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1. Introductory Overview

This Highlight #88 devdops the idea fom SatisticalHighight #87 tha detistics is onerred with ditabasedinvesigatirg.
Swees$ul data-basedinvesigatirg mears dtaining a torrectansva to aquestin without unnecssary expendiure d reurces
(maney, time ec). Although a‘corred’ ansver may occasonally be dtained by guessg or sme oher shat-cut, such
methods do rot have the tental to ucceed m repeatal appications. For long-term suaess astructured processis neectd.

* A‘carect ansveris ore whichis dose enaughto theadual stde d affairs (the ‘trutH) to be wseful in the aiestbn onext

- An arswerwhich is anumler (ike an aerajg a fandad deviation a a proportion) will rardy be equal to the tue

value beaue it comes(by indudive reaming) from inconpletedata; however such an aswvercan stl be torrect

- An arswerwhich is ane d two a more gptions like ‘Yesand ‘NG (eg, to a Quesidn ke: Is X a cau® d ¥?) is nore

olvioudy ‘correct[the @ctual) trutH] or‘wrong’ [too far fom the truthito be wseul in the qieston onexi.

In datistics, torrectand ‘wrong’ (numeiical) arswes bath involve error — the diferencebaween wha is gated g, in an

arswet or assuimed[eg, in a eponsemodd] and heacual stae d affairs; the dsindion is ha the Ikely degee d error

imposes accepgabk imitation on &corred’ ansver unacepilde limitation on awrong one Error is important becau®:

- six catgyariesof error guide shtisticalpradice and inform development 4 stetisticaltheary;

+ error lead to lecgniing the ideasof impredsion, inaccuracy and uncetainty and to her succinct definitions;
® we hen gewhystdisticalmethods @m to manage imprecisian (by managing \ariation) and inaccuracy,

- eror is the souce of limitationsimposel on Ansver(.

* Ou conernwith long-term behaviour has a pedlel in the widdy-ackrowledgjedsuaess d Japanesemanufacturing pro-
cessas — oe d the easnscited for tlis auccess & the stes the Apanese face o long-termthinking ratrer than o the
shat-termperformanceof mandacturing processe tha is a North American peocaupdion.

- W, Edwards Demig in his fouteenpaints dso emphaszes the inportance of long-termthinking in his idea ¢ con-
starcy d purpose and he g¢es enphass on fiort-termprofits and Bort-termthinking & ‘diseass tha stand in the way
of the tandormation he advocates for manaement syle GeeAppendk 1 an pageHL88.16).

- Long+termbehaviour is famiiar from the numeiical evaluaion of pobabilities bylong-run proportions.

A 5-stage srudured processfor daa-basedinvesigatirg is the Fornulation-Design-Executon-Analysis-Conduson (ab-
breviatedFDEAC) cycle We refer b acycle becaiseonepass lirough the fire sagesmay not be encugh— sub-nvesigatons
(and h_ence ubFDEAC cydeg are sandimes reedeg an exanple is asessg the meauing pocesges tha will be wsed
N an INVes- Formulation: identfying: what popuation a process & to be nvesigaed

figation A? what would consttute dcorred’ Ansver(s to the Quesn(s;

?ﬁlg V|ewf(_:/e Desgn: drawing up a Rinfor how to cary out the invesigaton cefired n the Formulation sege;
stayesof the Exeaition:  cdleding thedata acordng to the Handeveloped n the Desgn staye

FDEAC Analysis; simnmarizing and anajzing the d#a from the Exeaution staye — @ing from data to information;
cycle s: Condudon: usng the nformation from the Anaysis sage b gve a ‘correciA navers,

albeit with limitations to the Queston(§ — going from information to knowledge

The components d the five dagesare simmarized n Tade HL88.1 below; daboraion of this @ewview ocaupesthe rest @ this
Highlight #88 Unfortunatly, the pentdion ama be drictly seuential — at fimes,a definition a desciption need to se a
termnat yet cefined the Qossay in StisticalHighight#91 @n then b helpful as adictionary when stidying this Highlight #88.

Table HL88.1: The FDEAC cycle: a structured process for data-based investigating
Stage ormulation gage Dedgn stege Bceaition dage Analysis dage Corcluson stage
Input Question(s clear Question(s aPlan Data Information
C Target dement Study dement/unit Exeaite the Han Informal anayss: In the brguaye of
r% Target popuation/proess | Study popuation/proess Monitor the déa e Numeical atributes the Questbn mnext
P Variates; ® Repanse Repondent ppuatioryproess | Examine he daa | ® Craphicalattibutes Answe(s
0 e Explandory Refire eponsevariatgy Stae he déa e Otherinformal mehods Limitations
0| Attributes Deal with exgandory variates Asses nodeling assunptions | Reommendéons
n Fistbone dagram Protocd for: @ Sdeding units Fogna]l_gnayss: . :
t - H ° Cmmmggrwps o Confidene inteval ‘_Evidmtsbaseddgedsiors,
S Asped : gijcsrg:/nge o Sting leves o Predction intenals 'Jg%“ﬂfjg}g%ﬁ?g
Measuring processes e Significane tests basedinvesigatirg with
Plan br the: @ Executon staye e Otherformalmethods anacequate Plar]
e Analysis dage
Output clear Question(9 aPlan Data Information Knowledge
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To emphagze the oneousnaure d databasedinvesigatirg, the dagam & T a
the right conveys three magesrdevant to uing the FDEAC cyde to
obtain Answver(9, with acepgle limitation in he nvesigatbn
context, to wubgantive (sttistical Quesion(s:

o the efbrt of pushing a(heary) object uphill;

o paential wage of reources by premature cessation of dfort,

o thecircular obed is a eminderof the FDEAC cycle
Despte the ‘olbviousessof mattes like formulating clear Queston(s
and ufg measung pocesse of accepide impredsion and haccuracy
in the nvestigaton mntext, oftenpoa implemenrdtion of heseand oher
conponents d the FDEAC cyde Umeceasrily) yields ‘wrong’ Ansvers.

2. Projects, Invedigations and Problems

To devdop the ideasenconpassedy the DEAC cyde, we dstingush beween:

* aproject, whichis broad and nvdvesmany quesions [onegod of projed formulation is to prioritizethesemary questong;
* aninvegigation, whichis narrower and nvdvesone(or a £w) questn(9 — this questbn(§ may aise fom a projed or it
may be of nteest n its r theif) own right.

- The questn(9 to be aswvered ae heinput to the Brmulation gage of he FDEAC cyde.

- Within the FDEAC cyde, the output of each dage is heinput to the rext staye except tha the knonledye output from
the Condugon staye ansvas the input question@) to the rmrulation gage — b portray this visudly, Tade HL88.1 over
leafat the ottom d pageHL88.1 muld be brmed nto a glinde by joining the epective left- and right-hand elgesof
the Formulation axd Conduson cdumns
Further disaus$on of dependenies beween sagesof the FDEAC cyde, and between four of the sages and the nocel
(which is reectd & a kass for formd methods of dataanaysis) is gven in Appendk 2 on pgeHL88.16

In both projeds and nvesigatbns thee will inevitably be mattes of fornulation tha require sibject-matterexperize — ha is,
exra-datisticalknowledye Exanples & projeds (phrasedasHow can .... questng are:
o How can the arourt of scrgp producedby a nandacturing process te reduce@
How can the gdity of drinking waterin a province ke improved
How can the priormanceon dandadized tests d students in a province ke improved?
How can tangarentdedsion-making processe in a hrge aganizdion ke achieved?
How can a dmge oftware ysem ke mace lkessproneto failure or eager to maintain?
How can séisfaction for the aistomes of a @mpany providing goods or €nicesbe ncrease?

O O O O O

As indicated n theseexanples, a pojed is abroad undetaking invdv-
ing ansvers © many questons and sibgantial commitment d redurces.
The taks d formulating a projed and prioritizing its questions On the
basisof fadors like importance cost logical recessty) require stb-
jed-matterexperize. The dsphy a the light shows te priori-
tized qiestonsfrom a pojed as hputs to a equene d
FDEAC cydes eadh ‘main’ FDEAC cyde shavn large)
may invdve acne @ more émadler) sub-cyclesto arswer

questions that arise h anavering each ‘main’ questbn S 2~ E
PN
—C
Fora cueston aisingfrom a pojed or of inteest . />A—E
in its avn right, we dstinguish beween the reed 6r: S f

@ exra-stdisticalknowledge AND e dda,
to arswerit. For exanple, a giarterbadk may sk

* How an | ncreaseny proportion of completedpasse? <o A—E D
Olvioudy, extra-statisticalknowlede is reeded b devdop a e / /
straegy tha may produceimprovenent n paséng; THEN: J l E\
an nvestgaton wsingthe FDEAC cyde can aswerthe follow-up cueston: 5 L.

A-E A-E

* Hasthe desied ncreasén the poporton of conpletedpasse been achieve?
To provide acorred ansver such an nvestigaton would likely need b go teyad the smple-minded conparisa of two
proportions clcuated kefore and ater mplemening the mprovenent stategy. If the desed ncrease hasot been ahieved
anoher stréegy could be abvdoped, againudng extra-gatisticalknowledye and its esuts assssedusng the FDEAC cyde.

The cefining characteistic of a 6tdistica) questian is the equirement br data to arswerit — see dso Stdistical Highlight #90.

As with arsweing a gatisticalquesion usng the FDEAC cyde, a questbn requiring extra-satisaticalkknowledye is sudly
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STATISTICS and STATISTICAL METHODS: The FDEAC Cycle — An Overview (cortinued 1)

also kest aswerd sing a stuctured process— for exanple, he fiestaje DfireMeaseAnayzelmpoeConra Of IX Sigma. Stais-
tical questions aise nostolvioudy in the | sageof DMAIC, but the FDEAC cyde is dso rdevant to the dks d projed
desciption and aiestbn prioritizing in the D shge dHatistical consderationsof measung processes, ntroduced h Sedion 9
on ppgeHL8814and prsted n SatisticalHighlight #38, are rdevant n the M sage
o To help disinguish contexts which recpire disinct struduredprocessedike the FDEAC cyde and DMAIC, we @an sg:
- the FDEAC cyde deak with ansveing 6tafstical) Questons = DMAIC deab with exra-gatistical) prablem shving
We avad equivocal phrase like a task to be @neor a condusion © be dawn.

3. The Formulation Sage
The tak of the Formulation gage isquestion formulation — turrning aQuestion into a clear Question. This @n ke acoom-
plished ly addresingmaters invdved n the @omponents d the Formulation dage We gart with:
* A population: a well-defined goup d elementsothe thana sanple; aprocesis defined averkaf n Notel on pageHL88.4.
* An elemernt is the ppuationc entty of inteest to the Qestn(§ to be asvered and for which vaiate valuescauld be
obtained; target elementsnale up hetarget popuation [Informally, an dement & an ‘individual]
* Thetarget population is the goup d elements to vhichthe invesigabr(§ want Arswels to the Questdn(s to gpply.

Asdatedwith eachelement are characteistics alled variates

* Regonse \ariate a vanateddined in the Formulation gage of he FDEAC cyde; an Answverdescibes sme dributdy
[defined below] of the egponsevariateove the argetpopuation; aur natation for a reponsevariateis Y.

* Explandory variate a vanate defined n the Formulation gage of he FDEAC cyde, whose darge aoourts, d leastin
pat, for charge in he valie of a eponsevariatg our natation for an explanaory varateis X or Z (or Z;).

In practice a wsdul repansevariatemay need 6 be a onpasite of seved information dmersions a thee may reed o be

severd such variates; however for smpilicity in introdudory disaussons, we dten peak & thaughthere is ust one(simple)

regponsevariatein an goplication of he FDEAC cyde: eg, an denment dtertax ncome h a pecified yea.

Asdatedwith eachgroup of dements @ daracteistics @lled attributes

* Attribute: a quantity defired & a fuindion of he epose(@nd perhagps explanaory) varatg9 overa group of dements, ike:
- the amgetpopuation, = the dudy popuation - the repondent ppuation, - the ron+epondent ppuation, - the sanple.

Sinmple rumeical dtributes are nmeaswesof locdion Ike an &erage medanor proporton and meauwresof variation ike gan-

dard deviation a the five-number simmary, smple ggphical dtributes ae gemplots, histgrans, boxpots,satterdiagians.

