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ABSTRACT

The problem of probabilistic modeling and inference, at a high-level, can be viewed as con-
structing a (model, query, inference) tuple, where an inference algorithm implements a query
on a model. Notably, the derivation of inference algorithms can be a difficult and error-prone
task. Hence, researchers have explored how ideas from probabilistic programming can be ap-
plied. In the context of constructing these tuples, probabilistic programming can be seen as
taking a language-based approach to probabilistic modeling and inference. For instance, by
using (1) appropriate languages for expressing models and queries and (2) devising inference
techniques that operate on encodings of models (and queries) as program expressions, the task
of inference can be automated. Notably, these modeling languages will typically provide con-
tinuous distributions. Hence, there is no direct connection with traditional, discrete notions
of computation. Nevertheless, there is an intuitive understanding of such languages given in
terms of sampling.

In this dissertation, I investigate aspects of probabilistic programming languages (PPLs) in
two parts. In the first part, I show how (Type-2) computable distributions can be used to give
both distributional and (algorithmic) sampling semantics to a high-level, PCF-like language
extended with continuous distributions. One motivation for using computable distributions, as
opposed to more generally measures, is so that we can think of a Turing-complete probabilis-

tic modeling language as expressing computable distributions. In the second part, I describe a
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compiler that generates Markov Chain Monte Carlo (MCMC) inference sampling algorithms
for a language called AugurV2, which expresses a class of fixed-structure, parametric models.
To manage the large design space of MCMC algorithms and implementations, I propose a se-
quence of intermediate languages that enable a compiler to gradually and successively refine
a declarative description of a probabilistic model and a query for posterior samples into an
executable inference algorithm. The compilation strategy produces composable MCMC algo-
rithms for execution on the CPU and GPU. I will also show how to use the semantics based

on computable distributions to justify aspects of AugurV2’s design and implementation.
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Introduction

Probabilistic models have applications in a wide range of fields, including in biology [28] and
robotics [109]. One reason for their success is that probabilistic models can express both mod-
eling assumptions (e.g., causality or locality) and uncertainty (e.g., noise) uniformly in the
language of probability and statistics. A probabilistic model induces a probability distribu-
tion, which we can query for quantities of interest. For example, given a distribution over the
values a collection of variables can take on, we might be interested in determining the most

likely configuration of the variables involved. To answer such a query, practitioners implement



an inference algorithm. Inference is analytically intractable in general. Consequently, prac-
titioners devote a significant amount of time to developing and implementing approximate
inference algorithms to answer a query for a given model.

More generally, we can think of the problem of probabilistic modeling and inference as
constructing a (model, query, inference) tuple, where the inference algorithm implements a
query on a model. To simplify this task, researchers have explored how ideas from probabilistic
programming can be applied. In the context of constructing these tuples, probabilistic pro-
gramming can be seen as taking a language-based approach to probabilistic modeling and in-
ference. For instance, by using (1) appropriate languages for expressing models and queries
and (2) devising inference techniques that operate on encodings of models (and queries) as
program expressions, the task of inference can be automated. Due to the promise of this ap-
proach, many probabilistic programming languages (PPLs) have been proposed in the litera-
ture to explore the various points of the design space [108, 73, 42, 119, 37, 120, 112, 69, 16].

In this dissertation, I study aspects of PPLs in two parts. In the first part, I investigate
the semantics of a probabilistic modeling language extended with continuous distributions. In
particular, I show how (Type-2) computable distributions can be used to give both distribu-
tional and (algorithmic) sampling semantics to a PCF-like language extended with a proba-
bility monad called Acp. One reason for using computable distributions, as opposed to more
generally measures, is so that we can interpret a Turing-complete probabilistic modeling lan-
guage as expressing computable distributions. Hence, we can ground our study of these lan-
guages on traditional notions of computation. In the second part, I investigate the compilation
of a probabilistic modeling language and a query for posterior samples into Markov Chain

Monte Carlo (MCMC) inference algorithms. In particular, I describe a system called AugurV2



whose domain-specific modeling language can be used to express fixed-structure Bayesian net-
works. The AugurV2 modeling language is a restriction of A¢p, and hence, shares a common
semantic foundation based on (Type-2) computable distributions. To guide the compilation
process, I propose a sequence of intermediate languages that enable a compiler to gradually
and successively refine a declarative description of a probabilistic model and a query for pos-
terior samples into an ezecutable inference algorithm. The compiler generates composable

MCMC algorithms for execution on the CPU and GPU.

Remark (Scope). I focus exclusively on PPLs designed for expressing probabilistic genera-
tive models and for performing Bayesian inference in this dissertation. Thus, unless explic-
itly stated, I will interchangeably use the terms probabilistic generative model and probabilis-
tic model, and probabilistic inference and Bayesian inference. In general, the terms proba-
bilistic modeling and probabilistic inference can refer to non-generative probabilistic models

(e.g., Markov Random Fields) and other inference paradigms (e.g., Frequentist).

Remark (Audience). The dissertation is written for an audience that is familiar with basic
programming languages concepts. Thus, I will assume more background in programming lan-

guage theory (e.g., as in Guuter [45]) compared to background on probability and statistics.

1.1 PROBABILISTIC MODELING AND INFERENCE

To set the stage for probabilistic programming, we begin with a short introduction to prob-
abilistic (generative) models and Bayesian inference. Throughout this section, we will use a
Gaussian Mixture Model (GMM), a model that clusters N points in D-dimensional Euclidean
space into K clusters, to illustrate some of the ideas.

Figure 1.1a provides an illustration of a 2-dimensional (2D) GMM with 3 clusters as a



(a) An illustration of a Gaussian Mixture Model's generative process, starting with creating cluster means
and shapes (left), and ending with colored data points (right), where the color indicates the cluster.

o.'.
L)
.

(b) An illustration of the results of probabilistic inference (left) to determine the distribution on cluster
centers given observed data (right) for a GMM.

Figure 1.1: A Gaussian Mixture Model (GMM) and the results of probabilistic inference.

probabilistic generative model. Intuitively, a probabilistic generative model describes a data-
generation process, where we use distributions to encode assumptions about the structure of
the process. The data-generation process begins on the left, where we sample 3 cluster loca-
tions. Then we proceed to the right, where we (1) select the cluster location (i.e., pick a color)
and then (2) sample a data point from a multivariate Gaussian distribution centered at the
appropriate cluster location.

At a high-level, probabilistic inference is concerned with the reverse process, i.e., deter-
mining the hidden or underlying structure of the data-generation process that produces the
observations. Figure 1.1b illustrates the task of determining the locations of the 3 clusters
given observed data for a GMM. On the right, we have N data points that we wish to cluster,

as indicated by the absence of color. Moving to the left, we have an example of the results of



f ~ N (po, o) for 1 <k <K ©,
zn ~D(my,..., 1) for 1<n <N )

Yn | Znspp ~ N(ps,,X) for 1 <n <N Eo]
(a) random variables (b) Bayesian network (plate notation)
p(:uv Z, y) - H pN(MO,EO)(/’Lk) H p’D(ﬂ-) (Zn) H pN(uZn7E) (yn)

(c) densities

Figure 1.2: Three different ways of encoding a K-cluster GMM for clustering N data points in D-
dimensional Euclidean space. We write 7 as shorthand for referring to a vector of values (71,...,7K).
The (unbound) variables po, X0, 7, and X are known as model hyper-parameters and are constants.

probabilistic inference, which gives a distribution on the locations of the 3 clusters. In the rest
of the section, we will introduce representations of probabilistic models (Section 1.1.1) and the
difficulties of probabilistic inference (Section 1.1.2) more concretely, and then introduce the

probabilistic programming approach (Section 1.2).

1.1.1 ABSTRACTIONS FOR PROBABILISTIC MODELS

To precisely define a probabilistic model, we can use abstractions developed by statisticians
and machine learning researchers. Three standard abstractions include random variables,

probabilistic graphical models (PGMs) such as Bayesian networks, and densities. Figure 1.2
encodes a GMM using each of the three abstractions. As we will see, the representations en-

code different aspects of the same GMM.



RANDOM VARIABLES Random variable notation (1.2a) can be read intuitively in terms of

sampling. For example, the statement

pe ~ N(po, So) for 1 < k < K

can be read: “the random variable pyj, takes on a value according to the multivariate Gaussian
distribution with mean pg and covariance ¥ for 1 < k < K. The entire (generative) process
can be read as follows:

L. px ~ N(po, o) for 1 <k < K: Sample the location s, € RP of each cluster from a

multivariate Gaussian distribution centered at pg with covariance .

2. zp ~ D(m,...,mk) for 1 <n < N: Sample N cluster assignments z,, each from a

discrete distribution with weights .

3. Yn | 20,0 ~ N (s, ,%): Generate the observation y,, as a sample from a multivariate
Gaussian distribution centered at the corresponding cluster (i.e., centered at p, ) and
shape (i.e., the covariance matrix X).

The probabilistic model is given by the joint distribution of all the random variables de-
fined, i.e., the distribution of the random vector (u, z,y). As notation, we will refer to a vec-
tor of values (z1,...,2zxN) as . For example, we write u to refer to the vector (ui,...,ux) in

the GMM.

BAYESIAN NETWORK A Bayesian network (1.2b) expresses conditional independence rela-
tions, i.e., how random variables influence one another, using a directed acyclic graph (DAG).
The Bayesian network in the figure uses plate notation, which repeats the structure of the
graph the number of times indicated by the plate (lower, right-hand side). The graph repre-
sentation opens the possibility to use graph-based algorithms to perform inference. For exam-

ple, message passing is an algorithm that can be used to compute the marginal distribution of



each node in a Bayesian network, using the graph’s edges to efficiently exchange information
between the appropriately connected nodes. The graph structure is also useful for Gibbs sam-
pling, a MCMC algorithm that leverages conditional independence relations to locally sample

variables in the graph.

DENSITY FACTORIZATION The density factorization of a GMM (1.2¢) is an alternative repre-
sentation of a probability distribution that is useful for performing inference. For example, the

GMM model density can be used to define a log-likelihood function

‘Cy* (Mﬂ Z) = logp(u, Z,y*)

K N N
=) 108 (o, z0) (1) + D108 Pp(m)(2n) + Y 108 Par(ye., 5 (Uh)
k=1 n=1 n=1

which is a function of the parameters (u, z) for given data (y*). The notation y* indicates

that it is an observed value of the random variable y. The notation par(,,,x,) (k) indicates
the density of a (multivariate) normal distribution with mean o and covariance ¢ evalu-

ated at pg. It is common (e.g., in statistics) to write p(ur | 1o, Xo) to mean par(u,,so) (kr),
although this notation loses information about which distribution is involved.

Given a density, inference can be cast as an optimization problem (e.g., using expecta-
tion maximization to maximize the log-likelihood). This gives a point estimate (written *)
of the cluster means /i and cluster assignments 2. We could also use the log-likelihood in a
Metropolis-Hastings (MH) sampling algorithm, a type of MCMC algorithm, to learn the pos-
terior distribution p(u, z | y*) following a Bayesian approach. This produces a distribution
over the cluster means p and cluster assignments z instead of a single point estimate. Al-

though densities are more convenient for expressing inference, it can be more difficult to ex-



(1) (1) (1) () (1v)

Figure 1.3: The Monte Carlo simulation approach (left) to probabilistic inference. After we simulate
points from the distribution, we can construct an empirical histogram (right) by partitioning the space
(e.g., into quadrants) and count the number of points in each partition to determine the relative likeli-
hood. In this example, quadrant (IV) is the most likely, while quadrant (1) is the least likely.

press high-level properties about distributions. For example, to express that the sum of two

Gaussians is Gaussian using densities, we would need to write a convolution
PN (ux+uy 0% +02)(2) = / PN (ux.03) (2) PN (uy 03 (2 — 1) dL.

1.1.2 PROBABILISTIC INFERENCE

Now that we have a probabilistic model, we can query it for quantities of interest. Below, we
give two informal examples of queries and inference algorithms that can be used to answer

them (approximately).

e What are the most likely cluster locations under the GMM model given the observa-
tions? To answer this, we might apply the expectation maximization algorithm to solve
for

argmax » Ly (p,2)
H z

given observed data y*.

e What is the distribution on the location of the first cluster given the observations under
the GMM model? To answer this, we might apply Markov Chain Monte Carlo (MCMC)
sampling to obtain samples from the distribution p(u,z | y*) (where again, y* is ob-

served data).



In general, a family of inference algorithms (such as MCMC) can be used to approximate an-
swers to multiple kinds of queries. For example, MCMC sampling can be used to answer ex-
pectation queries, i.e., queries for the average value according to some distribution by return-
ing the average value of a collection of samples. MCMC sampling can also be used to answer
a variation of the first query. For instance, an algorithm could return the sample with the
highest log-likelihood from a collection of samples drawn via MCMC (known as the maximum
a posteriori or MAP estimate). In this dissertation, we focus exclusively on MCMC sampling
or simulation approaches to probabilistic inference.

Figure 1.3 illustrates a (Monte Carlo) sampling approach to answer a query for the shape
of a distribution. The idea is to approximate the shape of a distribution by sampling from
the distribution and constructing an empirical histogram. We can construct an empirical his-
togram from a collection of samples by partitioning the parameter space and compute the
relative likelihood of each partition as the ratio of the number of samples in a partition to the
total number of samples. In the example, partition IV is the most likely, while partition I is
the least likely.

Sampling becomes increasingly difficult as the number of dimensions increases. In partic-
ular, the number of “unit boxes” required to fill a D-dimensional box of with side-length 2
grows exponentially in D. Consequently, if we hold the number of samples fixed, then the av-
erage density of samples in each unit box decreases exponentially. This issue is colloquially
known as the “curse of dimensionality” and affects other approaches to probabilistic inference
in addition to sampling.

Probabilistic models with high-dimensional spaces are encountered frequently in practice.

For example, the D-dimensional GMM we introduced earlier has K x D + N parameters—



K x D parameters for the K cluster means, each of which has D parameters, and N pa-

rameters for the NV cluster assignments. Notably, the number of parameters in a GMM in-
creases with the size of the data as each new data point introduces a corresponding cluster
assignment. To address the problems associated with inference in high-dimensional spaces,
researchers typically take advantage of model-specific structure and use heuristics to make

inference tractable. We list several below.

1. The conditional independence relationships in a model enable us to consider sampling in
locally, low-dimensional spaces. For example given the locations of all the cluster means
in the GMM, every cluster assignment is conditionally independent of each other. That
is, sampling the N-dimensional space of cluster assignments can be reduced to sampling
N, 1-dimensional spaces given the cluster locations. Consequently, representations of

distributions such as PGMs are a staple of probabilistic modeling in practice [57].

2. First-order structure such as gradient information can be used to guide the exploration
of the parameter space. For example, MCMC algorithms such as Hamiltonian Monte
Carlo (HMC) [18] use the gradient of the model log-likelihood to explore the parameter

space.

3. A common heuristic is to apply different inference methods to different subsets of the
parameter space. For example, we may partition a model into its discrete variables and
continuous variables, and apply an appropriate method to each subset. Such a heuristic
would apply to a GMM, which has continuous-valued cluster locations and discrete-

valued cluster assignments.

1.2 PROBABILISTIC PROGRAMMING

In the context of constructing (model, query, inference) tuples, probabilistic programming can
be seen as taking a language-based approach to probabilistic modeling and inference. For in-
stance, given a model written in a probabilistic modeling language and a query, we can auto-
mate the derivation of an inference algorithm by implementing an appropriate program trans-

formation. In the rest of the section, we will compare probabilistic modeling using a PPL with
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def GMM(D, K, N, mu_O, Sigma_O, Sigma
) (mu, z)(y):
for k <- 0 until K:
mulk] = MvNorm(mu_0O, Sigma_0) pe ~ N (po, Xo) for 1 <k < K

for n <- 0 until N: Zn ~D(m1,...,mg) for 1<n <N
z[n] = Disc(pis)
y[n] = MvNorm(mu[z[nl], Sigma) yn | 2~ Npz,, 2) for 1<n < N

(a) The encoding of a GMM in a probabilistic mod-  (b) Expressing a GMM using random variable nota-
eling language with Python syntax. tion.

Figure 1.4: A GMM encoded in a probabilistic modeling language with Python-like syntax (left). For com-
parison, the random variable notation is provided on the right.

the standard setting to introduce some of the advantages of this approach as well as the chal-

lenges that arise.

MODELING LANGUAGE Figure 1.4 gives an example of the GMM written in a PPL with
Python-like syntax. Observe that the program has similar structure to the representation of

a probability distribution written in random variable notation. Indeed, the step-by-step proce-
dure in which a probabilistic generative model can be described lends itself to being naturally
expressed in a programming language. Hence, one benefit of probabilistic programming is that
we can use a formal language to express models. Nevertheless, one challenge is to provide rea-
soning principles that give us assurance that encodings of probabilistic models in the modeling
language correspond to the models we write with standard abstractions. An additional chal-
lenge is to reconcile the discrete nature of computation with the (possibly) continuous nature

of models that we can write down using traditional probability and statistics.

IMPLEMENTATION As we have hinted at several times already, probabilistic programming

enables us to phrase the problem of deriving and implementing an inference algorithm in

11



terms of compilation. In particular, the representation of a probabilistic model in a model-
ing language opens up the possibility of using language and compiler technology to perform
inference, similar to how using PGMs to represent distributions have opened up the possibility
of using graph algorithms to perform inference. As a reminder, practitioners use different rep-
resentations of probability distributions for different purposes—random variables are used to
summarize probabilistic models, densities are used for deriving mathematical properties use-
ful for inference, and PGMs are used for representing conditional independence relations. A
language-based approach would cast the usage of different abstractions as using different lan-
guages, and using compilation to automate the transformations between them. This breaks
the construction of an inference algorithm into more modular and manageable pieces. Nev-
ertheless, as probabilistic inference is analytically intractable in general, designing the appro-
priate languages and transformations so that the resulting system can perform approximate
inference efficiently (for a class of models) is a huge challenge.

As a step towards making probabilistic programming more practical, we examine the se-
mantics of probabilistic modeling languages and the implementation of a domain-specific PPL
that automates inference in this dissertation. For the purposes of this dissertation, we will
abbreviate the phrase (and similar phrases) “implementing a PPL that automates inference”
to simply “implementing a PPL”. We overview some of the current solutions to the semantics

and implementation of PPLs as well as introduce our approach now.

1.2.1 SEMANTICS

A natural starting point is to interpret probabilistic programs as a sampler (e.g., [42, 119]).

As we saw previously, we can view a probabilistic program as describing a sampling proce-

12



dure encoding how one believes observed data is generated. The flexibility of sampling has
inspired embeddings of probabilistic primitives in full-fledged programming languages, includ-
ing Scheme and Scala (e.g., [42, 91]). However, languages based on sampling often avoid the
basic question of what it means to sample from a continuous distribution. For instance, these
languages either have semantics given by an implementation in a host-language (e.g., [42]), or
use an abstract machine that assumes reals and primitive continuous distributions [86].
Another approach is to ground the semantics of probabilistic programs in measure the-
ory, which is the foundation of probability theory (e.g., [17, 111]). Measure theory provides
a rigorous definition of conditioning, and a uniform treatment of discrete and continuous dis-
tributions. For instance, measure-theoretic probability makes sense of why the probability
of obtaining any particular sample from an (absolutely) continuous distribution is zero, as
well what it means to observe a probability zero event. These situations are encountered fre-
quently in practice, as many models incorporate both continuous distributions and observa-
tion of real-valued data. Consequently, measure-theoretic semantics have been proposed as
a generalization of sampling semantics (e.g., [17]). However, this approach also has its draw-
backs. First, measure theory has been developed without programming language constructs
in mind (e.g., recursion and higher-order functions), unlike standard denotational semantics.
Hence, languages based on measure theory often omit language features (e.g., [17]) or develop
new meta-theory (e.g., [111]). Second, measure-theoretic semantics must also develop a cor-
responding operational theory. For instance, Toronto et al. [111] give denotational semantics
and later show how to implement a sound approximation of their ideal semantics because it is
not directly implementable.

I propose an approach to giving semantics to probabilistic programs motivated by Type-2

13



computable distributions, which admit Type-2 computable sampling procedures.! Computable
distributions have been defined and studied in the context of Type-2 (Turing) machines and
algorithmic randomness (e.g., [35, 36, 115]) as well as domain theory (e.g. [29, 30]). Their
implications for probabilistic programs have also been hinted at in the literature (e.g., [3, 34]).
Hence, I will recast these ideas in the context of high-level probabilistic languages for Bayesian

inference.

1.2.2 COMPILATION

A recurring theme in the implementation of a PPL is how to address the analytic intractabil-
ity of inference. We list several challenges of probabilistic inference and how PPLs have ad-
dressed them.

e As inference is intractable in general, it is unlikely that a black box approach to infer-
ence will work well for all probabilistic models of interest. Consequently, we would like
a way to derive model-specific facts useful for constructing inference algorithms. For
example, the Bugs [108, 67] system automatically detects conjugacy relations in the
probabilistic model and uses this information to construct efficient Gibbs MCMC sam-
plers. As another example, Stan [19] implements automatic differentiation (AD) [7],
which enables the system to leverage gradient information to perform HMC sampling.
Stan also leverages gradient information to perform Automatic Differential Variational

Inference [60] (AVDI), which is a non-sampling approach to inference.

e There are many kinds of inference algorithms. Ideally, a tool should support as many as
possible, given that these algorithms may exhibit different computational and statistical
behaviors depending on the model to which it is applied. More generally, end users may
want more fine-grained control over how to perform inference. For example, Blaise [16]
provides a domain-specific graphical language for expressing models and inference algo-
rithms. Other systems such as Edward [112] and Venture [68] explore other designs for

providing fine-grained control of inference.

!Because we will use the phrase “Type-2 computable” frequently, we will sometimes abbreviate it
to just “computable” when it is clear from context that we are referring to Type-2 computability.

14



o Inference algorithms can be computationally expensive (e.g., MCMC algorithms [18]).
To improve the computational efficiency, we may want to leverage parallelism such as in
Augur [113] and other systems such as Anglican [119]. Moreover, the formal represen-
tation of a model opens the possibility for compiler analysis to improve the efficiency of
the generated code as done by Swift [120].

In this dissertation, I present the design and implementation of domain-specific PPL called
AugurV2 that answers posterior sampling queries for Bayesian networks expressed in a proba-
bilistic modeling language similar in expressive power to Bugs [108] or Stan [19] using MCMC
sampling techniques. More concretely, we can view AugurV2 as a tool for constructing (model,
query, inference) tuples, where (1) the model is expressed in a domain-specific modeling lan-
guage (as compared to modeling languages embedded in general-purpose languages [119, 42,
120]), (2) the query is for posterior samples given observed data, and (3) the inference is auto-
matically derived and is restricted to a family of algorithms based on MCMC sampling. The
compiler’s architecture is based off of a traditional compiler design. In particular, I define
a sequence of intermediate languages that structure the compilation process, which include
separate languages for representing models and inference. Then, I provide the corresponding

phases of compilation:

e The frontend translates the modeling language into an intermediate representation of a

model in terms of its density factorization.

e The middle-end translates an intermediate representation of a model into a high-level,

executable MCMC sampling algorithm.

e The backend translates a high-level, executable inference algorithm into an inference
algorithm for execution on the CPU or GPU.

Hence, I consider the holistic design and implementation of a restricted PPL that follows the
usual approach to compiler design to manage its complexity. I do not address the compilation
of more expressive PPLs, but hope that the ideas presented here can be a starting point for

compiling more expressive PPLs.
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1.3 OVERVIEW

In this section, I provide an overview of the contents of the dissertation, my collaborators, and
the relevant publications that the dissertation draws on. In particular, I use content from “An
Application of Computable Distributions to the Semantics of Probabilistic Programming Lan-
guages” [52] and “Compiling Markov Chain Monte Carlo Algorithms for Probabilistic Model-

ing” (to appear in Programming Language Design and Implementation, 2017) in this disserta-
tion. The first part of the dissertation addresses the modeling aspect of probabilistic program-

ming. The second part of the dissertation addresses the compilation of inference algorithms.

CHAPTER 2: BACKGROUND Chapter 2 provides background on probability theory, (Type-2)
computable distributions, and probabilistic inference. The emphasis will be placed on relat-
ing the three concepts with one another, as opposed to presenting them in isolation. Ideally,
the design of a PPL draws on concepts from probability theory to define models, (Type-2)
computability to guide its (theoretical) implementability, and probabilistic inference to inform
an efficient and correct implementation. The background is intended to provide context for
definitions that will be used throughout the dissertation, rather than being a comprehensive
review.

However, Chapter 2 does not contain all the background pertinent to the dissertation. In
particular, Chapter 3 contains additional background relevant to giving semantics to lan-
guages, and Chapter 5 contains additional background relevant to the implementation of
PPLs.

I should point out that in the discussion of Type-2 computability, the connection to real-

izability [12, 65, 114] is missing. To the best of my knowledge, these fields have largely pro-
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ceeded independently of each other, although connections between realizability and Type-2
computability have been drawn from the realizability perspective [12]. I would like to thank
Bas Spitters and Lars Birkedal for introducing me to these ideas. An informal discussion of

the connections will be given in Chapter 4 after I have given a semantics to Acp.

CHAPTER 3: TOWARDS FORMAL LANGUAGES FOR PROBABILITY Chapter 3 further mo-
tivates the technical issues with giving semantics to probabilistic programs. The conven-
tional wisdom is to use measure-theoretic structure to give semantics, without regards to com-
putability. I will further motivate the reason to consider (Type-2) computable distributions,
as opposed to more generally measures. Chapter 3 also contains background on topological
domains [11], semantic objects that possess both order-theoretic and (Type-2) computability

structure.

CHAPTER 4: AN APPLICATION OF COMPUTABLE DISTRIBUTIONS TO THE SEMANTICS OF
PROBABILISTIC PROGRAMMING LANGUAGES Chapter 4 contains two semantics for a PCF-
like language extended with continuous distributions called A\cp. The first semantics uses
topological domains and is new to the dissertation. The second semantics uses standard com-
plete partial orders (CPOs) and is based on prior published work [52], although the presen-
tation here contains corrections for a gap discovered in that work. In particular, I would like
to thank Mitch Wand for finding a gap in an earlier argument of why an environment lookup
function in that semantics was continuous. Appendix A provides an ad-hoc fix for this gap,
which (perhaps surprisingly) relies on Type-2 computability. This motivated the definition of
a second semantics based on topological domains in this dissertation. The chapter will also

include an informal discussion of the connection to realizability.
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CHAPTER 5: TOWARDS COMPILATION OF PROBABILISTIC MODELING LANGUAGES Chap-
ter 5 introduces background on MCMC sampling and more concretely explores the issues with

constructing MCMC sampling algorithms.

CHAPTER 6: COMPILING MCMC ALGORITHMS FOR PROBABILISTIC MODELING Chapter 6
describes a compiler design for AugurV2, a PPL that expresses fixed-structure Bayesian net-
works. The system described in this chapter is the second iteration of a previous system called
Augur [113], which was done in collaboration with Jean-Baptiste Tristan, Joseph Tassarotti,
Adam Pocock, Stephen Greene, and Guy Steele. The previous compiler generated homoge-
nous MCMC algorithms for execution on the GPU to explore the feasibility of parallelizing
inference algorithms. The key ideas developed in this system include (1) compiling at runtime
so that we could use data set sizes to determine a parallelization strategy and (2) represent-
ing conditional independence relationships symbolically. The second iteration of the system
builds upon these ideas and supports composable MCMC algorithms for CPU and GPU exe-
cution. In particular, this caused a complete redesign of the compiler in the form of additional
intermediate languages, transformations, and runtime libraries to support more MCMC algo-
rithms and their composition. This work will appear at Programming Language Design and

Implementation, 2017.

CHAPTER 7: THE AUGURV2 LANGUAGE Chapter 7 introduces the AugurV2 language and
its semantics via compilation to Agp. In particular, we will see that all AugurV2 programs
admit a density factorization, which justifies its implementation via MCMC sampling. We will
also see how (Type-2) computability informs the design of AugurV2’s conditioning primitive.

Notably, conditioning is not (Type-2) computable in general [3].
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CHAPTER 8: CONCLUSION Chapter 8 concludes the dissertation and suggest avenues for

future work.

CONTRIBUTIONS In the first part of the dissertation, my contribution is simply one of apply-
ing known results on (Type-2) computable distributions and existing theory in the context of
a high-level probabilistic modeling language. In the second part of the dissertation, I present
the design and implementation of a domain-specific PPL called AugurV2 that automates pos-
terior sampling queries for a class of models and use the semantics from the first part to jus-

tify aspects of its design.
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Background

In this chapter, we provide background on (1) measure-theoretic probability (e.g., see Billings-
ley [14]), (2) Type-2 computability (e.g., see Weihrauch [116]) and computable distributions
(e.g., see Schroder [102] and Hoyrup [51]), and (3) Bayesian modeling and inference (e.g., see
Bayesian Data Analysis [38]). Items (1) and (2) will be most relevant for the first part of the
dissertation. Items (1) and (3) will be most relevant for the second part of the dissertation.
The background is intended to provide context for definitions that will be used throughout

the dissertation, rather than being a comprehensive review. For a pedagogical introduction to
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the material, we refer the reader to the references provided above.

2.1 PROBABILITY

Formulating probability theory in terms of measure theory enables (1) a uniform treatment
of discrete and continuous distributions and (2) a rigorous definition of conditioning—in par-
ticular, conditioning on probability zero events. Due to the robustness of this formulation,
measure-theoretic probability is often taken as the foundation of modern probability theory.
In this section, we will concentrate our review on distributions and random variables, and
delay conditioning until Section 2.3.2. Before proceeding directly to the measure-theoretic
formulation, we begin with discrete and continuous distributions as presented in an applied

setting.

2.1.1 DISCRETE AND CONTINUOUS DISTRIBUTIONS

A discrete distribution assigns probability to a discrete (i.e., at most countable) set. It is
characterized by a probability mass function (pmf), which maps a value in its domain X to
a probability in the interval [0, 1], such that the probabilities sum to 1. More concretely, a

pmf p: X — [0, 1] satisfies

reX
where |X| is at most countable. For example, a fair coin flip resulting in 0 (for heads) or 1
(for tails) can be modeled as a Bernoulli distribution with pmf p : {0,1} — R such that
p(0) = 0.5 and p(1) = 0.5.
A continuous distribution assigns probability to the reals R. It is characterized by a cumu-

lative distribution function (cdf), which maps a value ¢ € R to the probability of the interval
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(=00, c]. For example, a uniform distribution on the interval (a,b), written U(a, b), has cdf

0 when ¢ < a

when a <e¢<b

1 when b < ¢.

Note that a cdf gives the probability of an interval and not a single point. A probability den-
sity function (pdf) is the analog of a pmf in the continuous setting. When a pdf f : R — R

exists, it is related to the cdf F: R — [0,1] as

Flo) = / F)da.
For example, the uniform distribution U(a,b) has pdf

% when a <z <b
—a

p(x) =

0 otherwise .

As a matter of terminology, it is common in practice to refer to only those distributions with
pdfs as continuous distributions. We will use a measure-theoretic distinction and call these
absolutely continuous distributions. Although a pdf is an analog of a pmf, note that a pdf is
not a probability. For instance, the pdf py(o,1/2) of the uniform distribution ¢/(0,1/2) has
Pu(0,1/2)(1/4) = 2, which is greater than 1 so it is not a probability. Indeed, the probability

of the event {z} for any point x according to an absolutely continuous distribution is zero.
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2.1.2 MEASURE-THEORETIC PROBABILITY

Random variables are the basic object of study in measure-theoretic probability. Informally,
we can think of a random variable as a variable that takes on an uncertain value according to
a distribution. It is a variable in the sense that it obeys a substitution principle, albeit a non-
standard one compared to an ordinary variable (which can be substituted in any context).
The underlying distribution is formulated as a measure. Importantly, both discrete and con-
tinuous distributions can be formulated as measures, which informally, assign probabilities to
special subsets (called events) of a space. The base space that provides the structure required
for probability is called a measurable space. Later in Section 2.2, we will see that computable
distributions combine measure-theoretic structure with topological structure, which provides a
notion of approximation suitable for modeling computability.

Once we have a notion of random variable, we can answer questions about collections of
random variables (known as a stochastic process). For example, we may be interested in the
joint distribution of some (finite) subcollection of random variables. As another example, for
a single random variable, we may be interested in computing its expectation, i.e., its average
value. Now that we have an idea of how the overall theory is setup, we can review the defini-

tions that we will need from measure-theoretic probability formally.

MEASURES The pair (2, F) is a measurable space, where ) is an underlying set and F is a
collection of subsets of ) called a o-algebra. A o-algebra is closed under countable unions and
complements (and hence also countable intersections). Then, a measure p : F — [0,00] on 2
maps a measurable set (i.e., any set in F) to a non-negative real number, such that p(@) = 0

and p is countably additive (i.e., p(U;=; Ai) = Doy p(4;) for any collection {A;}ien of dis-
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joint sets). In the probabilistic setting, a measurable set is also called an event. A probability
measure or probability distribution is a measure p such that the mass of the entire space is 1
(i.e., u(2) = 1). Thus, a distribution maps events to probabilities.

A discrete distribution is defined on a discrete set 2 with g-algebra 2 (i.e., the collection
of all subsets of © or the powerset of ). For example, the Bernoulli distribution can be en-
coded as a measure p with {0} = 0.5 and p{1} = 0.5, where the probability of the other sets
is determined by the measure axioms. A continuous distribution is defined on R with (Borel)
o-algebra F = o({(a,b) | a,b € R}), where the operation o closes the collection of open inter-
vals {(a,b) | a,b € R} under the o-algebra operations. For example, the uniform distribution
U(0,1) has measure p(a,b) = b —a when (a,b) C (0,1). On the real line, it is common to use

Lebesgue measure, i.e., the completion of the Borel o-algebra.!

