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Abstract

This paper deals with the problem of estimating the proba-
bilities of causation when treatment and effect are not binary.
Tian and Pearl derived sharp bounds for the probability of
necessity and sufficiency (PNS), the probability of sufficiency
(PS), and the probability of necessity (PN) using experimental
and observational data. In this paper, we provide theoretical
bounds for all types of probabilities of causation to multi-
valued treatments and effects. We further discuss examples
where our bounds guide practical decisions and use simulation
studies to evaluate how informative the bounds are for various
combinations of data.

Introduction

In many areas of industry, marketing, and health science, the
probabilities of causation are widely used to solve decision-
making problems. For example, Li and Pearl (Li and Pearl
2019) proposed the “benefit function”, which is the pay-
off/cost associated with selecting an individual with given
characteristics to identify a set of individuals who are most
likely to exhibit a desired mode of behavior. In Li and Pearl’s
paper, the benefit function is a linear combination of the prob-
abilities of causation with binary treatment and effect. For
another example, Mueller and Pearl (Mueller and Pearl 2022)
demonstrated that the probabilities of causation should be
considered in personalized decision-making.

Consider the following motivating scenario: an elderly pa-
tient with cancer is faced with the choice of treatment to
pursue. The options include surgery, chemotherapy, and ra-
diation. The outcomes include ineffective, cured, and death.
Given that the elderly patient has a high risk of death from
cancer surgery, the patient wants to know the probability that
he would be cured if he chose radiation, would die if he chose
surgery, and nothing would change if he chose chemotherapy.
Let X denotes the treatment, where x1 denotes surgery, xo
denotes chemotherapy, and x3 denotes radiation. Let Y de-
notes the outcome, where y; denotes ineffective, yo denotes
cured, and y3 denotes death. The probability that the patient
desires is the probability of causation, P(y3, , Y1, Y24, )-

Pearl (Pearl 1999) first defined three binary probabilities
of causation (i.e., PNS, PN, and PS) using SCM (Galles and
Pearl 1998; Halpern 2000; Pearl 2009). Tian and Pearl (Tian
and Pearl 2000) then used observational and experimental
data to bound those three probabilities of causation. Li and

Pearl (Li and Pearl 2019, 2022b) provided formal proof of
those bounds. Mueller, Li, and Pearl (Mueller, Li, and Pearl
2021) recently proposed using covariate information and the
causal structure to narrow the bounds of the probability of
necessity and sufficiency. Dawid et al. (Dawid, Musio, and
Murtas 2017) also proposed using covariate information to
narrow the bounds of the probability of necessity.

All the above-mentioned studies are restricted to binary
treatment and effect, limiting the application of probabili-
ties of causation. Zhang, Tian, and Bareinboim (Zhang, Tian,
and Bareinboim 2022), as well as Li and Pearl (Li and Pearl
2022a), proposed nonlinear programming-based solutions
to compute the bounds of nonbinary probabilities of cau-
sation numerically. However, the theoretical foundation of
nonbinary probabilities of causation is still required, not only
because numerical methods are limited by computational
power but also because people are interested in the theo-
retical foundation due to further development and analysis.
In this paper, we will introduce the theoretical bounds of
any probabilities of causation defined using SCM without
restricting them to binary treatment and effect.

Preliminaries

In this section, we review the definitions for the three aspects
of binary causation, as defined in (Pearl 1999). We use the
language of counterfactuals in SCM, as defined in (Galles
and Pearl 1998; Halpern 2000).

We use Y, = y to denote the counterfactual sentence
“Variable Y would have the value y, had X been x”. For
the remainder of the paper, we use y, to denote the event
Y. = y, y.s to denote the event Y,y = y, y’. to denote the
event Y, = ¢/, and y., to denote the event Y,y = y’. We
assume that experimental data will be summarized in the
form of the causal effects such as P(y, ) and observational
data will be summarized in the form of the joint probability
function such as P(x,y). If not specified, the variable X
stands for treatment and the variable Y stands for effect.

Three prominent probabilities of causation are as follows:

Definition 1 (Probability of necessity (PN)). Let X and
Y be two binary variables in a causal model M, let x and
y stand for the propositions X = true and Y = true,
respectively, and ©' and iy’ for their complements. The
probability of necessity is defined as the expression (Pearl



1999)

PN P(Y, = false|X = true,Y = true)
Py, y)

Definition 2 (Probability of sufficiency (PS)). (Pearl 1999)

> 1>

PS £ P(y.ly, ')

Definition 3 (Probability of necessity and sufficiency (PNS)).

(Pearl 1999)
PNS 2 P(y,,y.)

PNS stands for the probability that y would respond to x
both ways, and therefore measures both the sufficiency and
necessity of x to produce y.

Tian and Pearl (Tian and Pearl 2000) provided tight bounds
for PNS, PN, and PS using Balke’s program (Balke 1995)
(we will call them Tian-Pearl’s bounds). Li and Pearl (Li and
Pearl 2019, 2022b) provided theoretical proof of the tight
bounds for PNS, PS, PN, and other binary probabilities of
causation.

PNS, PN, and PS have the following tight bounds:

07
P(yr) - P(yz’)a
WA\ p(y) - ply,, (S PNS
P(y.) — P(y)
P(yz),
P(y,),
PNS <min{ P(z,y)+ P(z',y'),

1,
PN < min{ P(y.)—P(z'y') }
P(z,y)

Note that we only consider PNS and PN here because the
bounds of PS can easily be obtained by exchanging x with
2’ and y with ¢/ in the bounds of PN. To obtain bounds for a
specific population, defined by a set C' of characteristics, the
expressions above should be modified by conditioning each
term on C' = c.

However, the above three probabilities of causation are
unable to answer the query in our motivating example. In this
paper, we demonstrate the bounds of any types of probabili-
ties of causation. We illustrate the theorems by the order of
the number of hypothetical terms (i.e., number of y, terms
in the probability of causation). For example, the number
of hypothetical terms in P(y,,y’,,) is 2. The proof of all
theorems is provided in the appendix.

Probabilities of Causation with Single
Hypothetical Term
We start with four simple probabilities of causation with
a single hypothetical term. Let X denotes the treatment
with potential values z1,...,z,, and Y denotes the effect
with potential values yi, ..., y,. The four probabilities of
causation with a single hypothetical term are P(yixj,yi),
P(Yiy, uk),s:t,i # Kk, Pyig,,xx),st,5 # k, and
P(yixj Yk, Tm), S.t.,m # j. The following theorems define
their bounds using observational and experimental data.
Theorem 4. Suppose variable X has m values x1, ..., Tmy,
and'Y has n values y1, ..., Yn, then the probability of causa-
tion P(yilj,yi), where 1 <1 < n,1 < j < m, is bounded
as following:
max{ p, VB 1 S P )

P(Yia,,yi) < Hlin{ PZ(DZE;?))» }

Theorem 5. Suppose variable X has m values 1, ..., Ty,
and 'Y has n values y1, ..., Yn, then the probability of causa-
tion P(yimj,yk), wherel < i,k <n,1<j<m,i#k,is
bounded as following:

0,
0,
max Ply.,,)
Di<p<mpri MAX Y +P(Tp, yr)
T -1+ P(xy)
—P(zj,y:)

1 P( la:) _P($j7 i)7
PYig, yr) < I'Illn{ P%ykj) B P(yk,xzi) }

Theorem 6. Suppose variable X has m values 1, ..., Ty,
and'Y has n values y1, ..., Yn, then the probability of causa-
tion P(yixj,a:k), wherel <i<n,1<jk<m,j#kis
bounded as following:

0,
max {  P(yiy;) — Pz, ) < P(yiy,, o)
-1+ P(z;) + P(xy)
; P(yiy.) — P(j,vi),
P(yiwj7xk) < mln{ (y ])P)(xk)( J y) }

Theorem 7. Suppose variable X has m values 1, ..., Ty,
and 'Y has n values y1, ..., Yn, then the probability of causa-
tion P(yizj,yk,a:p), wherel < i, k<n,1<j,p<m,j#
p, is bounded as following:
0,
max ¢ PWiz,) + P(xp, yr)
1+ Play) - Plaj,y,)

P(xpvyk)

S P(yz;vJ y Yk xp)

P(yixjay/wxp) S mln{



Note that, there is no theorem for the probability of
causation P(y;, , ;) because P(y;, ,x;) simply equals
P(y;,x;). Moreover, Theorem 7 is the general form of PS
and PN. Besides, we do not have any theorem about con-
ditional probabilities, because conditioning on observations
does not change the properties of the bounds. For example,
P(yizj |yk7 xp) = P(yz% y Yk xp)/P(ylw xp)'

Probabilities of Causation with Multi
Hypothetical Terms

In this section, we deal with four complicated prob-
abilities of causation with multi hypothetical terms.
They are P(yhzh PRREX} yikzjk )’ P(yhzh PRREX} yikzjk ) mp)’
P(yille oo Ying; o Yq), and P(yille e Yingy o Tp Yq)>
s.t..j1 # ... # jr # p. Unlike the bounds in single hy-
pothetical term cases, the bounds in this section are bounded
recursively with cases with a smaller number of hypotheti-
cal terms. The following theorems provide the bounds using
observational and experimental data.

Theorem 8. Suppose variable X has m values 1, ..., Ty,
and Y has n values y1, ..., yp, then the probability of cau-
sation P(yille,...,yimjk), where 1 < i1,...,1 < n,1 <
1y ey Je <My J1 F ... F Jk, Is bounded as following:

0,
Z1§t§k P(yim“) —k+1,

maXlStSk(LB(P(yilzjl PREXT) yit—lxjt_l’

yit+1$jt L’ "‘7yikxjk))

max +P(/yit.’tit) —-1),

Zlgpgm,s.t.,ﬂr,lgrgk,p:jr
LB(P(yilmh?"'?yirfler 5

—1

yir+1mjr_+1 (R yik.’l)jk,xj’r" Yi, )+

1<p<m,s.t..p#j1#...#Jk
LB(P<yi1xj1 30ty yLkak ; Tp

< P(yilxh P vysz]k)

P(yilxh ) a%k%k) S

ming <¢<g P(yimjt ),

minlStSk UB(P(yillea"'ayit—lxjt 1’

ylt+lw1t+1 PREES) yzkm ))7
min E
1<p<m,s.t.,3r,1<r<k,p=jr
UB(P(yilg;jl PRRRE) yi,,.,lxh_l )
yir+1ij+1 PREEY] yucx]k » Lo ylr>)+
1<p<m,s.t.,p£j1#...#jk
UB(P(y’Lla:J AR ylka: 7xp))
1 ik
where,

LB(f) denotes the lower bound of a function f and UB(f)

denotes the upper bound of a function f. The bounds of
PR yikxjk » L yjr‘)

are given by Theorem 7 or 11, the bounds of
P(yimj1 s Ying, xp) are given by Theorem 6 or 9, and
the bounds ofP(yil% v Yirg, yi‘“rjtﬂ s ey yimjk)
are given by Theorem 8 or experimental data if k = 2.

P(yi1 @0 Yir_1 T, ) yir+1 xj,

Theorem 9. Suppose variable X has m values x1, ..., Ty,

and'Y has n values y1, ..., Yn, then the probability of causa-

tion P(yilzh,...,yimj ,Tp), where 1 <'iq, ..., <n,1 <
Ik

1y Jks 0 < My j1 # ... # Ji £ p, is bounded as follow-
ing:

0,

Z1§t§k P(yimjt) + P(zp) — k,

max
maXlStSk(LB(P(yila:jl yeey Yip zj,_, 3

yiﬁ.ujt RN ylmjk ))

+LB(P(Yi,,,, - @p)) — 1)

S P(yllle ) "'7yikIjk7xp)

P(yhmh PREXT) yikxjk ) xp) S

ming <¢<g P(%m“%
P(IP)a

min mlnlgtgk UB(P(yileh7.'.7yit*1-’ﬁjt,17

yitﬂ%ﬂ o Yina, )

miny<i<k UB(P(Yi 5, Tp))

where,
LB(f) denotes the lower bound of a function | and UB(f)
denotes the upper bound of a function f. The bounds of
P(yimj1 s y"ffle,,,l , yitﬂmjtﬂ R yzkxjk) are given by
Theorem 8 or experimental data if k = 2 and the bounds of
P(yi,,. ,xp) are given by Theorem 6.

it

Theorem 10. Suppose variable X has m values x1, ..., Ty,
and Y has n values y1, ..., Yyn, then the probability of cau-
sation P(yillev“'vyikmjkqu)’ where 1 < i1,..,i,q <

n,1 < ji,...,jk < m,j1 # ... # jg, is bounded as follow-



ing:
0,
doi<i<k P(yimjt) + P(yq) — k,
maxlﬁtﬁk’(LB(P(yil TR yit,flx].til )
yit+1xjt T yz‘m].k ))
max +LB(P(yimit +Yq)) — 1),
Zlgpgm,flr,lSrgk,p:j,,v,q:ir
LB(P(yilzjl PREXS) yiryr—lfch71 ’
yi7»+1wjr+1 3 yik:tjk ) xj7~7 yl1))+
1<p<m,s.t..p£j1#...#jk
LB(P(yilm“ 3 ey yikzjk » Lpy yq))
S P(yilzrjl PRRRE) yimjk ) yq)
P(yhzh PREXD) ylkx]k ) yq) S
min; <¢<g P(ymjt%
P(?Jq)v
minlStSk UB(P(y’leJl PREXT) yit—lxjf_l’
y’it+11jt+1 PRRXS} yik;gjk ))v
min minlgtﬁk UB(P(y’Lt z;,) yq))a
Z1SPSm,S~t‘73”‘,1STSk,P:jr,q:ir
UB(P(yilg;jl PREXS) yir,-ﬂmjr_l ’
yir«{»le’r_*_l PRXED) yzm“ y Lo yu))"‘
1<p<m,s.t..pAj1#-..#Jk
UB(P(yimh’""yikxjk’xpqu))
where,

LB(f) denotes the lower bound of a function f and UB(f)
denotes the upper bound of a function f. The bounds

Of P(yil @iy Yi,._1 x50 yir+1 Tji y oo Yip x5, Lj,.s yjr)!
P(yile1 oo Yirg 5 Ty Yq) are given by Theorem 7 or 11,
the bounds of P(y; e Ui ; ey Vi

I PWiray, s oo Yirorg,, Yiverg, | oo Yinay,)

are given by Theorem 8 or experimental data if k = 2, and
the bounds ofP(y,-mit ,Yq) are given by Theorem 4 or 5.