* Fishbone dagram: a shenaic disphy teminiscent o a fish &detor) for organizing the rames 6 explanabry variates
which may dfed a paricular respa variate thee an ke up b six man branches a the dagiam, with lakels like
measuremert, person, erviron mert, method, materi al andmachine.

- Fishhone dagrans ae dsausse in Appendk 4 on pages HL8817and H.8818

* Aspect a bnary categrizaion of he gimary conernof the Queston © be aswvered n an nvestgaton identfied in the
Fomulation sage of he FDEAC cyde; posible sspeds ae Deriptive and Causative.
- The Answer from the nvestigaton of ade<riptive Queston addresseprimarily the valig(g for target popuation attri-
buieg), thesevaluesmay be currentor exrapolations and conparisors anorg dtributevaluesmay be nvdved.
- The Ansver from the nvesigaton of acausative Queston addresseprimarily some chaacteistic(§ of a cawsal rela-
tionship beween a leponsevariateand me br more) explanaory varates, (sual) with the intentthat charging the
valug§ of the explanaory variate§ would r will) charge he valie of he eponsevariate

For a Questbn with a causéive aped, the focal (explanaory) variate is the explanabry variate whoserdationshipto the
respase variateis involved in the Arswels to the Quesn(9; we usualy consder Questnsinvolving anly onefocal vaiate
in introductory courses. Asindicaed in Note 6 in the mdde d pageHL88.5 a Questdn with a cawsatve (asdistnca from a
desaiptive asped raises aldtionalmatters to mnsder in the Forrulation and Desgn stayesof the FDEAC cyde.

The ommponents d the Fornulation gage : repons

are SJrr:rr?arized a the ight, arrawgejagt]o Target demem_ 77777777 \angtes< expandory — Fishbane dagram
remind us ha variates ae aodatedwith Target popuation----- Altribute(§

an elanent, dtributes with a pgpulation (or sanple) and ha a fishhane dagramorganizes explanaory variate information in
relation © the eponsevariate Alsg asped refers to he Queston but ks mnernis with the rature d the Answve:

Asped

A final matterin the Forrrulation gage of he FDEAC cyde, dter an input Queston hasbecomea clear Queston, is to de-
cide wha would conditute acorred’ Ansaver— what likely degee @ error would imposeaccepabke limitation on he Arswer
There ae hree onplicaionsin addressingthis matter

e eror hassix caegories (listed werkaf a the tg of pageHL88.4);
e mehods for assessg likely degee d error/severity of imposed limitetion:

(continued avaled)
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- differ for dfferent eror cate@ries,  AND: - may invdve asumptionsthat ae impefedly met in practice
A summary of assessient mé¢hods by aror cate@ry (which are cefined a the bwerhaf of pageHL887) is:
o Study eror: assegsent & basedmaily on extra-datisticalknowleche and is wsudly difficult to quantify.
o Non-regponse aror: assessent 5 basedon datisticaltheay seldomcovered n introdudory courses GeeNote §.
o Sample aror: in introdudory courses, asessient 5 basedon sdisticaltheay whichyields aconfidence interval.
O Measuemert err or: assessent § smilar to the mehod for sanple eror.
o Comparison eror: assegnent 5 smilar to the méhod for sanple eror,
o Model ar or: spedfic (often graphical) methods ae tsedto asss §omavhat sibjedively) modelling assumpions
In keegping with their central roles in databasedinvesigatirg, the hames & categries & error, thar assessient and heir
mangement ear throuchaut these Stdistical Highlights and ©@urse Materals. An illustrdion of imitation imposel by
samplesror an an Ansverwhich is apropartion is gven in the first lullet @) on the wpper half of pageHL88.11,
The (nfamiiar) coneptof error and its & cate@ries, @ we usethe term,is to be dstingushed fom the amiiar mistake,
which is a depature from the Plan; usudly, mistakes aise fom carelesgess ad ae aoidable, n contrast to @ror which is
the unavddalle cnsequene of inconpleteinformation and, hence of limitationsimposel on Answers.
Sygemdic disausson of the managenent of the & cate@ries & error in datistics, tageher with illustrdions is provided n
StdisticalHighlights #6 to #22 —#6, #9, #10,#18 and #22 ae epostory.
* Uncertainty: inconpleteinformation atoutermor [usualy abaut its sze or magntudd.
- Limitaionson Answvers remind us 6 everpresentuncertanty — an Ansverwe anticpae wil be ‘correctmay actudly be
‘wrong and an Arswerexpeded b be ‘wrong' may ke ‘correctalthoudh dsdplined and rred use d statisticalmethods
can nake the first & thesepossbilitiesunlikely.

NOTES: 1 The dsasson of the Formulation gage in ®dion 3 aerkaf o pageHL88.3 and dove garts by definng apopu-
lation; to answver sometypes of Questbn we nmay insead stet with a process for which we dstingushtwo cases:
* Proces. @ a ®t d opeationsthat produceor dfed denments, OR:

e the flow of an entity (like wateror dedrons.

The first case aises when the Qeston is almutimproving a mandacturing a senice-delivery process we quantify
the performanceof the pocess ly measung \aiiatevalueson te dements { produces or dfeds.
- The tamgetproaessis typically the pocess nev and into the fiture br as long as he curent br improved imple-

mentéion of he pocess @eates.
The :mndcasearises when the Qeston is almutan enty tha flows like waterin a liver or dedronsin a drcuit
or netwak; we quantify characteistic(§ of such processes by measuing varatevalueson the enty tha flows.
- The targetprocessis typically the pocess wera cefined period d time

2. Ou vaiiate qudifiers regponséand ‘exdandory’ are te adinary Engishwords tha best eokerdevant satistical

issus for vanates; qudifier pairs uisedelsewtere (sualf with ‘varialle) indude:

o depadentandindepadent e outorre andpredctor; @ outorre andexposue.

No pair is as &isticaly evocaive & regpanséand ‘exgdandory’; in addtion, the first pair hee multiple adinary

and ednical meanigsthat ae easly misurdestood and/or invdve dfficult ideasfrom autside datistics — &€

for ingance the enties br ‘Independencd n the light-hand olumnof pageHL919 of SetisticalHighlight #91

- Our definition of ‘explandory’ makes t dea tha a vanate T whosecharge desnot acourt, & leastin part,
for charge in¥¥ is not an explanabry variateand ® need ot be mnsderedin the @lreag conplicated dis-
cus®n of datisticalrdationshifs.

- Weusevariatérather than varialdé to asoid connaationsthat @me with the latterfrom ather dsdplines.

3. The shama lelowillustraes dstindionsanong the erims quantitative andcategorical (or qualitative), measured
andcounted, and cortinuousanddiscrete when hey are wsedas a gdifier of variate

.. ___-measted meastedvalue a smpke atribute .
quantitative of interest & dten continuou
/ = caunked caunted \alue an aerge a total Mathemdtical
variate model
(vaUesaredata\ 4 ical a smple atribute . e/
caegoncal caunted counted rurrber  of interest & dten a } disaet
qudtative proportion or frequency

® The quantitative measured and quantitative caunted disinction Hurs progress/ely as courted \aluesbecome
larger; itis dsoaffeded ly the Imited eslving powerof real meauing processe.

e Quantitative variatevaluescan emme ¢rdna) catgaical — eg, ages can b dassiied into agegroups;, we
take quditative to mean ominal fion-ordinal) categorical —eg, maiital status or «in colour.

® A binary variateis a @tegrical vaiatein two caegolies

Quanttative and quditative ae tlsedmorebroady elsewhee as djectives to ate@rize resach mehods.
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STATISTICS and STATISTICAL METHODS: The FDEAC Cycle — An Overview (cortinued?2)

NOTES: 4. Elsewhele, aur popuation attibute nay ke alled a ppuation parameter; we resene ‘paameer for ane d the
(cort) conponents d a statstical (mahenatical) modd — see Appendk 3 on pges HL88.16and H.8817

5. Equaions(HL88.) to (HL88.3 at the tight below give symbdic exgesions br threesinple rumeical dtributes:
an aerae a fag standad deviation and a poporton, whee:

e the pptiona) sbscipt ¥ on an dtributeindicags to viich

repponsevariatethe atributerefers —gereric attibute avaage, (Rag) = a"“TT ----- (HL881)
Natation is &(Puger), Wher Pryge _
denoes the drgetpopuation; o al%[\‘ (U) —aveage]

® Y(U) is the valie of he epase standad deviation, (Rrge) = Nt T (HL88.2)

variatefor eement; ¥()
® N is the nunber d elements h the argetpopuation; Proportion(Prge) = a”“N ..... (HL88.3
e the simnationsrun overall dements & the argetpopuation; T
e the proportion refers o two caegotiesof urits, C [for which ¥() =11 and Clfor which ¥(u) = 0.
[Suth use d a (binary) indicator variate males he expression (HL88.3) for a groportion in two caegoliesa
spedal caseof the epression (HL88.J) for an aerae]

6. The Questbn assped is introduced a eaty as the Formulation stage lecau® of the bllowing dchotony.

* Experimental: to be mntrastedwith obgrvational — it indicdes a ompaative Han where te investgabrs
(adtivaly) assgn the value of he bcal exdandory) variateto each ait in the sample/blocks
[Blocking in an experimentalPlan & forming groups of wnits (the

blocks) with the samegor similar) valuesof ore or nore / desciptive

non-focal explanaory varates; urits within a Bock Queston apect . 3

are then asgned differert valuesof the bcal variate] \ causave/ expermentalPlan (actve)
* Obsevationd: to be mntastedwith expei mental — it indi- ~— obsevationalPlan (pas#€)

caes a ompadive Hanwhee, br each wnit selected the beal explanaory
variate(pasiwely) takes @ its naural v alue uninfluenced by the hvesigabr(9. [See Setion 8 on pgeHL8813]
To ansvera Questdn with a cawsatve apect, an expaimental Plan 5 uised whee featble, b reduce tle imitation
on a Ansverimposel by conparisonerror; wha is feasible is deteminedby:
e the rature d the bcal vaiate— sx and aye for exanple, amotbe asgned.
e the reurces availale for the investigatirg — it is feasible to chage pegples dets hut aparticular invesigaton
may not hare the eurces to do s;
e what isethical — dgarete sndking a a hgh-fat det, for inseince can ro longerethically be asgned b paricipants
Compaism eror and the gperimentalobsevationalPlan dsinction ae dsausse in SatisticalHighlight #9.
Two words whichevdke the esential differencebaween the two ypes & comparative Han are the active asgn-
ment by therivesigabr(9 of focal variatevaluesconparedwith the passve acepanceof its ‘naurd' values.

7. When ugg the FDEAC cyde in databasedinvesigatirg, it may ke mnvenint to hink of:
o Fomulation fage @mponents & addresingméters dealng with What .....7?
® Design shgeconmponents & nore typically addresingmatters dealng with How.....?

4. The Desgn Stage I: Three Populations and the Sample

The tak of the Desgn staye is b devdop a Plan for the data-basedinvesigatirg tha will arswerthe dear Questn(9 tha
are the autput d the Formulation age A dargerto the Ranis tha a desile to proceed with a invesigatbn (.e, eagenessto
undetake the Exeaution stayg makes t easy/ for o ew reduUrCes to be ommitedto the Desgn stage
The shama 4 the iight below shavs five goups of dements vhich we distinguish for data-basedinvesigatirg; the bg four
are cefined n the Desgn staye [For conveniencethe déinition of hetarget popuation is epeded rer]
* Targetpopulation: the goup d elements to vhichthe investigabr(g

wantAnswels to the

Non-reppondent ppuation)

Queston(g to goply. Target Reponden
. : popuiation popuiation
* Study population: agraup d elementsaval - AT Spded

able to an nvesigaton

* Regonden population: thoseelement®f the stidy popuation tha waould provide
the datarequestedunde the ncenives for repanseoffered
in the nvestigaton ud incenives aise pedminanly when
the dements @& peqole, hut miseng data may aso arisewhen dements @& inanimad.