RANDOM VARIABLES Let (2, Fq) and (X, Fx) be measurable spaces. Then, a function f :

Q — X is measurable if f~1(B) is measurable (i.e., f~! € Fq) for all measurable B (i.e., B €
Fx). Let (£, F) be a measurable space and p be a probability measure on F. Then, the triple
(Q, F, p) is a probability space. Let (0, Fq, 1) be a probability space and (X, Fx) be a mea-
surable space. Then, a X -valued random variable X is a measurable function X : Q@ — X. As
convention, we will used bold-faced, capital letters such as X to name random variables. Let
(Q, F, 1) be a probability space. The distribution of X, written P(X € -) is the pushforward of

p along X, i.e., P(X € ) = po XL

Remark (Interpretation of random variables). Let (€2, F, 1) be a probability space, (X, Fx)

be a measurable space, and X be a X-valued random variable. As terminology, the domain of

! As a reminder, a measure is complete if every subset of a measure zero set is measurable.
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a random variable ) is called the sampling space. The sampling space {2 can be interpreted

as containing all possible quantities that determine the value of X. For example, suppose

X = 2 2 {0,1} is the space of coin flips. Then, we can imagine  to be a subset of R that
contains physical quantities that determine the outcome of a coin flip such as the angle and
force with which it was flipped. The random variable X could then be interpreted as a physics
simulation that converts the input angle and force into the result of a coin flip. Observe that
the underlying distribution p on €2 makes the result of the coin flip random. Notably, in prob-
ability theory, one never explicitly describes what the sample space is—a sample space is sim-
ply assumed to exist. As we will see later, this will not be the case for statisticians who are
interested in modeling the sampling space so they can make inferences about the underlying

distribution given observed data (Section 2.3).

EXPECTATION The expectation of a real-valued random variable is intuitively its average
value. It is defined by a Lebesgue integral. Let X be a real-valued random variable with dis-
tribution u. Then, its expectation is the integral of the identity function with respect to its

distribution, written

E[X]:/Xxd,u.

The above is perhaps better written as

E[X] :/X(;E»—m?)du

to indicate that we integrate the (measurable) function T — Z with respect to the distribution

L.
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JOINT DISTRIBUTIONS Let (X, Fx) and (Y, Fy) be measurable spaces. Let X be a X-valued
random variable and Y be a Y-valued random variable. Then, the random vector (X,Y) has
a joint distribution, written P(X € ;Y € -). We say that X is independent of Y if its joint

distribution factors, i.e.,
P(XeAYeB)=PXecAP(Y € B).

DENSITIES AND KERNELS Let (X, Fx) be a measurable space. Let u and v be measures on
X. We say p is absolutely continuous with respect to v if u(B) = 0 whenever v(B) = 0 for any

measurable B. We say that measurable f : X — R is a density of u if

ue)= [ rav

for p1 absolutely continuous with respect to ».2 A common case is when X is the real line and
v is the Lebesuge measure.

Let (X, Fx) and (Y, Fy) be measurable spaces. Let k : X x Fy — [0, 1]. Then, We say that
K is a probability kernel if (1) s, is a probability measure for every x € X, where k. (B) £
#(z,B), and (2) kp is measurable for every B € Fy, where rp(z) = x(z, B).

Importantly, a probability kernel generalizes the notion of a conditional density. To see
this, let X be a X-valued random variable with distribution ux and Y be a Y-valued random

variable with distribution py. Moreover, suppose that the random vector (X,Y) has joint

2The Radon-Nikodym theorem gives conditions under which a density exists.
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density fx, v, and marginal densities fx and fy. Then, a conditional density is defined as

Fyixa(y) = W

such that

iy (B) = /B Fyxe () Fx () dpix

In particular,

Hx(B)Z/Bfwx:xd/w,

where k : X x Fy — [0,1] is a probability kernel.

2.2 COMPUTABILITY

In this section, we provide background on Type-2 computability, also known as Type-Two
Theory of Effectivity (TTE) [116]. Our goal is to review (Type-2) computable distributions [51,
36, 115], which we will use to interpret distributions in a probabilistic program. Our review of
Type-2 computability will proceed in several steps, each successively more abstract.

1. We review the Turing machine model that underlies Type-2 computability and contrast

it with ordinary computability theory (i.e., Type-1 computability) (see Section 2.2.1).

2. We review computable metric spaces [51], which can be used to formulate computable
reals (see Section 2.2.2). Importantly, (Borel) distributions can be formulated as both
points of the appropriate computable metric space as well as computable sampling func-

tions.

3. We review represented spaces [87], the most general space that has a computability
theory that is derived from Turing machines (see Section 2.2.3). Notably, represented
spaces form a Cartesian closed category, which will be useful when we transition to giv-

ing semantics to probabilistic programs.
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2.2.1 MACHINE MODEL

Type-2 computability theory is grounded on the same Turing machine model that forms the
foundation of standard computability theory. That is, a Type-2 machine is a finitely-specified
machine that reads/writes symbols from a finite alphabet ¥ to/from (infinite) tapes. (For
the formal definition of a Turing machine, we refer the reader to Sipser [103].) Hence, we will
simply refer to Type-2 machines as Turing machines. The primary difference as compared

to standard computability theory is the condition under which a Turing machine is said to
compute an answer.

In the standard setting, a Turing machine computes on finite-length words, and hence, can
halt with the answer on the output tape. As a reminder, a (partial) word function f : X* —
>* is considered computable if there is a Turing machine with tape alphabet ¥ that halts with
f(w) written on the output tape for every w € dom(f), where * £ {wq...w, | n € N} is the
set of finite-length words comprised of letters from Y. Note that any set X that can be put in
surjection with X* can then inherit the corresponding computability theory. For example, as
>* can be put in bijection with N, we can derive a notion of a computable function f : N —
N. Thus, standard computability theory concerns discrete values.

In the Type-2 setting, a Turing machine computes on streams, and hence, has a productiv-
ity condition imposed on the symbols written to the output tape. Let £¢ £ {wow; ... | w, €
Y, n € N} be the set of streams comprised of letters from 3. Moreover, we write w C p to in-
dicate that the word w is a prefix of the stream p and p |, to indicate the rest of the stream
without the prefix w. Then, a (partial) stream function f : ¥¢ — X% is considered computable
if there is a Turing machine with tape alphabet ¥ that for p € dom(f), eventually outputs

f(p) such that for any w1 T wy C p, the output tape satisfies f(wipsju,|) C f(wWeps|w,|) T
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f(p). This notion of computability enforces a finite prefiz property: finite prefixes of the in-
put determine finite prefixes of the output. Hence, Type-2 computability concerns computing
arbitrarily-accurate approximations to continuous values. In particular, the emphasis on ap-
proximation means that the structure of topological spaces will be useful for formulating these

ideas. For background on topological spaces, we refer the reader to standard texts [75].

2.2.2 COMPUTABLE METRIC SPACES

To build towards the definition of computable distribution, we begin by considering com-
putable reals. Intuitively, a real is computable if a Turing machine can enumerate its binary
expansion. More formally, a real z € R is computable if we can enumerate a fast Cauchy se-
quence of rationals that converges to x. Recall that a sequence (¢, )nen is Cauchy if for every
€ > 0, there is an N such that |¢, — ¢n| < € for every n,m > N. Thus, the elements of a
Cauchy sequence become closer and closer to one another as we traverse the sequence. When
|gn — gnt1] < 27 for all n, we call (g, )nen a fast Cauchy sequence. Hence, the representa-
tion of a computable real as a fast Cauchy sequence evokes the idea of enumerating its binary
expansion.

As an example of a computable real, consider 7 and one possible series expansion of it be-

low [6].
1 4 2 1 1

W:;W[8k+l_8k+4_8k+5_8k+6

An algorithm can use the above series expansion and a rate of convergence to obtain a fast
Cauchy sequence (e.g., the BPP algorithm [6]).
A function f : R — R is computable if given a (fast Cauchy) sequence converging to = € R,

there is an algorithm that outputs a (fast Cauchy) sequence converging to f(x). For example,
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the function +, : R — R is computable because an algorithm can obtain a (fast Cauchy)
output sequence by adding the (fast Cauchy) input sequence element-wise to a (fast Cauchy)
sequence of 7.

A topological space with a notion of distance is a metric space. As a reminder, a metric
space (X,d) is a set X equipped with a metric d : X x X — R. A metric induces a collection
of sets called (open) balls, where a ball centered at ¢ € X with radius r € R is the set of
points within r of ¢, i.e., B(c,r) = {z € X | d(c,x) < r}. The topology O(X) associated
with a metric space X is the one induced by the collection of balls. Hence, the open balls of a

metric space provide a notion of distance in addition to providing a notion of approximation.

Ezample 1.

e (N, dpiscrete) endows the naturals N with the discrete topology (i.e., O(N) = 2V), where
dpiscrete 18 the discrete metric (i.e., d(n,m) = 0 if n = m and d(n,m) = 1 otherwise for
n,m € N).

¢ (R, dgucia) endows the reals R with the familiar Euclidean topology, where dgycliq is the

standard Euclidean metric.

o (2, dcantor) endows the set of bit-streams 2 with the Cantor topology, where dcantor is
defined as
dCantor(‘T, y) = 1/2n )

where n = min{i | 2; # y;}. One can check that a basic open set of the Cantor topology
is of the form aqas...a,2%, where a; € 2 for 1 < i < n. That is, basic open sets of

Cantor space fix finite-prefixes.

COMPUTABLE METRIC SPACES Intuitively, a computable metric space imposes additional
conditions on a metric space so that a Turing machine can enumerate successively more ac-
curate approximations (according to the metric) to a point in the metric space. We say S

is dense in X if for every x € X, there is a sequence (S, )nen that converges to x, where
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Sn € S for every n. We say that (X, d) is complete if every Cauchy sequence comprised of
elements from X also converges to a point in X. Then, a computable metric space [51, Def.
2.4.1] is a tuple (X, d, S) such that (1) (X,d) is a complete metric space, (2) S is a countable,
enumerable, and dense subset, and (3) d(s;, s;) is computable for s;,s; € S. For example,
(R, dguelia, Q) is a computable metric space for the reals where we use the rationals Q as the
approximating elements. Note that we can equivalently use dyadic rationals as the approxi-

mating elements instead of Q.

COMPUTABLE DISTRIBUTIONS A computable distribution over the computable metric space

(X,d,S) can be formulated as a computable point of the computable metric space

(M(X),dp, D(S5)),

where M(X) is the set of Borel probability measures on a computable metric space (X, d, S),
d, is the Prokhorov metric (see [51, Defn. 4.1.1.]), and D(S) is the class of distributions with
finite support at ideal points S and rational masses (see [51, Prop. 4.1.1]). The Prokhorov

metric is defined as:

dy(p,v) = inf{e > 0| u(A) < v(A) + ¢ for every Borel A},

where A€ = {z | d(x, A) < €}. One can check that the sequence below converges (with respect

to the Prokhorov metric) to the (standard) uniform distribution (0, 1).
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Thus, a uniform distribution can be seen as the limit of a sequence of increasingly finer dis-
crete, uniform distributions. Although the idea of a computable distribution as a computable
point is fairly intuitive for the standard uniform distribution, it may be less insightful for
more complicated distributions.

Alternatively, we can think of a computable distribution on a computable metric space
(X,d,S) in terms of sampling, i.e., as a (Type-2) computable function 2 — X. To make
this more concrete, we sketch an algorithm that samples from the standard uniform. The idea
is to generate a value that can be queried for more precision instead of a sample z in its en-
tirety. Thus, a sampling algorithm will interleave flipping coins with outputting an element to
the desired precision, such that the sequence of outputs (s, )nen converges to a sample.

For instance, one binary digit of precision for a standard uniform corresponds to obtaining
the point 1/2 because it is within 1/2 of any point in the unit interval. Demanding another
digit of precision produces either 1/4 or 3/4 according to the result of a fair coin flip. This is
encoded below using the function bisect, which recursively bisects an interval n times, start-

ing with (0, 1), using the random bit-stream u to select which interval to recurse on.

uniform : (Nat — Bool) — (Nat — Rat)

uniform £ A\u. An. bisect u01n

In the limit, we obtain a single point corresponding to the sample.
The sampling view is (computably) equivalent to the definition of a computable distribu-
tion in terms of computable metric spaces. To state the equivalence, we need a few defini-

tions. A computable probability space [51, Def. 5.0.1] (X, p) is a pair where X is a computable
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metric space and pu is a computable distribution. We call a distribution p on X samplable if
there is a computable function s : (2, piiq) — (X, p) such that s is computable on dom(s) of

full-measure and is measure-preserving.

Proposition 2.2.1 (Computable iff samplable, see [33, Lem. 2 and 3]). A distribution p €

M(X) on computable metric space (X,d,S) is computable iff it is samplable.

Hence, proposition 2.2.1 gives the computable analog of the probability integral transform

and inverse transform from statistics.

Remark (Sampling). Note that the definitions of a sampler and a random variable are simi-
lar. The difference between the two is somewhat philosophical—a sampler has an explicitly-
specified underlying probability space (e.g., 2*), whereas the underlying probability space for

a random variable is left unspecified (see Remark 2.1.2).

2.2.3 REPRESENTED SPACES

Roughly speaking, a represented space is an abstraction that provides a more synthetic ap-
proach to Type-2 computability. That is, instead of constructing a Turing machine to witness
the continuity /computability of a function, we can instead write the function as a composition
of continuous/computable primitives. Additionally, represented spaces and continuous/com-
putable maps between them form a Cartesian closed category of spaces. This will be useful for
extending Type-2 computability to the semantics of higher-order programming languages. We
now review represented spaces following Pauly’s introduction [87].

A represented space (X,0x) is a pair of a set X with a partial surjective function dx : 2¢ —
X called a representation. We call p € 2 a name of x when dx(p) = x. A realizer for a func-

tion f : (X,dx) — (Y, dy) is a (partial) function F : 2* — 2% such that oy (F(p)) = f(dx(p))
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for p € dom(f o dx). A function f : X — Y between represented spaces is called computable
if it has a computable realizer. It is called continuous if it has a continuous realizer (with re-
spect to the Cantor topology). Unfolding the definition of continuity of a (partial) function
f:2¥ — 2% on Cantor space shows that it encodes the finite prefix property. As a reminder,
this means that a machine can compute f(p) to arbitrary precision after consuming a finite
amount of bits of p in finite time when f is continuous.

Let (X,dx) and (Y, dy) be represented spaces. The notation { -,- ) : 2¥ x 2¢¥ — 2¥ isa
standard tupling function that dovetails the two input bit-streams.

1. The product of represented spaces, written X x Y, is a represented space. It has the

representation dxxy{ p,q ) = (dx(p), Iy (q)).

2. The exponential of represented spaces, written ¢’ (X,Y), is a represented space. It has
representation dx_,y( 0"1p ) = f if the n-th Turing machine equipped with oracle p is a
realizer of f.

Proposition 2.2.2 ([87, Sec. 3]). The category with represented spaces as objects and contin-

uous/computable maps as morphisms is Cartesian closed.

The following result connects computability with continuity via oracle Turing machines. As
a reminder, an oracle Turing machine is a standard Turing machine that additionally has read

access to an oracle tape that contains a (possibly non-computable) bit-stream to start.

Proposition 2.2.3 ([87, Sec. 3]). A function f : (X,dx) — (Y,dy) is continuous (as a map

between represented spaces) iff it is computable by an oracle Turing machine.

As an example of how to use this proposition, suppose we want to show partial (f) =y —
flzy) : €(X xY,Z) = €(Y, Z) is continuous for x € X. Let the name of f be 0"1p, i.e.,

0x—v(0™1p) = f. Then, we can construct a Turing machine M with oracle dx (), that runs
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the n-th Turing machine equipped with oracle p on input { dx(z), ¢ ), for some dy name g on
M'’s input tape. Hence, we have shown partial,, is computable relative to some oracle, so the
map is continuous. Below, we give a few examples of represented spaces.

o (S,ds) is a represented space. It has underlying set S = {L, T} and representation
ds(L) = 0¥ and 6s(T) = p for p # 0“. In particular, this encodes the notion of semi-
decidability—a Turing machine semi-decides that a proposition holds (encoded as T)
only if it eventually outputs a non-zero bit. The space S is known as Sierpinski space.

o Let (X,d,S) be a computable metric space. Then, (X, dpetric) IS @ represented space
with representation dnfetric that uses fast Cauchy sequences as names. More concretely,
(0g(wn))nen — OMetric(p) when 6(p) = (w1, ws,... ). As a special case, (R, 0r) is
a represented space, where g is a representation that uses fast Cauchy sequences of

rationals as names.

We can associate a collection of open subsets O(X) to every represented space (X, d) as
OX) 2 {f~YT} | f € €(X,S)}. In particular, this shows that testing if a point is contained
in an open set is semi-decidable. However, we should be careful not to identify the notion of
a continuous map between represented spaces with a topological continuous function until we
introduce the concept of admissibility. Recall that a representation dx of X induces the quo-
tient topology on X, i.e., U C X is open if 6;(1(U) is open on dom(dx ). For our purposes,
we call a represented space admissible if every topologically continuous function f : ¥ — X
(i.e., continuous with respect to quotient topologies) is a continuous map between represented
spaces.> Note that a continuous map between represented spaces is already topologically con-

tinuous because pre-images are computable:

fly)=1yof,

3Pauly gives a different definition [87, Defn. 26] and three characterizations [87, Thm. 36]. For our
purposes of relating to topological continuity, we take one of the characterizations as the definition
instead.
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where 1y € €(Y,S) =2 O(Y) is the characteristic function and f € €(X,Y’). Thus, the contin-
uous maps between admissible represented spaces coincide with the topologically continuous
maps. We repeat the examples of represented spaces above, this time describing the associated

topology.

o The Sierpinski space (S, ds) is an admissible represented space. It has opens O(S) =
{0 {TH{L T}

e (X, OMetric) is an admissible represented space, where the topology coincides with the

one induced by the basis of open balls.

Remark (Qcb spaces). For our purposes, we will consider only admissible represented spaces.
In this case, we can interchangeably use represented space and qcb space [11]. A qcb space X
(i.e., To quotient of a countably based space) can be characterized as a space with admissi-
ble representation. A representation dx of X is admissible if for any other representation ¢’
of X, the identify function on X has a continuous realizer [11, Defn. 3.10]. If X and Y are
qcb spaces, then the topologically continuous functions between them coincide with those that
have continuous realizers [11, Cor. 3.13], which gives the same characterization as an admissi-
ble represented space.

In the literature, qcb spaces arise in the study of topological domains (e.g., as in Batten-
feld [11]), domains that possess a notion of Type-2 computability, whereas represented spaces
are used to clarify results on computability. As we will apply results from both the semantics

aspect and Type-2 computability aspect, we have introduced both terms.
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2.3 BAYESIAN MODELING AND INFERENCE

In this section, we shift gears from reviewing background useful for PPL semantics to the ap-
plication of PPLs to Bayesian modeling and inference. Hence, the ideas here broadly fall un-
der the realm of statistics. First, we review how random variables can be used to define prob-
abilistic generative models and comment on the common case when these models have density
(Section 2.3.1). Second, we review the measure-theoretic notion of conditioning as conditional
expectation and relate it to the common case of conditioning with conditional densities (Sec-

tion 2.3.2).

2.3.1 BAYESIAN MODELING

We begin by introducing the overall setup of a parameterized statistical model using measure-
theoretic language. Then, we will go over it using applied statistics notation. Throughout this
section, let (O, Fo) and (Y, Fy) be measurable spaces. We refer to the measurable space O as
the parameter space and Y as the observation space. Now, consider the (measurable) functions

(1)Y:©—=Yand (2) f: Y — 6.

MEASURE-THEORETIC TREATMENT We can interpret the former as a Y-valued random vari-
able Y, where the parameter space © is Y’s sampling space. As a reminder, the sampling
space is implicit in the context of probability theory. In contrast, it is explicit in the context
of statistics in order to model phenomenon. In particular, we model the randomness in the
observation space with a family of model likelihoods {¢y | 9 : Y — R integrable}yco, which
for a parameter 0, gives an (integrable) function ¢y that compares the relative likelihoods of

different observations.
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We can interpret the latter as a statistical inference procedure that estimates the § € ©
that produces the observation y € Y and quantifies the uncertainty associated with the pro-
cedure. These procedures will be the subject of Section 2.3.2. For now, we will focus on how
the construction of models are affected by the choice of inference procedure, concentrating on
Frequentist and Bayesian inference. As a reminder, this dissertation will focus exclusively on
the application of a PPL to Bayesian inference, but it is still worthwhile to also review the
Frequentist setting.

In a Frequentist setting, one treats the observed data as random. That is, one considers the
probability space (Y, Fy, pg,), where pg, is the distribution on the observation space ¥ and
fy is a deterministic, but unknown parameter value. Writing this in random variable notation,
we have

YN,UQO'

The random variable Y can be interpreted as a measure-preserving function from the parame-
ter space to the observation space, where we have stated what the distribution is on the obser-
vation space. Hence, P(Y € B) = pg,(B) for measurable B.

The interpretation of a model in the Frequent setting is that ug, is the true distribution
that our observations come from. However, we do not know the value of the true parameter
fy. The Frequentist methodology provides a set of tools for estimating the parameter, written
é, where the uncertainty in the estimate is quantified with respect to the true distribution on
data pg,.

In a Bayesian setting, one treats the parameter as random. That is, one consider the prob-

ability space (0, Fg, V), where v is a distribution on the parameter space ©. Writing this in
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random variable notation, we have

O ~v
Y | 0 =0~ e
We will comment on the notation “Y | ® = 6” in Section 2.3.2. For now, we read it as:

“Given that © takes on the value 0, Y has distribution pg.” Intuitively, it defines a family

of random variables. We can interpret the random variable ® as a measure-preserving func-
tion from some unspecified sample space to 6, where we have stated the distribution on ©.
Hence, P(® € B) = v(B) for measurable B. We can interpret {Y | ® = 0}yco as a family
of measure-preserving functions from the parameter space to Y. Hence, P(Y | ®@ =0 € B) =
o (B) for measurable B.

The interpretation of a model in the Bayesian setting is that v describes our subjective,
prior beliefs about the distribution on the parameter space, the prior distribution, that gener-
ates an observation. As we will see, the Bayesian paradigm provides a methodology for updat-
ing our prior beliefs given observed data to obtain a posterior distribution. In particular, we
can use the posterior distribution as our new prior distribution when making inferences about

additional observations.

APPLIED TREATMENT In an applied setting, one typically has densities. Hence, we will go
over the Bayesian setup again, mostly to explain the notational conventions associated with
probabilistic modeling with densities.

We repeat the Bayesian model written with random variable notation below for conve-

39



nience.

O~y

Y| ©=0n~pp.

In the case we have densities, it is typical to write the following model with several abuses of

notation, as below.

0 ~ p(0)

yl0~plylb).

First, we have overloaded the variable used to name values a random variable takes on with
the random variable itself. For example, we have overloaded 6 to be ®. Second, the notation
p(0) indicates a density. In this case, p is not being applied to a variable 6. Rather, the vari-
able 0 indicates that it is a density on the space ©. Hence, a perhaps less confusing way of
writing it out would be

60— p@(ﬂ)

or simply pe to indicate that pg is the density associated with the random variable ©.
It is also common to express a Bayesian model according to its density factorization. For

example, we would write

p(y | 0)p(0)

as the model distribution. In particular, it is typical to conflate the notion of density and dis-

tribution in practice. Finally, we review some terms used to describe probabilistic models in
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practice.

A probabilistic generative model describes a joint distribution p(6,y) on the product of the
parameter space and observation space. It is possible to generate synthetic data from the de-
scription of the model—hence, its name. In contrast, a discriminative model describes the
conditional distribution p(y | 8). Hence, the model does not fully describe how to create syn-
thetic data. A Bayesian model with distribution p(6,y) = p(y | 8) p(f) can be interpreted as
a generative model where we sample from the prior p(#) and likelihood p(y | #) to obtain a
synthetic data set.

Perhaps the most robust feature of Bayesian modeling is the ability to perform hierarchical
modeling. The idea is that in addition to putting priors on the parameters to our sampling
distribution, we can also put priors on our priors. Let ® and © be parameter spaces, and Y

be the observation space. Then, a (2-level) hierarchical Bayesian model has the form

p(y,0,0) =p(y | 0)p(0 | ) p(¢).

Thus, we model uncertainty on a parameter 6, in addition to modeling uncertainty on our
observation y. Note that the trivial factoring p(y | ¢, 0) p(¢ | 0) p(0) always holds, but is rather
uninformative. Much of the power of probabilistic modeling comes from how it (non-trivially)
factors.

When all distributions in a Bayesian model with joint distribution p(y,0) = p(y | 6) p(9)
have a functional form (i.e., we can write down a formula for its density), it is called a para-
metric model. Depending on the context, a non-parametric model has one of two meanings. In
statistics, it is common to call a joint distribution whose density does not have known func-

tional form non-parametric. In machine learning, a non-parametric distribution is used to
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refer to a distribution on a countable number of parameters (see non-parametric priors such
as the Dirichlet process [107]). In either case, inference in the non-parametric setting is more
difficult than in the parametric setting.

The number of parameters in a Bayesian model does not need to be known ahead of time.
When the number of parameters is fixed and the functional form of the density does not de-

pend on what value the parameters take on, we call it a fized-structure model.

2.3.2 CONDITIONING AND BAYESIAN INFERENCE

CONDITIONAL EXPECTATION Let (€, F, ) be a probability space. Let X be a real-valued
random variable on the probability space and Y be a random variable that is measurable with
respect to the sub-o-algebra H C F, where H £ {Y!(B) | B Borel}. The conditional
expectation of X given Y, written E[X | Y], is any Y-measurable function h (i.e., random

variable) such that the equation below holds for every B € H.

/hd,u:/Xdu
B B

Any such measurable h is called a version of the conditional expectation. Note that the condi-
tional expectation E[X | Y] is a family of Y-measurable functions, but that each function in

this family will differ only on a set of measure zero.

REGULAR CONDITIONAL PROBABILITY A regular conditional probability is a probability ker-
nel k such that P(X € A,Y € B) = [ k(z, B)Px(dz), where A and B are measurable. One

can show that all random variables on a separable complete metric space admit a regular con-
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ditional probability.* Recall that a computable metric space is a separable complete metric

space, and hence, admits regular conditional probabilities.

CONDITIONING WITH DENSITIES Let X be a X-valued random variable and Y be a Y-valued
random variable. Furthermore, let P(X € -) have density fx(-) and fyjx—z(-) be a conditional

density. Then,

J fx(2) fypx=z(y) dx

fX|Y:y(93)

Remark (Computability of conditioning). In general, conditioning is not (Type-2) computable [3].
Nevertheless, in practice, it is (Type-2) computable. We will discuss this more in depth in
Chapter 4 after we have introduced a library for writing computable distributions. In particu-
lar, we will be able to write a program using the library that encodes a counterexample given

by Ackerman et al. [3] of a computable distribution whose conditional is not computable. We
will also explain using the library when conditioning is (Type-2) computable, again following

Ackerman et al.’s results on the computability of conditioning.

“More generally, see disintegration [21].
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Towards Formal Languages for Probability

In this chapter, we will explore some of the difficulties with giving semantics to probabilistic
languages extended with continuous distributions. Then, we review some semantic constructs,
including topological domains (see Battenfeld et al.’s summary [11]), that we will use later to

give semantics to a core probabilistic language.
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3.1 THE BASIC PROBLEM

In order to give denotational semantics to a programming language extended with continuous
distributions, we should find mathematical structures that support (1) language constructs
(e.g., recursion and higher-order functions), (2) familiar reasoning principles about distribu-
tions, and (3) an algorithmic sampling interpretation. In this section, we illustrate some of the
difficulties using a simple programming language extended with distributions.

For now, consider a language with finitely supported discrete distributions with rational

probabilities, whose syntax is given below.

7 :u=Nat | Dist 7

ex=x | z | dist | nope | returne | x+e;e

Types include naturals Nat and distributions Dist 7. The language contains variables x, inte-
gers z, distributions dist, and primitive operations nop e on naturals. As others have observed,
probabilities form a monad (e.g., see the Giry monad [41]). Hence, the language provides
monadic syntax for constructing and manipulating distributions. Informally, return e lifts
a deterministic computation into the probability monad and monadic bind x < e; ; es can be
read as sampling: “draw a sample according to distribution ey, bind the value to variable x,
and continue with distribution es.”

Following Ramsey et al. [94], we can interpret a type Dist 7 as a pmf which maps values of

type 7 (written V[7]) to a probability in the interval [0, 1]

(Finite discrete) V[Dist 7] = V[r] — [0,1],
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where |V[7]| is finite (for simplicity) and > 1 VI[pist 7](z) = 1. Monadic bind z «+

zeV[r
e1 ; eg re-weights the pmf denoted by ey by re-weighting according to the pmf denoted by

e1. We write the expression denotation function as E[T" F e : 7]p € V[r] under a well-typed

environment p with respect to I" (i.e., p € V[I']).

(Bind) E[I'F x < e1; ez :Dist m]p £

v Z (E[T,x : 11 F e : Dist ] plz — Z])(v) - f1(Z)
z€dom(f1)

where f; = E['+ ey : Dist 71]p is the denotation of e;.

Because all quantities are discrete and finite, there is an obvious correspondence between
the (denotational) semantics and traditional notions of computation. Nevertheless, this frame-
work cannot be directly extended to support recursion (e.g., see Ramsey et al. [94]). For ex-
ample, we can write a program that constructs a distribution on a Boolean-valued stream in a
language with recursion and discrete distributions. Notably, the probability of obtaining any
stream is 0, so this program does not have a pmf.

Next, we can consider continuous distributions in the context of a probabilistic language
by adding the type of reals Real to the language and the appropriate distributions. One ap-

proach is to interpret Dist 7 as a measure-theoretic distribution (e.g., [17]).

(Measure) V[Dist 7] £ F — [0,1] where F is a o-algebra on V[7]

We can use monadic bind again, but now the re-weighting is accomplished by a (Lebesgue)
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integral.

(Bind) E[T'F x < ey ; eg: Dist w]p(B) =

/(5: — &[T,z : 71 b eg: Dist w]plr — Z](B))d(E[T F ey : Dist 11]p)

where B is measurable.
Unlike the discrete case, the fact that the denotation is well-defined is less obvious. In par-

ticular, we need to show that the function
Z— E[l,x: 1 F ey : Dist ] p[z — Z](B)

is measurable for any measurable B so that we can integrate it. We sketch out a solution that
shows the denotation function E[I' F e : 7] : V[I'] — V[r] is measurable, where V[I'] is the

product of all the types it contains.’

Sketch 1. We can proceed by induction on the typing derivation. In the bind case, we can con-
clude from our induction hypothesis that E[I',x : 71 F ez] : V[I' x 1] — V[72] is measurable.
Indeed, we actually have a probability kernel (z, B) — E[I',x : 71 F e : Dist w]plx — Z|(B).
It is measurable for fixed measurable B and is a measure for fixed Z. Finally, recall that the
integral of a probability kernel with respect to a measure yields another measure. Putting all

of this together, we conclude that the denotation of bind is well-defined.

The discussion above suggests that we should work in the category of measurable spaces

to get an induction hypothesis that allows us to conclude that our environments are mea-

1VIIF:£C1ZT1,...,:L'nITn]]gV[[T1]] X o+ X V][]
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surable. However, it is well known that the category of measurable spaces is not Cartesian
closed [5]. Hence, we will not be able to extend the language with higher-order functions. It is
also unclear how to derive order-theoretic structure to support (least) fixed-points. Toronto et
al. show how to add recursion in this setting, but model it operationally [111]. Moreover, un-
like the finite discrete case, it is unclear how to implement a sampler for all continuous distri-
butions on a Turing machine because there are a countable number of Turing machine config-

urations, but an uncountable number of continuous distributions.

3.2 SEMANTIC CONSTRUCTS

We assume the reader is familiar with denotational semantics as presented in standard texts
(e.g., as in Gunter [45] and Winskel [118]), including constructs such as complete partials or-
ders (CPOs). Thus, we proceed directly to topological domains, an alternative theory of do-
mains, following Battenfeld et al.’s introduction [11].2

A topological domain captures the structure necessary to support Type-2 computability
as well as to take (least) fixed-points. Unlike a CPO, a topological domain in general does
not carry the Scott topology, and hence, does not consider the partial order primary. Instead,
topological domains start with the topology as primary and derive the order. The main issue
is ensuring that directed chains in the resulting order have least upper bounds.

Recall that we can convert a topological space into a preordered set via the specialization
preorder, which orders x C y if every open set that contains x also contains y. We write S to
convert a topological space into a preordered set. Intuitively,  C y if  contains less informa-

tion than y. For a computable metric space, we can always find an open ball that separates

2We also refer the reader to Battenfeld’s dissertation [8].
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two distinct points z and y (because the distance between two distinct points is positive).
Hence, the specialization preorder of a computable metric space always gives the discrete or-
der (i.e., information ordering), and hence degenerately, a CPO. For example, the specializa-
tion preorder of the computable metric space (R, d, Q) is discrete.

Topological domain theory starts with the Cartesian closed category of gcby spaces (see
Section 2.2.3). A gcbg space is called a topological predomain (abbreviated TP) if every as-
cending chain (x;);en (Wwith respect to the specialization preorder C) has an upper bound z
such that (x;);ey — 2« (with respect to its topology) [11, Defn. 5.1]. This definition ensures
that least upper bounds of increasing chains exist.

The following provides a useful characterization of gcby spaces. As a reminder, a topologi-
cal space (X, O(X)) is a monotone convergence space if its specialization order is a CPO and

every open is Scott open [11, Defn. 5.3].

Proposition 3.2.1 ([11, Prop. 5.4]). A gcby space is a topological predomain iff it is a mono-

tone convergence space.

Hence, we see that the Scott topology is in general finer than the topology associated with
a topological predomain.

Analogous to standard domain theory, call a topological predomain a topological domain
(abbreviated TD) if it has least element, written L, under its specialization order [11, Defn.
5.6]. We can take the fixed-point of a continuous function f : D — D on a topological domain

D in the obvious way as 1L C f(L)C f2(L)C....

Proposition 3.2.2 ([11, Thm. 5.7]). Ewvery continuous function f : D — D has a least fized-

point.
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Category | Objects Morphisms
CPO CPO continuous
CPPO pointed CPO | continuous
CPO |, pointed CPO | strict + continuous
TP TP continuous
TD TD continuous
TD |, TD strict + continuous

Figure 3.1: Summary of categories of domains.

