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Abstract

Conformal prediction (CP) is a method of constructing prediction intervals presented
20 years ago by Vovk and Gammerman. In this thesis we provide an overview
of CP and consider important properties of the method such as strong validity
and optimality as well as its applications to the regression problem under different
settings. We focus on providing rigorous proofs for the results presented in the
paper “On-line predictive linear regression” and consider in detail all the necessary
additional concepts.



German Abstract

Conformal prediction (CP) ist eine Methode zur Konstruktion von Vorhersageinter-
vallen, die vor 20 Jahren von Vovk und Gammerman eingefiihrt wurde. In dieser
Arbeit geben wir einen Uberblick iiber CP und betrachten wichtige Eigenschaften
dieser Methode wie starke Validitat und Optimalitat sowie ihre Anwendungen auf
das Regressionsproblem unter verschiedenen Voraussetzungen. Der Fokus liegt auf
rigorosen Beweisen der Ergebnisse, die in der Arbeit “On-line predictive linear re-
gression” prasentiert werden, wobei alle zusatzlichen relevanten Konzepte einbezo-
gen werden.
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1 Introduction

Consider the following classical regression problem in statistics and machine learn-
ing:

Given the previous observations (z1,41), ..., (Zn_1,Yn—1) € R¥ xR, generated inde-
pendently from some unknown distribution P, and a label z,, of a new observation,
we want to construct a prediction for the target value y,.

Usually, prediction for the variable y, is understood as “point prediction” ¢, € R.
For this interpretation, there is a well-developed theory and a wide range of methods:
linear regression, neural networks, decision trees, etc.

On the other hand, we would like to have as a prediction not only a single point,
but a set of possible values together with the probability 1 — e € [0,1] that our
prediction set will contain the target variable y,, i.e.,

FZ = PZ((%’%), R (‘rnfhynfl)vxn) C R

such that P(y, € ;) =1—e.

20 years ago, in their book “Algorithmic learning in a random world” [I] and their
previous series of works, Vovk and Gammerman proposed a universal method of con-
structing valid prediction sets: conformal prediction. The idea behind the method is
to predefine a function that measures how different a new observation (z,,y,) from
the previous observations (z1,v1),...,(Zn_1,Yn—1) is. Then it is natural to select
only hypothetical values y € R of the target variable y,, such that (z,,y) will be not
too unlike to the previous data points.

One of the advantages of the method is that it allows to construct valid prediction
intervals under quite a weak assumption of exchangeability of the data: the joint
distribution of the data random variables is invariant under permutations of the
data points (see the details in the next section).

Throughout the thesis, we will work under the so-called on-line protocol. Unlike
the classical “batch” model, where the number of data points is fixed, we assume
that data points are generated sequentially. Therefore, we should also explore the
properties of a sequence of prediction regions I';, n > 2. For example, as we will see
in Subsection 3.2, on each step n the coverage of target variable y,, by the conformal
interval I',, is independent from the coverage on other steps. This property is referred
to as strong validity.

Another important property of the method is that some classical prediction intervals
can be obtained as conformal intervals. For example, in case of normally distributed
random variables x4, ..., x, with unknown mean and variance, to predict x,,, we can
use the Student’s prediction interval

Cr = Cilon, ) = [Tar 20,500 25 ]

In Subsection 4.2 we show that this prediction interval can be also constructed as a
conformal interval, this shows that strong validity holds for the Student’s prediction



interval. It should be mentioned that the latter fact was not known before the
introduction of conformal prediction.

As we discuss in Subsection 3.3, conformal intervals are in some sense optimal con-
fidence intervals, i.e. under certain conditions, for every confidence interval, one
may construct a conformal interval that is not worse (not larger) and has the same
probability of coverage.

In this thesis, we provide an overview and detailed proofs of the results from the
paper “On-line predictive linear regression” [2] together with the supplementary
theory.



2 Illustrative example

2.1 Conformal intervals for the exchangeability model

To discuss the basic ideas and concepts of conformal prediction, we start with the
case of the exchangeability model. A short overview of the concept of exchangeable
random variables can be found in Subsection 2.2.

Let P be a set of probability measures such that under every P € P the joint
distribution of random variables Y7, ...,Y,, is continuous and exchangeable.

Recall that our goal is to construct a prediction interval for the random variable Y,

using the sequence of “previous observations” Y7, ..., Y, 1, i.e., for every significance

level € € (0, 1), we want to build a set I'S =TI" (Y,...,Y,-1) C R such that
P(Y,el;) =c¢

under any distribution P € P.

Definition 2.1. Let P be a statistical model (the set of probability measures, one
of which we believe generates the data) and let Y3, ..., Y, be a sequence of random
variables. We say that statistic S, = S, (Y1,...,Y,) is sufficient for the model P (or
for the sequence Yi,...,Y,,) if the conditional joint distribution of Y, ... Y, given
S,, under P is the same for all P € P.

As we can see from Theorem 2.3, the vector of order statistics is a sufficient statistic
in the continuous exchangeability model. Now applying conditioning on the order
statistic, we get a known and fixed distribution of the sequence Yi,...,Y,, which
we will use for our further constructions.

For convenience, we introduce some notation:
e Y, is a vector of order statistics in the sample Y7,...,Y,.
® Y, is a vector of order statistics in the sample Y7, ...,Y), excluding Y.

e Y, and Yn,k are means of the vectors Y.y, and Y{.), ; respectively .

Let us briefly describe the idea behind conformal prediction. For every hypothetical
value y € R of the random variable Y,, we will decide whether to include it in the
prediction interval using the following criteria: if y is too different (nonconformal)
from the previous observations Y7, ..., Y, 1, then we do not select it.

To measure the difference between a hypothetical value and previous observations
we will use a specific function called nonconformity measure. In this chapter, we
consider the function

A((yla"wyn*l)ayn) = |yn—1 _yn’ (1)
Values of nonconformity functions we call nonconformity scores.

Now given the value of A((Yl, o ,Yn,l),y), we need to understand whether the

difference between Y7, ...,Y,, 1 and y is not critical. We can define it by comparing
A((Yl, oo Yaa), y) with other nonconformity scores in the sample given by
AD = A(YyninYs),i=1,...,n (2)

7



where we assume that Y,, = y.

Note that the nonconformity measure (1) does not depend on the order of the previ-
ous values y1, ..., y,—1 (i.e., their permutations will produce the same nonconformity
score) and hence we get no more than n distinct nonconformity scores. Together
with the assumption about the continuity of the joint distribution, we obtain that
almost surely the values of Yi,...,Y,, are distinct and therefore we have exactly n
nonconformity scores.

The critical value mentioned above can be calculated by a standard statistical ap-
proach using p-values. Roughly speaking, the p-value is the probability to get a more
extreme result than what we observe. In our case, since the conditional distribution
of Y1,...,Y, given Y|, , is independent of the probability measure P € P, we can
consider a p-value of the observed nonconformity score in the form

Pn = pn((yla s 7yn—1)7 yn)
=P(A((Y)s -, Y1) V) = AW, 5 Y1), 90) | Y0 = Y0om)

where we assume that (Y7,...,Y)) is an iid copy of (Y,...,Y,).

From Theorem 2.3, we know that the conditional distribution of Yj,... Y, given
Y(),n is uniform over the set of permutations of Y{,,. Therefore the conditional
distribution of the nonconformity measure is also uniform over the set {A(i) | i =
1,...,n } and

#{i=1,...,n|AD > A}
n

pn((yla'~->yn—1)7yn) = (3)

for distinct values yy,...,y, € R.

Now to construct conformal intervals, we will use the following principle: It is natural
to include in the prediction interval such hypothetical values y € R that have not
too large “relative nonconformity” defined by the corresponding p-value (3). Hence
for the confidence rate € € (0,1), we get

Loy ume1) = {y € R | pal(y1, - Yn1),y) > €} (4)

The following result guarantees the coverage of Y,, by the prediction interval defined
in (4) with the probability at least 1 — e.

Theorem 2.1. Let Y7, ..., Y, be a sequence of jointly continuous and exchangeable
random variables. Then for every € € (0,1) and conformal interval I';, defined in (4)
it holds that

P(Y,el;)>1—e.

Proof. First notice that conditionally on Y, ,,, p-value p,, = p, ((Yl, oY), Yn) is
uniformly distributed over the set {%, ey "T_l, 1} almost surely, because every value
of the nonconformity score A™ corresponds to some unique value of p,,:

Ty e ey

n n

#{i:l,...,n|A<i>2A<n>}6{1 n—11}

n



Since conditionally on Y{.), the nonconformity measure A is uniformly distributed,
we get that p, is also uniformly distributed.

Now we have that

]P<Yn € Fi | Yv(),n) = IP(pn«lea s 7Yn71)7Yn) >e ‘ Yi),n)

n

which implies that P(Y,, € I}) = EP(Y,, € I}, | Y(y,) > 1 —¢.
O
Now, if we want that prediction interval to cover Y,, with probability exactly equal

to 1 — e, we can use the procedure of randomization. Additional randomization
allows us to obtain a continuous p-value from a discrete one in the following way.

For t,, € [0, 1], define a randomized p-value as

#Li=1,...,n| AD > AW tn
Pn an((yh R 7yn71>7yn7tn> = { } + —

n n’
We call the function p, randomized, since later we will use a UJ0, 1]-distributed
random variable instead of ¢,,.

