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Figure912. ASSOCIATION AND CAUSATION IN STATISTICS Redlity and Illusion

1. Data Visualization

A precep of invesigatirg relatonshigs in gatistics is looking & the data; tha is, visualzing the relatobnship— for exanple,
the course JAT 442 tas he ttle Data Msualization. A caveat D this precep is tha dedding how to visudize the d#a and
how to interpret the dsplay(9 must ke informed ty adequde gatistical undestanding — £eng may be ilusory In this Fgure
912, we ceal n turnwith the three main types & Questbn whicharisewhen nvestigatirg datisticalrdationshis:

1 Is thee ar assogation of X and¥ and if so, wha is its form andor mggntudeandor director??
2. What is hereasonfor an adation —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 ‘naurd’ 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

. ) - ! Asdation (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 (andrelated fenomenja

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

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

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

the smplest cag [or with lack of (expected asedatiori. The Esablish : aceped aceped  aceped

five causal stucturesare from pages 910and 92in Figure 92. caus#on 5 quantfy quaify  prioritize

LA 2 SRR AN X Ring

23y zi\zi/v =Y Xz/v X:?\‘

2. Quedtions of the Firgt Type Casdd)  Casdld  Casdd Case),  Casdlq

Ore way D invesigake ssodation is wth a scatter diagram,
—in its smplest brm, Cartesan axes vith dots ¢r aher ymbds), the @ordinaes ¢ whose ente ae theX and¥ valuesof
each hivariateobsevation However when @amiing such dagrans, t is eay/ to overbdk the Imitation on & Answver about
the X-¥ rdationshipimposel by dfferent mints an the sater diagiam 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 \ersion, whee dfferent ymbds for the points demte four different valiesof some fion-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 beking a a scater diagam d bi- 20] 204 1220
variatedda D assss a X-¥ reationship o " "z=2
we reagnie ha experienceoutsice gatis- ul . 5 -
tics with diagiams invdving Caresan aves R efy s, T
provides por prepadion for gatistics — t 107 . 101 R
is dfficult for later stdistical training to o e . o
ovacome a midsd (unconcened with 4] . 4]
lurking variates) tha arises from more for- 2 2]
maive aidier experiencewith such da- R S s A A A X Ot X
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grans, saring in dementay school, with
on-going exposurein the melia, and @ntinung up to pstsemnday-leve courses, nduding calcdus and afjebra.

2. Loking a@ multivariatedaa D try to detectpaterns which arswerQuestons abaut relatbnshis can ke daded by
stdisticalsdtware tha shows a int doud in three dmersions ;m a @mputer scean with optionslike:
e rotating the int doud in real ime; e usng oolour to distinguish stbses of the mints;
e linking pints €4, by usingcdour) across sdterdiagians whichshav point douds for dff erent sibstsof the
variates (illustraed in Program10, Multidimensonal Data Analysisin Agang All Odds Indde Satistics)

3. The bregoing dsaus$on and sdter diaganms in this Fgure 912 draw dtention to the dstinction ketween cond-
tioning on Z andignoring Z when nvesigatirg relatonshifs.
* Conditionirg is stbdivding, as dsausse at he ypper kft of page9.9 in Sedion 2 of Agure 98.
* A marginal (probabiity) distribution, referred b in Sedion 6 on page9.60 d Figure 98 and ilustraed in
Tables9.810 b 9813 is an @anple d ‘ignoring the vaiatewhich is dset from the narginal distibution —
for ingance in Tabde 9811, X, is atsent, in Tade 9812, X, is alset, and in Take 9813 ¥ is alsent.
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NOTES 3. The right-hand sdter diagiam aerkeaf o1 page973 $ows the marminal distibuton of X and ¥ if we think of
(cont.) the Z diredion & coming \erically up from the @mge With the Z valuesas gven & the yper right of the iight-
hand ersion of the dagiam andhinking d the mgeas he gane Z =0, the first fie pints o the doud would lie
onthe page the iemaning 14 points wauld then le progres#/ely furtherabowe the pagein groups as oe nmoves
to the ight across he daglam. This dsaus$on reminds us ha a mamginal distibuton is aprgedion — we see
the marginal distiibuton of X and¥ if we lodk verically down on te dagiam {.e, we look along the Z axis) to

projed the tiree dimersianal 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 lags for understandig he ways n whichmahemdical modds approximate reaity (reall the naxm

guotedat the end BNote39 m page9.2 of Figure 92).