Theorem 11. Suppose variable X has m values 1, ..., T,
and 'Y has n values y1, ..., Yn, then the probability of causa-
tion P(yilxhv"'vyimjkvxp’yq)’ where 1 < i1,...,0k,q <

n,1 < J1,es k0 < My j1 # .o # i F£ D, Is bounded as

following:
0,

Doi<i<k P(yim‘“) + P(xp,yq) — k,

max
maXlStSk(LB(P(yille yeey Yip o zj, 3

yiﬁ.ujt RN ylujk ))

+LB(P(y’it;c,it7xp7yq)) - 1)
S P(yzu“ 3oy yikzjk y L, yq)

P(y’hzha"'7yikxjk7xp7yq) S
ming <¢<g P(yimh%
P(ij’yq)7

min minlgtgk UB(P(yill’h""’yit*lxjf 1,

th+1wjt+1 ey ymm ))7

ming <¢<g UB(PQHH% s Tps Yq))

where,
LB(f) denotes the lower bound of a function f and UB(f)
denotes the upper bound of a function f. The bounds of
P(yimj1 v Yig o Yieg, o yimjk) are given by
Theorem 8 or experimental data if k = 2 and the bounds of
P(Yi, . »Tp,Yq) are given by Theorem 7.

1t

Note that each theorem contains nonrecursively and re-
cursively parts. The nonrecursively parts directly follow the
Frechet inequalities. If it is realized that the nonrecursive
parts are sufficient for decision-making, the recursive parts
can be ignored. Furthermore, the recursive parts in theorems
are guaranteed to reduce the number of hypothetical terms
in the probabilities of causation by 1; therefore, the recursive
parts can reach the single hypothetical term cases in The-
orems 4 to 7. Moreover, Theorem 8§ is the general form of
PNS.

Examples

In this section, we show how the presented theorems can be
used in applications. We start with our motivating example.

Choice of Treatment

An elderly patient with cancer is faced with the choice of
treatment. The options from the hospital include surgery,
chemotherapy, and radiation. The outcomes include ineffec-
tive, cured, and death. Given the elder patient’s high risk of
death from cancer surgery, the doctor of the hospital sug-
gested radiation to the patient. So, the patient wants to know
the probability that he would be cured if he chose radiation,
that would die if he chose surgery, and that nothing would
change if he chose chemotherapy.

Let X denotes the treatment, where x; denotes surgery,
denotes chemotherapy, and x3 denotes radiation. Let Y de-
notes the outcome, where y; denotes ineffective, yo denotes



Surgery Chemotherapy | Radiation

Ineffective SO 1.8 4 8.7
Patients Patients Patients

Cured 7 2.9 1.8 9
Patients Patients Patients

213 87 24
Death Patients Patients Patients

Overall 3.0 0 3.0 0 3.0 0
Patients Patients Patients

Table 1: Experimental data collected by the hospital. Here,
300 patients were forced to receive surgery, 300 patients were
forced to receive chemotherapy, and 300 patients were forced

to receive radiation.

Surgery Chemotherapy | Radiation

Ineffective 2.3 8 1.0 1.47
Patients Patients Patients

Cured 2.0 7.7 7.2
Patients Patients Patients

7 259 70
Death Patients Patients Patients

Overall 2.6 5 3.46 2.8 9
Patients Patients Patients

Table 2: Observational data collected by the hospital. Here,
900 patients were free to choose one of the three treatments
by themselves; 265 patients chose surgery, 346 patients chose
chemotherapy, and 289 patients chose radiation.

cured, and y3 denotes death. The probability that the patient
desires is the probability of causation, P(y3,,,¥Y1.,, Y2z, )-

The doctor provided an experimental study of 900 elderly
patients where all the patients were forced to take treatment.
The results are shown in Table 1.

The doctor also provided an observational study of 900
elderly patients, where all the patients were open to all treat-
ments and chose the treatment by themselves. The results are
shown in Table 2.

The experimental data provide the following estimates:

P(ylxl) = 80/3007 P(yQ;cl) = 7/300a
P(ys,,) = 213/300, P(y1,,) = 184/300,
P(y2,,) = 29/300, P(ys,,) = 87/300,
P(y1,,) = 87/300, P(y2,,) = 189/300,
P(ys,,) = 24/300.
Here, all three experimental estimates, P(ys,, ), P(y14,)-
and P(y2,, )), in the target probability of causation are higher
than 0.5, which may give us the sense that the target proba-

bility of causation, P(y3,,,¥1,,, ¥2.,), would be high.
The observational data provide the following estimates:

Pla1,y1) = 238/900, Pz, y2) = 20,900,
P(Ilayi’)) = 7/9007P(I27y1) = 10/9007
P(xo,y2) = 77/900, P(x2,ys) = 259/900,

Success Failure Overall
No institut >3 o on
o institute People People People
) 269 31 300
Institute A People People People
: 234 66 300
Institute B People People People
. 151 149 300
Institute C People People People

Table 3: Experimental data collected by Bob. Here, 300 peo-
ple were forced to take no course, 300 people were forced to
take a course at institute A, 300 people were forced to take
a course at institute B, and 300 people were forced to take a
course at institute C.

P(x3,y1) = 147/900, P(z3,12) = 72/900,
]D(l‘g7 y3> = 70/900

We then plug the estimates into Theorem 8 (see the ap-
pendix for the detailed calculations). We obtain the bounds
of the target probability of causation as follows:

0 < P(Y34,5 Y1uy» Y2u,) < 0.099

In conclusion, the probability that the patient would be
cured if he chose radiation, that would die if he chose surgery,
and that nothing would change if he chose chemotherapy is
below 0.099, implying that the patient should not consider
radiation as a treatment option.

Change of Institute

Bob is looking for a job on the job market. There are three
institutes, say A, B, and C, that offer courses to help people
prepare for job searches. Bob went to one of the institutes,
A, and took the course, but he still failed on the job market.
Thus, Bob wonders if these courses improve his chance of
getting a job. What would happen if he chose the other two
institutes?

Let X denotes which institute a person is chosen, where x;
denotes that no institute is chosen, x5 denotes institute A, 3
denotes institute B, and x4 denotes institute C. Let Y denotes
whether a person gets a job, where y; denotes success in
job seeking, and 5 denotes failure in job seeking. Therefore,
Bob’s questions become the following two probabilities of
causation, P(y1,,|72,y2) and P(y1,, |2, y2)-

All institutes provided experimental and observational
studies to illustrate their effectiveness. Bob summarized the
studies in Tables 3 and 4.

The experimental data provide the estimates:

P(y1,,) = 53/300, P(ys,,) = 247/300,
P(y1,,) = 269/300, P(ys,,) = 31/300,
P(y1,,) = 234/300, P(y2,,) = 66/300,
P(y1,,) = 151/300, P(ys,,) = 149/300.



Success Failure Overall
No institute P e?)ile Peiile Pi(i())le
Institute A P eiile P;;[é)gle PiZSle
Institute B P e%)ile PeQ(?;Ie P?ESle
Institute C Pe5(?§le Pe%)?)le ngsle

Table 4: Observational data collected by Bob. Here, 1200
people were open to all institutes, 150 people chose to take
no course, 173 people chose to take a course at institute A,
255 people chose to take a course at institute B, and 622
people chose to take a course at institute C.

The observational data provide the estimates:

P(x1,31) = 92/1200, P(z1, y2) = 58,/1200,
P(xa,y1) = 55/1200, P(x2,y2) = 118/1200,
P(x3,y1) = 24/1200, P(z3,y2) = 231/1200,
Plwa,y1) = 599/1200, P(z4,y2) = 23/1200.

Based on the experimental study, institute A claims that
taking their course increased the success rate of finding a job
from 0.177 to 0.897 and institute B claims that taking their
course increased the success rate of finding a job from 0.177
to 0.780. Based on the observational study, institute C claims
that taking their course increased the success rate of finding
a job from 0.613 to 0.963. All of these seem useful to the
job seeker, which is why Bob chose institute A previously.
However, he still failed in the job market.