Define the corresponding conformal interval as
U5 (tn) = {y € R pu((W1, - Un1),ytn) > €} (5)

Theorem 2.2. If 7, is a U(]0, 1])-distributed random variable, independent of the
sequence of exchangeable and jointly continuous random variables Y7, ...,Y,,, then
for any € € (0,1) and the corresponding conformal interval "¢ (7,,) defined in (5) it
holds that

P(Y, €T5(r)) = 1 —c.

Proof. First we note that conditionally on Y., the randomized p-value p,(7,) is

U([0, 1])-distributed, since, conditionally on Y, ,, the random variable

_#{i=1,...,n|A(i)>A(n)}
n

Ry,

is uniformly distributed on the set {0,%,..., 21} and 7,/n is U([0, 1])-distributed.
Since both random variables are independent given Y, ,, we get for € € (k/n, (k +
1)/n] that

E(Lp,(ry<e) | Yoom)
= B(L(r,<k/m} + Linn=h/m} Lira/neoe—rmy | Yom)
= E(Lir,<t/ny | Yoon) + E(Lra=r/m) | Yoo n) E(Lir/meoc—rmy | Yion)

= E(Lr,<k/m} | Yon) + E(Liru=t/my | Yoon) E(Lir,/neioe—k/m)y)

| ko1
n—i—n (1, € [0,ne — k)) n—l—n(né )=¢



Now, to compute the probability of covering the random variable Y,, by the pre-
diction interval I'¢ (7,,), we can integrate the corresponding conditional probability
given Y,

P(Y, € 5(7) = EP(Y, € I5(7) | Yiyn) = EP(pu(1) > €| Yyn) =1 —c.

2.2 Exchangeability

Definition 2.2. A finite sequence of random variables Y7, ...,Y, is said to be ex-
changeable if for every B™ € B(R"™) and every permutation 7 € S, it holds that

P((Y1,...,Y,) € BY) = P((Ya), - - Yapmy) € BY).

An infinite sequence of random variables Y7, Y5, ... is said to be exchangeable if for
every n > 2 the finite sequence Y7, ...,Y, is exchangeable.

Remark. By taking B" = B x R x -+ x R, where B € B(R), we have that
P(Yy e B)=P((Y1,...,Y,) € B") =P((Yzq),-- -, Yam)) € B") =P (Yzq) € B)

what implies that random variables in an exchangeable sequence are identically
distributed.

Remark. If random variables Y7, ..., Y,, are independent and identically distributed,
then for any B" = By x --- x B, € B(R"), where By, ..., B, € B(R), we have

n

P((Yi,....Y,) € B") = [[P(Y € B)) = P((Yaqr), - - - . Ya(m) € B"),

i=1
which implies that any sequence of iid random variables is exchangeable.

Theorem 2.3. Let Y = (Y;,...,Y,) be a sequence of exchangeable random vari-
ables with a continuous joint distribution. Denote as Y{.),, the vector of order statis-
tics (Y(l), e ,Y(n)). Then for every permutation 7w € §,,, we have that

1
]P<YT"(1) << Yfr(n) | Yv(-),n) = E a.s.

Proof. Let O = { (y1,...,y,) € R" | y1 < --- <y, }. For a permutation w € S,, we
write

7.‘-(yla s 7yn) = (%(1)7 B ayﬂ'(n))
m(B)={7(y) |y € B} for BCR"

According to the definition of conditional probability, we need to prove that for
every B € B(R"), it holds that

1
P (Ve Yam) € 0, Y € B) = E(E ﬂ{mneB})‘

10



Note that intuitively, due to exchangeability, every value of the vector of order
statistics Y.,), corresponds almost surely to its n! equally probable permutations.
Formally, we have

P(Y()n € B) =P(Y), € BNO)

:]I’(Ye U ﬂ(BﬂO)) =S P(y ex(BNO)).

TESK TeSy

Since exchangeability implies that for every permutation 7 € S, it holds that P(Y €
7(BNO))=P(Y € BNO), we obtain that

P(Yyn € B) =n!P(Y € 7(BNO)), forevery m € S,. (6)

Using the result in (6), we have
P((Yﬂ(l), - ,Yﬂ(n)) €0, Y(-)Jl € B)
=P((V1,....Y,) e 7 1(0), Yy, € BNO)
=P((V1,....Y,) e (BNO))

1 1
= ﬁ ]P(Y(.),n c B) = E(ﬁ IL{Y(A)JLGB})'

11



3 Conformal prediction: general theory

3.1 Main definitions

In this section, we introduce conformal prediction in the general case with all supple-
mentary definitions and prove two important results: strong validity and optimality
of conformal intervals.

In this subsection, we will follow Section 2 and Section 3 from [2].

Notice that we will work with the so-called “on-line protocol”, in which we assume
that the data is generated sequentially unlike more classical “batch” approach, where
the number of data points is fixed. According to the “on-line protocol”, we will
also sequentially construct prediction intervals and explore the statistical relation
between errors on each step.

From the mathematical perspective, we have an infinite sequence of random vec-
tors (Xn, Yn), n > 1, which takes values in the measurable space (]RK X ]R)oo with
o-algebra F. The true distribution P of (Xn, Yn), n > 1 belongs to a set of distri-
butions P. For convenience, we will denote random data points (X,,Y,,) as Z,.

Recall that our task is for every n > 2, every sequence of “previous” data points
(X1,Y1), ..., (Xp_1,Y1) € RE x R, value X,, for a new observation, and every
significance rate € € (0, 1) to construct a measurable set

Ffz = F;((Xh}/l% SR (Xn—17Yn—1>7Xn) CR

such that the probability of covering the target variable Y,,, i.e. the probability of
the event Y,, € I'2, is equal to 1 — €. The latter property of prediction intervals is

n’

called (exact) validity.

Note that if, in addition, the events {Yn el },n > 2, are independent, then we
say that the sequence of confidence predictors I'Y, n > 2, is strongly valid.

To introduce the concept of conformal prediction interval, we need to introduce some
additional notions first. In the following definitions, we assume that S,,, n > 1, is a
sequence of measurable functions S, : (]RK X ]R)n — Y, where (En, Qﬁn),n > 1, are
measurable spaces.

Definition 3.1. A sequence of statistics S,, n > 1, is said to be algebraically
transitive if there exists a sequence of measurable functions F;, : 3,1 X (IRK X ]R) —
Yin, n > 2, such that

Sn(zlv <. 7Zn> = Fn(Sn—l(Zh ceey zn—l)a ZTL)

for all z1,...,2, € (]RK X ]R)n. Informally, the function F,, allows to find the
summary for the first n data points simply updating the summary of the first n — 1
data points with a new element z,.

Definition 3.2. A sequence of statistics S,,,n > 1, is said to be totally sufficient
for a set of probability distributions P if for every n > 1

e S, is sufficient for the corresponding sequence of random variables 73, ..., Z,

12



e /y,.... 7, and Z,,4,... are conditionally independent given S,,. Informally,

,C(Zl,...,Zn|Sn,Zn+1,...) :E(Zl,,Zn‘Sn)

Remark. A sequence of statistics S,,,n > 2, is called an ATTS-sequence if it is both
algebraically transitive and totally sufficient.

Definition 3.3. A nonconformity measure A4, = A, (sn_l, (Tn, yn)) for n > 2 is any
measurable function A,, : X,,_1 X (]RK X IR) — R.

A nonconformity measure is a function that computes how different the previous
data (given through its summary) are from a new data point. Despite the generality
of this definition, in our next examples large values of nonconformity measure will
always mean large differences between the corresponding objects. However, note
that it follows from Theorem 3.1 that conformal prediction produces valid prediction
intervals for any choice (and interpretation) of nonconformity measure.

To construct conformal prediction intervals, we will apply a classical statistical tech-
nique of building confidence intervals for some random variable using its p-values (see
Subsection 3.4). In our case, we will consider p-values of nonconformity measures
A, conditionally on summary statistic .S,,.

Definition 3.4. For the data points z1,...,z, € (IRK X lR)" and the number £, €
[0, 1], define the (randomized) p-value as the function (for details see Subsection 3.4)

pn(zl,...,zn,tn) = IP(An >ap | S, = sn) +tn]P(An =a, | S, = sn), (7)

where s,, = Sn(zl, e zn) and a, = An(Sn_l(zl, ey Zne1), zn)

Remark. On the right-hand side of the relation (7), we consider the distribution of
the nonconformity measure A, = A, (S,_1, Z,) on the space of pairs

F(sn) = {(sn-1,20) € Tnot X (X X V) | F(Sp-1,20) = $p }-

In this thesis, we define a randomized p-value of a random variable X as a function
px(z,t) =P(X > 2)+t P(X = ), where t € [0, 1], i.e., it is a function that describes
the distribution of a random variable X similarly to the cumulative distribution
function. Hence in case of the p-value in (7), it will later be convenient to consider
it in a more classical way, namely as

Pn = PA,|S, (an; tn | Sn)-

Remark. Since algebraic transitivity implies that S, = F,(S,—1(z1, .-, 2n-1), Zn),
we can see that the p-value (7) depends on z1, . .., 2, through the values of S,,_; and
zp. Hence pp(z1, ..., 2n, tn) = pa(Sn—1, Zn, tn)-

Recall that we consider a hypothetical value y € R of the target variable Y,,. Using
p-value (7), we can compute how probable it is to get a larger nonconformity than
the nonconformity between the summary S, _; of observation zi,...,z,_1 and the
hypothetical next observation z, = (z,,y). If this probability is too small, then it
is natural not to include it in the prediction interval. This idea is realized in the
definition of a conformal interval.

