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efore co Jogting date nothing ifgro 1 gt ,Ja provide positive or neg«tive
evidence ¢ out the in n_glence of <ny of the vorie es on ny of the others, ;here
ore sew— ys to o tein dete ond to < e inferences:
o i
. Conduct < stuggeer hich  v- ;i“ es are possive y Oa5er ved <nd use the
inferred sgsocigtions or corre <tions o ong the varie egto ewn <s  uch

%8 possi e  out the cqus< re “thIlb o ong the vorig es.
4
2. Conduct sn e RGI‘I eppr  hich one verie e is gssigned vquesrondo y

r JK}O. ized md use the 1nferred' jsog‘,jtlons or corre stions ¢ ong the
varig es to ewrn 58 uch s possi e ¢ out the cqus+ re <tions..
[and and
. D@#— hi e inter vening to ho d so e other verig eor varic es constant,

P];chdure . is chrcteristic of non e peri ent socig science <nd it h<s
350 gen proposed -nd pursued for dlsCO\ermg the structure of gene regu <tion
et O S Splrteh et. o 2 . Consistent - gorith s for cqus< inferences fro
such detwheve een dgve oped in co puter science over the <st  yews nder
v e% assu ptions 4 out the dat< gener<ting process spedfice X}he Causal
Markov Assur’nmﬁn— hich s¢ys that the direct cuses of ¢ varie, e screen it
fro verin, es thot ore not its e ects <nd the Faithfulness Assumption
o= hich sqys thet o of the condition independence re <tions <re consequences
of the Causal Markov Assumption <pp ied to the directedgr ugh representing the
cus+ re tions. Consistent seqrch « gorith s are 4v4i o e <sed on conditions,
independence focts — the PC A gorith for‘@ Jve D€ Spirtes et 2. 2 —
and ,cher consistent procedures re vei o e &d on <ssign ents of prlpr
pro i 1‘qes ond co put-tion of posterior pro - » ities fro the deto Meé
00/ Ch],g ering 2 2 i oppes to focts o out such proceduramser h<t
oo s ut the det<is of thd'\ gorith s need not CoLCgTN US,
_}here yeho ever strong i itstioyser hotcon e eqrned fro datothat
s<tisfy these <ssu ptions eveyysupp ¢ ced ith gfhigr ide< S'i,‘p)ﬁ ctions.
ahus gupmeee ¢ hove oval o e the true qint pro < iity distri yfjon on the
vorie, es ,,,nd there <re no unrecorded co J on cuses of thequ\ Tigimes— esy
the variq s set is causally su cient <nd there sre no feed «& re stions 4 ong
tlm. "\'griz, es. nder these 4ssu ptions the ¢ gorith s cen deter ine fro the
o served <ssocijmeers hether it is true thot X ond Y ;re’gi J!,cent 1(3, whether
X directly causes Y or Y directly causes X for = vuriz e ut ony in
cert<in cases con the direction of cqus<tion e deter ined. For e ¢ pe if the
true structure is '

X



various seqrch < gorith s



ony M vques ingsee orst Geee>— ¢ require <t e<st

M (N-2)
2

di,rerent e peri ents to deter ine the entire structure. Suppmee e hzve

e-sured the essenger RNA  RNA e pression evesof  genes wnd divide

the e pression eves into high ediu fgd—o o ues_w—c% ou d require in
vablre Orst cose of eqst 2 ;2¢ e peri ents, \

“(arious  odfi cotions of the ,@Qtro procedyre  ight i prove tjmpe orst
caose resuts ond for ony pro'“‘iity distri utions over the pogs; ,CaCUS Y
’sjguctures the e Hected cwsenu  erofe Qeri Vs gu.d presu  y e uch

etter. igmt— e propose < princip ed resut- By co ining procedusss— ith
procedure 2 under the ssu ptions so fg.r' dsted fO’LJ\l > 9 ingelee orst cose
the co pete cquse structure on N veri es caon e'd‘ater e ith N —
e peri ents counting the nu e peri ent of passive Oer \'gtio'n,.procedure
7S one e Qeri en't‘,if conducted. Further this is the est possi e regmet- hen
ot ost one verie, eis rendo ized in e<ch e Qeri ent.

