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Abstract

Many high dimensional integrals can be reduced to the problem of finding the relative
measure of two sets. Often one set will be exponentially larger than the other. A
standard method of dealing with this problem is to interpolate between the sets with
a series of nested sets where neighboring nested sets have relative measures bounded
above by a constant. Choosing these sets can be very difficult in practice. Here a
new approach that creates a randomly drawn sequence of such sets is presented. This
procedure gives faster approximation algorithms and a well-balanced set of nested

sets that are essential to building effective tempering and annealing algorithms.
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1

Background

An algorithm is any well-defined computational procedure that takes a set of input
values and produces an output [3]. In computing, time is of the essence, and one is
often in search of the algorithm with the fastest running time. This is why we intro-
duce randomness into algorithms: for many problems, such as Quicksort, randomized
algorithms run faster than the best known deterministic algorithm [17].

There are a number of ways to introduce randomness into an algorithm. A Las
Vegas algorithm is a randomized algorithm in which the output is deterministic, but
the running time is a random variable. On the other hand, a Monte Carlo algorithm
is a randomized algoirthm in which the running time is deterministic, and the output
is a random variable. The focus of this dissertation is a new algorithm, TPA, which
is a Monte Carlo algorithm. Unlike a deterministic algorithm, or even a Las Vegas
algorithm, a Monte Carlo algorithm will not give the “correct” answer each time,
which may make it seem intractable. But because the output is a random variable,
if you run a Monte Carlo algorithm repeatedly, with independent random choices,
you will be able to bound the probability that it drifts very far from the true answer.

In particular, for given € and §, we are interested in finding an (€,§) randomized

1



approximation scheme.

Definition 1. For a problem with true answer p, an (€,0) randomized approzimation

scheme (ras) is an algorithm that returns output p that satisfies

1
PP’( §§§1+e)21—5.
l4+€e ™~ p

This means that we want the probability that our estimate deviates from the true
answer by a multiplicative factor of (1 + €) to be no more than 4.

Monte Carlo algorithms are also important in that they provide a bridge be-
tween counting problems and sampling problems. As described in [26], a counting
problem consists of estimating the cardinality of a large set or an integral over a
high-dimensional domain. A sampling problem consists of generating samples from a
probability distribution over a region €2. Monte Carlo algorithms allow us to improve
the running time of counting problems by taking adavantage of efficient sampling al-
gorithms. The algorithm described in this dissertation solves counting problems by
generating samples with the aid of known sampling algorithms.

To motivate our algorithm we can focus on the simple context of a set B, con-
taining a smaller set B’, both with associated measure p (which usually is Lebesgue
or counting measure). Furthermore, we will assume that we have the ability to gen-
erate samples uniformly from B. We would like to be able to approximate the ratio
u(B")/u(B).

One standard approach to this problem is the use of the Acception/Rejection al-
goirthm. As indicated by its name, in this algorithm we draw samples and choose
to either accept them or reject them. Drawing a sample from set B, we accept it if
it also happens to fall into the contained set B’. Otherwise, we reject the sample. If

we draw N total samples, and we accept n of them, then




FIGURE 1.1: Acceptance Rejection

Acceptance/Rejection is a classic example in which a counting problem is linked to a
sampling problem. Here we take advantage of the ability to genereate samples from
set B, in order to estimate the size of set B’.

Although this algorithm is certainly simple in implementation, its running time
can be long. In particular, for an (e,0) ras we need the number of samples, N, to be
e 2u(B)/u(B')In(671). But in most applications the size of B is exponentially large
in the size of B’, indicating that u(B)/u(B’) is exponentially large. In such cases,

the running time of Acceptance/Rejection can be quite large.
1.1 The Product Estimator

With the aim of improving the running time for Acceptance/Rejection, Jerrum,
Valiant, and Vazirani devised a new algorithm in 1986 [14], which was dubbed the
Product Estimator by Fishman in 1996 [6]. In addition to the setup described above,
the Product Estimator requires a family of nested subsets indexed by a parameter

B, such that the following hold:

e B'CAB)C B Vp

o F'< = A(f) € A(B)



o B'= A(fy) C A(B) C -+~ C ABior) C A(B) = B

Due to the fact that the parameter 3 is inverse temperature in many applicaitons, we
call a particular choice of such {5, 1, .., Bk—1, Bk}, @ cooling schedule. The Product
Estimator outlines the way in which we choose this cooling schedule. In particular,
for a pre-determined constant C'; we choose the number of nested subsets k£ and the

Bi’s, so that for all : € {1,... k}

1(A(B))

PP < ¢

p(A(Bi-1))

Once we have determined the number of subsets k&, we can choose these nested subsets
such that
B' = A(B) C A(B1) C -+ C A(Br—1) C A(Br) = B.

Using a telescoping product, we can represent our desired ratio in the following way:

FiGURE 1.2: Product Estimator

Now we can use Acceptance/Rejection to estimate p(A(5;))/pn(A(Bi—1)) for i €
{1,...,n}. That is, we can take N draws from A(f3;), and count the number n; that

4



fall into A((;_1), so that n;/N gives us an approximation of u(A(5;))/u(A(Bi-1)). It

follows that:

N
X oo X —.
ng

1(B)
u(B')

~
~

2=

But because of how we selected the nested subsets, we no longer need to worry
about A(f3;) being exponentially large in the size of A(f3;_1). How large should N

be? For the Product Estimator, Dyer and Frieze [5] found that resulting estimate of

16Ck

w(B)/u(B') is within a multiplicative factor of the true answer when N = m,
e2(1—e

where C' and k are as described above.
1.2 Adaptive Simulated Annealing

In their adaptive simulated annealing algorithm, Stefankovic, Vempala, and Vigoda
[26] produce an improved method for using sampling for approximate counting. They

focus on the problem of approximating partition functions.

Definition 2. Let n be a non-negative integer. Let ay,...,a, be non-negative real

numbers such that ag > 1. The function

is called a partition function of degree n.

Partition functions arise in many applications, such as in statistical physics and
maximum likelihood estimates for exponential families. In this context {0,...,n}
represents the possible values of the Hamiltonian of a system and a; is the number
of configurations with Hamiltonian 7. The authors focus on discrete examples, but
allude to the fact that their results can be extended to examples in a continuous

setting. In the continuous setting, the normalizing constant takes the form of an
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integral, rather than a sum:

29) = [ wsla)ds

In order to estimate Z(oo) using the Product Estimator, we would once again

employ a telescoping product:

where y = 0 and (3, = co. The fact that Z(3) is typically easy to compute for 5 =0
will be useful in all of the algorithms discussed here for the estimation of a partition
function. Generally, we will also be able to take advantage of a pocedure, such as
Coupling from the Past (to be discussed later in this chapter), that will allow us to

draw exact samples from the distibution

Here, H (o) is the Hamiltonian of configuration o.

Although Z(/3) can be approximated using Acceptance/Rejection or the Product
Estimator, this paper provides an algorithm with an improved running time. Just as
in the Product Estimator, this annealing algorithm involves the creation of a cooling
schedule, but the authors are interested in what is called a B-Chebyshev cooling

schedule.

Definition 3. A cooling schedule is a list Sy, ..., 3, of inverse temperatures. A

B-Chebyshev cooling schedule is a cooling schedule (y, ..., 3, that satisfies

El(exp((8 = B ) H(X))] _
Elexp((8; — Biv1)H(X))]? —

for every i € {0,...,n —1}.



For partition functions as defined above, a B-Chebyshev cooling schedule satisfies

200

Stefankovic, Vempala and Vigoda also make a distinction between nonadaptive
and adaptive cooling schedules. A cooling schedule is nonadaptive if it depends
only on n, the degree of the partition function Z(3), and A := Z(0). Otherwise,
it is called adaptive. Adaptive cooling schedules depend on the structure of the
partition function. Nonadaptive cooling scheudule must be pre-determined, as in
the Product Estimator, whereas adaptive cooling schedules are created during the
run of an algorithm.

In addition to presenting a new adaptive algorithm for generating cooling sched-
ules, the authors prove that for a partition function of degree n, any nonadaptive
cooling schedule is of length at least O(In(A)In(n)). They do so by first considering

the following cooling schedule:

where k = [In(A)], vy =1+ ﬁ, and t = [(141n(A))In(n)]. This is a B-Chebyshev
cooling schedule, and its length is O(In(A)In(n)). The authors then argue that this
is the best possible nonadaptive cooling schedule up to a constant factor by proving

the following Lemma.

Lemma 1. Let n € Z", and A,B € R*. Let S = 3y, 51,...,3 be a nonadaptive
B-Chebyshev cooling schedule that works for all partition functions of degree at most

n with Z(0) = A and Z(o00) > 1. Assume 3y =0 and ) = co. Then

[ > In(n/e) <% . 1) .



This illustrates that even the best nonadaptive cooling schedule is of length at
least O(In(A)In(n)). But adaptive cooling schedules, such as the one introduced in
[26], can be shorter.

Adaptive cooling schedules, on the other hand, do not share the same lower bound

on length. The authors present the following theorem:

Theorem 2. Let Z be a partition function of degree n. Let A = Z(0). Assume that
Z(00) > 1. There exists an e*-Chebyshev cooling schedule S for Z whose length is at

most

4(Inln A)/(In A) In n.

