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1 Methods of Inference

Our studies of probability theory have primarily shown us how
to predict the outcome of experiments given some model and /or
set of parameters, to calculate P(D|H, I') where D represents the
data, H the hypothesis (possibly including parameter values)
and [ represents any other background information. The goal
of statistical inference is to take the outcome of an experiment,
and say something about the validity of one or more hypotheses.

From the Bayesian point of view, this is as simple as using
Bayes’s Theorem to construct

P(D|H,I)P(H|I)

P(HID, ) = == 55 (1.1)

In the frequentist approach, we’re not allowed to assign proba-
bilities to hypotheses, so instead we have to use P(D|H, I) to say
something about the hypothesis H once we know the value of D.
In practice, this often involves dividing up the space of possible
values of D into a region D which is in some sense “consistent”
with H, i.e., likely given H, so that ), _, P(D|H,I) is above
some threshold. But it’s a bit arbitrary to choose such regions.
After all, even if a coin is fair, the exact sequence HTTTTH-
HTHTHTT is very unlikely (one in 2'3), but it’s somehow more
consistent with a fair coin than a string of 12 heads and a tail

would be. So we often find ourselves constructing a statistic, a
single function of the data which we can use for a simple thresh-
old. So for example, to check if a coin is fair, given that we
flipped k heads in n tries, we could take (k — n/2)% If this is
small, it the number of heads is close to what we’d expect from
a fair coin. This is a goodness-of-fit statistic, and the chi-square
statistics we've constructed so far are examples.

Another example of a statistic would be if we want to estimate
the probability parameter associated with a binomial distribu-
tion. Given k successes in n trials, we’'d expect k/n to be a
sensible estimate of this parameter. This discards any informa-
tion about the order of successes and failures, and just retains
that one number.

1.1 Statistics Constructed from Data: Two
Approaches

To see how a preferred statistic might arise, let’s consider the
case where we have n data points {z;}, drawn from indepen-
dent distributions with the same unknown mean p and different
unknown variances {o?}. We are thus basically making n inde-
pendent measurements of some unknown quantity u, each with
its own error of standard deviation ;. How can we use the
values {z;} to say something about u?

1.1.1 Bayesian Approach: Posterior pdf

The Bayesian answer to that question is straightforward: con-
struct the posterior pdf

f(ul{zi}, {oi}, I) =

Flad i dsh DI D)
f{zitl{oi}, 1)

(From here on, we’ll suppress the implicit conditional depen-

dence on {o;} and I in the interest of compactness of notation.)



To do this construction, we need to know the form of the joint
pdf

f{zidp) = Hf il 1) (1.3)

so let’s add the additional assumptlon that the errors are Gaus-

sian, so ,
fad = e (<)

]

and

P ) = f[ o ()

- 1 Lo " (1.5)
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Although this is a pdf for the {z;}, when we substitute this
likelihood function into (|1.2), we will end up with a pdf for u,
so we're most interested in the p dependence, which we can see
is Gaussian, since the sum in the exponential is quadratic in u.
We can write this in a transparent way by completing the square
and writing

Cllatin) =3 E ot~ Il i)

and solving for juo({z;}), o5 ({x:}), and xg({z:}) (the names of
which have been deliberately somewhat provocatively chosen).
Expanding both sides gives us

DL D AN
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so we can solve for

n

1
— 1.8
o’ {xZ i 2 (18)
i=1
(which we see is actually independent of the data {z;} so we will
just write o, from now on)

polf{es}) = (e Y 5 = I (L)

and
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While x3({z;}) is useful for some applications to come later in

the semester, it will turn out to be irrelevant right now, so we
don’t bother to work out the explicit form.

We can rewrite the likelihood function to stress its p depen-

dence:

el [ — po({wi})]?
f{zitp) = (27T)n/2 H?:l o exXp (_ 203 ) (1.11)

Because the posterior pdf f(u|{z;}) is guaranteed to be normal-
ized:

N S e S e
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we can write

(1 — Mo({xi})]Q

2
20#

P} o exp (— ) fw o (L3)



where the {x;}-dependent proportionality constant can be
worked out from the normalization. Explicitly,

) = ety (LD p) g

where
. B VITIRYE
W) = S e P I, o
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In particular, if the prior pdf f(u) is constant the posterior is

1 [ — po({wi}))?
e () o

In any event, no matter what the prior on u, the essential infor-
mation about the outcome of the experiment is encoded in the
weighted average po({x;}).

(1.15)

f(ul{zi}) =

1.1.2 Frequentist Approach: Optimal Estimator

Now let’s shift to the frequentist perspective, where we have
n random variables {X;} with unknown mean F [X;] = p and
known variances Cov(X;, X;) = &;; Var(X;) = d;;02. We want
to say something about p, and the simplest thing we can do is

'In practice, to have a normalizable prior, we need something like

1
— Hmin < b < Umax
— Hmax —Hmin
Jw) {O otherwise

but in the limit pmin < po —o and pmax > po +o0 we get the simpler result
given here.

try to estimate its value. So we construct a statistic u({X;}).
This is a random variable, and for any data realization it is our
guess for the value of p. Since it’s a random variable, it has
an expectation value. We say that 1 is an unbiased estimator
of pif E[u({X;})] = p. There are a lot of possible statistics
which satisfy this requirement. For instance, we could just take
X, and throw away the rest of the data. Or we could take the
sample mean X = % >, X;. Either one of these is an unbiased
estimator (since they both have expectation value p), but we’'d
expect X to do a better job of estimating ;. On the other hand,
it won’t be the best in all cases; for example, if o9 is much less
than all the other {o;}, i.e., the second measurement is good
and the others are all lousy, we’d like to pay more attention to
X5 than the other random variables.

We'd like to consider what is the best estimator fi to use. For
simplicity, let’s restrict ourselves to linear combinations of the
random variables, i.e., estimators of the form

a({X;}) = Zal ; (1.17)

the estimator will be unbiased if

n({X;})] Zazu uZal (1.18)

is equal to , i.e., if >, a; = 1. The variance of the estimator
is

Var (1({X:})) ZZ@ZCL] Cov(X;, X;) = Za202 (1.19)

i=1 j=1 i=1

The optimal estimator is the unbiased estimator with the lowest

variance, i.e., it minimizes Y, a?o? subject to the constraint



Yow,a; = 1. We can find this with the method of Lagrange
multipliers, by minimizing

Z 24 Zaz—l (1.20)

=1

with respect to {a;} and \. Taking -2 3q; Gives

20,02 + A =0 (1.21)
SO A
@ = =30 o2 (1.22)

Taking a% gives the constraint > ", a; = 1 so

A n
-3 Zgi—z -1 (1.23)
i—1

ie.,
A 1
TS (1.24)
i=1"1
and
O'Z-_Q
a; = W (1.25)
j=17"j
which makes the optimal estimator
= ZZL: U;2X1
Hopt ({Xi}) = —an - (1.26)
=1 "1
and its variance
—4_2
o, 0; 1
Var (Lops ({Xi})) Za = 2o R R

Z] 19 ) D Dy
(1.27)

but we see that this optimal estimator is just the same weighted
average that showed up in the posterior pdf for 1 in the Bayesian

approach:
fopt ({2i}) = po({w:}) (1.28)

and its variance is the width of the posterior on p in the case
where the prior is uniform and the sampling distribution is Gaus-
sian.

Var (fopt ({Xi})) = 0;% (1.29)
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2 Parameter Estimation

Our preceding example considered two related questions about
unknown parameters

e What posterior distribution do we assign to an unknown
parameter in light of observed data, in the Bayesian frame-
work?

e How can we estimate an unknown parameter given observed
data?

In addition to the Bayesian vs frequentist issues, there are also
differences between trying to get a single point estimate of a pa-
rameter, and saying something about the uncertainty associated
with that estimate.

2.1 Maximum likelihood and maximum a
posteriori estimates

2.1.1 Maximum likelihood estimation

As we saw previously, there are many different estimators that
could conceivably be used to try to gain information about an



unknown parameter . One way, in the frequentist picture, to
pick an estimate is the so-called maximum likelihood method,
which chooses the value that maximizes the likelihood function
f({x;}|0) where {x;} are the observed data.