* Non-regpondent population: thoseelementof the stidy popuation tha would not provide the dia requeséd wnderthe

2020-08-20 (continued wverled)



#HL88.6
University of Waterl@ W H. Chery
incentves for repanseoffered n the nvesiigaton

* Sample: the goup d units/blocks sdeded fom the egpaondent ppuation acually usedin an invesigatbn — he samle
is astbse of the egpondent ppuation @s he \erical inein the £hana werkaf @ the ottom d pageHL88.5
reminds w8). [A cersususesall the regpondent ¢r sudy) popuation dementgunits]

* Unit: the entitiessebcedfor the sanple; aunit may ke e dement €g, a ersa) o mae thanone(eg, a fousehtal).
The dementunit distindion is dsausse in more cetal in Appendk 1 on pages HL77.8 and HL77.9 in SatisticalHighight #77.
The three tems defined speified andsebced in brackds () on the £hana werkaf o pageHL88.5 remind us 6 the getry)
different pocesses of aigin of two popuationsand the saple. Further we recgnize ha the egpondent and on+egpondent
popuations and diferencedaween true and meauwedvalues originatein human and meauing instument Aiibility.

Justas augetelementsnale up he fargetpopuation, so sudy dements nake up he stidy popuation

Target dements and sidy dements ae dten the sameub may differ; for insencewhen &sesisig drug Target

efficacy and sde effeds uing laboratory animak, firgetelementsare tumans hut sudy denents ae |
laboretory animak. The mssbility of different firgetand stidy dements nay ke orerbokedby how- popuaton .
ing the stidy popuation & astbset of the eugetpopuation in a nisleadng) diagiam & at he light. popuiation

® Suth a dagrammay aso shav the sampleas a sbisetof the stidy popuation (but see tb chena
at the mttom right of pageHL88.6 orerkaf and its xendon at the tq right of pageHL88.8.

An investigatbn with a tamgetpopulation will have a sudy population; an in- Table HL88.2
vesigatbn with a targetprocessthat is a st d operationswill also lavea sudy Popuktions and Processes
population — the aailabe dements poducedor dfeded ty the pocess An Target popuation ---------------- ~ Sudy popuation
invesigatbn with a targetprocessthat flows wil have a sudy process usudly Target rocess oparations ------- = Study popuation
the tamgetproessove a resticted tme peaiod Ge€labde HL88.2 & the iight). Target process flow ------------- = Sudy process
As indicaed n the daglam d the right, we congder the study popuation Study popuation
to be mace up of he respadent and non-esmncdent popuations. The st Regpondent Non-repan dent)
of units sdeded fom the stidy popuation is he sdecton, and mmprises popuation popuation
the sample (from the epandent puation) and the non-responderts (from Ne™ N ¥ N. ¥
the non-reppondent mpuation). The dagam ha two caegoliesof symbds: ?S _ e
- the N5 and rs refer b numlersof dementguntits; S Sdedion
- the ¥s and the s are averagesof an dementunit repponsevariateY. Sampk res',')\lc%r(]i_ents
The relatonshis anong he nunbers of dementgunits ae: ne | ny Nor Ve
Study popuation = Repondent ppuation + Non-+egpondent ppuation ¥
945 = N + Pdnr t, J
Sdedion f Sampda + l\bn-respondents Staisticaltheary, pgricularly of sanple
Ns - n + Mor surveys, s cevdoped nmainly in the

cgwted o;] the r@pmgbmpopu?tk_)ln

. . = ithout it t

When ugng the aerage repreentedby the random v@abe Y, of the samle orien wihoutrecqniang Tt ewiely

sdeded ty EPS & the estnator of the stidy popuation areraye ¥, the non-regponse hias the nodel quantty represening

non-repaonseinacaurecy; is: - = = = = NM+N.¥ - —
E(Y)-%=¥-¥%=¥- D0 N“nff = o (F %),

[E(Y) = ¥ is estdlished ; pageHL77.4 d StatisticalHighight #77] To manae ron-teponseeror, the Banfor an invesigaton

need to hdude incenives for repansethat y to recdlice me o both of the erms on he iight-hand &le of ecuaion (HL88.4:

e the mon+eponserate Nor (i.e, the mn+epondent ppuation sze as a poporton of the stidy popuation sze), AND/OR

e the dfferencein atribute \aﬂres(e.g, the aeraye$ for the regpondent and onregpandent ppuations.

NOTES: 8. Which elementwf the stidy popuation fall in the epondent and on+epondent puations depends on he
incentvesoffered for epmse— dfferent ncenives will presumably, in gened, restit in differert sds d the stidy
popuation dements h the two puations. For given incenives for regpanse (as spedfied in the potocd for
sdeding wnits in aparticular invesigaton), datisticaltheay to manae ron+eponseerior can ke basedon:

o adeteministic modd — a gven unit will always male the sameadedsion aboutwhether or rot to epond; OR
e astodhastic modd — a gven unit's dedsion will invdve uncetainty and © is nodelled probabilisticaly,.

Ou repondent and on+epondent puations are concepuial in the ®rse ha we aly enoourter stbsets of
them &s he samle and the on+regpondent}; if a unit is notinduded n the ledion, we genealy do not know
(anddo rot needto know) to whichof the two mpuationsit belong.

Complexitesof modelling non+egpaonseis a easn why, as duded b at he t of pageHL88.4, trying to quantify
non-regponseerior is rarely coveredin introdudory statistics murses.

9. Incenives for reponseoffered n sanple surveys of luman popuationsindude:
e appealng to dtruism ty pointing aut the kendits to the mpuation of poviding the d#a requesed

(continued)
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STATISTICS and STATISTICAL METHODS: The FDEAC Cycle — An Overview (cortinued 3)

NOTES: 9 e offering pecific rewards such as a banceto win a sibgantial prize like a tip, a gving all units leded br
(cort) the sanple a snall gift like a pen o a dollar win.

10. The deansepaztion of epondents and an+epondents $ an deaization — prial (orfiteni) non+eponseis
also exoourtered n practice when the kementgunits investigaied govide sme but nat all, of the déa recuesed.
® The imitation imposel on Answver(§ by non+eponseermor aises most conmonly with a samplefeg, in a
sanple surwey) but it is equdly of concernin the Essconmaon type of invesigaton whichtries to gtrer cata

from acensusof all the gudy popuation dementguntis.

- Thus, sanple’ and ‘censis bath refer (strictly) to the dementgunits d the respadentpopuation

11. The emphass in Sedion 4 is on pn+eposeanorg dements wiich arepeopé; extra-datisticalknowledye b
deal vith it indudes auestbnnaire desgn and nterviewing tecdhniques(which may nvdve experize in psychdogy).

- We largdy omit disaus$on of equipment malfunction as a eurce d missng datg whee edtra-gatisticalknow-
ledge of he elevent meauing procesges is likely to be reeced.

12. Most preserditions of introdudory datistics invdve aur respadent (not study) popuation becaug of an implicit
assimption tha the wits sleded for nvestgaton (the ‘sanple’) all respnd

® The ‘'sdedion, denoing the sample dusthe ron+egpondents, s a ermuriqueto theseMaterials.

5. The Dedgn Stage Il: Error Sourcesas Badkgruond to Develging the Aan
The three ppuationsand the saple cefined ey in the Desgn staye of he FDEAC cyde refled congraints that reak
world conditionsimposeon databasedinvesigatirg.

e The gudy popuatioryproessavalable to investigabrs is mrely a perfed matd to (the ideal @) the targetpopuatioryprocess
® Measuing equipment nalfundion a human imperfedion (in knowledye coopeation, truthfullnesy mean ha the espondent
popuation is puindy a urce d missng data/non-respng conparedto wha the sudy popuation, in prindple, ontins
® Resurce ongrantscommonly dictate wsinga samplerom, raher than acersuof, the tesponden} popuation

® Measuing processes for ‘coninuousv ariate valuessddom yield (exactly) corred restts.

The lag two mattes, & unavddable ources d samplesrror andmeasuremet aror, were forehadavedas arly as the ntroduc-
tion of SdtisticalHighlight #87 @nd ¢ Figure 11 d boththe STAT 220 axd STAT 231 Gourse Materalg.

The dfinitionsof our 9x error categries, vhichformalze the ®ndraints of reakworld invesigatirg, ae & follows.
Study et or: the dfferencebeaween [the (true) valuesof] the sudy popuatioryprocessand argetpopuatioryprocessattibutes.
Non-reponse er or: the dff erencebeween [the (true) valuesof] the repondent mpuation and stidy popuation/processattibutes.
Sample ar or: the dfferencebeween [the (true) valuesof] the sanple and regpondent puation attibutes.
Measurement err or: the dfferencebeween a neaswedvalue and the tue ©r long-termavaage value of avariate.
- Attribute measuremert err or: the dff erencebeween a measwedvalue and the tue @r long-termaveage value of a
[popuation/processor sanple] attribute.
* Model aror: the dfferencebeween the nodel, togeherwith its nodelling assumptions and the atud state d affairs in
the real wald; modelling assumptionsin introdudory courses ae typically resticted b:
o eqliprobalde leding of wnits for the sanple; o the form of the stucturd component d the eponsemods;
o the rormality of each resdud; o probabilistic indgendenceof the esduds;
o equd standad deviationsof (regponsé varate valuesanong dff erent goups of dements o units.
* Comparison eror: for an Arsweraboutan X-¥ rdationshipthat is lasedon @mparing atributes of groups of dements vith
different valiesof the bcal vaiate comparism error is the dfferencefrom theintended (or trug state d affairs aisingfrom:
- differing dstribuons of lurking variate valuesbeween (or anong) the groups of derments @ units OR - confourding
The dtemae wordng of the bBg phrase 6the déinition of ©omparisan error accomnodates the @uivalent errnindogies
of lurking vanates and @nfourding; in a mricular coniext, we wse he \ersion of the déinition agpropriateto tha context
o ‘lurking varates' can nore readly accomnodatephenomendike Smpsan's Paracbx — e $tisticalHighight #50;
o ‘confourding i s nore cmnon in he oniextof comparaive Hars GeeStdisticalHighlight #63, but the variety of usaje
of ‘canfourding can ke a surce d difficulty (seeStdisticalHighlight #3.
Study error, sanple eror, non+egposeeror and oMpaism earor ae cefined n terms of atributes d groups of dements
wheleas measement eror invdvesindvidual meastements —his is why the aldtional(sub)caegoly of attribue meastement
eror is reedkd — seelsothe dsausson involving equdion (HL38.J) near he ottom o pageHL38.5 in SaisticalHighight #38.
Resticting the dsaus$on of model eror for an introdudory course & becaug nodel aror genedly is a hrge and dificult

todc; remgniing the nofelling assumptionsundelying a paricular databasedinvesigaton and asessg how wel they are
me is an oneous (andvita) task. Furtherdisausson of modelling is gven in Appendk 3 on pages HL88.16and H.88.17

* K kX
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The <hama 4 the bwerright of pageHL88.5 is gven at he iight belowwith four exiersions

® The nodel is hown & a Ink between the epon- o respondent pplation)
dent _prlJatlon and the saiple. Target Study Respon Ton
® The sx error category names ee stown at population population popuation =77 @
the bottom and éft, dthoudh ‘meastement i /
eror is really ‘sanple atributemeaste- ‘ 1 /%_'
ment eror Compaism [ Sampé Sampé
® The arow fising from each eror rame erer et I L(memmues
shavs the pint of impact in the £hema
of tha cate@ry of error; Arsel o | Owsbng
® The lroad arow from the sarple dlipse ¢ N —
meastedvaluesbad to the fargetpopuation Sud/ Nonreponse Sampt  Meduament Modd
ermor ermor ermor ermor ermor

repreents Arswely to the Questbn(9 abaut the
target popuation tha sre inferred from meastedsanple dataon reponse@ndusualy explanaory) varates.
- The thick lines aosdng this lroad arow a the arowsrisingfrom each eror cate@ry repreent limitations inposedby
eror an Ansver(9; the pogress/e decreasen width of the yoad arow dter each error cate@ry reinforces tis idea.
o The fourarrows arising from comparisan error point to boxes represening groups of dements @ units @ popuation a a
sanple) rather than as for the aher five eror categries, tolines pining boxes; the @mparism eror arow & the ight is
to be taken & pointing to bath sanple dlipses.
o Multiple conparism eror arows are a onegiene of its diferent manfesationsin dfferent Questn oniexs — br
exanple, & simmarized n Tabde HL601 & the pper right of pageHL60.4 n SatisticalHighlight #60.