CPO | CPO, |CPO,, | TP | TD | TD,,
DxFE v+ v+ v+ V| V| VY
D=F v+ v+ v V4| V4 v
D+ FE v+ v+
D®FE v v v v
D=F v v+ v v+
Do FE v v+ v v+
D, v v v v v v

Figure 3.2: Summary of constructs on (pointed)CPOs and topological (pre)domains. The symbol v indi-
cates that the construct exists and the symbol 4 additionally indicates that it corresponds to the appropri-
ate categorical construct.

Figure 3.1 summarizes the categories of domains we have available to give semantics. As
we might expect, a CPO is analogous to a topological predomain and a pointed CPO is analo-
gous to a topological domain. Moreover, as CPOs and topological (pre)domains contain much
the same categorical structure, we will overload the constructs to work with both CPOs and
topological domains. For example, we will write = to refer to both a continuous function be-
tween CPOs and a continuous function between topological domains. When it is ambiguous,
we will subscript the construct with the appropriate category. For instance, we write =1p to
indicate the function space from TD.

Figure 3.2 summarizes their categorical structure. The results about CPOs are well known

(e.g., see Abramsky et al. [2]). The results about topological (pre)domains are summarized by
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Battenfeld et al. [11].> We write v to indicate that the construct exists and additionally +

to indicate that it corresponds to the appropriate categorical construct. We write D x FE for
products (D ® E for coalesced products), D = E for continuous functions (D = F for strict
continuous functions), and D + E for sums (D @ E for coalesced sums). D lifts a topological
(pre)domain. In summary, topological (pre)domains possess virtually all the same categori-
cal structure as their CPO counterparts. Now, we recall the topological structure underlying
topological (pre)domains as it is not necessarily the Scott topology.

The sequentialization of a topology is the canonical topology associated with a topological
(pre)domain, similar to how the Scott topology is the canonical topology associated with a
CPO. As a reminder, a set U is called sequentially open if every sequence converging to x € U
is eventually contained in U.* A topology for which every open is sequentially open is called
sequential. Every topological space X has a sequentialization Seq(X) defined on the same
underlying set that adds all the sequentially open sets. Every countably based space (e.g., a
computable metric space) is sequential. We now recall the product and function spaces on
topological (pre)domains.®

Let D and E be two topological predomains and consider D x E. The underlying topology
is given by the sequentialization of the product topology of D and E (as in [11, Sec. 4]). One
can check that the specialization order gives the expected component-wise order.

Now, consider the function space D x E. The underlying topology is given by the sequen-

3For results on TP, see [11, Thm. 5.5]. For results on TD, see [11, Thm. 5.9]. For results on
TD,y, see [11, Thm. 6.1, Thm. 6.2, Prop. 6.4]

4The converse holds-if U is open, then a converging sequence by definition is eventually in U.

SEscardo et al. provide a more general introduction on how to create Cartesian closed categories of
topological spaces using probing maps, of which sequentialization is a special case [31].
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tialization of the compact open topology on D and E (as in [11, Sec. 4] and [10, Prop. 3.5]).

As a reminder, the compact open topology %.,(D, E) has subbasic sets

S(K,U)={fe¥€D,E)| f(K)CU}

where K C D is compact and U C FE is open. The specialization order gives the expected
pointwise ordering. In addition, we get that suprema are constructed pointwise by [10, Lem.
3.13]. The function space of a topological (pre)domain differs the most from its CPO counter-

part, so it is helpful to sketch out why the ordering on D = F is pointwise.

Sketch 2. We recall a few facts. First, observe that Sierpinski space (Section 2.2.3) S is se-
quential (it is finite). Second, for any sequential space X and arbitrary space Y, f : X = Y
is continuous iff f : X — Seq(Y) is continuous. Thus, the collection of continuous functions
{f €S —= X | f continuous} coincides with {f € S — Seq(X) | f continuous}. In par-
ticular, this implies that the specialization ordering on X and Seq(X) are the same. Third,
observe that the specialization ordering on the compact open topology is pointwise. Fourth
and finally, recall that the function space on D = FE is given by the sequentialization of the
compact open topology. Putting this together, we get that D = FE also has pointwise order-
ing.

We provide some examples of topological (pre)domains and comment on their relation to
ordinary CPOs.

1. The naturals N with discrete topology is a topological predomain with discrete special-
ization order. The Scott topology on the resulting CPO is discrete, and hence, coin-
cides.

2. The reals R with Euclidean topology form a topological predomain with discrete order

(in particular, it is Hausdorff), but the Scott topology of (R, Cpiscrete) is discrete.
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Function Type

const(d) =e—d D= (E=D)

liftt(f) = Lp— Lg,d— f(d) | (D= FE)= (D, = E)

mi(d,e) =d DxE=D

ma(d,e) =e DxE=F

(f,9) =d—(f(d),g(d)) (D= E)x(D=F)= (D= ExXF)

uncurry(f) = (d,e) — f(d)(e) | (D= E=F)= (Dx E=F)
curry(f) =d,e — f(d,e) (D=FE=F)=(DxE=VF)
apply(f,d) = f(d) (D=ExD)=E

fix(f) =, f"(Lp) (D= D)= D

Figure 3.3: Summary of operations.

3. The interval [0, 1] with lower topology, i.e., O([0,1]) = {(a,1] | @ € [0,1)} U {[0,1]} is
a topological domain with order <. The Scott topology gives the lower topology and so
the two coincide.

Now that we have some base examples, we can build some additional topological pre(domains
using the constructs from Figure 3.2.

1. Let L(X,0(X)) = (| X|JUL,O(| X |)U{| X JUL}. That is, it adds a L element and a sin-
gle open set | X | U L, while tagging all of X via | X | to distinguish L. This corresponds
to lifting a topological predomain D via D .

2. NXCpoNgNXTpN.

3. The function space R =p R gives the continuous functions with respect to the usual
Euclidean topology. In contrast, the Scott continuous functions R =cpo R contain all
functions.

Figure 3.3 summarizes the functions (in the appropriate categories) we will use throughout

the semantics. They are all standard and provided for reference.

3.3 TOWARDS SEMANTICS

In Chapter 4, I argue that by considering Type-2 computable distributions, we can support fa-
miliar language constructs, provide standard continuous reasoning principles, and realize pro-

gram denotations as (Type-2) computable algorithms. All of the theory related to computable
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distributions and their connections with domain theory that I will use has appeared at one
point or another in the literature. Hence, my contribution is simply one of synthesizing these
results in the context of a high-level probabilistic modeling language. Indeed, the intuitive
reason for why paying attention to computability can address semantic issues for expressive
probabilistic languages can be summarized by the motto: “Turing-complete probabilistic mod-
eling languages express computable distributions.” Of course, in hindsight, the motto is rather

tautological!
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An Application of Computable Distributions to

the Semantics of Probabilistic Programming

Languages

In this chapter, we describe a core probabilistic language called A¢p that extends a PCF-
like language with distributions and give A¢p two semantics. The first semantics is based on

topological domains whereas the second semantics is based on CPOs. Compared to the second
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semantics, the first is cleaner because all the structure we need is captured categorically. The
second semantics relies on an auxiliary argument involving the computability of environment
lookup (see A.6.1). T would like to thank Mitch Wand for pointing out this gap in the presen-
tation of the CPO semantics. Nevertheless, in light of our motto, it is still interesting to study
how to extend a standard CPO model of PCF with distributions.

In each semantics, distributions will be assigned both a sampling interpretation and distri-
butional interpretation. The distributional interpretation uses valuations, a topological variant
of a distribution, instead of measures. Consequently, A\cp will be restricted to distributions
on topological spaces. Nevertheless, this includes spaces of practical interest such as reals and
countable products of topological spaces. What we gain is that we can reason about proba-
bilistic programs using the distributional semantics (see Section 4.6) and also faithfully im-
plement the corresponding sampling semantics (see Section 4.5). Moreover, the restriction
enables both semantics to support language features such as recursion and higher-order func-

tions in a largely standard manner.

4.1 A CORE LANGUAGE

The language A¢cp extends a PCF-like language with reals and distributions. We present the

full syntax below for completeness.

Tu=Nat | 7—7 | 7X7 | Real | Samp 7
ex=xz | n| nope | \x.e | ee | if0Oecthenecelsee | px.e
| (e;e) | fste | snde

| | rop™(e1,...,en) | dist | returne | z+e; e
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The first line of the expression syntax gives standard PCF-like expressions. For example, the
syntax nop e corresponds to primitive operations on naturals (e.g., successor and predecessor).
Because we are being somewhat vague about which primitive operations nop on naturals are
present in A¢p and also omit booleans, we will refer to the fragment given in the first line of
the expression syntax as PCF-like. The second line of the expression syntax adds pairs to the
PCF-like fragment.

The third line of the expression syntax adds constants for reals r and application of primi-
tive real functions rop™ (e, ..., e,), and the constants dist represent primitive distributions on
computable metric spaces. The expressions return e and x < e ; e correspond to return and
bind respectively in an appropriate probability monad.

The constants for reals and distributions can be given explicitly by their names (recall Sec-
tion 2.2.3) because they are elements of the appropriate represented spaces. More concretely,
if o : 2% — R is the fast Cauchy representation of a real, then the constant r in Agp is a
bit-stream such that r € dom(dg). In other words, constant reals and distributions can be
named by bit-streams. Note that we do not need to restrict the constant reals or distributions
present in A\cp to be Type-2 computable. However, in a practical setting, we would restrict
the constants provided by the language to be Type-2 computable so that they can be repre-
sented by an algorithm that computes their name.

Like PCF, A¢p is a typed language. In addition to standard types, A\cp includes the type
of reals Real and the type of distributions Samp 7. Figure 4.1 summarizes the type-system for
Acp. The expression typing judgement I' - e : 7 is parameterized by a context ¥ (omitted in
the rules), which contains the types of primitive distributions and functions. The typing rules

are largely standard.
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bp T Well-formed distribution type

Fp T Fp ™
Fp Nat Fp Real Fp 11 X Ty
Expression typing judgement
Nzx)=r71 U(nop) = Nat — Nat 'k e:Nat
I'kFax:r I'Fn:Nat I'+nop e : Nat
U(rop") =71 X -+ X Tp = T I'ke:mforl<i<n I'z:mbFe:m
I'rop™(er,...,en): T 'FXMr.e:mp — T
I'be:m—rT I'kes:m ' eq : Nat I'keg,eg:r 'ez:tke:r
I'Feley: T I'Fn:ifOe; theneg elsees: T 'Fpz.e:r
I'ke:m I'key:m I'Fe:m xm I'Fe:m X7
'k (e1,e2): 71 X 7o I'Hfste:m I'Fsnde:n I'7r:Real
U(dist) = Samp T Fp T ke:r Fp T
I' - dist : Samp 7 I' - returne: Samp 7
I'Fep:Samp 7y I'z:71 Feg:Samp 7 Fp 71,7

I'Fxz<e1; ez:Samp 7

Figure 4.1: The type-system for Acp. The expression typing judgement is parameterized by a context VU,
which contains that types of primitive distributions and functions.

o8



For expressions that operate on distributions, the judgement Fp 7 additionally enforces
that the involved types are well-formed. The distribution type Samp 7 is well-formed if the
space denoted by 7 supports the operations required of a computable metric space. This in-

cludes the natural type Nat, the real type Real, and products of well-formed types 7 x 5.1

4.2 DISTRIBUTION CONSTRUCTIONS

In this section, we gather results about valuations and integration. Our goal is to present
these results in a form amenable for giving the semantics of Acp, as they have often appeared

in the literature under a different guise (e.g., to study Type-2 computability).

4.2.1 VALUATIONS

Let X be a topological space. A valuation v : O(X) — [0,1] is a function that assigns to
each open set of a topological space a probability, such that it is strict (¢(#) = 0), monotone
(w(U) < y(V) for U C V), and modular (v(U) + v(V) = v(UUV) + v(U NV) for every
open U and V). A valuation shares many of the same properties as a measure, and hence, can
be seen as a topological variation of distribution. Notably, unlike measures, valuations are not
required to satisfy countable additivity.

However, every Borel measure p can be restricted to the lattice of opens, written u|o(x),
resulting in an w-continuous valuation. As a reminder, a valuation v is called w-continuous if
V(Upen V) = sup,en (Vi) for (Vy,)nen an increasing sequence of opens. Hence, the count-

able additivity of p encodes the w-continuous property. Indeed, there are many connections

We can also support distributions on distributions, etc., but restrict our attention to ground types
for simplicity.
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between Borel measures, valuations, and Type-2 computable distributions.

Let OS(X) = (O(X), C) be the lattice of opens (and hence a CPO) of a topological space
X ordered by subset inclusion. Let [0,1]T = ([0, 1], <) be the interval [0, 1] ordered by <. We
have the following relationships between OS(X) and [0, 1] as CPOs and represented spaces

(and hence topological domains):

Proposition 4.2.1.

1. [0,1)T = ([0,1],6<) where 6« is a representation that induces the lower topology® and

2. OS(X) =2 %(X,S) when X is an admissible represented space (see Schroder [102, Thm.
3.8] and its proof).3

The function space between O=(X) and [0,1]" is indicative of the type of a distribution.

Proposition 4.2.2. Let (X, O(X)) be a topological space.

1. Bvery Borel measure j1 on X can be restricted to an w-continuous valuation plo(x) :
[OS(X) =cpo [0,1]"] (see Schrider [102, Sec. 3.1]). Moreover, u is uniquely deter-

mined by its restriction to the opens u|@(x).4

2. When X is countably based, [O(X) = cpo [0,1]T] =2 €(O(X),[0,1]) (see Schroder [102,
Sec. 8.1, Thm 3.5, Cor. 3.5]).

3. When X is countably based, [O<(X) =cpo [0,1]"] 2 [0S(X) =7p [0,1]7].°

2We saw this as an example previously in Section 3.2.

3 Alternatively, recall that O(X) = %(X,S). As X is an admissible represented space, it is sequen-
tially generated [31] and hence also compactly generated [31]. Hence, ¥(X,S) = Seq(%..(X,S)),
which can be shown to carry the Scott topology (see [Prop. 3.7][10]).

“Note that the w-continuous condition encodes what it means for a function to be w-Scott con-
tinuous, i.e., an w-CPO continuous function. The second part follows by an application of the m-A

theorem.

5Recall that every w-continuous pointed CPO with its Scott topology coincides with a topological
domain [11]. The least element is the valuation that maps every open set to 0.
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In light of proposition 4.2.2, we will interchangeably use Borel distributions and valuations.
As we will further restrict our attention to distributions on computable metric spaces (and
hence countably based spaces) in A¢p, proposition 4.2.2 gives three equivalent views of a val-
uation as (1) a CPO continuous function, (2) a continuous map between represented spaces,
and (3) a continuous function between topological domains. (1) and (3) can be used to give
semantics. (2) indicates that there is an associated theory of effectivity on valuations that we
can take advantage of. Now that we have finished recalling some properties of valuations, we

will continue to integration.

4.2.2 INTEGRATION

Let X be a represented space and p € M;(X), where M;(X) is the collection of Borel mea-

sures on X that have total measure 1.
Proposition 4.2.3. The integral of a lower semi-continuous function f € €(X,[0,1]<) with
respect to a Borel measure

[ 0,100 x M) - 011
is lower semi-continuous (see [102, Prop. 3.6]). In fact, it is even lower semi-computable
(see [102, Prop. 3.6] and [51, Prop. 4.3.1]).

As a reminder, (Lebesgue) integration of a non-negative function f with respect to a mea-

sure p is defined as

/fdu ésup{/sdu | s < f, simple}
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where a simple function s is of the form

N
s(2) =Y ailp,()
i=1

for B; measurable and
N
/Sdﬂ = ZaiM(Bz‘) :
i=1

The idea is to define the integral of a non-negative function f by approximating it from below
by simple functions, i.e., finite sums of step functions. In particular, we can define an integral
of a simple function as a finite sum. Once we have done so, the key idea is to show that tak-

ing the limit of the integral of simple functions is equivalent to the integral of the limit of the

simple functions.

lim [ f, d,u:/ lim f, dp
n—oo

n—oo

In other words, we show that the limit commutes with the integration operator. This is known
as monotone convergence in measure theory. In an order theoretic setting, it corresponds to

Scott-continuity of the integration operator.

Remark (Notation). We will use the same symbol [ for integrating with respect to an w-
continuous valuation. The overloading of notation is justified because every Borel measure
u € M1(X) on a space X is uniquely determined by its restriction to an w-continuous valua-

tion plo(x) (recall proposition 4.2.2).

Remark (Countably based spaces). Integration on countably based spaces is nicer compared
to integration on more general spaces. Let o close a collection of sets under the o-algebra con-

ditions. Let X and Y be two topological spaces. It is well known that o(O(X) ® O(Y)) #
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a(O(X)) x a(O(Y)), where the left forms the product o-algebra via ® after closing each com-
ponent separately while the right closes the product topology. However, the left is equivalent
to the right when one of X or Y is countably based. Consequently, when restricted to count-
ably based spaces, we can rely on standard measure-theoretic integration theorems (e.g., Fu-

bini) without having to show that an analogous result holds on valuations.

4.2.3 SEMANTIC CONSTRUCTIONS

Now, we combine the results about valuations and integration to define a probability monad.
The constructions we define here will be used later in the semantics of A\cp. We start with
constructions for a sampling interpretation.

Define an (endo)functor S that sends a countably based topological predomain D to a sam-
pler on D and a morphism to one that composes with the underlying sampler. Then, S(D) is

a sampler producing values in D.

Proposition 4.2.4. The functor S is well-defined.

S(D)£2“ =D,

S(f:D=E)2 s lift(f)os.

Proof. Let D be a countably based topological predomain. First, 2¥ = D is clearly a topo-
logical predomain (it even has least element - — L), so we check that it is countably based.
Recall that if X and Y are countably based spaces where X is additionally locally compact,
then the space of continuous functions from X to Y with compact-open topology is countably

based. 2% is compact and hence locally compact, so 2* = D, with compact open topology is
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countably based. Finally, in this case, recall the function space = gives the sequentialization
of the compact open topology (see Section 3.2) and a countably based space is sequential, so
the result follows.

Second, S(f) is clearly well-defined. Third, we check the functor axioms. The identity

clearly holds and associativity follows by the following calculation.

S(go f)(s) =lift(go f)os
= lift(g) o lift(f) o s
= lift(g) o S(f)

=S(g) o S(f)

Next, we define some operations on samplers.

det:X:>S(X)L

det = z +— lift(const(z))

creates a sampler that ignores its input bit-randomness and always returns x. The function

split : 2¢ = 2% x 2%

split = u > (Ue, Uo)

splits an input bit-stream u into the bit-streams indexed by the even indices u. and the odd
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indices u,. The function

samp : S(X) = (X = S(Y)) = S(Y)

samp = s, f — lift(uncurry(f)) o lift({s o 71, m2)) o split

splits the input bit-randomness and runs the sampler s on one of the bit-streams obtained by
splitting to produce a value. That value is fed to f, which in turn produces a sampler that is
run on the other bit-stream obtained by splitting.

We may recognize det and samp as return and bind respectively in a sampling monad. We
will not do that here, opting instead to construct a probability monad and deriving the associ-
ated laws after relating the sampling functions (see Section 4.3).

Define the (endo)functor &2 on countably based topological predomains that sends an ob-
ject D to the space of valuations on D and a morphism to one that computes the pushfor-

ward.

Proposition 4.2.5. The functor &2 is well-defined.

2(D) 2 0o(D) = [0,1]"

P(f:D=>E)2u—poft.

Proof. First, we have that £(D) is a countably based represented space by Schroder [102,
Cor. 3.5] and hence topological predomain by proposition 4.2.2. Second, we verify that the

pushforward is continuous. Again as a consequence of proposition 4.2.2, we can check that the
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pushforward preserves directed suprema. Let (U, )nen an increasing sequence of opens.

= (ﬂ © fﬁl)(U Un) (Continuity)

Third, we need to check the functor laws. Clearly, & (id)(n) = p. Finally, we check functor

composition.

P(go f)(p)=po(gof)

We can construct a probability monad using the functor &2.

Proposition 4.2.6. The triple (£2,n, =,) is a monad, where

n(2)(U) = 1y(v)

(s YOV 2 [ furd or fu() = SO
Proof. First, the step function given by n(z) is a valuation. Second, observe that uncurry(f)

66



is a probability kernel—uncurry(f)(-,U) is lower semi-continuous for any open U so it is mea-
surable and uncurry(f)(z,-) for any z € X is a valuation. Hence, U — [ fu du is the in-
tegral of a probability kernel, which produces a (Borel) measure that can be restricted to an
w-continuous valuation. Third, we check the monad laws. Clearly, the left and right identity
laws hold. To show associativity, we first compute ((1z >, f) =5 ¢g) and p =, (z — fx =, g),

where p € (X)), f: X = P(Y),and g: Y = H(Z). For the former, we have

(1 =y f) = 9)(U):L9Ud(u = f)

Z/gUdV,
Y

where

qu»—)/fvdu.

For the latter, we have

MMWHf@>wMU=A®Hf@>whw

=/Xw/ygUd<f<m>>du.

Thus, we need to show

/Ygudl/:/XzH/YgUd(f(x))du

for some open U. We can use Monotone Convergence. Let (g7y)nen be a sequence of simple

functions that converges to gy pointwise. Write the n-th simple function as » 7, aplan(-).
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Then,

[ v = ;</X Fan i)

and

/X:cH/gUd(f(:c))dp/}(mHgakf(x)(Ak)du
=/Xx'—>zk:akf,4k(x)du
:zk:akAfAkdﬂ

where the last equality holds by linearity of the integral. This shows that the integrals are

equivalent for each g, and so the integrals are equal by Monotone Convergence. 0

4.3 A ToPOLOGICAL DOMAIN SEMANTICS

We are now ready to give a semantics to Acp based on topological domains using the con-

structs from Section 4.2.

4.3.1 INTERPRETATION OF TYPES

The interpretation of types V[r] interprets a type 7 as a topological domain and is defined

by induction on types. We summarize the interpretation of types V[r] below, which follows a
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call-by-name evaluation strategy.

V[Nat] £ (N, dpiscretes N) 1
Vin x 7] 2 (V[n] x Vir])L
V[r = ] £ (V[n] = Vir]).
V[Real] £ (R, dguciia, Q) 1

V[Samp 7] £ Sesvpr) Psh,(s) where psh_(s) € 2(V[r])

The interpretation of standard types is similar to what one might expect from a standard
CPO call-by-name interpretation. Indeed, the only difference is that we replace CPO con-
structs with their topological domain counterparts. In the interpretation of the types Nat and
Real, we have explicitly written out the topologies (as a computable metric space). Combin-
ing the sampling functor S with the probability monad &2 gives the interpretation of a dis-
tribution type Samp 7. The function psh, computes the pushforward and relates the sampler
with the valuation on a space denoted by 7. Note that the well-formed distribution judgement
Fp 7 ensures that the probability monad &2 is applied to only the countably based topological

(pre)domains.

4.3.2 EXPRESSION DENOTATION

The expression denotation function E[I" F e : 7] : V[I'] = V[r] where is defined by in-
duction on the typing derivation and is summarized in Figure 4.2. It is parameterized by a
global environment YT that interprets constant reals r, constant primitive distributions dist,

and primitive functions (nop and rop™). The global environment T should be well-formed. As
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Ela]p £ plx)
Elnlo 2 Y(n)
&[nop e]p £ T (nop)(£e]p)
Ez. €]p = |7 — E[e]plr — 7]
Eler ealp £ unlift(E[er]p)(E[e2]p)
Elea]p if Efer]p =0
E[if0 ey then e else es]p = { Ees]p if E[er]p = for a # 0
1 otherwise
Elux. e]p = fix(x — E[e]p[z — 7))
El(er,e2)]p = [(Elerlp, Elle2]p))
E[fst e]p £ w1 (unlift(E[e]p))
E[snd e]p £ w2 (unlift(E]e]p))
Elrlp = 1(r)
E[rop™(e1, ..., en)]p = Y(rop™)(Elei]p; - - -, Elen]p)
Eldist]p £ Y(dist)
E[T I return e : Samp 7]p = (det(E[e]p), n(Ee]p))
E[l -z < e1; ez : Samp m]p = (samp(mi(E]e1]p)) (@ — mi(E]ex]plz — Z])
ym2(Eerlp) = T = ma(Elea] plz — 71))

Figure 4.2: The denotational semantics of A\cp. We write 72 to be the semantic value corresponding to
the syntax n.

shorthand, we will put a bar over constants to represent the semantic value obtained from a
global environment lookup (e.g., T(n) = i) to distinguish the semantic value from the syntax.

o For any nop € dom(7Y), the corresponding semantic function nop is strict and com-

putable on its domain.

e For any r € dom(Y), r € dom(dgr) where dg is the representation of reals. In other

words, r should be the name of a real 7.

o For any dist € dom(T), dist € dom(é(zw:>x)X(O(X)é[oﬁlm) where 5(2“’:>X)><((9(X):>[0,1]T)
is the representation of a pair of a sampler and valuation on the space X. In other
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words, dist should be the name of a pair dist of a sampler and the corresponding dis-

tribution.

o For any rop™ € dom(7T), the corresponding semantic function rop™ is strict and continu-

ous on its domain.

Now, we will walk through the expression denotation function. As the denotation of expres-
sions corresponding to the PCF-like fragment are standard, we will focus on the constructs

Acp introduces. The denotation of a constant real r is a global environment lookup.

Elrlp =1(r)

As a reminder, if r gives the name of the corresponding semantic element, written 7, then a
global environment lookup corresponds to applying the representation g (i.e., Y(r) = dr(r) =
7). The denotation of a primitive function on reals rop™(es,...,e,) applies the semantic func-

tion Y (rop™) to the denotation of each of its arguments.

Erop™(e1, ..., en)]p £ T(rop™)(Eler]p, - - -, Elen]p)

By well-formedness of the global environment Y, T (rop™) denotes a strict function. Hence, it
produces | whenever any of its arguments denotes 1. At the level of Oracle Turing machines,
this means that Y (rop™) diverges when any of its arguments diverges. Next, we will go over
the denotation of distribution constructs in A¢p.

The denotation of a constant primitive distribution dist is a global environment lookup. As

a reminder, the interpretation of Samp 7 is a pair of a sampler and valuation so the lookup
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should also produce a pair.

Eldist]p = Y (dist)

The denotation of return e produces a pair of a sampler that ignores the input bit-randomness

and returns E[e]p, and a point mass valuation centered at E[e]p.

E[T + return e : Samp 7]p = (det(E[e]p), n(Ee]p))

The meaning of x < e ; ey also gives a sampler and a valuation.

E[lFa <+ e1; ex:Samp m]p =
(samp(m1(E[e1]p))(z — mi(E[e2]plz — 2]),

m2(Eeillp) =y T > m2(Ee2]lplz — 7))

Under the sampling view, we use samp to compose the sampler obtained by 71 (E[e1]p) with
the function z — m1(EJe2]p[z — Z]). Under the valuation component, we reweigh z
mo(Eez2]plx — Z]) according to the valuation ma(Ee1]p) using monad bind >, from 2.

Note that the sampling component and the valuation component were independent of each
other in each of the distribution expressions. Hence, we could have given two different seman-
tics and related them. However, in the current form, we will obtain that the valuation is the
pushforward along the sampler by showing that expression denotation function is well-defined.

The structure of the argument showing that the expression denotation function is well-

defined is virtually identical to the argument for showing that the CPO semantics of PCF
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is well-defined. The interesting cases correspond to return e and = <+ e; ; ey where we need
to relate the sampling component with the valuation it denotes. We accomplish this with an

auxiliary lemma.

Lemma 4.3.1 (Push). Let X and Y be countably based represented spaces.

1. psh(det(z)) = n(z) for any x € X.
2. psh(samp(s)(f)) = psh(s) =, v — psh(f(v)) for any s : S(X) and f: X — SY).

Proof. The first claim is straightforward.

psh(det(z)) = psh(lift(const(x)))
=U w lift(pizg) {u | x € U})
=Uwr ]IU(JZ)

= ()

The second item is slightly more involved. Let § = lift({somy, mo))osplit and f = lift(uncurry(f))

so that samp(s)(f) = f o 5.

psh(samp(s)(f)) = psh(f o 3
— U s Bt (1) 7 (FL(0))
=0 [(@0) o Lo (0,0) dpsh(s)
U [(00) o Loy ((0,0) dlpsh(s) @ i)
U [0 it (usa) (7)™ (0) d(psh(s)

= psh(s) =, psh(f)
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Crucially, we need to use the fact that split produces independent bit-streams. O

Now, we check that the denotation is well-defined.

Lemma 4.3.2. Let T be a well-formed global environment. If T' - e : 7, then E[e] : V[I'] =

V7]

Proof. By induction on the derivation of I' F e : 7. The cases involving the PCF-like fragment
are identical to the CPO proof. The cases involving constant reals and distributions, I' F 7 :

Real and I' - dist : Samp 7 follow from continuity of const and well-formedness of Y.

Case 1 (I' Frop™(ey,...,e,) : Real). By definition,

E[rop™(e1, ..., en)] = apply o{lift(Y(rop™)), (E[ei], - - -, Elen])) ,

which is continuous if we can show E[e;] is continuous for 1 < ¢ < n. This follows by the

induction hypothesis.

Case 2 (T' F return e : Samp 7). By definition, E[return e] = (lift(const) o E[e],n o E[e]),
which is continuous as £[e] is continuous by the induction hypothesis. The sampler is related

to the valuation by the push lemma 4.3.1.

Case 3 (T'F o + e1 ; eg : Samp 72). As in the other cases, we can write the denotation in

point-free form. We have [z < e; ; e2]p = (s, p), where

s = apply o(const(samp), (w1 o E[e1]], uncurry(m o Efez])))

w1 = apply o{const(>), (m2 o E[e1], uncurry(ms o Efez]))) -
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By our induction hypothesis, we obtain that E[e;] : V[I'] = V[Samp 71] and Efes] : V[I] x
V[m1] = V[m]. Thus, the denotation is well-defined as it is a composition of continuous func-

tions. As before, the sampler is related to the valuation by the push lemma 4.3.1.

Hence, the expression denotation function is well-defined. As we just saw, topological do-
mains provide all the necessary structure for giving semantics to a probabilistic programming
language extended with continuous distributions. Indeed, they even provide an associated
computability theory so we will later be able to implement the sampling semantics faith-
fully (Section 4.5). However, the tradeoff was that we restricted Acp to distributions on com-
putable metric spaces. Nevertheless, as we mentioned previously, this captures essentially all
spaces used in practice, including reals, (countable) products of computable metric spaces,

and distributions on distributions.

Remark (Primitive functions 1). In the setting with reals and continuous distributions, we will
need to be slightly more careful with the domains of primitive functions to ensure that they
are continuous with respect to the appropriate topologies. For instance, consider the functions
+1 : R — R that adds 1 to its argument and log : Rt — R. The former is a continuous
function that defined on all of R. The latter is a continuous function when restricted to the
subspace RT. Thus, we should model the former with the topological domain R = R, and
the latter with the topological domain R™ = R, where we equip the non-negative reals R™
with the subspace topology.

As our interpretation of types is given by induction on types, we will need additional types
(and primitives) in Agp to distinguish between these two domains if we hope to support such

primitives. More concretely, we could support a partial function such as log by adding the
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additional type Real™ that denotes the appropriate topological domain, a conversion function
nonnegToReal : Realt™ — Real with the expected semantics, and another conversion function

realToNonneg : Real — Real™ that diverges if called with a negative number.

Remark (Primitive functions 2). In addition to the previous remark on primitive functions, we
will also need to be slightly careful to note when the semantics of Acp primitives are differ-
ent from the “usual” semantics. For instance, consider the function < which we might assign
the type Real x Real — Bool. Notably, this relation is not decidable so it cannot have the
usual semantics. That is, it cannot return false when = > y for some z,y € R. Instead, the

semantics is as follows:

[1]  when E[ei]p < Ee2]p

Eler<ez]p = 0]  when E[e1]p > Efex]p

1 otherwise, i.e., when E[e1]p = Efez]p

We can actually see that this is the correct semantics by trying to implement such a prim-
itive. Suppose instead that we have the primitives <! : Real x Real — Unit and >!
Real x Real — Unit, where the superscripts indicate that they are 1-sided tests. In particular,
these primitives correspond to the semi-decidability of < and > respectively—V[Unit] = S.
Assuming that we additionally have a parallel or operation®, then the function < can be im-
plemented by running both <! and >! in parallel, matching on which computation produces a

value first. The case that both <! and >! diverge is when the arguments are equal.

SWe will discuss the issues with implementing such an operation when we implement computable
distributions as a library in Haskell (Section 4.5).

76



4.4 A COMPLETE PARTIAL ORDER SEMANTICS

Given the motto “Turing-complete probabilistic programming languages express computable
distributions,” one natural attempt at giving Acp semantics would be to extend a standard
CPO model of PCF. In this section, we show how to give A\cp a CPO semantics. Compared
to the previous semantics, we will not be able to derive all the required structure categorically.
Consequently, we will need to rely an auxiliary argument to recover that environment lookup
is continuous—perhaps surprisingly, this relies on an Oracle Turing machine argument, which

highlights the importance of considering computability.

4.4.1 INTERPRETATION OF TYPES

The interpretation of types V[r] interprets a type 7 as a CPO and is defined by induction on
types. As a CPO in general does not carry the same topology as a computable metric space,
we will use an auxiliary type interpretation function 9t[-] to denote the types that can be
endowed with a computable metric.

We write 9M[7] to associate a well-formed type (Fp 7) with a computable metric space,

defined by induction on well-formed types.

MNat] £ (N, dpiscrete, N)
DT([[Real]] £ (R7 dEBuclid; Q)

M7 x 72] 2 M[r1] x M[r2]

The interpretation of naturals and reals are standard. The interpretation of a product M[r x

7] forms the product of computable metric spaces M[r1] and N[r=].
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Due to the coincidence of the CPO and topological domain interpretation of w-continuous
valuations on countably based spaces (by proposition 4.2.2), we can still use the probability
monad & from Section 4.2 to interpret the valuation component of a distribution type in the
CPO semantics. However, samplers in the CPO 2% =cpo D, are not necessarily continuous
topological domain maps. Nevertheless, they are measurable.” Moreover, valuations can be re-
alized by continuous sampling functions. Hence, we can restrict the interpretation of samplers
as elements of the CPO 2% =cpo D, to those that are continuous.

