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Figure10.7. ASSOCIATION AND CAUSATION IN STATISTICS Reality and Illusion

1. Data Visualization

A precep of investigatirg relatbnshig in ddtistics is looking a the data; tha is, visualzing the relatbnship— for exanple,
the course JAT 442 tas he ttle Data Msualization. A caveat D this precep is tha dedding how to isudize the daa and
how to interpret the dsplay(9 must ke informed ty adequde gatistical undestanding — £eng may be ilusory In this Fgure
107, we ckal n turnwith the three nain types & Questdn whicharisewhen nvestigatirg datisticalreationshifs:

1 Is thee ar assogation of X and¥ and if so, wha is its form andor maggntudeandor director??
2. What is hereasonfor an a9dation —eg, can we estdlish that X causesy?
3. Aceping a elatbnshipas @usal wha is its form —eg, wha is the efectof X on (the averaye of) ¥?
which explanaory varateis the mcst important causeof (variation ir) ¥?
This ‘naturd’ order d such Questbnsmay diff er gopredally from the ane n whichthey ae dsaussd in an ntroductory course
alsg the enphags in inrodudory disaus$on is usudly on the

. ) - ! Assdation (eg, in a sdterdiaga
rdationshipof onefocal vaiate(X) to onerepansevariate(¥). o g=n)

Compaisa atror
The main isste in aur dsaus$on of realty and ilusion

in databasedinvesigatirg of datistical rdationshi is Simpsors Paradox Compadative Han

the imitation imposel on Ansvers by @mpaism eror (andrdated frenomenja

arising from confourding by lurking variates g, Z. A frame- Ore focal Two or nore

work for aur preent dsaisson is hown in the shema 4 the vaate focal vaiates

right; it starts with an dseved a&dation €g, d X and¥ in | Catistion CauSion  Calstion

the smplest cag [or with lack of expected as®datior]. The Esteblish : aceped aceped  aceped

five causal stucturesare from pages 534 and 536 in Figure 57 caus#on 5 quantfy quaify  prioritize

2 2w Py foay Ay

) ) Sy '\Zi/ Z/ Xz/ Xq/'

2. Quedtions of the First Type Casdd)  Casdld  Casdd Casd),  Casdlq

Ore way D invesigake ssodation is wth a scatter diagram,
—in its $mplest brm, Cartesan axes with dots ¢r aher ymbds), the oordinaes ¢ whose ente ae theX and¥ valuesof
eah hivariateobsevation However when @amiing such dagrans, t is eay/ to overbdk the Imitation on & Answver about
the X-¥ rdationshipimposel by dfferent mints an the sdter diagam haing differing valuesof a urking varate Z. This
matteris illustated ty the two ersions d the samesatterdiagam a the ight below:

* in the Eft-hand \ersimn in which Z valuesareignored we se a X-¥ rdationshipthat muld reasnally be modelled ty a
straght line with anegaive slgpe.
* in the ight-hand \ersian, whee dfferent ymbds for the points demte four different valiesof some fon-foca) exgana

tory vaiate Z, the staight-line X-¥ relationshipcan hae a ¥ope whichis Close b) zero (when Z is 0, postive (vhen Z

is 1 a 2) or negatie (vhenZ is 3.

¥ ¥

NOTES 1 When bcking & a sater diagam d bi- 20] 201 122)
variatedaa 0 assess @ X-¥ relationship o " 0222
we reagnie ha experienceoutsice gatis- ul . 5 -
tics with diagians invdving Cariesan axes R elt, T
provides or prepaation for gatistics — t of e of e
is dfficult for laterstaisticaltraining to over 2: * 2: ° )
comea mindsé (unconcenedwith lurking 4] . 4]
variates) ha arises from more formative 2 2
ealier experience with such dagrans, AT A Y S MM S A A A A AP

stating in dementay school, with an-going
exposurein the melia, and @ntinung up to pstsemnday leve courses, nduding calcdusand afjebra.

2. Loking @ multivariatedaa D try to detectpaterns which arswerQuestons abaut relatbnshifs an ke aded by
stdisticalsdtware tha shows a pint doud in three dmersions ; a @nputer scean with optionslike:
e rotating the mint doud in real ime; e usng oolour to distinguish stbses of the mints;
e linking mints €g, by using cdour) across sdter diagams which shav point douds for dfferent sibets of
the vaiiates —eg, e Rogram10, Multidimengona Data Analysisin Agang All Odds Insde Satistics.