Refiring respae variatgy from the Fornulation dage may be reeatd n the Desgn stgge & a oneqiene d:
* turning a Questn ino a clear Queston — when deiding on he bestweb rowse to buy, is the eponsevariate the
browser @stor the rumbe of hits or the rumbe of relevart hits dtainedin regponseto a &t d ‘standed search request’
* congdering wha can pactically be measured — wha shauld be dassiied as ddefed’ in the @int d a new ar a how can
the charge in aige d a supermarketfood item be neaswedwhen nvestgatirg shef life?

Exgdanatory variates and ther managgement & the @ntralissuein invesigatirg ddisticalrdationshifs, a indicaed ty the kerg-
thy disaus$on in SatisticalHighlights #3, #9, #10 and#57 to#68 An ad to this mangiement & wha we call afishbone dagram;
propery congruding a fsthone dagram,as pat of the gocess d devdoping a Ran for a compardive invesigaton, enables
the investigabr(9 to sysiemdize ther (stdisticalandexra-satistica) knowlecge alwut exdandory varates. Assummarized in
the treediagiam d the iight below thee ae then hree ofionsfor each fon-foca) variatein the fshone dagram

o ignore it — that is, donot measte {;
o measte t and redri ct its value
o measte t and useits value pg, o formblodksor stata];

An explengory varate may be ignoredfor variousreasons for exanple, t may be:
= urknownto the nvesigabr(§; OR Restict value Usevalugg
- deemedinimportant in the nvesigaton mnext

apoor resm to ignae an explanaory varateis the ostor aher dfficulty of measung it — it s cebatale whether b under

take an invesigatbn whee reurce ondraintswill only dlow a Banthat may imposeunacceptte limitation(§ on Answers.

An explandory varate may be restictedin value b reduce nvestigaton mst— for exanple:
e a dinical frial o a new drug may deddeto use paricipants d one s& and/or a esticted @e arge
o when nvestigatirg a mandacturing process the stidy popuation of parts mght be pecified as hose pats gill at the de
— thesewould usualy be mrs producedconseuively over a relatively shat time so her variation is Ikely to be smdler
than the drgertermprocessvariation

The third option — using the valuesof an explanaory varate— is dsausse in SatisticalHighights #89 @nd#63.

Choasingan gpropriateoption for each explanaory varate consderedin an investigaton wsudly requiresexta-staisticalknow-
ledge and experiencewith databasedinvesigatirg; agpropriate chdce(9 can edice imitation(§ on Ansver(9, inappopriate
chace(§ can mposeunnecssary limitation(§. For exanple, esticting explanaory varatg9 may ecify a gudy popuation with
unacephly limited averbp €g, due b mising target popuation dements, different target and stidy popuation denments, t@ shott
aduration for the gudy procesg with the targetpapuation, resiting in an uraceptle level of limitation mposel by gudy etor.

Explandory variate

Ignore Measue

NOTE: 13 The e&perimentalobsevationalPlan dstinction has mplicatiionsfor the expresians br study (or repondeny popu-
lation attributeslike thase br the target population in egidions(HL88.J) to (HL88.3 on prgeHL88.5 in Noteb.
Foranaveage for instance
o the (binary) focal vaiate X takesvaluesx of O or i 2 U0 =x (HL88.5)

ave. . a0 T
1, epreening the twotreaments BCrixRouy) = Ns
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STATISTICS and STATISTICAL METHODS: The FDEAC Cycle — An Overview (cortinued 4)

NOTES: 13 e the \erical lineis condtionalprobabiity notation Y¥(U)-L- %)
(cort) and measgiven hat; V. x=0(Pyg) = T - (HL88.6
® Y (U is the valie of he egpaonsevariatefor element Ns _auzux(u)
uwhenX() = x; Y ¥(U)-%U)
® Ngis the nunber d elements n the stidy popuation; — av&ageyx=1(Ryy) = ”Zw ----- (HL887)
@ sunmationsrun overall dements h the stidy popuation tut a

- in equaion (HL88.5) for an expaimental Plan all Ns elementsontributeto bath numeratorand deom-
inata and o, whenestmaiing the two sudy popuation avergesfor X =0 and X =1, each sanple provides
infor- mation aloutthe enire study popuation for the relevantvalue of he bcal vaiate

- in equaions(HL88.6 and(HL887) for an obrational Plan only the stidy stbpopuation dements vith
a gven value of X contributes to he elevantexpresion and © ndther avaage 6r its esiae gpplies ©
the entre study popuation 6r, at me sage emared to the enre tamgetpopuation.

6. The Desgn Stage lll: Further Background Terminology
* Edimate nunerical value§) for a nodel parameer. + deiived from the ditibution of the @rrepondingestmabr, AND:

- Poirt estimate asirglevale br an esimae ~ + calclated fom data.
- Interval estimate aninterval of valuesfor an esmae usudly in a brmthat quantifies variabilty (represening impredsion).
* Edimating. a process which usesstdisticaltheary to derive the dstibuiion of an estmabr and déa b calcuate an (inter
val) estmae.
* Edimator: arandm vaiable whosedistibuion represerts the posdble valuesof the orregponding estmate unde repet-
tion of he ®leding, measung and esmding processes.

* Limitations: appl to Ansverd to the Questbn(9 and nust: + assss he Ikely importanceof each cate@ry of error;
+ be epresedin the Arguaye of Questbn context.
* Overal error: the ret dfed of all rdevant caéegoliesof error an the Arswelg from an nvestigaton
Fora Questbn with a de<riptive apect, the averdl error is the sim of bureror categries ¢eeStdisticalHighlight #18):
owrdl error = study eror + non-respn® eror + sampleerror + sampleattribue neasiremat eror. ----- (HL88.9
* Imprecision: standrd deviation of error {.e, its haphazad conpanent exhibited & variation) underrepetition
- Sampling impredsion: standad deviation of @nple eror underrepeition of ®leding and esmaing.
- Measuring impredsion: standad deviation of measwement eror underrepeition of neasung the samequantity.
* Variability: the nodel quantty represening impredsion, whichwe distnguish from variation.
* |naccuracy: awerage ermor (.e, its systemdic conponent) unde repetition
- Sampling inaccuracy: aveage snrple aror underrepettion of ®leding and esmaing.
- Measuring inaccuracy: avaage meastement eror underrepettion of measung the sameguantity.
* Predsion: the inverse d impredsion.  * Accuragy: the inverse d inacaracy
* Bias: the model quantty representng inacaurecy. [Bias is dsausse in more cetal in StatisticalHighlight #7)
* Repicaing: sdeding more than me wit/block from the stidy popuation r the saanple.
- Adequate replicding: sdeding just enaughunits/blocksfrom the stidy popuation © make te Ikely magniude d sam
ple eror [and hencethe Imitation it imposes on Ansver§] accefabk in the Questbn mntext
* Repetition: repeaing overand aer (usudly hypathdically) one o more of the pocesses of sleding, meastng and esmating.
Repeftion is irhelent n aur definitionsof a @nfidene intewal, an esimator, inacauracy and impredsion.
* Model: a provisioral ideaized ymbdic desciption of a reatworld phenomenia.
WeuseGree leters for parametea's of datisticaland pobability models (eg, i, o andn).
In ary situgion whee an Msweris basedin whde o in part,on a $isticalmodd, we $auld bear in mind a maxm of
the lateDr. Geage E P Box, a regpectedU. S datistician: All model are wong, ©meare wsefll.
* Variation: differencedn (variateor dtributg values:
- aaqoss he ndviduals g, dements @ unity in a group, uch &s;
o a fargetpopuation/process, 0 a gudy popuation/process, o a repondent ppuation,
o a mn+egpondent ppuation, o a anple, and: o repeded neaswtements

- arising underrepetion g, for eror or a snrple averayd.

* Lurk ing variate a ron4ocal explanaory varatewhosediffering dstributons d valuesove groups d elements wvith different
valuesof the bcal vaiate if taken into @court, would meanngfully charge an Answer aboutan X-¥ rdationship

* Confounding: differing dstributions of valuesof ore or nmore non-focal explanaory variatg§ among two ©r more) goups
of dements o units [like Guo)popuationsor sanpleg with different valiesof the beal vaiate
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7. The Desgn Stage IV: The Protocol for Sekcting Units
The protoaool for selecting units, somdimes cattd the sampling protocol, is (a desciption of) the process o be) wsedto
to sled, from the egpondent ppuation the wits pr dockg tha comprisethe sanple.
Samphg (camprisingthe processes of eleding and esmating) is involved n mostdaa-basedinvesigatonsfor two reasns:
* primarily becaug reources ae £ldomavalalle o gather datafrom all the dements @ the ppuation of interest:

- eror s®datedwith sanple atributes as stmaes of popuation attibutes is sudly an aceptlde track-off for the re-
ducedcostof usinga aanple;

- greder imdinessof dataand Arswels from a émdlel) sanple than fom the (larger) popuation may dso be alvantgeous
* seondaily, sanpling is the aly option in the uncomman stuaion whee the meauing processdestoysthe dement keing
measted(eg, firing $1ot gun cartidgesto assess he qudity of thér mandacturing process.
Three mportant mattes aaut the sanple wsedin any databasedinvesigaton ae:
o how the sarple was sieded o the @anple sze; o the ron+epmserate
Ou primary con@rnheee is with the first of thesematers; the usid ternmindogy for the sdistically desrable process & ‘random
sdeding’ but we usethe nore e/ocdive equiprobéeble sdecting (akbreviated EPS); we dso disaussthe seondmaterheee.

There ae many processes wsedin practiceto led sanples three d them are dsaussd in this Highlight #88:
o equiprobéble sdeding, o systemdic sdeding, o judgemert sdeding.
* Equiprobable (simple random) selecting [EPS (SR9]: all sanples ¢ size nunits from a 6tudy) popuation of sze Ng
unis hae robability /(N9 of beingsdeded.
- What we all equprobable sdeding is likely to be @lledsimple randm (or random) seleding (r sarrpling) elsewtere.
- Equiprabable refers to aprocess we $auld be caefu to avoid referiing to an guiproballe ©r randon) sample
- Thedefinition of EPS & in terms d samplesdeding probabilities, mt unt induson probabilties coneauenes d this
distnction for a ainple of $ze n ae;
+ unde EPS the nduson probability is n/Ns for each it in the stidy popuation;
+ evan if the nduson probability is n/Ns for each wit in the stidy popuation, the ®leding process & nat neessrily
EPS — ee Appendk 6 on pages HL88.19and H._88.20;
+ the sanple eleding process 8 not EPS f, for each gudy popuation urit, the ndugon probabiiity is:
® nat equd to n/Ng OR ® nat equd to tha of al otherunit(s).
Refiremenbf the ugaye of EPSand ‘unit are dsausse in Note28 m the bwerhaf of pageHL88.20 in Appendk 6.
* Sysemdic slecting: oneuni is leded ty EPS fom the first k wmits d the stidy popuation (k <Ns) and then eery
kth unit is sleded.
- Rekriing to the first k units d the stidy popuation impliesan adeled ég, dphabdic or rumeic) list of theseunits,
sud a lst (caled aframe) may be real o conepud (eg, a ule tha would, if implemengd geneae the lisi).
- Forconvenienceit is usudly assumedthat Ns=nk so all 1-in-k sanples gleded ysemdically are d thesamesize n

* Judgemen selecing: human pdgement s wsedto sled n units rom the Ns elementginis d the stidy popuation

NOTE: 14.Ng is the number d elementsin the stidy popuation; is ug &ove or the rumbe of urits impliesthat sanple
units @ntain onepopuation dement, a @mmnon smpilfication or mnvenencein introdudory courses.
e In cluger sanpling, when units mntain mae than oneelement addtionalnatation (beyond aur current coneern
is reedbd 6eefor exanple, Appendk 1 on pages HL77.8 and HL77.9 in SatisticalHighlight #77).

Stdistics enphaszes EPS ¢r its equivalen), pariculary in introdudory courses, kecau it is the kass of ddisticaltheay
which provides (iInde repetion):

e an(inversg relatbnshipbeween sanpling impredsion andsamplesize (or degee d replicating);

e unbiasedesimating (.e, zao sanpling inacaurecy) of a popuation average (@nattibutecommanly of intees).

e an epresion for acanfidence interval (Cl) for a popuation areraye — sich an ntewal, understitable nodelling assump-
tions quantifiessanpling and meauing impredsion — e $atisticalHighlight #2.