13



Definition 3.5. Assume that Z,, n > 1 is a random sequence from (]RK X ]R)Oo
with some distribution P from the set P. Let S,, n > 1, be an ATTS sequence
of statistics for the sequence Z,, n > 1, and let p,, n > 2, be the sequence of the
corresponding p-values for nonconformity measures A,,,n > 2.

Suppose that the data points zq,...,2,_1 and the explanatory variable x,, of the
next observation are known. Then for the number ¢, € [0, 1] and confidence level
e € [0, 1], define a conformal prediction interval as

I = I‘fl(zl, e 21, Ty b)) = {y ER | pulz1y- -y 201, (Tn,y), tn) > 5}.

Remark. Let g be a strictly increasing function. If we fix a value s,, of ATTS-statistic
Sn, then for any two pairs (s,_1,2,) and (s,_;,2),) such that s, = F(s,_1,2,) =
F(sl,_y,2}), it holds that

n—1r~n

An(Sn—1,20) > An(sl,_1,2,) <= g(An(sn-1,20)) > g(An(sh_1, 20)).

n—1s“n n—1 “n

Therefore, we get
P (A, > an | Sp=sn) =P(g(An) > glay) | Sn = sn).

It follows that conformal intervals constructed using the nonconformity measure A,
are equal to the conformal intervals constructed using the measure g(A4,,).

3.2 Strong validity of conformal intervals
In this subsection, we consider in detail Theorem 1 in [2].

Theorem 3.1 (Joint distribution of p-values). In addition to the setting of Def-
inition 3.5, assume that 7,, n > 2, is a sequence of independent and U([0, 1])-
distributed random variables, which is also independent of Z,,, n > 2.

Then the p-values
pn(Zl, .. .,Zn,Tn), n>2

are independent and U (][0, 1])-distributed random variables.

Proof. 1) Distribution of p-values

According to Theorem 3.3 in Section 3.4, if X is a random variable and 7 is a
U([0, 1])-distributed random variable independent of X , then the p-value px (X, 1)
is U(]0, 1])-distributed.

Recall that p, = pa,s,(an,tn | Sn) is a p-value of the random variable A, condi-
tionally distributed given S,, = s,,. Hence, Theorem 3.3 implies that the conditional
distribution of the random variable pa,, s, (An, 7o | S») given S, is uniform on [0, 1]

Therefore, we have for every € € [0, 1] that P(p, < ¢ | S,) = ¢ a.s. Integrating over
S, implies
P(p, <e) =EP(p, <e|S,) =e. (8)

2) Independence of p-values

14



For every n > 2 and sequence ¢, .. .,¢&, € [0,1], we want to prove that

E(ﬂp2<62 o Ilpn<5n) =€3...Ep.

Define a decreasing sequence of sub-o-algebras by
g, = J(Sn(Zl, s Zn)y D1y Trtdy - - - ), for n > 2,
and consider first the conditional case w.r.t. G,, i.e., prove that

E(I]-p2<€2 o :H-pn<6n | gn) — &92...E&p, a.S. (9)

The latter statement we will prove by induction. For the case n = 2, we have due
to the total sufficiency of S,, and conditional distribution of ps given S5, that

]E(]lpz<€2 | g2) - ]E(]lp2<52 ’ 5'2) = €.

Now suppose that the relation (9) holds for every & < n. Note that since p,, depends
on Zy,...,Z, through the values S,_1(Z1,...,2Z,-1) and Z,, we have that p, is
G,_1-measurable. Hence, using the tower property, we get

E(Lp<es - Lpo<e, | Gn)
= E(E(Lpy<es - - Lpo<e, | Guot) | Gn)
= BE(Lp<c, B(Lpyec, -+ Ly, ey [ Guor) | Gn)
=E(lp,<c,€2.--En-1] Gn)

=ey...6n 1 BE(Lp,<c, | Gn) =€2...60.

Integrating this relation, we obtain (9). O

Remark. Theorem 3.1 implies that randomized conformal intervals are strongly valid,
since for every n > 2, we have for the event that Y,, is covered by I} , that

An = {Yn € F;(Zlv .- '7Zn—17Xn7Tn) } = {pn(Zla .. '7Zn—17 (XnaYn)aTn> > 5}

and random variables p,, n > 2, are independent and U ([0, 1])-distributed.

Remark. Note that in the case of deterministic conformal intervals, i.e., if 7, = 1
a.s., we get larger p-values and therefore larger conformal intervals I'2 (1). It is easy
to see that in this case, the so-called conservative validity

]P(Yn el (Z1,..., Zn1,Xn, 1)) >1—c¢
holds.

15



3.3 Optimality

The result presented in this subsection (Theorem 2 in [2]) states that for any pre-
diction set from a large class there is a conformal interval which is not worse than
a given prediction set.

Definition 3.6. A prediction set I'" is said to be at least as good as the prediction
set T if for every € € (0, 1) there holds I'"¢ C T'® almost surely.

Recall that in the case of the exchangeability model, the conformal interval was
defined as

#{i=1,....,n| AD > A

n

Fﬁ(yl,...,yn_l):{yeﬂ%] }25}
with the nonconformity measure A, = |y, — 7,_;| and the summary statistic equal
to the vector of order statistic. It is easy to see that for any permutation m € S,,,
the value #{i = 1,...,n | A® > A™} will not change. Therefore, we get

FfL(ZL‘h e ,xn_l) = Fs(fbﬂ(l), e ,:L‘ﬂ-(n_l)).

The latter implies that we have equal conformal intervals for any two sequences of
previous observations with equal vectors of order statistics. This intuition leads to
the following definition.

Definition 3.7. If the prediction set I',, = I', (zl, e ,zn_l,xn) depends on the
previous observations zq, ..., 2,_1 only through the value of their summary statistic
Sp_1, i.e. Ty = T'(Sp_1,x,), then '), is said to be invariant with respect to the
statistic S,_.

Definition 3.8. The statistic S with values in a measurable space ¥ is called bound-
edly complete (for statistical model P) if for every bounded measurable function
f X — R, it holds that

Ef(S) = 0 under every distribution P € P
= f(S) =0,P — a.s. for every P € P.

Theorem 3.2. Let S,,,n > 2, be an ATTS sequence of statistics, where every .S,
is boundedly complete. Assume that for every n > 2, the prediction interval I'}
is exactly valid for every € € [0, 1] and invariant with respect to the corresponding
statistic S,_1.

Then, for every n > 2, there exists a deterministic conformal predictor I's ¥ which
is at least as good as I',.

Proof. First note that bounded completeness of the statistic 5,, implies exact con-
ditional validity of I, given S,,:

VP € P : ]P(yn ¢ 1% (Sh-1,2n) | Sn) =¢ P-as.

since for measurable and bounded function ¢(S,) = P(y, & IS(Sn-1,2,) | Sn), it
holds that

EP (yn & T3 (Sn1,2n) [ Sn) =P (yn ¢ T7(Sn1,20)) = &
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and finally IE(IP(yn ¢ ' (Sho1,2n) | Sn) — 5) =0.

To construct a conformal interval, we consider the following nonconformity measure
defined using I%:

An(sn-1, (@n,yn)) =1 —inf { e € [0,1] | yn & 5 (sn—1,2n) }- (10)

Note that if the vector (x,,y,) is very different from the previous observations,
then to cover (z,,y,) by I';, we need a wide interval, which corresponds to a small
value of €. As we can see in (10), a small value of £ implies a large value of the
nonconformity measure.

As we know, conformal intervals are constructed using the conditional distribution of
the nonconformity measures given a summary statistic. In the proof of the theorem
we will use the following facts.

Claim 1. For the nonconformity measure (10) and any 6 € (0,1), there holds the
relation:
P(A, >1-4]8,) <0

Proof. (Claim 1) There holds

P(A,>1-6|S,)=P(inf{ecec[0,1] |y, ¢ T (sn-1,20)} <3| Sn)
= 1i£g11P(inf{5 €10,1] |y & 5 (Sn—1,20) } <7 | Sn)
v

<lmP(y, ¢I'|S,) =1l =0.
SUmP(y, ¢ 17| Sa) = limy
O

Claim 2. Assume that for the nonconformity measure (10) and for v, € (0, 1),
there holds P(A,, > v | S,,) > d. Then we have that v < 1 — 9.

Proof. (Claim 2)
If v > 1—9, then Claim 1 implies that
P(An 27 ] 5) <P(Ap>21-46]65,) <é.
This gives a contradiction. O]

Now define a conformal interval using the nonconformity measure (10),
I ={y e R|P(Ay > An(sp-1: (20,)) | Su) > €},

and consider the relation between our initial prediction interval I'} and its improve-
ment, i.e., the conformal interval T'S:

y €T = P(Ay > Ay(sir, (w0,9)) | S0) > 2

(Claim2) = An(sp-1, (Tn,y)) <1—¢
= inf {7 €[0,1] | yo € [} (8n-1,7,)} > €
—yel;.
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Thus I's* C I's.

To finish the proof, we need to show that for the constructed deterministic conformal
interval I's;*, it holds that P(y, ¢ I's") = e. From the relation I';t C I we get

n

P(yn ¢ Ffﬁ) > ¢. On the other hand, the remark to Theorem 3.1 implies that
]P(yn ¢ Ffﬁ') <e.

]

3.4 p-values

In statistics, a p-value is a quantity which measures the probability of obtaining
a more extreme result produced by a random variable than what we observe. In
this section, we define a p-value as a function of the observed value and prove an
important result that explains the procedure of constructing confidence intervals
using p-values.

Definition 3.9. Let X be a random variable. Define the deterministic p-value to
be a function
px(z) =P(X >2), 2 €R

and the randomized p-value as

px(xz, t) =P(X >z)+tP(X =x), 2 € R, t € [0,1].