3. The bregping dsaus$on and sater diagians in this Hgure 107 draw atention to the dsinction between cond-
tioning on Z andignoring Z when nvesigatirg relatonshifs.
* Conditionirg is stbdividing, as dsausse at he ypper keft of pagell.B in Sedion 2 of Agure 1L.6.
* A marginal (probabiity) distribuion, referred b in Sedion 6 on jagell. ¥ of Fgure 1.6 and ilustraed in
Tabes11610 © 11.613 is an eanple d ‘ignoring the vaiatewhich is dsent from the narminal distibution —
for indance in Tade 1L611, X, is atsent, in Tade 1L.612, X, is alset, and in Tade 1L613 ¥ is alsent.
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NOTES 3. The right-hand sdter diagam oerkaf ; pagel013 $ows the nmarginal distibuion of X and¥ if we think of
(cont) the Z diredion & coming \erically up from the @mge With the Z valuesas gven at he per right of the iight-
hand ersion of the dagiam andhinking d the mgeas he gane Z =0, the first fie pints o the doud would lie
onthe page the iemaning 14 points wauld then le progres#/ely furtherabowe the pagein groups as oe nmoves
to the ight across he dagam. This dsaus$on reminds us ha a maminal distibuton is aprgedion — we see
the marginal distiibuton of X and¥ if we lodk verically down on the dagiam (.e, we lodk dong the Z axis) to
projed the tiree dimersional pint doud o to the gare of the @ge
® [t is inteesing to pecuate on he etent to which the ideasof condtioning and marginalizing ©r projeding)
provide a lass for understandig the ways n whichmahemaical modds approximate reaity, beaiing in mind
the mexim of the bateDr. Geage E P Box, a repectedU. S ddtistician: All model are wong, smeare wsefll.

4. Hgure 1.6 on @ages 1.1 to 1.18about Simpgors Paradx and relaked fhenomenahavs bow inteipretng tabua-
teddaa and ter visud repreentdion nust ke informed ty adequde ddistical undestanding, induding formula-
ting aclear Queston and the ole d lurking variates.
® Ansmmbeés four regres®n daa etsin Figure 6.50n mpges .20 and 6. 22 illustrde the ddisticalhazards d

working with numeiical dda simmarieswithoutalsolooking at the dda.

3. Quedtions of the Second Type

Forthe smndtype, we dstingush four reasns(‘case} for assogation of variates X and¥ in the pesnceof a psible
canfourder (or lurking variatg Z; the burrdevant caes from pageb. 34 of Hg-

ure 57 ae stownsynbdically at the ight, whee an arow denoes casdion: AX—=¥ _ X\¥ 2z
% in th f . @ (X causesr) — ® 727 © ay
X causes¥ (in the peenceof confourderz); (# cassest and'¥)
* ¥ causesX;
* Z causesX and ¥ — tha is, Z is acommon cause of X and¥; @ (\?‘C;S’ez;) €] (C)(,?ncidere)

* cancidene which dten meas tha both X and¥ are ssdatedwith time—
i.e, wincicenceis often case(9 in whichZ is time (vhatever, if anything, ‘causéion by time mears}.
A Questdn alputthe adual ressan for an dbseved X-¥ as®dation @n ke ansvered ty a process d elimination:
o cancidene [cas€?3)] requiresextra-stdisticalknowledge o rule it aut;
- in a urverse with an amostunourteble rumber of varates dharging in value orer time, coincicentalasgdationsare
likely nunmerausbut may lamgdy go unndticed
o identifying corredly whichis the egponseand vhichthe explangory varatecan ule ait case );
o the remaning two reasnsare dred causéon [case(l) = case §] and ®mnon @ug [case9] — an
invesigaton with a mparative Han that yields acceptide limitation on he Arswerimposel by com- o z2<7 X
parisa aror due b type 2b onfourding — £e Agure 1.7) can then b wsedto try to rule aut case 9); Ty
if succesdul, this eares(dired) caustion [case(l) as the (likely) reasn br the ssodation.
— The Han that mana@yesconfourding by a conmaon caug for X and¥ [case @) will also maage
passble mnfourder§ Z (or Z;) chaging as bcal vaiate X chamges[case €)] in a way ha makes ® X>¥
accegiabk the imitation mposel by wmparisan aror @due b type 2a onfourding); the ®mnon
themeof manajing type 2 onfourding [caseg9) and @) is tolding Z fixedasX chargesin value
+ Casqpg) is, d course case ) with confourderZ shavn eplicitly — ¥ is acommon response to X andZ.