The authors note that f(3) = In Z() is decreasing and convex. The crux of the
proof of the previous theorem is the fact that f can be approximated by a piecewise
linear function g with few pieces. The pieces of f are formed in a recursive manner:
if v; is the endpoint of the last segment, let ;.1 be the maximum value such that
the midpoint m; = %(% + 7;41) satisfies

F(2Biy1 — Bi) + f(Bi)
2

Z(28i1 — Z(3:))Z(5;) .2

— f(Bir1) S 1+= AE <e

Substituting x = 3; and y = 20,1 — 0;, the inequality on the left becomes:

() > Heat)

Before introducing their algorithm, the authors state the following assumptions

on A and n:

In(n) > 1, In(ln(A4)) > 1, A > In(n)

With these assumptions in place, the authors devised the algorithm PRINT-
COOLING-SCHEDULE, described in the following pseudocode and theorem:



Algorithm 1.2.1 PRINT COOLING SCHEDULE

Input: 3y, and a black-box sampler for X ~ pug for any 8 > 0,
Output: Cooling schedule fy, ..., 5,

1: Bad «— 0
2: Print [,

3: if Gy < In(A) then
I — FIND-HEAVY (5y,Bad)
L «—minfy + 1/w,In(A);
(* < binary search on 3* € [, L]
with precision 1/(2n)
using predicate IS-HEAVY (5%, 1)
7: [ « binary search on (3 € [y, (8* + (o)/2]
with precision 1/(4n)
using predicate EST(I, £y, B)*EST(I,25 — (5o, £)< 2000
8: if 5 < (8*+ ()/2 then

9 PRINT-COOLING-SCHEDULE(5)
10: else
11: if 5 = L then
12: PRINT-COOLING-SCHEDULE()
13: else
14: v — (8" = Bo)/2
15: print(By + 7, Bo + (3/2)7, Bo + (7/4)7, ..., Bo + (2 — 27D )y
16: Bad« BadUl
17: PRINT-COOLING-SCHEDULE(5*)
18: end if
19: end if
20: end if

21: print oo

Theorem 3. Let Z be a partition function. Assume that we have access to an
(approzimate) sampling oracle from pg for any inverse temperature 3. Let ¢’ > 0.
With probability at least 1 —0', algorithm PRINT-COOLING-SCHEDULE outputs a
B-Chebysheuv cooling schedule for Z (with B=3-10°), where the length of the schedule
18 at most

[ <38VInA(lnn)Inln A.

The algorithm uses at most

Q <10"(In A)((Inn) + Inln A)® lné

samples from the pg-oracles. The samples output by the oracles have to be from a

distribution py which is within variation distance < §'/(2Q) from pg.

9



1.3 Markov Chain Monte Carlo

We now turn our attention to how such samples as needed in the previous section

can be obtained.

Definition 4. A Markov Chain Monte Carlo method is a method for building a

chain whose limiting distribution is a target distribution .
But first we need to introduce Markov chains and their important properties.

Definition 5. Suppose {X,}°°, is a stochastic process and F, is the o-algebra
generated by Xo,...,X,. Then we call {X,} a Markov chain if it satisfies the

Markov Inequality:
P{Xn = 2n|fn—1} = P{Xn = Z.n|Xn—1 - in—l}-

This means that in order to take the next step, a Markov chain requires knowledge
of only the most recent step; the process “forgets” all other moves. For this reason,
Markov chains are said to be memoryless.

For a Markov chain {X,,} on a discrete space, the associated transition matrix,
P, is the matrix whose entry (i,7) indicates the probability of moving from state i

to state 7 in one move. That is,
P(i>j) = P(Xn—i-l = ]|Xn = Z)

With this notation, we have that the entry (7, ) of P™ gives the probability of moving

from state i to state j in m steps:
Pm<i7j) = P(Xn+m = j’Xn = Z)

Definition 6. A Markov chain is irreducible if for each state ¢ and j, there exists m

and k, such that P™(i,5) > 0 and P*(j,i) > 0.

10



This means that a Markov chain starting in one state, is irreducible if it has a

positive probability of reaching any other state.

Definition 7. The period of an irreducible Markov chain is the greatest common
divisor of

J={n>0:P"(i,i) >0}

where 7 is any state. It can be shown that the value of J is independent of the state

7. An irreducible Markov chain is aperiodic if J = 1.

Definition 8. The stationary distribution of Markov chain {X,} with transition

matirx P, is the distribution 7 (represented by a probability vector), that satisfies
TP =T.

Theorem 4. If P is the transition matriz for an irreducible, aperiodic Markov chain,
then there exists a unique stationary distribution, w. In addition, if ¢ is any addi-

tional probability distribution,

lim ¢P" = 7.

n—oo

TPA, the algorithm described in this dissertation, requires the ability to draw
samples from the stationary distribution of a Markov chain. As the last theorem
indicates, if we run an irreducible, aperiodic Markov chain for many steps, we should
eventually reach the stationary distribution. But we do not know how many steps
this will take. A more immediate problem, is the fact that many distributions, such
as those discussed in Chapter 3, are very difficult to sample from. To do so, we
rely upon the Metropolis-Hastings algorithm. But before we introduce that, we need

another definition.

Definition 9. A Markov chain with transition matrix P is reversible with respect

to a distribution 7 if
m(z)P(z,y) = m(y)P(y, v).

11



If Markov chain X is reversibile with respect to 7, then 7 is a stationary distri-

bution for X;.
1.4 Metropolis-Hastings Algorithm

For the context of the algorithm described in this dissertation, we will want to draw
from distributions of the form 7(z) = w(z)/Z, where w(x) is a weight function and
Z is the normalizing constant. The normalizing constant, Z, is often very difficult
to compute. In Chapter 3, we go through an example for which finding Z exactly is
a #P complete problem. This makes it difficult to draw samples from 7.

The goal of the Metroplolis-Hastings algorithm is to create a Markov chain that
has the desired distribution as its stationary distribution. Once we have created such
a Markov chain, we can run it for many steps in order to draw from the stationary
distribution.

The Metropolis-Hastings algorithm builds off of the Metropolis algorithm (1953),
shown below. In order to run this algorithm, you must start with an initial state, x,

for your Markov chain and a symmetric transition matrix, P.

Definition 10. A transition matrix, P is symmetric if for states x and y, and

measure 7

P(z,y)m(z) = Py, x)7(y).

Then using P, a new state y is proposed, and we create the Metropolis ratio,

Note that due to the form of 7(x) = w(x)/Z, when computing r we avoid the
necessity of computing Z. The weight w(x), on the other hand, is often easy to

compute. With proportion r in hand, we accept the new state with probability r

12



and reject it with probability 1 — r. In the case that we reject the new step, we

remain at the current state x.

Algorithm 1.4.1 METROPOLIS

Input: current state z, transition matrix P
Output: next state y
1. draw y <« P(z,")
2: draw u « Unif([0, 1])
m(y)

. Let r «— —2<
()
- 1f v < r then
Yy<—y
else
Yy<—2x

. end if

@

@ S Tl

In 1970, Hastings broadened the algorithm to work when P is not necessarily
symmetric. To do so, the ratio r is altered so that
m(y) Ply,z)

Y= @) Play

e,

Note that when P is symmetric, this ratio just reduces to the one described in the
Metropolis algorithm above.

Now we check that we do in fact have a Markov chain with stationary distribu-
tion 7. Let P represent the transition matrix inherent in the Metropolis-Hastings
algorithm. That is, P(z,y) = m(z,y)P(z,y) where m(z,y) = min{1, r(z,y)}. If we

can show that our Markov chain is reversible with respect to distribution 7, then we

will know that 7 is the stationary distribution.

13



Without loss of generality, assume that r(z,y) < 1. Then m(z,y) = r(z,y) and:
m(x)P(,y) = m(z)m(z,y) P(z,y)
= m(z)r(z,y)P(z,y)

i [10) O]
=0 |25 i) P

=7(y)P(y, )
= n(y)m(y, z)P(y, z)

= 7(y)P(y, )

where we have used the fact that r(x,y) < 1 implies that r(y,z) > 1 and thus, the
probability that our chain moves from state y to state z is just P(y, z).

With this algorithm in place, we now have the ability to draw samples from a
given distribution 7. Simply run the Metropolis-Hastings algorithm for a long time
(known as the mixing time), until our chain reaches stationarity. But how long is

long enough?
1.5 Coupling from the Past

In order to determine when a Markov chain has reached its stationary distribution,
we used Metropolis-Hastings in conjunction with the Coupling from the Past (CEFTP)
algorithm [20]. CFTP is what is known as a perfect sampling algorithm: it gener-
ates samples directly from 7(x) = w(z)/Z in a random amount of time 7', without
requiring any information about the normalizing constant Z. CFTP also requires no
knowledge of the mixing time of a Markov chain. On the contrary, CFTP is a process
that runs a Markov chain and decides when to stop, at which point the output is
drawn from the stationary distribution.