In the previous example, where the parameter was p, the like-
lihood function was

B 1 1 (l'z - M)Q
f{zitp) = (271')”/2 H?:l - exXp <_§ ; J—3> 91
e xi)/2 — no({xi}))? |
e (_ [ — po({wi})] )

B (2m)n/2 H?:l 202

2.
where % = Z? 1%2, ,uo({%}) = Zzlnj—iﬁa and X%({%}) =

Yo i — [’; OQ(E[ES;}]?; We can see by inspection that the likelihood

function (Whlch happens to be a Gaussian) is maximized when
= po({z:}).

As another example, consider a random sample {X;} of size n
drawn from an exponential distribution with rate parameter 6.
Since each random variable X; is drawn from the pdf f(z;|0) =
0e’®i | the likelihood function is

F({ai}0) = ] [ f(il6) = e (2:2)

It’s actually easiest to find the # that maximizes the likelihood
by considering the log-likelihood

0(0) =In f({z;}|6) = nlnd — 0 Z i (2.3)

whose derivative is

') = g - Zx (2.4)

so the maximum-likelihood rate is
~ n
9 p— p—
Z?:l Li

2.1.2 MAP estimation

(2.5)

SN

Note that in the Bayesian approach we could simply find the
value of 6 which maximizes f(0|{x;}) o f({x;}|0)f(6), which
is known as the maximum a posteriori (MAP) estimate. If the
prior f(0) is uniform, the MAP estimate is the same as the
maximum likelihood estimate. Note, though, that if we do a
change of variables on the parameter, the maximum-likelihood
point won’t change, but the maximum-posterior point will. For
instance, if we parametrize the exponential distribution in terms
of a rate parameter 8 = 67!, the likelihood function is

f{xi}|B) = B e immilP (26
and the derivative of the log-likelihood is

(1o)== Zﬁ (2.7

which is zero when

Z?:l Li _ o1

n

B= (2.8)

The reason this doesn’t work for the maximum-posterior point
is that f(0|{x;}) is a density in 6, while f({x;}|#) is not. On the
one hand,

fxip(]8) = fxje(z]8™) (2.9)
because the condition B = (8 is the same as the condition © =
B~L but if we transform the pdf,
dpP ' do

dag ~ 4B _5 2 forx (B~ |z) (2.10)

feix (Blz) =



(By the same token, the statement “the prior is uniform in the
parameter” depends on what the parameter is. If fg(f) is a

constant, fg(8) = S 2fe(S7!) can’t be.

2.1.3 Expansion about the MAP point

Presuming we’ve described the parameter space in a convenient
set of coordinates, we can ask how the posterior f(0|x) be-
haves in the vicinity of the parameter value which maximizes
it. Consider first the case of a single parameter 6, with poste-
rior f(f]x). One trick would be to Taylor expand the function
near its maximum, but this could cause trouble if we extrapolate
it too far, since we know f(#|x) > 0. So instead, we Taylor ex-
pand the logarithm ¢(6) = In f(0|x). For convenience we’ll call
the MAP point 9 and the log-posterior £(f), respectively, even
though these usually refer to the maximum likelihood point and
the log-likelihood, respectively. The expansion looks like

(-0
2
Now, since § maximizes 0(0), we know é’(é\) =0 and 6”((2)\) < 0.

If we truncate the expansion at the first non-trivial order, we
have

00) = 0(0) + (0 — 0)¢' () + @)+ (211)

(0 — )

5[] (2.12)

0(0) ~ £(0) —

or

f(61x) ~ f(B]x) exp (—@[—ﬁ"@]) (2.13)

which is a Gaussian with width [—¢”(8)]~V/2.
In the case where there are multiple parameters, 8 = {6;]i =
1,...,m}, the Taylor expansion of ¢(8) = In f(0|x) is

(0 =10)+ 335 o 0.-0)0-) (21

2—31

so that
£(0]x) ~ f(6]x)exp (-%(0 —6)"H(6 — 5)) (2.15)

where H is the Hessian matrix, which has elements

o) = 9?1n f(6]x)

ij(x) = — 90,00, (2.16)

0=0(x)

The Hessian matrix gives an estimate of uncertainties of the pa-
rameters; H is just the inverse of the variance-covariance matrix
for the approximate multivariate Gaussian posterior:

Cov(d) = E [(9 —6)(6 - E)T} ~H! (2.17)

In particular, the width of the marginal pdf for a particular
parameter is

Var(®h) = E |(0: - 6,%| ~ \/[H], (218)
This is one justification for the practice of quoting /[H™!],. as
the one-sigma uncertainty for the parameter ;.

Note that if the Hessian matrix has off-diagonal elements, it’s
important to take the diagonal elements of the inverse Hessian
matrix rather than one over the diagonal elements of the Hessian
matrix, since

1
H;;

H]. # (2.19)

1/2 will be an underestimate of the correct error

In general (Hy;)~
([H] n’)l/ ? as you showed in your consideration of the bivariate

Gaussian distribution on the homework.



2.1.4 The Fisher matrix

The Hessian matrix (2.16) H(x) is closely related to the Fisher
Information Matrix F(0) of classical statistics, which is defined
as

(2.20)

Fy(0) = E PW}

00,00
They differ in that

1. The Fisher matrix is constructed from the likelihood f(x|0)
rather than the posterior f(0]x).

2. While the Hessian is a function of the observed data x,
evaluated at the MAP point @ = 0(x), the Fisher matrix
is a function of the parameter space point 0, and any x-
dependence in the second derivative is handled via an ex-
pectation value.

These differences are irrelevant, and the Fisher matrix is iden-
tical to the Hessian, if the prior f(@) is uniform so that the
log-posterior and log-likelihood only differ by a constant, and
the second derivative is independent of both € and x.
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2.2 Interval estimation

Beyond finding some “most likely” parameter value and describ-
ing the shape of either the likelihood function or the posterior
around that value, an important task in parameter estimation
is to provide an interval that we associate quantitatively with
likely values of the parameter. This can be extended to a region
in a multidimensional parameter space. The biggest difference
between the Bayesian and frequentist versions of these intervals
turns out to be the interpretation.

2.2.1 Bayesian plausible intervals

We start with the Bayesian version, which is considerably more
straightforward. Given a posterior pdf f(6|x), we can construct
a plausible interval in which we think @ is likely to lie with some
probability 1 — «, defined by

0,
PO, <0<0)=[ fOx)do=1-a (2.21)

0¢

So this means the area under the posterior pdf, between 6, and
0., is 1 — . This does leave the freedom to choose where the
interval begins. Some convenient choices are

e A lower limit (one-sided plausible interval), so P(6, < 0) =
1—oa.

e An upper limit (one-sided plausible interval), so P(0 <
0.) =1—a.

e A symmetric two-sided plausible interval, so P(6 < 6,) =
a/2="P6, <0).

e A plausible interval centered on the mode 0 of the posterior,
soP(l -8 <0<0+480)=1—a.

e The narrowest possible plausible interval, i.e., of all of the
intervals with P(6, < 6§ < 6,) = 1 — «a, pick the one that
minimizes 0, — 6,. You can show that a necessary condition

for this is f(0y|x) = f(0u|x).

2.2.2 Frequentist confidence intervals

In the frequentist picture we can’t assign a probability to the
statement that a particular interval contains or doesn’t contain
an unknown parameter. It either does or it doesn’t. So instead
we can define a procedure to generate an interval such that if
you collect many random data sets and make such an interval
from each, some fraction of those intervals will contain the true



parameter value. This is known as a (frequentist) confidence
interval. It’s a pair of statistics L = L(X) and U = U(X)
chosen so that the probability that the parameter € lies between
them is 1 — a (e.g., if a = 0.10, it is 90%)]

P(L<O<U)=1—-a (2.22)

It’s important to note that the probabilities here refer to the
randomness of L and U, and not to the unknown 6. From the
frequentist perspective, we can’t talk about probabilities for dif-
ferent values of 0; it has some specific value, even if it’s unknown.
What’s random is the sample X and the statistics L and U cre-
ated from it.

Given a particular realization x of the sample X, we have a
specific confidence interval between ¢ = L(x) and u = U(x).
Note that the probabilistic statements do not actually refer to
the properties of a particular confidence interval (¢,u) but to
the procedure used to construction of the confidence interval.