For Questons of the ®mndtype, @mparism aror resuts in an Ansver that misdentifiesthe aug d ¥ — for instance

- an Arswerwhich sys X is a @u® d ¥ when (in realty) it is not [casg9),

- an Arswerwhich sgs X is nota au d ¥ when(in realty) it is [case8).

Diaglams (@) to ) on the fadng pageand o pagel016 ilustrae tresemdters in nore cetdl. A realworld exanple ccaurred
in The Aobe and Mil on March 7 2015,pagesM1 andMs5, in the aticle: $42 AN HOUR WHY CANADAS YOUNG
ACADEMICS ARE ON THE PICKET LINES.

The except (from pageMs) relevant to his dsausson
is gven at he ight. The three \ariates ae:

Do we have too many PhDs?

have waval mone/ at wiversity administrdions operating underthe

A: proportion of the Caneian mpuation with a FhD, assmption ha more gadiae sudents qud increase produdivity
¥: Canada leve of produdivity and innovation, and hnovaion.
Z: Canada leve of devdopment In 2011, Ontario annourced that & would fund an aldtional 6,000
The assumption isthat nmore gaduae gudentsequal madgers and dactard spats e/enas ts indergradae perstudent find-
increasedproductivity and innovation. BUT: 1) X—=¥ ing, ajustedfor inflation, has keen dedining for decaes
It could well be hat courtries 4 high lewelsof develop- % Tums ait that he curent nstuctons for bulding a
ment poduce both innovaion and FhDs ©) Say PhD gudent may rot trandate into the eonomic gains
. . ' . 7z that governments asume

Thus, hee is a reed b estalishwhetter the goplicable "t | 6n whather FhD ‘

| stucture 5 aur case 7 [= case )] or case 9 9z 'S & PN LESH or 1Ds ae ecesary 1o
causa ) Say prodice hnovaion and produdivity, or can yai do ha

In addtion 1 the cawsal Queston, thee ae dso stdisti- with MAS; said Daniel Munro, an aalstat he nfer
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Yet, if graduae progrars havegrown, it has leen beaue gvernments
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Figure10.7. ASSOCIATION AND CAUSATION IN STATISTICS Redlity and .... (continued 1)

cally challerging mattes d measuring a wurtrys produdivity enceBoad o Canadawho will be eleaing a eport he ©-
and hnovaion (umber d patents) and eve of devdopment auttored o PhDs n the Candian hbour market this sping.

Dr. Munro says t is true tha courtries with a Hgher per

. . centage of hDs havehigher levé of produdivity and in-

4. Quedtions of the Third Type novation, and tend to ppducemorepaents However the

Forthe third type of Questbn, provided that the X%-¥ rdation - relationshipbeween very advancededuation and inno-

shp is causal Ease(l) on the fadng mge]_O]A]’ acceptlde limita- vation is urcertan. It could well be h&t oou_rtries ahigh
tion imposel by cmpaism eror @ue b type 2a cnfurding) levels of cevdopment poducebath innovaion and FhDs.

can usidly be achieved by a @mparaive experimental (but not
an dosevationa) Plan deeloped and exeauted & revioudy

disasse a lergthin Figure 57 The hena / desciptve blocked—__

at he iight, from the wper right of page5.37 Queston apect eXpermeﬂtalF’lar< probabilty ZBsgring
gl , e unblocked —

in Figure 57, remnds us & Plan conponents \causave aceauae |ep|cet|ng

avalable 1 investigabrs to manaye ssble confourding by Obsevatl(‘)nalplan/ mached
knownand by mknown and utnmeauednonfocal explanaory variates. ~— unmached