It should be noted that CFTP is a non-interruptible algorithm. An interruptible
algorithm is one in which the output is independent of the running time. CFTP

14



is non-interruptible because stopping the algoirthm before it has finished biases the
output. Your output is now conditioned on the running time being less than some
fixed constant.

CF'TP uses coupling and simulation from the past. Coupling implies that we run
two chains: an upper chain and a lower chain. Our goal is to run these chains with
the same updates at each step until they coalesce. But rather than just running these
chains forward, we run them from the past. For some predetermined time ¢, we run
the upper and lower chains. If they have not coalesced at time t, we start over but
make sure to store the ¢ steps made by each process. Now we run the upper and
lower processes for time t and then add on the previous ¢ steps. If the processes have
not coalesced after these 2t steps, we repeat the process, doubling the number of
steps each time. Once the processes have coalesced, we output their common state,
and this is a draw from the stationary distribution.

All applications considered in this dissertation have monotonic update functions.

Definition 11. An update function is monotonic with respect to a partial order if

for every x <y and all u,

f(z,u) < fy,w).

The update function refers to the method employed to update the Markov chain,
such as Metropolis-Hastings. In the definition above, x and y are states of the
Markov chain, and u is a uniform random variable used in order to update the state
of the chain. It is important to note that the same uniform random variable, wu, is
used to update the upper process and the lower process. The partial ordering will
depend on the context. For instance, in Chapter 3 we introduce the Ising model in
which the ordering will depend on the spin assigned to each node in a lattice. Once
we have defined such a partial ordering, we can let X,,,, be the maximal process

and let X,,;, be the minimal process. Monotonicity guarantees that we will never

15



encounter a time at which f(Xnaz, ) < f(Xmin, w). Instead, at some point, these

two processes will coalesce.

Algorithm 1.5.1 MONOTONIC COUPLING FROM THE PAST

Input: X0, Xpnin, update function ¢(-,-)
Output: X ~ 7

: Ymax — Xma:c

Ymin — szn

T — 1
draw U_; < Unif([0, 1])
while X,,., # X,.in do
T « 2T
Xma:(: — Ymax
min < Ymin
draw U_r,...,U_(r/2-1 ~Unif([0, 1]7/2)
for ¢t from —7T to —1 do
Xmax — ¢(Ymam7 Ut)
Xmin A gb(Ymina Ut)
end for
. end while
: X — Xoao

— =
A

=
[G1EN

Theorem 5. If 3t such that starting from —t the mazimum and minimum processes
have positive probability of coalescense by time 0, then monotonic CFTP returns a

stationary state with probability one.

As mentioned above, the same uniform random variables are used to update
both X4 and X,,;,. Thus, when they do coalesce, they will move together for each
subsequent update. This is why it does not matter whether we output X,,., or X,.in
in the last step of the Monotonic CFTP algorithm. It is also important to note that
we do not output the first state at which these processes coalesce. Instead, if they
have coalesced during our run of 7" steps, we output the state at the end of these

steps. The need for this is best shown by an Example:

Example 1. Consider the simple example where there are only two states: A and

B. When the Markov chain is in state A, it moves to state B with probability 1.
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When the chain is in state B, it moves to state A with probability 1/2 and stays in

state B with probability 1/2.

A B [ DOw

Suppose we run two Markov chains: one starting at state A and one starting at state
B. Then looking at the picture above, it is clear that the first state at which these
chains coalesce will always be state B. If we were to output the state at which they
coalesce, note that this is not the stationary distribution. This distibution places
proability 1 on state B and probability 0 on state A. But if we run the chain from

the past, there is a chance that the state we ouput is A:

A A A

B

B B

Shown above, are the last few steps from CFTP (at time t = —2, ¢t = —1, and t = 0,
respectively). From this we see a situation in which the output from CFTP can be
state A. Note the importance that we do not ouput the first state at which they

coalesce (which is B here at time t = —1).
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1.6 Nested Sampling

The algorithm introduced in this dissertation involves the creation of a nested family
of subsets from which to sample. The creation of such a family was also used by
Skilling in his algorithm known as Nested Sampling.

Just like the Product Estimator and Adaptive Simulated Annealing, Nested Sam-

pling aims to approximate the normalizing constant. But in Skilling’s paper [25], this

is represented as Z = / L dX, and is referred to as the evidence.

e [ = L(0) is the likelihood function
o dX = m(f) db is the element of prior mass
e ( is the unknown parameter

As Skilling points out, typical Markov Chain Monte Carlo methods provide samples
from the normalized posterior, with no knowledge of the normalizing constant. In
contrast, with Nested Sampling approximating the normalizing constant is the main

goal and samples from the normalized posterior are a by-product.
Note that the integral Z = /L dX = /L(Q)W(@) df is an integral with repsect

to . Once 6 has more than a few dimensions, this integral problem becomes complex.
To deal with this, Nested Sampling uses sorting to turn Z into a one-dimensional

integral. In particular, define X as the following function of A, the likelihood values:

Then X (A) represents the cumulant prior mass covering all likelihood values greater
than A. As X increases, the value of X decreases from 1 to 0. If we define L(X) to

be the inverse function, i.e., L(X(\)) = A, then the evidence can be written as the
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following one-dimensional integral:

Z_/OIL(X)dX

Example 2. Skilling provides the following simple example of 4 by 4 grid of 2-

dimensional # values, each with equal prior mass of 1/16.

Table 1.1: Likelihood Values

0|8 |15 3
11124 |22 |10
19 1 30 | 26 | 16
9123118 6

We can sort these likelihood values in descending order:
L = {30,26,24,23,22,19,18,16, 15,11, 10,9,8,6,3,0}

To find Z, we can then compute the following sum:

7 30+26+24+23+22+19+18+16+15+11_|_10+ 9 . 8 n 6 L 3 . 0 _ 15
16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16

To get a better understanding of X as defined above, note that if X = 1/5, that

means that about 1/5 of the likelihood values lie above that value of X. Thus,

looking at our sorting, we have L(X = 1/5) = 23.
If we have a sequence of X values such that
0<X, < <Xy <X <1

then we can approximate Z with the following sum:

m

=1
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where L; = L(X;). In order to obtain such a sequence of X;’s, for each X;, we can
obtain X;,; = ¢;X;, where t; €Uniform(0,1). But Skilling points out that this is
equivalent to sampling withing the constraint L(f) > L; — 1 in proportion to the
prior density. So sorting is not necessary. In general, the Nested Sampling algorithm

has the following general setup:
1. Start with N points 64, ...,0x from the prior
2. initialize Z =0, Xp =1
3. record the lowest of the current likelihood values as L;
4. set X; = exp(—i/N)
5. set w; = X;_1 — X;
6. increment Z by L;w;

7. replace point of lowest likelihood by a new point drawn from within L(6) > L;,

in proportion to prior ()

Steps (3) through (7) are repeated for i from 1 to some predetermined value j. Unlike
the algorithm that is the basis of this dissertation, the variance of Nested Sampling
is not related to the estimate itself. For Nested Sampling, the variance must be
estimated; an estimate which itself might be inaccurate, leading to overconfidence in

results.
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TPA

2.1 Naming the Algorithm

The name “Tootsie Pop Algorithm” refers to the Tootsie Pop, which is a chocolate
chewy center surrounded by a candy shell. In a 1970 commercial for Tootsie Pops,
an owl is asked “How many licks does it take to get to the center of a Tootsie Pop?”
Our algorithm operates in a similar fashion. Set B’ is the center, which is surrounded
by set B. Each step of TPA shrinks set B to a smaller set that encases B’, much in
the way that each lick of a Tootsie Pop brings you closer to the center. Although
the commercial narrator implies that “the world may never know” how many licks

it takes, this is exactly the output of TPA.

2.2 How it works

TPA requires the following four elements:
1. A measure space (2, F, i)

2. Two finite measurable sets B and B’ satisfying B’ C B and u(B’) > 0. The

set B’ is the center and B is the shell.
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3. A family of nested sets {A(3) : f € RU{oo}} such that the following conditions
hold:

e ' > (3 implies A(F') C A(S)

e 1(A(()) is a continuous function of 3

e lim p(A(G)) =0

B—00
4. Special values S and (g that satisfy A(fp) = B and A(8p/) = B'.
With these ingredients, TPA consists of the following:

1. Start with ¢ = 0 and (; = Op.

2. Draw a random sample Y from p conditioned to lie in A(f;).

w

Lot Biy1 —sup{8: Y € A(B)}.
4. If Y € B’ stop and output i.
5. Else set i to be ¢ + 1 and go back to step 2.

More precisely, the following details the steps of TPA, given both the starting value,
0Og, and the ending value Gg.. The algorithm outputs both k, the number of draws,

and the sequence (fy, ..., ) of inverse temperatures drawn within the algorithm.

Algorithm 2.2.1 SEQUENCE((g, Op')

Input: The starting and ending values of 3
Output: k and (0o, ..., Ok)

I: ﬁ A 637 ke —1

2: repeat

3 k—k+1

4: B <

5: X « Unif(A(f))

6.