4. Hgure 98 m pages 57 to 64 daut Smpsa's Paracbx and relaed pheromena Bows tow inteipretng tabuated
daa and ther visud representdion nust ke informed ty adequde sdistical undestanding, induding formulating
aclear Quesion and the ole d lurking variates.
® Ansmmbes fourregreson daa stsin Figure B.50n pages 13.36 and 13.36 in the STAT 221 Course Materals

illustrae the gatisticalhazards of working with numeiical dda simmarieswithoutalsolooking at the d#a.

3. Questions of the Second Type

Forthe :mndtype, ve dstingush four reasns(‘cases for assodation of variates X and¥ in the peenceof a psible
confourder (or lurking \.a!'iate Z; the purrelevant caes from page910 Q‘.Fig- v %
ure 92 ae stownsynhdically at the light, whele an arow denotescauséon: @ X=Y¥ —(@g Z>¥ © Z\¥

* X causes¥ (in the presenceof confourderZ); (¢ causesr) (2 carsest and¥)
* ¥ causesX;
* Z causesX and¥ — tha is, Z is acommon cause of X and¥; @ (\?‘C;S’é) €] (C§ncidere)

* cancidene which dten meas tha both X and¥ are ssdatedwith time—
i.e, aincicenceis often case(9 in whichZ is time (vhatever'causdion by time mears).
A Queston alputthe adual reasa for an dbseved X-¥ as®dation @n ke axsvered by a process d elimination:
o cancidene [cas€3)] requiresextra-stdisticalknovledge o rule it cut;
- in a uriverse with an amostunmurtable rumbe of varates dharging in value arer time, coincicentalasedationsare
likely nurerausbut may lamdy go unndiced
o identifying corredly whichis the eponseand vhichthe explangory varatecan ule ait case 9);
o the remaning two reasnsare dred caus#on [case(l) = case §] and omnon @ue [case(9] — an
invesigaton with a mmpaative Han that yields acceptable imitation on he Arswerimposel by com- © 27 X
parism eror due b type 2b onfourding — eall Figure 99 can then b wsedto try to rule at case Ty
(9); if succesdul, this keaves(dired) caustion [case(l) as the (ikely) reasn br the asdation.
— The Han that mangyesconfourding by a comnon au® for X and¥ [case @] will also maage
paossble mnfourder Z (or Z;) chaming as bcal vaiate X chamges[case @] in a way tha makes ® X\¥
accegiabk the imitation imposel by cmparisan eror due b type 2a onfourding); the common z-7
themeof manajing type 2 onfourding [caseg9) and @) is olding Z fixedasX chargesin value
+ Casq9) is, d course case ) with confourderZ shavn eplicitly — ¥ is acommon response to X andZ.

ForQuestons of the £mndtype, @mparism aror resuts in an Answver that misdentifiesthe aug d ¥ — for instance

- an Arswerwhich sgs X is a cau® d ¥ when (in realty) it is not [casg9),

- an Arswerwhich sgs X is nota au d ¥ when(in realty) it is [casg@8).

Diagians (@) to @) on the fadng page975 and page976 ilustrae thesematers in nore cetal. A realworld exanple ccaurred
in The Gobe and Mil on March 7 2015,pagesM1andM5, in the aticle: $42 AN HOUR WHY CANADAS YOUNG
ACADEMICS ARE OCN THE PICKET LINES.

. . Do we have too many PhDs?
The except (from pageMs) rdevant to his dsausson y

Yet, if graduae programns havegrown, it has leen beaue gvernments

is gven at _he ight. The th.ree \ariat§ ae. ) hae waved mongy at wniversity administrdions opeating underthe
X: proportion of the Candian ppuation with a FhD, assmption ha more gadiae sudents gud increase produdivity
¥: Canada levé of produdivity and innovation, and nnovation.
Z: Canada leve of devdopment In 2011, Ontario annaunced that it would fund an aldtional 6,000
The asumption isthat nore gaduak gudentsequal magers and dactord spats eenas ts undergradae perstudent find-
inaeasedproductivity and innovaion. BUT: @) X—¥ ing, ajustedfor inflation, has ke dedining for decaes
It could well be hat courtries a high leelsof develap- % Tums it that e curent nstuctions for building a
ment roduce both innovation and FhDs. ©) Say PhD sudent nay rot randate into the eonomic gains
Thus. be | 4 b esteblishwhetter the micabl z7 that govenments asume

us,l ;Bt's amedo & 'S_ whetrer gplicable ®) Z/X "It is an open questdbn whether FhDs ae recessary to
casa X ucture & air case J) [= case g or case @j . Say prodiuce hnovaion and produdivity, or can yai do ha
In addtion © the cawsal Queston, there ae dso stdisti- with MAS! said Daniel Munro, an aalst at he Gnfer
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Figure 912. 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 iumber d patent$) and eve of devdopment auttored a 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- rdationshipbeween very advancededua@tion and inno-
ship is causal fase()) on the fadng page974, acceptable imita- vation is urcertan. It could well be hat courtries @high
tion imposel by cmpaism eror @ue b type 2a onfurding) levels of cevdopment poducebah innovation and FhDs.