One method to construct the confidence interval is to choose
a statistic "= T'(X; #), known as a pivot variable, whose prob-
ability distribution is a known function of the parameters, and
construct an interval using the percentiles of the distribution

Pla<T(X;0)<b)=1—-« (2.23)

By algebraically solving the inequalities a < T(X;6) and
T(X;0) < b for 6, we should be able to write

PL(X)<b0<UX))=1—-« (2.24)

Note that this construction is not unique; different choices for
the pivot variable will give different confidence intervals with
the same confidence.

2We're implicitly considering a two-sided confidence interval, so we also
have P(# < L) = a/2 and P(U < §) = «/2.

2.2.3 Example: Mean of a Normal Distribution

To illustrate the pivot variable method, consider the case where
X is a sample of size n drawn from a N(u, o) distribution with
both p and ¢ unknown, where we want a confidence interval on
. The pivot variable should depend on i and X but not o, so

_ X
o/\/n
will not work, even though we know it obeys as N(0, 1) distribu-
tion (because X obeys a normal distribution with £(X) = p and

Var(X) = o/y/n. Fortunately, we know from Student’s theorem
that

A (2.25)

X —
r=2_H (2.26)
VS?/n
obeys a t distribution with n — 1 degrees of freedom. This will
work as a pivot variable, since

n

L D (X - X)? (2.27)

n—14%
=1

depends only on the sample, and requires no knowledge of p or
o. Having identified a pivot variable which obeys a t distribution
is useful not so much because we know the precise form of the

bt [v+1]/
NI 11/2 2\ —[v+1]/2
fr(t;v) = ;L_;If—@]/é)) (1 + %) (2.28)
but because it’s a standard distribution for which the percentiles
are tabulated in various books or available in R, scipy, etc. The
90th percentile, for example, of a ¢ distribution with v degrees of
freedom is written ¢ ,,; in general, the (1—«) x 100th percentile
ta, is defined by

1-a:ﬂngaW):/%”ﬁawyu (2.29)



or equivalently by

/ fr(t;v)dt = « (2.30)
to,v
B
5
11—«
«
l ta,z/

t

Since we want a two-sided confidence interval, we actually need
tas2,, and t1_y/9,. Since the t distribution is symmetric, though,
we can take advantage of the fact that t1_o/0, = —ta 2., €.g.,
the 5th percentile is minus the 95th:

T T T

B
&
-«
a2 /2
_ta/Z,I/ 0 ta/Z,V

10

Thus, returning to the case of the pivot variable T', which is
t-distributed with n — 1 degrees of freedom,

1—a=P(~taon1<T <tajn 1)

<_ 2.31
a < ta/?,nl) ( )

= P (_ta/Q,nl < \/m

Doing a bit of algebra, we can see that

X —p

< ta/2n—
2 et

— S2
X — ta/?,n—l — <MK (233)
n

X —p

_ta e < —
[t 52

— SQ
<X+ tappnr | (2.35)
SO
_ IS? L [SQ
P (X - Zfcy/2,n—1 ? < ,LL < X + tOé/Q,n—l ;) = 1 —

(2.36)

(2.32)

is equivalent to

and
(2.34)

is equivalent to

which defines a confidence interval for u.
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3 Model Selection

3.1 Frequentist hypothesis testing
See Gregory, Chapter 7



Often want to evaluate hypothesis ‘H in light of observed data
X, or compare hypotheses

In Bayesian picture, can define P(H|x) and evaluate e.g., IEEZ;)

So far, we've considered methods to get a handle on the un-
known parameter(s) 6 of a probability distribution f(x;6) given
that we draw a sample X from that distribution, with joint pdf

n

fx(z1, 29, ... 203 0) :Hf(xi;ﬁ) (3.1)

=1

and find a particular realization X = x. Now we want to con-
sider how to use the realization of the sample to distinguish
between two competing hypotheses about what the underlying
distribution f(x) is. In principle the differences could be qual-
itative, but for simplicity we’ll assume that there is one family
f(z;0) parametrized by 6 which lies somewhere in a region (2
and then take the hypotheses to be:

e Hy: the distribution is f(z;6) where 0 € wy.
e 7,: the distribution is f(x;#) where 6 € w;.

Typically, Hy represents the absence of the effect we're looking
for, and is known as the null hypothesis, while H; represents the
presence of the effect, and is known as the alternative hypothesis.

For example, suppose someone claims to have extrasensory
perception, and to be able to use their telepathic powers to de-
termine the suits of cards drawn from a deck. For simplicity,
assume we shuffle the deck after each draw. Then the data {X;}
are a sample drawn from a Bernoulli distribution, with each X,
having some probability 6 of being correct. The null hypothesis
H, is that the person does not have ESP, and has a 25% chance
of guessing each suit correctly, so 6 = 0.25. The alternative hy-
pothesis H; is that they can determine the suit more accurately
than by random chance (but perhaps not perfectly), so 6 > 0.25.

11

As another example, suppose that someone claims that when
twins are born, the birth weight of the first twin is on average
greater than that of the second. We could take the data {X;} to
be the difference between the birth weights of the two twins, and
assume that the weights are normally distributed with unknown
variance. Then the null hypothesis H, is that f(z) is a normal
distribution with mean p = 0 and standard deviation o > 0,
while the alternative hypothesis H; is that f(z) is a normal
distribution with mean p > 0 and standard deviation o > 0.
(In this case there is a vector of parameters 6 = (u, o).

A hypothesis test is simply a rule for choosing between the
two hypotheses depending on the realization x of the sample X.
Stated most generally, we construct a critical region C' which is
a subset of the n-dimensional sample space D. If X € C, we
“reject the null hypothesis Hy”, i.e., we favor H;. If X & C i.e.,
X € C° we “accept the null hypothesis Hy”, i.e., we favor Hg
over Hi. Now of course, since X is random, there will be some
probability P(X € (C;0) that we’ll reject the null hypothesis,
which depends on the value of #. If the test were perfect, that
probability would be 0 if Hy were true, i.e., for any 6 € wg, and
1 if H; were true, i.e., for any 6 € wy, but then we wouldn’t be
doing statistics. So instead there is some chance we will choose
the “wrong” hypothesis, i.e., some probability that, given a value
of 0 € wy associated with H,, the realization of our data will
cause us to reject Hy, and some probability that, given a value
of 0 € w; associated with H;, the realization of our data will
cause us to accept Hy. As a bit of nomenclature,

o If H, is true and we reject Hy, this is called a Type I Error
or a false positive.

o If H, is true and we reject Hy, we have made a correct
decision (true positive).

o If H, is true and we accept Hy, we have made a correct
decision (true negative).



o [f H, is true and we accept Hy, this is called a Type II Error
or a false negative.

Typically, a false positive is considered worse than a false nega-
tive, so usually we decide how high a false positive probability
we can live with and then try to find the test which gives us the
lowest false negative probability.

Given a critical region C', we’d like to talk about the associated
false positive probability a and false negative probability 1 —
v, but we have to be a bit careful, since Hy and H; are in
general composite hypotheses. This means that each of them
corresponds not to a single parameter value ¢ and thus a single
distribution, but rather to a range of values 6 € wy or 0 € w;.
So both a and v may depend on the value of . We take the
false alarm probability a to be the worst-case scenario within
the null hypothesis

a=maxP(X € C;0) (3.2)
fcwo

This is also called the size of the critical region C. Somewhat
confusingly, it’s also referred to as the significance of the test.
This is a bit counter intuitive, since a low value of o means
the probability of a false positive is low, which means a positive
result is more significant than if a were higher. It is the proba-
bility that we’ll falsely reject the null hypothesis H(, maximized
over any parameters within the range associated with Hy. On
the other hand, since the alternative hypothesis almost always
has a parameter 6 associated with it, we define the probability
of correctly rejecting the null hypothesis (which is one minus the

probability of a false negative) as a function of 6:
7c(8) =P(X € C;6), 6 € w; (3.3)

We explicitly consider this as a function of the critical region C|
since we might want to compare different tests with the same
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false alarm probability « (critical regions with the same size «)
to see which is more powerful.

3.2 Example: Binomial Proportion

To give a concrete example, consider the ESP test described
above. We let the would-be psychic predict the suit of n cards,
count the total number of successes Y = >"" | X, and reject the
null hypothesis if Y > k where k is some integer we've chosen,
with & > n/4. For both of the hypotheses, Y is a binomial
random variable, so

n

PY >k =Y (’Z) O(L—0)  =1— F(k;0)  (3.4)

i=k+1

where i
n . )
F(k;0) = 0'(1—0)" 3.5
w0 =3 (7)oa-o (3.5)
is the cdf of a binomial distribution b(n, #). For the null hypoth-

esis = 0.25 and for the alternative hypothesis 0.25 < 6 < 1.
Thus the false alarm probability is

a=1-F(k;0.25) (3.6)
and the power of the test is
(6) = 1 — F(k;9) (3.7)

If we make the threshold k higher, we get a lower false alarm
probability «, but we also get a less powerful test.