Now, consider the following two probabilities of causation,
P(y1,,]72,y2) = P(Y14,, T2, y2) /P22, Y2),
P(y1a,122,y2) = P(Y14,, %2, y2) /P2, y2),

What would be the probability of success if he had chosen
the other two institutes?

We plug the experimental and observational estimates into
Theorem 7 to obtain the following bounds:

0.720 < P(yl:n_g‘vayQ) <1,
0 S P(ylm\xg,yg) § 0.042.

Now Bob can see why he should change the institute to B.

Effectiveness of Vaccine

A clinical study is conducted to test the effectiveness of the
vaccine. The treatment includes vaccinated and unvaccinated.
The outcomes include uninfected by the virus, asymptomatic
infected, infected with mild symptoms, and infected in a
severe condition.

The goal of the clinical study is to learn the probability that
a patient would be infected in a severe condition if unvacci-
nated and would be uninfected if vaccinated, the probability
that a patient would be infected in a severe condition if unvac-
cinated and would be asymptomatic infected if vaccinated,

Vaccinated | Unvaccinated
. 205 27
Uninfected People People
A tomati 46 122
symptomatie People People
. 343 87
Mild Symptoms People People
.. 6 364
Severe Condition People People
600 600
Overall People People

Table 5: Experimental data of the clinical study. Here, 600
people were forced to take the vaccine and 600 people were
forced to take no vaccine.

Vaccinated | Unvaccinated
Uninfected 0 b2
funtecte People People
A tomati 74 243
symptomatic People People
. 632 147
Mild Symptoms People People
S Conditi 5 41
evere Condition People People
717 483
Overall People People

Table 6: Observational data of the clinical study. Here, 1200
people were free to the vaccine. 717 people chose to take the
vaccine and 483 people chose to take no vaccine.

and the probability that a patient would be infected in a severe
condition if unvaccinated and would be infected with mild
symptoms if vaccinated.

Let X denotes vaccination with z; being vaccinated and
x9 being unvaccinated and Y denotes the outcome, where
y1 denotes uninfected by the virus, y, denotes asymptomatic
infected, y3 denotes infected with mild symptoms, and vy de-
notes infected in a severe condition. The probabilities of cau-
sation we want to evaluate are P(y1,,, Y4z, )» (Y24, Yz, )
and P(ys,,, Y1y, )-

The experimental and observational data of the clinical
study are summarized in Tables 5 and 6, respectively.

Based on the clinical study, the researcher of the vaccine
claimed that the vaccine is effective in controlling the severe
condition, the number of patients with a severe condition
dropped from 364 to only 6. Besides, some of the patients
would be even uninfected because the number of uninfected
people increased from 27 to 205.

Now, consider the probability that a patient would be in a
severe condition if unvaccinated and would be uninfected by
virus if vaccinated, P(y1,,,y4,,), the probability that a pa-
tient would be in a severe condition if unvaccinated and would
be asymptomatic infected if vaccinated, P(y2,,,¥4,), and
the probability that a patient would be in a severe condition
if unvaccinated and would be infected with mild symptoms



if vaccinated, P(y3,,, Y4z, )-
The experimental data provide the following estimates:

P(y1,,) = 205/600, P(ya,,) = 46/600,

P(ys,,) = 343/600, P(ys,,) = 6/600,
P(y1,,) = 27/600, P(ys,,) = 122/600,
P(ys,,) = 87/600, P(ys,,) = 364/600.

The observational data provide the following estimates:

P(x1,y1) = 6/1200, Pz, ya) = 74/1200,
P(z1,y3) = 632/1200, P(x1,y4) = 5/1200,
P22, y1) = 52/1200, (s, 2) = 243/1200,
P29, ys) = 147/1200, P(x2, y4) = 41/1200.

We plug the estimates into Theorem 8§ to obtain the bounds:

0 < P(Y14,,Y4z,) < 0.039
0.037 < P(yay,, Ya,,) < 0.077
0.502 < P(y3,,,Yay,) < 0.561.

Thus, the probability of causation that a patient would be
in a severe condition if unvaccinated and would be uninfected
if vaccinated is at most 0.039, the probability that a patient
would be in a severe condition if unvaccinated and would be
asymptomatic infected if vaccinated is at most 0.077, and the
probability that a patient would be in a severe condition if
unvaccinated and would be infected with mild symptoms if
vaccinated is at least 0.502.

We conclude that the vaccine is effective in controlling
the severe condition, but can only make it infected with
mild symptoms. The vaccine is ineffective for uninfected
and asymptomatic infected if the patient would be in a severe
condition if unvaccinated.

Simulated Results

In this section, we show the quality of the proposed bounds
of the probabilities of causation.

We set m = 2 (i.e., X has two values) and n = 3 (i.e.,
Y has three values). We focus on the probability of causa-
tion, P(y1,,,¥1,,). We randomly generated 1000 samples of
P(Y1,,5Y14,)- For each sample, we then generated sample
distributions (observational data and experimental data) com-
patible with the P(y1,, ,¥1,,) (see the appendix for the gen-
erating algorithm). The advantage of this generating process
is that we have the real value of the probability of causation
for comparison. The generating algorithm ensures that the ex-
perimental data and observational data satisfy the general re-
lation (i.e., P(z, y|c) < P(yz|c) < P(z,y|c) +1— P(z|c)).
For a sample 4, let [a;, b;] be the bounds of the P(y1,,,¥1,,)
obtained from the proposed theorems. We summarized the
following criteria for each sample as illustrated in Figure 1:

¢ lower bound : a;;
 upper bound : b;;

* midpoint : (a; + b;)/2;
¢ real value;

1.0 ; ‘
— Real value

§|0.87 — Lower bound
— — Upper bound
S Midpoint
% 0.6/
—
>
-
% 0.4t
(9]
o
c
3 0.2
o

0-% 20 40 60 80 100

Samples

Figure 1: Bounds of the P(y1,,,¥1,,) for 100 samples out
of 1000.

From the Figure 1, it is clear that the proposed bounds are
a good estimation of the real probability of causation. The
lower and upper bounds are closely around the real value
and the midpoints are almost identified with the real value.
Besides, the average gap of the bounds, %, is 0.228,
which make the bounds convincing.

Discussion

We demonstrated that nonbinary probabilities of causation
help decision-maker in applications. However, we must dis-
cuss some properties of our proposed theorems further.

First, Tian-Pearl’s bounds for PNS, PN, and PS are tight,
implying that the bounds cannot be beaten if no additional
assumption is made. However, the proposed theorems are not
tight bounds, except for Theorem 7 (Theorem 7 can yield
the bounds of PNS, PN, and PS, if Theorem 7 is not tight,
then the bounds of PNS, PN, and PS are not tight). The main
contribution of this paper is to first provide theoretical bounds
for nonbinary probabilities of causation. Researchers and
decision-makers require theoretical bounds. We are happy
that researchers can improve or prove the tightness of our
bounds in the future.

Second, Theorems 8 to 11 contain recursive bounds. One
may be concerned about the computation complexity. How-
ever, suppose the number of hypothetical terms is &, then the
maximum number of probabilities of causation considered in
the recursion is 2(8+2) where k is usually small.