T

: B« sup{b: X € A(b)},
until G > Gp

TPA has the following advantages over the basic Product Estimator:
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e We don’t need to know k, the number of nested subintervals, in advance. The
number of sublevels is automatically produced by the algorithm.

1(A;)

for all 4.
N(Aiﬂ)

e We don’t need to know the ratio C' such that C' >

e TPA produces an omnithermal approzimation. That is, it generates an approx-

1(A(B))
,U(A<ﬁB’))

imation for that holds for all values 3 €[8p/, O] simultaneously.

Theorem 6. Let X ~ u(A(3)), ' = sup{b|X € A®)}, and U = “AI)

(AG) e

U ~ Unif (/0,1]).

Proof. Fix 8 and let a €[0,1). We would like to show that P(U < a) = a, in which
case we can conclude that U ~ Unif(]0,1]).

Since p(A(b)) is continuous in b, and blim p(A(b)) =0, 38, €[F,00) such that

w(A(B,)) = ap(A(B)), i.e. such that % =
Let 0 < € < 1—a. Then by the same argument, 33, such that M =a+e.
n(A(B))
Now consider X ~ u(A(f3)), let 5" =sup{b|X € A(b)}, and let U = % If
X € A(B,), then 3, < [, and by the monotonicity of pu, we have that
o HABY) _pAG)

p(AB) — n(A(B))

So we have shown that
X eAB)=U<a=PU<a)>PX € A,) =a

On the other hand, if X ¢ A(B,..), then 3" < ..., and by the monotonicity of p,

we have that

[ BAB) | pAGLD)

p(AB) — p(A(B))
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Using the contrapositive of the above statement, we have shown that
U<a+e=X€A(fured) =PU <a+¢€) <P(X € A(fusre)) =a+e€
Combining the above inequalities,
a<PU<a)<PU<a+e)<a+e

Since € can be arbitrarily close to 0, this reduces to P(U < a) = a.

Hence, P(U < a) = a for all a €]0,1), and U ~ Unif([0,1]). O

This is just one step of TPA. If the process described in the Theorem above is

repeated k times, a sequence {0, ..., [k} is generated such that for each i,
% ~ Unif([0,1]). In other words,
11(A(Br)) 1(A(Bg)) 1(A(B)) iid 1, .
— ceox o O U Uy - - - Uy, where U; ~ Unif (]0,1
WCAG) (A T Ay e eviere G D01

Lemma 7. If U ~ Unif (/0,1]), then —In(U) ~ Exp(1).
Proof. Let U ~ Unif([0,1]), and Y = —In(U). Then for y € R,

PY <y)=P(—In(U) <y) =P(In{U) > —y) =P(U >e¥)=1-PU <eY)

Thus,
0 ifu<O 0 T
i
PU<u)=qu if0<u<l = PY <y = by
. l—e? ify>0
1 ifu>1

But this is exactly the cumulative distribution function for the exponential random

variable. Hence, Y ~ Exp(1). O
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Consider the points
(A (A AN
Po=-n (S5Gg) = ) B B

where E; ~ Exp(1) for each i.

Because each point is distributed as the sum of Exp(1) random variables, the set of
points {P;} form a Poisson point process with rate 1. Thus, if we continue to run
TPA until a draw falls into the shell B’, the resulting number of samples drawn will
have a Poisson distribution with parameter In (u(B)/u(B)).

Now suppose we run Algorithm 2.2.1 r times. Let k£ be the total number of samples
required for B’ to be reached r times. Then, because the union of r Poisson point

processes of rate 1 is a Poisson point process of rate r, we have that

k ~ Pois (r In (5((?))) .

Moreover, (A(B))/u(A(B')) is approximately equal to €*/". This is encoded in the

following algorithm.

Algorithm 2.2.2 MULTIPLE_SEQUENCES(r, B5, Op')

Input: Number of runs r, initial parameter Sg, final parameter Sg/
Output: k, (number of points) and P (the points)

1: k. «+—0,P « 0

2: for ¢ from 1 to r do do

3: (kaﬁoa"'aﬁk) — SEQUENCE(ﬂBaﬁB’)
4: k. — k. +k P— PU{B,...,0c}
5: end for

Recall that our goal is to obtain an (¢,0) randomized approximation scheme to
estimate u(B)/p(B'). In order for /" to be within a multiplicative factor of (1 + €)
of the true answer, k£ must be within a additive factor of 7 In(1+¢€). To determine the
value of r necessary to achieve an (¢, d) randomized approximation scheme, consider

the function which takes a set of points P that is a Poisson point process and returns
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the corresponding Poisson process (the Poisson point process is a subset of points,

while the Poisson process is a numerical function that varies with the parameter t):

Np(t) = #{bGP:b>ﬁB/—t}

Then as t ranges from 0 to 8p — (p, the function Np(t) increases by 1 every time
it hits a 3 value from the cooling schedule. Because P is a Poisson point process,
the Lemma above indicates that this will occur at intervals that will be independent

exponential random variables with parameter r. Given Np(t), we can approximate

n(B)
(B’

by exp(Np(Bp — Bg)). So now our question of bounding the error in the TPA

approximation is reduced to bounding the probability that the Poisson process Np(t)
shifts more than e from its expectation, rt. Equivalently, using the fact that Np(t)—rt
is a right continuous martingale, we can bound the probability that Np(t) — rt shifts

more than e from 0.

Theorem 8. Let ¢ > 0. If Np(t) is a Poisson process with rate r on the interval

[0,T], where % < 633144, then:

P (tifé,pﬂ (Np(t)/r) — 1] > ) < 2exp (_QT (1- %)>

Proof. First note that
te[0,7) te[0,7

P ( sup (Np(t)/r) —1t > e) =P sup Np(t)—rt > re)

=P | sup Np(t) >rt+re
t€[0,T]

=P | sup exp(aNp(t)) > exp (art + are))
te[0,7
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As mentioned previously, Np(t) —rt is a right continuous martingale. Since exp(ax)
is convex for any positive constant «, exp(aNp(t)) is a right continuous submartin-
gale. By a Theorem on right continuous submartingales [15], this probability can be

bounded above as:

P ( sup (Np(t)/r) —t > €

te[0,T

) _ Elexp(aNp(T))]

~ exp(arT + are)
Using the moment generating function for a Poisson random variable, we have that
Elexp(aNp(T))] = exp(rT (exp(a) — 1))

which means

P ( sup (Np(t)/r) —t > €

te[0,7)

) exp(rT(exp(a) — 1))

exp(arT + are)

- [Tty -1
exp(aT + ae)

=exp(T(e*—1—a)— ae)"
Now the Taylor series for e® centered about o = 0 is

a_q OéQ 063
" =lda+rdort

SO
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for a € [0,.633144 .. .]. Set a = ¢/T. Then we are left with

P <[p (plt)fr) =t > ) <o (1 (S+a)-ac)

The other tail bound can be dealt with in a similar manner, yielding

2
P{ sup (Np(t)/r)—t<e §exp( e )
te[0,7)] 2T

The union bound on the two tails then completes the proof. O

For the purposes of our algorithm, 7" = In <—

1(A(B))
u(A(B")

o () o )

runs of TPA, the points obtained can be used to build an (e,d) omnithermal approz-

Corollary 9. Fore € (0,2/3), 6 € (0,1), and In ( ) > 1, after

imation. That is, V3 € 18, 5]

P( | <exp(f\ip(5'—ﬁ~)/7”)<1+e> s
L+e ™ u(AB)/u(AB)) ~ N
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Proof. As noted above, in order for the final result to be within a multiplicative

factor of (14 ¢€) of the true answer, in logspace the result must be within an additive

factor of In(1 +€). Let T'=In (M) so that r =2(T) (3¢ ' + ¢ ) In (2>

pu(A()) 0

Using the previous Theorem, it suffices to show that

- (—2T (Bl +e?) In@/0)n(1 + (1 - 6/T>) <5

After cancellations and noting that for 7" > 1, 1 — ¢/T < 1 — ¢, it suffices to show

that

exp (— (3¢ "+ €7?) In(2/8)(1 — e)[In(1 + €)]*) < g —

5 (Be 1 +e72)(1—€)[In(1+¢)]?

- < = <
2 2

Be '+ e (1 —e)[In(l+e)]* > 1
The Taylor series for In(1 + €) centered about € = 0, is

e e

1n(1+e):e—§+§—z+---<ef0re>0

So it suffices to show

L< B+ e —e)(e)? =2e+1— 3¢

and this inequality holds for all values of € € [0,2/3]. O
A
But now the number of runs depends on T" = In <%), which is what we are
L

trying to approximate. Of course, T" is unknown. To resolve this issue, we set up

TPA as a two phase procedure.

Phase I Let ¢, = In(1 +¢) and k; = 2¢,%(1 — €,) ' In(2071). Then let N; be the
sum of the outputs from k; runs of TPA.
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Phase II Set ky = Ni(1 —¢,)~%. Let Ny be the sum of the outputs from ky runs of
TPA. The final estimate is exp(Nz/k2).