[Of course an Answer obtained from aparticular sanple remans unertain, as efleded ly its imitations}

® Alsqg a resut from probability theory (the CentralLimit Theoren) makes @proximatdy normal Protabity
(asillustraed a the iight) the dstribuion of the aerajesof the £t d all possble sanples ¢ a e
givensize from the egpondent ppuation; & a oneqiene, under BPSthele is ahigher pro-
bability of seleding a @nple with sanple eror d smdler magnitudg a lower probabiity of
sdeding ane with larger sanple aror — see @itisticalHighlight #74. sarmp
- The cerire (oraveraye) of the ynmarica) nomal distibuion in the dagiam keing at zeo 0 erer

sanple eror is wha is meant &ove by unbiasedestmating — this natteris illustated n Appen-

(continued)
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dix 1 garting at he ottom o pageHL21.2in SatisticalHighight #21 and ako in Note 3 on pageHL742 of Sdtistical

Highight #74.
EPS doesiot, of itsdf, redwe sanple gror or sinpling impredsion, as mpliedin (wrong) staements ach &s:
o EPS gneates arepresertative sanple — £e ®dion 9 on jpgeHL77.9 n SaisticalHighlight #77; |
o0 EPS g@neates a surple whichprovides a poper bass for gererdi zation; .

as vell as nisrepreening the sttisticalbendits from using EPS such gatements onfuse epettion (the processof EPS with
a paricular invesigaton @ sanple). [Staements ike thesemay arise fom mistakerly intepreing larguaye fom datistical
theay as referting to the sarple dtainedin an individual invesigaton when t actudly refers to kehaiour o the ®leding
processunde repetition] A carectstdement &:
EPS povides br quantifying sanpling impredsion and ®, in corjunction with adequate repicating (or anadequate smpk s$z6,
allowsan Arswerto be dotainedwith acceptailde limitation imposel by sanple aror in the onextof a @ricular invesigaton
o What onditutes accefiabk limitation imposel by sanple eror depends on he nvesigatbn requirements ér Answver(s);
sut requirements & dten quantified in terns of sanpling impredsion
- An exanple is a poportion — like the percentage of working Ganadars who do not ontibute b thar RRSP — to ke
estimaed b within 2 percentage ints with 95% probability or at a %% level of confidene.

+ In this exanple, an Answeris to be dtainedthat is‘corred’ (unde repeition) about %% d the tme (.e, the A does
contai the mppuation roportion) and ‘wrong’ about 5% of the tme (the O doesnot contan this proportion); such
uneertanty, quantified (underrepeition) in ternms of probability or leve of confidene, s unavadalde for an Answer
from inconpletedaa {.e,, an Answerobtained by indudive ressming).

Expeienceshavns that EPS & the proessfor sdeding the samle to asver a Questbn with a desaiptive agect, and tha

sanple eror underjudgament gleding usudly imposes an unaceptle limitaion on @ Ansver

® Fora Questdn with a cawsatve apect whee BPS & dten not gasble, & dsaussd in Satistical Highlight #83 thee ae
circungancesunde which thele canbe aceptlde limitation imposel on ax Answer by sanple eror from the judgement
(or othe} seleding process ha is thefeasitle altermative b EPS h the nvestigaton mntext

There is urtherdisauisgon in SatisticalHighlight #21 d the easnsfor the enphass on BPS n introdudory gdistics courses.

NOTES: 15. Asimple image of tow BEPS & implemengd b to have,in a lox, a dip of paper kabkelled for @ch dementunt in the
study popuation; theNs slips ae thaoughly mixedand then n fothen are ®leded wihout redacement — he
labelsof thesen dips Pecify the wits tha will conprisethe sanrple Er, in our ternmindogy, the sekcton).
® In practice EPS would usudly be mplemengd with @nmputer sftware tha makes us of an equprobable dgit

(or random rumler) gererator — a surce that is eqadly likely to geneate ay o the doits O to 9 sany postion
of a gring d digits d specified lergth. Equiprobale dgits ae dso avalale in printedtables In this agproach,
the dementgunits d the stidy popuation ae wsudly thaugh of as keingnumbered(labelled from1 b Ns.

16. The restt of statisticaltheary (givenon the bwerhaf of the fadng pageHL8810 which inva'sely relaes (inde
repeitior) sanpling impredsion to (the sjuae o of) sanple $ze gppeas © be wddy remgnized, pehaps in
pat becau® it acoords with intuition tha an Answver from a‘large’ sanple is nore likely to refled the sate of
affairs in the ppuation than an Aswerfrom a'small sanple. However lesswiddy appredated(or moreeady
ovalodked is tha the sttisticaltheay is basedon EPS of the sarple. Hencein proper saisticalpradice:

e invesigabr(9 must make dea, and uers take roteof, how a sanple was skeded
e with anon-probabilty seleding process €9, judgement gleding), we nust breg invaking the sarpling im-
predsion-sanple sze relatonship
o we auld recagnize ha sanpling inaccuracyhasno necssary relationshipto sanple sze — nacaurecy in‘large’
sanples nay thusbe nore dargeousstdisticaly than n‘smd’ sanples, egadless of the ®leding process
- ladck of a'number d insancesinacauracy relatbnshipis dso chaacteistic of the othe five caegories of
eror — br exanple, a vler nissng its first @nimetre will yield lergth meastements oe enimere oo
high regadless of how mary timesit is used
Intuition atout the likely small magnitude d sanple aror in an Ansver from alarge’ sanple may ke wrred in
the rare ase vhee the sarple ontins he najarity (@t keast80%, say) of the pppuation urits — the staistical
issueis then the saple szein relaion to the popuation sze, notthe sanple sze pe se.

17 For tdephone suveys — wsedfor pditical polling axd market reeach, for exanple —a two-stage sdeding pro-
tocd for wnits is dten enployed
e in thefirst staye (listed tdephone runbea's d a sanple of househhls in the elevantgeographic ardy are
gererded @uiprobaby;
e in theseond staye the persan who first aiswess the call to each hséndd in the samle is askedto pass he
call to the &gible househl mamber @ Canadan dtizen br a plitical poll, a romemaler for marketresarch
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NOTES: 17
(cort)

18.

19
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who had tre nostrecent birthdgy; this process mplementgroughy) EPS d the digible househtnl members.

An advantge of this wo-staye ®leding process s tha, when the nits ae peopé but there is a eadly availade

(i.e, cheq) frame d hougholds (i.e, clugters of unts), the fame d househtdl members reed e geneatedonly

for thosehauséolds in the sarple and each st frame &ists aly in the mind éthe persan who first aswes

the all. How acaurddy this persan follows the intenviewers instuctions dfeds the dgree b which EPS &

adieved at he ondstaje

o0 Beau® househlnls havediffering rumbers d menbers unit induson probabilities ae unequd at the ®mnd
stage thesetwo stayesof equiprobale sleding theefore b not achieveEPS werd.

0 Beau® of mon+eponse mary more typically abaut four times & mary) househtils reed b be €leded &
the first tage & ae raquired for the final sample sze; for exanple, a mtional pdl of 1,500 peple may
require aound 6,000 elephone rumbes © be gneated and somedr many) of thesemay haveto be alled
mutiple imesto reach the #gible lousehtl mamber

Limitation imposel by sanple eror on Answer(§ to Questbn(§ basedon datafrom a @anple ®leded ly EPS @an
usualy be reducedf theee is gior information explatedappopriatdy, abaut the sudy popuation Exanples nvdving
the third option (see the teediagam d the @nte right on pageHL888.9 for deaing with exdandory variates ae:
* Stratifying: stbdviding the stidy popuation ino goups €alled strata) so ha units within a graum have
similar reponsevariatevaluesand units in dfferent statadiffer as nuch as asle; the samle is dtained
by sleding wnits g, by EP9 from ead straum. Although the pocess @ stratifying refers to \aluesof the
respa<e variate it may ke basedn practice on valuesof a siiteble explanabry variate
Strdifying is uisedfor two reasns.
- To make Ansver§ more wsdul by subdividing them by gratum; for inseancein Canadathe national un-
emplymentrate reeds dsoto be availade by province and teriitory.
- To manae snple aror (by decreasng sanpling impredsior), provided tre prior information alout the
study popuation dlowshomogendty within drata heteogengty among dratato be aheved
* Ratio or Regresson Estimating: udng information aloutthe valuesof an explanaory variate overthe dements
of the study popuation, to deaease mpredsion of esimaing a $udy popuation attibute ke an serage o
tota} to acoonplish this, the explanaory variate musthave a $trong) positive edation with the regponse
variatewhoseattibuteis of interest — the sbnge the adation, the geaer the deaease h impredsion
Using prior information atwut the sudy popuation © reduce imitationsimposel by eror an Answer(§ is pur-
sted n Appendk 5 on pages HL8818and H.8819 more detdled dsaus$on of ratio and reges®n esimating
is taken p in latercourses on sirney sanpling g, STAT 332).

Sysemdic sdeding is introduced h this Hghight #88 beauseit is omnonly usedin practice; howerer we

think of it as being equvalentto EPS ly applying te estictive asumption tha the fame (from which evay

kth unt is seleded for the sanple) has he wits arargedso ay value of he eponsevariateis eqidly likely to
be aywhele on e ist (@nequiprobably adeaed framefor a gven reponsevariatg. Three llustrdionsare:

o If a list of UW Faalty of Mattemdics gudents, arargedin dphabetical order by famly name is usedas a
frame br %in-8 gysiemdic sdeding, the sarple of @out 500 fudents wald mostlikely be essatially equi-
valent to gleding the stidents guiprobally from the Ist if the Questbn(9 invdve the kbvé of student dét
but not necesaiily equivalent to BPS f the Queston(9 invdve curtry of birth.

o [f a list of famiy physciars licersedin Ontaio, arargedin dphabetic order by famly name is usedas a fame
for 1-in-100 g/stemdic sdeding, the sarple of daut 300 plysicians would mostlikely be essantially equivalent
to sleding the fhysciars equiprobally from the Istif the Questbn(9 invdve drug presribing characteistics.

o If a list of dl school teaches in Ontario, arargedin order by yea of gradudion, is usedas a fame br 1
in-500 yseemdic sdeding, the samle of dbout 300 eaches would mostlikely not be euivalent to gleding
the teaches equiprobally from the Ist if the Questbn(§ invdve remuneaionslevels which tend toincrease
with ime sirce gadudion).

Thus, n this hghlight #88 we mnsder two goproaches to ahieving equiprobability for sleding a anple:

o via an euiprobable sdecting process, goplied to a fame n arny order,

o viaasystemdic sdeding process gpplied to an guiprobaldy ordered frame (for a gven reponsevariate.

The ssmnd appoac achieves(closeto) equiprobability only undermorerestictive conditionsthan the first pproach.

20. Othernamed methods of fleding units for the sanple, whichare largdy omittedfrom aur dsaus$on, indude:

o accesibility selecing: sdeding wnits eady) accessble to the nvestigabr(9 — for instance thetop layerin a
basketof fruit or a truckload of potaoes @ thefrontpdletsor carbnsin a krge sack in a warehous;

e converience ®lecing: sdeding wnits ha are conenienty avalabe to the nvestigabr(§ — for inseince peo-
ple with a medcal condtion of interest who & d a hogital o dinic neaby to the nvestigabr(s;

® haphazard selecting: sdeding wnits without (candoug preferenceby the nvesigabr(9 — shoppers who pass

(continued)
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NOTES: 20. the location of an interiewer in a rmall or ratsin a @gewhich are more asly caudit for a hboraory test;
(cort) e quota sdecting: sdeding units according to valuesof spedfied exgandory variates (like sx,age inoome br

human wity so he sarple dstributon of each varatewill (appoximatdy) matc the of the stidy popuation;

e Vvolunteer selecting: asking or (hurar) voluniess, usidly after a bief explanaion of wha beingin the in-
vesigaton will ental for wnits d the sample.

Thesenames do notatessaily specify a unique sdeding mettod — he first two m#hods overbap and all five

involve ®me dgree d ‘acessility’ and/or ‘conveniencé

Haphazad sleding is smdimeswrongly equaed wih ‘randomseleding,; i.e, with our equprobable sdeding.