As a concrete example, suppose that n = 20, and we set a
threshold of k£ = 8. We can use scipy, invoked by

ipython --pylab



to calculate the false alarm probability

In [1]: from scipy.stats import binom

In [2]: n

20

In [3]: k

I
0

In [4]: alpha = 1 - binom.cdf(k,n,0.25); alpha
Out[4]: 0.04092516770651855

So o =~ 0.041 = 4.1%. The power ~(6) depends on the strength
of the ESP effect, but suppose # = 0.50, that the psychic has a
1 in 2 chance rather than 1 in 4 of picking the right suit. Then
we can calculate the power:

In [5]: gamma_50 = 1 - binom.cdf(k,n,0.50); gamma_50
OQut[5]: 0.74827766418457031

so 7(0.50) ~ 0.748 = 74.8%.

3.2.1 Aside: ROC Curves

We could make the test more powerful by lowering the threshold
k, but then we would also increase the false alarm probability
a. A useful construction is the receiver operating characteristic
curve, or ROC curve for short. Given a value of 0, we plot «
versus y(0) for a range of threshold values k. We can do this
with matplotlib as well, using the arange function to generate
an array of integer values for k£ between 0 and 19:

In [6]: k = arange(20)
In [7]: alpha = 1 - binom.cdf(k,n,0.25)

In [8]: gamma_50 = 1 - binom.cdf(k,n,0.50)
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In [9]: plot(alpha,gamma_50,’ks’);

In [10]: xlabel(r’False alarm $\alpha$’);
In [11]: ylabel(r’Power $\gamma(0.50)$’);
In [12]: plot([0,1],[0,11,’k-=");

In [13]: savefig(’roc.eps’);

The plot looks like this:

1.0 T T L - -—w

0.8 .7

0.6

Power ~(0.50)

0.2F .7
.

- L L L L
0'8.0 0.2 0.4 0.6 0.8 1.0
False alarm o

The diagonal line is v = a; we don’t expect any sensible test to
lie below this line, since it would mean that we were more likely
to reject Hy when it’s true than when H; is true!

3.3 Example: Mean of a Normal Distribution

Consider the second example, where X is a random sample of
size n from a normal distribution, where the null hypothesis



Ho is 4 = 0 and the alternative hypothesis H; is u > 0. For
simplicity, let’s assume that the variance o2 is actually known.
(If the sample is large enough, we can use the sample variance
s? as an estimate.) From our work on confidence intervals, we

know that o
X —p
P|—= ol = .
(J/\/ﬁ>z> a (3.8)

So if we define a critical region

X
o/vn

this will correspond to a test with false alarm rate ov. The power
of the test for a given true value of y is

> 24 (3.9)

Y(u) =P (%_\/ﬁ > Za) =r (% 7 Fa #) (3.10)

ool ste) oot )

3.3.1 p-Values

In this example, as in the last one, we actually have a family
of tests, parametrized by a threshold which we could imagine
varying. Given a data realization x, and in particular a sample
mean T, we will reject Ho if T > z,0/y/n. This means there
will be some values of the false alarm probability « for which we
reject Hp, and some for which we do not. One convenient way
to report which tests would indicate a positive result (reject the
null hypothesis) is to quote the a of the most stringent test for
which Hy would be rejected. Put another way, we ask, given a
measurement (in this case ¥), how likely is it that we would find
a measurement at least this extreme, just by accident, if the null
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hypothesis were true. This is known as the p-value, and in this
case it is defined as

p=PX>T;u=0)=1-90 (U/T/ﬁ) = (%/@ﬁ) (3.11)

A lower p value means that the results were less likely to have
occurred by chance in the absence of a real effect (i.e., if the null
hypothesis Ho were true). Typically if p < 0.05, the result is
considered interesting and worth future studyE]

Note that the p value is often misinterpreted. It does not
represent the probability that the null hypothesis is true (we
cannot evaluate such a probability in frequentist inference). A
p value of 0.01 simply means, for the statistic we decided to
measure, if we repeated the test on many systems for which the
null hypothesis was true, we’d get a measurement as extreme,
or more, as the one we got, one percent of the time.

Thursday, November 9, 2017
Review for Second Prelim Exam

Tuesday, November 14, 2017
Second Prelim Exam

Thursday, November 16, 2017
3.4 0Odds ratio and Bayes factor

See Gregory, Section 3.5 and Sivia, Chapter 4
One of the problems about using a frequentist test like a chi-
squared test to assess the validity of a model is that you can

3However, if we test for many different effects, or test many different
data sets, and only report the result with the lowest p value, we can greatly
overstate the significance of our results. See http://xkcd.com/882/.
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always make the fit better by adding more parameters to the
model. In the extreme case, if you have as many model param-
eters as data points, you can make the fit perfect. But clearly a
model which is “overtuned” in this way is scientifically unsatis-
fying.

Bayesian statistics offers a natural way to compare models,
which automatically penalizes models that use too many pa-
rameters to fine-tune themselves to match a data set. This is
known as the odds ratio.

Consider Bayes’s theorem in the context of a model M with
parameters 0. Given an observation x, we can construct the
posterior pdf for the parameters 0 as follows

f(x|6, M) f(6| M)

o = 12
(Bl M) = RS (312)
which is sometimes abbreviated as
, (likelihood) (prior)
= 1
(posterior) (evidence) (3.13)

So far we’ve just treated the denominator as a normalization
factor

F(xlM) = / 46 £ (x|6, M) £ (6| M) (3.14)

but we will now see how it gets the name “evidence”. Note that
it is the overall probability to get the observed result x given
the model M, marginalizing over the parameters 6.

Now, consider the case where M is one of a number of pos-
sible models, and we’d like to construct a posterior probability
P(M]x) that M is the correct model. Well, since we have a way
to calculate f(x| M), we can try using Bayes’s theorem:

fM)PM)

PMI) =709

(3.15)
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The right-hand side has a couple of things that are harder to
get a handle on: the prior probability P(M) of M being the
correct model, and the overall pdf f(x) which requires somehow
marginalizing over all possible models. The usual way around
this is to consider two competing models M; and M, and to
calculate the ratio of their posteriors, known as the odds ratio

PMilx)  fxIMy) P(My) (f(X|M1)) (P(Ml))
P(M |X) f(x|Mz) P(My) f(x|My) P(My)

- (P s

012

(3.16)

So the factor of f(x) has cancelled out, and the odds ratio O
is the ratio of prior probabilities for each model times something
known as the Bayes factor

f(x|IMy)

B = "%
f(x|Mo)

(3.17)
which is the ratio of the “evidence” in each of the models. It
represents how our relative confidence in the two probabilities

has changed with the measurement x. If each model has some
parameters, the Bayes factor can be written as

fd@l X|01, ) (01|M1)

B
2 [ dbs f(x]02, M3) f(02| M)

(3.18)

To see how the Bayes factor penalizes modes for over-tuning,
consider a simple case where there are two models: M, which
has no parameters and My, which has a parameter 6. If we
measure data x, the Bayes factor comparing the two models is

_ ffooo o f(X|97 Ml) f(0|M1)
v (x| Mo)

(3.19)



To get a handle on what the marginalization of the param-
eter 6 does, as compared with the maximization done by the
frequentist method, let’s make some simplifying assumptions.
First let’s assume the likelihood f(x|6, M), seen as a function
of #, can be approximated as a Gaussian about the maximum
likelihood value 6:

f(x]0, M) =~ f(x|/9\,./\/ll) ¢ (0-0)/20} (3.20)

We'll also assume that this is sharply peaked compared to the
prior f(0|M;) and therefore we can replace 0 in the argument
of the prior with 6, and

o0

= f(x|0, My) £(O] M) o9v/270

(3.21)
We can then approximate the Bayes factor as
By — f(x|0, M)  ogV2rm (3.22)

- f&EIMo) [FBIMy))

The first factor is the ratio of the likelihoods between the best-fit
version of model M; and the parameter-free model M,. That’s
basically the end of the story in frequentist model comparison,
and we can see that if M is included as a special case of My,
this ratio will always be greater or equal to one, i.e., the tunable
model will always be able to find a higher likelihood than the
model without that tunable parameter. But in Bayesian model
comparison, there is also the second factor:

OV 2T

W “Occam factor” (3.23)
e

/;OO do f(X‘e,Ml) f(&\/\/ll) ~ f(X|é\,M1) f(é\|./\/l1) /OO dee,(gfg)/%g
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This is called the Occam factor because it implements Occam’s
razor, the principle that, all else being equal, simpler explana-
tions will be favored over more complicated ones. Because the
prior f(6]M;) is normalized, [f(6|M;)]~! is a measure of the
width of the prior, i.e., how much parameter space the tunable
model has available to it. In particular, if the prior is uniform
over some range:

—L emin < (9 < emax
F(O|My) = { Bmaxbmin _ (3.24)
0 otherwise
then the Occam factor becomes
_dev2m (3.25)

emax - emin
because we assumed the likelihood function was narrowly peaked
compared to the prior, the Occam factor is always less than one,
and the tunable model must have a large enough increase in
likelihood over the simpler model in order to overcome this.