#(A(B))

Phase I is run first, in order to estimate In (—/) by Nj. Then, this estimate
n(A(B3"))

is used to determine the number of runs required in Phase II. Note that ¢, ~ €, since

. €qg
lim— =1
ce—0 €

Theorem 10. The output of the two phase process described above is an (€,0)

1(A(B))

randomized approzimation scheme for (—) that has expected running time

u(A(B")
2
(A(B)) - —
© (ln (:(A(ﬁ/))> (€)2In(d 1))
Proof. From a special case of the previous Theorem,

Ny > eaT) < 2exp (—_kléng)2 (1 - @))

SE

P
(kl

(_(26;2(1 ) @ )eT | Ea))
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where in the last two inequalities, we are making use of the fact that 6 € [0, 1], and
T > 1. Therefore, the probability that Phase I is a failure, is no more than §/2.

When Phase I is a success,
(Nl/k1> - T Z EaT = N1 Z (1 — €a>Tk1

Then
ko= Ni(1—¢€,)"">Tk =T(126,*(1 —¢) ' In(2571))

-0

(P

( kae (1— ea)>

( (=) TEITONET | 6a)>
(-

Using the previous Theorem,

—2—T‘Zea ><2exp

N.
P
(15

2

= 2€Xp

I/\
=

2

=2exp (—T%In(2 )

o[ :

IA
CYRSY

where once again, we have used the assumptions that 6 € [0,1], and T" > 1. Thus,
we have show that the chance of a failure in either Phase I or Phase II is less than

or equal to 6/2 4+ §/2 = §, so altogether |Ny/ky — T'| < €, with probability at least
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1 — 0. Exponentiating, we have

1 :€_€a§< exp(N2/ks)

Tte M(A(ﬂ))/u(A(ﬁ’))) ser=lie

with probability at least 1 — §. The expected number of samples required for Phase
I is k1T, while the expected number of samples for Phase II is:

E[Ny] = E[E[No|N1]] = E[N1(1 — €)' T] = 2(1 — €,) %, In(26~ 1) T?
As noted earlier, ¢, = ©(¢€), so the proof is complete. O

The following algorithm encompasses the two phase process described above.

Algorithm 2.2.3 TPA(e, 4, 55, Op)

Input: e (approximation accuracy), d (probability of failure), 5g,0p

Output: p (estimate for u(B)/u(B’)), and P (points in Poisson point process)
€a — In(1+¢)

: ky — 26,%(1 — €)1 In(20)

: (N1, Bo, - - ., Br) < MULTIPLE_SEQUENCES(k1, O, Op')

ko — N1<1 — EQ)il

: (No, Bo, - .., Br) < MULTIPLE_SEQUENCE(k2, 85, Op')

: p = exp(No/k2)

S Ul A W N

2.3 Advantages Over Other Methods

e Unlike the Product Estimator, we do not have to predetermine a value C', that

will bound the relative size of the nested subsets.

e TPA creates a cooling schedule automatically, rather than requiring the cooling

schedule to be chosen beforehand.

e TPA is much easier to implement than the method of Stefankovic, Vempala,

and Vigoda, and has no large hidden constants.

e The output of TPA, as a Poisson random variable, has a known variance, unlike
Nested Sampling, where the variance has to be estimated.

32



e The nested sets can be built as determined by the user, whereas Nested Sam-

pling requires the nested sets to be based upon the constraint L(0) > C.
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3

Examples

The first application considered involves a summation that is #£ P complete, and thus,
difficult to find exactly [13]. #P refers to the class of complexity problems that are
counting versions of those in NP. Problems that are NP have solutions that can
be verified in polynomial time. Roughly speaking, a problem is in #P if it is the
problem of counting the number of solutions to a problem in NP. #P problems
are at least as hard as NP problems: if you can count the number of solutions that
can be verified in polynomial time, you can determine whether there is at least one
such solution. To say a problem is #P complete means that if it can be solved in

polynomial time, every # P problem can be solved in polynomial time.
3.1 Application: the Ising Model

This model can be thought of as a distribution on colorings of the nodes of a graph
G = (V, E) using color set {—1,1}. Historically, it was used as a model of magnetism,
in which case color —1 corresponds to a magnet that is spin down, and color 1
corresponds to a magnet that is spin up. The importance of this model began when

it was found to have a phase transition on two dimensional lattices [24], and it has
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since been used for a variety of statistical applications [1], [8], [10].
A configuration, x € {—1,1}V, is an assignment of either —1 or 1 to each of the

nodes of graph G = (V, E). Configuration x has Hamiltonian

{i,j}€F

From this we see that the Hamiltonian of configuration x is larger when z has
more edges connecting like nodes. The weight of a configuration is then w(zx; ) =
exp(—0BH(z)), where 3 is a parameter known as the inverse temperature.

The stationary distribution for this model, 774ing, is proportional to the weights:

w(z; )
A

Trsing({2}) = where Z(f) = Z w(z; 3).

ze{-1,1}V

Z(B) is the normalizing constant, or partition function. Note that mjsn,({z}) is
smaller when H(x) is larger. With the description of H(x) above, we see that
configurations in which there are large number of edges between like nodes are less
likely to occur. Computing the value of Z(3) for arbitrary graphs and values of 3 is
a #P complete problem [13], and so approximation methods are generally used.

In order to embed this problem into the TPA framework described earlier, we must
introduce an auxiliary variable in order to make the target measure Lebesgue mea-

sure. The auxiliary state space is
Qaux(ﬁ) = {(l‘,y) ‘T e [_17 1]V7y € [O,GXp(—ﬁH($))]}
Now the four ingredients for TPA can be given.

1. We will consider Lebesgue measure p on space Qqyz, and p(Qau(6)) = Z(6),

the normalizing constant defined above.
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2. Let 8 denote the target inverse temperature. Then set
B = {(z,y) € {-1,1}V x {[0,1]}} and
B'={(z,y) € {-1,1}" x[0,00) : 0 < y < w(z; B)}.

3. Let # < 3. Then Quux(8) C Qaux(B'). Moreover, Z(3) is a continuous function
that goes to 0 as 3 — oo. Therefore Condition 3 of the TPA ingredients is

satisfied.

4. Let f > 0. Then Q,,x(/) is the center, and ,,,(0) is the shell.

In order to draw from the stationary distribution, 7, we employ both the Metropolis-
Hastings algorithm and CF'TP. Metropolis-Hastings is used to devise a Markov chain
with stationary distributin equal to 7, while CFTP is used to determine when the
chain has reached stationarity. The Metropolis-Hasting step involves selecting a node
at random, and assigning it a random spin. If that spin is unchanged, the state of
the Markov chain remains the same. If the chosen spin is new, we must calculate
the Hamiltonian of the state with this proposed spin, by examining the spin of the
neighboring nodes. The Metropolis-Hastings steps are described in the pseudocode

below.

Algorithm 3.1.1 METROPOLIS-HASTINGS ISING

Input: state X, B
Output: new state Y

1: [a,b] «—size(X)

2: H.,, «—Hamiltonian of X

3: v« ceil([ab]-Unif(]0,1]) % choose a node

4: draw U «Unif([0,1])

5: c— (U< 1/2) — (U >=1/2) % choose a spin for that node
6: H,op «—Hamiltonian of proposed state wth new spin
7. w «Unif([0,1])

8: if W <exp(—0 - (Hprop — Heurr)) then

9: X « proposed state with new spin

10: else _

11: X — X

12: end if
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With this setup, the algorithm proceeds as follows inside the repeat loop. First,
draw X from the Ising model with parameter [ using perfect sampling, such as
coupling from the past. Then draw U uniformly from [0, 1], and set auxiliary variable
Y =w(X;pB)-U. Then Y is uniform over [0,w(X;3)]. f Y < exp(—/f- H), then the
next b value is just the value &' such that w(X;¥') =Y. If instead,Y > exp(—(- H),
just set the next b value to (3, and you are done. So given the current value of b, the

next value, ¢/, is found via:

H:_m<wM4%i;meDO'

With this in mind, TPA for the Ising model is described more precisely in the fol-

lowing algorithm:

Algorithm 3.1.2 ISINGTPA(f)

Input: ¢

Output p (estimate for Z(3)/Z(0)), and P (points in Poisson point process)
:b—0

count < 0
H

while b < 8 do

draw X « 71 ing

H «—Hamiltonian of X
if H=0 then

b — o0
Y<—exp( b- H) - Unif(0,1)
In(Y/H)

else

—_
ORI Gl e

—_
—_

b=1">

count < count + 1
: end while

17: p <— count -1

=
SRRl

The algorithm outputs p, an estimate for In (Z(0)/Z(3)). But note that since

Z0)= >  w(@0)= Y exp(0-H(z)) =2,

ze{-1,1}V ze{-1,1}V

2V /exp(p) will give us an estimate of Z(f3).
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Furthermore, using the points output in P, and the function Np described above,
we will obtain an omnithermal approximation in which we can estimate Z(/’) for
every 3 € [0,/]. In the four plots included in Figure 3.1, TPA was run 1, 10, 50,
and 100 times, respectively in order to plot an estimate of the partition function for
the Ising model. As expected, this omnithermal approximation becomes smoother

as TPA is run more times.