Conclusion

We demonstrated how to obtain bounds for any probabilities
of causation defined using SCM with nonbinary treatment
and effect. We derived eight theorems to deliver reasonable
bounds. Both examples and simulated studies are provided
to support the proposed theorems.
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Appendix
Proof of Theorems

Theorem 4. Suppose variable X has m values x1, ..., T,
and 'Y has n values y1, ..., Yn, then the probability of causa-
tion P(yil.j,yi), where 1 < i < n,1 < j < m, is bounded
as following:

Pz, v;),
max{ P(yimj)(?]g(;i) -1 } < P(Yig,;  ¥i) (1)

| PYig, ),
P(yiy, y1) < mm{ ](Dy(y;)) } @
Proof. By Fréchet Inequalities, we have,
P(A, B) > max{0, P(A) + P(B) — 1},
P(A,B) <min{P(A), P(B)}.
Thus, we have,
P(Yiy,;»yi) = max{0, P(yi,,) + P(y;) — 1}, (3)
P(yiy,,yi) < min{P(yi,,, P(yi)}-

Therefore, Equation 2 holds.
We also have,

P(zj,vi)
> 0.
Combine with Equation 3, Equation 1 holds. O

We prove Theorems 6 and 7 first.

Theorem 6. Suppose variable X has m values 1, ..., Ty,
and 'Y has n values y1, ..., Yn, then the probability of causa-
tion P(yimj,xk), where 1 <i<n,1<jk<m,j#Ek, is
bounded as following:

0,
max{  P(yi,,) — P(xj,i)

< P(Yiz, ) (D)
—1+ P(z;) + P(xy)

. P Qi - P iy Ji)s
Ploisy0) <min{ PO PEnw 4
Proof.
P(Yiy, k)

= P(ylx]) - Z P(y’bm axt)
t=1,t#k

= PWi,,)— > PWiy,m) — Py, 7))
t=1,t#k,j

= P(ylmj) Z P(yimjvxt) P(x,ﬁy’b) (6)
t=1,t£k,j

> P(yi,,)— >, Plx)— Plaj,v)

= Piy,) — P(zj,y:) — 1+ P(x;) + P(xy).

J

Combine with P(y;,, , 2x) > 0, Equation 4 holds.
From Equation 6, we also have,

P(y’bmj) - Z P(yim]-7xt) - P(xj7yl)
t=1,t£k,j
< PWie,) — Pz, 4i).
Combine with P(y;, ,xx) < P(x), Equation 5 holds.
O

Theorem 7. Suppose variable X has m values x1, ..., Tm,
and'Y has n values y1, ..., Yn, then the probability of causa-
tion P(Yiy,, Y, Tp), where 1 < ik <mn,1 <j,p<m,j#
p, is bounded as following:
0,
max ¢ PWi,,) + P(xp, yr)
—1+ P(x;) — P(xj,y:)

P(yizj) = P(xj,y:), } 8)

S P(yixj>yka33p) (7)

P(ytxj y Yk, 'TI)) S min {

P(‘Tp7yk’)
Proof.
P(yizjaykwrp)

= PWi,,)— > Py, e, ur)
(t,r)#p,k

= P(Yiz,) — > Py, xeue) — Py, ui)
(t,m)#(p,k) t#7

> PYia,) — Z P(xe,yr) — P25, vi)

(t,m)#(p,k) t#7

= P(yi,,) — (1 = P(z;) = P(zp,ys)) — Plzj,y:)

= P(i,,) + P(xp,yx) — 1+ P(x;) — P(zj, ).
Combine with P(y;, .y, Tp) > 0, Equation 7 holds.
By Theorem 6, we also have,
P(Yia, Y Tp)
P(yiwj’mp)
P(ymj) — P(zj,y:).
Combine with P(yi,, Yk, Tp) < P(zp,yx), Equation 8
holds.

IN A

O

Now we prove Theorem 5.

Theorem 5. Suppose variable X has m values x1, ..., Tm,
and'Y has n values y1, ..., Yn, then the probability of causa-
tion P(yil.j,yk), where 1 < i,k <n,1<j<m,i#k,is
bounded as following:

0,
0,
max P(?Jizj)
D1<pempr MAX Y +P(Tp, yk)
71 + P(I’j)
—P(x;,y:)



‘ | Pyiz,) — P(zj,vi), }
Pl ) <wind T T o

Proof. By Fréchet Inequalities, we have,
P(A, B) > max{0, P(A) + P(B) — 1}.
Thus, we have,
P(Yiz;»yr) = max{0, P(yi, ) + P(yx) — 1}.(11)
By Theorem 7, we also have,

P(yt'r'] ) yk)

= > PWis, ko)

p=1,p#j
m

Z maX{O,P(yixj) + P(zp, yr)
p=1,p#j
—1+4 P(z;) — P(zj,v:)}

v

Combine with Equation 11, Equation 9 holds.
‘We also have,

P(ylacj ’ yk)

n

PWi,,)— Y. PWis,»ur)

r=1,r#k
P(Z/mj) - P(yizj’yi)

P(Yis,) = P(Yia,, Yir Tj)

P(yi,,) — P(xj,0), (12)

IN A

and,

P(Yiz,  Yx)
= Z P(yia:jaylmxp)

p=1,p#j
m

< Z P(xpayk)

p=1,p#j
= P(yx) — Py, z;).

Combine with Equation 12, Equation 10 holds. O

Theorem 8. Suppose variable X has m values 1, ..., Ty,

and Y has n values y1, ..., Yy, then the probability of cau-

sation P(yim oo Ying, ), where 1 < iq,..,ix < n,1 <
J1 k

15y Jk <My J1 F# ... F i, is bounded as following:
0,

ZlStSk P<yitxjt) —k+1,

maxlgtﬁk(LB(P(yimh yees Yip o @, ’

yit+1‘rjt+l LA yikmjk ))

max +P(yimit) —1),
Z1Sp§m,8-t~737“,1§7“§k,p:jr
LB(P(yhx” DRERES) yir—ll-jT_l ’

yir+1wj7‘+1 y ety y“u]k » Ly yir))+

1<p<m,s.t.,pZj1#..-#Jk
LB(P(yllle RS y'Lk;ka 9 I’P))

S P(yilmjlw'wyikxjk) (13)

P(y’ilgjjl ) "'7y’ikg:]»k) S

ming<¢<k P(yimh ),

minlStSk UB(P(y’Ll @G0 yitfl T, 9

yit+1xjt+1 ’ ""yikzjk))v

min D (14)
1<p<m,s.t.,3r,1<r<k,p=jr
UB(P(yille PRRRE) yir_1wjr71 5
Yirg T yikasjk > Ljrs yiv‘))Jr
1<p<m,s.t.,pAj17#...#jk
UB(P(yllzJ PREES) ylkz axp))
1 Ik
where,

LB(f) denotes the lower bound of a function f and UB(f)
denotes the upper bound of a function f. The bounds of

PURR yika:jk » Ljrs yjr)

are given by Theorem 7 or 11, the bounds of
P(yimj1 v Ying, xp) are given by Theorem 6 or 9, and
the bounds of P (y;, R yif—let,l s Yipsr SRR Yixa,, )
are given by Theorem 8 or experimental data if k = 2.

Plyi oy ,
Yirg;, 7yzr_1zjr71 ) ylr_,_lx“

Proof. By Fréchet Inequalities, we have,
P(Aq,...,A,) > max{0,
P(A))+...+ P(A,) —n+ 1},
P(Ay,..,A,) < min{P(A;),.., P(A,)}.