can usdly be ahievedby a onmpaaive eperimental (but not
an dosevationa) Plan deeloped and exeauted & previoudy

disasse at ergthin Figure 92. The shema / desciptve blockedl—__

at he ight, from the ypper fight of page913 Queston agect expermeﬂta|P|af< protebity s%gning
in Figure 92, remids ts of Han conponents \causave/ adbaete egicaing unblocked
avalabe to invesigabrs to manaye psdble confourding by b t\ |Plan—— méched

known and by inknavn and tnmeaurednonfocal ecplandory variates. obsevalonalan—__ nmached

For Questons d the £mndand hird types, which involve an nferencefrom assdation © caus#éon, the Imitation im-
posedby mmpaism eror due b type 2 onfourding — eall Figure 99 on Ansvers an ke simmarized i two preceps:
* Partial or complete false postive when coincidene can ke ruled out a8 a easn, an X-¥ assodation indicaes caus-
ation of ¥ but not necessarily (only or evenin par) by X.
* False negative as®dation of X and¥ may be absert even when hey havea causal rdationship
Theseprecets formalize the deasin Notel0 an page91lin FHgure 92 and ae ilustraed n more cetdl in eight diagrans
bdow and averkaf o page976, which show how the average of ¥ chameswith X in the pesnceof a (binary) confourder
Z; except for dagram(@) [cas€9) on the fadng page974, the causalannedionsare those i case §. In theseeight diagrars:
e the drcles() repreent eponsevariateaveagesthat b notocaur underthe Han becausetheseavaageswould require the
elementsZ valuesto be differert from ther actud values(caunierfactials — el the midde o page9.26 in Figure 92).
the dots ¢) repreent eponsevariateavaagesfor elementsvhosezZ valuesmean lha theseavaagesare obseved (lag),
the lid lines ae the unobseved reaity, e the dashedlines ae the dseved illugort
the horizontal axs has aquantitative scle, rather than iowing X as a indicaor variatewith valuesof 0 and 1

In the Eft-hand dagam () below the (pasitive) effed of X on (the averaye of) ¥ is representedby the two baces to he

right of the¥¥-axs; however if thee is conburdlng (Z charging from 0 0 1 & X charge3, the dfed of % on would be

oberedas he brace b theleft of the ais. Thus, h 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.

© Diagam @) is me O me O wae O wae @
like dagram(1)

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

entslopes. 38 s ¥ Y s+ Y ANy v S A —

- Diagans () 0 0 0 0
and 9 illustrae parfal false postives assdation of X and¥ 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 conparism aror, is a wong directon for an X-¥ reationshipis dso a ase éwrong value
(and usudly, wrong magnitudg but, as in Smpsa's Paracox (eall Figure 98 a pages 957 to 964, the nore dramaic
(dirediona) manfesttion of @mparisa ator is wsudly enphaszed.

o The right-hand dagiam @) illustrées (vithout interactior) a Conpletg false positive Answver — thee is X-¥ assodation
without X-¥ cawsafon; this is he gudion whenZ is a omnon @ue d X and¥ [case €) on the fadng page974.

- The wo lines in dagram(@ havezeo slogpe ® we |y X and¥ areindepexdentcondtional on Z — for (uni) charge inX,
thee is no charge in(the averaye of) ¥ provided Z is (held fixed — seelao Notes 7and 8 @ page9.64 in Figure 98.

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

- In diagrans @), () and (7), interation of X andZ is inddentd to the nanfesation of @npaism eror when gqiantifying
the magntude andor dredion of he dfed of X on¥; only in diagram(g) is the nteration essatial to this manfesttion

O e e o

D
+

2006-0620 (continued weled)