2 The ldea

Congsider the cese of N 3 ‘\'gri“: es. here wre 2 direct’e;i “cyc ic grophs
on' \'ertices.’ i gujess< @medro the grophs sorted into su c¢ <sses thet <re
indistinguishwe ithout e Qeri ent+, inter vention,

2T heariabBHEH2 (B3 5To(eitien) Tcurs.2342 02lerminedts,
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i pyet~ henyY wnd Z wre independent conditiong on X there is no djrect
couse re otioset Jean Y eand Z. he top grephin o y ust therefore e the
true greph. By co  ining serch procedures in this cse used infor me— ith
e peri pnt e e hsip deter, ined the tamser ith < sing e e peri ent. e%
‘—— ere 13: wet- e hod egun y rondo izing Y oneéet o e peri s oud
heve een required, ; e rondo ize X ondie=o jmer  ith - consistent
se<rch procedpg‘. hich requires no ddition aC Herlr gntation o of the di
rect connectionyet een the re <ining verie escen e esti <ted. Ony the
’d.;rections of SO of the edges re <in o N, +hose d’ipgctions cuanceqry
e deter ined y rendo izing ech of the re <ining voriq es.
N SO € Cijges— ¢ 0Se SO ethgl;hrr ee perl e henXigrm
do 1zeld X end Y do not coiues— o that X does no c,glseY W e
do nojwswee— hether Y cuses X or nelth@r cquses the other ecquse our o
nipu <tion of X hisedestroyed wny possi e in uence of Y on X. shus in the
sing e structure in o ¢t erendo ize X wnd Y <nd Z do not commsy ith
X every structursser “hich X is not o direct or indirect cquse of Y or Z <nd



o 8
e,rect. Suppose instigmwe— e’ egin y rendo izing e nd X;Y <re not

associgted < second e ,@eri ent is required to deterygime hether Y cuses X,

he proof of the ound hss ‘ghxee perh+ps surprising COTO g7ries. Any
procedure tht inc udeg Rssive o servotigwssr hich no vorig es e rendo
ized e geeds tw=o er ound for so e cumee— hengthegpassive o servation is
counted s wn e Qeri ent, 2 Contrg ing for vorie, es ye Heri ento v ipg
their v ues is never <n <dventage. ° Ad<ptive” seqrch procedures Murphy
0o.® ong wnd er 2 choose the ost infor <tive” ne te Qeri ent
given the resu ts of previous e Qeri ents. Lhet is thgy,d;qpse the ne te
peri ent thot « i? izes the e Qected infor <tion to e o teined. e%z, SO
sho

\



tip e si u teneous rondo iz<tion



he dat is such st~ e con identify the condition, independencies if
there <re <ny.
[ and
Interventions: lnter ventions qre possi e on every veriq e,

v je n tons
. . "‘ . . .
’qu .experlment. Ii‘Jldo izes «t ost one vorig e end returns the 81nt distri
ution of ¢ verie es.
A procedure is 4 ¢ sequence of e peri ents wnd ¢ structure erning < gorith
wpp ied to the resu ts of these e peri ents. -
A procedure is reliable for -n N verte pro e 1j¢for ~» DAGs on N vertices

the procedure deter ines the correct gr <ph unique Ve L
A procedure is order reliable for sn N verte pro e i}Ait isreiq e for o
non redund znt orderings of e peri ents. -

A’pgocedure is adaptive %it chooses <t eoch step one fro ¢ ong the possi e
su sequent e peri ents s o non trivig function of the resu ts of the previous
e peri ents,

g C* 1w

Proposition 1 For N > 2, there is an order reliable procedure that in the worst
case requires no more than N — experiments, allowing only single interventions.