We summarize the interpretation of types below with a call-by-name evaluation strategy.

We use Sys (as opposed to S for the topological domain) for the CPO type of samplers.

V[Nat] £ Disc(N).
V[r x ] £ (V[r] x V[r])L
V[r = ] £ (VIn] = V[r])L

V[Real] £ Disc(R)

V[[Samp Tﬂ £ EsESM(D’ﬂ[[T]]) pShT(S)

The interpretation of types from the PCF-like fragment are standard. Recall that S applies
the specialization preorder and L lifts a topological space. Hence, Disc(N); = S(L(M[Nat]))
and Disc(R); = S(L(M[Real])). As before, we give both a sampling interpretation and a

valuation interpretation, related by the pushforward psh, . Note that the use of 9[-] only

Tt is sufficient to show that every subset of 2% can be written as a countable intersection of open
sets (called G — ¢ sets). Let A be an arbitrary subset of 2* and define [X] = X if thereisana € A
such that a € X and [X] = 0 otherwise. Next, define a sequence (Bp)nen of sets as follows: By = [2¢],
By = [02¥] U[12¥], By = [002%] U [012¥] U [102°] U [112], and etc. Then, A = NperBn.
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appears in the interpretation of the distribution type.

4.4.2 EXPRESSION DENOTATION

The expression denotation function E[I' F e : 7]p : V[I'] = V[r] is defined by induction on the
typing derivation. The denotation is parameterized by a global environment Y that interprets
constants and primitive functions. As before, we enforce the same well-formedness conditions
on the global environment Y. The structure of the semantics is identical to the topological
domain version (see Figure 4.2), except that all the functions we use are CPO functions this
time.

To relate the sampling component with the valuation component, we will again need a push

lemma.

Lemma 4.4.1 (Push 2). Let X and Y be computable metric spaces.

1. psh(det(z)) = n(x) for any x € X.

2. Suppose s : Sy(X) and f + X — Sy(Y) is continuous.® Then, psh(samp(s)(f)) =
psh(s) >y v — psh(f(v)).
Proof. The proof is similar to that of lemma 4.3.1. However, we need the extra condition that
f:X — Sy (Y) is continuous to conclude that f: X — Sy (V) =2 X x 2 — Y] is measurable.
To see this, observe that f(z,-):2“ — Y, is measurable for every x € X, and hence takes the

form of a jointly measurable Carathéodory function®. O

8 An earlier version of this work missed the continuity condition.
9Let Z be a measurable space and let X and Y be topological spaces. A Carathéodory function

is a function f : X x Z — Y such that (1) f(z,-) is measurable for any x € X and (2) f(,z) is
continuous for any z € Z. Carathéodory functions are jointly measurable.
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Next, we show that the denotation is well-defined. However, as CPO continuous functions
do not coincide in general with topological domain continuous functions, our induction hy-
pothesis carries less structure. In particular, we will need to rely on an auxiliary argument

involving Oracle Turing machines that shows that environment lookup is continuous.

Proposition 4.4.2 (Environment lookup is computable). Let T,z : 7, F e : 7, where V[,

and V(7] both denote represented spaces. Then,

z — Ele]p[x — ]

is computable as a map between represented spaces.

Intuitively, the proposition holds because environment lookup is computable. Hence, it is
continuous. Put another way, we can treat an environment lookup of the variable x as Turing
machine code for: “look at the tape named by x”. For now, we will walk through the argu-

ment that the denotation is well-defined first and then comment on proposition 4.4.2.

Lemma 4.4.3 (Denotation well-defined). If ' - e : 7, then E]e] : V[I'] = V][r].

Proof. By induction on the typing derivation under the stronger induction hypothesis that
the samplers are continuous (as represented maps). We check the cases corresponding to T" -

returne: Samp 7 and I' - x < €1 ; ey : Samp 7».

Case 4 (I' F return e : Samp 7). The definition of the sampler and valuation are clearly

well-defined. Applying lemma 4.4.1 completes this case.

Case 5 (I' - @ + e1 ; eg : Samp 72). For this case, it is productive to address the sampler and

the valuation separately, and then relate the two.
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The denotation of the sampling component is samp(m1 (EJe1]p))(Z — 71 (E]e2]plx — T))).
By the induction hypothesis, E[e;]p is continuous and E[ez]p[x — Z] is continuous for any Zz.
Moreover, by Proposition 4.4.2, the function E[es]p[x — Z] is continuous. Hence, the result is
continuous by continuity of all the operations involved.

The denotation of the valuation component is ma(Efe1]p) =, T — me(Efex]plr — Z)).
By the induction hypothesis, m(E[e1]p) is an w-continuous valuation. Also by the induction
hypothesis and Proposition 4.4.2, we have that & — ma(E]ex]plz — Z]) : L(M[n]) =cpro
V[Samp 2] is a continuous map between represented spaces (i.e., is an element of the space
E(V[r],€(OV]r2]),[0,1]<))). Hence, we can apply =, and the denotation of the valuation
component is well-defined.

Finally, we need to show that the valuation is the pushforward along the sampler. Note
that the interpretation of sampling type L(9[7]) is not a computable metric space because it

is lifted. Observe that

/ fp = / Flowo didow + F(Lp{L}),

where f: L(X) — [0,1]< and p € &(L(X)). Hence, the result follows by the lemma 4.4.1 and

linearity of the integral.

O

The proof relies on an environment lookup argument for Oracle Turing machines. To make

this precise, we refer the reader to Appendix A. For now, we will sketch out the main idea.

Sketch 3. At a high-level, we need to show that the environment lookup map has a realizer.

Intuitively, if environments are represented as a collection of tapes indexed by variable names,
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then a variable z can be translated as Turing machine code for: “read from the tape indexed
by x”. Indeed, the execution of A\gp can be simulated on an Oracle Turing machine—the
PCF-like fragment can be simulated using a standard translation of lambda terms to their
encodings on Turing machine tapes, while the constructs A¢p introduces are all realizable by
an Oracle Turing machine by design. However, we still need to connect the Turing machine
level view to the denotational semantics. Towards this end, we can show (1) that the denota-
tional semantics is related to an operational semantics (via soundness and adequacy) and that
(2) the operational semantics can be simulated by an Oracle Turing machine. Combining the
two makes the connection between the denotational semantics and Oracle Turing machines

precise.

4.5 COMPUTABLE DISTRIBUTIONS AS A LIBRARY

We now present a Haskell library (Figure 4.3) for expressing samplers that implements the
sampling semantics. In particular, the Haskell library does not assume reals or black box con-
tinuous distributions.

The module ALib encapsulates elements of a computable metric spaces. More concretely,
the type A 7 models an element of a computable metric space can be read as an approxima-
tion by a sequence of values of type 7. For example, a computable real can be given the type
CReal £ A Rat, meaning it is a sequence of rationals that converges to a real. We form val-
ues of type A T using approx, which requires us to check that the function we are coercing
describes a fast Cauchy sequence, and project out approximations using anth.

To form A 7, values of type 7 should support the operations required of a computable met-

ric space. We can indicate the required operations using Haskell’s type-class mechanism.
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module ALib (CMetrizable(..), approx, anth)

approx :: (Nat -> a) -> A a -- fast Cauchy sequence
anth :: A a -> Nat -> a -- project n-th approx.

CMetrizable a

enum :: [a] -- countable, dense subset
metric :: a -> a -> A Rat -- computable metric
A a=A{ geth :: Nat -> a }

module CDistLib (RandBits, Samp(..), asampler)
import ALib

RandBits = Nat -> Bool

Samp a = Samp { getSamp :: RandBits -> a }
asampler :: (CMetrizable a) (RandBits -> A a) -> Samp (A a)
Monad Samp

Figure 4.3: A Haskell library interface for Acp.

CMetrizable a
enum :: [al]
metric :: a -> a -> A Rat

When we implement an instance of CMetrizable 7, we should check that the implementation
of enum enumerates a dense subset and metric computes a metric as a computable metric

space requires (see Section 2.2.2). Below, we give an instance of A Rat for computable reals.

CMetrizable Rat

enum = 0 : [ toRational m / 2°n
| n <- [1..]
, m <- [-2°n * n..27n * n]
, odd m || abs m > 2°n * (n-1) ]
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metric x y = A (\_ -> abs (x - y))

This instance enumerates the dyadic rationals (powers of 2), which are a dense subset of the
reals. Note that there are many other choices here for the dense enumeration.'® In this in-
stance, we can actually compute the metric as a dyadic rational, whereas a computable metric
requires the weaker condition that we can compute the metric as a computable real.

Next, we can use the module ALib to implement computable operations on commonly used
types. This reifies the computable primitives rop™(es, ..., e,) from the core language as a li-
brary function. For example, a library for computable reals will contain the CMetrizable T
instance implementation above and other computable functions. However, some operations
are not realizable (e.g., equality of reals) and so this module does not contain all operations

one may want to perform on reals.

module RealLib (Real, pi, (+), ...)
import ALib

Real = A Rat

CMetrizable Rat

pi :: Real
(+) :: Real -> Real -> Real

The module CompDistLib contains the implementation of distributions. A sampler Samp «
is a function from a bit-stream (i.e., RandBits represented isomorphically as Nat -> Bool

instead of [Bool]) to values of type a.

RandBits = Nat -> Bool
Samp a = Samp { getSamp :: RandBits -> a }

10 Algorithms that operate on computable metric spaces compute by enumeration so the algorithm
is sensitive to the choice of enumeration.
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We can implement an instance of the sampling monad by essentially translating det and samp

from our semantics into Haskell.

Monad Samp
x = Samp (const x)
(>>=) s f = Samp ((uncurry (getSamp . f)) . (pair (getSamp s

fst) snd) . split)
pair £ g = \x -> (f x, g x)
split = pair even odd
even u = (\n -> u (2 * n))
0odd u = (\n -> u (2 * n + 1))

As expected, return corresponds to a sampler that ignores its input randomness and >>=
corresponds to a composition of samplers. The module CompDistLib provides the function

sampler to coerce an arbitrary Haskell function of the appropriate type into a value of type

Samp «.
asampler :: (CMetrizable a) (RandBits -> A a) -> Samp (A a)
asampler = Samp

We should call sampler only on sampling functions realizing Type-2 computable sampling
algorithms.

This concludes the implementation of the module CompDistLib, and thus, a Haskell library
for expressing computable distributions. We emphasize that it does not rely on any blackbox

primitives.!!

4.6 EXAMPLES

In this section, we will use the Haskell library to give examples of expressible distributions.

We will use the expression denotation function £[-]p defined previously (both the topological

"However, we will need a unique exception to compute the modulus of continuity (Section 4.7.2).
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domain and CPO version work) to check the denotations of our programs which implement
samplers. For the most part, will drop the sampling component of the denotation and concern

ourselves with just the valuation component.

4.6.1 DISCRETE DISTRIBUTION

Consider the encoding of a geometric distribution with bias 1/2, which returns the number
of fair Bernoulli trials until a success. The distribution stdBernoulli denotes a Bernoulli

distribution with bias 1/2.

stdGeometric :: Samp Nat
stdGeometric =
b <- stdBernoulli
b 1
stdGeometric >>= . (\n ->n + 1)

Let up be an unbiased Bernoulli distribution and u™ correspond to n un-foldings of the ex-

pression stdGeometric.

E[stdGeometric]p(U) = sup

n

1y(1) when v = true
/v — dup

Jw Ty(w+1)du™  otherwise

= sup(Lu(1)5 + Y ol + Da"({u})
ne w=0

- 1U(1)% + 3 p(w+ 1) (sup " ({w})

w=0

By induction on n, we can show that p™ is the measure
1= {0} = 0, {1} = (1/2),..., {n} = (1/2)" .
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Hence, we can conclude that sup, ¢y p" is a geometric distribution and that £[stdGeometric]p

is a Geometric distribution.

4.6.2 CONTINUOUS DISTRIBUTIONS

We fill in the sketch of the standard uniform distribution we presented in the background.
As a reminder, we need to convert a random bit-stream into a sequence of (dyadic) rational

approximations.

stdUniform :: Samp Real
stdUniform = asampler (\u -> approx (\n -> bisect (n+1) u 0 1 0))
bisect n u (1 :: Rat) (r :: Rat) m
| m < n & um =
bisect n u 1 (midpt 1 r) (m+1)
| m < n && not (u m) =
bisect n u (midpt 1 r) r (m+1)
| otherwise =
midpt 1 r
midpt 1 r =1 + (r - 1) / 2

The function bisect repeatedly bisects an interval specified by (1,r). By construction, the
sampler produces a sequence of dyadic rationals. We can see that this sampling function is
uniformly distributed because it inverts the binary expansion specified by the uniformly dis-
tributed input bit-stream. Once we have the standard uniform distribution, we can encode
other primitive distributions (e.g., normal, exponential, etc.) as transformations of the uni-
form distribution as in standard statistics using return and bind.

For example, we give an encoding of the standard normal distribution using the Marsaglia

polar transformation, which diverges with probability O:

stdNormal :: Samp Real
stdNormal =
ul <- uniform (-1) 1
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u2 <- uniform (-1) 1
s = ul * ul + u2 * u2
s <1 (ul * sqrt (log s / s))
stdNormal

The distribution uniform (—1) 1 is the uniform distribution on the interval (—1,1) and can be
encoded by shifting and scaling a draw from stdUniform. We can check that this distribution
produces a sample with probability 1 by showing that both s = 1 (by absolute continuity)
and divergence (by Borel-Cantelli) occur with probability 0. Note that the operation < semi-

decides both < and >, where we have that equality does not hold with probability 1.

4.6.3 SINGULAR DISTRIBUTION

Next, we give an encoding of the Cantor distribution. The Cantor distribution is singular so
it is not a mixture of a discrete component and a component with a density. The distribution
can be defined recursively. It starts by trisecting the unit interval, and placing half the mass
on the leftmost interval and the other half on the rightmost interval, leaving no mass for the
middle, continuing in the same manner with each remaining interval that has positive proba-
bility. We can encode the Cantor distribution by directly transforming a random bit-stream

into a sequence of approximations.

cantor :: Samp Real
cantor = asampler (\u -> approx (\n -> go u 0 1 0 n))

go u (left :: Rat) (right :: Rat) nm
| n <m & un =
go u left (left + pow) (n + 1) m
| n < m &% not (u n) =
go u (right - pow) right (n + 1) m

| otherwise =
right - (1 / 2) * pow
pow = 3 °7 (-n)
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The sampling algorithm keeps track of which interval it is currently in specified by left and
right. If the current bit is 1, we trisect the left interval. Otherwise, we trisect the rightmost
interval. Crucially, the number of trisections is bounded by the precision we would like to
generate the sample to. We could express the Cantor distribution in a measure-theoretic lan-
guage with recursion, but we would need to trisect infinitely to express the distribution ex-

actly.

4.6.4 DISTRIBUTIONS AND PARTIALITY

We investigate the semantics of divergence more closely now. Consider the two expressions

below.

botSamp :: (CMetrizable a) Samp (A a)
botSamp = botSamp

botSampBot :: (CMetrizable a) Samp (A a)
botSampBot = asampler (\_ -> bot)
bot = bot

In the former, we obtain the bottom valuation, which assigns 0 mass to every open set. This
corresponds to the sampling function v € 2 — | and can be interpreted as failing to provide
a sampler. In the latter, we obtain the valuation that assigns 0 mass to every open set, except
for the set {| X | U L} which is assigned mass 1. This corresponds to the sampling function
u € 2¥ — | L] and can be interpreted as providing a sampling function that fails to produce a
sample.

To further illustrate the distinction in semantics between the two expression above, con-
sider sampling from botSamp and botSampBot respectively, but ignoring the result as below.

This will highlight the laziness of the semantics.
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alwaysDiv :: Samp Real
alwaysDiv =
_ <- botSamp :: Samp Real
stdUniform

neverDiv :: Samp Real

neverDiv =
_ <- botSampBot :: Samp Real
stdUniform

We can check that the denotation of the former is equivalent to that of botSamp.

E[alwaysDiv]p(U) = /v = tei(0,1)(U) d€[botSamp] p

=0

Note that E[botSamp]p maps every open set to 0 so the integral is 0 as well. However, the

denotation of the latter is equivalent to that of stdUniform.

E[neverDiv]p(U) = /U = tei(0,1)(U) d€[botSampBot]p
= sup{/sdf[[botSampBot]]p | s < v py0,1)(U), s simple}
— o) (U) ElbotSampBot({|X ] U L})]o

= /Ju(o,l)(U)

As a reminder, £[botSampBot]p has {|R| U L} — 1. Hence, the integral takes its largest value
on the simple function fi0,1)(U) 1 rjury(-) < v = pei(0,1)(U) for any open U.
As a final example, consider the program below that uses a coin flip to determine its di-

verging behavior.

maybeBot :: Samp Bool
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maybeBot =
b <- bernoulli
b bot bernoulli

Intuitively, this distribution returns a sampler that always generates diverging samples with
probability 1/2 and returns an unbiased Bernoulli distribution with probability 1/2. If we

changed return bot to botSamp as below

maybeBot' :: Samp Bool
maybeBot' =
b <- bernoulli
b bot bernoulli

then the semantics would change to a distribution that returns a diverging sampler with prob-

ability 1/2 and an unbiased Bernoulli distribution with probability 1/2.

4.6.5 NON-PARAMETRIC PRIOR

We give two different encodings of the Dirichlet process, a prior distribution used in mix-

ture models where the number of mixtures is unknown (e.g., [78]). The Dirichlet process
DP(«, Gy) is a distribution on distributions—a draw produces a discrete distribution with
support determined by Gy, the base distribution, and mass according to «, the concentration
parameter. The Dirichlet process can be represented in multiple ways, where each representa-
tion illuminates different properties. One representation is called the Blackwell-MacQueen urn
scheme (see [78]), which describes how to sample from the distribution resulting from a draw

of the Dirichlet process. Thus, we can imagine it describing the following process:

G ~ DP(a, Go)

0, G~GforneN.
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The conditional distribution of 6,, is

n—1
« 1

G 1g. fi eN,
a+n—1 0+04—|—n—1jg1 6; ot m

071 | 01:77,71 ~

which shows that the base distribution Gy determines the support and « determines how of-

ten we select a new point from Gy to put mass on. We can encode the conditional distribution

in >\CD~
urn' :: Real -> Samp a -> [a] -> Samp a
urn' alpha g0 prev =
1 = length prev
n :: Integer = (tolInteger 1) + 1
w = 1 / (fromInteger n - 1 + alpha)
ws = replicate 1 w ++ [alphal
d = disc_id ws
c <-d
c =mn -1
g0
(prev !! (fromInteger c))

We can put our reasoning principles to work to argue that urn' encodes the conditional dis-
tributions. First, we can use a distributional view of the monadic block of urn' under an en-

vironment p, where u = £[d]p.

Ec <+ d; if0 ¢ == n-1 then g0 else return (prev !! c)]p = AU.
E[g0]plc — v](U) if E[c == n-1]p[c — v]

VT 0 du

E[return (prev !'! c)]plc — v](U) otherwise
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Next, substituting away the let bindings (justified by Haskell semantics) implies that E[d]p is

the discrete distribution

This reduces the previous integral to the summation

n—2
Uw— jz::O ﬁgﬂreturn (prev !'! o)]plc— J)(U)

1 Elglple = n - 1)(U).

where E[g0]p is the base distribution Gy. Rewriting this in statistical notation gives the de-

sired result

n—1

a 2i—1
£ ' alpha g0 ~——G —
[urn' alpha g0 prev]p pe—] 0+a—|—n—

Next, we can describe the entire infinite sequence using lazy monadic lists
data MList m a = Nil | Cons a (m (MList m a))

and analogoulsy define common operations expected of lists such as iterate, map, and tail.

urn :: forall a. Real -> Samp a -> Samp (MList a)
urn alpha g0 =
f :: ((a, [al) -> Samp a) = . fst)
g (_, acc) =

X <- urn' alpha g0 acc
(x, acc ++ [x])

x0 <- g0

xs <- ML.map f (ML.iterate g ( (x0, [
ML.tail xs
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Expressing the resulting conditional distribution for each n gives

E[urn alpha g0]py, | E[urn alpha g0]p1.n—1 ~

o Dy
GO + =1 1 sh £[urn alpha g0]p. -
a+n-—1 a+mn— 1 PehElunalpha glp,

Alternatively, there is a constructive representation known as the stick-breaking construc-
tion (see [78]) that gives the structure of the discrete distribution directly. We describe a pro-
cess that gives G ~ DP(«, Gg). First, let random variables 8, ~ Beta(1,a) be distributed
according to the beta distribution for k¥ € N. Next, define m, = S Hi:ll(l — B;) for k € N. Let
Xi, ~ Gp for k € N. The result G is Y, m1x, (-). We can encode the stick-breaking con-
struction in A¢p, where ML.@: is synonymously ML.Cons and ML.!!! indexes a lazy monadic
list. The function mdiscId samples an index according to an input lazy monad list specifying

probabilities.

sticks :: Real -> Samp a -> Samp a
sticks alpha g0 =

xs <- ML.repeat g0

pis <- weights 1

¢ <- mdiscId pis

xs ML.!!! fromInteger c

weights :: Real -> Samp (MList Real)
weights left =

v <- beta 1 alpha
((v * left) ML.Q@: (weights (left * (1 - v))))

We can follow a similar pattern to reason about the urn representation. For instance, we can

analyze this function compositionally as before by reasoning that the code fragment

¢ <- mdiscId pis
xs ML.!!! fromInteger c
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selects a sample from xs according to the weights pis. Finally, we can combine this with
showing that weights generates the weights my.

The encodings show that we can use probabilistic and standard program reasoning princi-
ples at the same time. Because we checked that each program encoded their respective rep-
resentation, we also obtain that sampling sticks an infinite number of times is equivalent
to urn because both encode the Dirichlet process. This might seem strange because the urn
encoding has more sequential dependencies than the stick-breaking representation. The equiv-
alence relies on a probabilistic concept called exchangeability, which asserts the existence of a
conditionally independent representation if the distribution is invariant under all finite permu-
tations. Exchangeability has been studied in the Type-2 setting [34] and it would be interest-

ing to see if we can lift those results into Ao p.

4.7 CONDITIONING

Conditioning is the core operation of Bayesian inference. As we alluded to earlier, condition-
ing is not computable in general [3]. We could use a more abstract definition of condition-
ing used in measure theory, but it would be undesirable if the semantics of conditioning for a
probabilistic programming language was not computable given that one of its goals is to au-
tomate inference. Instead, we take a library approach, which requires the client to provide an
implementation of a conditioning algorithm and limits us to situations where conditioning is

computable. Hence, the semantics of our core language remains unchanged.

4.7.1 PRELIMINARIES

We give the computable form of conditioning (see Chapter 2 for background on conditioning).
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module CondLib (BndDens, obsDens)
import ALib
import CompDistLib
import RealLib
BndDens a b =
BndDens { getBndCondDens :: (A a -> A b -> Real, Rat) }

obsDens :: forall u v y.
(CMetrizable u, CMetrizable v, CMetrizable y)
Samp (A (u, v)) -> BndDens uy -> A y -> Samp (A (u, v))

Figure 4.4: An interface for conditioning.

Definition 4.7.1 (Computable probability kernel [3, Def. 4.2]). Let S and T be computable
metric spaces, and Br be the o-algebra on T. A probability kernel x : S x Br — [0,1] is

computable if x(-, A) is a lower semi-computable function for every r.e. open A € o(Br).

Definition 4.7.2 (Computable conditional distribution [3, Def. 4.7]). Let X and Y be ran-
dom variables in computable metric spaces S and T. Let k be a version (Section 2.3.2) of
PlY | X] (notation for P[Y € - | X]). Then P[Y" | X] is computable if x is computable on

a Px measure-one subset.

Thus, a non-computable conditional distribution is one for which every version is non-computable.

4.7.2 CONDITIONING AS A LIBRARY

Now, we add conditioning as a library to Acp (Fig. 4.4). A¢p provides only a restricted con-
ditioning operation obs_dens, which requires a conditional density. We will see that the com-
putability of obs_dens corresponds to an effective version of Bayes’ rule. We have given only

one conditioning primitive here, but it is possible to identify other situations where condition-
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ing is computable and add those to the conditioning library. For example, conditioning on
positive probability events is computable (see [36, Prop. 3.1.2]).
The library provides the conditioning operation obs_dens, which enables us to condition on

continuous-valued data when a bounded and computable conditional density is available.

Proposition 4.7.1. [3, Cor. 8.8/ Let U, V and Y be computable random variables, where
Y is independent of V' given U. Let py|y(y | u) be a conditional density of Y given U that is

bounded and computable.'? Then the conditional distribution P[(U,V) | Y] is computable.

The bounded and computable conditional density enables the following integral to be com-
puted, which is in essence Bayes’ rule. A version of the conditional distribution P((U,V) | Y)
is

_ prY|U(y | u) dP,v)
fPY|U(y | u) dP(U,V)

kwvyy (v, B)

where B is a Borel set in the space associated with U x V.13

Another interpretation of the restricted situation is that our observations have been cor-
rupted by independent smooth noise [3, Cor. 8.9]. To see this, let U be the random variable
corresponding to our ideal model of how the data was generated, V' be the random variable
corresponding to the model parameters, and Y be the random variable corresponding to the
corrupted data we observe. Notice that the model (U, V) is not required to have a density and
can be an arbitrary computable distribution. Indeed, probabilistic programming systems pro-

posed by the machine learning community impose a similar restriction (e.g., see [42, 119]).

2Note that py|w,v)(y | w,v) = pyjv(y | u) due to the conditional independence of Y and V' given
U.

'3 As a reminder, pyw,v)(y | u,v) = pyju(y | u) due to the conditional independence of Y and V/

given U. Hence, the conditional density py|y(y | u) in the integral written more precisely is (u,v)
pyiu(y | u).
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Now, we describe obs_dens, starting with its type signature. Let the type BndDens 7 o

represent a bounded computable density:

BndDens a b =
BndDens { getBndCondDens :: (A a -> A b -> Real, Rat) 1}

Conditioning thus takes a samplable distribution, a bounded computable density describing
how observations have been corrupted, and returns a samplable distribution representing the
conditional. In the context of Bayesian inference, it does not make sense to condition distri-
butions such as maybeBot that diverge with positive probability. Hence, we do not give se-
mantics to conditioning on those distributions. Again, practical probabilistic programming
systems enforce a similar restriction (e.g., see [42, 119]).

The implementation of obs_dens is in essence a A\¢p program that implements the proof
that conditioning is computable in this restricted setting. This is possible because results in

computability theory have computable realizers.'

obsDens :: forall u v y.

(CMetrizable u, CMetrizable v, CMetrizable y)

Samp (A (u, v)) -> BndDens uy -> A y -> Samp (A (u, v))
obsDens dist (BndDens (dens, bnd)) d =

f :: A (u, v) -> Real = \x -> dens (afst x) d
mu :: Prob (u, v) = stc dist
nu :: Prob (u, v) = \bs ->
num = integrateBndDom mu f bnd bs
denom = integrateBnd mu f bnd

map fst (cauchyTolLU (num / denom))

cts nu

MThat is, we implement the Type-2 machine code as a Haskell program. The implementation
relies on Haskell’s imprecise exceptions mechanism [88] to express the modulus of continuity of a
computable function. See Andrej Bauer’s blog (http://math.andrej.com/2006/03/27 /sometimes-all-
functions-are-continuous) and also Remark 4.7.2.
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The parameter dist corresponds to the joint distribution of the model (both model param-
eters and likelihood), dens corresponds to a bounded conditional density describing how ob-
servation of data has been corrupted by independent noise, and d is the observed data. Next,
we informally describe the undefined functions in the sketch. The function afst projects out
the first component of a product of approximations. The functions stc and cts witness the
computable isomorphism between samplable and computable distributions.® The functions
integrateBndDom and integrateBnd compute an integral (see [51, Prop. 4.3.1]), and corre-
spond to an effective Lebesgue integral. cauchyToLU converts a Cauchy description of a com-
putable real into an enumeration of lower and upper bounds.

Because obs_dens works with conditional densities, we do not need to worry about the
Borel paradox. The Borel paradox shows that we can obtain different conditional distributions
by conditioning on equivalent probability zero events [96].

In addition, note that it is not possible to create a boolean value that distinguishes two
probability zero events in Acp. For instance, the operator == implementing equality on reals
returns false if two reals are provably not-equal and diverges otherwise because equality is not
decidable.

To end, we give an encoding in Acp of an example by Ackerman et al. [3] that shows that
conditioning is not always computable. Similar to other results in computability theory, the
example demonstrates that an algorithm computing the conditional distribution would also

solve the Halting problem.

nonComp :: Samp (Nat, Real)
nonComp =

5The computable isomorphism relies on the distributions being full-measure. The algorithm is
undefined otherwise.
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n <- geometric (1/2)
c <- bernoulli (1/3)
u <- uniform 0 1
v <- uniform O 1
X <- (approx (\k -> dk c¢ k (tmHaltsWithinK n k)))
(n, x)
dk c km | m >k = anth v k
| m =%k = ¢
| m < k = anth u (k - m - 1)

The function tmHaltsWithinK accepts a natural n specifying the n-th Turing machine and a
natural k describing the number of steps to run the machine for, and returns the number of
steps the n-th Turing machine halts in or k if it cannot tell. Upon inspection, we see the func-
tion dk produces the binary expansion (as a dyadic rational) of a real, using tmHaltsWithinK
to select different bits of the binary expansion of u or v, or the bit ¢. Thus, tmHaltsWithinK
is computable because we can enumerate those Turing machines that halt within %k steps.
Intuitively, computing the conditional distribution of a distribution encoded as a program
corresponds to running it backwards. For example, computing the conditional distribution
P(N | X), where the random variable N corresponds to the program variable n and X to
x, would require us to compute the complement of tmHaltsWithinK. Of course, we cannot
enumerate the complement of the Halting set, so nonComp encodes a computable distribution
whose conditional is not computable. We refer the reader to the full proof in Ackerman et

al’s original paper [3].

Remark (Encoding). In this section, we describe in more detail the implementation of the li-

brary interface. The implementation is a proof of concept that shows we can realize the inter-
face by coding results and proofs about computable distributions as Haskell code, as opposed
to solely relying on the written descriptions of Type-2 machine code. Currently, we have only

informally argued that the code correctly encodes the corresponding proof.

100



One computable function we need to encode is the modulus of a computable function be-
tween computable metric spaces. The modulus g : (X — Y) - N — N of a computable func-
tion f : X — Y between computable metric spaces (X,dx,Sx) and (Y, dy,Sy) is a function

that computes the number of input approximations consumed to produce an output approxi-

X

mation to a specified precision. For example, if the algorithm realizing f looks at sfg yee s Sin

to compute an output s;, such that dy (s) , f(z)) < 27" and (s¥ )en — z, then the
modulus g(f)(n) is 42.
We use Haskell’s imprecise exceptions mechanism [88], an impure feature, in a restricted

manner to express the modulus.'® Hence, we can raise exceptions in pure code but only catch

them in the I0 monad.

modulus :: (A a -> A b) -> A a -> Nat -> I0 Nat
modulus f x n =
e :: Either E.ErrorCall b <- E.try (E.evaluate $ anth (f x) n)
e
Left _ -> E.throw E.NonTermination
Right _ -> search O
trunc :: A a -> Nat -> A a
trunc x n = approx (\m -> m<n
(anth x m)
unique_fail)
search :: Nat -> I0 Nat
search acc =
e :: Either E.ErrorCall b <- E.try $ E.evaluate $
anth (f (trunc x acc)) n
e
Left _ -> search (acc + 1)
Right _ -> acc

The function truncate cuts off an infinite input at some level by calling E.throw E.NonTermination

to throw an unique exception if it is accessed. The function search starts at providing access

1%See Andrej Bauer’s blog http://math.andrej.com/2006,/03/27/sometimes-all-functions-are-
continuous
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to 0 elements in the input sequence and attempts to compute the function until an exception
is not thrown. The first such number to not trigger an exception is the amount of input re-
quired for that particular output. Catching the exception forces the computation into the 10
monad. To ensure that the unique exception from truncate is caught, we first attempt to eval-
uate f on the bare value x to ensure that no exceptions are thrown. Note that the modulus of
two extensionally equivalent functions may not be equivalent.

Computations that use the modulus will be forced into the I0 monad. To avoid pollut-
ing the type of any library function that uses the modulus we use unsafePerformI0Q. Infor-
mally, this is safe because computing the modulus of the same function in different contexts

(or world in Haskell terminology) produces equivalent results.

4.8 REALIZABILITY

Before we overview some of the related work on semantics, we informally discuss realizability
and possible connections to our work. I would like to thank Bas Spitters and Lars Birkedal
for pointing out and discussing the possible connections with the semantics presented in this
chapter.

For the purposes of this dissertation, realizability is of particular interest because it pro-
vides an alternative approach to Type-2 computability.!” Hence, it is quite likely that we can
give semantics to probabilistic modeling languages based on realizability, and moreover, that
such semantics are connected with the semantics presented in this chapter. We refer the in-
terested reader to Bauer’s thesis [12] and Lietz’s thesis [65] (and the references within) for

background on realizability. In the rest of this section, we gather the relevant definitions and

In fact, realizability pre-dates Type-2 computability.
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ideas following Streicher’s notes [105], and informally sketch out the possible connections with
our semantics.

The starting structure for realizability is known as a partial combinatory algebra (pca),
which provides an abstraction of an untyped model of computation. Hence, it is similar to the
Type-2 machine that grounds Type-2 computability (Section 2.2.1). As we will see, a Type-2
machine can be seen as an instance of a particular pca. Rather than provide the standard def-
inition of a pca, we give an equivalent characterization of a pca which makes its connection to
(untyped) lambda calculus more apparent. For this, we will need some auxilliary definitions
first.