()
B

(5 06 07 08 03 1 (] 01 0z 03 04 [5
B B

(a) 1 Run of TPA (b) 10 Runs of TPA

2
2B

[5 06 07 08 03 1 ] 01 (3 03 04 [
B B

(c) 50 Runs of TPA (d) 100 Runs of TPA
FIGURE 3.1: Plots of Z(3) for the Ising model, as estimated by running TPA

3.2 Application: Hard Core Gas Model

Originally coming from statistical physics, this model is a spatial point process that

is used to model repulsive point processes over a given set S, parameterized by r and
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(. Each point can be thought of as the location of a gas molecule with radius r, and
exp(—[3) is known as the fugacity of the model. These molecules are considered to
have a hard core, meaning that no two molecules can overlap. As a result, there must
be a distance of at least 2r between any two points for a valid hard core configuration.
Let = be a configuration of points over a given set S, and let n(z) = |z|. So n(z)

counts the number of points in configuration x. Then the likelihood of 3 is given by

o Bn()
Z(3) "’

L(Blx) =

where Z(3) is the normalizing constant, or partition function. In maximum likelihood
estimation, the goal is to maximize this quantity in order to get an estimate of .
In order to maximize the likelihood, which is a function of 3, an estimate of Z(3) is
needed for all values of 3. But this is exactly what TPA provides.

Let x ~ mgo, the stationary distribution for configurations where

mac({r}) = 70

As in the Ising example, an auxiliary variable y can be introduced, such that [y|x] ~Unif{[0,e @]}
Then (z,y) is uniform over the set A(8)={(z,y): y € [0,e @]}, where z is a hard
core configuration in S. Note that the empty configuration, i.e. the configuration
with no points, always has weight one, since n(x)=0 in this case and so e An(@) = 1.
Moreover, when 3 = oo, this is the only configuration that has positive weight, and
so Z(oco) = 1. Thus, in estimating the ratio Z(()/Z(o0), an estimate of Z(f3) is
generated.
Just as in the Ising example, we use the Metropolis-Hastings algorithm in con-
junction with CF'TP in order to drarw samples from the stationary distribution 7.

With the above description, we can list the four necessary ingredients for TPA:
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1. We will consider Lebesgue measure p on space

Qe (B) = {(z,y) : 2 € 0,11,y € [0,e @]}, and u(Quuz(B)) = Z(8), the

normalizing constant defined above.

2. Let [ denote the target inverse temperature. Then set
B = {(z,y) € {0,1}V x {0}} and
B ={(z,y) € {0,1}V x [0,00): 0 <y < e Fn®},

3. Let ' < 3. Then Quux(8) C Qaux(B'). Moreover, Z(3) is a continuous function
that goes to 0 as # — oo. Therefore Condition 3 of the TPA ingredients is

satisfied.

4. Let # > 0. Then Q,.x(c0) is the center, and ,,x(3) is the shell.

Algorithm 3.2.1 HARDCORETPA(, R)

Input: G, R

Output: p (estimate for Z(/3)/Z(00)), and P (points in Poisson point process)
:b—0

count <+ 0
(_

while b < # do
draw X «— mgc
if n(X) =0 then
f— o0

else
Y « e X)) Unif (0, 1)

10: B — —In(Y/n(X))
11: end if

12: P—PUp

13: count < count + 1

14: end while
15: p «— count -1

With this in mind, the algorithm acts as follows. It takes as input both the starting
value of § as well as a parameter R, which denotes the radius of the hard core gas
molecules. Within the while loop, first draw a perfect sample, X, from the distri-
bution 7y described above. Then draw U uniformly from [0, 1], and set auxiliary

variable Y = e¢~#"(X). Unif (0, 1), where n(X) is the number of points in configuration
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X. Then the next beta value is —In(Y/n(X)). Note that we must treat the empty
configuration as a special case, since Y/ is undefined. In this case, we set the next

[ value to oo, and exit the for loop.
3.3 Application: Pump Data

In this section we disscus how TPA can be used in order to approximate integrated
likelihood (also known as evidence, marginal likelihood, or normalizing constant).
The data set in the following table consists of the (known) times of operation ¢; and
the number of failures for each pump s; [22], [18]. The number of failures for pump i
are taken to follow a Poisson point process with rate \;,. The A\, are linked through

a single parameter (3, which is itself given a diffuse prior.

Table 3.1: Pump Failure Data

Pump System ¢ | s; | t;

1 5 |94.32
2 1 15.72
3 62.88
4 14 | 125.76
5) 3 | 5.24
6 19 | 31.44
7 1 1.048
8 1 1.048
9 4 | 2.096
10 22 | 10.48

To summarize:

N % Pois(\it;), A\i ~ Gamma(a, (), for i € {1,...,10},

where

B ~ Gammay(vy, 0)
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and the parameters are assumed to be
a=1.802, y=.01, 6 =1.

Therefore, the probability that (Ny,..., Ny) = (s1,..., k), which is known as

the integrated likelihood, becomes

10
P(N =3) = /ﬂ . Fa(b) £5(0) [gexp<—eiti)<eiti)&/si!] Al db

Note that the only thing connecting the ten pumps is 3; everything else is inde-

pendent. Putting in the density of a gamma, we have:

P(ﬁ—é’) . //b'ggexp<—b> 11—0[bl'SOQE%SOQGXP(—Mi)exp(—@ti)(@ti)si A7 db
N Y SR N 1)) P

I'(1.802) 5]

b®% exp(—b) [ 8.02+s;
- L B0 exp(—Li(b + t3)) dé; | db
/51“(.01)1“(1.802)1_[{31.1 /A i exp(=bi(b + 1)) }

i=1 ’

Using the subsitution ¢; = a;/(b+t;), we get:

- b32exp(—b) 1y [£ 1 8.09-4s;
IP) N — _ 71 e . +s; . )
( §) /@F(Ol)r(1802) E _Si! N (b+ti)1'802+si a; eXP( az) da1:| db

10

- [ el [ AR ]
— 5 P(.Ol)F(1.802) Pl _Sz’! (b + ti)1‘802+5i

This probability is what we would like to estimate using TPA. In order to do so,
let

Z(z,2) =P(N = 3,21 < 3 < 2)

Our goal is to approximate Z(0,00). But note that we can rewrite this as the

following product:

~ Z(0,00) Z(0,1+¢)
20:00) = 2170 X Z iz o < ZL1+9
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For the term Z(1,1+¢), instead of integrating [ from 0 to co, we can integrate from

1 to 1+ ¢, and for € small, you can essentially substitute g = 1:

10 ,

~1 £5 T(1.802 + s

Z(1,1+¢€) ~ex exp(—1) [’ ( + 5i)
i=1

I'(.01)['(1.802) sl (1 + t;)1802Fs;

Z(0,00) n Z(0,1+¢)
Z(0,1+¢) Z(1,1+¢)

and 3y = co. Then take a sample conditioned on 3 < 3y, and then set 3, = 3. Take

We can use TPA to approximate both . Start with [0, 00),

another sample conditioned on # < f3; and set By = (3, and so on, until you have an

Z(0,1+ ¢
Z(0,00)

estimate of . The algorithm is listed below.

Algorithm 3.3.1 PuMPTPA1(e)
Input: level of accuracy, €

Z(0
Output: p, an estimate of In (%)

p—0

threshold«— 1 + €

f o0

while ( <threshold do
draw (% «—Gamma(18.03,1 + 21'121 Ai) conditioned on fx < 3
B — [
p—p+1

end while

p—p—1

Z(1,1+¢)
Z(0,1+¢)

with Gy = 1, and have to condition on §; > 3;_; and §; < 1.

The algorithm used to approximate is very similar. Here we begin

We choose € = .1. Then we find that

=9.5118 x 1072

10 .
1 £ T(1.802 + s,
Z011) ~ 1 x — P 11 { i (1.802 + )

T(onT(1.802) L1 |51 (15802

=

and using TPA to estimate the other ratios:

7
o In (%) — 40.5019
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e In (gég:—ii;) =.1901

By exponentiating and using the telescoping product mentioned above, we have the
following estimate:

7(0,00) &~ 4.505 x 10~
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4

Approximate Concavity

In this chapter, we will summarize some work with a generalized representation of

partition functions, and the application of TPA to them.
4.1 Bounding the Length of the Cooling Schedule

The work in this next section was motivated by the following Lemma in [26]:

Lemma 11. Let f : [0,7] — R be a decreasing, convex function. There ezists a

sequence Yo =0 < 7y < --- <7 =~ such that for all i € {0,...,j — 1},

f <%‘ +2%‘+1) > f(v) +2f(%'+1) 1

and

n

For our purposes, f(8) =InZ(5) =1In (Z aie_m), a function which the au-

=0

thors prove satisfies the hypotheses of the above Lemma. As mentioned earlier in
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this dissertation, f satisfies approximate concavity: it can be approximated by a
piecewise linear function with few pieces. With this in mind, we devised an algo-
rithm that, given a partition function, will find the fewest number of pieces for such

an approximating piecewise linear function.