Thus, we have,

P(yil‘/ljjl PRRXE} yikzjk)

max{0,

P(Yirg, )+ oo+ PUing, ) —k+1}

= max{0, Z P(Yiy,, ) —k+1}, 15)
1<t<k '

P(yilzjl ) "'7yik;cjk)

v



A

< min{P(yille )5 eees P(yikx,-k)}

—  min P(y,, ). 16
i, P(yi,,) (16)

Also by Fréchet Inequalities, we have,
P(A,B) > P(A)+ P(B) — 1.
Thus, we have,

P(yille PRRXS} yikxjk)

Z lrélta‘ng(P(yilel7.“7yit71wjt—1’
yit+1ajjt+1 ’ ey ylkzjk)
FP(i,) )

>

1r£ta§Xk(LB(P(yilxj1 v yit_lzit—l ’

Yigpr Tjyiq g aney yikljk ))
+P(y“1it) —1). a7
And, we have,

P(yille ) ~-~7yimjk)

< lrglltiélkp(yimjl7---7yit711h71>
yit+1g;jt+17""yikxjk)

< lgigkUB(P(yimn""’yitflxjt_l’
Yirrin,, oo Yina,, ) (18)

Next, we have,

P(yhz“ ) aylkzw)
m
= Z P(yil TR y’ikxjk ; xp)
p=1

- 2

1<p<m,s.t.,Ar,1<r<k,p=j,

P(yilzh 5y

yi,,,ll.jr_l ) yi,.+1 ij+1 g eeny yik oy ) xj7.7 yz,) +
E P(yilxh"“v
1<p<m,s.t.,pAj17#...#Jk
yikzjk ’ xp)
E LB(P(yhlev'“v
1<p<m,s.t.,.Ir,1<r<k,p=j.
yiT71Ij7.71 bl yiT+1 m.77»+1 LIRS y’Lk zjk bl ‘rjr7 yZT)) +
5 LB(P(yi,,, »-
1<p<m,s.t.,p£j1#... #jk

Yivz,, »Tp))- (19)

Y

And,
P(yilxh ) aylkx]k)

m
= § P(yillea---ayikxjk_7xp)
p=1

>

1<p<m,s.t.,3r,1<r<k,p=j,

P(yilmjl PREES)

Yip_1 zj, 4’ yir+1 Tjiy 5 ooy Yig, x5, Tj,.y yzr) +
E P(yhmjlv'“v
1<p<m,s.t.,pAj17#... £k
i X
ylkmjk7 P)

> UB(P(yiry, s

1<p<m,s.t.,3r,1<r<kp=j,

IN

yir-lajjT71 ) yir+11jr+1 5 eeey Yig, xj,0 Zj,, y'L'r‘)) +
Z UB(P(yilela---a
1<p<m,s.t..p#j17#...#jk
yikxjkvxp))' (20)
Combine Equations 15, 17, and 19, Equation 13 holds and
Combine Equations 16, 18, and 20, Equation 14 holds. [

Theorem 9. Suppose variable X has m values 1, ..., Ty,
and Y has n values yi, ..., Yy, then the probability of causa-
tion P(yimj1 s Ying, xp), where 1 < iy, ..., i <n,1 <

1y s Gy D <My J1 # oo £ Jr # p, is bounded as follow-
ing:

0,

doi<i<k P(Z/imjt) + P(zy) — k,

max
maxlﬁtﬁk(LB(P(yille 3oy yif,flzjt )

yit+1r-7t+l EAAS) y’lk Ijk )

FLB(Plyn,, ) - 1)
S P(yillev"'7yikxjk7xp) (21)

P(Zlilwh s Yinay, o l‘p) <
ming<¢<y P(yimh ),
P(xp)v
min ¢ ming <<y, UB(P(ZJqu1 v Yieiag, (22)

1

y“+1$1t+1 >ty yzkg:jk) )

miny <;<x UB(P(yi,,, > p))

where,
LB(f) denotes the lower bound of a function f and UB(f)
denotes the upper bound of a function f. The bounds of

P(yimj1 v Yioag, yitJrlij_l s yzkxjk) are given by
Theorem 8 or experimental data if k = 2 and the bounds of
P(y;,,. ,xp) are given by Theorem 6.

it

Proof. By Fréchet Inequalities, we have,
P(Ay,...,A,) > max{0,
P(A))+ ...+ P(A,) —n+ 1},

P(Ay, ..., Ay) min{P(A,), ..., P(4,)}.

IN



Thus, we have,

P(yi1lea--~7yikmjk7xp)

max{0,

P(Yirg, )+ o+ PYing, )+ Plap) — k}

= max{0, Y P(yi,, )+ Pla,) —k}, (23

1<t<k

P(yilz“""’yikxjk’xp)
min{P(yhzh)’"‘>P(yikxjk)=P(xp)}

= mm{lISntlgk P(yimjt),P(acp)}. (24)

Y

Also by Fréchet Inequalities, we have,

P(A, B)

,B) > P(A)+ P(B) — 1,
P(A,B) <m

in{P(A4), P(B)}.
Thus, we have,

P(yilxh LR yikxjk’xp)

Z f;lta'gxk(P(y’Ll T 0 Yie_a T, )
yit+1xjt+1 L) yhmjk)
+P(yitwit7ajp) - 1)

>

121?5)2(11]3(])(%“71 y ey Yig g T, )

Yirpa LT Yiy @, ))

+LB(P(yi,., ) — 1) (25)
And, we have,

P(yilel PREXD) yikxjk ) mp)

<  min min{P(y; ey Ui

= 1§t§k { (ynmjl? 7ylt71wjt_17
yim—lxjHl7"'7yiko;jk)’P(yitx“7xp)}

<

min min{UB(P(y; ey Yi
it in{UB(PYirg, s Vi,

t—1

yif,+1 T y ooy Yy, T, ))3 UB<P(y11 x5, Ip))}(26)

Combine Equations 23 and 25, Equation 21 holds and Com-
bine Equations 24 and 26, Equation 22 holds. O

Theorem 10. Suppose variable X has m values 1, ..., T,
and Y has n values y1, ..., yn, then the probability of cau-
sation P(yilxh""’yimjk’yq)’ where 1 < iy,..,i5,q <

n,1 < g1, ji < myj1 # ... # jk, is bounded as follow-

ing:
0,

Yi<i<e PWiva, ) + Pyq) =k,

maXlStSk(LB(‘P(yilmh y ooy yitfla;jt_l )

yit+1xjt+1 1y ylkzjk ))

max +LB(P(ylt,Llf7yq)) - 1)7
ZlépémﬂnlSrﬁkm:jmq:ir
LB(P(yille 3 ceey yir—lij71 )

yir+1mj'r'+l PR} yika;jk s L, yzr))+

1<p<m,s.t.,p#j17...#Jk
LB(P(yilg;jl PRRRE) ylkm7k y Tp, yq)

S P(yillea"'ayikg;jkayq) (27)

P(yilmjl ) "'7yikxjk7yq) S

ming<¢<g P(yimjt )s

P(yq),

minlﬁtﬁk‘ UB(P(yilelw'vyitflzjt N

ylt+11jt+1 ?ccy kaIjk ))7

min miny<¢<k UB(P(Yi,4, »¥a)), (28)

D 1<p<ms.t. 3r1<r<kp=jrq=ir
UB(P(yilxha-~-ayir71zjr 5

—1
yir+1mjr+1 ) "'ayikzjkamjr7yir))+

1<p<m,s.t.,p£j1#...#Jk
UB(P(yilmjl PREXS) yimjk y Tp, yq))

where,

LB(f) denotes the lower bound of a function | and UB(f)
denotes the upper bound of a function f. The bounds
Of P(yzl PR Yip_1 zj. 0 yir+1 Tjis y ooy Yig T, Lj,.s Yj, );
P(yilxh s Ying, s Tps yq) are given by Theorem 7 or 11,
the bounds ofP(yimj1 e Yieoag, > Yive Zipn’ Yixa,, )
are given by Theorem 8 or experimental data if k = 2, and
the bounds of P(y;,,. ,Yq) are given by Theorem 4 or 5.

it

Proof. By Fréchet Inequalities, we have,
P(Ay,...,4,) > max{0,
P(A))+...+ P(A,) —n+1},
P(Ay,...,4,) < min{P(A;),.., P(A,)}.
Thus, we have,
P(y’hrh PREES) ylkL]k B yq)
max{0,
P(Yirg, )+t Pliny, )+ Plyg) — k}

Y



= max{0, » P(yi,, )+ Plyg) =k}, (29
1<t<k

P(yilwh PRRRS) y’ikwjk ) yq)
< min{P(yhzh)»"'7P(yikwjk)vp(yq)}
= mln{lrgntlélk P(y,, o, ), P(yq)}- (30)

Also by Fréchet Inequalities, we have,

P(A,B) > P(A) + P(B) — 1,
P(A, B) < min{P(A), P(B)}.