Remark. Despite the function px(x,t) defined above being deterministic, we call it
randomized since in this and the next sections we will mostly discuss results for the
random function px(z,7), where 7 is a U(]0, 1])-distributed random variable.

For a random variable X with deterministic and strictly decreasing p-value natural
ways of constructing a confidence interval with a confidence level equal to 1 — ¢ €
(0,1) are, for example, to “cut off” a tail with a mass ¢ from one side or two tails
of mass £/2 each from both sides:

Ci={zeR|px(x)>c} CR,
Cs;={zeR|px(z)€le/2,1-¢/2]} CR.

The following result allows us to construct confidence intervals also for the case of
general p-values, in which non-continuous or non-increasing cases are included.

Theorem 3.3. Let X and 7 be independent random variables, 7 ~ U([0, 1]). Then
for the randomized p-value of X it holds that

px(X,7) ~ U([0,1]). (11)
Proof. Define a randomized cumulative distribution function of X by
Fx(l‘,to):P(X<$)+t0P(X:ZE), r e Rt € [0,1]

Even though the function Fx(z,ts) is deterministic, we call it randomized, since we
will use a U([0, 1])-distributed random variable 7 instead of the parameter .
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To simplify the notation in the proof of the theorem, we will use F(z) and F(z,t)
instead of Fx(z) and Fx(z,t) respectively.

Note that if tg = 1 — ¢, then px(x,t) =1 — F(x,ty). It means it is enough to prove
that
F(X,70) ~ U([0,1]) (12)

for 7o ~ U([0,1]), i.e., for every ¢ € [0, 1] we need to show that P(F (X, 1) < ¢) =e.

Before we move to the proof of (12), we state two useful results about deterministic
and randomized cumulative distribution functions.

Claim 1. For every x € R and t, € [0, 1], it holds that F(z,ty) < F(z).

Claim 2. Assume that for € € (0,1), the preimage F~!({¢}) is non-empty. Then for
every x > sup F~1({e}), it holds that P(X < z) > e.

Proof. (Claim 2)
For any 2’ € (sup F~'({e}), =), we have that ¢ < F(2') < P(X < x). O

Now we turn to the proof of the main theorem.
Case 1: F'({e}) = {z.}

Claim 2 implies that for every x > z., we have P(X < x) > ¢ and therefore
F(z,ty) > ¢ for every t, € [0, 1]. Hence

{F(X,7)<e}c{X <z}

From Claim 1, we get that for every x < z. and ¢y € [0, 1], there holds
F(z,ty) < F(x) < F(z.) =,

which implies that {X < . } C {F(X, ) < e }

Hence, we have that { X <.} = { F(X,7) < ¢} and finally that

P(F(X, 1) <e)=P(X <z.)=c¢.

Case 2: # F!'({e}) = oo.
Here we consider 2 cases.

1)§f ﬁ(Xf— sup F~'({e})) = 0, we have {F(X,79) < e} = {X < sup F({e})}
and theretore
P(F(X,m) <e)=P(X <sup F'({e})) =¢.

2) If P(X = sup F~'({e})) > 0, we have
{F(X,70) <e}={X <supF'({e}) JU{X =supF'({e}), 70 =0}.
Since P(X = sup F~'({e}),70 = 0) = 0 and P(X < sup F'({e})) = &, we obtain

P(F(X,7) <e)=P(X <sup F'({e})) + P(X =sup F'({e}), 70 =0) = &.
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Case 3: F7'({e}) =10
Let z. = inf {z | F(z) > ¢ }.
Since for > z. it holds that P(X < z) > P(X < z.) > ¢, we get
{F(X, ) <e}c{X<u}.
More precisely,
{F(X,n)<e}={X<z.}U{X=2.,7€[0,(e-P(X <z.))/P(X =z.)] }.

Now using the independence of X and 75 together with the the fact that 7y is
uniformly distributed on [0, 1], we get

P(F(X, 1) <e)
=P(X <z.)+P(X =2.,7€[0,(c-P(X <z.))/P(X =z.)])
=P(X <z.)+P(X =2.)P(r0 € [0,(e = P(X < 2.))/P(X =z.)])

= lP(X < xg) —HP(X :xg)giagizja) =¢

]

As a direct consequence of the previous theorem, we obtain the following statement.

Corollary 3.3.1. Let X be a random variables and let p(z,t), € R, t € [0, 1] be
a randomized p-value for X. If 7 is U((0, 1])-distributed and independent of X, then
for every ¢ € [0,1] and every interval (a,b) C [0, 1] of length 1 — ¢, the randomized
confidence interval C*, given by

¢ = 05(7_) = {:L‘ cR | px(UU,T) € (aa b)}’

has significance level ¢, i.e., P(X € C¢(7)) =1 —¢.
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4 Conformal prediction for regression models

4.1 1IID model

In this section, we consider results presented in Section 2.3 of [!] and in Section 5
of [2]. We provide the missing theory on bags in Appendix 4.1.1.

In this overview of applications of conformal prediction to regression models, we
start with the IID model, where the only assumption is that the random variables
(Zn,yn),n > 1, are independent and identically distributed according to some un-
known distribution.

For each model discussed in Section 4, we follow the same scheme: First we define
an ATTS sequence of summary statistics for the considered model and then we use a
nonconformity measure, whose conditional distribution given the summary statistic
can be computed analytically.

As we can see from Theorem 4.3 in Appendix 4.1.1, bags of observations
Sy vovzn) =121,y z0f,m > 1,

form an ATTS sequence of statistics in the IID model. Basically, a sequence of bags
is ATTS also for the exchangeability model. Therefore, all results obtained in this
section hold also for the exchangeability model.

One of the natural ways to define a nonconformity measure is to compute the dis-
tance from a hypothetical value y € R to a point prediction g, obtained by applying
any algorithm (linear regression, neural network, etc.) to the previous data:

An (3n—17 (xn7yn)) = |yn - gn|

For the sake of simplicity, we consider the distance to the prediction given by ridge
regression with parameter a > 0 (even though we do not have linearity assumption):

A (snt, (T yn)) = len] = |ym — 2y (XL X, + al,) ' X1Y,,

9

where X, is a matrix with rows z/,..., 2, and Y = [vy1,...,y,]"

Remark. The ridge coefficient a > 0 ensures that the matrix X, X, + al, is not
singular, since for any vector x we have

(X)X +aly)z =0 = 2 (X, X, +al,)x =0 = [ Xu2|* + al|2|* = 0.

Since a > 0, it follows that x = 0.

Now consider the conditional distribution of the nonconformity measure A, given
summary statistic S,. According to Theorem 4.3, for exchangeable (in particu-
lar i.i.d.) random variables zi,...,z, the conditional distribution given the bag
lz1, ..., 2,0 is uniform over all permutations of the data in the bag. Together with
the fact that the value of the nonconformity measure A, is invariant with respect
to the permutations of the previous observations, this implies that, conditionally on
S, and almost surely, the nonconformity measure A,, is uniformly distributed over
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the items in the bag ]|eq|,...,|es|J, in the sense that each of n items in the bag is
assigned a probability +.

Recall that in conformal prediction, we test the nonconformity for every hypothetical
value y € R of the response variable y,. Let y, = y and consider the vector of
residuals

By =Y, — X, (X, X, +al,) ' X}V,
=Uly, Yn1,y]
=Ulyt, .- Y10 +U[0,...,0,y]
= A+ By,

where U = I,, — X, (X;Xn + aIn)_lX;L and A, B are matrices. It follows that every
residual e; depends linearly on vy, i.e., that e; = e;(y) = a;+b;y foreveryi =1,...,n,
where the coefficients a;, b; are fixed given a bag of n observations.

Finally, using Theorem 4.3, we obtain the following expression for (deterministic)
conformal intervals in the IID model:

IL={yeR|puly) >c}
— {yER|%#{i:1,...,n| les(y)| > |€n(y)\}>€}

1

This representation of the conformal interval provides us with an efficient algorithm
for computing it. Note that function |a; + b;y| can define either a union of two
non-horizontal rays (b; # 0) or a horizontal line (b; = 0). Intersection points of the
corresponding lines define a partition of the real line into a disjoint union of (finite
and infinite) intervals. On every such interval, the p-value remains unchanged.

Hence, to compute the conformal interval, we need
1. to find solutions of the equations |a; + byy| = |a, + bpy|,i =1,...,n— 1,

2. for every interval defined by two neighboring solutions, to count the p-value

#{i=1,....,n||a; +by| > |an +byy|} and (13)

3. if the p-value (13) is larger than e, then include the interval in the conformal
interval.

The resulting interval is conservative in the sense that P(y, € ) > . Using
randomized p-values, exact coverage can be obtained.

Remark (on computational aspects of conformal prediction). One of the disadvan-
tages of conformal prediction is that we need to test every hypothetical value y € R,
and exact analytical computation of conformal intervals is often not possible. There-
fore, we have to build an approximation by considering the grid of the real line.
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Note that to define a nonconformity measure of the form A,, = |y, — J,|, we may
use any method which provides a point predictor ¢,,. Using the approach described
in this section, we will obtain (conservatively) valid conformal intervals.

4.1.1 Appendix: Bags

In this appendix, we present the concept of a bag, which plays the role of a summary
statistic for the IID model.

Definition 4.1. A bag |1, . .., 2, is a collection of n elements x1, ..., z, such that
1. some of the elements may be equal.
2. permutations of elements do not change the bag.