Algorithm 4.1.1 LINEAR APPROXIMATION

Input: partition function Z(/3)
Output: C, the points of the best linear approximation of f(3) = In(Z(f3))

1: C [O]

2: a0

3: while a < f(0) d

4: ¢ «fzero( f ( ) Ui @) 4 q)
5: if ¢ < f(0) th

6: C —|[C; C]

7 a<— ¢

8: else

9: C — [C; f(0)]
10: a — f(0)

11: end if

12: end while

13: S « size(C)

Within each run of the while loop, our goal is to find the largest value of x such

that
TEDNUCEGI
2 2
Because f (x ;— a) — (=) ;— f(2)) — 1 is a decreasing function, that value of x

occurs when f (x ;_ a> = (f(z) ; f(a)) + 1. Thus, we were able to use the fzero

function in MATLAB to find those values of x which make up the endpoints of the
segments of the best linear approximation of f(x).
Our goal is to study the length of the approximate concave schedule for different

problems computationally. The authors of [26] claim that the length should be
bounded above by 4(In1n(Z(0)))+/In ))In(n). But by generating the lengths for

specific examples, and comparing these numbers to the theoretical bounds, we can
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FIGURE 4.2: Uniform Partition, n=10000
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Unifarm, n=100000

F1GURE 4.3: Uniform Partition, n=100000

Unifattm, n=1000000
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F1GURE 4.4: Uniform Parition, n=1000000
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see whether all factors in this bound are necessary.
In the four figures above, we consider the case where we have a uniform partition

function: a; =1 for ¢ € {1,...,n}. The blue curve represents the partition function

n

Zaie_ﬁi with n = 1000, n = 10000, n = 100000, and n = 1000000, respectively.

i=1
The red curve represents the best piecewise linear approximation of the blue curve.
From the graphs we see that when n = 1000, the length (or number of pieces) of the
best linear approximation is 5. For n = 10000 the length is 6, for n = 100000 the
length is 6, and for n = 1000000 the length is 7.

The authors of [26] proved that there exists a cooling schedule of length at most
4(Inln(Z(0)))+/In(Z(0)) In(n), where n is the degree of the partition function. With
this in mind, we created an algorithm that outputs a plot of the length of the best

linear approximation vs. the length of the uniform profile vector. This plot can

then be compared to the functions 1/In(Z(0)) and 1/In(Z(0)) x In(n), to see how
the length of the best linear approximation for the partition function increases as we
increase the degree of that partition function.

Although we have focused on uniform partition functions so far, we can broaden
this approach to apply to more general partition functions, Z(3) = Z a;e”?. In
i=0

particular, we focused on three other classes of partition functions. Unimodal parti-

tion functions refer to the partition functions that have an exponentially large peak
n

in the center (i.e. a; = () for each i € {1,...,n}). We also considered bimodal
1

parition functions, with exponentially large peaks at either end, as well as partition
functions of the form a; = ¢' for each i € {1,...,n}. From the next set of graphs,
we see that 1/In(Z(0)) is an upperbound, except for the uniform partition function.

It might be the case, though, that we can bound above by ¢y/In(Z(0)) for some
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FIGURE 4.5: Uniform Partition Functions

constant c.

All of these classes of partition functions can be represented in a common way:

k l
L+are™ +age ™ + -t ape™™ = [J(1+bie™) [J(1+ cje™ + dje™)
i=0 §=0

1— 67(n+1)x

l1—e*®

—ix

n
where k4-2[ = n. In particular, the uniform partition function Z e =
i=0

n n '
and the unimodal partition function Z < ,)e” = (14 e~*)". This observation is
i

i=0
useful for coding, but also allows us to try to determine analytical bounds on the

length of the cooling schedule for a more general class of partition functions. To

begin with, we focused on the unimodal partition functions.
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When Z(8) = (1 + e #)™

{ZQOZ@1+2dq1M?:(1+e‘ﬂ(1+e‘m4ﬂ
Z(a+ d)? (14 e—a—d)2

14+e @+ e—a—2d + e—2a—2d
14 2e-a-d 4 g=2a-2d

e %+ €7a72d _ 2efafd
(1 + e—a—d)Q

=1+

:1+u—eﬁﬁaigéﬁﬁ
Z(a)Z(a + 2d)
Z(a+d)?

1/n
} <1+ ¢, for ¢ small, then [

Z(a)Z 2
Note that if[ (a)Z(a+ d)] < e,

Z(a+ d)?
If we want the upper bound on this ratio to be e, we need ¢ = 1/n. So we want
e “ 1

1+ e a74)2
1 — —-dN2_ - = —= 1— —d\2 — (—
(1=e™) (I+ead)2 n (1=e™) ne=¢



Moreover, note that

1< (1+e 2 <4,

e* 4e®
(n)" n

Z(a)Z(a + 2d)
Z(a + d)?

From the Taylor expansion of e~¢ centered about 0, we see that (1 — e 9) = d.

so if

=1, then (1—e%?¢ { } For a € [0,1], that puts

In order to find a lower bound on d, we can use the bounds we have already found

1
for (1 — e )2 a lower bound on d (ignoring higher order terms) is d > —=. That

vn
means that after /n steps starting at § = 0, § will have advanced to 1, where

1/2 \/ﬁ
d > —. So after — steps (8 will have advanced one more to § = 2. In general, for

vn' el/2

m/2

a€mm+1],d> ¢

N

is bounded above by the convergent geometric series

So the total number of steps it will take to reach infinity

S -
em/2 -1
So the cooling schedule is at most this length.

Similarly, using the fact that (1 —e~9) ~ d, we can derive an upperbound for d as

el/2

. n
, which means that after 5173

2
steps starting at § = 0, # will have advanced to 1, where d < £° S0 after @
N 2e
2€(m+1)/2

NG

So the total number of steps that it will take to reach infinity is bounded below by

follows. With our simplifying assumption, d <

steps 8 will have advanced one more to § = 2. For a € [m,m + 1], d <
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the convergent geometric series

S Vi va

— 2e(m+1)/2 2(y/e —1)

Thus, the cooling schedule is at least this length.

Putting these two bounds together, we have:

_Vn
2(v/e — 1)

J/ne
Je—1

< schedule length <

(4.1)

which roughly means
.77v/n < schedule length < 2.54/n.

But of course we dervied these bounds using the simplifying assumption (1—e~%) ~ d.
Ifde0,1],d-(1—1/e) <1—e ¢ <d, which implies that the argument for length
using the simplification (1 — e~?) ~ d should only be off by at most a constant.
1 n
Note that, here, Z(In(n)) = (1 4 e~ 2W)" = (1 + —) < e. Then, since we have
n

assumed throughout that Z(oo) = 1, we have

Z(200 —1In(n))Z(In(n)) _ Z(In(n)) .
(Z(00))? Z(c0)

Thus, once we reach = In(n), we can get to § = oo in one step. So once d > 1,

there at most In(n) + 1 steps reminaing. Thus,
c1v/n < schedule length < cov/n + In(n) + 1

4.2 Estimating Variance

n
Recall that in our representation of a partition function Z () = Z a;e"%# a; repre-
1=0

sents the number of configurations with Hamiltonian . Consider partition functions
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n

of the form Z((3) = H(l + c;e”?). In order to use TPA on this partition function,
=0

we need a method for drawing a Hamiltonian value from Z(/3). To do so, we generate

n independent Bernouli random variables B;, such that P(B; = 1) = ﬁi_@(p—(_%.
C; €XpP

Then the sum of these n Bernoulli random variables will give a draw from the desired

distribution. This is outlined in the following algorithm.

Algorithm 4.2.1 PARTITIONFUNCTIONDRAW

Input: 3, C, the vector of coefficients ¢;
Output: Hamiltonian H

n «—length(C)

: B «zeros(1,n)

: fori=1:ndo

p «<—unifrnd(0, 1

L

ot

=X
=

A\

O~y O™
=D
=
[N
ot
=

To see how this algoirthm succeeds, we can consider a simple example.

Example 3. Let
Z(3) = (1 + exp(=0))(1 + 2exp(—p))(1 + 3exp(—0))

=14 6exp(—0) + 11 exp(—20) + 6 exp(—30).

Because the coefficient associated with Hamiltonian 2 is 11, we see that the proba-

bility H(X) = 2 is

11 exp(—20)
1+ 6exp(—0) 4+ 11 exp(—20) + 6 exp(—305)

Now consider the independent Bernoulli random variables By, By, and Bs, such that

_ oy _ep(=h) _ oy 2exp(=h)
A e e

%)




3 oxi( —
and P(Bs =1) = 1 +63X§>£p(6—>5)7

and let B = By + By + Bs. Now let’s consider the probability that these random

variables sum to one:

exp(—0) - 2exp(—f3) + exp(—f) - 3exp(—/3) + 2exp(—03) - 3exp(—/)
[1 + exp(—0)][1 + 2 exp(—p)][1 + 3exp(—F)]

11 exp(—25)
1+ 6exp(—0) 4+ 11 exp(—20) + 6 exp(—305)

P(B=2)=

which is as desired. A similar computation shows that this works for P(H(X) = 0),

P(H(X) = 1), and P(H(X) = 3).

Now that we have the ability to draw samples from a general partition function,

n

we can use TPA on partition functions of the form Z(3) = H(l + cie™?). Note that
i=0

we can use the algorithm above in place of Metropolis-Hastings and CFTP. The

algorithm below details the steps necessary for TPA.