Thus, we have,

P(yilzh PRRES) yikxjk7yq)

>  max (P(y; Y
- IStSk( (ynmh? 7y2t71xjt_17
y1t+1mjt+1 1y ylka;jk)

+P(yitacit’yQ) - 1)

fgta‘ng(LB(P(y’Llr“ PRERS) yit—lxjt71 )

v

Yirpa @iy Yiy zj, ))
+LB(P(Yi,,,, »Ya)) = 1)- (€2))
And, we have,

P(yilr“ ) "'7yikzjkqu)

< min min{P(y; e Ui

= lgtSk { (yll Ijl ) 7y2t71$jt_1 bl
yit,+1zjt+17""yikzjk)vP(yimjt’yq)}

<

min min{UB(P(y; ey Ui
win min{UB(PYirg, s Vieory,

1

yit+1m. y oy Yig oo ))7['5(1 (yit;p- ’yq))}(32)
Jt+1 Ik Jt
Next, we have,

P(yilwh ) "'7yik$].kayq)
m

= Zp(yi1g;j17---7yikzjkayqv'rp)
p=1

- 3

1<p<m,s.t.,3r,1<r<k,p=jr,q=ir
- PR} yimjk y Ly yir) +

E P(yhmjl?'”,
1<p<m,s.t.,pAj17#... #jk

i xr
y%wjk bad 23] yq)
§ LB(P(yi1ggj17“~7

1<p<m,s.t.,3r,1<r<k,p=jr,q=ir
yir—ler71 ) yir+1ajjr+1 JRXED) ylkxjk y L, yu)) +

E LB(P(thjlw“)
1<p<m,s.t.,p£j17#...#jk
Yira;, »Tps Yq))- (33)

P(yille PERED)

Yir 1 zj, 0 Yiria ;.

v

And,
P(yil TR yikz].k ) yq)
m
= E :P(ynmh7'~'7yik3;jk7yq7xp)
p=1
= E P(yi1;pj17"'7
1<p<m,s.t.,.3r,1<r<k,p=j,,q=ir
yir—lij_l ) yir+1ij+1 s ooy Yig T, L,y yzr> +
§ P(yi1$j1a-'~7
1<p<m,s.tpkir#... L
1 x
Yira;, > > Ya)
< ) UB(P(yi,,, .-

1<p<m,s.t.,3r,1<r<k,p=jr,q=i-

Yir_1 x5, 0 yir+1rjr+1 5 eeey Yig, T, L, yir)) +

> UB(P(yis,, s
1<p<m,s.t.,pAj17#...#jk
yikzjk’mpqu))' (34)
Combine Equations 29, 31, and 33, Equation 27 holds and
Combine Equations 30, 32, and 34, Equation 28 holds. [

Theorem 11. Suppose variable X has m values x1, ..., Tm,
and'Y has n values y1, ..., Yn, then the probability of causa-
tion P(y,»l%,...,yimjk,mp,yq), where 1 < i1,..., 05, q <
n,1 < j1, .., jk,p < M, j1 # ... # jr # b, is bounded as
following:

0,

Z1gt§k P(yimh) + P(xp, yq) — k,

max
HlaXlgtgk(LB(P(yiujl v Yieoag,

yit+1x].t 7---7yimjk)
FLB(P(n, s va)) — 1)
S P(yilzh7"'7yikg:jk7xpayq) (35)

P(yilxha"-ayikwjk7wp7yq) S
miny <<k P(Yi,,, ),
P(xp,yq),

min minlStSk UB(‘P(y’Ll TR yit—la;].t71 ) (36)

yit+1xjt+1 ) ""yik;pjk))v

ming<;<g UB(P(yuxit Tp,yYq))

where,
LB(f) denotes the lower bound of a function | and UB(f)
denotes the upper bound of a function f. The bounds of
P(yilmj1 s ey yit‘lwnfl , yit+1ajjt+1 s e ylmjk) are given by
Theorem 8 or experimental data if k = 2 and the bounds of
P(yi,,.. ,%p,Yq) are given by Theorem 7.

it



Proof. By Fréchet Inequalities, we have,

P(A17"'7An) Z

P(Ai, ...,

max{0,
P(A1)+ ...+ P(A,) —n+1},

A,) < min{P(A), ..., P(A,)}.

Thus, we have,

Y

IN

P(yl-mj1 , ...,yimjk,xp,yq)

max{0,

P(yi1xj1) +ot P(yimjk) + P(xp, yq) — k}

max{0, Y P(yi,, )+ Py ys) =k}, (37
1<t<k

PYira, s Yika,, » TpsYa)

Win{ P(Yi, 5, s+ P(Yirs, ) P(2p)}

min{lgltiélk P(yiwjt ), P(p,yq) (38)

Also by Fréchet Inequalities, we have,

P(A,B) > P(A) + P(B) — 1,
P(A,B) <min{P(A), P(B)}.

Thus, we have,

P(yilxh PRRXS} yikwjk7l'p7yq)

max (P(y; ey Ui
08% (P(Yirg, oo Yoy,

vV

yit+1 Tjy 5 eeey Yig, T, )
+P(y1111f ) xpv yq) - 1)

féltagxk(LB(P(yilmh y s Yip g zj,

\%

ylt+lg;jt+l A ylkmjk ))

+LB(P(yimit,xp,yq)) —1). (39)

And, we have,

P(yilzjl ) "'7yikg;jk7xpayq)

<  min min{P(y; Y
< min min{Pi g, Vi,

yit+1mjt+1 5y yik:vjk)7p(yita:jt ) xpqu)}

min min{UB(P(y; ey Ui
1<t<k UB(P Wi, Wiroay,

IN

y2t+let+1 50y yzk,xjk ))7

UB(P(Wi., )} (40)

Combine Equations 37 and 39, Equation 35 holds and Com-
bine Equations 38 and 40, Equation 36 holds. O

Calculation in the Examples
Choice of Treatment First, by Theorem 8§,

P(y3x1 ’ ylzz ) y2m3)

maX{P(y3x1) + P(ylxg) + P(y2x3) - 27 0}
max{213/300 + 184/300 + 189/300 — 2,0}
0.

and,

P(y3$1’y111327y2w3)

min{ P(ys,, ), P(Y1,,) P(Y2,4)}
—  min{213/300, 184/300, 189,/300}
= 0.613.

