Mission Number Item Cost Quantity
allow us to tie the two tables together IA2 50M) 1(X)
cl IiwcIy ('rclting a larger f 'gical e )able). bit 2A! 7.() I(X)

it also lets us extract information from Table 3 3A6 8.X) 100
for each mission. A secondary key used to tap
into another relation may also be called a
foreign kcv. item per day, and calculates the total once at

the end of each month. The result of their
PERFORMANCE timing runs on a small test data base yields the

following data:
After the user initially structures the database

based upon data relations, normalization, and
primarysecondary keys, this structure must be
revisited based upon several other important TASK TIME
considerations. The first of these is database Enter one item 1 minute
performance, usually in terms of optimizing the Total ten items 10 minutes
speed of as many of the planned database tasks
as possible. Database tasks are basically simple
or complex combinations of the CRUD operations. Unfortunately, the team projects that by the
A simple task would be the addition of new end of their test they will have at least l(t)
records into the database, while a more complex items in icir database. Extrapolating the time
task vould be producing averages of multiple to total the cost for ten items to that for INN)
ficlds w\ithin multiple records. General guidelines items yields 16 hours and 40 minutes! Obviouslv
for improving database performance arc: this task is a candidate for performance

optimization through database restructure. Since
-With either real -ir created data. build the computing the total cost involves the calculation

initial data base structure, of cost per item times number of items for each
-Time as many of the planned tasks as feasible record, the team decides to create a new field

using this initial database. for each record to store this quantity. They
-Extrapolate Ihe timing data to account for modify their database management software to

the projected size of Ihe actual database. automatically calculate this value and enter it
-Decide which tasks should be optimi/ed, into the database once the user has keyed in the
-Redesign the database structure to incrcase item and its price. Table 5 shows the new

the speed of the tasks marked for database with this new field called Subtotal.
optimization. which is a derived field. because it is derived

from other fields instead of keyed in directly by

These five steps can be repeated over and over
until the user is satisfied that no further TABLE5

progress can be made, i.e.. this is a "rccursivc
process. Revid Cg-w 'sa

As an example, consider the relation in Table Item Cost Qua,,ty Sub,o(A
4. The primary task performed by the test team IA2 5.00 ion 10.x1

on the database will be to calculate the total ZAI 7o iP 1.00

am ount of m oney spent on all item s. U sing the _ _ _ _ K _ _ _ _ _M_ _ _ _

structure of Table 4, the team will have their
database management software multiply the cost the user. New timing runs yield tihe following
times the quantity for each item. and then add results:
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shortcoming of manv locally (i.e. by a test team

S Tor office) designed databases.TASKTIMEFor our test learn. one solution to these

Enter one item 1.5 minutes security concerns is a restructuring of the single
ToaK tenI iter ou tetienuontelsintothTotal ten items 5 minutes data base of Tablc 5 into two separatc relations.

()no relation contains only the Item and ()uantity

data, while the other is identical to the relatiOnNo%% the projected time to calculate the end of of Table 5 but with the addition of two soft\arc
month cost totals for a IO1t) item database is cut security safeguards. The first safeguard is
in half to eight hours and 2t0 minutes. password protection for any usc of th datdbase.

Although this example may seem almost too while the second is an 'edit check' on the Cost
simple to take seriously, in practice the field. This cdit check would check every value
performance optimization steps can be quite entered into the Cost field against a rule, such
sticky. Typically users will build a database
before they completely define the tasks to bc
performed. complicating step two. Step .' Cost < = 10.00
requires some analysis to decide upon the shape
o1 the extrapolations (i.e. linear versus non Edit checks, like this one against the Cost field.
linear increase in time versus numbers of come from a prior knowledge of the values for a
records). Additionally. step four forces the user icn field. such as our team's knowing that no

to prioriti/c all of the planned tasks, and single item can cost more than ten dollars. This
consider how and when they will all be edit check would catch some errors, but
accompl ishe d. obviously will not catch an erroneous item cost

of less than ten dollars.
SECURITY The splitting up of the database from Table 5

Security includes two major categories: does not have to be physical. The team could
security against unauthorized access, and data still have one physical database. but modify their
integrity. Both categories generate two database management software so that the users
(luestions that need to be answered: What of the database would think there were actuallh
should be protccled: how should it be protected? two databases, with the primary difference that
As part of the answer to the second question one database would require it password and the
the user should consider alternative methods of other wouldn't. If. however. OLe team elected to
protection, and the relative costs (time, money, keep two physically separate databases, then
effort) of each. another aspect of data integrity must be