Let X be a set. On the set X™ we consider the following relation: For z,y €
X" let © ~ y if there exists a permutation 7 € S, such that x = 7(y), where
7(Y) = (Yr(1),-- - Yr(n))- By general properties of permutations, this is an equiv-
alence relation. Hence, the set X™ can be represented as a disjoint union of the
equivalence classes { [x},x € X”} = X"|.. For a subset A C X", we denote

[A]={[z]|zeA}.
It is clear that between bags consisting of n elements from X and the equivalence
classes mentioned above there exists a bijective mapping: (z1,...,z,] +— [a:}

where z = (x4, ...,x,). Therefore, if we define a o-algebra on the set of equivalence
classes, we automatically obtain a o-algebra on the set of bags.

Definition 4.2. Consider a set X'. For a subset A C X", a permutational closure
pcl(A) C X" is defined as

pcl(A) = {7(z) |z € A,m €S, }.

Lemma 4.1. (properties of permutational closure)
1. A C pcl(A).
2. [A] = [pel(4)].

Let F be a o-algebra on the set X and let F" be the corresponding product
o-algebra on X™.

3. For A € F", we have that pcl(A) € F™.

Proof. 2) Tt holds that
[z] e [A] = Tyecdst. a~y<=TreS,st. z=7(y) < x € pcl(A).
3) Recall that a permutation of coordinates in x € X™ is an (F", F")-measurable

mapping. Now, since pcl(A) = Ures, 7(A) and w(A) € F" for every m € S,,, we have
that pcl(A4) € Fn.

]
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Theorem 4.2. Let F be a o-algebra on a set X and let 7" be the corresponding
product o-algebra on the set X”. Then the class of subsets

cr={[A]|AeF"}
is a o-algebra on the set X"|..

Proof. 1) For any sequence A; € F", i > 1, we have that

Ula]=[4a]ec

i>1 i>1

since [ZL’} S UiZl[Ai} <~ di > 1E|y S Al st. x ~y &= Hy S UizlAi s.t.
T~y = [x] € [Ui21Ai]-

2) For any A € 7", we have
[A]C = [pcl(A)C] eC,

since [w] ¢ [A} <= for every y € A we have that x 4 y <= for every y €
pcl(A) there holds z o4 y <= 3z € pcl(A)° s.t. w ~ z < [z] € [pcl(A)7].

]

Now consider the mapping g(x) = [ZE], x € X". It is easy to see that g is (f”, C”)—
measurable, since for every [A} € C", we have that

g ([A]) =pcl(A) € F™.

Remark. As a consequence of the latter result, we also obtain that the class of
permutational closures G = { pcl(A) | A € F" } is a sub-o-algebra of F™.

For the next result, we need the notion of a uniform distribution on a bag. For
r € X", the uniform distribution on {zy,...,z,( is a discrete distribution which
gives probability £ >°" | 1{z; = z} to each value z € {zy,...,z,}. We will denote
this distribution by U({zf) or U(]xy,...,x,]). For example, U(](1,2,3)[) assigns
probability 3 to 1,2 and 3 each; U(](1,1,2)f) assigns probability Z and % to 1 and
2, respectively; and U(](1,1,1)) is point-mass 1 at 1.

We will also consider all possible orderings of the components z;, i.e., (7(z))res, €
(X™)Sn, and the uniform distribution on the corresponding bag, i.e., U(]{w(x),r €
S.J), which puts probability L > ¢ 1{m(z) = z} to each value z € {n(z) : 7 €
S,}. For example, U(|n(1,2,3) : m € S3f) puts probability %to each of the val-
ues (1,2,3),(1,3,2),(2,1,3),(2,3,1),(3,1,2),(3,2,1); U(n(1,1,2) : m € S3) puts
probability # to each of the values (1,1,2), (1,2,1) and (2, 1,1); finally, U(]m(1,1,1) :
7 € S3f) is point-mass 1 at (1,1,1).

Theorem 4.3. Consider exchangeable random variables 71, ..., Z, on a probability
space (2, A, P) taking values in X. For Z = (Z,...,Z,), the conditional distribu-
tion of Z given [ Z§ is U(Iw(Z) : m € S,F). In particular, for an event of the form
{Z € A} and almost all w € Q, we have

P(Z€A1Z])w) = o 3 Hn(Z(w)) € A)

7TES7L
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Proof. Consider any event of the form {Z € A} and any event of the form {{Z§ €
B}. In view of the definition of conditional probabilities, we need to show that

P(Z € A,1Z§ € B) equals

/lzjeB} ! Z Hr(2) € A}dP = % Z P(n(Z) € A,1Z§ € B)

TES, " TES,

_ % 3" P(r(2) € A,1x(2)] € B)

’ ﬂ'ESn

=P(Z e A 1Zf € B),

where the second equality holds because | Z| = {7(Z)[ and the third equality holds
because P(n(Z) € A, n(Z)§ € B) =P(Z € A, Z[ € B) by exchangeability.

]

4.2 Gauss linear model

This section corresponds to Section 6 in [2] and Section 8.5 in [1]. Besides the discus-
sion of the results, we provide rigorous proofs of some omitted details of Proposition
8.4 from [1].

The Gauss linear model is a classical textbook model: For the random variables
(2n,yn) € RE x R, n > 1, we assume that there holds the linear relation

Yo = 2,8+ e (14)
with the following additional assumptions:
1. The row vectors x/, are deterministic for every n > 1.
2. ep,n > 1, are independent random variables.
3. en ~ N(0,0?) for every n > 1.
Parameters 3 and o? are assumed to be unknown constants.

In this section, we will use the following notation:

/
Y1 Ty €1
/
Y2 Ty E9
Yn = ) Xn = . s gn =
/

To avoid singular matrices we also assume that

4. matrix X,, has full rank.

A standard result for the Gauss linear model that allows the construction of predic-
tion intervals for the random variable y,, given previous data points and the value
of the explanatory variable z,,, states (see Theorem 4.7) that the statistic

D)
T, — - Yn — Yn (15)
On-1/1+ 2, (X, Xn-1) 'y
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is t,,__1-distributed. In the latter result, g},(ln_l) denotes the prediction of y, given
previous data points (x1,%1), ..., (Tn_1,Yn—1) and z,, i.e.

G = (1 X)X Y

Result (15) implies that, for every ¢ € (0,1), the interval

e = [3 = £ 67 a1+ 2 (X X 1)~ (16)

n

contains y, with probability 1 —e. The C¢ are called Student’s prediction intervals.

In the rest of the section, we want to show that Student’s prediction interval can
be obtained by applying conformal prediction. As usual, we start with defining an
ATTS sequence of statistics for the considered model.

Lemma 4.4. The sequence of statistics
Sn(Xn, Vo) = (X, XY, Y Y,) 0 > 1, (17)
1s ATTS for the Gauss linear model.

Proof. 1) Algebraic transitivity.
We have that

X0Yo = yiwi = X}, Vo1 + gnry and VY, =Y, Yy + 2.
=1

Hence, there exists a sequence of measurable functions F,,, n > 2, such that S,, =
F, (Sn,l, (2, yn)), for every n > 2.

2) Total sufficiency.

Here we will use a classical result about sufficient statistics called the Neyman-Fisher
factorization theorem.

Theorem 4.5. (Neyman-Fisher factorization theorem)

Let (P, ©) be a parametric set of absolutely continuous distributions for the random
vector X. If the likelihood Ly(x) can be represented as h(x)g(T'(z),0), where h and
g are measurable functions, then 7'(z) is a sufficient statistic with respect to the
statistical model (Fp, ©).

Now, since the random variables yy, . . ., y, are independent and N (23, 0?)-distributed,
we have:

Lgo2 (Y1, yn) = HLﬁ,a2(yi) = H 5 OXP ( - T‘z(yi - 35;5)2)
i=1 j

o V2mo
-5 Yn - Xn ! Yn - Xn
:(27m2) gexp(_( B)'( 5))
202
! Y'Y, —26' XY, + X! X,.0
:(27m) 2exp(— >
202
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From the Neyman-Fisher factorization theorem, it follows that the sequence (17) is
sufficient for Gauss linear model.

As discussed in the previous section, conditional independence follows from the
assumption of independence. O

Theorem 4.6. Consider the Gauss linear model (14) together with the ATTS se-
quence of statistics S, = (X,,, X Yy, Y'Y,), n > 1. The conformal prediction inter-
vals constructed using nonconformity measures

~(n—1
— Y]

|yn n
An Snf y \AnyYn)) =
( 1 (SL’ Y )) 5n—1\/1+113;(X,’1_1Xn_1)_1xn or

A;w (Snfla (xnayn)) ‘yn n )’

are equal to the Student’s prediction interval (16).

Proof. We know from Theorem 4.7 that the nonconformity measure A,, is uncondi-
tionally |, x_1|-distributed. At the same time, it follows from Theorem 4.8 that A,
and the summary statistic S,, are independent. Therefore, A, is |t,,— x_1|-distributed
also conditionally given S,,.

The latter fact implies that for a conformal interval I'; that is constructed using the
nonconformity measure A,, it holds that

y € (Sh1,x,) < pn(Sn_l, (a:n,y)) > ¢

= P(Ay > A4(Su-t, (@0, 1) | Sn = Fu(Sne1, (¥n,9))) > &
<~ ]P<An Z An(sn—la (l‘nay))) Z €

— An (Snfla (xna y)) S t:zisléal

The last inequality defines the Student’s prediction interval.

As mentioned in a remark in Subsection 3.1, to prove that two nonconformity
measures A, and A/, produce equal conformal intervals, it is enough to show that
Al = g(A,), where g is a strictly increasing function when the value of S, is fixed.