For Questons of the £mndand hird types, wich involve an nferencefrom ss®dation © caus#éon, the Imitation im-
posedby mmpaisa eror @ue b type 2 onfourding — e FAgure 117) on Ansvers an e simmarnzed n two preceps:
* Partial or complete false postive: when coincidene can k& ruled out @ a ea®n, an X-¥ assogation indicaes caus-
ation of ¥ but not necessarily (orly or evenin par) by X.
* False negative as®dation of X and¥ may be abser even when hey havea causal rdationship
Theseprecets brmalize the deasin Note 30 an page5.3 in FHgure 57 and ae ilustraed n more cetdl in eight diagrans
bdow and overkaf o pagel016, which show how the awverage of ¥ chargeswith X in the pesnceof a (binary) confourder
Z; except for dagram(@) [case(9) on the fadng pagell. 4], the causalannedionsare those n case §. In theseeight diagrans:
e the drcles(9 repreent eponsevariateaveagesthat  notocaur underthe Han becausetheseavaageswould require the
units Z valuesto be differert from ther actud values(caunierfactuals — iecall the midde o page5.50 in Figure 57).
the dots ¢) repreent eponsevariateavaagesfor units whoseZ valuesmean lha theseaveagesare obseved (lag),
the lid lines ae the unobseved reaity, e the dashedlines ae the dseved illudort
the horizontal axis has aguantitative scale, rather than siowing X as a indicaor variatewith valuesof 0 and 1

In the Eft-hand dagiam () below the (positive) effed of X on (the averaje of) ¥ is repreentedby the two baces to he

right of the¥¥-axis; however, if thee is G)nfourdmg (Z charging from 0 0 1 & X chargey, the dfed of % on would be

oberedas he brace b theleft of the ais. Thus, n dagram(l):

- the dashedline invdving mmpaism etor yields awrorg @xaggeraed magnitudefor the dfed of X onY-.

- the dope of the ®lid lines siowing te elatonshipof X to the aeraye of ¥ areunaffeded ty the valie of Z — thd s,
thele is ro interaction of X andZ.

o Diagam @ is e, (@ pee @ e, O pee (@)

like dagram()

exet thee is G B
interaction of X L t@/. (
andZ — the lid o7 z=0
lines hae differ- L ¢ ./ t

entslopes. o ol X ol—x o X
- Diagans () 0 0 0 0
and 9 illustrae parfal false postives assodation of X and¥Y does comegpond to caisdion of ¥ by X but @nfourding
by Z distotts realty (credes illusion).

o In diagram(3 with a differert (negative) Z-¥ rdationship comparisa eror is wrorg drecton for the dfed of X on¥.

- An Answerwhich, due b conpaism aror, is a wong directon for an X-¥ reationshipis dso a ase éwrong value
(and usudly, wrong magnitudg but, as in Smpsals Paracbx GeeFigure 1.6 on mges .11 to 1119, the nore damaic
(dirediona) manfesttion of @mpaism error is tsudly emphaszed.

o The right-hand dagiam ¢) illustraes ithout interaction) a Conpletg false positive Ansver — thee is X-¥ assogation
without X-¥ cawsafon; this is he gudion whenZ is a omnon @ue o X and¥ [case @) on the fadng pagel014.

~ The wo lines in dagram(4) havezeo slope ® we |y X and¥ areindepadentcaondtional on Z — for Unit) charge inX,
thee is no chage inthe averae of ¥ provided Z is (held fixed — seelso Notes 8 and on pagell.B in Figure 1L.6.

® A false ngative Answver, as in dagram(5) overkaf can aaur in ather ways; in diagram (), uch an Ansver agan arises
from confourding withoutinterection, and in dagrans (7) and @) [as h dagram(5)] from bath confourding and interaction.

= In diagrans @), 6) and (7), interation of X andZ is inddentd to the nanfesttion of @mparisa eror when quantif ying
the magntude andor dredion of he dfed of X on¥; only in diagram(g) is the nteration essatial to this maniesation

O e e o

D
+

2006-0620 (continued weled )



#1016

University of Waterl@ STAT 231 —WH. Chery
+ (Completg pee (9 wee  (6) peze (1)
false ngatives
involve the
spedal caseof
exad cancé
lation of he
effeds d X ol X
andZ on¥ 0
The foreg)”‘g. dswsmn of d.agram; (1) to (8)’ In\./dVI ng lype 2 X-Average response RELATr?gll\(laS::-ﬁ()I.Z'éIN EIGHT DIAGRAMS
canfourding, is suamnarized n Talde 107.1at the right. Diagram Relationship | nteraction Comparison error
@ Pasitive None  Wrong nagntude — @aggeated
NOTES 5. For Questons d the hird type, ®neerred wih cuan- (@  Paositve  Inddenal  Wrong megniude — eiaggerated
t|fy|ng the dfea of X on ¥, the @H X_Averge e- ® Pasitive None Wrong dredion: wrong \value
spons dagrans oerkaf o pagel015 and dove ae @  Nore  None  Wrong\aue false stive
only ill ustrative of comparisan error becaue s paric- g r %‘;"{fe nddentl W ol Vae: false Qggtzg
cuar manfesttion cepends on he nteplay d seved (77  Negatie Inddenal Wrong \alue false neative
maters dfeding dagramappeaance induding: ©®  Mixed Bseial Wrong ale false ngatve

e the magniude§ and diredion(9 of the opek) d the X-¥ rdationshis;

e the magniude d the Z-¥ rdationship refleded n the vatical spaation of the ®lid lines
e the dsenceor preenceof interaction (of X andZ in ther effeds a¥);

e the formsof the X-¥ andZ-¥ rdationshifs €g, linear ornorlinea).