IN

Second, by Theorem 8, we have,

0.323 < P(ys,,,¥1,,) < 0.340,
0.243 < P(y1,,,Y24,) < 0.386,

Then, by Theorem 8§ again,

P(y3m1 yYlags y?:rg)

2 maX{LB(P(ysml ) y112)) + P(yzxs) - 1’

LB(P(Y14,,Y22,)) + P(y3z,) — 1,
LB(P(Y34,,Y24,)) + P(y15,) — 1}
= max{0.323 + 189/300 — 1,
0.243 + 213/300 — 1,
0.340 + 184/300 — 1}
= —0.047.

and,

P(Yse, s Yiay Y20,)
min{LB(P(Y34,:Y14,));
LB(P(ylwgvy%cg))v
LB<P(y3xl7y2w3))}

=  min{0.340,0.386,0.472}
= 0.340.

IN

Third, by Theorem 11, we have,

0 < P(1,Y3, Y14y Y2r,) < 0.008,
0 < P(%2,91, Y34, Y2u,) < 0.011,
0 < P(x3,Y2, Y34, » Y1g,) < 0.080.

Then, by Theorem 8,

P(y3m17y1w27y2x3>
> LB(P(x1,Y3, Y14y Y22,)) +
LB(P(z2,Y1, Y34, Y24,)) +
LB(P(x3,Y2, Y32, Y1z,))
= 0.

and,

P(Y3z,s Y1y Y2, )
UB(P(21,Y3,Y1ys Y22,)) T
UB(P(x2,91,Y32,,Y22,)) +
UB(P(x3,Y2,Y34,+Y11,))
= 0.099.

IA



Combine all the bounds of P(y3,,;¥1.,,Y2,,), We then
have,

maX{O, —0047, O} S P(y3at1 y ylxz’ y2$3)7
P(Y3.,s Y10ys Y24,) < min{0.613,0.340,0.099}
Finally, we obtain,
0 S P(y3x1 s ylxzay%cg) S 0.099.
Change of Institute First, by Theorem 7,
P(ylz3ax27y2)
max{0,
P(y1,,) + P(x2,y2) — 1+ P(x3) —
= max{0,
234/300 + 118/1200 — 1 + 255/1200 — 24/1200}
= 85/1200.

Y

P(Is,yl)}

P(ylz37m2,y2)

min{P(ylx3) — P(z3,91), P(72,92)}
= min{234/300 — 24/1200,118/1200}
= 118/1200.

IN

Also,

P(y1,,172,y2) = P(Y14,, %2, y2)/P(x2,2).

Thus,
85/1200 118/1200
A < p fnlabid it
11871200 = T Wieal®2:2) < 335 77555-
0.720 S P(y1I3|.T2,y2) S 1.
Again, by Theorem 7,
P<y1w4ax27y2>
> max{0,
P(y1,,) + P(v2,y2) — 1+ P(x4) — P(z4,91)}
= max{0,
151/300 + 118/1200 — 1 + 622/1200 — 599,/1200}
= 0.
and,
P(ylx47x2>y2)
< min{P(y1,,) — P(z4,91), P(22,92)}
— min{151/300 — 599,/1200,118/1200}
= 5/1200.
Also,

P(y1,,172,92) = P(Y1,,,72,Y2)/ P(22,y2).

Thus,

0 < P( | ) < 5/1200
T10 /190N xr —_
118/1200 — e 2= 11871900
0 < P(y1,, |22, y2) < 0.042.

Effectiveness of Vaccine First, by Theorem 7, we have the
following,

0 < P(Yap,,1,y1) < 0.005,
0 < P(y1,,,2,y4) < 0.034,
0.037 < P(Yay,,21,92) < 0.062,
0 < P(y2,,,2,y4) < 0.015,
0.502 < P(Y4y,,%1,y3) < 0.527,
0 < P(y3,,,T2,y4) < 0.034.
Then by Theorem 8,

P(ylwl’y‘lzg)

> max{0, P(y1,,) + P(Ys,,) — 1,
LB(P(Yay,,71,9y1)) + LB(P(y1,,,%2,y4))}
max{0, 205/600 + 364/600 — 1,0 -+ 0}
0.

and,

P(y1m17y41‘2)

min{P(ylml)a P(y4a:2)’

UB(P(Yaz,,v1,91)) + UB(P(y1,,,72,94))}
min{205 /600, 364/600, 0.005 + 0.034}
0.039.

IA

Thus,
0 < P(ylzlay4fp2) < 0.039.
Also by Theorem 8,

P(y2117y4m2)

> max{0, P(y2,,) + P(ys,,) — 1,
LB(P(Yay,,71,Y2)) + LB(P(y2y,, T2, Y1)}
max{0,46/600 + 364/600 — 1,0.037 + 0}

0.037.
and,
P(nyl ) y41;2)
< min{P(y2,,), P(Yas,),
UB(P(Yay,,*1,Y2)) + UB(P(y2y,,T2,v4))}
min{46,/600, 364/600,0.062 + 0.015}
0.077.
Thus,
0.037 < P(yzml,y%z) < 0.077.
Again by Theorem 8,

P(y3117y4m2)

> max{0, P(ys,,) + P(Ys,,) — 1,
LB(P(Yay,,*1,Y3)) + LB(P(y3,,,v2,y4))}
max{0, 343/600 + 364/600 — 1,0.502 + 0}
0.502.



and,

IN

Thus,

P(y3z1’y4w2)

min{P(ys,, ), P(Yaz,):

UB(P(Yay,,71,Y3)) + UB(P(y3,,,72,y1))}
min{343/600, 364/600, 0.527 + 0.034}
0.561.

0.502 < P(y3,,,Yay,) < 0.561.

Distribution Generating Algorithm

Here, the sample distribution generating algorithm in the sim-
ulated study is presented. It generated both experimental and
observational data compatible with the fractions of response
types of individuals. The data satisfy the general relation
between experimental and observational data.

Algorithm 1: Generate samples for simulated study

Input: num, number of samples needed.
Output: num sample distributions (observational data and
experimental data).

1: count = 0;

2: while count < num do

27:
28:
29:
30:

31:
32:

33:
34:
35:
36:

37:
38:
39:
40:
41:
42:
43:
44.

/Irand(0,1) is the function that random uniformly
generate a number from 0 to 1.
a=[|;
fori =1to8 do
a.append(rand(0,1));
end for
a.append(1.0);
a.sort();
//f is the fractions of response types of individuals,

f[O] = P(ylxlvylacg)v ,f[8] = P(y3x1’y3x2)'

710] = afo]:

for i =1to & do

fli] = ali] — ali — 1];

end for
/I Generate experimental data.
Plone,) = 1101+ 111+ /12

Plya,.) = f[3]+ [4] + F]5]:
P(ys,,) = fl6] + f[7] + f[8];
Plys,.) = 710 + F[3] + F[6]
Plyan) = f[1] + F14] + 117
Plysn) = £12] + 15] + fI8];
// Generate observational data.
P(z1,y1) = rand(0, P(y1,,));
P(x1,y2) = Tcmd(O,P(mel) 5
P(zy) = rand(P(x1,y1) +
P(xl7 y2)7 min{P<xlv y1)+1_P(y1xl)a P(.TL']_, y2)+

L= P(y1,,)});
P(x1,y3) = P(x1) — P(x1,y1) — P(21,2);
Pl‘g)zl—P(.’L‘l)

= rand(0, min{P(.ylm), P(x2)});
rand(0, min{ P(y2,,), P(r2) —

= P(x2) — P(22,y1) — P(22,92);
//Validate the data, the experimental data and observa-
tional data should satisfies the following: P(z,y) <
P(y.) < P(a,y) + 1 — P(a).
mark = True
for : = 1to 3 do
for j =1to2do
if P(le]) < P(QIT]‘, yz) or P(y”:]) >
P(z;,y;) +1— P(z;) then
mark = False;
end if
end for
end for
if mark == False then
continue;
end if
count = count + 1;

45: end while