From Theorem 4.13, we have that

_ g _ _En d6 . ;< 2_ _ n )
Yn = Un Tt R | | Zez 1 — hpy )

which implies that

[ |y —

On-1/1+ 2 (X, 1 Xno1) Tan B\/C — ey A(n 1)>

A(n 1)’

where the values B = \/ — Il<_1
stant, since we assume that S, = (X,,, X]Y,, Y, Y,) is fixed.

(1+ 24X, 1 Xn1)2,) and C = Y7 | e? are con-

=1 "1
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Now consider the function g(x) = x > 0, and its derivative

x
BVC — cx?’

/(x)_l\/C—cxz—xZ\/%_i 2(C —cr®) +2c2® 1 C
g B C — cx? B2(C —ca?)\/C —ca? B (C — ca?)y/C —ca?’

As we can see, the derivative ¢'(z) is positive for all z € D(g). Hence, the func-
tion ¢ is strictly increasing, and conformal intervals produced by the nonconformity
measure A/ are equal to the Student’s prediction intervals. O

4.2.1 Appendix
Distribution of T-statistic

Theorem 4.7. In the Gauss linear model the statistic

D)
B Yn — Un
a'n,1 \/1 -+ :L’;L(ngan,l)—lxn

is t,,_ g _1-distributed.

Proof. Recall a classical result: For independent random variables X and Y such

that X ~ N(0,1) and Y ~ x2, the statistic is t,-distributed. In the proof of

Y/n
the theorem, we will show that statistic 1" can be represented in the form mentioned

above.

1) Note that for the random variable y,, it holds that y, ~ N(z/ 3, ?).
For 4", we have that
:&7(1”_1) =, (X'r,z—an—l)_lX'rlz—IYn—l
= 2 (X X 1) X (X 1B+ End)
— 2 B+l (X X)X €

This implies that g),(ln_l) is a normally distributed random variable with parameters
E(@f«bn_l ) =a/,8 and

Var(9Y) = Var (), (X;L_1Xn—1)71X7/1_15n—1)
= x;z(X7/1—1Xn—1)_1Xr,z—1var<€n—l)Xn—l(Xrlz—an—l)_lxn
= o%2 (X! Xp 1) ta,.

Since y,, and g),(ln_l) are independent and normally distributed, their difference is also
normally distributed with parameters

E(y, — 4" Y) = B(y,) — E@® V) =28 — 2/, =0,

Var(y, —§"Y) = Var(ya) + Var(g" V) = o* (1 + 2, (X1 Xo1) ).
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Hence, the random variable

_ D)
o1+l (X, 1 X 1)ty
has standard normal distribution.
2) As shown in Appendix C.3.2 in [3], the statistic
— K —1)52 Yoy =Y ) (Yo — Y,
(n )01 _ ( 1 1)'( 1 1) (19)

o? o2
has y2-distribution with n — K — 1 degrees of freedom
3) It remains to show the independence of the statistics (18) and (19).

Note that (n — K —1)62_, can be represented as the quadratic form applied to the
standard normally distributed vector &£,_1, since

~

(Ya1=Yn 1) (Yoa = Yoa)
— (Yo1 = Hy 1Yy 1) (Yas — Hy 1Yo 1)
=Y (I,1—H, 1) (In1—Hy, 1)Yn 4
- Y?ifl(‘[”—l - Hn—1>Yn—17

where we have applied the idempotence of the matrix I,, 1 — H,_;. Now, using the
fact that X,,_1(I,—1 — H,_1) = 0, we obtain that

Y'r:,—]_(ITL—]. - Hn—l)Yn—l
= (anlﬁ + gnfl)/(jnfl - Hn71)<anlﬂ + <S‘nfl)
= 8;_1(17171 - anl)gnfl-

At the same time, there holds

gD = 2! B (X Xno1) I X! Eny.

n

It follows from Theorem 1.3.7 in [1] that for a standard normal random vector &,
the quadratic form £'AE and linear transformation BE are independent if BA = 0.
It is easy to see that this condition holds in our case above, since I,,_1 — H,,_; defines
a matrix orthogonal to the columns of the matrix X,,_;. O

Independence of the T-statistic and the summary statistic

Theorem 4.8. In the Gauss linear model (14), the statistics

B [

G/ (X X ) T,

and S, = (X, XY, Y.Y,) are independent for every n > 2.
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Proof. From Theorem 4.13, it follows that

En
11— hnn
2

n €n -1
\/n—[l(—l (Zi:l e — ﬁ) \/1 + ], (X;l_an,l) T

As we can see, T,, depends on (X,,,Y,) only through the values of the vector of
residuals E, = (e1,...,e,) =Y, — V. and the fixed matrix X,,.

From this point on, we will omit the index n in the notation.

It is also easy to see that T'(kE) = T(FE), for every k > 0. Hence, for every E, we
have that T'(E) = T'(E/||E||), i.e., T is defined by its values on the unit sphere in
[ X+

On the other hand, for the statistic .S, there holds
X'Y = X'PxY and Y'Y = ||Y|]* = ||E||* + ||PxY]||>.

This implies that S = g(X, PxY,||E||), where g is a measurable function and Py is
a projection matrix onto the subspace defined by the column vectors of the matrix
X.

Recall that the vector of residuals £ is a projection of the standard normal vector
£ onto the subspace [X]*, since

E=(I—-Py)Y = (- Py)(XB+E) = (I - Px)E.
Therefore, we obtain
T =1((1 = PY)E/II - Px)El]) and S = S(X, Px&,[|(I = Px)E]),
Note that (I — Px)E and Px& are independent by Corollary 1.2.4 in [1], since
Py(I — Px) = 0.

Also, (I — Px)E/||(I — Px)E&|| and ||({ — Px)E&|| are independent by Lemma 4.10.
Hence, we obtain that 7" and S are independent as measurable functions of inde-
pendent random variables.

]

Remark. The proofs of the next results rely on the following facts.

1) If a random vector X € R™ satisfies X ~ M X for any orthogonal n x n matrix
M, then X is uniform on the unit sphere in R", i.e., X ~ U(S™"1).

2) Let R ~ U(O(n)), that is, R is uniformly distributed on the collection of all
orthogonal n X n matrices. If x € R" satisfies ||z|| = 1, then Rz ~ U(S™!).

Theorem 4.9. Let X ~ N, (0, 1,). Define ﬁ as

i(w) — Iégzill’ if X (w) # 0
|| X|| Z(w), ifX(w)=0
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where Z ~ U(S™!) and independent of X.
Then
1) 5~ U™ and [|X]? ~ 2,

2) ﬁ and || X|| are independent.

Proof. 1) (Distribution)
The fact that || X[|* ~ x2 follows from the definition of the y2-distribution.

To show that = is uniformly distributed on the unit sphere S™~! it is enough to
[TXT] Y &
show that ‘% is rotationally invariant (fact 1 in the remark). For every orthogonal
n x n matrix M it holds that

X  MX X
X1 Mg (1P

M

since X ~ M X for X ~ N, (0, I,) and ||MX]|| = || X]|-
2) (Independence)
Let R ~ U(O(n)) and independent of X and Z.
First, we show that RX ~ X. For every A € B(R") it holds that
P(RX € A) =EP(RX € A| R)
—EP(X € A| R) = P(X € A),

since given any fixed orthogonal matrix Ry the distribution of RyX is equal to

N(0, I,).

To prove independence of X/||X|| and || X]| it is enough to prove independence of
RX/[|X]] and [[X]].

For every A € B(U(S™™')) and B € B([0, +00)) it holds that

RX
P (i € A NIX| € B) = E(Lirx/x|je 4y Lyix)ie 5y)

|1X||
= EE(Lizx/x|jea lyix|eny | X) = (%).

Given any value of X, the random variable RX/|| X|| is U(S™!)-distributed. There-
fore, it holds that

() = B(P(RX/|IX]| € A)E(Iqxen | X))
=P(RX/|IX]|| € A)P(|IX]| € B).

]

Lemma 4.10. Let U be a subspace in R" and X ~ N(0,1,). If P is a projection
matriz on U, then PX/||PX|| and ||PX|| are independent.
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Proof. Let m = dim(U) and let o4, ..., 0, be an orthogonal basis of U. Then for
the matrix M = (01,...,0,) € R™™ it holds that

P=MMM)'M = MM

Denote M'X as Z. Then we have that PX = MM'X = MZ and Z ~ N(0, I,,,).
Since ||PX|| = ||MZ|| = ||Z]| it holds that

PX MZ Z
PXI Mzl 114l
1PX]] 1M Z]] 12l

From Theorem 4.9 it follows that Z/||Z|| and ||Z|| are independent. Therefore,
MZ/||Z|| and || Z|| are also independent.

O

Sherman-Morrison formula for Gauss linear model
This appendix is a modified version of Appendices C.6 - C.8 in [3].