3.4.1 Caveats About the Bayes Factor

A number of statisticians, even Bayesian ones, are skeptical
about the Bayes factor; e.g., in Chapter Six of Gelman et al
Bayesian Data Analysis, it takes the authors a while to get
around to even talk about the Bayes factor, and by the time they
does they mostly has negative things to say about it. There are
two major shortcomings that come to mind: First, the Bayes
factor only compares the evidences for two models, rather than
considering whether either of them is really appropriate in light
of the data. Second: if one of the models being compared has
one or more continuous parameters, the Bayes factor can de-
pend sensitively on the prior range you assign to the parame-
ter(s), and as a corollary is typically undefined if you try to use
a non-informative prior.



The first is in some sense a feature rather than a bug. Bayesian
analysis is not designed to ask, in the abstract, how likely the
data are given the model; the data have been observed, and
we want to use them to evaluate the model. But this is only
meaningful in the context of other models which could have
produced the same data. Even classical methods which claim to
check if data are consistent with a model have to make a choice
of test statistic into which to combine the data in order to do
quantitative hypothesis tests. (There is also role for such tests
in Bayesian analysis.) Still, clues that something is not right
with the model can cause us to examine our prior knowledge
more carefully and look for the alternative models which were
considered unlikely enough to neglect and see which of them
might be promoted by the data. So we should definitely not
limit ourselves to a Bayes factor between assumed models, which
would amount to wearing blinders.

The problem with prior ranges is a serious technical limitation.
We saw last time that with a Gaussian likelihood of width H —1/2
and maximum likelihood point 6, the Bayes factor between a
model M; with a tunable parameter 6 given a uniform prior from
Omin t0 Oax and a model My with no parameter was (assuming
O — Oumin > H 2 and Ouin < 0 < Ornax)

0, M, 1) \/2r/H
Bio = ply|6, 24, T) utl (3.26)
p(y‘M[)a I) emax - emin

The second ratio is the “Occam factor” penalizing M; for having
a tunable parameter. But we see that the prior range for that
parameter is part of the Bayes factor, and if we tried to go to
the limit of a non-informative prior by taking 6., — —oo and
Omax — 00, the Occam factor, and therefore the Bayes factor,
would go to zero. This is indeed a serious problem, and indicates
that we should be careful about assigning too much meaning to
a Bayes factor of say 10 or so.
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There are a couple of saving graces that can come into play,
however. First, we're assuming the likelihood function is a Gaus-
sian, and in general probability distributions tend to fall off ex-
ponentially once you get far from their peaks. One reasonable
pair of evidence functions would look like (keeping in mind that
f is a function of the data y)

p(y|Mo, I) = (3.27a)

p(yl0, My, I) = (3.27b)

Then the Bayes factor will be

12« —\’27T/H (3.28)

emax - Hmin

v

BlO ~ eHG

If HO? is large, it may not matter much what the prior range
for # was. One often quotes Bayes factors on a log scale as well,
and the log Bayes factor will be

> \/2r/H
lnBlO ~ Ho 7T/ (329)

2 emax - emin

We may not know the precise range of reasonable parameter
values for a model, but we will usually know it to a couple of

orders of magnitude. If, for example, ’5‘ is 8/v/H, the part of
the log Bayes factor coming from the likelihood ratio is 32, which

means the increase in relative plausibility for M7, not considering
the Occam factor, iff e ~ 8 x 10'%. The Occam factor (which

4We can see the awkwardness in interpreting the natural log scale, even
though it’s simpler mathmatically. One number to keep in mind is In 10 =
1/(logge) ~ 2.303). Thirty-two e-foldings is 32/2.303 ~ 13.9 orders of
magnitude or 139dB.



is more or less the ratio of the widths of the likelihood and the
prior) is almost certainly nowhere near 107'3, and we can say
this with confidence even if we don’t know the reasonable prior
range to better than one or two orders of magnitude.

The other reason why an undefined scale for the Bayes factor
may not be a big deal is that we don’t always need to look at
the numerical value of the Bayes factor itself. We can also use
it as a statistic in decision theory, for example preferring H; if
Biy > ¢ for some threshold k, and H, if Bis < k. (It is the
Bayesian analogue of the likelihood ratio statistic specified by
the Neyman-Pearson lemma.) But typically we’ll choose k to
obtain some specified value of the efficiency P(Biy > ¢|H,1)
or the false alarm probability P(Bis > c¢|Hs,I), and in prac-
tice the threshold k can be tied to the prior parameter range
in a way that makes things like efficiency as a function of false
alarm probability remain constant in the limit of a noninforma-
tive prior.

3.4.2 The Neyman-Pearson Lemma

There is a theorem, usually known as the Neyman-Pearson
lemma, that shows how the most powerful test to of one point
hypothesis H, against another #; can be constructed from the
likelihood ratio

Sx(x[Ho) _ L(6o; %)
Alx) = =
(x) fx(x|H1)  L(01;%)
We define C' so that x € C if and only if A(x) < k where k is
defined by

(3.30)

PM@QSMHQ—/fﬂﬂﬂwfx—a (3.31)

which ensures that the critical region C' is of size a. l.e., we
reject Hy if and only if A(x) < k.
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The Neyman-Pearson lemma states that the power of this test

1= PAX) k) = [ felxfp) d's (3.32)
C

is greater than or equal to the power of any other test with the
same significance. l.e., if A is some other critical region with
size «, so that

/fx(X|H0) d"r = « (3.33)
A
the Neyman-Pearson lemma says that

(O = / Fx(X[Hy) d' > / Fx(x[Hy) d"a (3.34)

The demonstration of the Neyman-Pearson lemma involves
breaking up the regions C' and A in terms of their overlap C'N A.
Evidentally, we can write

C=(CNAYU(CNA)
A=(C°NA)U(CNA)

(3.35a)
(3.35b)

The contribution to both o and v from C'N A cancel out of any
comparison between C' and A. So the Neyman-Pearson lemma
is equivalent to the condition that

7@—/h®%wx

CNnA

— [ sxydez [ ae (330

CnAe CeNA

If we can prove that, we’ve proved the lemma



Now, by definition

Jx(x|[Ho) " x

i S k forxeC (3.37)
SO

/ Fx(X[Hy) d"a > % / fx (X[ Ho) d"z (3.38)
CNAc CNA¢c

while (xlHo)

Jx(x|[Ho rx c

i 2 k forxeC (3.39)
SO

1
/ (el d'e < / fx (X[ Ho) " (3.40)
CcenA CcenA
But since the tests defined by C' and A both have the same sig-

nificance «, the integrals of fx(x|Ho) over the non-overlapping
regions must be the same:

a— fx(x|Ho) d"x
J
— [ s e = [ el a1
CNAc CcNA

so the right-hand sides of (3.40)) and (3.38)) must be equal, which

means
/ fx(x|Hy)d"z > / fx(x|Hy)d"x (3.42)

CnAe CenA
which, as we’ve argued above, means that the power of the like-

lihood ratio test defined by C' is greater than or equal to that
defined by A.
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3.4.3 Composite Hypothesis Testing with Priors