Definition 4.8.1.

o An applicative structure is a tuple A = (|A],-), where |A] is a set and the (partial)
binary operation - : |A| x |A] — | A|. For readability, we use infix notation for -.

e A polynomial over an applicative structure A is a term that is build from countably
many variables and constants for elements of A4 using the binary operation - : |A| x
|A| — |A|. As notation, we write ¢[x1,...,z,] to be a polynomial over the variables
1, ..., Ty, i.c., with free variables z1,...,x,. When the variables are clear from con-
text, we will abbreviate t[z1,...,z,] as simply t. For a1,...,a, € A, the notation
indicates that t[ai/z1,...,an/z,] | it is defined (recall that - is a partial operation).
To abstract over a variable z in a term t[z1,. .., %, 2|, we write Ax.t[z1,..., 2, 2], in
which case (Az.t[xy,...,2n,2]) - a 2 t[x1,...,2,,a/z]. As usual, we have a fv defined in
the typical manner that computes the free variables of a term. Finally, we write t; & o
whenever t1 | Viy | = 1 = to. In words, t; = t5 whenever both are defined and are

equal or whenever both are undefined. The collection of polynomials is written 7 (.A).

Now, we can give the definition of a pca. Again, this is not the standard definition, but this

equivalent characterization is suitable for our purposes.

Definition 4.8.2 ([105, Lem. 3.1]). An applicative structrue A is a partial combinatory

algebra (pca) if for every polynomial ¢ € T(A) and variable x, there exists a polynomial
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Az.t € T(A) with fv(Az.t) C fv(t)\{z} such that Az.t | and (Az.t) - a = t[a/z] for any

ac A.

In essence, this captures the idea that abstraction and substitution are related in the usual
way, i.e., (Ax.t) - a = t[a/x] for any a € A.

We give examples of relevant pcas.

Ezample 2 (Kleene’s first algebra [105, Ex. 3.1]). K; = (N,-) is a pca for n-m £ {n} m, where
{n}m is Kleene application. That is, apply the n-th recursive function to the argument m.

Operationally, we might think of this pca as an abstraction of a Turing-machine.

Example 3 (Kleene’s second algebra [105, Ex. 3.4]). Ky = (NV,.) is a pca where the appli-
cation satisfies a finite prefix property (see Section 2.2.1). The space NV is known as Baire

space. Operationally, we might think of this pca as an abstraction of a Type-2 machine.

In particular, this last example highlights the connection with Type-2 computability. Indeed,
we can think of a pca as abstracting over a model of computation.

For each pca A, we can define a category of assemblies Asm(A) and a category of modest
sets Mod(.A) over it. Modest sets are sufficient for our purposes—they can be considered as a

category of data types that are implementable by the pca A.

Definition 4.8.3 ([105, Defn. 4.1]). Let A be a pca. The category of assemblies Asm(A) is
defined as follows:

o Objects are tuples X = (| X|,dx), where | X]| is a set and Jx is a relation associating
every z € | X| with a non-empty subset of A. We sometimes write this relation as a Ex

z instead of a € dx(x) for any a € A, and say that a realizes x.

e Morphisms are maps f : |X| — |Y| such that for any a Fx x, there exists e € A such
that e-a | and e-a FEx dy (f(x)). In this case, e is said to track f, written e F f.
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An assembly X over A is a modest set if z = y whenever dx(x) N dx(y) is non-empty. In
other words, elements of the underlying set for a modest set are completely determined by
their realizers, i.e., different elements cannot share realizers.!® The category of modest sets

Mod(A) is the full subcategory of Asm(.A) with modest sets as objects.

Now that we have some of the basic definitions, we can discuss possible connections with our
semantics.

The chain of inclusions we would like to show, where we write C to mean full subcategory,
is the following;:

TD Cc TP C Mod(K:) C Asm(Ks) C RT(K>).

1. TD C TP: Recall that a topological domain is a topological predomain with least
element.

2. TP C Mod(K2): This is a conjecture. Battenfeld in his thesis [9, Ch. 6] shows that
TP C Mod(P(N)), where P(N) is the pca that corresponds to Scott’s graph model [105,
Ex. 3.2]. Battenfeld remarks that it is also possible to use Kleene’s second algebra Ko
instead of P(N) and obtain similar results [9, Ch. 6]. However, he does not give the
details and we have not fully checked the details ourselves. Hence, we leave this as a
conjecture.

3. Mod(Ks2) C Asm(K3): Recall that a modest set is an assembly where every element is
completely determined by its realizers.

4. Asm(K3) C RT(Ks3): The category RT(A) is known as the realizability topos over
the pca A [105, Sec. 5]. It is well-known (among those that study realizability) that
Asm(A) forms a full subcategory of RT(.A) for any pca A [105, Sec. 5]. In particu-

lar, the subcategory of assemblies corresponds exactly to the ——-separated object of
RT(A) [105, Sec. 5].19

¥Note that this is equivalent to the requirement that a representation in the context of Type-2
computability be surjective.

Let E be a binary relation. We say that an object X of a topos £ is =—-separated if the formula
Vz,y : X.,——E(z,y) — E(z,y) holds in £. Intuitively, we should think of F as an equality relation,
in which case we can think of an ——-separated object as an object with a stable equality. If we can
show that the base topological domains and constructions we use on them yield stable equalities, then
we will have found an embedding of topological domains into RT(Kz2).

105



Remark (Hints in the literature). Faissole et al. [32] recently give a formalization of valuations
using synthetic topology and Homotopy Type Theory (HoTT) in the Coq proof assistant that
hints at the connection of realizability with our semantics for probabilistic modeling language
based on topological domains. They add (1) axioms for synthetic topology and (2) axioms for
HoTT (i.e., univalence) to Coq’s logic (i.e., as a shallow embedding). Then, they formalize
valuations and the associated operations (e.g., integration). Interestingly, they also discuss
possible semantic models of this extended logic, which is where a possible connection to realiz-
ability can be found. First, we should review their semantics and how it relates to ours.

They suggest using standard models of synthetic topology (i.e., subcategories of presheaf
categories of topological spaces) and then construct valuations by defining a monad on the
appropriate category. This is similar to our semantics as well, where we also define a proba-
bility monad on an appropriate category to interpret valuations. Interestingly, we could use
other models to interpret the synthetic topology axioms such as represented spaces. Note that
the standard models of synthetic topology are supercategories, whereas the ones listed above
are all subcategories. Another difference is that they treat recursion using enriched categories,

whereas topological domains by construction contain a least element.

Remark (Why investigate this connection?). It may be fruitful to investigate the connections
between a semantics for probabilistic programs based on Type-2 computable distributions and
realizability. In particular, full-abstraction and universality have been studied in the context
of using realizability toposes to give semantics to PCF-like languages [66]. Consequently, if we
can embed such a semantics into a realizability topos, then we can leverage these results. In
particular, this would rigorously formalize our motto: “Turing-complete probabilistic modeling

languages express computable distributions.”
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distributions language sampling distribution
supported features interpretation  interpretation

Jones et discrete higher-order w/  yes and yes

al. [54] recursion computable

Ramsey et discrete higher-order yes and yes

al. [94] w/o recursion computable

Kozen et measures first-order w yes yes

al. [59] recursion

Park et measures higher-order w yes no

al. [86] recursion

Borgstrom measures first-order w/o no yes

et al. [17] recursion

Toronto et measures first-order w no yes

al. [111] recursion

Our work computable higher-order w/  yes and yes

recursion computable

Figure 4.5: A comparison of the different approaches to semantics of probabilistic programs.

4.9 RELATED WORK

In this section, we review related work on the semantics of probabilistic programming lan-

guages and comment on its relation to ours. Earlier work focuses on semantics that can be

used to model random algorithms (e.g., [121, 59]). More recently, the focus has shifted to-

wards machine learning applications such as Bayesian inference, which requires an account of
continuous distributions and observation of zero probability events (e.g., [17]).
Saheb-Djahromi developed a probabilistic version of LCF by considering distributions on
base types, i.e., booleans and naturals [99].2° He constructs two additional CPOs, one CPO
for the distributions on booleans and the other CPO for distributions on naturals, and uses

this to give denotational semantics to Probabilistic LCF. He also gives operational semantics

20As a historical note, this work followed soon after Plotkin’s landmark paper “LCF considered as
a programming language” [92] so the study of the semantics of high-level probabilistic languages is
almost as old as the study of the semantics of high-level languages itself.
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as a Markov chain (described by an infinite transition matrix as all spaces he considers distri-
butions on are discrete) and shows that the operational semantics is equivalent to the denota-
tional semantics. Hence, the importance of relating a sampling semantics with a distributional
semantics has been recognized since the advent of the study of the semantics of probabilistic
programs.

Saheb-Djahromi extended his previous work by showing how to construct a CPO of Borel
measures on an arbitrary CPO D using D’s Scott topology [100]. However, the resulting
CPO of Borel measures did not possess domain-like properties (e.g., it was not w-algebraic).

Jones, in her seminal work, developed the theory of valuations on CPOs to further the
study of distributions on CPOs [54, 53].2! She considers valuations on the Scott open sets
of a CPO, instead of measures. The functor P that sends a CPO D to the CPO of valuations
P(D) on D is the probabilistic powerdomain (i.e., distributions on powersets). However, this
construction is not closed under the function space.?? Consequently, she interprets the func-
tion space D = F probabilistically as D = P(FE) and not P(D) = P(FE). Our semantics has
the same restrictions as hers as well.

Instead of taking order-theoretic structure as primary and extending it with probabilistic
concepts, another line of research takes probabilistic structure as primary and derives order-
theoretic structure to support recursion. As a reminder, the probabilistic powerdomain is not
well-behaved on continumm-sized spaces so this alternative approach can better support stan-
dard continuous distributions.

Kozen takes a structure amenable for modeling probability as primary, ¢.e., Banach spaces,

21 As terminology, she refers to CPOs as IPOs.

22T our knowledge, it is still an open problem [55].
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and derives order-theoretic structure from it [59].23 Consequently, his semantics supports
standard continuous distributions. However, his semantics does not support higher-order func-
tions. In addition to the distributional semantics, Kozen also gives a sampling semantics and
shows it equivalent to the distributional semantics. Hence, we can view our work as a modern
take on Kozen’s semantics that extends to support higher-order functions as well as gives an
account of computability.

Panangaden identifies a category of stochastic relations and shows how to use it to give de-
notational semantics to Kozen’s first-order while language [85]. The category has measurable
spaces as objects and probability kernels as morphisms (as opposed to measurable functions).
He then identifies (partially) additive structure in this category and uses it to interpret fix-
points for Kozen’s while language.

Continuing in the direction of starting with probabilistic structure and deriving order-
theoretic structure, Danos et al. identify Probabilistic Coherence Spaces (PCSs) and use it
to give denotational semantics to a probabilistic variant of PCF extended with (countable)
choice [23]. Hence, their approach supports discrete distributions. They also give an opera-
tional semantics and provide an adequacy result: the denotation of a term evaluated at some
natural is the probability that a term reduces to it.

The semantics of probabilistic programs has also been studied in the context of Bayesian

machine learning.?* Ramsey et al. introduced a stochastic lambda calculus with discrete dis-

23This shift in viewpoint is similar in spirit to topological domains, which take the topology as
primary and the order as derived.

24 As a historical note, Gibbs sampling was rediscovered by the statistics community in 1984 by Ge-
man and Geman [39], which led to a resurgence of Bayesian statistics. Indeed, the BUGs (Bayesian
inference Using Gibbs sampling) language was developed soon after to take advantage of Gibbs sam-

pling.
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tributions via a probability monad, but without recursion, and translated it into a language of
measure terms [94]. Ramsey et al. use Jones’ powerdomain of valuations to give denotational
semantics to the stochastic lambda calculus, but interpret the language of measure terms us-
ing discrete measures. Their intention was to show how the language of measure terms could
efficiently support variable elimination, a technique for computing expectations. They also
hint at Jones’ powerdomain as a starting point for extending the stochastic lambda calculus
with recursion.

Park et al. support continuous distributions in a PCF-like programming language, also
with a probability monad, and provide a small-step sampling semantics [86]. They show how
to encode Bayesian models in their language and how to answer probabilistic queries in their
language (e.g., by programming a rejection sampler). Their sampling semantics determin-
istically maps input randomness into outputs. Hence, the sampling semantics is in essence
identical to Kozen’s and ours. However, we use random bit-streams to make the connection to
Type-2 computability whereas Park et al.assume a blackbox supply of random real numbers
and do not address computability. Moreover, Park et al. do not give denotational semantics.

Related to the study of operational semantics of probabilistic programs but without an em-
phasis on machine learning, Dal Lago et al. investigate a probabilistic lambda calculus more
directly (i.e., without a monad) by extending the lambda calculus with a choice operator and
studying its operational semantics [62]. Thus, they study a non-deterministic untyped lambda
calculus. They give both small-step and big-step semantics in call-by-value and call-by-name
variations. In addition, they show that the language is sound and complete with respect to
computable probability distributions on the natural numbers. Hence, their work focuses on

discrete distributions.
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Borgstrom et al. give denotational semantics to a first-order probabilistic programming
language without recursion based on measure transformers [17]. They propose the idea of
types as measurable spaces, i.e., the interpretation of a type is the space of measures (which
itself is a measurable space) on the base measurable space associated with the type. Thus,
they work in the category of measurable spaces, identify a functor & that sends a measurable
space D to the space of measures on D, and lift the non-probabilistic semantics on morphisms
f:D — Eas Z(f) : (D) - P(F) (hence, measure transformer) to give probabilistic
semantics.??> They show how to compile this language into a factor graph for inference.

Another critical aspect of their work is to give semantics to observation of zero probabil-
ity events, in essence by taking the limit of a sequence of sets that converges to 0. Here, we
point out that showing that a regular conditional distribution exists is highly non-trivial and
also that unless certain nice conditions (typically topological in nature) are imposed, the se-
quence of sets can change the answer (see Kac-Slepian paradoxes [95]). Moreover, by the non-
computability of conditioning, it is unclear that their semantics is faithfully implementable.

Toronto et al. give denotational semantics to a first-order probabilistic language with re-
cursion [111]. They translate the source language into a variant of lambda calculus extended
with ZFC set theory called Azrc [110]. The idea is to interpret a probabilistic program as a
random variable, i.e., a measurable function and treat conditioning as a preimage computa-
tion, which is entirely set-theoretic. Compared to other denotational semantics of probabilistic
programs, theirs is somewhat nonstandard. For instance, it is not clear (at least to me) what
a model of Azpc, the target of denotation, is. Moreover, they support recursion with an opera-

tional semantics instead of with the usual order-theoretic treatment. They support condition-

25T have taken the liberty to summarize their work using the language of category theory, although
their original work is not presented in this manner.
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ing in a similar manner to Borgstrom et al., and hence, will encounter the same issues.

Staton et al. give both operational and denotational semantics to a higher-order proba-
bilistic language without recursion [104], and relate the two. They first give denotational se-
mantics to the first-order subset of their language by interpreting types using the category
of measurable spaces (as in Borgstrom et al. [17]). To extend this to the higher-order setting
(because the category of measurable spaces is not Cartesian closed), they consider the functor
category obtained by the Yoneda embedding. It is well that this presheaf category is Cartesian

closed, and hence, has the structure to interpret higher-order functions.
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Towards Compilation of Probabilistic Modeling

Languages

In this chapter, we review MCMC methods in preparation for the second part of the disserta-
tion, where we describe a PPL compiler that generates MCMC inference algorithms. MCMC
is a fairly general and black box method [18] that can be used to sample from analytically in-
tractable posterior distributions. Consequently, it is the inference method of choice for many

PPLs [19, 42, 120, 108, 113, 119] as well as the approach used in this dissertation. After we
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review MCMC basics, we will walk through at a high-level how to apply it to a GMM to high-

light some of the design choices involved.

5.1 MARKOV CHAIN MONTE CARLO (MCMC)

We begin our review of MCMC in a general setting (Section 5.1.1) to introduce the basic con-
cepts behind MCMC, including Markov chains and the Monte Carlo principle. Then, we will
review MCMC in the context of Bayesian inference (Section 5.1.2), including standard MCMC
algorithms such as Metropolis-Hastings (MH). For more background on MCMC, we refer the

reader to the MCMC literature [18, 98, 97].

5.1.1 GENERAL MCMC

A MCMC (Markov Chain Monte Carlo) algorithm, as its name suggests, combines (1) Markov
chains and (2) the Monte Carlo principle. The former is used to construct a sampler targeting
a distribution of interest. The latter is used to convert a collection of samples into an estimate

of an expectation (with respect to that distribution).

MARKOV CHAINS Let (X, F) be a measurable space. A Markov chain taking values in X is a

sequence of X-valued random variables (X,,),en such that

P(Xpt1 | X, ., Xp) =P(Xpy1 | X)) -

In words, the random variable X,,; depends on only the previous random variable X,, in-

stead of the entire sequence of random variables (X, ..., X,) preceding it. Let x : X x F —
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[0, 1] be a probability kernel such that

P(Xoi1 € B) = [ w(.B)dn

for any measurable B, where u = P(X,, € -). As a reminder, we can think of a probability
kernel as the generalization of a conditional density (see kernel in Section 2.3.2). Hence, we
can think of k as describing the transition probabilities of the Markov chain. The limiting

distribution of the Markov chain is any distribution 7 that satisfies

7(B) = /Xn(~,B)d7r,

where B is measurable. The limiting distribution is also called the equilibrium distribution or

invariant distribution because the probability kernel x leaves 7 invariant.

MONTE CARLO Given N ii.d. samples {x1,...,zy} drawn from a distribution 7, we can

estimate the expectation of a (measurable) function f : X — R via the Monte Carlo principle:

1 N
/dem N 2 o).

MCMC Let 7 be the target distribution, i.e., the distribution we wish to draw samples from.
The idea behind a MCMC algorithm is to construct a Markov chain (X, ),en, by specifying
its transition kernel k, whose limiting distribution is 7. Then, for large enough values of n, we

have that P(X,, € -) ~ m.! Note that different transition kernels, and hence difference Markov

!The distance from the n-th marginal distribution to the stationary distribution 7 is measured in
terms of the total variation distance [98].

115



chains, may have the same limiting distribution. However, even though different Markov
chains may share the same limiting distribution, the number of steps n we need to run each
Markov chain before its n-th marginal distribution is approximately the limiting distribution
can vary. Thus, in practice, one would ideally design a MCMC algorithm’s transition kernel
so that it converges quickly to the limiting distribution.

It is common to apply the Monte Carlo principle to the samples generated by a single
MCMC algorithm, i.e., from a single Markov chain. This introduces bias into the Monte Carlo
estimate because the samples are correlated. Nevertheless, this saves computation time. Thus,
in practice, one would ideally design a MCMC algorithm to minimize its within-chain correla-

tion.

5.1.2 MCMC FOR BAYESIAN INFERENCE

MCMC in an applied setting can be introduced using the MH (Metropolis-Hastings) algo-
rithm. As a reminder, posterior inference is analytically intractable in general because we can-
not compute the posterior distribution’s normalizing constant. As we will see, the MH algo-
rithm overcomes this limitation by constructing a Markov chain whose limiting distribution is
the posterior distribution of interest using only its unnormalized density.

Figure 5.1 summarizes the MH algorithm and transition kernel. The MH sampling algo-
rithm uses the Markov chain (X,,),en defined recursively as X,,+1 = kapm(Xy), where kg
is the MH transition kernel (shown in Figure 5.1) and X is some starting point. Hence, the
MH algorithm iteratively applies the MH transition kernel. The transition kernel depends on
the (potentially unnormalized) density 7 of the target distribution and is parameterized by a

proposal distribution ¢q. Given a current state x, the MH transition kernel first draws a sample
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Input : A (potentially unnormalized) density 7, a proposal distribution ¢, an
initial point xg, and the number of iterations N to run the Markov
chain.

Output: A Markov chain with limiting distribution 7.

Function MH(m,q,xo, N)

Forn«+<1...N

| @n < kun(m, g, on-1);

return (z1,...,zN);

Function kyg(m,q, )

y~aq(-|z);

: w(y) q(ylz) \.
@ ¢ min (1’ 7n<w>q(x\y>>ﬂ

return y @, z;

Figure 5.1: Pseudocode for the MH algorithm and MH transition kernel. The Markov chain used by the
MH sampling algorithm is defined iteratively as X,,+1 = kmn(Xy), where kuy is the MH transition kernel
and X is some starting point.

y according to the proposal distribution ¢(- | ). Then, it computes the acceptance ratio

— min (1. "W aly | 2)
ol = min (1. ZEED)

which is a function of the current state x and proposal state y. Finally, it returns y with
probability a and x otherwise. One can see by calculation that this transition kernel leaves
7 invariant.

As we mentioned previously, the specifics of a MCMC algorithm’s transition kernel im-
pact its convergence rate and within-chain correlation. In the MH algorithm we just saw, this
corresponds to the choice of proposal distribution ¢q. To guide the construction of a proposal
distribution, MCMC researchers have designed variations of the MH algorithm with proposal
distributions of a certain form. These algorithms include Gibbs sampling, Hamiltonian Monte
Carlo (HMC) sampling [80], and Slice sampling [79]. The requirements of each algorithm are

summarized in Figure 5.2. For each algorithm, we list the form of the proposal, the number of
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Algorithm Form of Number of Likelihood Sensitivity to
Proposal Evaluations Tuning

Metropolis-Hastings arbitrary 1 very high*

(MH)

Gibbs full- 0 none
conditional

Hamiltonian Monte Carlo | gradient- variable high

(HMC) [80] based

Slice [79] step-out variable low-high*
procedure

Figure 5.2: A table summarizing the requirements of standard MCMC algorithms. The superscript * indi-
cates that the value is dependent on the form of the proposal.

likelihood evaluations required, and the sensitivity of the algorithm to parameter tuning. For

more detail on each of these algorithms, we refer the reader to the MCMC Handbook [18].

GIBBS SAMPLING A Gibbs sampling algorithm uses full-conditional distributions as propos-

als. Suppose we want to construct a sampler for the target distribution p(x1,...,xnx). A full-
conditional of p(x1,...,zyN) is any conditional distribution

p(xn | ,’B,n),
where the notation z_,, £ {x1,...,2x}\{z,} indicates all the variables except the n-th one

for any 1 < n < N. A Gibbs sampling algorithm samples from the target distribution by
sequentially sampling from all the full-conditionals. One can check that the acceptance ratio is
always 1. Thus, the proposal is always accepted and the acceptance ratio does not need to be

computed.

HMC sAMPLING A HMC algorithm constructs a proposal that uses the gradient of the log-

likelihood of the model. Thus, a HMC algorithm can only be applied to continuous spaces.
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COMPOSITIONALITY We illustrate one sense in which a MCMC algorithm is compositional.
Suppose we would like to construct a MCMC sampler for a distribution p(z,y, z) defined on
R3. We can construct this sampler, for instance, by combining a MCMC sampler that samples
the xy-plane with a MCMC sampler that samples the z-axis. Note that we can interpret this

as a Gibbs sampler that targets p(z,y, z) by sampling from the conditionals p(z,y | z) and

p(z | z,y).

5.2 A RUNNING EXAMPLE

In this section, we will walk through how to hand-construct a MCMC inference algorithm for
a GMM to provide a high-level idea of what goes into the implementation of such an algo-
rithm. For convenience, Figure 5.3 summarizes the generative process for a GMM again (see
Figure 1.2a in the introduction).

For the purposes of deriving and implementing an inference algorithm, practitioners often
turn to the representation of a probabilistic model in terms of its density. Recall that a den-
sity can be used to compare the relative likelihoods of different points in the parameter space.

The density for the GMM is given below.

K N

p(1t, 2 y) = [ [ Pauo.z0) (16) T] Po(e) (20) DA, 59 ()
k=1 n=1

In practice, it is more convenient to work with the model’s log-likelihood, which log-transforms

the model’s density.

K N
L(p,2,y) =Y 108N uo.z0) (118)) + > 108(pD(r) (20)) + 108N (4, 5 (Un))

k=1 n=1

119



/LkNN(/LQ,Z()) fOI‘lSkSK
zn ~D(my,...,mk) for 1 <n< N
Un | Znspo ~ N(pz,, ) for 1 <n <N

Figure 5.3: The generative process for a GMM, a model for clustering a collection of N points in R into
K clusters centered at ux € RY (for k € 1,..., K), written with random variable notation. The model is
parameterized by the hyper-parameters po, 3o, m, and X.

Now that we have a representation of a GMM in a form amenable for inference, we can
construct a MCMC algorithm for it. As a first step, we might consider decomposing the den-
sity according to its full-conditionals so we can apply a different MCMC algorithm to the clus-

ter means p and cluster assignments z.

K N
P | 2 y) = [ [ Pnvuo.so) (0) T] Pacan, =) (0m)
k=1 n=1
N
p(z | my) = [] poe (2n) DA, ) (Un)

n=1

One reason for doing this is so that we can apply different methods for the continuous ran-
dom variables (i.e., the cluster means) separately from the discrete random variables (i.e., the
cluster assignments).

For example, we can apply HMC updates to each py, which requires the derivation of par-
tial derivatives. The notation [|p indicates an Iverson bracket, i.e., it takes on the value in-
side the brackets if the predicate P holds and 1 otherwise.

0 1

0
——L 2 =\ P 0,220 ) ————+
(s 21) ((M ) Fremeostrms

N/ o 1
Z <3Me[pN(”z"’Z)(yn)]k_z"> DA (s, =) (Yn) k=2,

n=1
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Notably, the GMM'’s log-likelihood has a partial derivative with respect to each uy, even
though it also contains discrete random variables z,. For the discrete variables, we can di-

rectly compute its full-conditional to perform a Gibbs update.

o (k
p(zn — k) — KpD( )( )pfl\f(uk,E)(yn)
> k=1 () (K') DA (s, 5) (Un)

A complete MCMC algorithm can be constructed by alternating HMC updates for p with
Gibbs updates for z. This finishes the description of a MCMC algorithm at a high-level, but
there are other details of this algorithm that have not been specified that will impact its com-
putational performance.

For example, consider the available parallelism in this high-level algorithm. First, the log-
likelihood evaluations required by HMC can be computed as a map-reduce. In addition, the
computation of the gradient itself can be parallelized. Indeed, there are many parallelization
choices. For instance, we can compute each 9/duy in parallel. However, it may be more effi-

cient to first pre-compute the sum

1
DA (i, 2) (Yn) k=2,

XN: (aik[pN(Hzn,Z)(yn)]k?—z”>

n=1

in parallel and then proceed as before. Second, the Gibbs update for each z, can be done in
parallel.

It is also possible to construct other high-level MCMC algorithms for this GMM. For ex-
ample, we can exploit the conjugacy relation between the cluster means and data to obtain
a closed-form full-conditional required for Gibbs sampling. Recall that a conjugacy relation

exists between the prior distribution p(#) and sampling distribution p(y | ) when the form
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of the posterior distribution p(f | x) takes on the same functional form as p(#). We can also
apply Elliptical Slice sampling, a sampling method designed specifically for multivariate Gaus-
sian distributions, to update the cluster means. In short, we can construct many inference

algorithms for this simple GMM, as well as choose many possible implementation strategies.

5.3 ToOWARDS LANGUAGES WITH AUTOMATED INFERENCE

As we saw in the previous section, the design space for MCMC sampling algorithms is quite
large. Importantly, in the context of implementing a PPL, how should we architect a compiler
to manage its complexity? Our solution is to come up with a sequence of ILs that enable a
compiler to gradually and successively refine a declarative specification of a model and a query
for posterior samples into an ezecutable MCMC sampling algorithm. Hence, we will focus on
automating a standard technique for probabilistic inference that also forms the basis of many

PPL implementations.

122



Compiling MCMC Algorithms for Probabilistic

Modeling

In this chapter, we describe a compiler for the AugurV2 language, a language that is similar
in expressive power to Bugs [108] and Stan [19]. Although these languages are not as expres-
sive as PPLs embedded in general-purpose languages, they can still express practical proba-
bilistic models of interest. Indeed, Bugs has been one of the most widely used PPLs to date

(e.g., see Bayesian Modeling Using WinBUGS [83]). Even in this restricted setting, building a
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system that can automate inference efficiently is still a challenging task due to the analytical
intractability of inference.
The AugurV2 compiler is architected like a traditional compiler. We summarize the phases

of compilation below.

o The frontend (Section 6.2) transforms a model in the surface language into the model
intermediate representation, which can be analyzed to derive model-specific facts useful
for generating MCMC algorithms. Hence, the frontend deals exclusively with models.

o The middle-end (Section 6.3) transforms a model into a high-level, executable inference
algorithm. For instance, it is tasked with reifying code that computes mathematical
quantities such as conjugacy relations and gradients. Hence, the middle-end touches

aspects of the model and inference.

o The backend (Section 6.4) transforms an executable inference algorithm into a native
inference algorithm. Hence, the backend deals exclusively with inference. The backend
is the most standard of the phases and is tasked with generating Cuda/C code that
makes all sources of memory usage and parallelism explicit. The backend also statically
bounds the memory requirements of a MCMC sampling algorithm so the runtime does

not need dynamic memory management.
To support these phases of compilation, the AugurV2 compiler uses several intermediate

languages (ILs), summarized below.

o The compiler uses a Density IL to express the density factorization of a model (Sec-
tion 6.2.1). This IL can be analyzed to symbolically compute the conditionals of a
model so that the compiler can generate composable MCMC algorithms.

e The compiler uses a Kernel IL to express the high-level structure of a MCMC algorithm
as a composition of MCMC algorithms (Section 6.3.1). In particular, the AugurV2 com-
piler supports multiple kinds of basic MCMC algorithms, including ones that leverage
conjugacy relations (e.g., Gibbs) and gradient information (e.g., HMC). The Kernel IL
is similar to the subset of the Blaise language [16] that corresponds to inference. We use
the IL for the purposes of compilation, whereas Blaise focuses on the expressivity of the

language.

e The compiler uses Low++ and Low-- ILs to express the details of MCMC inference
(Section 6.3.3). The first exposes parallelism and the second exposes memory man-
agement. The AugurV2 compiler leverages these ILs to support both CPU and GPU
(Section 6.4) compilation of composable MCMC algorithms.
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Our preliminary experiments show that such a compilation process enables us to both
leverage the flexibility of composable MCMC inference algorithms on the CPU and GPU as
well as improve upon the scalability of automated inference (Section 6.6). We have also found
it relatively easy to add new base MCMC updates to the compiler without restructuring its
design. Hence, the compiler is relatively extensible. We do not address the compilation of
more expressive PPLs, but hope that the ideas used in the compilation of AugurV2 can pro-

vide insight into the compilation of more expressive PPLs.

6.1 AUGURV2 OVERVIEW

In this section, we will introduce the AugurV2 system concretely by showing (1) how to en-
code a GMM in the modeling language (Section 6.1.1) and (2) how to use the system to fit a
GMM to observed data (Section 6.1.2). Throughout the chapter, we will use the GMM as a
running example to explain how the AugurV2 compiler automates the construction of MCMC
sampling algorithms. After we have introduced the entire, end-to-end system, we will the pro-

vide an overview of the AugurV2 compiler (Section 6.1.3).

6.1.1 MODELING LANGUAGE

At a high-level, the AugurV2 modeling language expresses Bayesian networks whose graph
structure is fixed. This class contains many practical models of interest, including regression
models, mixture models, topic models, and deep generative models such as sigmoid belief net-
works. Models that cannot be expressed include ones that use non-parametric distributions
(which can be encoded in a general-purpose language) and models with undirected depen-

dency structure (e.g., Markov Random Fields whose dependency structure is hard to express
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(K : Imt, N : Int, mu_O : Vec Real,
Sigma_0O : Mat Real, pis : Vec Real, Sigma : Vec Real) => {
mul[k] ~ MvNormal (mu_O, Sigma_O0)

k <- 0 K ;

z[n] ~ Categorical(pis)
n <- 0 K ;

y[n] ~ MvNormal(mul[z[n]], Sigma)
n <- 0 N ;

}

Figure 6.1: The GMM (i.e., the running example) encoded as an AugurV2 program. As the example illus-
trates, the AugurV2 modeling language mirrors random variable notation.

in a functional setting). Note that even in this setting, inference can still be difficult due to
the presence of high-dimensional distributions. For example, the dimensionality of a mixture
model such as the GMM scales with the number of observations—each observed point intro-
duces a corresponding latent (i.e., unobserved) cluster assignment.

Figure 6.1 contains an AugurV2 program encoding our running example. The model body
is a sequence of declarations, each consisting of a random variable and its distribution. Each
declaration is annotated as either a model parameter (param) or observed data (data). Model
parameters are inferred (i.e., output) whereas model data is supplied by the user (i.e., input).
In the case of a GMM, the means mu and cluster assignments z' are model parameters, while
the y values are model data. At the top-level, the model closes over any free variables men-
tioned in the model body. These include the model hyper-parameters (mu_0, Sigma_O, pis,
Sigma) and any other variables the model is parameterized by (K, N).? It is also possible to

define a random variable as a deterministic transformation of existing variables, although this

!To be pedantic, we should call these latent variables.
2We reserve the term model parameter to refer to a random variable in the model whose distribu-

tion we are trying to infer. Hence, to avoid confusion, we do not refer to the variables that a model is
parameterized by as model parameter.
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feature is not needed to express the GMM in this example.

Random vectors (e.g., mu[k]) are specified using comprehensions with the for construct.
The semantics of AugurV2 comprehensions are parallel, meaning that they do not depend on
the order of evaluation. The idea is to provide a syntactic construct that corresponds to the
mathematical phrase “let puy ~ N(ip, %) for 0 < k < K. Because such a mathematical
statement is implicitly parallel and occurs frequently in the definition of probabilistic mod-
els, we opt for syntactic constructs that capture standard statistical practice, instead of more
standard programming language looping constructs (e.g., an imperative for loop).

As AugurV2 provides only parallel comprehensions, we discourage users from expressing
models with sequential dependencies. For example, we would need to write a Hidden Markov
Model (HMM), where each hidden state depends on the previous state, by manually unfolding
the entire model. This is doable, but does not take advantage of the design of AugurV2.

We impose two further restrictions on AugurV2 comprehensions. First, comprehension
bounds cannot mention model parameters. This forces the comprehension bounds to be con-
stant (although they can still be ragged). For this reason, we say that AugurV2 expresses
fized-structure models. Second, AugurV2 provides only primitive distributions whose pdf or
pmf has known functional form. Hence, the models AugurV2 expresses are parametric. Cur-
rently, AugurV2 does not support non-parametric prior distributions (i.e., distributions with
an infinite number of parameters so that the number of parameters used scales with the num-

ber of observations).