Theorem 4.11. (Sherman-Morrison formula) Let A be an invertible n x n square
matrix, let v and v be two column vectors in R™. Then, there holds the relation

A lu' AL

N1 _ 41
(A+w') =4 T oA

(20)
Lemma 4.12. Let X,, be n x K-matriz as in the definition of the Gauss linear

model. Denote by x} the ith row of X,,. Then, we have that

(X;LXn)_lxnx;’L(X;’LXn>/
1 — 2, (X! X,) el

(XnaXom) " = (X0X0) 7 +

Proof. The relation XX, = Y ", z;x; implies that X X, ;1 = X/ X,, — z,z),.
Now using the Sherman-Morrison formula, we get that

1 —1 —1 (Xr,/an)ilxnx;L(qu‘LXn)/
(X:z—an—1> = (X;Xn - xnx;) = (X;LX") + 1 — 2, (X! X))

O
Theorem 4.13. In the Gauss linear model (14), there hold the relations
1)y, — 4™ = En
1 . e?
R e
e Zle 1—h, /)
where E,, = (eq, ..., e,) is a vector of residuals Yn—Yn(") and h,,, is the n-th diagonal

element of the hat-matrix H = X, (X! X,,) ' X.
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Proof. (Relation 1).
Yo = G0 = g — 2 (X1 X)X Yo

(X! X)) tapal, (X’Xn)_1>

=y, — ! X/Xn -1
Yy xn(( n ) + 1 — ! (X/X) 11-”

X (X,’LY,L — ynxn>

1
1 3 ((1 — )y — (1 = hnn)x;z<X7/~bXn)_1X1/~an

+ (1= hop) 2, (X, X0) ™ 2
— 2 (X! X))t (X X)X Y,
+ x;(X;an)’1xn:v;(X,’LXn)’1xnyn)

1 2

11— hnn

. hnn (n) h,2 n> _ €En .

Lemma 4.14. Let Bn be the least squares estimator for parameter 3. Then

L (XU X)) e,
R

Proof. (Lemma)
The relation X! Y, 1 = XY, — y,x, and Lemma 4.12 imply that
Bt = (X) 1 Xn1) ' X, Yooy

X! X))t (X! X))
— X/Xn —1 ( n<+n n+n n<*n )(X/Yn_ " n)
(e + S Rty ) (=

1 .
= (1= ) (B — (X2X0) 03)
+ (X, X0) el (X, X)X Y,
— (X3 X0) " (X0, X)) xnﬁ%)
5 1
:/6”+1_h (hnn<X/X ) TnlYn

(X! X)) tanen

>
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Proof. (Relation 2 in Theorem 4.13) It holds that
(Yn—l - Xn—lfén—l)/(yn—l - Xn—an—l)
= (Yn - Xan—l)/(Yn - Xan—l) - (yn - x;Bn—1>2‘

For the last term, we have that

Ca N (i (p (XéXn)lwnen»?
(yn xnﬁn—l) - (yn Ty (677, 1 — hnn
/ / -1
_ A l‘n(Xan) xnen)Q
( L D )2 e ()
= en = = .

For the first term, it holds that

(Yn_XnﬂAn—l)/ (Yn - Xn@n—l)

(o A R N A A )

X (X! X)) e\ X (X! X)) e,
1= hoy ) (B + 1—h,,

enh ! enh
_ En non)(En non)
2e,

:ﬂm+ij%m+<

~ (B

€n

1_hnn

) Hoshon = (5,

where h,,, is the n-th column of the hat-matrix H.

Since the vector of residuals F,, is orthogonal to the column space [X], we have that
H'E, = 0. Hence, h,, F, = 0.

The matrix H is symmetric and idempotent (i.e. HH = H). Therefore,
h,.nh/on - hnohon - hnn

These two arguments imply that

P, €2
=FEE,+ —"_.
(*) n + (1 _ hnn)z
Finally, combining (*) and (%), we obtain
P, €2 e & e
K -1 2 — E/E nn *n _ n _ 2 _ n
(n )Un—l n-—n + (1 _ hnn)2 (1 _ hnn)2 ; € 1 — hnn
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4.3 MVA model

In this section, we discuss the results presented in Section 7 of [2] and provide
rigorous proofs.

The last model in the overview of applications is the so-called MVA model, which
combines assumptions from the IID model and the Gauss linear model with an
additional assumption about the normal distribution of regressors. More formally,
for random vectors (Z,,y,) € RE x R, n > 1, we have that

Yn = @+ j/nﬁ + En
where for all n > 1, it holds that
1. vectors Z,, are independent and Ny (m, X)-distributed.
2. &, are independent and N (0, 0?)-distributed random variables.

3. &, and ¢, are independent.

Throughout this section, we will use the following notation

Y1 Ty &1
~/
Yo ~ To E2
Yn = . 5 Xn = . 5 gn =
~/
yn 'rn €n

Notice that Xn is a matrix of stochastic regressors. Also, denote

1 7 1
1

X, = ) and 4, =
1 7 1

Denote as z/, the row vector (1, /) for all n > 1.

Remark. (on reducing the number of regressors in the MVA model)

Consider the following two properties of the MVA model:
E(yn | ) is linear in x,. (21)
Var(y, | x,) is constant. (22)

It is worth mentioning that in the MVA model, if we believe that some regressors
are less important than others, then we can remove the less important regressors
and the properties (21) and (22) will still hold.

The crucial property of the MVA model which allows such a procedure is that the
joint distribution of regressors and errors is Gaussian. As we can see in the next
lemma (Proposition 3.13 in [5]), for Gaussian vectors, there hold the properties
equivalent to (21) and (22).
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Lemma 4.15. If X, and X, are two (Gaussian) subvectors of a Gaussian vector
X, then

[ ] E(Xl | XQ) =a-+ b/Xg and
o Var(X; | Xa) =X (constant matriz independent of Xs)
for a vector a and matrices b and ¥ of appropriate dimension.

Theorem 4.16. If x,, and x_, are the vectors of important and unimportant
regressors respectively and §, and [_ are the vectors of corresponding coordinates

of 3, then
1. E(y, | ©4+5) is linear in @, ,,.

2. Var(y, | x+,) is constant.

Proof. Note that since the vectors @/, , and 2, are disjoint and together form the
vector I, we have that 7,8 = 2/, , 8, + 2", B_.

1. Using the representation above, we get

E(yn ‘ ‘T—F,n) - E(Oé + j;ﬁ + En | ‘r+,n)

E(Oé + x/Jr,nB—i- + x,—,nﬁ— +én ’ x—i—,n)
= E(O& + x/Jr,nB—i- +€n | 'T+,n) + E<x—,nﬁ— | x+,n)

=a+al B + E(z_nf- | z40).

Since the vector (x_,,0_, x4 ,) is Gaussian, using Lemma 4.15, we obtain

E<$L,nﬁ— | x+,n) = O + I;,nﬁo

for some constant o and 5y and, finally

E(yn [ 21.0) = (@ + a0) + 2 (8 + Bo).

2. In this case, we will use the following properties of conditional variance: For a
random variable Y and o-algebra C there hold the relations

Var(a+Y | C) = Var(Y | C) for any constant a € R.

Var(X +Y | C) =Var(Y | C) for any C-measurable random variable X.

Var(Y +&|C)=Var(Y | C) + Var(€) for any random variable £
independent of C and Y.

These statements imply that
Var(yn | 240) = Var(a+ o'y By + 2" 8- +en | 245)

=Var(e,) + Var(z_ ,B- | x1n) = 0 + 6.
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To construct conformal intervals, we start by defining an ATTS sequence of statistics
for the considered model.

Lemma 4.17. The sequence of statistics S,,n > 1, such that
Sn(XmYn) = (X;LXqu/@Ym Yr:Yn) (23)
is ATTS for the MVA model.

Proof. The algebraic transitivity of S, follows from the relations
X)X, = wh, XY, =y and VY, = o7,
i=1 i=1 i=1

which imply that
X' X, =X, 1 Xp1+x,2, and XY, =X Y, 1+ yn2n.

To prove sufficiency, we apply the Neyman-Fisher factorization theorem. First note
that y; | Z; ~ N(a + 7.83,0?). Now, since for every i, the joint density p(Z;,y;) =
Pyiz(Yi | Ti) p(&;), we have that

L((Z1,91)s - (Tn ) = Hp(fz’,yi) = prli"(yi | Z;) pz(Z:)

= (270%) " exp ( - % 3 (4 —a— iéﬂf)
% det (27%) 12 exp ( - % i(m —m)S NG — m))
i=1
= C'exp ( - %(Yn — gy — Xnﬁ)/(Yn — iy — X,ﬁ))
X exp < — %z”: (:%22_1:@ —om'S g + m’Z_lm)>.
i=1

For the first factor, note that
(Yn - ain - Xnﬁ)/<yn - CW.n - Xnﬁ)

= Y'Y, —268'X'Y, + B X' X8 — 2aYi, + 200 X i, + o?i iy,

which clearly depends on the sample through the values of .S,,. For the second factor,
we have

i E5 = tr(i HYE) = i tr(#54,)
i=1 i=1 i=1

= Ztr(Zfli‘lf;) - t?” (EierlLXn)a
=1

n n
Z m'S 1z, =m'S! Zi:l =m'S X0,
i=1 i=1
and we also obtain the dependence on the sample through the values of S,,. O]
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To define a nonconformity measure for the MVA model, we first fit a line to the
data points (x1,41),. .., (Tn, y,) using the ridge regression with parameter a > 0
and consider the corresponding vector of residuals

By =(e1,...,e0) =Yy — X, (X! X,, +al,) ' XY, (24)

Now the nonconformity measure will be defined as follows

An((z1,- 0, 2n1) zn n— Cn1 (25)
( =\/" \/n QZ =

ez - en71)2

Remark. The measure in (25) is indeed a function of the summary statistic S,,_; and
the new observation z, = (z,,y,), as required in the definition of nonconformity
measures.

Proof. From the definition of residuals (24), we have
X' X, =X, 1 Xpq1+ax,2, and XY, = X Y, 1+ yntn,

which implies that (XX, + a[n)_lX;LYn = C(Sn-1, (%n,y»)). From this, we obtain

€n — €p_1 = Yn — .CL’;,LC - n i i/ (Yn,1 - anlc)

1 n—1

and

i
—_
3
|

—_

(Gi — En—1)2 = el —(n—1)e ;.