Consider now a slightly different situation. Suppose that the
null hypothesis Hy is a point hypothesis, but the alternative
hypothesis H; is a composite hypothesis which allows for a range
of values of the model parameter(s) @, but comes with a prior
distribution feg(@|H,) on those parameters. (We include the
possibility of a p-dimensional parameter space, but it may also
be that p = 1.) If we define a test which rejects Hy when

Sx (x[Ho) L(8;x)
= <k 3.43
fx(x|H1) [ L(0:x%) fe(OHi) dr0 ~ (343)
the Neyman-Pearson lemma tells us this is the most powerful

test of Ho versus Hq. This is “most powerful” in the sense of
maximizing the power function

2(Hy) = P(X € C[H,) = /C fx(x|H,) d"

— [ [ 1o seterr) o = [+(6) so(erm) s
c
(3.44)
A few points to note:

e The test statistic in (3.43)) is just the Bayes factor which
we’ve already motivated using Bayes’s theorem in the form

Pl = DT E) 249
to write
P(Holx)  fx(x|Ho) P(Ho) (3.46)

P(Hilx)  fx(x|[H1) P(H1)

e If there is a uniformly most powerful test which covers any

0 in the support of fe(@|H;), this will also be the most
powerful test of Hy against H; for any prior distribution.



e A possible objection is that the frequentist hypothesis test-
ing formalism only applies to the outcomes of repeated
experiments, and isn’t supposed to know about any prior
distribution. Searle http://arxiv.org/abs/0804.1161 applies
this to the outcome of a Monte Carlo experiment, where
0 is also randomly generated along with the realization
of X, so the relevant joint distribution is fxe(x,0|H;) =
fx(x;0) fe(0|H,. In that context, the Bayes factor con-
structed using the same prior as the Monte Carlo simulation
gives the most powerful test, when attention is restricted to
tests which define C' using only X and not ©.

Tuesday, November 21, 2017

4 Estimating Rates from Counting
Experiments

See Gregory, Chapter 14

A common experiment in Physics and Astronomy involves
counting observed events (including, in principle, photons within
a spectral channel) and trying to estimate the rate associated
with the underlying process. This is often complicated by the
presence of background events which are not produced by the
process in question (as opposed to the foreground events we're
interested in). Three common scenarios, of increasing complex-
ity are:

1. We observe k events in a time 7" and want to infer the rate
r associated with those events.

2. We know the background rate b and want to infer the fore-
ground (or signal) rate s = r — b from the observation.

3. Both the foreground rate s and the background rate b are
unknown, and we make observations both on-source (where
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the rate will be s+b) and off-source (where only background
events will be present, and the rate will be b).

In all of these cases, the number of events observed should
obey a Poisson with a mean equal to the rate times the obser-
vation time,

p(k?|7”, ]) =

e (4.1)

We’ll mostly consider Bayesian approaches to these problems,
but also keep the frequentist prescriptions in mind.

4.1 Case 1: No background
4.1.1 Frequentist approaches

Frequentist statistics doesn’t allow us to define probabilities for
the rate r to lie in an interval, but it does allow constructions
like the maximum likelihood estimate, which turns out to be

k

= (4.2)

or a confidence interval at confidence level «, defined by
PRy <r<R,) =« (4.3)

where R, = ((K) and R, = u(K) are statistics constructed
from the random variable K. The measured confidence interval
is then [((k),u(k)] For example, if we are simply interested in
an upper limit, so that r, = 0, we want

o)

o= P(r<u(K) = Plul(n) < K)= 3 “”ZV T
jmui)

(4.4)
This looks like a pretty confusing way to define the function
u~(r), but remember, we're interested in u(k) for the actual


http://arxiv.org/abs/0804.1161

measured k, so it means that if we evaluate (4.4]) for r = u(k)
(which we can do since it’s supposed to be true for any r), we
get

(u(k)T) o u(k)T

, ‘ 45
> > (4.5)

which is now an equation which can be solved for any & > 0.
For example, for k =1 it gives us

a=1—euT (4.6)
SO
s 47
u() = 25 (4.7
for k = 2 it says
a=1—[1+u2)T)e @7 (4.8)

which is a transcendental equation, but we can solve it numeri-
cally for u(2)7', given a.

4.1.2 Bayesian Approach

As usual, the Bayesian approach to the problem is more straight-
forward; if we want to know about r given that we've seen k
events, we just construct a posterior using Bayes’s theorem:

p(k|r, 1) f(r|])
p(k|I)

The main subtlety is choosing the prior distribution f(r|/). An
obvious simple choice is a uniform prior

frlk, 1) = o p(klr, ) f(rll) — (4.9)

1

frllo) = {“‘

0 otherwise

O max
<r<r (4.10)
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where we will find our calculations simplify greatly if 7.y is large
enough that & < rp. . There are some conceptual problems
with a uniform prior, though. For example, if we replaced the

rate parameter in question with a scale parameter f = % we
would find that the prior on 3 is no longer uniform, but instead
f(BlLy) o B2

An alternative is to use the prior

1

r I — ln("'max/rmin)
i) {0

1
= Pmin < T < Tmax
r _ * (4.11)
otherwise

This is often referred to as a Jeffreys primﬂ and you can show
that f(B|I1) o< ~'. We can also call this “uniform in log rate”
because if you do a change of variables to A = Inr you’ll find
f(Al11) is uniform over the allowed range.

Physically, the % prior is appropriate when the rate is uncer-
tain over many orders of magnitude, so e.g., it’s as likely to be
between 1073 Hz and 1072 Hz as between 107° Hz and 10~ Hz.
More likely, we have a sense of what the order of magnitude
of the rate should be, so a uniform prior, in addition to being
simpler, may actually reflect our knowledge better.

So let’s move ahead with the assumption that p(r|I) is con-
stant, so Bayes’s theorem tells is that

fr|k, I) oc p(k|r, I) o< (rT)F e (4.12)
We can get the proportionality constant from normalization, so
(TT)k e—rT

fo’”max (T’T)k e="'T dr'

Frlk, 1) = (4.13)

5This is a slight misnomer, since the Jeffreys prior is defined by a mathe-
matical formula using the likelihood, and for some distributions the uniform
prior is the Jeffreys prior. To make things more confusing, the Jeffreys prior
for the rate parameter in an exponential distribution is proportional to r—!
as above, but for a Poisson distribution, it’s actually proportional to r—/2,



If £ < rmax’, the denominator becomes

/Tmax(r/T)k o' gl — 1 /rmaXT uF et dy ~ 1 /OO I
0 T Jo T Jo

CT(k+1) K
- T T
(4.14)

SO
T k _—r

G (rT)ker T O<7"<'7“max (4.15)
0 otherwise

frik, I) ~ {

Note that this is a Gamma distribution with shape parameter
k + 1 and scale parameter T

4.2 Case 2: Known Background

Now we have a case where the actual event rate is the unknown
quantity of interest, s (the signal or foreground rate) plus a
known background rate b, i.e., r = s + b. Now, if we knew
the exact number of background events, we could subtract that,
but as it is, all that’s known is the event rate, so there’s also
randomness in the background, so estimating s = r — b doesn’t
work out the same as estimating 7.

4.2.1 Frequentist approach and issues

We can proceed mostly as before, for example we have a maxi-
mum likelihood estimate of

k
S=T—-b=——1b 4.1
s=r (4.16)

and likewise our confidence interval could be defined using

P(Ryi—b<s<R,—b) =« (4.17)

22

But if we happen to get a small number of events, the re-
sults can look weird. For instance, if k& < b7, the maximum
likelihood estimate s would be negative. Similar pathological
things can happen with the confidence intervals. This is one
of the problems addressed in Feldman and Cousins, “Unified
approach to the classical statistical analysis of small signals”,
Phys. Rev. D 57, 3873 (1998).