127



AugurV2Lib
numpy np

y = load_gmm_data('/path/to/data’')
N, D = y.shape; K = 3

mu_O = np.zeros(D)

Sigma_0 = np.eye(D);

Sigma = np.eye(D); pis = np.full(K, 1.0/K)

AugurV2Lib.Infer('path/to/model") av2:
opt = AugurV2Lib.0Opt(target='cpu')
av2.setCompileOpt (opt)
sched = 'ESlice mu (*) Gibbs z'
av2.setUserSched(sched)
av2. (K, N, mu_O, Sigma_0, pis, Sigma) (y)
samples = av2.samplen(1000)

Figure 6.2: Fitting a GMM with AugurV2 using a Python interface.

6.1.2 UsING AUGURV?2

We use the AugurV?2 library interface, contained in the Python package AugurV2, to perform
inference on models. Figure 6.2 contains an example of how to invoke AugurV2’s inference
capabilities. The first part of the code loads the data and hyper-parameters and the second
part invokes AugurV2.

Instances of the AugurV2Infer class provide methods for obtaining posterior samples (e.g.,
samplen). The class takes a path to a file containing the model. Once we have created an
instance of an AugurV2 inference object (av2), we need to indicate to the compiler what kind
of inference it should generate (via setCompileOpt and setUserSched). For example, we can
set the target for compilation as either the CPU or GPU (target). We can also customize the

inference algorithm by choosing our own inference schedule (via setUserSched).
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In this example, we decide to apply Elliptical Slice sampling [76] to the cluster means (with
ESlice mu) and Gibbs sampling to the cluster assignments (with Gibbs z). Hence, this sched-
ule indicates a compositional MCMC algorithm, where we apply different MCMC updates to
different portions of the model. This feature is inspired by the programmable inference pro-
posed by other probabilistic programming systems (e.g., Venture [68]). Indeed, we can also
use AugurV?2 as a way to explore the performance of inference algorithms on different models.
For example, we can apply Gibbs sampling to update the cluster means as well and compare
its performance to Elliptical Slice sampling. If a user schedule is not specified, the compiler
uses a heuristic to select which combination of MCMC methods to use.

To compile the model, we supply the model arguments, hyper-parameters, and data (as
Python variables) in the order that they are specified in the model. Thus, the AugurV2 com-
piler is invoked at runtime. Consequently, given different data sizes and hyper-parameter set-
tings, the AugurV2 compiler may choose to generate a different inference algorithm. The com-
piler generates Cuda/C code depending on whether the target is the GPU or the CPU. The
native inference code is then further compiled using Nvce (the Cuda compiler) or Clang into
a shared library which contains inference code for a specific instantiation of a model. After
compilation, the object av2 contains a collection of inference methods that wrap the native in-
ference code. The frontend handles the conversion of Python values to and from Cuda/C via
the Python CTypes interface. Hence, the user can work exclusively in Python. In this exam-
ple, we ask for 1000 samples (samplen). This can be used to construct a MAP estimate, i.e., a

point estimate of the mode of the posterior distribution.
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Figure 6.3: An overview of the AugurV2 compilation process. The phases of compilation include a fron-
tend (model to declarative inference), middle-end (declarative inference to executable inference), and back-
end (executable inference to native inference).
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6.1.3 COMPILATION OVERVIEW

Figure 6.3 gives an overview of the AugurV2 compilation process, illustrating the phases of
compilation and the ILs involved. Like a traditional compiler, the AugurV2 compiler uses
multiple ILs to guide the transformation of a high-level description of a probabilistic model
into a low-level description of an inference algorithm. Moreover, the structure of the AugurV2
compiler also mirrors that of a compiler for a traditional language, although the task of each
phase of the compiler is somewhat different.

Of course, we will need a semantics to justify the compilation process. As AugurV2 is a
simple language that intuitively expresses Bayesian networks, its semantics is not an issue,
in contrast to more expressive languages that provide higher-order functions and recursion.
Nevertheless, in Chapter 7, we will give AugurV2 semantics in terms of (Type-2) computable
distributions. This enables us to think of a compiler as a (computable) function that witnesses
the result that (Type-2) computable distributions are realizable by (Type-2) computable sam-

pling algorithms. In our case, the compiler realizes a MCMC sampling algorithm.

6.2 FRONTEND

In the first step of compilation, the compiler transforms a model expressed in the modeling

language into its corresponding density factorization in the Density IL. This follows standard
statistical practice, where models expressed using random variables (AugurV2’s modeling lan-
guage) are converted into its description in terms of densities (Density IL). The compiler can
analyze the density factorization and symbolically compute the conditionals (up to a normal-

izing constant) of the model for each model parameter (see Section 6.2.2) to support the gen-
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obj == \(Z). fn
foi=paus(@) | fafo | 1] fallet 2=c in fo | [fioe
T4—gen
ex=x | i | r| dist(€) | op™(€) | ele]
gen ::=euntil e
o :=1Int | Real

Tu=0 | VecT | Mat o
Figure 6.4: The Density IL encodes the density factorization of a probabilistic model.

eration of composable MCMC algorithms. The analysis is based off the one implemented in
our previous work [113], although the results of the analysis then were only used to generate

Gibbs samplers.

6.2.1 REPRESENTING MODELS: THE DENSITY IL

The syntax for the Density IL is summarized in Figure 6.4. In essence, it encodes standard
statistical notation for writing densities. As an example, the running example (Figure 6.1) is

encoded in the Density IL as

)\(K,N,M072077T,Z,/,L7Z,y). H p/\f(uo,zo)(u[k])

k<0 until K

H pD(w)(Z[”D H pN(u[z[n]],z)(y[ﬂ] | ulz[n]]) -

n<—0 until N n<—0 until N

At the top-level, a model is represented as a single function )\(7) fn with bindings 7 for
model hyper-parameters, other model constants and data, and a density function body fn. A
density function is either (1) the density of a primitive, parameterized distribution pdist(?),

€ composition or two density runctions jn . 7.e., multiplication or two daensity runc-
2) th ition of two density functi L fng (i Itiplication of two density f
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tions), (3) a structured product [] fn that specifies a product of density functions ac-

z—gen
cording to the comprehension x < gen, (4) a standard let-binding let = = e in fn, or (5) an
Iverson bracket [fn],=. that takes on the value inside the brackets when = = e is satisfied and
1 otherwise.

The Density 1L is simply-typed. Base types include integers Int and reals Real. Com-
pound types include vectors Vec 7 and matrices Mat o. Thus, compound types such as vectors
of matrices are allowed, whereas matrices of vectors are rejected. The type system is used to

check simple properties. For example, the type system checks that densities are defined on the

appropriate spaces and that comprehension bounds are specified with integers.

6.2.2 MODEL DECOMPOSITION: APPROXIMATING FULL-CONDITIONALS

The Density IL supports an analysis that statically approximates the full-conditionals (up to
a normalizing constant) of a probabilistic model. Throughout the rest of this section, the term
full-conditional will refer to an unnormalized full-conditional unless stated otherwise. Before
we describe the analysis, we will first make the connection between symbolically computing
the full-conditional of a variable and the Markov blanket of a variable in a Bayesian network.

We follow Bishop’s discussion [15].

FULL-CONDITIONALS IN BAYESIAN NETWORKS Consider the Bayesian network in Figure 6.5,

which has the following density factorization:

p(x1, T2, T3, T4, Ts5, T6) = p(x1) p(x2) p(x3 | 1) p(ws | 1, 22) p(25) p(we | T4) -
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Figure 6.5: Example where the Markov blanket of x4 is shaded.

We can read off the Markov blanket for the variable x4 from the Bayesian network, which in-
cludes its parents (x1 and x3), its children (z4), and its children’s parents (z5). Hence, the
Markov blanket of a variable in a Bayesian network is the minimal set of variables that makes
the variable conditionally independent of the rest of the Bayesian network. It is also possible
to compute the Markov blanket of a node symbolically by computing its full-conditional. For

example, the full-conditional of z, is

1
p(xy | 1,22, 23,75, ) = Ep(u | 21, 22) p(xe | 24)

Z =/ p(xa | 1, 22) p(z6 | T4, x5) dzy ,
z4

which is the result of an application of Bayes rule and canceling the densities not bound by
the integral. The variables mentioned in the simplified full-conditional expression comprise
x4’s Markov blanket. Hence, a density factorization representation of a probability distribu-
tion supports Markov blanket queries via a bound variable analysis. Note that the Markov

blanket indicates which variables are involved but do not give the functional form of the full-
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Figure 6.6: Plated graphical models (top), their unfoldings (bottom), and the corresponding structured
products.

conditional. As the AugurV2 compiler internally represents a model as its density factoriza-
tion, it can conveniently compute on the symbolic representation already.

The above correspondence can be extended to handle density factorizations with structured
products. In a Bayesian network, structured products can be represented using plate notation,
which repeats the graph structure within the plate. Figure 6.6 illustrates plated Bayesian net-
works (top), their unfoldings (bottom), and the corresponding structured products. Observe
that the variables inside the plate all share the same dependency structure, and hence, offers
a more compact representation of these relationships compared to the unfolded Bayesian net-
work. On the density factorization representation, variables within the same plate corresponds
to densities sharing the same structured product.

The density factorization can encode the same dependency structure in multiple ways. For

example, the structured product
N

H P(zn) p(Yn | 2n)

n=1
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given in Figure 6.6a can also be written as

N

N

n=1

However, note that the unfactored encoding of the density cannot be expressed using plate no-
tation. Hence, we can think of the analysis that the AugurV2 compiler performs on the Den-
sity IL as converting ordinary Bayesian networks into plated Bayesian networks at compile-

time.

ANALYSIS To compute full-conditionals, the compiler normalizes the model IL expression
by factoring it so that all structured products with the same comprehensions bounds use the

same structured product. This corresponds to the rule below.

H Jy H fry — H fny fny when gen, = gen,

i<—gen, i<—geny i<—gen,

As a reminder, comprehension bound expressions in AugurV2 cannot refer to random vari-
ables and so are constant. If the compiler cannot determine the equality of comprehension
bounds, it will not be factored, and precision in the approximation of the full-conditional is

lost. For example, we can factor the GMM from our running example using the above rule as

< H pN(w,m)(M[H)) < H o) (2[0]) PN (ufzin) =) (Y[ | M[Z[n]])>

k<0 until K n<—0 until N

where we have omitted the top-level bindings.
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The compiler also implements the special factoring rule

IT = II II [mde=-,

i<—gen; k<—gen,, i<—gen;

where z is a Categorical variable with range gen,. For example, factoring the GMM from our

running example according to this rule produces

< 11 pN(,LO,zo)(M[k])>< II 11 Wk—z[n])

k<0 until K k<0 until K n<+0 until N

where fn = ppr)(2[n]) Pa(uiziy,s) (WIn] | plz[n]]). Notably, after we apply the categorical
indexing rule, it is possible to apply the factoring rule again. Currently, the compiler attempts
to apply the categorical indexing rule first and then attempts to factor. The compiler tries
every possible factoring. Note that probabilistic programs are typically small so this strategy
is feasible in practice.

For the restricted language that we consider, we have found the two factoring rules to be
precise enough to be useful for practical models. The first rule reflects the essence of plate
notation—it can only capture fine-grained conditional relationships common to the entire
plate. Edges that cross between two different plates are fully-connected. The second rule cap-
tures a mixture-modeling pattern. However, there are conditional independence structures
found in practice that currently cannot be represented compactly by the AugurV2 compiler.

For instance, one notable conditional independence structure that cannot be represented
compactly is a sequential dependence as found in state-space models such as a HMM. As fu-
ture work, we would like to add support for this kind of dependency structure. For now, how-

ever, the lack of support for this dependency structure in the analysis is intentional. First,
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note that the plate notation as presented cannot express such a dependence. Importantly, this
is reflected in AugurV2’s modeling language, which does not provide sequential comprehen-
sions. In other words, we cannot express this kind of dependency structure in the first place.
Second, one would typically use a different inference algorithm for a sequential dependence
structure such as particle MCMC methods [4], which the AugurV2 compiler currently does
not support. Hence, even if the compiler could compactly represent this structure, it currently
cannot exploit it. The takeaway from this discussion is that through careful PPL language de-
sign and implementation (like the design and implementation of any other language), we can
encourage users to write only those models that the system can efficiently handle.

After the factoring rules have been applied, the AugurV2 compiler applies a bound variable
analysis to simplify the resulting full-conditionals. As a reminder, this mathematically corre-
sponds to an application of Bayes rule followed by canceling the densities in the denominator
that are not bound by the integral. For reference, the full-conditionals for the GMM are given

below, where we have omitted the comprehension bounds.

=11 (pN(HO,Eo)(N[k]) [P /U‘[Z[n]])]k—z[n]>

k n

fr, = T poe Gl par s (Win] | plzln])

6.3 MIDDLE-END

The AugurV2 middle-end converts a model encoded as its density factorization into a high-
level, executable inference algorithm. This phase uses two additional ILs. First, the Kernel IL

represents the high-level structure of a MCMC algorithm as a composition of basic MCMC
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sched a == \N(T). k «
kar=(ka)kua | ka®ka
ku ::= Single(x) | Block(Z)
K « ::= Prop (Maybe «) | FC | Grad (Maybe «) | Slice

Figure 6.7: The Kernel IL encodes the structure of an MCMC algorithm. It is parametric in «, which is
instantiated with successively lower level ILs that encode how the MCMC algorithm is implemented.

updates applied to the model’s full-conditionals. Second, the Low++ IL serves as the first
pass target for executable MCMC inference code. It is an imperative language that makes
sources of parallelism explicit, but abstracts away memory management. Importantly, we can
leverage domain-specific knowledge of each base MCMC update to directly generate parallel

code. Thus, we do not need to (re)discover parallelism at a lower-level of abstraction.

6.3.1 REPRESENTING INFERENCE I: THE KERNEL IL

The AugurV2 compiler represents a MCMC algorithm as a composition of base updates in
the Kernel IL, whose syntax is summarized in Figure 6.7. As an example, the user schedule
presented in Figure 6.2 is encoded in the Kernel IL as

MK, N, pio, ¥o, 7, 2, i, 2, 7). Slice Single(u) fn, ® FC Single(z) fn

z

where fn, and fn, correspond to the full-conditionals up to a normalizing constant.
The syntax

Slice Single(u) fn,

encodes a base update indicating that we apply Slice sampling to the variable p with propor-
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tional full-conditional fn,,. The kernel unit ku specifies whether we should sample a variable
by itself (i.e., Single(x)), or whether to sample a list of variables 7 jointly (i.e., Block(x)).
Sampling variables jointly, also known as blocking, is useful when those variables are heavily
correlated. The syntax

FC Single(z) fn,

encodes a base update indicating that we apply Gibbs sampling (using a closed-form full-
conditional) to the variable z with proportional full-conditional fn,. In general, a base update
Kk ku o is parametric in the representation of the proportional full-conditional «. This enables
the compiler to successively instantiate a with lower-level ILs that expose more computational
details of inference (e.g., parallelism or memory usage). Given two MCMC updates k1 « and
ko «, we can sequence (i.e., compose) the two updates with the syntax k1 a ® ke «. Sequenc-
ing is not commutative, i.e., the MCMC update ks o ® k1 « is different from k1 a ® ko a.
Currently, the compiler does not check that the composition of MCMC updates is correct,
e.g., check properties such as the irreducibility or aperiodicity of the MCMC algorithm. Static
checking of such properties would be an interesting direction for future work.

In addition to Slice (Slice) and closed-form full-conditional updates (FC), the Kernel IL
also supports proposal-based updates (Prop) and gradient-based updates (Grad). These up-
dates each contain an optional piece of code of type « that specifies the proposal and the gra-
dient respectively for the corresponding full-conditional that the base update is applied to. In
contrast, Slice and closed-form full conditional updates can be derived purely from the corre-

sponding model portion’s full-conditional.
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decl ::= name( @ ){global : ¢, body : e, return : e}

su=e | xske | e[€]ske | ss
| if(e){s}{s} | looplk(i < gen){s}
sku= = | +=

Ik ::=Seq | Par | AtmPar
ex=x | i | r| dist(€).dop | op™(er,...,en) | ele]
dop ::=11 | samp | gradi

Figure 6.8: The Low++ IL is an imperative language that exposes parallelism in the computation of a
MCMC update, but abstracts away from details of memory management.

6.3.2 SPECIFYING A HIGH-LEVEL MCMC ALGORITHM

Once the compiler has decomposed the model according to its unnormalized full-conditionals,
it will determine which base MCMC updates can be applied to each full-conditional. In this
step, the compiler simply chooses which updates to apply and not how to implement them.
Thus, the output is a program in the Kernel IL with full-conditionals specified in the Density
IL. As a reminder, the user can supply the MCMC schedule, in which case the compiler will
check that it can indeed generate the desired schedule and fail otherwise. When a user does
not supply a MCMC schedule, the compiler uses a heuristic to accomplish this task. First, it
determines which variables it can perform Gibbs sampling with conjugacy relations. For the
remaining discrete variables, it will also apply Gibbs sampling by manually approximating
the closed-form full-conditional. For the remaining continuous variables, it will apply HMC

sampling to take advantage of gradient information.
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6.3.3 REPRESENTING INFERENCE II: THE Low++ IL

The Low++ IL expresses parallelism available in a MCMC algorithm. After the compiler gen-
erates code in this IL, the compiler only needs to reason at the level of an inference algorithm—
all aspects of the model are eliminated. Figure 6.8 summarizes the syntax for the Low-++ IL.
The language is largely standard, so we highlight the aspects useful for encoding MCMC.

First, the IL provides additional distributions operations dop, including the log-likelihood
11, sampling samp, and gradients gradi, where the integer ¢ refers to the position of the ar-
gument to take the gradient with respect to. At the level of the Density IL, the distribution
operation was implicitly its density. For expressing inference algorithms, we may need other
operations on distributions such as sampling from them.

Second, the IL contains a dedicated increment and assign statement x += e. (We can also
increment and store to locations e[?] += ¢.) We added this additional syntactic category be-
cause many MCMC updates require incrementing some quantity. For example, we may need
to count the number of occurrences satisfying some predicate to compute a conjugacy relation
or accumulate derivative computations after an application of the chain-rule. Because we hope
to generate parallel inference code, this separate syntactic category indicates to the compiler
that the increment and assign must be done atomically.

Third, the ILs annotate loops with whether they can be executed sequentially (Seq), in
parallel (Par), or in parallel given that all increment and assign operations are done atomi-
cally (AtmPar). For instance, we can annotate a loop that samples a collection of conditionally
independent variables in parallel (e.g., when implementing a conjugacy relation) with Par.

As we will see later when we describe AugurV2’s implementation of gradients (Section 6.4.4),

these computations will use the loop annotation AtmPar.
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MCMC update likelihood full-conditional gradient

MH v X X
Gibbs X v X
HMC v X v

Reflective Slice v X v
Elliptical Slice v X X

Figure 6.9: A summary of base MCMC updates and the primitives required to implement them.

6.3.4 PRIMITIVE SUPPORT FOR BASE MCMC UPDATES

The AugurV2 compiler currently supports user-supplied MH proposals, Gibbs updates, HMC
updates?, and (reflective and Elliptical) Slice updates. Fortunately, each base update can be
decomposed into yet further primitives, summarized in Figure 6.9. The rest of the function-
ality can be supported as library code—the primitives encapsulate the parts of the MCMC
algorithm that are specific to the full-conditional. This helps us manage the complexity of the
compiler. These primitives include (1) likelihood evaluation, (2) closed-form full-conditional
derivation, and (3) gradient evaluation. The compiler will implement these primitives in the

Low++ IL.

LIKELIHOOD EVALUATION It is straightforward to generate Low++ code that reifies a full-
conditional as it encodes a likelihood. Full-conditionals with structured products can be rei-
fied as AtmPar loops. For example, if we apply Elliptical Slice sampling to sample the cluster

means [, then the code for the log-likelihood of the (unnormalized) full-conditional is:

log_likelihood_mu_k(K, N, mu_O, sigma_O, pi, sigma, y, mu, z) {

11 = 0;
11 += MvNormal (mul[k], muO, sigma0).1l1;
AtmPar (n <- 0 N {

11 += indicator(k == z[n], MvNormal(y[n], mul[z[n]], sigma)).1ll;

3There is also a prototype of No-U-Turn sampling.
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11;

At the level of the GPU, we can implement these loops as a map-reduce. Nevertheless, at the
level of the Low++ IL, we simply annotate the parallelism available and defer the implemen-

tation details to a later phase of the compiler.

CLOSED-FORM FULL-CONDITIONAL DERIVATION When the compiler partitions the model,

it only computes a full-conditional that is known up to a normalizing constant. To obtain a
closed-form solution for the full-conditional, the compiler needs to solve for the normalizing
constant, which requires solving an integral. The AugurV2 compiler supports closed-form full-
conditionals in two cases.

First, like Bugs and Augur, AugurV2 exploits conjugacy relations. Recall that a conjugacy
relation exists when the form of the conditional distribution p(f | x) takes on the same func-
tional form as p(@). This bypasses the need to compute the normalizing constant. There is a
well-known list of conjugacy relations. Consequently, the AugurV2 compiler supports conju-
gacy relations via table lookup. For example, there is a conjugacy relation between a multi-
variate Normal prior and multivariate Normal likelihood in the GMM. In general, computing
a conjugacy relations requires traversing the involved variables and computing some statistic.

We provide the conjugacy relation for the GMM cluster means below for our running exam-
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ple.

e = X' (3g o +mX1g)

N

ng = Z[Z” = k]

n=1

S = (S5t +npn )

The compiler may fail to detect a conjugacy relation if (1) the approximation of the full-
conditional is imprecise or (2) the compiler needs to perform mathematical rearrangements
beyond structural pattern matching. It would be interesting to see if we can improve upon
the latter situation by combining AugurV2 with a computer algebra system (CAS) as other
systems have done (e.g., [77]) and leveraging the CAS to solve the integral, but we leave this
for future work.

Second, AugurV2 can also approximate the closed-form full-conditional for a discrete vari-
able as a finite sum, even if a conjugacy relation does not exist. That is, it can generate code
that directly sums over the support of the discrete variable up to some predetermined bound

or when we have encountered most of the probability mass (e.g., using Markov’s inequality).

B o plz=k)ply|z=k)
Ple=kly) = Ywplz=k)ply|z=k)

Below, we give Low++ code that implements this marginalization for the z variables in our
GMM running example. In the example, we assume a that there is a function normalize_and_sample

that normalizes a vector to obtain a pmf and then samples from it.

fc_z(K, N, mu_O, sigma_O, pi, sigma, y, mu, z) {
Par (n <- 0 N {
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norm = 0;
AtmPar (k <- O N {

prob = Categorical(z[n], pi).1l * MvNormal(y[n], mulk], sigma).1ll;
pnf [k] = prob;
norm += prob;

}

z[n] = normalize_and_sample(pmf, norm);

¥
¥

GRADIENT EVALUATION The compiler implements source-to-source, reverse-mode automatic
differentiation (AD) to support gradient evaluation of the model likelihood. For more back-
ground, we refer the reader to the literature on AD (e.g., [7, 46]). We summarize some design
decisions that one make when implementing gradients below. We will write f to refer to a
mathematical function and Ay to refer to the program code that implements f to distinguish
the two.

¢ (Symbolic vs. AD). One reason for implementing AD over symbolic differentiation is
so that the complexity of the gradient code Ay is proportional to the complexity of
the original code Ajy. In contrast, symbolic differentiation can lead to code that is ex-
ponential in the complexity of the original code Ay. However, symbolic derivatives can

interoperate with computer algebra systems, whereas AD cannot.

o (Forward vs. Reverse). Suppose f : R” — R™. Forward-mode AD requires n passes
over the original function Ay to compute the gradient V f. Reverse-mode AD requires
m passes over the original function Ay and a stack known as the Wengert tape [7] to
keep track of the history of computations to computes the gradient V f. For a function
such as a model log-likelihood £ : R™ — R, reverse-mode AD requires one pass over the

original function at the cost of increased memory usage compared to forward-mode AD.

¢ (Instrumentation vs. source-to-source). AD can be implemented by instrumenting the
original program or as a source-to-source transformation. The former can be easier to
implement in languages that support operator overloading, i.e., overload all primitive
operations to compute both the original function and its derivative. The latter requires
a compiler pass. Nevertheless, there are opportunities for optimization. For example,
a compiler can leverage that the semantics of parallel comprehensions are independent

of the order of evaluation and optimize away the stack for reverse-mode AD when it is
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(x, dist(y1,...,yn)) = 11 += T * dist(y1,...,yn).gradl

Jn += T * dist(y1, . . ., Yn).gradn
(z, 0p™(Y1,. -, Ym)) =71 += T * 0p" (Y1, - - ., Ym).gradl

n += T * op" (Y1, ..., Ym).gradm

(@, y1[ya]) = lya] += @

(a) The adjoint expression translation. A variable notated Z is the adjoint of variable x. It contains the
result of the partial derivative with respect to .

Paisi(2) () = (x, dist(€))
fny fng = f72§ E

let z=ec in fn=ax=e;fn;(z,e)

H fn = loop AtmPar (z < gen){fn}
T4—gen

[frlc = i£(C){fn}{0}

(b) The adjoint density function translation. The absence of complex control-flow in the Density IL simpli-
fies the implementation.

Figure 6.10: The construction of an adjoint program for source-to-source, reverse-mode AD in AugurV2
from the Density IL to the Low++ IL.
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translating this construct. This is an instance of where providing parallel comprehen-
sions as a language construct can potentially increase the efficiency of inference code.

Taking the design decisions into account, the AugurV2 compiler implements reverse-mode AD
as a source-to-source transformation from the Density IL to the Low++ IL. We highlight two
differences as compared to more conventional choices.

First, the AugurV2 compiler implements source-to-source AD, in contrast with many other
systems [19] that implement AD by instrumentation. This choice was largely motivated by the
lack of complex control flow in the AugurV2 modeling language, which is the primary diffi-
culty of implementing source-to-source AD. Here, the AugurV2 compiler leverages the seman-
tics of parallel comprehensions to optimize the gradient code. Moreover, we found that it was
easier to support the composition of different MCMC algorithms by directly generating code
that implements gradients when needed, instead of redesigning the entire system runtime to
support the instrumentation required for AD. We also found that this choice makes it easier
to support compilation to the GPU, which cannot (efficiently) support a sophisticated run-
time.

Second, the AugurV2 compiler implements source-to-source AD as a translation from one
language to another (Density IL to Low++ IL), as opposed to a transformation on the same
language. In a typical setting, one applies AD to code written in a general-purpose program-
ming language. In our setting, we only need to apply AD to models written in a restricted
modeling language. Hence, for simplicity, we can choose the ILs that make the translation as
simple as possible (see Figure 6.10).

Figure 6.10 summarizes the source-to-source, reverse-mode AD translation implemented
by the AugurV2 compiler. The input program should be transformed to contain only simple

expressions. The output is an adjoint program, i.e., a program that computes the derivative.
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The translation is quite simple—it fits on a single page. Below, we provide an example adjoint
program for taking the partial derivative of the log-likelihood of the model with respect to the

cluster means.

grad_log_likelihood mu(X, N, mu_O, sigma_O, pi, sigma, y, mu, z) {
adj_11 = 1;
AtmPar (n <- 0O N {
t1 = y[nl;
t2 = z[n];
t3 = mu[t2];
adj_tl += adj_11 * MvNormal(tl, t3, sigma).gradl;
adj_t3 += adj_11 * MvNormal(tl, t3, sigma).grad?2;
adj_mu[t2] += adj_t3;

AtmPar (k <- 0 K) {
t0 = mulk]
adj_t0 += adj_11 * MvNormal(tO, muO, sigmaO).gradl;
adj_mulk] += adj_tO0;
}

adj_mu;

6.4 BACKEND

The AugurV?2 backend performs the last step of compilation and generates native inference
code. As we mentioned before, the target of compilation for the AugurV2 compiler is a C/Cuda
runtime library that supports operations on vectors/matrices and distributions. Hence, the
target of compilation for AugurV2 is minimal compared to other PPL’s, which implement al-
most all the functionality of inference in this layer.

Except for the final step where the compiler synthesizes a complete MCMC algorithm and
eliminates the Kernel IL, the backend phase is largely similar to a traditional compiler pass in
terms of the kinds of transformations it performs. The AugurV2 backend (1) performs size-

inference to statically bound the amount of memory usage an AugurV2 inference algorithm
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consumes and (2) reifies parallelism. Towards this end, the compiler introduces the Low-- IL
to handle memory management and the Blk IL to handle parallelization. The Low-- IL con-
ceptually follows a Partitioned Global Address Space (PGAS) programming model. We have
not investigated the possibility of using existing languages based on the PGAS model such

as Chapel [20] or X10 [101], but hope to do so in future work to extend the capabilities of
AugurV2 to distributed settings. We also have not investigated how to leverage existing func-
tional languages that compile to the GPU such as Futhark [47] and Nova [22]. The current
backend serves as a prototype to investigate CPU and GPU compilation of MCMC inference

algorithms for fixed-structure Bayesian networks.

6.4.1 REPRESENTING INFERENCE III: THE Low-- IL

The Low-- IL is structurally the same as the Low-++ IL (Figure 6.8), except that programs
must manage memory explicitly. However, details of how to reify parallelism are still left ab-

stract.

6.4.2 SIZE INFERENCE

As a reminder, AugurV2 programs express fixed-structure models. Consequently, for efficiency
reasons, we can bound the amount of memory an inference algorithm will use and allocate

it up front. Moreover, for GPU inference, it is necessary to determine how much memory an
inference algorithm will consume up front because we cannot dynamically allocate memory
while executing GPU code. To accomplish this, the compiler first makes all sources of mem-
ory usage explicit. For example, primitives such as vector addition that produce a result that

requires allocation will be converted into a side-effecting primitive that updates an explicit
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b ::= seqBlk {s} | parBlk Ik (x + gen) {s} | loopBlk (x «+ gen) {b}

| €qce = sumBlk ey (x < gen) {s; return e}

Figure 6.11: The Blk IL exposes the different kinds of parallelism, including data-parallel (parblk), reduc-
tion (sumblk), and the absence of parallelism (seqblk).

destination. These functional primitives made the initial lowering step from model to infer-
ence tractable and can be removed at this step. Second, the compiler performs size inference
to determine how much memory to allocate. Currently, the compiler does not support stan-

dard optimizations such as destructive updates.

6.4.3 REPRESENTING PARALLELISM: THE BLK IL

When AugurV2 is set to target the GPU, the compiler produces Cuda/C code from Low--

IL code. Here, the compiler can finally leverage the loop annotations present in the infer-
ence code. As a reminder, the loops were annotated when the compiler first generated a base
MCMC update. At this point, the compiler chooses how to use utilize the GPU. As with
size-inference and memory management, this step is also similar to a more traditional code-
generation step. Towards this end, the compiler introduces an additional IL called the BIk IL.
The syntax is summarized in Figure 6.11.

The design of the IL is informed by the SIMD parallelism provided by a GPU. For exam-
ple, the construct parBlk Ik (x « gen) {s} indicates a parallel block of code, where gen copies
of the statement s (in the Low-- IL) can be run in parallel according to the loop annotation
Ik. This corresponds to launching gen threads on the GPU. The syntax e,.s = sumBlk eg (x
gen) {s ; return e} indicates a summation block, where the body s maps some computation

across gen and returns the expression e. The result is summed with ey as the initial value and
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is assigned to the expression in e,.;. Hence, this corresponds to a GPU map-reduce. The con-
struct loopBlk (x < gen) {b} loops a block b. Thus, this corresponds to launching gen paral-
lelized computations encoded in b in sequence. The construct seqBlk {s} encodes a sequential

block of code consisting of a statement s. This corresponds to the absence of parallelism.

6.4.4 PARALLELIZING CODE

To parallelize the body of a declaration in the Low-- IL, the compiler first translates it into
the Blk IL. Every top-level loop we encounter in the body is converted to a parallel block
with the same loop annotation. The remaining top-level statements that are not nested within
a loop are generated as a sequential block. Loop blocks and summation blocks are not gener-
ated during the initial translation step, but are generated as the result of additional transfor-
mations. The current parallelization strategy is a proof-of-concept that illustrates how to reify
the parallelism specific to the base MCMC updates the compiler generates and we expect that
there are many opportunities for improvement here. We summarize some optimizations that

we have found useful in the context of the MCMC algorithms generated by AugurV2.

COMMUTING LOOPS As a reminder, AugurV2 compiles at runtime so it has access to the
sizes of the data and parameters. It can use this information to commute IL blocks of the

form

Par (k <- 0 K) {
Par (n <- 0 N {

when K < N so that the code utilizes more GPU threads.
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INLINING The compiler inlines primitive functions that are implemented with loops. For ex-
ample, the compiler can inline the sampling of a Dirichlet distribution, which samples a vector

of Gamma distributed variables and then normalizes the vector (with normalize).

sample_dirichlet(alpha) {
Par (v <- 0 V) {
x[v] = Gamma(alpha) .samp;
}
normalize(x);
X;

Inlining expose additional sources of parallelism. For example, if we inline the sampling of
the Dirichlet distribution sample_dirichlet above in a ParBlk, then the loops may be com-

muted.

CONVERSION TO SUMMATION BLOCKS Lastly, the compiler analyzes parallel blocks marked
atomic parallel to see which should be converted to summation blocks. To illustrate this more

concretely, suppose we have the following code produced by AD:*

AtmPar (n <- 0O N {
adj_var += adj_11 * Normal(y[n], O, var).grad3;
}

Parallelizing this code by launching N threads leads to high contention in updating the vari-
able adj_var. Instead, the compiler estimates the contention rate as the ratio of the number

of threads we are parallelizing with (i.e., N in this example) compared to the number of loca-

“This code could arise from a model with density factorization prxp(0?) par(zr, | 0,0?) where
pExp(0?) is an Exponential distribution and par(z}, | 0,0°) is a Normal distribution with variance .
Importantly, any model where there is a higher-level parameter (e.g., the variance parameter) that
controls the shape of lower-level distributions (e.g., the likelihood), will result in gradient code of this

form.
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tions the atomic additions are accessing (i.e., 1 in this example). If the ratio is high as it is in

this example (N/1), then the compiler converts it to a summation block.

adj_var = adj_var (n <- 0 N {
t = adj_11 * Normal(y[n], O, var).grad3;
t;

Importantly, the compiler is invoked at runtime so the symbolic values can be resolved.