Quotasdeding is the same ideas@oveing ddined in Note22 bédow.

Volunteer €leding is rot to ke cnfusedwith volunteer regponse a phrase smdimes usd b indicae thathuman

units can suay) chase whetter b repond, i.e,, whether b provide the lecuesed ditg asepaste (measting)

issueis whether thesedda ae caread or truthful.

21 e In judgenant ®leding the investgabrs judgament déermines whether a unit is seleded for tle sanple Er is
in the goup d units not sdeded;
e in non-espng a (human) units judgement déernines whether the Wit is in the epondent o the rone-
spondenipopuation

22.* Repesertative ample: a sanple whose anple aror [and orreponding imitation imposal on Answver(g]
is accefabke in the Questbn mniext [The repreentdiveressof a anple anrarely be krown]

In contrast to his I7-word ddfinition, Kruskd and Moseller cevde 3 pages to dsausing the meamigsof repre-
saentative sampling in three aticlesin the International Statistical Review 47 13-24, 1114127, 245-265(1979).
[UW Library call number HA 111505
Beaue if its vaiety of (somdmesill-defined meanngsin datistical contexts, useof ‘repreentdive is best
avaded in a srpling conextin datistics — eall the two Wwrong) staements ¢ed near the tp of pageHL88.11;
seealso ®dion 9 on pgeHL77.9 n SdisticalHighight #77.

* Covering: to try to limit the magniude d sanple eror, valuesof explanaory variates d the wits d the

sanple ae sleded b cove the mrge of \aluesthat acour anong (mostof) the sudy popuation/processunis.
Covaing is a guiding grindple in judgement leding; agreder cegee @ regdicating makes t easer to gply.
The bendit tha (it is hoped may acaue from covering has noformd basisin ddtisticaltheary.

8. The Dedgn Stage Vi Statisticd L anguage of Reldionships

The protocd for sleding units or Hockg in Sedion 7 étating on age Relatbnshi Two variates: X, ¥
HL8810, is relevantto ary useof the FDEAC cyde; the potocds for elatonship—_ e X, %, ¥
choosng goups and sting levds ae rdevant ally when asweing a
Queston with acauwsaive apect — ha is, when nvestigatirg a relationsip. Scdter diagiam— Data \isudization oftware
We first define the brguage of étdistica) rdationshifs (the ‘vocabuary of
conrecteahesy — the shema a the iight shows a gquene for definng _
terms, onnedionsanmong them, and types d (causéive) Questdns. Fom: eg, linear

Correlatbn

. L . . . Assdation Magnitude (StrergtH
* A relationship in datistics is @d in terns d variates— thee ae two ' D:zdion ot
variates in the dmplest cae an explanapry variateX (the focal variate b o
' ropor ionality
and arespoe variateY-
- An X-¥ rdationshipis the connecton (if any) between chargesin X Confourding Lurking variates —— Compaisa
andchargesin ¥ (or in the average of ¥). _ eror
+ If (deta estdblishthad ¥ remainsunchamgedwhile X chamges(or vice ___—Egabiish Magnitude

vasd), thee is no X-¥ rdationship an dea 6 unconrectediess @p- ~ CAUSEON—___ Accepted—
turedby one saseof the wad independert.
o We sauld recgnize te dsinction ketween the behaviourd unconnededhess
of independene and he Spatid sepaatenesscapuredby digoint, as i ‘disjant events
- Data-basedinvesigatirg of a elatbnship(to arswera Questbn with a cuséive aped) involveschangeandcompari ng
— theseadivities ae theefore inherent n the @mponents d an gpropriatePlan
+ This is why experimentaland dsevationalPlars ae cescibed as conparative.
After two variates, the iext level of conplication is he elatbnshis anong threevariates: two (foca) exdandory varates
X, andX, and a eponsevariateY.
To limit the krgth of the arewview of the FDEAC cyde in this Highlight #88, further disauson of the many stdisticalissus
involved n investigatirg relatonshigs is aken p in the bllowing SttisticalHighight #89.

Diredion
Prioritize

(continued avaled)
2020-08-20



#HL8814
University of Waterl@ W H. Chery

9. The Desgn Stage MI: Measuring Processgg
Measuing processe ae wsedto dbtain variate \values (i.e, data); they exhibit wide variety and dten nvdve tedhrical mattes
from disdplines aher than shtistic. me shtisticiars argue ha measung is theefore not part of Statistics, hut theseStdistical
Highlights and @urse Materalstake the postion that:
o Stdistics answvers Questbn(§ usingdata-basedinvesigatirg; AND:
o daa ae geneated ty measung pocesses; SO THAT:
o stdisticiars mug be nvdved with the measung pocesge$ usedin an investigaton b the dgree that enebles hem to
assss poperly the Imitation(§ imposel on Ansver by measuwement (and dtercaegoriesof) ermor.
- Assassng meastement eror will, of course often ke donein collaboraion with otherinvesigabrs who hae the ele-
vant etra-gatisticalknowlecdge (This may dsobe tue d othe caegotiesof error)
Like the dédiled dsaus$on of relatbnshifs, ha of measting processe is gven dsevhee — e $tisticalHighight #38.

10. The Desdgn Stage M. Planning for the Exeattion and Analysis Sages

After the Han hasbesn deeloped invesigabrs turntheirimmedate attetion to the Exeation staye hut the Desgn staje
shauld indude eplicit consderation of carrying aut the Exeaution and Anaysis sages; logidical issus in managing an nves-
tigation include:

o Sdeding the samle: who will do it and wher??

o Measuing variates: who will do it and wherf?

o How will missng data (eg, ron+egpansein a anple sirwey) be ascomnodate®

o What dhedks ae in pace b ensurethe Plan is followed?

o What might go wong? How can sich evenuditiesbe nanaged®

o Who shauld beinformed abaut, and who mjht be affected by, the £hedile for carrying aut the Exeaution staye?
o How will the data be properly recorded and @propriatdy organized in a computer?

o Will the dataand hear anaysis dlow the Quedion(9 to be adequately addressed?

[In the denanding task of devdoping the Ran, it is eag/ to losesight of the Questbn(g].

- It is wsdul (but tnpgpuar) to make up ad anajze, prior to the Exeation stayg a 6mdl) daa =t with the same gtuc-

ture @ the @ntidpaed realda.

- In a @nple surwey, apilot survey (usng up b 10% say, of the final sarple sze) nay ke done

o Is themodel appopriate and ae its assaimptions likely to be net, in light of the Rar??
- The nodel may ke reeckd n the Ranfor information ke the samle $ze whichwill meet cos$ or impredsion constaints.

NOTE: 23 Proper recording of datais ore of Ishkawd Seen Dds (disassé in Fgure 1.18 of the STAT 221 Course
Materials) and is @mnnonly given too lttle dtention; onechaacteistic of properly-recorced datais they are fuly
intelligible at a sbdantially laterdate © an nvesigabr othe thanthe perscn who recorad trem. Necessaryin-
formaion suppemetary to the déa tremsdves ndudes

e the persa who dd the meauring; e the imeorder d the meauements
e the measuing instument @ gaugeuse; e the measung protocd usedand ay depaturesfrom it;
e the ime dateand pace d measung; e documentdion of irconpleteor missng data

11. The Exeaition Sage
The tak of the Exeaution stage is b carryoutthe Hanas dewelgped

this is oten dfficult to accomplish; AND SO:

invesigabrs $auld reman dert to dgparturesfrom the Ran We dstinguish four compaonents d the Eceaution stage
Exeaute the Hant gather the databy carying out the Hanas avdoped.

Monitor the cataas hey are cdlected datathat dffer gppredably from the atud valug§ of the vaiatdg may aise br
a vaiiety of rea®ns; the best ime to identfy such dataand orred them is as hey ae dotained Monioring the déa
aims b do tis by cheds and onventons such &s:

- valuesoutof rarge 116 metres for a persan's height, —2.5for a non-negatie \arate

- wrong ymbd type: kters inseadof numbers numbers nseadof leters;

= usesynhbds for miséng daa differert from the ymbds for data

* Examine the data more informal and edier manitoring of the daa d the tme of collection meiges intdess informal and
later exanming the cata(usudly after return from the field), whichin turn meiges intainformal methods of dataanalysis
in the Anaysis sage Examhing the dda wses the same cleksas nonitoring, sipgementedby numeiical and gaphical
summaries that may indicde inexpeded and sdbly erroneoud datg the déa summarnes stat with onevariateat a
time and poceed 6 two o more variates.

* * O O

(continued)
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* Storethe chta three bgistcal isswes ae:
- Will the databe firg recorakd a1 paper or @n hey be eteed dredly into a omputef?
+ Dired computer atry, if feable, ieducs the number d datatranders and, hence opportuniies or mistakes
- Which sttigsticalsdtware padkage will be sedin the Anaysis sage?
+ Choice of padkage nay dfed how the d#a needd be sored and rotetion mnvenions g, for missng dosevations.

- How will the long-term presevation of he d&a ke ensurel and, ater publication of Answver§ from the nvestigaton,
how will the catabe nade available to athers for furtherinvesigator?

12. The Analysis Sage

Daa analysisis the major component d moststdistics murses; orly an o/ewview is provided rere. We dstinguish:
* |Informal methods of analysis: nunerical attibutes —meastesof locaion: aveage medan proportion, quantile, btal
— meastesof variation: (dag standard deviation intequatile rarge;
— meastesof linea asodation: comdation regeson line;
graphical attributes —univariate stemplot, histagram,dotplot, boxgot;
— bivariate  satterdiagam,quantile dot;
othe numeiical, tabdar or graphical atributes.

* Formal methods of analysis: confidence interval (for a model parameer represning a popuation attribuie);
predction interval (for a andom vaale represning an indvidual unit);
test d sgnificane (ako a@lled test d hypothess);
othe formalmehods of dataanaysis.

Usdul preceps d dataanaysis ae:
o a proper Plan males déa analysismorestraght forward;
o the bestanaysis mast smply arswes the Questbn(§ with accepabke limitationsin the nvestigaton mnext

NOTES: 24. Undue enphags on dtaanalysis paricularly in introdudory stdistics murses, s undedrable; it can
e obsare hevital rde d the Formulation Desgn and Exeaition stagesin databasedinvesigatirg;
e imply (wrongly) tha dataanalysiscan onpensae for hadeuaiesin Plan conponents

e male inderstandig basc statisticalprecepts, whichis important for en informed dtizerry, sesen beyand the
capability of anyane hut a pecidist in the dsdpline

25 Assessg modelling assimptions (from the perspedive d an introdudory coursg is dsausse in Tade HL6.1
on ppgeHL6.5 in SatisticalHighlight #6.

13. The Cortluson Sage
The Answverto a Questbn nust;
o addressthe Questn; o be ntdligible to as vide an aidene as is éadble;
o be epresedin the Brguaye of he Questbn mnext AND ALSO: o be epresedin datisticalternmnadogy.
* Limitations: appl to Answer(9 to the Questdn(§ and nust:
- asses he Ikely importanceof each cate@ry of error (prioritizing limitationsfrom mostto leastseious & wsdul);
- be epresedin the hrguaye of Questdbn context.

* Remmmendaions, if partof the nvestgaton mandae, give the broader implicationsof the Arswelg to the Questbn(s.

NOTE: 26. Limitaionson an Answverremind us éthe uncetainty inherent in inconrpleteinformation arising mostobvioudy
in gatistics from the pocesse of anpling and meauing Conequenes @ this urcertanty are:

e proper se @ statisticalmethods bes rot guaantee a ‘correctA naver — it merely makes an Aswerlikely to
be dose enaughto the atud state d affairs to be sdul (i.e, proper wse ¢ statistical methods yields an
Answerwith accefiabk limitations;

@ improper se ¢ statisticalmethods does ot guaantee a ‘wrong’ answver — it may casonally) yield a cor
rect Answer, for inseince a eponsevariatemeastedincorredy on a @anple d oneunit may hepgen to ke
close b the valie of he epondent ¢r eventhe gudy a targe) popuation averaye
- A statement Ike equprobable pr ‘random) assgning is reithe neessry nar suffident o estabish caisa-

tion is frue but uinhelgful becaus it can dsare hesetwo mattes — &e ds0 Notes 14nd 2 on pages 93
(and94) of SdtisticalHighight #9 for furtherdisaisson

Expeienceshavs t is dfficult to devdop a nind sd in which thesetwo mattes ae muindy remgneed; the

2020-08-20 (continued avaled)
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NOTE: 26. difficulty is compoundel by the cae reeckd b frame Engiish staements ha deal with uncertanty in statistics.