1 1=

(2

1
As seen above, €,_; depends on S,,_; and (x,,y,) . Also, we have that

Ze? = (Yn—l Xn- 10) ( n—1— nflc)/
— YTZ -1 — 20/ —1 + C, an_lc,
where all the terms are functions of S,,_; and (z,,yy)-

]

Recall that in the construction of conformal intervals, we rely on the conditional
distribution of a nonconformity measure A, given the summary statistic S,. As
we can see from Theorem 4.22, under the assumptions of the MVA model, the
nonconformity measure (25) is independent of the summary statistic (23) and has
t,,—o-distribution. This result implies that for the conformal interval I,

I = {yeR|puy) >c} = {y € R|P(A, > A,(y) | Su = Suly) > ¢}

—{yeR|P(4, > A,@1) >c}={yeR| Ay >t}

yER‘ /n— |€n e'n, 1‘ >|t€/2 ‘}
\/n QZ e 2

ez - enfl)
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4.3.1 Appendix
We will omit the index n in the notation if the context is clear.

Theorem 4.18. In the MVA model, consider the vector of residuals for ridge re-
gression:

E,=Y, - X, (XX, +al,) ' XY,.
Then the following statistic, which is defined through the vector F,,,

n—1 €n — En_1
A=A(E,) =/
( ) n \/L 27-1_1(6‘ —z )2
n—2 i=1 7 n—1

has t,,_o distribution.

Proof. 1t holds that

€n — €p_1 = €, — =

n—1 n—1
ne, — Neé, n _
n—1 n—1 (en en)

and
n—1 n—1
Z(ei - enfl)z - Z (ei - én + En - énfl)2
i=1 i=1

n—1

= ((ei =) +2(ei = €)(En — En1) + (€0 — En1)’)
i=1
n—1 n—1 n—1

= (ei =)’ + 2@ — 1) Y (i =) + > _(En — Eni)’

i=1 =1 =1

= (i =)’ + 2@ — En1)(n — 1)(En1 — ) + (n— 1)(@, — Eni)’
= Z(ei —e)? = (n—1)(E —ep-1)? = (%).

Since €, —€,-1 = (e, — €,)/(n — 1), it holds that

n

From the computations above, it follows that

n—1 €n — €n_1
A(E,) =4/
VT Vit S

€ — én—l)Q

a1 g (en =)
_ ﬁ¢ﬁ(2?1<

€ — €n>2 - %(en - En)2>
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Note that the values e; — €,, are coordinates of the projection of the vector E,, onto
the subspace [i,]*, which is equal to the vector E, — P, E,. As we have already
seen in the section on the Gauss linear model, the statistic A can be represented as

A:(
NNE, =P, E,]]

where ¢ is a measurable function.

Previously we have also proved that in the case of a standard normally distributed

vector Z, the statistic g(m

Zn - PznZn
||Zn - ‘PinZnH

) has t,,_o distribution. An important prop-

is that it is uniformly distributed on a unit sphere

is
also uniformly distributed on the unit sphere in [i,, ], which we proved in Lemma
4.21. O]

erty of the vector

in the subspace [i,|*. Hence, it is enough to show that the vector

]J_

Lemma 4.19. Let R be an orthogonal matrixz that leaves the subspace [i,] unchanged.
Then under the assumptions of the MVA model, it holds that (Y, X) ~ (RY, RX)'.

Proof. Recall that the matrix X consists of a column vector i, = [1,...,1]" and
a matrix X of n iid. normally distributed random row vectors Iy,...,1;, ie.,
X =i, | X].

Since the vectors #,...,Z] have the same multivariate normal distribution with
parameters m = (my,...,mg)" and X, we have for every i = 1,...,n that 7, = m’'+

u, ¥1/2, where the random vectors ) are independent and Ng (0, 0%I )-distributed.
The latter implies that

7 m' + u) $1/? m’ )
X = . = . — : + : 21/2
z m' + ul, $1/? m’ u,
= [mlzn | |szn] + [U.l | |U.K} 21/2,
where u,; is N, (0, 021,)-distributed for all i = 1,...,n. Now we have
RX = (miRi,| ... |mgRi,)+ (Rue| ... |Ruex)SH2

Since Ri, = i, and, for every N, (0, 021,)-distributed vector U there holds RU ~ U,
we have that RX ~ X and, therefore, RX ~ X.

Now we know that X and & are independent. Since RX ~ X and RE ~ &£, we also
have that (X, &) ~ (RX, RE)'. It follows that

Y\  (ai,+XB+E Rai, + RXB+ RE\ _ (RY
X))~ X ~ RX ~\RX )"
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Lemma 4.20. In the MVA model, consider the vector of residuals
E=Y - X(X'X +al)'X'Y.
Then for the orthogonal matrix R defined above, there holds RE ~ E.

Proof. We have that £ = r(Y, X), where r is a measurable function. Now it holds
that

RE =RY — RX(X'X 4+ al)'X'Y
=RY - RX(X'R'RX +al) ' X'R'RY
=r(RY, RX).

Since 7 is measurable and, as we have shown in Lemma 4.19, (Y, X)" ~ (RY, RX)’,
we obtain
E =r(Y,X) ~r(RY,RX) = RE.

]

Lemma 4.21. For the orthogonal matrix R defined above and the vector E in the
MVA model, it holds that

E-P,E E-P,E

R ~ ,
|E - P,Ell [[E-F,E

i.€., the invariance of the distribution with respect to the rotation around the vector

In.

E-P.FE

Proof. Let ————— =
|E — Py, El|

g(FE), where g is a measurable function. Then
E-PE  RE-RP,E  RE-P,RE

R = = =
|E - P,E|l ||[RE—RP,E|| ||RE— P, RE||

9(RE),

where we have used that P, R = RP;, (see Lemma 4.23) and that the orthogonal
matrix R does not change the length of a vector. Finally, RE ~ E implies g(F) ~
9(RE).

]

Theorem 4.22. In the MVA model, conditionally on the statistic (X'X, X'Y,Y'Y),
the nonconformity measure (25) is ¢,_o-distributed.

Proof. First we show that for an orthogonal matrix R that leaves vectors of [i,]*
unchanged, it holds that the joint distribution of (X,Y) and (X'X, X'Y,Y'Y) is
equal to the joint distribution of (RX, RY) and (X'X, X'Y,Y'Y).

As we already proved in Lemma 4.19, (RX, RY) ~ (X,Y’). This implies that

(X,Y) (RX,RY)
[(X’X, X'y, Y'Y)] ~ [((RX)’RX, (RX)'RY,(RY)RY)|"
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Since R'R = I, we have that

[ (RX,RY)

(RX, RY)
} - [(X'X, XY, Y'Y)

((RX)RX,(RX)'RY,(RY)'RY)

From this, it follows that, given (X'X, XY, Y'Y, the conditional distributions of
(X,Y) and (RX, RY) are equal. Now using the same computations as in Lemma
4.20 we get that, given (X'X, X'Y, Y'Y, the conditional distributions of the random
vectors RE and E are also equal. By the analogy with Lemma 4.21 the latter

E—-PFP FE
implies that conditionally on (X'X, X'Y,Y"Y") the vector m is uniformly
. . o "/ E-PBE
distributed on the unit sphere in [i,]" and therefore the statistic g(m>
has t,_o-distribution given (X'X, X'Y,Y"Y). '
O]

Lemma 4.23. If P is a projection matrix onto a subspace U of R™ and R is an
orthogonal matriz which leaves vectors of U+ unchanged, then PR = RP.

Proof. For any vector v € U™, it holds that Rv = v. For the projection matrix P
and any vectors u € U, v € U+, we have that Pu = u and Pv = 0.

Since every vector x € R" can be represented as x = xy + xy1, where xyy € U and
ryL € UL, we obtain

PRz = PR(xy + xy1) = PRxy + PRxy. = PRxy = Ray,
RPx = RP(xy + xy1) = RPxy + RPxy. = Ray.
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5 Conclusions

In this thesis, we have given an overview of conformal prediction, which is a method
of constructing prediction intervals, and discussed its applications to different regres-
sion models. We mainly followed the paper “Online predictive linear regression” by
Vovk, Nouretdinov, and Gammerman (see [2]). We have considered its main results
in detail and provided rigorous proofs of some statements.

Using an illustrative example of the exchangeability model, we have presented and
discussed the main concepts of conformal prediction, i.e., sufficient statistic, noncon-
formity measure, and randomized p-values. For the exchangeability model, we have
also considered a simplified version of the theorem about the (conservative) validity
of conformal intervals and introduced the idea of randomized conformal intervals.

In Section 3, we have provided an overview of the concept of conformal prediction
its two key properties: strong validity and optimality. For completeness of the
presentation, we have discussed the classical notions of deterministic and randomized
p-values of a random variable and proved a result on the distribution of randomized
p-value, which is crucial for constructing conformal intervals.

In Section 4, we have considered applications of conformal prediction to three dif-
ferent regression models, i.e., the IID model, the Gauss linear model, and the MVA
model. For the IID model, we have presented the concept of a bag and proved several
of its measure-theoretical properties. For the Gauss linear model and for the MVA
model, we have shown that their previously known prediction intervals can also be
obtained as conformal intervals. To prove the latter facts, we have discussed some
theorems about the independence of the considered nonconformity measures and
ATTS statistics for the corresponding models. In the proofs, we mainly showed the
conditional and unconditional versions of rotational invariance of the nonconformity
measures.
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