4.2.2 Bayesian method

The construction of the posterior proceeds as before, but now
we have

([s + b]T)F e~ [s+0IT ([s + 0] T)Fe=sT

f(s‘k>j) =
’ (4.18)

where the constant e~ cancels out. The denominator can be
evaluated as

/ ([ + b]T)k e 5T dy!
0

1 i k' /SmaxT k—j (bT)j —Ud
= — T E—— u € u
Tj:O k=3 Jo
TSk R~

~~

I'(k—j+1)=(k—3)!
(4.19)
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4.3 Case 3: Unknown/estimated background

We move now to the general case where the foreground and
background rates are both unknown. In order to estimate the

fsmax([si + b]T)k 67[3’+b]T ds’ - fosmax([sl + b]T)k efs/T ds’



foreground rate s and disentangle it from the background rate
b, we conduct two sets of observations:

e an OFF-source observation where the rate of events is b, of
duration Ty, in which kqopr events are observed

e an ON-source observation where the rate of events is s + b,
of duration Ty, in which kqy events are observed

The probability mass functions associated with the on- and off-
source distributions are

([S _l_ b]TON)kON 6—[S+b}To\r

p(kON|S)b7 ]> = ]’C |
OFF*

(4.20)

and i
(b opr) o o~ bTor

p(kOFF|b7 ]> = [
OFF:

Our goal is to make an inference about the rate r given the on-
and off-source observations; in the Bayesian approach this means
working out the posterior pdf f(r|kox, korr, I), where the infor-
mation I includes things like the duration of the observations,
but not a specific value for b.

(4.21)

4.3.1 Qualitative

Roughly speaking, the off-source observation will serve as a sort
of calibration and allow us to estimate b, albeit with some resid-
ual uncertainty. We can then estimate r from the on-source
observation, subject to the uncertainty in subtracting the back-
ground rate. So the result will look something like

b bk b~ oy Vhorr

and
s s~ o gy [ o (5b)2 (4.23)
TON TON2

23

but this back of the envelope calculation will fail if the numbers
of events are small.

4.3.2 Bayesian method

We want to work out the posterior pdf f(s|kox, korr, I) for the
foreground rate, given the on- and off-source observations, which
we’ve marginalized over the background rate b. We assume that
the priors on the foreground and background rates are uniform,
ie.,

1 0 < s < Smax
Iy) = { Smax 4.24
f(slo) {0 otherwise ( )
and
L 0<b<d
blIy) = { Dmax max 4.25
f(llo) {O otherwise ( )

and we’ll assume korr € bmaxd orr, Kon <K Smaxlon and koy <
bmaxTox to make the integrals simpler.

There are several equivalent ways to arrive at basically the
same expression for the posterior. The first two use the fact

that the on- and off-source measurements are independent to
work in terms of p(kox, kopr|S, b, I) = p(kox|$, b, I) p(kope|b, I).

1. Use Bayes’s theorem to get the joint posterior

f(s’ b|kON7 korr, I) X p<kON7 kOFF|S7 b, ]> f(sa b|[)
= p(kox, kors|s, 0, I) f(bII) f(s|I)

and then marginalize over b to get

(4.26)

f(s‘k’omkoy*n]) = / f(sab|k0N>k0FF>I)
0

x / " plkos|s.b, ) plkosel, T) FBIT) F(sIT)db (4.27)



2. Use Bayes’s theorem to write

f(slkoxs korrs I) o< p(kox, kopr|s, T) f(s|I) (4.28)

and get the marginalized likelihood by writing
p(kox, kopr|S, ) = / P(kox, korr|S, b, I) f(b]1)db (4.29)
0

3. Consider I’ = kope, I to be the state of information after
the off-source experiment, and describe the observation in
two steps: First, we get a pdf for b based on the off-source
experiment

f(b\]/) = f<b|kOFF7 I) 08 p(kOFF|b7 ]> f(b|I> (43())

and then use this posterior as the prior on b in the on-source
experiment:

F(slkon, I') o /Ooop(kON\s,b, ') F|T) db £(s|I)
x / " pllionls, b, 1) plore b, T) F(BIT) b f(s|T) (4.31)

where we use the fact that neither the pmf for the on-source
experiment nor the pdf for the signal rate depend on the
outcome are directly affected by the results of the off-source
experiment, so p(kox|s,b,1") = p(kox|s,b,I) and f(s|I') =
f(s|D).

Of course, it’s not surprising that all three approaches give the
same expression, since they all just follow the rules of probabil-
ity. The last approach gives us a head start to constructing the
posterior on s, since we know the pdf of the background rate
after the off-source experiment will be a Gamma distribution

F(blkorp, T) o< (DT ppp)Fore e VTorr (4.32)
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Note that this distribution has a mean of % and a width of

—”;9?“, so in the limit of a long off-source observation with many
FF

events, we get a more and more sharply-peaked distribution in
b, which makes the estimation of s tend towards the case of a
know background.

Moving on to the construction of the posterior on the fore-
ground rate,

F(slkoxs kowe, I) o / ([s+b)Ton ) Fove I HTox (BT Yo e o iy
0

o 6*3T0N / (S + b)koykaFFefb(TON‘FTOFF) db
0

kox
|
ox e 5Tox E Fo'
(kox

YT (s[Tox + TOFF])j/ yloxthor =gt gy
o — J)lj! 0

S (kox + korr — 7)! L Tons

J
> (sTox)? e 5Tov  (4.33)
Tox

Now, it’s pretty straightforward to do the integral over s and
work out that normalization constant to get

kON (kON+kOFF*j)! Torr ] ] —sTon
TON ZJZO (kON*])']' ]. + Tox (STON) [

f(s‘kON7kOFF7I) = & (k k ')' j/
ON ON+ OFF —, ! M TOFF
225720 Chomeg 1 <1 - T_>
(4.34)
although in practice the shape of the pdf is more interesting.

You will investigate this on the homework.
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5 Monte Carlo Methods

Monte Carlo, in general, refers to calculations carried out with
random or pseudo-random elements. (The name refers to the
Monte Carlo Casino in Monaco.) There are a number of dif-
ferent such methods, but we’ll focus on two; in each case we’ll
assume the model includes a sampling distribution f(x|@, I') that
describes the joint pdf of the data X given a parameter vector

0.

1. Monte Carlo simulations to test the validity of a statistical
method or estimate the sampling distribution of statistics.

2. Drawing samples from a posterior to simulate higher-
dimensional integrals, including the Markov Chain Monte
Carlo (MCMC) method for generating a sample.

Note: how to simulate a random variable with a specified pdf

f(x):

1. Easy way/cheating: use statistical package, e.g.,
scipy.stats.norm(loc=mu,scale=sigma,size=n)

2. General approach for univariate distribution f(z): given
cdf F(z) = [*_ f(2')da’, invert to get = F~(P) for
0 < P < 1. Generate uniform random number « and take
r = F7}(a). Note that if you have a closed form cdf that
you can invert, the distribution is probably already coded
up in a statistical package

3. Grid approximation: cover the space of possible x values
with a grid {x;} of discrete points. (Ideally it should ex-
tend over the whole space over which f(x) has support,
and be closely enough spaced that f(x;) and f(x;) are not
so different if x; and x; are adjacent points in the grid.
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You can then draw from the discrete distribution with pmf
p(xi) = f(xi)/ >2; F(x5).

4. Markov Chain Monte Carlo. We will discuss this on Tues-
day.

5.1 Monte Carlo Simulations

The frequentist definition of probability tells us that if we have a
repeatable experiment described by random vector X with pdf
f(x]0,1), and we do N repetitions of the experiment, whose
results are {xs|s = 1,..., N}, probabilities constructed using
X will correspond to frequencies of the corresponding events
constructed from the {zvec,}. Specifically, for some region C' of
the data space,

N(xs; € C)
N

when N is sufficiently large. So we can use this to ei-
ther check or estimate things like the distribution of a statis-
tic Y = g(X) or the power v(0) = P(X € (|0,1) of
a test definied by the critical region C. The latter can
be estimated using the fraction of points in the sample
{xs} which are in C. For an example of the former, see
the notebook http://ccrg.rit.edu/~whelan/courses/2017_
3fa_ASTP_611/data/notes_inference_montecarlo.ipynb

P(X e |0, 1)~ (5.1)

5.2 Sampling from a Posterior

One of the ways in which the Bayesian interpretation of probabil-
ity is more powerful than the frequentist one is that it allows us
to assign probabilities to things that are uncertain, without re-
quiring them to be the outcomes of repeatable experiments. But
we can also turn this relationship on its head to our benefit. A
posterior pdf f(0|x, 1) doesn’t describe the relative frequencies
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of a bunch of 8 values, but the mathematics of probability are
the same. So if we can use the pdf f(0|x, I) to synthetically gen-
erate a sample {6} (where x is the one actual observed data vec-
tor), relative frequencies in the sample will correspond approxi-
mately to probabilities in the posterior. We now illustrate this in
the notebook http://ccrg.rit.edu/~whelan/courses/2017_
3fa_ASTP_611/data/notes_inference_sampling.ipynb

Tuesday, December 5, 2017

6 Markov Chain Monte Carlo

Markov Chain Monte Carlo (MCMC) methods execute a ran-
dom walk through parameter space, and are designed to visit
points in parameter space in proportion to their probabilities
under the target distribution ¢(@) which is proportional to the
posterior from which we're trying to sample, p(0|x,I) x ¢(0).
The “Markov” part means that the probability of reaching a
point @ at step ¢ of the chain depends only the previous point
0! and not any earlier points in the chain.