Algorithm 4.2.2 EXPONENTIALPRODUCTTPA

Input: §, C, the vector of coefficients ¢;
Output: cooling schedule T’
: B+—0
count < 0
«—

while B < 3 do
H «—PartitionFunctionDraw (3, ¢)
Y «— exp(—B - H) - Unif (0, 1)

Y
7 B | o
<—n< 7

8: count < count + 1
9: if B > 0 then

10: T — [T, B]

11: end if

12: end while

With this algorithm in place, we can run TPA k times, and concatenate the
resulting ( values into one large cooling schedule. Recall that the number of steps

taken by TPA to get from Z(0) to Z((3) gives an estimate of In (Z(3)/Z(0)). Thus,
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starting at (0,1), each time we hit a value of § in our cooling schedule, we can
decrease the value of Z(3) by one. Because we are running TPA k times, each time
we hit a value of § in our cooling schedule, we can decrease the value of Z(53) by

1/k. The plot created in this way will be one of In (Z(5)/Z(0)). By exponentiating,

n

and multiplying by Z(0) = H(l + ¢;), we are able to plot our estimate of Z(/3).
i=0

Once we have the data points generated by the k runs of TPA, we can use least

squares regression to fit a curve to this generated data. We will plot this in the same

n

window with the actual partition function Z(3) = H(l +cie ™).
i=0

In the plots that follow, I focused on the simplified case where Z(3) = H(l +e7P),
i=0

i.e where ¢; = 1 for all i € {1,...,n}. The blue dots indicate the data generated by
TPA, and are plotted using the method described above. The green curve indicates
the curve fitted to the generated data, and the red curve indicates the true partition
function. The plots correspond to k = 10, k£ = 100, and k& = 1000 respectively, where
k is the number of times TPA was repeated. As we increase the number of repe-
titions, the approximation improves. Moreover, note that, for this example, when
k = 1000, the partition function and our least squares estimate are indistinguishable.

Because we want to look at the error estimates in this least squares method,
and our input Z(f3) is not fixed, we will look at the variance in the relative error.

That is, if Z represents our curve fitted to the generated data, and Z represents the

Z(B) — Z(B)
Z(B)

on many factors, such as the value of (3, the degree, n, of the partition function,

true partition function, we will consider the variance of . This depends

and k, the number of times we run TPA. To begin with, we fix the value of 3, and

the number of repetitions, k£ while varying the degree of the partition function, n.
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FIGURE 4.9: Least Squares, c=ones(1,10), 10 repetitions
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FIGURE 4.10: Least Squares, c=ones(1,10), 100 repetitions
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Least Syuares, k=1000
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FIGURE 4.11: Least Squares, c=ones(1,10), 1000 repetitions

n

Once again, we will focus on partition functions of the form Z () = H(l + cie ).
i=0

For each of these, we will consider the following question: how does the variance of

relative error change as a function of n? In the graphs that follow, we consider this

question, with different choices for coefficients, ¢;.

n

Figure 4.12 focuses on k = 100 and ¢; = 1 and thus, Z () = H(l +e 7). We
i=0

considered n as small as 1 and as large as 10. Graph (a) is the plot of the variance,
and graph (b) is the associated semilog plot. From this, we can see that variance
is growing exponentially with n. In graph (c), we have the original graph of the
variance, in blue, and the fitted curve, y = .006e2%*?*, in red. This curve was found
using the semilog plot.

The following three figures follow the same pattern, while focusing on differ-

n

ent coefficients ¢;. In figure 4.13, ¢; = 4, and thus, Z(8) = H(l +ie ). In fig-
i=0
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ure 4.14, ¢; = 2 and Z(B) = H(l +2e7P). And in figure 4.15, ¢; = (n) and
i

1=0

Z(B) = H <1 + (n) e ! ) What all four figures have in common, is that the vari-

; 1
=0

ance in relative error grows exponentially with the degree of the partition function

n.

(a) ¢; =1,k=100, =1 (b) Semilog plot

01z T T T T T

m— | past Squares Approximation
= y=_00f"exp(Z{12x)

(¢) Data with fitted curve

FIGURE 4.12: Variance as a function of n for Z(f3) = H(l +e79)
i=0

Perhaps a more interesting analysis is that of focusing on how the variance of the
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(a) ¢; =14, k=100, 8=1 (b) Semilog plot
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(c) Data with fitted curve

n

FIGURE 4.13: Variance as a function of n forZ(() = H(l +ie”P)
=0

relative error depends on £, the number of repetitions of TPA. In most applications,
the partition function, and thus, its degree n will be fixed, but the choice of k£ will be
left to the user. With this in mind, we computed the variance of the relative error

for different partition functions with the degree of these partition functions fixed at

10
n = 10. In Figure 4.16, we focus on Z(8) = H(l +¢e79), in Figure 4.17, we focus
=0
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(a) ¢; =2% k=100, 3=1 (b) Semilog plot
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n

FIGURE 4.14: Variance as a function of n forZ(5) = H(l + 2% ")

=0
10 10
on Z(f) = H(l +ie™?), in Figure 4.18, we focus on Z(3) = H(l +2¢7P), and in
i=0 i=0
10 "
Figure 4.19, we focus on Z(3) = H <1 + < ,)eﬁ>.
i
i=0

In each figure, we considered k as small as 20 and as large as 100. Also, in each
figure graph (a) is the plot of the variance, and graph (b) is the associated log-log

plot. From this, we can see that variance is decreasing as a power function of k. In
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Semilog Plot
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(c) Data with fitted curve

FIGURE 4.15: Variance as a function of n forZ () = H(l + (n) e )

graph (c), we have the original graph of the variance, in blue, and the fitted curve
in red. This curve was found using the log-log plot. what all four figures have in
common, is that the variance in relative error decays as a power function in k, where

that power ranges between -1 and -3.
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Log-Log Plot
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(a) ¢; =1, k=100,8=1 (b) Log-log plot
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(c) Data with fitted curve
10
FIGURE 4.16: Variance as a function of k for Z(3) = H(l +e7P)
=0
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(c) Data with fitted curve
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FIGURE 4.17: Variance as a function of k forZ(3) = H(l +ie™9)
=0
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FIGURE 4.18: Variance as a function of k forZ(3) = H(l + 2l P)
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FIGURE 4.19: Variance as a function of k forZ(3) = H(l +
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5

Conclusion

The focus of this dissertation is TPA; a new algorithm for approximate counting. As
a Monte Carlo algorithm, TPA makes use of known sampling algoirthms in order to
approximate partition functions in the form of sums or integrals. In particular, our
use of TPA relies very heavily upon Markov Chain Monte Carlo methods such as
Metropolis Hastings, as well as the perfect sampling algorithm, Coupling From the
Past.

In a more general context, TPA can be used to estimate the size of some subset
B’ C B, when you have the ability to draw samples from set B. We have shown that
the running time of TPA is © (In (,u(B)/,u(B’))2), which is an improvement of the
running time of the Acceptance Rejection algorithm and the Product Estimator, both
of which can be used for similar purposes. But, the Adaptive Simulated Annealing
method of Stefankovic, Vempala, and Vigoda accomplishes the same goal as TPA in
the particular problem of partition functions of Gibbs distributions with a running
time of © (In (u(B)/u(B’))). Thus, it would be a worthwhile endeavor to try to
improve TPA so that its running time is reduced to © (In (u(B)/u(B’))).

We have also shown that the cooling schedule output by TPA provides an om-
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nithermal approximation. That is to say that in approximating Z(/3), you also
acquire an approximation for Z(3'), for any 3 € [0,5]. This raises the question
of whether an omnithermal approximation can be obtained from any B-Chebyshev
cooling schedule.

In Chapter 4, we began to focus on the derivation of analytical bounds on the
length of cooling schedules for certain partition functions. We succeeded in bounding
the length of the cooling schedule for unimodal partition functions, i.e., partition
functions that can be written in the form Z(3) = (1 + e¢#)". For such partition

functions, we found that
c1v/n < schedule length < cyy/n +1In(n) + 1

It remains an open problem to find analytical bounds on the cooling schedule for a

more general class of partition functions, such as those which can be represented as

k

Z(p) = H(l + bie ™) H(l + e’ + dje )

i=1 j=1

In Chapter 4 we also introduced an approach that combined TPA with least
squares fitting. Here k represented the number of times we ran TPA in order to
generate our data. One problem that requires further consideration is that small
values of k are problematic, in that they can lead to the final value of Z being
negative. Thus, when using least squares regression to fit a curve to this data, the
resulting parameters can be negative, resulting in much larger variance. This can be
observed in the following graphs. Both plot the variance in the relative error of our
estimates, but the first graph has £ fixed at 100, while the second has £ fixed at 10.
Even that difference results in a different order of magnitude in the variance of the
relative error.

This effect of k on the variance can be further observed when plotting the variance

in the relative error against k. Note the spike that occurs at the value & = 10.
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In order to consider the variance of the relative error as a function of k for smaller
values of k, a new program would have to be created in which linear regression is

run under the restriction that the coefficients are nonnegative.
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