#976

University of Waterl@ STAT 220 -W. H. Chery
+ (Completg pee (9 peze () 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)’ |nde| ng lype 2 X-Aver age response REL;I'E:@I\?S?-.I}gg-IN EIGHT DIAGRAMS
canfourding, is suamnarized n Talde 9121 & the right. DiagramRelationship | nteraction Comparison error
@ Pasitive None  Wrong nagntude — &aggerated
NOTES 5. For Questons d the hird type, onerred wih quan- (2 Positve  Inddendl Wrong megntude — eeggerated
tifying the dfed of X on¥, the dght X-Averaje e- (@  Paitve  None  Wrong dredion: wong \alue
spone dagrans overkaf o page9d75 and dove ae @  Nore  None  Wrong\aue false pstive
only ill ustrative of comparisan error becaue its paric- g . %‘g‘{vee inddenal \‘;\‘,’;&”g \aue fase ﬂggtzg
ular manfesation depends on he nteplay d seved (7) Negatte Inddentl Wrong\alue false ngatie
matters dfeding dagramappeaance induding: ©®  Mixed Bsetial Wrong alue false ngatve

e the magntudeg9 and diredion(9 of the $ope®) d the X-¥ rdationshis;

e the magntude d the Z-¥ rdationship refleded n the vatical sepaation of the Ines;
e the dseceor preenceof interaction (of X andZ in ther effeds a¥);

e the formsof the X-¥ andZ-¥ rdationshis €49, linear ornoriinea).

6. Thetwo desciptions in the bg columnof Takde 9121 &ove for dagrans @) to @) overkaf ; page975 and dove
remind us ha, for quantitative variates, @mparisan atror is [depite the ®mond (mare damdic) desciptions] a
wrorg value (and usudly, a wong magnitudg for the dfed of X on (the areraje of) ¥. As a oneqiene, da-
grans @ to @) illustrae tre acaurrenceof comparism error for Questons d bath the emndand tird type.
® Similary, 9mpsan's Paracbx @isaussed in Figure 98 m pages 957 to 964 is, unde subdivisionon an addtional

exgdandory varate acharge n valuefor a ‘treament effed, resuting in a framatig charge of dredion of he
‘effed’ [anabgots to dagram(3) overkeaf o page975]

7. For the (Unathinable) ideal Eriterion () on the ypper half of page9.8 in Fgure 62 of all non-focal explanaory vari-
ates remaning fixedwhen X chargesto make gopaentits rdationshipto ¥, the Arswerhasno limitation imposel by
conpaisa eror but when a psble mniurderZ doesnot remai fixed comparisan eror does imposea imiteation
on he Arsweraboutthe X-¥ rdationship Theseimitations from the bregoing dsausson in this FHgure 912, are
summarized n Talle 9122 kelow; it reminds us ha the naure d the imitation cepends on he Questbn mnext

Table912.2 i
Question context Question able Comparison error Confot%%mgOther name
Compaing proportons Does¥ incease o deaease wth X? Wrong dredion for an X-¥ as®dation 3 Sinpsors Paracbx
Edablishirg causéon Is X the r g cawseof ¥? Wong @au® identfied for ¥ 2b Cannon aug
Quanifying a tedment défec  What is he dfed of X on¥? Wrong magntude br dfed of X on¥ 2a Camfourding
Wrong dredion for dfed of Xon¥  2a Cafourding
Improving a pocess k X the most important causeof ¥? Wong nmain cau® identfied for ¥ 2a Cafourding

More than me bcal vaiate What is te dfed of eachX; on¥? Wong efed of one @ more X; on¥ 122 —--

o If Simpsan's Parachx (in the first ine of Talle 212.2) is dbseved n asamplebut the Questdn involves the or
reponding papulation, a imitation is mposel on he Arswerby sampleerior & well as ty conparisonerror.
- Regadess of whether the investigaton involves a iegpanden} popuation ersws or anple, $udy, nonve-
spone aid meauement eror dsolikely need b be managedin the Ran—eg, e @ge9.3 in Fgure 92.
® The :mndlag line of Tabe 9122 deab with processimprovement — prioritizing the explanaory variates re-
spongble for variation in; the elevantcausal onnedionscan then b thaugh of as @se
), [repedaed a the ight from page912 in Fgure 92. Prioritizing a £t d m explanaory Xine
variates X, (I=1, 2 .....,m) can ke achievedby successvely prioritizing pairs of varates X, @, X-/¥
and X;. The dfeds d confourding ae he sameas br quantifying the dfed of X on¥ !
and the ranffesation of @mparism error is identfying thewrong main cause of (variation in) Y.
- Beaug frioritizing explanaory varates invdvestwo or more focal vaiates, the Banshaild male provision
for esimating interaction effed(s).
+ [Perfed or type 1 onfourding among ©me tedament dfeds aising from using a fradional factarial
treament stucture mg be acepable in the Questdn @mniext— reall Note 27 a1 page9.21in Figure
9.2and ee tle dsaus$on of type 1 @nfourding an pages 965 and 966 i Fgure 99)
o In thelag line of Tade 9122, againinvalving estmating treament dfeds for wo o more focal vaiates, he
Plan $auld provide br esimating both main andinterection effeds.
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