(cort)

e |t is dsodifficult rouindy to recognize and expres the fd tha, in ddistics, we cquantify uncetainty only in

terms of behaiour under repetition — Answver§ obtainedin a particular invesigaton remain uncertan, as

refleced fy ther limitations.

14. Appendix I Deming's Fourteen Points
W. Edwards Deming (nentoned in Sedion 1 onpage H.88.1 in this Highlight #88), a poineer n the gplication of satis-

tical mehods to pocess mprovenent, sumnarized hs broacer manayement mhilosghy in his FouteenPoints a versiin of
them & gven below Demings ideasare dsausse in more cetal in Figure 1L.100of the STAT 221 Course Materals.

1 Cede and pubish to all enployees a

4. Ceasaldng budness m price tg done
staement ¢ the ams ad purpeses o

graups, saff aress.

the @mmpany o other oganiation The
mangement must deonstae ndant-
ly ther commiment to his satament

. Lean the rew philosghy, top manae-
ment and the einé work force

. Understandthe purpose d ingection,
for improverrent d processe and reduc
tion of @st

5.

6.
7
8.

9.

Improve mngantly and Preve the ysem
of produdion and ®nice

Insttute traning and retraning of workers.
Teach and insttute kadeship.

Drive aut fea. Crede trust Crede a ¢-
mae for nnovation.

Optimize toward the ams and purposes
of the onmpany, the dforts of teams,

10.Eliminae dogars, ehartationsand ar-
ges for the work force

11. Eliminae rumeical quatas.

12. Give pe@le a danceto take pride n
their work.

13 Enoourage edu@tion and lf-improve-
ment br everyone

14.Do it!

15. Appendix 2 The FDEAC Cycle and the Model
The dagramat the fight makes twoman pantsaboutthe FDEAC cyde:
o the peipheralariows remind us each agehasimplicaionsfor the sagesbeore and ater

it; for exanple:

- the Formulation ¢age may reed b consder the ype of Han (eg., experimentalor dose-
vationa) and the Rin musthave gpropriateconpanents to adress the Quesn(s;

- the Han mustspedfy the dda wtich ae requiredand the Eeaution stage nmust ke sure
the Hanas ck\elgpedis cartied outto genedae sich datg

- the Exeaution staje gamerdes the daa for the Analysis gage and the Analsis gage nust ug nodelling assunptions
that @an ke justfied in light of the Exeaution staye

- the Analsis gage nust dotain from the daa the information reectd n the Gondudon staye b ansver the Questdn(9
and the ©nduson staye nust gve Answelg tha can ke jusffied from (prope) dataanaysis;

- the Condusgon staye nust gve Answel9 which addressthe Questbn(§ with limitations aceptale in the Questbn
context and the Brrulation gage nust hae poseal Queston(9 for whch such Answver§ canbe povided;

o the radal arrowsremind us therégponsg@ madd hasimplicationsfor the lag four stayesof the FDEAC cyde; specifically:

- one we lave clea Questbn(9, part of the Han to arswertheseQueston(9 is dten an ppropriate modd (eg, for
sanpling and meauing pocesses, nduding calcuatingsanple sze — ®e SatisticalHighlight #74);

- the Exeaution staye gmerdes datauseal to esimate nodel parameers repreening sudy popuation attibutes, and eror
in theseestmates cepends on tow the déa ae eneated €g, impredsion and nacauracy d measung [rocesse);

- the Analysis dage may wse nodel-basedformal mehods of cataanaysis; the nodel must hen ke gpropriatefor the
mehod§) d analysis tha will obtain from the daa the information reedtd b answverthe Questn(9;

- the Condudon staye nust onsder the nodel and its asumptionsin assesisg limitationson Ansver§ and the nodel
mustbe diosen with Answelg, and thdr accepide limitationsin the Questbn mniext, in mind.

16. Appendix 3 Statistica Modelling ppionalreating
* Regonse model a mathemdical desciption, induding modelling assaimptions, of the elatbnshipbeween a egponse
variateand eplanaory varate9; the brm of the elatonshipis contingentin part,on the Ranfor the invesigaton
- Thestructural conponert modds the dfed of gecific exdandory varatg9 on the egposevariate
- Thestodhastic componert modds variation atputthe grudurd component.

* Model parametea: a ongant (vhichwedenoe by aGreeleter) in a reponsemodd tha represents a repondent ppua-
tion attribute; for exanple, 1 repreents¥ in the eponsemodd (HL88.9 bdow — e dsothe dagramat the tg right of
the fadng pageHL88.17and the diausgon to its kft.

The four main repansemodds dsausse in STAT 231 hich indude (HL88.9] are simmarized in Satistical Highlight #71,

#HL88.16

modd symbds ae cefined n SatisticalHighlight #72 and an eewview of leastsquaesesimating of model parameers is gven in

StdisticalHighlight #73. [As the simplst of thesemodéds, the sucturd component o HL88.9 b just acondantand ® invdves
no exdandory varates; this nodel dso arises rea the midde o pageHL771 in SatisticalHighlight #77)

Y=p+R, j=1,2...n, RONQ, o), indpendent EPS
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STATISTICS and STATISTICAL METHODS: The FDEAC Cycle — An Overview (cortinued 8)

Distributon of .
respmdengjopuhnon
meastedreponse
¥ variatevalles  Mogel for the
distibuion of

repondent ppuation
A meastedreponse
variatevalles g mm of
meastedreponse

variatevalues

Modd-basedmethods of analysis in datistics use @tafrom Proporion b i
a @anple © esimae valuesof model paraméers which of measedrepase
then egreent gausble values(in light of the dag) for re-
spondentpopuation attibutes and, hence for Answver to
Queston(9; we distnguish a pant esimae from an inter\al
esimae (diined nea the t@ of pageHL88.9. When the or-
mal modd is gppropriate for the dstribuion of the egpmse
variate values,the nodel meany is esimated ty the sarple
avaagey ando is esimated ty the samle sandard deviations
— bothpant esimates. Asillustraed a the ight, we can hink of the
processof esimaing i by ¥ ando by s as proximating the histaggramof a
daa st by the rormal pd.f with the same centre’ and samewidth as the hstayram.

The <hama a the ottom right of pageHL88.5
can fe etendedto indude the nodel, as fiovn & Target
the right; our view of the nodel as a Ink between population
the repondent ppuation and the sarple is dabo-
raed urtherin the £hana a the @nte right of this page
HL88.17akove Tale HL88.2. The etendon of the £hema b
clude the nodel and the & error cate@ries & ronvn & the tg right of pageHL88.8.

Non-repondent ppuation)

All mathemadical modds are ideaizationsand ae produds d the

intelled and the magination Even in the esticted onext of an Red World | Imagination
introdudory course the (largely graphical) methods of assesisig the RESPONDENT §

modeling sssumptionsare mevhat sibjedive, a dfficulty tha only POPULATION o

increasedn the wider scope of the tgic enourtered nore genelly. feegfﬂ%;@;%-

NOTE: 26. To maintan the dstinction between the real wdd (epreented MODEL

by the d&g and the nodel, we wse dff erent wads —averayé
and meart for their meastesof locaion; unbrtunatly, we
do not hae this qotion for the wwo meaures of varation,

which are both called Sstandad ceviatiori 1n the ealy stages
of learning datistics, t is helpful to, & leastmentaly, add the

paameters ae
esimaed fom
sanple data,

SAMPLE

repective adedivesdatd and ‘probabilistic Table HL88.2

to disinguish the o uses bstandad Attribute | Red World : Model

deviation This ermindogy is sim- Location | Averae i Man

marized in Tade HL88.2 & the iight. Variation | (Datg standad deviation | (Probabilistig standard deviation

17 Appendix 4 Fishbone Dagrams for Comparative Rans
As uuimmailized n the dagiam a right below the @mpaonents d a fistbone dagramare:
o a box m its right confaining the name fithe egponsevariate Labe1 Labd 2 Labd 3

e a central hozonial arow pointing at his kox, Evy i~ EVa
e swbarows slantedfrom left to right and pointing ether cbwn or Vi, EVy EVa,
up a the @ntralariow; EVis EVas EVss
o each subarow has a kel evocative (in the nvesigaton @niex)
FV

of a ate@ry of explanaory varates usdul in organizing them
o hames bexplanaory varates denoed EV'in the dagiam) are

Repanse
as®@datedwith the daned sibarrows; someexgdandory vari- ——
ates may henselves te lrokendonn into @mponents by snall
stbsib-, subsubeb - (etc) arrows;

EVss EVes
EVe, EVez
EViy EVes

+ thele @an ke nore than me gpropriatechdce of subarrow Ef,AVf
for pladng some eplanaory variates; EViy

+ the focal vaiate(FV) is shovn an the elevantsitbariow, Labd 4 Labd 5 Labd 6

An exanple of a fstbone dagramis gven overkaf dthe wpper light of pageHL8818 its ©urce s ‘Labaatory 4, one d five
2-hour pradical exercises caried outby sudents i STAT 231 (leduresocaupedthe aher éghteen 2-hourtime dotsschediled
for the murse one ot per chapterof the Gurse Noted. Laboraory 4 invdved a experimentalPlan to nvesigae the dfed of
light levé on sudentsreactiontime Students woked h pairs — he droppe’ held a 0 -centimetre ruler dove a @gp etweean the
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cacheis’ thumb and forefinge and reaction time was auantified by the dstancethe ruler &ll beween the cécheks finges bdore

it was gopped ty dodng them, dter it was eleasd by the doppe. Thee were wo light levds; the high level hadthe wsud class
room fuoresent lighting on, the bw leve
hadit off but an ovetheadprojedor on
at the font o the dassoom — the Igh
light levéd was easnally consstent
aaoss eriormancesof the Laboraory,
the low leve was sbject to the vayaries
of the number d windows in a tass
room kut was sudly low enoughthat
somecéachers dd not cach the wler &
it dropped (an dsevation ersoredat
30 cm). Exeaiting the Han involved
onerun at e light levé; half the sti-
dent @irs Gdeded taphazardly) ran he
high ight leve firgt, half ran he bw
level first. A meastednon-focal vaiate
wasthe dstanceof each gudent goup
from the avertheadprojedor light souice
at the font o the dassoom, quantified
as floor fles(which were rouchly 30
cm guae. The fstbone dagram,pro-
ducedas pat of the Han develop-

Environnent Pesm

atteniveness

training

eyesght

fatigue

age

pergiration
gende

alcohd leve
stess
antidpation
cordnation
am lergth

tempergure

naselevel

balomeric presue
gravity

type d light

air resstance
distanae fom light
altitude

light level

o Reation
time

thickness
cdour
suface
weight

lergth

cacherpaosition
argle of dop
pant of measung

censoreddrop dstance
reation time déinition

.- ! shae rdease aklay order d runs
ment was fadlitated Ly the course.n- initial speed rdeese leight zero d ruler sale
strudor from gudent nput; only five sale width of fingergap ruler inacauracy
of the & subarowswere wsedin this reflection number d trials impredsion
invesigaton onext Material (uen Method Measurement

NOTE: 27 Qur fisthone dagrans ae
an aaptaion of @ue-and effed diagrans tha are me d | shkawd seven indJstniaI protiem—solving tods:

1 Chek sheds 5. Sraification darts Environnent Machine

2. Faretodiaglams 0. S:a_'[erdiaglarm Causel Causel Causel
3. Caug-andeffed diagrans 7. Contd charts; Caise2 Cause2 Caise2
4. Histograrrs Cause3 Cause3 Cause3
conpaing he caiseand-effed diagramat the iight with

the fisthone dagramat the kottom rght of the fadng

page H.91Q we e that dfferencesare:

‘{ Probem
e the box & the ight names lie prodeni
e the sibarowsshav posdble cawsesof the probem
gramin 1941 in a poblemsdving £s#on with engnees c:sJZzes c:sJZzes c:sJZzes
from a d¢ed-making process Causel Causel Causel

It is said tha Ishkawafirst ugd a aug-andeffed dia-
The labelsoften usedfor the sx subarowsare as Bown Materil Method Mezsurement
and hey refled the ndustial context of 1shikawa problem-sdving However in an aitomoive industy caue-

and effed diagramto address a poblem d excessve trangmisson gea noise, br insancethe five sibarrow lebds
were the omponents d the gea box: danet asenbly, drum & sun gear plaret ariier, revase gea, ring gea.