specify <n °,.r itrery orderu;g,of these vertices. Let exch e peri ent consist of
-n inter vention on one vorig, e, Perfor NF' e Heri ents one inter vention on
e-clme here <i<N-— , BylLe o vemeo  +pp ying the PC < gorith to
theM rst e Heri ent deter ines the <d <cencies 7 ong <t e=st Xqo::: XN. _q;he
kth e peri ent deter ines the directions of 7 edges d J‘,cent to Xk 1. Xj is
od ccent to Xk then Xy is « direct cquse of XJ if wnd on’y if Xj co v_es ith
hen Xk is rendo  ized since i ere on ¥, indirect cause of Xj wnd
since Xj wndglk we od scentidby oud heve to e ¢ direct cquse of Xy _gnd
Hmeee oud Jawcyce - ise Xj is ¢ direct Cgusg,gf Kk. ,XN h<s not een
r‘,ndo ized utits od ccevmbes ith every other voric e hgve een deter ined
' the N — e peri eﬁcs. Suppose Xn wnd Xk are od Jcent Since Xk h<s
een rendo  ized X is 4 cquse of Xy if ond on y if XW vypres it hen
Xk is rendo  ized, n that cse ifmdkr ere n Jgdirect  ut not ¢ direct cuse of
XN thenpr oud e;,,‘tlirect cquse of X ecquse Xn wnd Xk are 2d scent
ond hence tigmwe— oud e 5 cyce. f Xy wnd Xk do not comms hen Xy is
rendo ized then since they qre od <cent Xy is o direct cuge of Xk. £ Xk
-nd Xy are not od cent then this “issing msee ou d heve een identfied in
one of the inter \'entigils onyger— here j / K. Lhese wre % of the cuses. Q.E.D.

Lemma 1 If G is a causal graph over a set of variables V, and G’ the manipu-
lated graph resulting from an ideal intervention on variable X in G, then for all






)

_}he foct thot the sequence of e Qeri ent+ inter ventions is r itrery in the
previous proof suggests tht this resu t is sti true foyubre orst csemmerr hen
the choice of the ne ;e peri ent is gd;,p;i'\'e thet is even if <t ewch point
during the sequence of e peri ents the est” e peri ent given the evidence
fro  the previous e peri ent is chosen, A though,Proposition "o s fro
the previgme—t o proofs s ¢ coro ary the proofmseo e ph-sizes the <spect
th+t no adaptive



1 Ct-e; ,}ypes of .pe; Tnits

o the previgms—t o proofs <n e Heri N s WS Ssu ’eji to consist of
<n inter vention on one particu or vorieg e—Ho' gver it ight e thought tht
other types of e Qe;i,, ents such <8 passive o servetions or inter ventions on
ore thon one vorie, e ight i provewee orst cose resut of N — e peri
ent's,, i e it is true th<t u tip e inter ventions rendo izing ore thgn' one
variy e 2t %4 e con shorten the e peri ents sequgnce this is not the c<se
for pessive o servetion<, studies, e%z, < passive o servetion<, e Qeri ent <
nu e perigy ent. '
»he < ove proofs indicate thtise orst cumse— <ys occurs for particu
or co pete grophs.  fimme ere to run s nu e perl ent ot ny point 1111,the
e peri ent seq;lw Aen the ugder ying groph is co pete the ost Tey
tee oud pro ¢ y e ot the eginning thenmee oud reize thet one is
cro,gfromud' ith 2 co pete grophto ever this infor <tion <nd ore is
0 toinedemry -y fye—t o se'q_;genti“s e Heri ents e<ch consisting of <n inter
vention on ¢ particu or verin e, jhe nu e Re;gi ent pymee ith <ny other
e peri ent cennot generte ore infor <tion ¢ out the greph thwmet o singe
inter vention e Heri ents since ¢ sing e inter vention e ng’ ent < so identYi es
o «d scencies e Gept for thorsp, into the intervened vorie, e. But < second in
ter vention on % diigrent vorigmm e ou d identify these inter ventions too. So the
ony <dvent ggof thenu e peri ent is in theyewe here on y one 'e,‘;;eri ent
is run. jhe ¢ ove proofsgn Y PP Y tQqsrwphs of three or ore voriwes— hich
certin y Lol wys e identfi ed y one e peri ent s one. m fwct even for
-t O v d]g“ —t O c Qel‘l ents wre needed ingslee- orst c wse see discussion in
2in  ody of the pper .
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