The compiler uses the following basic heuristic to optimize a block of code. First, it inlines
primitive function as described above. If inlining code results in a loop being commuted or
a conversion to a summation block, then it stops and returns that block of code. Otherwise,
it does not inline and returns the block as is. We have not investigated other optimizations,
different orderings of the optimizations, or more generally, a cost-model to guide optimiza-
tion. As an example of an area for improvement, consider the following piece of code, which
the AugurV2 compiler will currently fail to parallelize well. This code could result from in-
lining a gradient computation for a Dirichlet distribution (ignoring the normalizing constant)

evaluated at the vector x[k] for each k with concentration parameter alpha.

AtmPar (k <- 0 K) {
AtmPar (v <- 0 V) {
adj_x[k]l[v]l += (alphalv] - 1) / (x[kI[vl);

}
}

In this example, the compiler would parallelize over the outer-loop, which would be inefficient
if K < V (e.g., consider a model such as LDA that has K topics and V words in the vocabu-

lary). By inspection, a better strategy would be to parallelize over the inner loop.
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Once the compiler has translated the body into the Blk IL and performed the optimiza-
tions above, it will generate Cuda/C code. The Blk IL maps in a straightforward manner onto
Cuda/C code. In general, such a compilation strategy will generate multiple GPU kernels for

a single Low-- declaration.

6.4.5 SYNTHESIZING A COMPLETE MCMC ALGORITHM

In this step, the compiler eliminates the Kernel IL and synthesize a complete MCMC algo-
rithm. More concretely, the compiler generates code to compute the acceptance ratio (AR)
associated with each base MCMC update.

Recall that a base MCMC update targeting the distribution p(z) can be thought of as a
MH algorithm with a proposal ¢g(x — ') of a specific form. To ensure that the distribution
p(zx) is sampled from appropriately, the proposals are taken (or accepted) with probability

p(@)q(z — w’)) ’

a(z,2') = min (17 p@)@ = 1)

where a(x,2') is known as the AR. If the proposal is not taken, it is said to be rejected. Some
base MCMC updates such as Gibbs updates are always accepted, i.e., have AR a(z,2') = 1
for any = and z’. Thus, the acceptance ratio does not need to be computed for such updates.
Other MCMC updates such as HMC updates require the computation of the AR. The com-
piler generates code that computes the AR after every base update that requires it. Because
such base updates can be rejected, the compiler maintains two copies of the MCMC state
space, one for the current state and one for the proposal state, and enforces the invariant that
the two are equivalent after the execution of a base MCMC update. The invariant ensures

that the execution of a base MCMC update always uses the most current state.
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6.5 SYSTEM IMPLEMENTATION

In this section, we summarize AugurV2’s system implementation, which includes the compiler,

the user interface, and the runtime library.

6.5.1 COMPILER IMPLEMENTATION

The AugurV2 compiler is written in Haskell. The frontend is roughly 950 lines of Haskell
code, the middle-end is roughly 1860 lines, and the backend is roughly 3420 lines. The entire
compiler is roughly 9000 lines, which includes syntax, pretty printing, and type checking. We
found the backend to be the most tedious to write, particularly the details of memory transfer

between the Python interface and Cuda/C.

6.5.2 RUNTIME LIBRARY

The AugurV2 runtime library is written in Cuda/C. It provides functionality for primitive
functions, primitive distributions, additional MCMC library code, and vector operations. The
libraries are written for both CPU and GPU inference. We believe there is room for improve-
ment, particularly in the GPU inference libraries. For example, in the GMM example, we
need to perform the same matrix operation on many small matrices in parallel. In contrast,
the typical GPU use case is to perform one matrix operation on one large matrix.

The runtime representation of AugurV2 vectors are flattened. That is, AugurV?2 supports
vectors of vectors (i.e., ragged arrays) in its surface syntax, but the eventual representation of
the data will be contained in a flattened, contiguous region of memory. This enables us to use
a GPU efficiently when we want to map an operation across all the data in a vector of vectors,

without following a pointer-directed structure. For this reason, the runtime representation of
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vectors of vectors pairs a separate pointer-directed structure with a flattened contiguous array
holding the actual data. The former provides random access capabilities, while the latter en-
ables an efficient mapping operation across the data structure. The flattened representation is

also beneficial for CPU inference algorithms because of the increased locality.

6.6 EVALUATION

In this section, we evaluate the design of AugurV2’s compiler in terms of its (1) extensibility
and (2) inference capabilities. We also compare against Jags (a variant of Bugs) and Stan,

systems with similar modeling languages.

6.6.1 EXTENSIBILITY

As MCMC methods are improved, it is important to design systems that can be extended to
incorporate the latest advances. In this part of the evaluation, we comment on the extensibil-
ity of AugurV2’s design in supporting base MCMC updates.

To support a new base update, we need to (1) add a node to the Kernel IL AST and mod-
ify the parser, (2) extend common Kernel IL operations to support the new node, and (3)
implement the Cuda/C code for the base update against the AugurV2 runtime. From expe-
rience, we have found the first two items to be simple, provided that the base update uses the
MCMC primitives already implemented. For instance, once we have an implementation of
AD, we can easily support both reflective Slice sampling and HMC using the same AD trans-
formation. In contrast, supporting Gibbs updates were difficult because we need to implement
a separate code-generator for each conjugacy relation. Fortunately, there is a well-known list

of conjugacy relations so this can be done once. The third item is between 0 lines of C code
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(for a Gibbs update) to 30 lines of C code ( e.g., an implementation of Leapfrog integration

for the HMC update) depending on the complexity of the base update.

6.6.2 PERFORMANCE

In this part of the evaluation, we compare AugurV2 against Jags and Stan, concentrating on
how design choices made in the AugurV2 system—(1) compositional MCMC inference, (2)

compilation, and (3) parallelism—compare against those made in Jags and Stan. Appendix B
contains more details. We consider three probabilistic models commonly used to assess the

performance of PPLs (e.g., see the Stan user manual [106]): (1) Hierarchical Logistic Regres-
sion (HLR), (2) Hierarchical Gaussian Mixture Model (HGMM), and (3) Latent Dirichlet Al-
location (LDA). We ran all the experiments on an Ubuntu 14.04 desktop with a Core-i7 CPU

and Nvidia Titan Black GPU.

MoDELS The generative model for a HLR is summarized below. It is a model that can be

used to construct classifiers.

o? ~ Exponential()\)
b ~ Normal(0, o)
0x ~ Normal(0, o)

yn ~ Bernoulli(sigmoid(z,, - 0y + b))

The generative model for a HGMM is summarized below. It is a model that clusters points
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on D-dimensional Euclidean space.

7 ~ Dirichlet(«)
g ~ Normal(po, Xo)
Yk ~ InvWishart (v, ¥)
zn, ~ Categorical ()

Yn ~ NOI‘mal(,LLG, EZn)

The generative model for LDA is summarized below. It is a model that can be used to infer

topics from a corpus of documents.

04 ~ Dirichlet(«)
gf)k ~ Dirichlet(ﬁ)
zq; ~ Categorical(6,)

wgj ~ Categorical(¢.,; )

CoMPOSITIONAL MCMC  To assess the impact of generating compositional MCMC algo-
rithms, we use the HLR model and the HGMM model. The HLR model contains only con-
tinuous parameters. Hence, a system such as Stan, which is specifically designed for gradient-
based MCMC algorithms, should perform well. The HGMM model is fully-conjugate. Hence,
a system such as Jags, which is specifically designed for Gibbs sampling, should perform well.
For the HLR model, we visually verified the trace plots (i.e., a plot of the values of the pa-

rameter from one sample to the next) of each system. On the German Credit data set [64], we
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found that AugurV2 configured to generate a CPU HMC sampler with manually picked pa-
rameters to be roughly 25 percent slower than Stan set to use the same HMC sampling algo-
rithm in generating 1000 samples (with no thinning). It takes roughly 35 seconds for Stan to
compile the model (due to the extensive use of C++ templates in its implementation of AD),
whereas AugurV2 compiles almost instantaneously. It would be interesting to see if there are
additional optimizations that can be applied during compilation to improve AugurV2’s im-
plementation of AD. Although fast compilation times are not an issue in our setting where
we just need to compile the model (and query) once, this may become more of an issue in
structure learning [81]. Jags had the poorest performance as it defaults to adaptive rejection

sampling.

FLEXIBLE INFERENCE Compared to both Jags and Stan, AugurV2 has more flexible infer-
ence. For example, in a HLR, we can update the variance (02) and offset (b) parameters with
a Gaussian proposal centered at the current location, while using the more computationally
intensive HMC to sample the coefficients (#). Indeed, this corresponds to HMC practice,
where we use simpler MCMC methods to update higher-level parameters [18]. In contrast,
Jags will perform adaptive rejection sampling on all variables and Stan will apply a variant of
HMC called No-U-Turn to the entire model.

Figure 6.12 contains plots of the log-predictive probability versus training time for a 2D-
HGMM model with 1000 synthetically-generated data points and 3 clusters. A log-predictive
probability plot can be seen as a proxy for learning—as training time increases, the algorithm
should be able to make better predictions. We configured AugurV2 to generate 3 different
MCMC samplers corresponding to sampling the cluster locations with Elliptical Slice updates,

Gibbs updates, and HMC updates. The plot shows that every system converges to roughly
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Figure 6.12: The log-predictive probability of a HGMM when using the samplers generated by AugurV2,
Jags, and Stan. We use AugurV2 to generate 3 different MCMC inference algorithms. We draw 150 sam-
ples using each system with no thinning. Stan requires an initial tuning period of 50 samples.

the same log-predictive probability, the difference being the amount of time it takes. For in-
stance, Jags and AugurV2’s Gibbs sampler have better computational performance because

they can leverage the conjugacy relation, whereas Stan uses gradient-based MCMC.

CoMPILATION For the HLR model, which contains only continuous variables, we set AugurV2
to generate a HMC sampler for the entire model and compare to Stan’s implementation. Jags
cannot generate a HMC sampler and so we do not compare against it. On the German Credit
data set [64], we found AugurV2 to be roughly 25 percent slower than Stan in generating 1000
samples. Note that Stan is specifically tailored to generate gradient-based MCMC and it takes
roughly 35 seconds to compile the model, whereas AugurV2 generates more flexible inference
algorithms and compiles almost instantaneously. As the cost of HMC is dominated by the

cost of computing the gradient, we hope that the performance of AugurV2’s AD implementa-

tion as well as of the runtime library can be improved by leveraging ideas from the implemen-

161



(K,D,N) AugurV2  Jags Speedup

(3,2,1000) 02 11 ~55z
(3,2,10000) 14 174 ~ 124z
(10, 2, 10000) 37 515 ~13.9z
(3,10, 10000) 156 930 ~509z

(10, 10, 10000) 178 3019 ~16.9z

Figure 6.13: Approximate timing results comparing the performance of AugurV2's compiled Gibbs sampler
versus Jag's Gibbs sampler on a HGMM with varying clusters (K), dimensions (D), and data points (N).

tation of Stan, but we leave that for future work.

Figure 6.13 summarizes the timing results to generate 150 samples for a HGMM on a syn-
thetically generated data set for a varying number of clusters, dimensions, and data points.
We set AugurV2 to generate a Gibbs update for all the variables and compare against Jags’
Gibbs sampler so that both are running the same high-level inference algorithm. The dif-
ference is that Jags reifies the Bayesian network structure and performs Gibbs sampling on
the graph structure, whereas AugurV2 directly generates code that performs Gibbs sampling
using symbolically computed conditionals. The experiments show that AugurV2’s approach
outperforms Jags’ approach. We also compared to the performance of Stan as well as checked
the log-predictive probabilities for all three systems, but didn’t include timing results for Stan
because they aren’t particularly meaningful. For instance, we applied Stan’s No-U-Turn sam-
pler to the largest model with 10 clusters in 10 dimensions, for which it takes approximately
19 hours to draw 150 samples. Notably, Stan does not natively support discrete distributions
so the user must write the model to marginalize out all discrete variables, which increases the
complexity of computing gradients. This highlights the importance of being able to support

compositional MCMC algorithms.
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Data set-Topics CPU (sec.) GPU (sec.) Speedup

Kos-50 159 60 ~2.7x
Kos-100 265 73 ~ 3.6z
Kos-150 373 82 ~ 4.6x
Nips-50 504 161 ~ 3.1z
Nips-100 880 168 ~ 5.2x
Nips-150 1354 235 ~ 5.8x

Figure 6.14: Approximate timing results comparing the performance of AugurV2's CPU Gibbs inference
against GPU Gibbs inference for LDA. The Kos data set [64] has a vocabulary size of 6906 and contains
roughly 460k words. The Nips data set [64] has a vocabulary size of 12419 and roughly 1.9 million words.

PARALLELISM Jags and Stan support parallel MCMC by running multiple copies of a chain
in parallel. In contrast, AugurV2 supports parallel MCMC by parallelizing the computations
within a single chain. As these methods are not comparable, we will focus on AugurV2’s GPU
inference capabilities. For these experiments, we will use all three models. We found that
GPU inference can improve scalability of inference, but it is highly model-dependent.

For example, when we fit the HLR to the German Credit data set using AugurV2’s GPU
HMC sampler, the computational performance was roughly an order of magnitude worse com-
pared to AugurV2’s CPU HMC sampler. This can be attributed to the small data set size
(roughly 1000 points) and the low dimensionality of the parameter space (26 parameters).
When we apply the GPU HMC sampler to the Adult Income data set [64], which has roughly
50000 observations and 14 parameters, the gradients were parallelized differently due to the
summation block optimization—it is more efficient to run 14 map-reduces over 50000 elements
as opposed to launching 50000 threads all contending to increment 14 locations.

In contrast to a model such as a HLR, models such as HGMM and LDA have much higher
dimensional spaces. Indeed, the number of latent variables scales with the number of data
points. In these cases, GPU inference was much more effective. Figure 6.14 summarizes the

(approximate) timing results for AugurV2’s performance on LDA across a variety of data

163



sets, comparing its CPU Gibbs performance against its GPU Gibbs performance. We also
checked the log-predictive probabilities to make sure that they were roughly the same for the
CPU and GPU samplers. The general trend is that the GPU provides more benefit on larger
data sets, with larger vocabulary sizes, and with more topics. We have also tried this with the
HGMM and found the same general trend. We could not get Jags or Stan to scale to LDA,

even for the smallest data set.

6.7 RELATED WORK

The design of AugurV2 builds upon a rich body of prior work on PPLs. In this section, we
compare AugurV2’s design with related PPLs, using the (model, query, inference) tuple (i.e., the
probabilistic modeling and inference tuple) as a guide. At a high-level, PPL modeling lan-
guages can be classified according to whether they (1) express well-known probabilistic model-
ing abstractions such as Bayesian networks [19, 108] as in AugurV2 or (2) are embedded into
general-purpose programming languages [119, 84, 42, 120, 82, 58]. Most PPLs provide fixed
queries and inference strategies, although languages such as Edward [112] and Venture [68]
explore more expressive query and inference strategies. We discuss related systems in more

depth now.

6.7.1 RELATED SYSTEMS

LANGUAGE: BuGs To our knowledge, Bugs was one of the first probabilistic programming
systems designed for Bayesian probabilistic modeling [108, 67]. The original BUGS language
provides an imperative modeling language for expressing Bayesian networks and uses Gibbs

sampling to explore posterior distributions. Hence, it supports fixed queries with a fixed infer-
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ence strategy.

The AugurV2 modeling language is inspired by the BUGS modeling language. Both lan-
guages are first-order and are designed to be closer to mathematical notation. However, AugurV2
provides parallel comprehensions instead of an imperative for loop that Bugs provides. Infer-
ence in the BUGS systems is performed by reifying the Bayesian network corresponding to
a model described in the language, and then querying the network structure at runtime to
figure out which variables are conditionally independent of others to perform Gibbs updates.

In contrast, AugurV2 approximates the conditional independence at compile-time and uses
this information to directly generate code that samples conditionally independent variables in
parallel. Hence, the runtime representation of an AugurV2 inference algorithm is much more

compact and regular.

LANGUAGE: STAN Stan [19] is another PPL similar in design to both BUGS and AugurV2.
Again, the major difference between the Stan language and AugurV2 language is that AugurV2
uses parallel comprehensions. A minor difference is that Stan does not support vectors of vec-
tors so users must flatten their models. Moreover, Stan does not natively support discrete
random variables as its primary method of inference uses No-U-Turn sampling, a variant of
HMC, which works only on continuous parameter spaces. The latest version of Stan supports
Automatic Differentiable Variational Inference. Hence, Stan supports several fixed inference
strategies. In contrast, AugurV2 provides a family of inference algorithms based on MCMC

sampling.

FACTOR GRAPH APPROACHES Several other probabilistic programming systems use factor

graphs as the basis of inference, including Infer.net [73], Factorie [69], and Dimple [48]. Both
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Factorie and Dimple provide a library API for constructing factor graphs. Infer.net provides a
surface level language that can be compiled into a factor graph for the purposes of inference.
We consider this approach somewhat less-declarative as the user needs to manually construct
the factor graph. These systems implement inference strategies that can take advantage of
the factor graph structure such as message-passing algorithms. Again, the difference with
AugurV2 is mainly that these systems are limited to uniformly applying a single inference

method to the entire model. Nevertheless, they support several fixed inference strategies.

SYMBOLIC APPROACHES The Hakaru language embeds probabilistic programming in Haskell,
and hence, provides a much richer modeling language [77]. Nevertheless, users should not use
Haskell features such as recursion or 10 when inside the Hakaru subset. Hence, the expressiv-
ity of Hakaru is similar to that of modeling languages such as AugurV2. Hakaru implements
posterior inference symbolically, i.e., it performs exact inference. Like AugurV2, Hakaru has
a language for representing inference algorithms that can be analyzed and optimized. Un-
like AugurV2, the language Hakaru uses is much richer. In fact, the inference language is the
modeling language itself. Consequently, Hakaru can express more complicated inference algo-
rithms instead of AugurV2’s strategy of composing base MCMC kernels. Indeed, the Hakaru
system interacts with a computer algebra system (CAS) to derive facts useful for posterior in-
ference. In contrast, the Hakaru representation does not have access to the lower-level details
of memory management and order-of-evaluation. Hakaru is also not compiled.

The Psi system [37] is similar to Hakaru in that it performs symbolic inference. Unlike
Hakaru, Psi identifies a core subset of mathematical transformations that are useful for solv-
ing integrals arising in Bayesian inference practice, instead of appealing to a more general

CAS. By leveraging the extra structure, the Psi system has been demonstrated to handle
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larger models than Hakaru. The Psi system handles loops by unfolding, which leads to scala-
bility issues. In summary, these languages explore the feasibility of supporting exact inference
queries on a restricted modeling language. It would be interesting to see how these techniques
can be integrated into the implementation of AugurV2. Notably, the Psi system has uses an

intermediate representation similar to AugurV2’s Density IL.

GENERAL-PURPOSE EMBEDDINGS Another family of PPLs adds to a general, Turing-complete
language (1) sampling and (2) probabilistic queries. The idea is that standard programming
languages are already themselves a good abstraction for expressing probabilistic models. Hence,
languages in this family embrace traditional programming language constructs, such as higher-
order functions, recursion, state, and etc. The challenge once programs are proposed as an
alternative to traditional abstractions (e.g., probabilistic graphical models) is to develop effi-
cient inference techniques.

The earliest of these languages such as Stochastic Lisp [58] and IBAL [89, 90] add discrete
distributions. As only discrete distributions are involved, inference can be performed by sum-
mations. This includes techniques such as variable elimination. However, many practically
useful models require continuous distributions. Once continuous distributions are added to a
programming language, new inference techniques need to be developed.

The Church [42] probabilistic programming language is embedded in Scheme and proposes
MCMC inference on program traces. Church restricts primitive distributions to only those
that have densities, called exchangeable random primitives, but otherwise allows the full power
of the Scheme language to build models. Thus, each execution trace of a Church program
can be associated with the likelihood of the random choices made along that trace. Conse-

quently, we can perform MCMC sampling on these traces. The challenge is to develop effi-
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cient inference in the space of program traces. The first version of Church implemented MH
sampling with default proposals. This approach does not scale to more complex models in
higher-dimensional parameter spaces.

Other trace-based MCMC systems have been developed, including Anglican [119] and
R2 [82]. The former proposes particle MCMC approaches and show that this approach can
leverage OS-level concurrency. As a reminder, a particle MCMC estimates the posterior dis-
tribution via a weighted set of samples called particles (on the order of 10 particles). Anglican
leverages OS-level concurrency to track each particle. The latter improves the efficiency of
MH sampling by using static analysis (i.e., weakest precondition calculation) to rule out im-

possible states, and thus, craft tailored proposals.

LANGUAGE: BLAISE The Blaise [16] system provides a domain-specific graphical language
for expressing both models and MCMC algorithms. Hence, such a system provides a more
expressive language for encoding inference algorithms beyond choosing from a preselected

and fixed number of strategies. As we mentioned in the introduction, the Kernel IL used by
AugurV?2 is closely related to the Blaise language. In particular, it should be possible to trans-
late the Kernel IL instantiated with the Density IL to a Blaise graph. We use the Kernel IL
for the purposes of compilation, whereas in Blaise the language is interpreted. It would be an
interesting direction of future work to see if the subset of the Blaise language related to infer-

ence can also be used for the purposes of compilation.

FLEXIBLE INFERENCE Edward [112] and Venture [68] also explore increasing the expres-
sivity of different query and inference languages. Edward is built on top of Tensor-flow [1],

and hence, provides gradient-based inference strategies such as HMC and AVDI. Notably, the
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Tensor-flow system efficiently supports the computation of gradients for an input computa-
tional graph (e.g., the computational graph of the log-likelihood calculation for a probabilistic
model). Consequently, Edward leverages the benefits of Tensor-flow. It would be interesting
direction for future work to see how much of Tensor-flow’s infrastructure for AD can be used
in AugurV2 as done in Edward. However, note that AugurV2 provides higher-level function-
ality than Tensor-flow. For example, AugurV2 can generate non-gradient-based MCMC algo-
rithms (e.g., Gibbs samplers) as well as compose gradient-based MCMC with non-gradient-
based MCMC. Venture [68] provides an inference language that is closer to a general-purpose
programming language, and hence, explores the more expressive regime of the design space for

inference algorithms.

OTHER MODELING LANGUAGES The probabilistic programming languages we have focused
on so far have largely been functional. Hence, they are most suited for expressing models with
directed dependencies as opposed to undirected dependencies (e.g., with cycles). In this sec-
tion, we review other language designs that are not as closely related to AugurV2 as the ones
we presented previously, but nevertheless, are included here to more broadly survey the land-
scape of probabilistic modeling languages.

For instance, probabilistic logic programming adds probabilistic operations to a logic pro-
gramming language. Intuitively, the idea is to replace hard, logical entailments with soft,
probabilistic entailments. Hence, this approach attempts to combine logic with probability
theory.

Markov Logic Networks (MLNs) provide another logic-programming approach that com-
bines first-order logic with Markov Random Fields [26]. The user provides a collection of

first-order formula, their weights, and a set of ground terms (i.e., atoms). This results in
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a possible-world semantics, where intuitively, the probability of a possible world is propor-
tional to the weighted number of first-order formula it violates. Thus, MLNs do not describe
generative processes, which exhibit casual dependency structures, but relational dependency
structures. A MLN can answer questions of the form: “what is the probability that a for-
mula holds, given another formula holds?” Hence, MLNs subsume basic probabilistic infer-
ence where we obtain a posterior distribution on numerical parameters given numerical data.
As a result, MLNs are typically solved with optimization techniques to obtain point esti-
mates, rather than Bayesian techniques that return distributions. Tractable Markov Logic
(TML) is a variation of MLN that restricts the structure of first-order formulae in order to
make inference more tractable [27]. This is reminiscent of the restricted language design we
saw in AugurV2 to make inference more tractable in practice as well. There are other lan-
guages that attempt to combine logic with probability such as Stochastic Logic Programs [74],
BLOG [70, 71] and Problog [25], but we refer the reader to work on MLN for a more compre-
hensive discussion.

Tabular [43], as its name suggests, explores how to use schemas (e.g., databases or spread-
sheets at a first approximation) to express probabilistic models queries. It falls at an interest-
ing point in the design space because most modeling languages use traditional programming
language syntax. A schema naturally expresses missing values in an observed data set. In-
deed, a common problem encountered in probabilistic modeling in practice is how to treat
incomplete data sets. There are also domain-specific PPLs such as Picture [61], which pro-
vides a modeling language for describing how a scene is rendered and the task of inference

corresponds to solving computer vision tasks.
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IMPLEMENTATION TECHNIQUES In addition to exploring various points of the (model, query,
inference) tuple space, many PPLs have also proposed interesting implementation decisions
that are related to AugurV2’s. For example, the Hierarchical Bayes Compiler (HBC) [24] ex-
plores the compilation of Gibbs samplers to C code. In this work and our previous work on
Augur, we support compilation of Gibbs samplers to the GPU. Swift [120] uses a compiler
pass to optimize how conditional independence relationships are tracked at runtime for a
modeling language that can express dynamic relationships. In contrast, AugurV2 provides a
simpler modeling language that expresses static relationships, and hence, statically approxi-
mates these relationships. Unlike the compilation approaches above, Kiselyov et al. [56] ex-
plore how to implement Bayesian inference (including variable elimination for exact inference
and importance sampling for approximate inference) for a language with discrete distributions
called Hansei that is shallowly-embedded in OCaml. Bhat et al. [13] give a proof of correct-
ness for a compiler that transforms a term in a first-order modeling language into a density.
This language subsumes AugurV2’s (e.g., AugurV2 does not provide branching constructs)
and can be seen as justifying the implementation of the AugurV2 frontend, which translates
a term in the modeling language into its density factorization. Le et al. [63] propose imple-
menting inference for probabilistic programs using ideas from amortized inference. They use
a neural network to learn a variational approximation of the posterior distribution. Once this
approximation is learned, further queries on the posterior distribution can be answered di-

rectly (via Sequential Monte Carlo) (hence, amortized inference).

RELATED LANGUAGE DESIGNS We would like to briefly mention some other work outside of
the probabilistic programming literature that the design of AugurV2 draws from. For exam-

ple, Halide is a DSL for expressing image processing algorithms that separates the specifica-
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tion of the intrinsic image processing algorithm from the schedule, i.e., the storage and order
of execution [93]. Similarly, AugurV2 is a DSL for expressing parametric Bayesian networks

that separates the specification of the model from the MCMC schedule.
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The AugurV2 Language

In this chapter, we formalize AugurV2’s modeling language and show how the semantic foun-
dation based on computable distributions developed in the first part of the dissertation can
guide the design and implementation of a PPL. For the purposes of giving semantics, we first
define an expression-based language called Core AugurV2 that we can desugar programs in
AugurV?2’s surface-level modeling language into (Sections 7.1 and 7.2). Then, we show that
every Core AugurV2 program of full-measure denotes a distribution that admits a density fac-

torization (Section 7.3). Importantly, this justifies the implementation of inference in Core
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AugurV2 via MCMC (a method which requires densities). Finally, we show that conditioning
on a well-formed distribution (i.e., a full measure distribution) in Core AugurV2 is (Type-2)
computable (Section 7.4). In particular, an error such as an out-of-bounds access can produce
a sub-probability distribution. Hence, the semantics of conditioning on these distributions is

undefined.

7.1 A CORE LANGUAGE

In this section, we define a language called Core AugurV2 that AugurV2’s surface-level mod-
eling language can be desugared into. The syntax for Core AugurV?2 is summarized in Fig-
ure 7.1. Unlike the random variable notation used in AugurV2’s modeling language, Core
AugurV2 is an expression-based language that incorporates distributions using a probability
monad. It will be easier to see how the semantics of this language can be given by compilation
to Acp (Chapter 4) because the languages are structurally similar. The desugaring translation
is straightforward, and hence, omitted. Figure 7.2 provides an example of how a GMM (see

Figure 5.3 for the GMM expressed in random variable notation) is desugared.

SYNTAX We use an expression-based language with a probability monad to describe the gen-
erative model. In particular, we can use three syntactic constructs to build complex distribu-
tions from primitive distributions dist. First, the syntax = < e ;; e is like an ordinary bind
from the probability monad that additionally returns the value bound to x. Hence, we call it
a product bind expression. Second, the syntax x = ej ;; ey corresponds to a standard let ex-
pression. Third, the syntax {e | ¢ + gen}p is a n-fold product bind expression, which can
be used to express models with repetitive structure. The semantics of a product bind expres-

sion are independent of the order of evaluation. Nevertheless, note that this does not imply
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model ::= X . e >>= (A1, - .., Ym). obs €,)
7u=1Int | Real | Really, | 7x7 | VecT | 7 — 7 | Dist T
ex=x | i | | op™er,....en) | ele] | dist(€)
| zeje | x=e;s;e | {e|x+ gen}p
gen :=guntil g
gu=z | i glg]

Figure 7.1: The syntax for Core AugurV2, an expression-based language with a probability monad Dist 7.

\(D, K, N, muO, SigmaO, pis, Sigma).
(mu <- { MvNorm(muO, SigmaO) | k <- O until K } ;;
{ Disc(pis) | n <- O until N }
) >>= (\N(mu, z). { MvNorm(mul[z[n]], sigma) | n <- O until N })

Figure 7.2: A Core AugurV2 model encoding a GMM (see Figure 5.3 for the the GMM expressed in ran-
dom variable notation).

that the distributions specified with this construct are necessarily independent. For exam-

ple, the random variables corresponding to the data points for a GMM in Figure 7.2 are ex-
pressed with a product bind expression, but are only conditionally independent of each other
given the appropriate random variables (and not independent of each other). Comprehension
bounds gen are specified with a restricted subset of expressions g, which includes (1) variables
x, (2) constant integers 4, and (3) vector projections g[g] (which can be used to encode ragged
arrays). A complete Core AugurV2 model is a function T . ep >>= (My1,---,Ym).obse,) from
model hyperparameters and constants 7 to an expression ep >>= (A(y1, ..., Ym)- obse,) de-

scribing the hidden (ep,) and observed (e,) parts of a generative model.

TyPEsS Base types include integers Int, reals Real, and reals restricted to a discrete point

Reallp,. The reason we have different types for reals Real and restricted reals Really is to
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specify the base distribution that a Core AugurV2 model has density with respect to. Infor-
mally, we have the subtyping relation Int < Real and Reall,; < Real. Compound types
include products 7 X 7o and vectors Vec 7. Primitive functions are assigned function types

7T T Finally, distributions are assigned the type Dist 7.

StaTics Figure 7.3 summarizes Core AugurV2’s type system. The judgement p 7 checks
that distribution types are well-formed. The expression typing judgement I' - e : 7 checks
expressions. Finally, the judgement ¥ F model checks that a whole model is well-formed,
under a context ¥ that contains the types of primitive distributions and functions. We walk
through each of the judgements in turn.

The judgement p 7 is used to restrict the types that can be supplied to a distribution
type. For instance, AugurV2 allows distributions on base types Int, Real, and Real|y, as well
as products 7 X 7o and Vec 7 of well-formed distribution types. These correspond to familiar
distributions on integers and reals, and (n-fold) products of these distributions.

The judgement I' - e : 7 types expressions and is mostly standard. We review the typing
rules for expressions that work with distributions. To type the expression = < e; ;; ez, or a
product bind expression, we check that e; is a distribution Dist 7;. Then, we check that es is
a distribution Dist 7 under the additional assumption that x has type 7. Additionally, we
check that 7y and 75 are well-formed distribution types. The result is the product distribution
type Dist 71 X 72. To type the distribution comprehension expression {e | * « gen}p, we
check that the body e under the assumption that = is an integer has the distribution type
Dist 7 and that gen is a well-formed generator. This produces a distribution on the vector
space Dist (Vec 7).

The typing rule for the let sampling expression x = e ;; eg is similar to that of the rule
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|—DT

Well-formed distribution type

Fp Fp Fp T
Fp Int Fp Real Fp Real|ps Fp 71 X ™ Fp Vec Tt
Generator expression judgement
D(z):7 I'tgy:Vecr 't go: Int
Ftaz:7 I'-4:Int 't agilge] : 7

I'gen:7

—

Generator judgement

I'Fg;:Int I'Fgo: Int

I'F g1 until g9 : Vec Int

T'kFe:r Expression judgement
L(x):7
I'tx:7 I'4:Int I'r:Real
(fl=m X - X1 =T I'kFe :mforl<i<n T'Fej:VecTt T'Fey: Int
I'Fop™(er,...,en): T I'kepfer] : 7
I'ke; :Distmy I'z:m Fey:Dist m Fp Fp 1

I'Fxz<e1;; ex:Dist (11 X 72)

I'bei:m I'z:7 Fey:Dist m Fp 7 Fp T

I'Fx=e1;; ez :Dist (r(r1) X 72)

I'x:Intke:Dist T I' - gen: Vec Int Fp T
'+ {e|x « gen}p : Dist (Vec 7)

W+ model Model judgement
W, 21 571,y Ty Tn b ep : Dist (74 x ... x 7)
W,y STy T Trs YL 2 Thy ey Ym = T € 1 Dist 7,
U Nzy, . 2n).en>>= (A1, ..., Ym). Obs e,) : T, — Dist (7 X ... x 7)

Figure 7.3: Core AugurV2's type system.
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r(Int) = Int
r(Reallpy) = Reallp
£ Reallp

|I>

(1) x r(72)
£ Vec (r(7))

7“(7'1 X To

)
)
r(Real)
)
r(Vec 1)

Figure 7.4: The definition of the restriction function r, a function on Core AugurV2 types, which is used
in the Core AugurV2 type system to indicate the base measure a distribution has density with respect to.

for the product sample, with two differences. First, we check that e; has type 7 (instead of
Dist 71). Second, the resulting type is Dist r(71) X 72 and not Dist 71 X 7o. This uses the
restriction function r, which operates on types and is defined by induction on well-formed dis-
tribution types. The restriction function is summarized in Figure 7.4. The idea is that when
we let bind the expression e; to a variable x, we should consider the degenerate product space
where the first component is restricted to the one-point space, instead of the entire space of
values of type 7. This distinction will be used later when we give the density factorization of
AugurV2 models.