REFERENCES: 1 Ishikawa K.: Guide b Quaity Contol. Asian Produdivity Organiation 1982, aad (R Qudity Reour
ces, White Rains,New York, ISBN 92-83310357 (Caseaund, 92-8331036 5 (Limpbaund.
2. Kane V.E.: Dekct Preventon. Wse ¢ Smple Satistical Tods. Marcd Dekker Inc, New York and
Basé& and ASQC Qudity Press, Mlwauleg 1989 ISBN 0-824-7887-1 g, page 552 and 566).
Ishikawd seven tods ae aimnarized n SatisticalHighlight #97 and ae dsausse in more cetadl in Figures
11.B to 11.27 of the STAT 221 Course Materals.

18. Appendix 5. Broader Perspectives m the Protocol for Sekcting Units — Qustering and Sratifying opionalreating

Equiprobalde (or smple randonm seleding of units mnssting of individual elenentsfrom an urstrdified (respondentpagpuation
is usdul for nocelling the €leding process lut, in practice more mmplex anpling protocds ae wsed Two such protocds ae:

* cluster selecting: sdeding equiprobaldy units from the (eponden} papuation hat are groups of dements — kisers may
be ofequal size €9, cardboad boxes d 24 cars of up or unequd size g, househlals);

* stratified selecting: swbdviding the (epanden} papuation irto groups €alledstrata) so ha dements within a gratum have
similar reponsevariatevalues(homogenity of stratd) and éements n dfferent statadiffer as nuch as pacticable from
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STATISTICS and STATISTICAL METHODS: The FDEAC Cycle — An Overview (cortinued 9)

each oter, the sarple is dtainedby equiprobable sleding of units wnssting of individual dements fom ead straum.
[The dementunit distindion is dsausse in Appendk 1 on pages HL77.8 and HL77.9 in SatisticalHighight #77]
Exarrple HL88.1 below illustraes the dfeds d clugeing andstatifying on samphg impecsian, dso beaing in mind that:
- clugeingis comnonly usedbecauseof the aaiabiity of a duseredframe theebyavdding the @stof generding a fame
as pat of the nvesigatirg — aframe can ke thougtt of as alist of the (eponden} popuation sanpling wnits (hee, dusers);
- statifying is comnonly usedbecauseit provides(the dten ugfu addtiona) sibdivision of Answvers by dratum.

Example HL88.1: A regpondent ppuation of N = 4 dements ¢r wit9 has he bllowing nteger¥-valiesfor its repansevariate

1245

[so ha the ppuation average and (lag sandard deviation ae;

¥=3 shhs2st;

we eamhe tie samphg impeckian, underequiprobalde sleding (EPS with a sinple sze of n=2, of the
random vaialdeY, whose \aluesare the sarple averaey, as an simabor of ¥, usingthreesanpling protocds:
® EPS dtwo wits, each angsting of one dement, from the unstrdified popuation;

® EPS doneclude, of sze L=2 denents, fom the unstrdified popuation;

® EPS done wit, congsting of ane dement, from each of two strata of sze N, =N,=2.

Note that ead estmator is urbiasel, beauseE(Y) =¥ or E(Y) =¥ = 0 [the average sanple ator is zeo].

Table HL88.3

Unstratified population

EPS d two dements
Sanple | ¥y Error
@2 1% -1% lage
19 2% - medum
15 3 0 smd
2,9 3 0 smd
2,9 3% % medum
4,95 4% 14 lamge

Designdion of sanple aror & large,
medium or smdl is only for conveni-
encein the onextof Exanple HL88.1

Exarrple HL881 illustraes that:

- The dfed on Ganpling) impredsion of duser
ing and d strifying depends on fow ead is
implematedin the Ran — thd is, t depends
on this ompaonent d the samphg protocol.

- Clusteing and staifying dfed impredsion
by deernining which of the possble sanples
of 9ze n lavenon-zeao sdeding probabilities

- Decreasd impredsion is favoued by heeo-
gereity of dugers but by homayereity of drata
with regect o the epansdg of inteest
o In the mdde and right-hand ©lumrs of Exanple

Table HL88.4a
Unstratified population
Clustes:[1, 4, [4,9
EPS d onedusgter (L=2)

Sample | ¥ Error
12 1% -1% lage
4,9 4% P> lamge

Table HL85.4b
Unstratified population
Clustes:[1, 4, [2,9
EPS d onecluster (L=2)

Sample | Error

() 2% =Y medum
2,9 3% % medum

Table HL88.4c
Unstratified population
Clustes:[1, 3, [2, 4
EPS d onecluster (L=2)

Sample | §  Error
@15 3 Osmd
2,9 3 Osmd

HL881, hetepgendty increasedown the three dusered
sanpling protocds, hormogenety increasesp the three $ratified protocds.
[As an exercise quantify the samle eror variation by catuatingthe relevant(daad standrd deviation for each d the ®ven
sanpling protocds; commenton wha is illustraed ly the valiesobtained]
- There is a &rse h which clusteing is pasively aceped n the nteests 6 redudng investigaton @st wheeasstrdifying
may be adivdy imposel by the nvestgabr(§ on or may ke a raturd fedure d] the gudy ©r regponden} popuation
- While BPS fom an unstrdified pgpuation impliesequal indugon probabiities br dl popuation elenents the onverse aes
nothdd — in the hree dusered and three $retified sanpling protocds, all elements have ejud indusion probabilties tut dl
six sample of sze 2 ae notequdly probable [four sanples and two saptes (egpectively) havezeo sdeding probability].

Table HL88.5a
Stratified population
Straa: [1, 4, [4,3
EPS d one dement per stratum
Sample | ¥ Error

() 2% =% medum

@9 3 0 smd
2,49 3 0 smdl
2,9 3% % medum

Table HL88.5b
Stratified population
Straa [1, 4, [2,9
EPS d one dement per stratum
Sample | Error

12 1% -1% lage

(19 3 0 smd
(2.9 3 0 smd
4,9 4% 14 lamge

Table HL88.6¢
Stratified population
Straa [1, 9, [2,4
EPS d one dement per stratum
Sample | ¥ Error

12 1% -1% lage

() 2Y% =Y medum
2,9 3% Y% medum
4,39 | 4% 4 lamge

19 Appendix 6: Sample Slecing and Unit | nclusion Probabilities — A lllugtration [optionalreating

To illustrae the dstindion (introducedn the dsais$on on pageHL88.100f EP9 baween sanple eleding and wnit indusion

probabilties, and ab deadike dusering and statifying, we onsder a fepanden} popuation of N =10,000 derments and a
sanple of n=100 dements, dtainedusng sx protocds for eleding wnits (listed 1oudhly in order d increaimg conplexity):

o equiprobalde sleding o 100 wits €lementsfrom the unstrdified popuation;

2020-02-20

(continued weled )



#HL88.20

University of Waterl@ W H. Chery

systemdic sdeding: sleding equiprobaldy 1 unit from thefirst 100 popuation urits (eemenfsand then eery 100th untt;
equiproballe sleding o 10 cluge's of 10 dements fom the ppuation 0f1,000 sich dusers;

equiprobadde sleding of 10 wnits lementsfrom ead of the D popuation srata each d N,,=1,000 dements(h =1, 2 ..., 10);
two-staye €leding: <leding 100 dusers equiprobaldy and then sleding 1 wnit (elementequiprobaldy from each duser;
two-stgge ®leding: leding 2 drata equiprobally and then sleding 50 wits €lemenisequiprobally from each gratum.
Talde HL88.6 bdow uses the ymbd (N) the number d ways nfems @n ke leded fom N items f order d seleding is un-
important. [This symbd and its uge ae dsausse in Figure 75 o the STAT 220 Caurse Mateiald.

Rekvantcalcuationsfor this illusration ae simmartized n Tadle HL88.6 bdow, whee the & protocds ae row listed n
order d decreatng nunmbe of posdble sanples The shat names dr the protocds in the ®mnd cdumn of Talle HL88.6
shaild gererdly be aoidedbecausetheir brevity can (temporarily) obsaire he naure d, and diferencesanong, the potocds.

Table HL88.6 . ..

O O O O

O

Protoool for selecing units Short name Number of samples bEPS  Smple ... ... .....Unit. .. .......
Craifiod popuaton EPS (9% Besx10 1 15x107 (1)(9 991939 = 24
2 e donampdaton e e () Deax1 02 16x10* Q)R DO/ = 0= 5
sEtf’jﬁ;‘z,”;,ngatbn Straified sdeding (1999°016x10°* (107 6.2x10%* B9 = L
LTSNS el DUEYRe0a0n 007 25007 QOID-QCRIE)= 5=
Lstge BSIOMADPUIN  ygtemdeding (999 02.6x10° (107 38x10% OCPIE = &
1-n-100 ysemdic sdeding g qemzic sdeding 100=10° 0% #=10" Ty

from an wnstatified popuation

The lag four cdumns d (somdtesappoximate nurrerical table entriesare, br each of the $ protocds:
® the nunbe of sanples ha can ke slected i.e, the &ze of the £t d all possble sanples
® the ratio of the number d sanples a potocd can ®led to the number for BPS fom an wnstdified popuation;
@ the probability any samplas slected here, hereciprocal of the number d sanples[but see th first comment#) belowi;
® the probability any unit is included n the samle.

- In contast to he exXremevariation pve nealy 240 aders of magniudg of the samplesdeding probabilities anorg
the protocds, the $x unit induson probabiities a@e all 1in 100 in this illustration (the equality of thesesix probabilties
is a haracterstic of this illustation, nota gened resut).

+ Useof EPS athe ;e o both stgesof each protocd mears tha, in this illustrdion, adl sample the protocd can
sded are equally likely; as a onsqiene, he samplesdeding probability for each protocd in the ffth (Sample)
cdumn of Tade HL88.6 aove is the recipocal of its number d sanples[but see th first comment(o) in Notel7
near the tp of pageHL88.19. Thus,from the perspedive d samplg the potocds ae:

o alikein having ther posdble sanplesequprobale; o differert in thaér numbers of posdble sanples

+ Althoudh calkulations for unit indusion probabiites for the e stage and the twestage dusered and statified pro-
tocds havethe samestrucure, they yield vasty different numbers of sanples thee ae dso otherimportant stats--
tical disinctionsbeween dusered and statified protocds — £e Eanple HL88.1 overkaf o pageHL88.19

NOTE: 28 EPS fom an wstatified popuation yields the (axh;gsm/e) set d all possble sanples d a gven sze from a popua-

tion of a gven sze; tis et cotans doaut 65x10" sanples whenN =10,000 Element®r) units and =100 units.
o Ead of the oherfive sanpling protocds can ®led only a subse of this €xhausive) set d sanples
- Thesefive protocds are wlsdul becaug BPS fom an unstatified popuation @an larely med Plan requirements
- When teseprotocds ae poperly implemengd, they prefrentially exclude sanples wth an etremevalue
for an dtributelike an aeraye thusdecreasg sanpling impredsion (eg, e $disticalHighight #27).
o As well as yelding dl posdle saanples, BPS s enphaszed n introdudory disaus$ons bec@ue it is:
- involved n more practically usdul protocds like the kg five in Tadle HL86.6 @ove m this pageHL88.20;
- the bags of sanpling theory for quantifying the kehaiour o sanple eror underrepetion, i.e, for quantify-
ing sanpling impredsion — see $tisticalHighight #21
Thus, ve reed b dstinguish:
* EPS fom an undratified population: aprotocd for sleding wits whichis sldomusel in practice but wtich
is the kass of aanpling theory, FROM:
* EPS(umngudified): part of a potocd for sleding wnits whichinvolvesothe stdistical idea like gratifying and/or
clusteing and/or s/seemdic sdeding — this is he nore conmonusae of EPS

SOURCE: MacKay R.J.Experimental Desgn and Samping Course Notesfor Stdistics 332/362, Lhiversity of Waterlm, Fall, 2005 pageVIl — 1

2020-0820