6. Thetwo desciptions in the bg columnof Talde 107.1abovefor diagans @) to @) overkaf o pagel015 axd dove
remind us hd, for quantitative variates, omparisa etror is [degite the ®ond (mare damaic) desciptions] a
wrorg value (and usudly, a wong magnitudg for the dfed of X on (the avergje of ¥. As a onequene, da-
grans @) to @) illustrae tre ocaurrenceof comparism error for Questons d bath the emndand hird type.
® Similay, Smpsais Paracbx @isasse in Figure 1.6 on mges 1.1 to 1119 is, unde subdivisionon an additional

exgdandory varate, acharge n valuefor a ‘treament effed, resuting in a framatig charge of dredion of he
‘effed’ [anabgols to dagram(3) overkaf am pagel015]

7. For the (natainable) ideal Eriterion () nea the tg of page5. 3 in Figure 57 of all non-focal explanaory variates
remaning fixedwhen X chamesto make gpaentits rdationshipto ¥, the Arswerhasno limitation imposel by com-
paism eror but when a pséble mnfourderz doesnot reman fixed comparism eror does imposea limitation
on the Arswerabout the X-¥ rdationship Theseimitations from the bregoing dsauson in this Hgure D7, ae
summailized n Tabe 107.2bdow; it reminds us ha the naure d the Imitation depends on he Questbn @niext

Question context Quedtion Table10.7.2 Comparison error Comcotlf/?)delngOther name
Compaing proportons DoesY incease @ deaeae with X? Wong dredion or an X-¥ as@dation 3 Sinpsors Paradx
Edablishirg causéion Is X the r g cawseof ¥? Wrong @u® identfied for ¥ 2b Cannmon @us
Quanifying a teament dfec What is tie dfed of X on¥? Wrong magniude br dfed of X on¥ 2a Cafourding

Wrong dredion for dfed of Xon¥  2a Cafourding
Improving a pocess k X the mast importart causeof ¥? Wong nmain cau® identfied for ¥ 2a Cafourding

More than me bcal vaiate What is he dfed of eachX; on¥? Wong efed of one @ moreX; on¥ 1,22 —--

o If Simpsan's Paradbx (in the first ine of Talde 107.9) is doseved n asamplebut the Questdn involves the or-
regponding population, limitation is mposel on he Arswerby sampleertor & well as ty conparisonerror.
- Regadess of whether the invesiigaton involves a fepaonden} popuation eersus or @nple, sudy, nonve-
sponge and meauement eror dso likely need b be nanagiedin the Ran—eg, e @ge5.84 n Fgure 57
® The ®mndlag line of Tade 107.2 deak with process improvement — prioritizing the eplanaory variates re-
spongble for variation in¥; the elevantcausal onnedionscan then b thougtt of as @ase
(1), [repeded a the ight from page5.36 in Figure 57. Prioritizing a £t d m explanaory Xine
variates X, (1=1, 2 .....m) can ke ahievedby successvely prioritizing pars of variates X; @, X-/¥
and X;. The dfeds d confourding ae the sameas br quantifying the dfed of X on¥ !
and the ranfesttion of ®mparism aror is identfying thewrong main cause of (variation i ¥
- Be@ue prioritizing explanaory variates invdvestwo or more focal vaiates, the Ran shaild male provision
for estmating interaction effed(s).
+ [Pefed or type 1 ®onfourdingamong me tedment dfeds aising from using a fractional factarial
tredment stucture mg be accepilde in the Questbn mnext— reall Note 47 onpage 545 in Figure
57 and =e tie dsausson of type 1 onfourding a1 pages 1.19and 1. 20 in Figure 11.7]
@ In thelag line of Talde 107.2, againinvolving esimaing treament dfeds for two a more focal vaiates, he
Plan $auld provide br esimating both man and interaction effeds.
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