6.1 Metropolis Algorithm

To carry out an MCMC we need a rule for moving from one point
to another in parameter space. Typically there is a proposal
distribution .J(€’|@) from which a jump is considered, and then
a rule for deciding whether to jump to that new point. The
Metropolis algorithm requires that the rule be symmetric, so
J(6'10) = J(6]6') but doesn’t otherwise restrict it[f The rule is
then as follows: draw a point 8* from J(6*|6""') and calculate

6.7(0'|0) should be a probability distribution which we can easily draw
from for any 0 with f(0|x,I) > 0.
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the ratio
e g0)
fFO7x, 1) g6

If » > 1, make the jump and let 8" = 8*. If r < 1, generate a
Uniform|0, 1] random number wu; if u < r, make the jump and
0" = 0*. If u > r, don’t make the jump and let 8° = "', I.e.,
make the jump with probability 7.

We’ll see in detail why it works on Thursday, but as a matter
of formalism consider how the rules translate into statements
about the probability distributions for the proposed jump posi-
tion @* and the next value @' in terms of the current value 8.
The proposal rule just tells us that

(016", x, 1) = J(6*]6) (6.2)

(6.1)

while the acceptance rule tells us that

(616761 x.T) — 5(0" — 6%) if r > 1
o ro(0' — 6*) + (1 —r)5(0' — 6" ifr<1
(6.3)

where 6(6 — ') is the Dirac delta function defined so that

[s0-0) 10100 = 18 (6.4

and r is the ratio defined in (6.1). Note that if r < 1,
£(6"6%,0'"" x, 1) is a mizture distribution, which is just a lin-
ear combination of other probability distributions (in this case
degenerate ones). It’s basically just a manifestation of the sum
rule. If I says that 8 can be drawn from distributions D; or D,
the probability distribution is

f(OI1) = f(8| Dy, 1) P(D:y|I) + f(6]Dy, I) P(DofI)  (6.5)

where f(0|Dq, 1) and f(0|Ds, I) are separately normalized prob-
ability distributions, and P(Dq|I) + P(Dy|I) = 1.
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Returning to the distribution (6.3) we can actually combine
the two cases by writing

f(6'16*,6'" x,I) = min(1,7)56(8"—0*)+[1—min(1,7)]5(0'—6"")
(6.6)
The product rule then gives the joint distribution

f(6',016" " x, 1) = J(6*|0" ") (min(l, r)6(6" — %)
+ [1 — min(1, 7)]6(8" — Ot_l)) (6.7)

We will show that the target distribution is the stable endpoint
of the MCMC by showing that if the marginal sampling distri-
bution for one step is the target distribution, than the marginal
sampling distribution for the next step is as well:

f(OMCMC) = (6" '|x,I) implies f(0'|MCMC) = f(8"|x,1)
(6.8)

6.2 Why It Works

Now we turn to a demonstration of why the Metropolis algo-
rithm produces, over the long term, samples from the target
distribution. As a result of some mathematical theory that’s
beyond the scope of this course, any reasonable MCMC will
settle down into a unique equilibrium, so all we need is to
demonstrate that the target distribution is an equilibrium state.
What that means is that if we (hypothetically) make a draw
from the target distribution, and then take one MCMC step
from that point and consider where we ended up, the proba-
bility distribution for the new point is also the target distri-
bution. In the notation we’ve been using, this means that if
we assume f(0" ' MCMC) = f(6"'|x,I) we can show that
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f(O'IMCMC) = f(6'|x,I). We'll do this by constructing the
joint distribution f(@",8""'[MCMC) for the two points. Note
that we're assuming

/f(@t,et‘1|MCMC) = f(8"']MCMC) = f(0" 'x,I) (6.9)

so if the functional form of (6", 8"'[MCMC) is symmetric un-
der interchange of the two arguments 6 and 6'', it will be
the case that the two marginal distributions f(6°|MCMC) and
f(6" /MCMC) have the same form, and thus we’ll have proved
that f(0'|MCMC) = f(0'|x,1).

To construct the joint distribution (8", 8" [MCMC) we start
with the joint distribution

f(6",0*,0"]MCMC) = f(eny,J)J(e*\eH)(minu,r)(s(et—e*)
+max(1 —7,0)6(8" — Bt_1)>
= 0(0" —0*)J(6*|0" ) min(f (0" '|x, 1), f(6*|x,1))
+6(6" —0'"1)J(6%|0" ") max(f(0" ' |x,I) — f(6*|x,1),0)
(6.10)

Next we marginalize over 8*; in the first term, the delta function
just sets @* to @". The second term is more complicated, but
the result of the integral (factoring out the 8*-independent delta
function) is

/ J(0*|0" ) max(f(0"|x,I) — f(0*|x,1),0)d6*
= / J(010" ) [f(6" %, I) — f(0"[x,I)] d&*

F(0% %, 1)< f(6""[x,I)
= f(0" ! reject|x, I) (6.11)



Le., it’s the probability of drawing 8" from the target distri-
bution and then rejecting the next jump. So the result of the
marginalization is

f(6",6" MCMC) = J(0")60" ") min(f(8"*|x, I), f(0'|x, 1))
+6(0" — 0" f(0" " reject|x, I) (6.12)

The first term is symmetric under interchange 8" «+— 6"~ ' as
long as the proposal distribution .J(8"]6"') is. The second term
is also symmetric, because the Dirac delta function is even, and
is only non-zero if 8" = 6'"'. Thus the joint distribution is
symmetric and both marginal distributions are the same, i.e.,
the target distribution.

6.3 Metropolis-Hastings Algorithm

The Metropolis algorithm can be extended to situations where
the proposal distribution is not symmetric, e.g., distributions
which avoid boundaries of parameter space. The modification
is to the acceptance rule, which now uses the value of the ratio

, fO7x, 1) J(0'716%) B q(0*) J(6"|9%) . (6.13)

0% D) J(O°16) g0t (el T

the rule is as before, i.e., accept the jump with probability
min(1, 7).

6.4 Examples and Properties

We can investigate the behavior of a simple MCMC using
the  notebook  http://ccrg.rit.edu/~whelan/courses/
2017_3fa_ASTP_611/data/notes_inference_mcmc.ipynb

(see also the old notebook http://ccrg.rit.edu/~whelan/
courses/2014_1sp_ASTP_611/data/notes_inference_
mcmctrinomial . ipynb| which draws from a discrete distribu-
tion.)
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6.4.1 Choice of Proposal Distribution

One important piece of the puzzle is the proposal distribution
J(60]6"). The typical jump size should be on the same scale as
the features of the distribution. If the proposed jumps are too
big, most of them will be to places where the target distribution
is small, and will be likely to be rejected, so the chain will move
slowly because it’s sitting at the same point without jumping
for many steps. Conversely, if the proposed jumps are too small,
the chain will move very slowly and therefore take more steps to
explore the full support of the posterior. As an extreme example
of this, the proposal distribution J(0]0") = §(8 — ") will of
course satisfy the detailed balance requirement (since 8" = o,
if 0°~! were drawn from the target distribution, 8" would be t00),
but the chain will clearly never expore the parameter space.

6.4.2 Diagnostics

e Plot the chains and make sure they revisit the same points
in parameter space

e Plot the first and second halves of the same chain and make
sure they look similar. Note that the very first part of the
chain will be influenced by the starting point. It’s standard
to discard this “burn-in” (10-50% of the steps typically)
before doing anything with the chain.

e Start chains in different parts of parameter space, discard
the burn-in of each, and check that the two chains look
similar otherwise.

6.4.3 Further Reading

There are a lot of MCMC examples in the notes I wrote
up for the Bayesian course: http://ccrg.rit.edu/~whelan/
courses/2017_1sp_STAT_489/notes_comp.pdf
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