Considcr again the database from Table 5. considered. If the smaller database (Item and
)ur test team has optimized the database )uantity fields only) can be changed by a user.

structure for pcrformancc, but a security problmcn then the team could easily have the situation
centers around the Cost field. Since these items where the two databases don't have the same
arc part of a competitive test for possible data in their common fields. To prevent this the
procurement by the Air Force. the team must team can only allow the smaller database to be
restrict the ability to extract the cost of each read from. not written to, bv the user. Users
item to just test team members. One way to do with the correct password could update the full
this would le to use password protection in the databasc (the one with tie costs), and then the
database manaiuement software that allows database management software would
viewinig of the Cost and Subtotal fields. while automatically update the smaller database.
allowing free access to the Item and Ouantit\ One final caution aboul data integrity. With
fichls. the proliferation of math co-processor chips. the

Another aspect of security is data integrity. probability of the computer actually making an
Returning to the database of Table 5. our team arithmetic mistake seems to havc risen somcwhat.
discovers that an crroncous entry for the Cost This is due to the independence of operation
field could result in a substantial error in the between the main processor chip and the math
monthly cost total. The lack (f built in co-processor chip. allowing the main processor to
,afeguards for data intcgrity is it major be unaware of a problem with the matlh chip.
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One possible guard against arithmetic error performance. security, and growth. But database

would be a technique devised for the first structure is just the first of a two part process.
electronic digital computer built in this country. The second step is the design and implementation
the ENIAC. ENIAC programmers routinelh ran of the database applications using database
an arithmetic intensive program (with a knowmn managcment software. This software may be a
solution) through their machine its a check for commercial database manager. such as dBASE Ill.
faulty operation ( Rcf 3). Our test team could or it may be a specialized program written by
easily do the same by periodically running the the user. Although this paper does not address
cost totaling program on a non-changing baseline such software applications, database structure
data base to check for numerical accuracy, and application software cannot be considered

independently. Before designing a database
GROWTH structure, the user should consider the

applications and their impact on the database
Failure to adequately project the growth ol a design. Reference 2 contains more information

database can lead to major complications as the about the integration of data and application.
database grows beyond the processing or storage
capabilities of the computer and/or the datalase
management software. (rowth projections used
for performance analysis can yield valuable REFERENCES
information pertaining to the capability of the
present hardware and software to handle the 1. Martin. lames. Computer Data-Base
future database. An office or test team Oreani/ation. Englewood Cliffs. NJ: Prentice-
preparing a request for computer equipment Hall. inc.. 1977.
should consider if the requested equipment will
be capable of icting projected database 2. Seminar Topic: Dala Base: A Builder's ( iuide.
nmiaagelcmnt rcquiremcnis. Delivered by Robert Holland and William Smith

if database growth appears destined to outstrip on a periodic basis, sponsored by Technology
the local computer resources, then consider Transfer Institute. 741 Tenth Street, Santa
alternatives, such as the use of it lime-shared Monica, CA 90402. Copyright 1980 by Robert
mainframe computer. ()nc altcrnativc would be Hollar,. and William Smith.
storing raw data on a mainframe computer. then
periodically downloading either processed data or 3. Brainerd. J. G. and Sharpless. T. K. "The
subsets of the raw data for management on local ENIAC." Proceedings of the IEEE. Vol. 72. No. 9
PCs (personal computers). Integrating different (Sept. 1984). 1203-1212.
databases in different locations in this manner is
called "distributed" database processing, which is
a complex topic in itself (Ref I).

Another approach to compensate for problems
due to database growth is manipulating the
database structure. Breaking up one large
relation into smaller rclaltions, as wc did with
Table 1. will often sol\c the problem. For a
database with substantial derived data. separating
the derived fields into a separate relation may
help. Unfortunatelv, modifications made to
facilitate growth considerations may adverselv
impact previous changes made for other reasons.

SUMMARY

This paper presents guidelines for structuring
the data within the relational database model to
facililate the concepts of normalialion, keys,
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