The judgement for a well-formed model ¥ F model checks that model is well-formed under
the context W. The context ¥ contains types for primitive functions, distributions, and densi-
ties. A Core AugurV2 model is a generative model ej, >>=(A(y1,...,ym). obse,) whose hidden
portion is given by e; and observed portion is given by e,. The expression is typed similarly
to a product bind expression. However, the resulting type is a function from observed data 7,

to a posterior distribution Dist 7.
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module Vec (Vec, idx, unt, sequencel)
import CompDistLib

Vec a = [al]
idx :: Vec a -> Integer -> a
idx vec n | n < length vec = v !! n
| otherwise = bot
unt :: Integer -> Integer -> Vec Integer
unt nm | 0 <= n & n <m={41i | i <- n..m }
| otherwise = bot
sequencel :: Vec (Samp a) -> Samp (Vec a)
sequenceA (hd : tl) = hd >>= \hd' >>= sequenceA tl >>=
\tl' >>= (ha' : tl1"')
sequenceld [] = (]

Figure 7.5: Vector module for translation.

7.2 SEMANTICS

In this section, we translate a Core AugurV2 expression into a Agp expression and then de-
rive the semantics. This supports the idea that a Turing-complete probabilistic modeling
language expresses computable distributions—in particular, we show now how to use one

(i.e., Acp) to implement an interpreter for AugurV2.

7.2.1 TRANSLATION

Figure 7.6 summarizes the translation 7] of a well-typed Core AugurV2 expression into a
Acp expression. In order to translate the vector type, we assume that Acp has lists and their
associated operations with the usual semantics (see Figure 7.5). We focus on the translation

for distribution constructs as the translations for the other constructs are largely standard.
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T e until es] = unt (T[e1]) (T[e2])
Tlz] £z
Tl =i
Tl &7
Tlop™(e1, ..., en)] £ op™(Tlea],-- -, Tlen])
Tlexleo]] = 1dx (TTe1]) (Te2])
Tldist(ey, ..., en)] = dist(T[ei],- .., Tlen])
Tlo e15; ea] = 2 < Tlea] s
y < Tlez2] ; where y not free in T [ez]
return (z,y)
Tz =e1;; ea] £z < return T [e1] ;
y < Tlez2] ; where y not free in T [ez]
return (z,y)
Tl{e |z + gen}p] = sequenceA {T[e] | = + T[gen]}
Tlen>>=A(y1, ..., ym). obse,)] = obsDens T [en] (A1, - -, Ym)-
getBndCondDens (7 [eo]) (Y1, - - -, Ym))

Figure 7.6: Translation of AugurV2 into A¢cp.
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The translation of a product sampling expression x < e; ;; ez uses bind from Acp. Its

translation is

Tlr+e1;; ea] 2o+ Tler]; (y « Tlez] ; return (z,y)),

where y is not free in T [es]. The translation of the assignment expression x = e; ;; ey also

uses bind from A¢p.

Tz =e;1;; ea] 2z« return (T[ei]) ; (v < Tlez] ; return (z,y)),

where y is not free in T [es]. To translate an expression producing a distribution on an n-fold
product (i.e., a vector), we use lists (see Figure 7.5). We will treat lists isomorphically with

n-fold products.

Tl{e |z <+ gen}p] = sequenceA {T[e] | x < T[gen]}

The A¢p function sequenceA is a monadic sequence operator, i.e., it binds a list of monadic
values, and returns the list (see Figure 7.5). We have also taken the liberty of using compre-
hension syntax.

Finally, the translation of an observation construct simply calls the implementation of com-
putable conditioning with a bounded, computable density obsDens from A¢p. As a reminder,

the function getBndCondDens obtains the conditional density of its argument which is a distri-
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bution.

L

Tlen>>=(AY1,---,Ym)-obse,)]

obsDens 7T [en] (A(y1, - - -, Ym)- getBndCondDens(T [eo]) (1, - - -, Ym))

7.2.2 DERIVED SEMANTICS

Together, the translation 7[-] and the semantics of Acp gives a derived semantics for AugurV2
models. Below, we compute the derived semantics for Core AugurV2’s distribution constructs
and check that they are what we expect.

First, we calculate the semantics of a product sampling expression = < ey ;; es.

E[Tx < e1 55 ea]lp(U)
=&z + Tle1] ; (y < Tlez2] ; return (z,y))]p(U)

:/55 — E[y + Tlez2] ; return (z,y)]p[z — Z] dE]e1]p

- / Fo / 5 1u((3,9)) dE[eal ol > 7 dEerlp

Hence, we obtain a product distribution.
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Second, we calculate the semantics of a let sampling expression x = e; ;; es.

E[TIz = e1 55 ex]]p(U)
=&z + return Tei1] ; (v < Tlez2] ; return (z,y))]p(U)

:/:E — E[ly « ez ; return (z,y)]p[zr — Z] dE]return e1]p
:/3‘3 — /vy — 1y ((z,9)) d€]e2]plr — ] d€]return ei]p

:/g s 1((7, 7)) d€]ea]plz — 7] where 7 = E[ex]p

Again, we obtain a product distribution. The last equality follows from the property of an
indicator function under an integral and justifies the intuitive substitution semantics.
Third, we can check that the distribution comprehension {e | <+ gen}p results in an

n-fold product distribution.

EITHe | = < gen}pllp(U)
= E[sequenceh {T[e] | x < Tgen]}]p(U)

:/5;1 - /gzn s 1 (Fr, 7)) dELelple > Gl . dE[elple > 1] |

where (g1,...,9n) = E[T[gen]]p. Note that sequenceA forces evaluation of the list compre-
hension, so a diverging generator expression results in the bottom valuation. Moreover, note
that each E[e]p[x — g;] is independent of each other for each 1 < i < n, and thus, we refer to

the n-fold product distribution as also a parallel comprehension.
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Finally, we can check the semantics of observation.

E[TTen>>=A(y1,...,Ym).obse,)]]p £ obsDens T[en] (A(y1,-- ., Ym). getBndCondDens (7 [eo]) (v, . . -

fB Jgdp

=f§+ Brs 2B
fV[[TO]]fgdlj‘

where 1 £ E[I' F ey, : Dist 74]p and f; = getBndCondDens(7 [eo]). That is, f; satisfies

/B fydv = v(B)

for any measurable B and § € V[r,], where v £ E[[',y : 7, F e, : Dist 7,]ply ~ 7). As

expected, the semantics is a function from observed data to the posterior distribution.

7.3 DENSITY FACTORIZATION

The derived, distributional semantics enables us to reason about Core AugurV2 models. Nev-
ertheless, for the purposes of implementing MCMC algorithms to sample from the model’s
posterior distribution, we will need the model’s (potentially unnormalized) density. Hence,

in this section, we characterize the distributions that Core AugurV2 models denote as those
admitting a density factorization.

To begin, we need to indicate what base measure a Core AugurV2 model has density with
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respect to. Towards this end, we define a collection of base measures by induction on types.

sB[[]:Ilt]] = {Vcounting}
‘B[[Real]] = {VLebengE}

BlReallp:] £ | J 14y
reR

B[ x ] £ {v1 @vs | v1 € B[] Ave € B[]}

The base measures for types Int and Real are the counting measure and Lebesgue measure
respectively. The base measure for a real restricted to a point Real|y is a family of point
measures (H{T})TeR indexed by reals. The base measure for a product type 71 X 7o is the com-
pletion of the product measure of the base measures for 7 and 7. We include the completion
so that the base measure for Real x Real is the Lebesgue measure on R x R.!

Now that we have the base measure for a Core AugurV2 program of type Dist 7, we can
show that the denotation has a density with respect to the base measure. Towards this end,
we will need to strengthen the interpretation of distribution types of Core AugurV2 programs

to those that admit a density with respect to the appropriate base measure.

V[pist 7] & {u | p € €(V[7],[0,1]<) A3f,v € B[r]. u = fdv} .

Then, the density factorization result is a consequence of type-soundness for AugurV2 pro-

grams.

Lemma 7.3.1 (Type-soundness). If T'e: 7, then E[e] : € (V[T'], V[7])

'This is a (minor) technicality that affects the version of Fubini-Tonelli we can use.
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Proof. The proof follows by induction on the typing derivation, where in each case that works
with distributions, we can explicitly witness what the density is. It is instructive to work

through the distribution cases to see what the density is.

Case 6 (T'F x < ey ;; eg : Dist 71 X 72). We need to witness a density for E[z + e; ;; es]p
for p € V[I']. By the induction hypothesis, £[e1] : €(V[I'], V[Dist 71]) and Efes] : € (V[T z :
71], V[Dist 72]). Let f be the density and v1 be the base measure corresponding to E[es]p.
Moreover, let x = curry(E[e2])(p) € €(V[r],V[Dist 72]). » is a probability kernel, and

moreover, there is gz and vo € B[] such that x(Z) = gz. We claim

Case 7 (T'Fx =ey;; ey :Dist r(m) X 72). We need to witness a density for E[z = e; ;; ea]p
for p € V[T']. By the induction hypothesis, £[e1] : €(V[T], V[r1]) and Ees] : €(V[T,x :
1], V[Dist 7). Let # = E[e1]p and p = curry(E[e2])(p)(Z) € V[Dist 72]. Thus, there is

density gz and base measure vs € B[7s] such that gz dve = p. We claim

&
<
1
Q
8
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is a density with respect to 1z} ® v2, which follows by calculation.

/ 2,9 1u(@ 9)9:() d(Lgzy ® v2)

T i—) y —> ]lU(l‘ y))g ( )dl/g) d]l{;c}

I
\\

(7= 1u((2,9))) d€le2]plz — 7]

7.4 ON MODELING LANGUAGE DESIGN

We just saw an application of the semantics from the first part of the dissertation by giving
semantics to Core AugurV2 by translation and characterizing the models as those that admit
a density factorization. In this section, we offer a few additional remarks on how a semantics
based on computable distribution can be used to aid the design of a probabilistic modeling

language.

ERROR VALUES Note that a well-typed AugurV2 program can denote an ill-formed distribu-
tion, e.g., a distribution for which it is nonsensical to condition on. For instance, we can de-
fine a model where the variance argument to a Normal distribution is negative. AugurV2 han-
dles this partiality by using the diverging value L to represent an error value and considering
distributions on spaces that take | into account. For example, supplying a negative variance
to a Normal distribution produces L € V[Dist Real].

The constructs that can potentially introduce an error value L in AugurV2 include ap-

plication of primitive functions rop™(ey, ..., e,), instantiating a parameterized distribution
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dist(e1, ..., en), and vector indexing e[e]. We could make all these operations total, in which
case every well-typed AugurV2 program would denote a distribution that is meaningful to
condition on. For example, we could give vector indexing e;[es] the semantics where we use
the index e modulo the length of e; (see Borgstrom et al. [17]). Nevertheless, modifying the
underlying semantics to get rid of error values is somewhat unsatisfying. Instead, by compil-
ing to a suitably expressive language such as Acp with the appropriate semantics, we can get

the desired semantics.

CONDITIONING The computable semantics from the first part of the dissertation also enables
us to show that when an AugurV2 program does not denote an error value, then conditioning

is computable.

Proposition 7.4.1. When AugurV2 denotes a full-measure distribution, then conditioning is

Type-2 computable.

This easily follows as we have restricted our conditioning primitive to a Type-2 computable
setting when we have a bounded conditional density. Indeed, a conditioning expression is sim-
ply translated to a call to the appropriate function implemented in the module CondLib (see

Section 4.7.2 where we implement conditioning as a library).

IF EXPRESSIONS This section was inspired by discussions with Oleg Kiselyov. AugurV2 does
not provide if expressions. In order to branch on a probabilistic expression, users must in-
stead encode it with a Bernoulli random variable. For instance, one possible encoding on real-

valued expressions es and es and condition z (drawn from a distribution e;) is

ifOx theneselseeg=xxexs+ (1 —x)*es.
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This kind of encoding is done in practice to encode branching expressions in graphical models.
The marginal distributions induced will be the same for both encodings. To see this, we can
calculate out the semantics as we have done before. Let y = E[I' F e; : Dist Nat]p. On the

left, we have

E[T F e : Dist Real]p[z — Z](U) when z =1
U*—)/ T du .

E[T F e3 : Dist Real]p[z — Z](U) when Z=0

On the right, we have

U~ /f — (ZE[T F ey : Dist Real]plz — Z|(U)) +

((1 —=z) &' F e3 : Dist Real]plx — Z|(U)) du.

These are equivalent.

However, there are conceptually two different methods we can use to implement a MCMC
sampler for these distributions. To see this, it is helpful to look at what is going on from
the perspective of density factorization. For the distribution denoted by es, we will write
D2(Y1, - - s Yks Ykt 1, - - - Y ) for its density. Similarly for the distribution denoted by ez, we
will write ps(y1, .-, Yk, Yk+1, - - - Ym) for its density. Note that the prefix yi, ...,y is shared
between po and ps so that ygi1, ...y, has been marginalized out for ps and yx41, ... ym has

been marginalized out for p3. Then, on the left, we have

pQ(yla"'7ykayk+1a"'yn) when z =1

p1(2)
P3(Y1, - Yks Ykt - - - Ym) when T =10
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One the right, we have

Zp1(Z)p2(Y1s- - Uks Ykt 1o - - Yn) + (1 = Z) p1(Z) D3 (Y15 - - s Uk Yht 15 - - - Ym) -

The density on the left is reminiscent of model selection. Depending on the condition, we ei-
ther have model with density ps or a model with density p3. These models can be handled
with reversible-jump MCMC [44] which is designed for the case when each model has a dif-
ferent number of dimensions. In our example, we have explicitly written out the marginalized
variables for po and ps to indicate that each model may make a different number of choices. A
reversible-jump MCMC has a more involved acceptance ratio calculation as well as the need
to compute Jacobians (to ensure reversibility). In contrast, the density on the right considers
both branches simultaneously, and hence, can be treated with ordinary MH methods. Note
that this works because the model has been unfolded so that both branches are considered.
Otherwise, we would need a reversible-jump correction.

Our digression on if expressions illustrates two additional points about the design and
implementation of probabilistic modeling languages. First, it is important that we have a
semantics for probabilistic programs independent of another (equivalent) semantics useful
for reasoning about inference algorithms. Indeed, our digression on if expressions, which
AugurV?2 intentionally leaves out, illustrates this point. The distributional semantics is ag-
nostic to marginalization whereas the density factorization highlights the different algorithmic
choices at our disposal.? In fact, the subtle difference between if and its encoding has been

the root of buggy MCMC implementations in probabilistic programming languages (e.g. see

2Gated graphical models [72] have been developed to add branching capabilities to graphical mod-
els, which subsequently impacts the inference algorithm.
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Probabilistic Matlab [117] and Hakaru [77]). Second, we can expose algorithmic choices on the
inference in the language itself. For instance, if we added if expressions to AugurV2, we can
use that as a user hint to the compiler to generate reversible-jump MCMC algorithms instead
of a more generic MCMC algorithm. This highlights the added dimension of considering which
language features a probabilistic modeling language should provide, beyond just the standard

programming language features.
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Conclusion

In this dissertation, I investigated programming languages designed for probabilistic modeling.
I began by exploring how to use computable distributions to give semantics to high-level pro-
gramming languages designed for probabilistic modeling. The intuitive reason for why com-
putable distributions provide a good foundation for the semantics of probabilistic programs is
summarized by the following motto (repeated here): “Turing-complete probabilistic program-
ming languages express computable distributions.” The idea that computable distributions go

hand in hand with probabilistic programs has been hinted at in the literature, although the
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connection to the best of my knowledge has not been made precise at the level of a high-level
probabilistic programming language until my work.

The second part of the dissertation focused on how to architect a PPL compiler. Towards
this end, I considered the setting of fixed-structure, parametric models instead of general-
purpose PPLs. Even in this restricted but practically useful setting, the design and implemen-
tation of compilers for PPLs is still a largely unexplored space. As a step towards advancing
the construction of compilers for PPLs, I devised a sequence of ILs that enable a compiler to
gradually transform a declarative specification of a model and a query into an executable in-

ference algorithm as well as layout the phases of compilation.

8.1 FUTURE WORK

In this section, I suggest a few directions for future work on both the semantics and imple-

mentation of PPLs.

SEMANTICS The most pressing issue is to see if we can indeed embed the semantics based on
topological domains into a realizability topos that I informally discussed in Section 4.8. This
would enable us to rigorously make the connection to realizability. There is a third semantics
that can possibly be given to Acp based on L-domains [40]. This approach encodes the notion
of Type-2 computability using the order-theoretic notion of approximation instead of Type-2
Turing machines. Indeed, this may be the more natural way to extend a CPO model of PCF
with reals and distributions instead of the way I have done it, which relies externally on oracle
Turing machines.

Another direction to take the semantics of probabilistic programs based on computable dis-

tributions is to address the issues of full abstraction and universality. The hope would be to
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obtain similar results as in Plotkin’s paper [92]: “LCF Considered as a Programming Lan-
guage.” As a model for how to extend the standard techniques to a PCF-like language ex-
tended with Type-2 computable elements, a good starting point is Longley’s thesis [66]. As
a first attempt, I think it is better to approach the problem of full abstraction and universal-
ity by adding language constructs, i.e., parallel if (pif) and exists (3) respectively, instead of
attempting to change the semantics. For example, as we saw in the Haskell implementation
of A\cp, we needed to use Haskell’s imprecise exceptions mechanism to simulate 3 so that we
could implement a (Type-2) computable function that would not have been implementable
otherwise. This is akin to adding 3 to the language. Intuitively, I expect there to be a cor-
responding full abstraction and universality result to hold for a probabilistic language with a
uniform distribution plus the standard constructs. Longely obtains full abstraction and uni-
versality results for PCF extended with parallel if and exists using realizability toposes.

One of the original motivations I had for basing the foundations of probabilistic program-
ming on computable distributions was to create a probabilistic Chomsky hierarchy. The idea
was to create a hierarchy of distributions which had different computational requirements
with the hope that this would translate into corresponding sub-languages with guaranteed ef-
ficient inference. At first glance, this approach appears to be doomed because it does not take
much expressive power to encode 3SAT (e.g., A, V, and coin flips) and ask an automated in-
ference engine to solve it. Here, we can take a cue from the non-computability of conditioning—
conditioning in the presence of bounded, computable noise is computable. From this perspec-
tive, it may be meaningful to attack the problem of designing sub-languages with guaranteed

efficient inference by considering the kind of noise added.
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IMPLEMENTATION It would be interesting to add language features to the AugurV2 model-
ing language and see how robust the current architecture of the AugurV2 compiler is to these
additions. As a first step, adding non-parametric prior distributions to AugurV2 as primi-
tives would likely require adding (1) additional compiler analysis to reason about properties of
those distributions and (2) runtime library support to implement the functionality. This in-
creases the complexity of the compiler, but does not change its architecture. As a second step,
adding a Markovian looping construct (i.e., one where the current loop iteration depends only
on the previous loop iteration) would enable us to express time-series and state-space models
in AugurV2 . We would need to extend (1) the Density IL to contain a sequential structure
product, (2) the decomposition analysis to support this additional case, and (3) the imple-
mentation of AD. Importantly, the backend remains largely unchanged—the only parts of the
compiler that are affected are those that work on the Density IL. Nevertheless, this additional
sequential looping construct suggests that we should also extend the compiler with additional
inference techniques such as particle MCMC [4] that are designed specifically to handle such
conditional independence structures. Thus, we would also likely want to extend the Kernel IL.
This suggests that for each new language feature we add that requires extending the Density
IL, we should also extend the Kernel IL.

Third, it would be interesting to see what other ILs are useful for compiling inference and
what other inference techniques can be automated with them. In AugurV2, I focused on MCMC
inference algorithms, but there are others such as variational inference and possibly combina-
tions of the two. Fourth, what other architectures could be used to accelerate inference? For
example, Tensor-flow [1] would be an interesting target of compilation. Fifth and a related

point, it would be interesting to examine heterogenous computation. Currently, AugurV2
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generates either all CPU code or GPU code, but there may be situations where the memory

transfer is worth the cost.

8.2 FINAL THOUGHTS

I conclude with some thoughts on probabilistic programming. On the aspect of semantics, T
think that computable distributions are a good foundation for interpreting probabilistic pro-
grams. In fact, I intended the motto “Turing-complete probabilistic modeling languages ex-
press computable distributions” to be a rephrasing of the Church-Turing thesis itself: “Turing-
complete programming languages express computable functions.” The choice to use com-
putable distributions goes against the prevailing wisdom for giving semantics to probabilistic
programs using measure theory. Hence, I provide two reasons below why I choose computable
distributions instead.

First, a purely measure-theoretic semantics loses its connection to the operational behavior
of programs, unless one bakes in primitives that deal with reals and distributions in a black
box manner. In particular, there is a mismatch between a semantics that deals only with ideal
quantities and an implementation in a general-purpose language that deals only with approx-
imations (e.g., with floating point). Instead, it seems much more fruitful to deal with com-
putability directly, i.e., embrace that we can only compute approximately with continuous
values. Moreover, such a (Type-2) computability theory exists.

Second, what does it mean for a PPL to be Turing-complete if we interpret probabilistic
programs in purely measure-theoretic terms? The obvious answer is that such a PPL can
simulate a Turing machine. However, it seems that such a language would have more com-

putational power than an ordinary Turing machine if it can compute directly on reals and
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All Models

Computable
Models

Practically

“Useful” Models

Figure 8.1: A cartoon of the design space of PPLs.

measures without approximation. In this case, we would violate the Church-Turing thesis.
Alternatively, we can delimit the bounds of computation to what a Turing machine can com-
pute, which places us in the realm of Type-2 computability. Indeed, the formulation of a com-
putable distribution as a computable function that generates samples from bit-streams makes
the connection back to probabilistic Turing machines, which is well known to be equivalent to
Turing machines equipped with an oracle.

Figure 8.1 provides a cartoon view of where I think the design and implementation of prac-
tical probabilistic programming languages should head. I have included both non-computable
models (i.e., all models) and also importantly, practically-useful models. AugurV2 captures
a subset of the practically-useful models. My hope was to design a programming language
that would capture only the models with (known) efficient inference because inference (and
not language expressivity) will be the bottleneck of probabilistic programming language’s use-
fulness in practice. Hence, rather than focus on developing efficient inference algorithms for

general-purpose languages, I believe we should focus instead on restricted language designs
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and improving inference in those settings.

To draw an analogy, consider a similar technology such as SMT/SAT solving. Like infer-
ence, SAT solving is intractable in general. Nevertheless, in practice, one can solve SAT prob-
lems and extend this capability to particular special cases of interest (e.g., bit-vectors) via
clever design of SMT solvers. In the context of probabilistic programming, the crafting of par-
ticular theories corresponds to designing restricted languages that handle particular classes of
models efficiently. For probabilistic programming to be as practical as SMT solving is today,

I think we will likely need significant advances in inference techniques to push PPL technol-
ogy further. Black box variational inference [60] seems like a promising alternative, but these

techniques are still in their infancy.
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Environment Lookup for CPO Semantics

This appendix contains the auxiliary argument that environment lookup is continuous, which
is used in the CPO semantics (see Section 4.4). The intuition for why this result holds is be-
cause a variable x can be realized on a Turing machine as: “Turing machine code that looks
at the tape indexed by z”. Consequently, environment lookup is computable, and hence, con-
tinuous. The actual argument is quite tedious and is included mostly for those interested to
see how the CPO semantics leverages computability. Indeed, the argument would not work if

Acp was not designed with Type-2 computability in mind because then not all values would
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be realizable on a Turing machine. Hence, the notion of Type-2 computability is crucial to the
CPO semantics, even if it is not readily apparent at first.

The argument proceeds in several stages. First, we introduce a language that parameterizes
a PCF-like language with constants denoting points in computable metric spaces and contin-
uous operations on them called Agr. Acp is an instantiation of Az. Second, we give Ar both
operational and denotational semantics. Third, we show soundness and adequacy to relate the
two semantics. Fourth and crucially, we realize the operational semantics on an oracle Turing

machine. Fifth and finally, we show the desired result that environment lookup is continuous.

A.1 A LANGUAGE WITH REPRESENTED SPACES

The language Ar extends a PCF-like language with constants denoting points in computable

metric spaces and continuous operations on them. The syntax is given below.

Tu=Nat | 7—=7 | 7x7T | a|p
ex=x | n| nope | \x.e | ee | if0etheneelsee | ux.e

| (e;e) | fste | snde
| ¢ | P’ | rop"(?)

The types a and 3 are base types that will be interpreted as computable metric spaces. For
simplicity, we restrict our attention to two base represented spaces (e.g., reals and distribu-
tions), but in general, we can have any number. The other types are standard. The first line
of the expression syntax gives standard PCF-like expressions. The second line of the expres-

sion syntax adds pairs.
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FRT Representable type

Fr 71 FRr T2 Fr 71 bR T2
I—Ra |—Rﬂ |—RT1><7'2 |—RT1—>7'2
Expression typing
D(z)=71 I'te:Nat Dx:mbe:n
I'Fa:7 I'-n:Nat I'+nop e : Nat I'FAx.e:m = m
I'kFer:m—T I'kFey:m I'eq : Nat I'keo I'keg:T
I'Fejey: T I'En:ifO0e; theneg elsees: T
z:tke:T I'Fei:m I'kes:m I'Fe:m X7 I'Fe:m X1
Fkpx.e:r I'F (e1,e): 71 X 7o I'fste:m I'snde:m
M- :a k.
U(rop”") =71 X -+ X Tp = T Fr ¥(rop™) ke :mforl<i<n

I'Frop™(eq,...,en): T

Figure A.1: Type-system

The third line of the expression syntax adds constants ¢® and ¢?, which denote elements
of the respective computable metric spaces. Let (X, dx, Sx) and (Y, dy, Sy) be the com-
putable metric spaces that constants ¢® and ¢® denote elements of respectively. Concretely,
constants ¢® and ¢? are given by fast Cauchy names with representations dx and dy respec-
tively. Hence, we can treat ¢ and c¢* as bit-streams. The syntax rop”(?) is a primitive ap-
plication of a continuous map between computable metric spaces denoted by rop™ to the argu-
ments (e1,...,ey,).

Figure A.1 summarizes the type system for Ag. The type system is parameterized by a
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global environment ¥ that contains the types of primitive functions. The typing judgement

I' F e : 7 is mostly standard, so we will focus on the rules for constructs that operate on com-
putable metric spaces. As expected, constant elements of a computable metric space are as-
signed the appropriate base type. The rule for a primitive function application rop™(es,...,en)
checks that the function looked up from a global environment ¥ has a representable type

(i.e., derivable by ) and that each of the arguments e; has the appropriate type.

A.2 DENOTATIONAL SEMANTICS

The denotational semantics of Ag is mostly straightforward—we simply have to interpret ad-

ditional constants and primitive functions.

A.2.1 INTERPRETATION OF TYPES

The interpretation of types V[-] is given by induction on types, where types are interpreted as

CPOs. We use a call-by-name interpretation.

V[Nat] £ Disc(N)
V[r x n] £ (V[r] x V[r)L
V[r — 2] = (VIn] = V).
V[a] £ S(L(X, dx, Sx))

V[A] = S(L(X, dy, Sy))

! Although we require the base types to be computable metric spaces, arguments to primitive func-
tions can come from more general represented spaces.
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Elx]p = p(x)
Ellp £ Y (n)
E[nop e]p = T (nop)(&[elp)
E[x. e]p = [v > E[e]p[z — v]]
Eler e2]p £ unlift(E[er]p) (Ee2]p)
Elea]p if Eler]p =0
E[if0 e then ey else e3]p £ < Ees]p if Ees]p =7 for 7 # 0

1 otherwise

T
T

Eluz. e]p = fix(v — E[e]plx = v])
El(er,e2)]p = [(Elealp, Ele2]p) )
E[fst e]p £ w1 (unlift(Ee]p))
E[snd e]p £ mo(unlift(E[e]p))
E[p 2 T(c)
£ 2 1()
Erop™(e1, ..., en)]p = Y(rop™)(E[er]p, - - -, E[en]p)

Figure A.2: The denotational semantics of Ar

The interpretation of PCF-like types is standard. Recall that S applies the specialization or-
der and L lifts a topological space to contain L. As computable metric spaces are Hausdorft,

both V[«] and V[G] give lifted, flat CPOs.

A.2.2 EXPRESSION DENOTATION

Figure A.2 summarizes the denotational semantics of Agr. The expression denotation function
El'Fe: 7] : V[I'] = V[r] is defined by induction on expression typing judgements, but we
will omit the judgement for brevity. It is parameterized by a well-formed global environment

T that interprets constants and primitive functions.
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A global environment is well-formed when:

1. For any constant ¢®, T(c¢*) = dx(c*) when ¢* € dom(dx) and glob(c®) = L otherwise.
2. For any constant ¢, Y(c?) = dy (¢?) when ¢ € dom(dy) and glob(c®) = L otherwise.

3. For any primitive function rop™, Y (rop™) is a strongly-continuous realizer of rop™ (see [116]).
By strongly continuous, we mean that rop diverges if any of its inputs diverges (e.g.,
when input bit-streams are not names of elements in the appropriate represented spaces).

This is also known as a strict continuous function.
The meanings of PCF-like expressions are standard. The denotation of a constant ¢ (c)
is a global environment lookup Y (c®) (Y(c?)). Concretely, the lookup converts the (fast Cauchy)
name into its corresponding element. When ¢ (¢?) is not a (fast Cauchy) name, it denotes
1.2 We interpret a primitive function application rop™(ey, ..., e,) as a strict function applica-
tion, which applies the semantic function T (rop™).

Before continuing, we check that the expression denotation function is well-defined.
Lemma A.2.1 (Denotation well-defined). If I' e : 7, then E[e] : V[I'] = V[r].

Proof. We proceed by induction on the typing derivation and note that the standard proof
works for the PCF-like fragment of A (e.g., see Gunter [45]).

Case 8 (I' F ¢* : «). We have £[c*] = const(T(c®)), where const is continuous. The case
I't c? : ais similar.

Case 9 (T' + rop™(e1,...,en) : 7). We need to show apply o(Y (rop™),E[e1], ..., E[en]) :
V[T] = V[r]. By assumption, T(rop™) is a continuous map between represented spaces, so it
is also a CPO continuous function (because its topology is coarser than the Scott topology).
By our induction hypothesis, we have that E[T" F e; : ;] : V[I'] = V[r:]. The result then

follows because the denotation uses only continuous functions.

2Unlike standard PCF, the denotation of a value of “base types” a or 8 may result in L. Hence,
referring to a and 3 as base types is somewhat of a misnomer.
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A.3 OPERATIONAL SEMANTICS

In this section, we give A\r operational semantics. The values that Ar expression evaluate to

are given below.

vi=n | Az.e | (ee) | ¢ | &P

An expression can evaluate to an element of a computable metric space in addition to the
standard values. The value (e, e) indicates that evaluation of pairs is lazy.

Figure A.3 summarizes the large-step, call-by-name operational semantics of Ag. It is pa-
rameterized by a global environment T that interprets primitive function symbols rop™. The
operational semantics of the PCF-like expressions are standard and will not be discussed fur-
ther. We describe the semantics of the additional constructs \g.

A constant (i.e., bit-stream encoding a fast Cauchy sequence) is already a value, and thus,
reduces to itself. The reduction of rop™(ey,...,e,) reduces each e; to a corresponding value
v; for 1 < ¢ < n, and then applies the semantic version of the primitive function obtained by
looking up the symbol rop™ in the global environment to the resulting arguments. Note that
the operational semantics does not substitute the values v; into the body of Y (rop™). Instead,
the meaning of Y(rop™) is given externally by an oracle Turing machine realizing the function.

By design of A\¢p and the well-formedness of T, such an oracle Turing machine exists.
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el v Large-step call-by-name evaluation

eln e1d \x.e elea/z] I v
nin nop e {} T(nop)(n) Ar.el Ax. e erer v
e1 0 es v e1dn n#0 es v elpuz. e/z] v
ifO ey then ey else ez | v ifO e; then ey elseeg | v px.e v
el (er,e2) e lu el (e1,e2)  ea v
(e1,e2) | (e1,e2) T'Ffste:wv I'snde: vy | c”

e;dvforl<i<n
AP rop™(eq,...,en) I (Y(rop™))(vi, ..., vp)

Figure A.3: The operational semantics for Ar.

A.4 SOUNDNESS AND ADEQUACY

Now, we connect the operational semantics with the denotational semantics via soundness and
adequacy. All statements are made under the additional hypothesis that the global environ-

ment Y is well-formed. We first state a substitution lemma for A\g.

Lemma A.4.1 (Substitution). If T,z : 7, Fe: 7 and - F ey : 7y, then E[T,x : Tp e T]p =

E[T F elex/x] : T]p for any well-formed environment p (with respect to T).

Proof. By induction on the structure of e. As Ar does not introduce any additional binding

constructs, the standard proof works. O

We will use the notation oe to indicate the substitution of multiple expressions where o =

le1/1, ... en/Tn].

Soundness is straightforward to show.
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Lemma A.4.2 (Soundness). Let ' e: 7. If oe | v, then E[e]p = E[v]p for any substitution

o and environment p that are well-formed with respect to T'.

Proof. By induction on the height of the derivation of e || v. The standard proof works for the

original constructs. The constant cases hold trivially.

Case 10 (rop™(e1,...,en) 4 (Y (rop™))(v1,...,v,)). We have to show E[rop™(ey,...,en)]p =
E[rop™(v1, ..., vy,)]p, which holds iff Y (rop™)(Ee1]p,--.,E[en]p) = Y(rop™)(vi,...,v,). By

the induction hypothesis, Ee;]p = E[v;] for 1 < i < n. Hence, the result holds.

Following a standard technique (e.g., see Gunter [45]), we use a logical relation d <, e
that relates CPO elements d to closed terms of e to show adequacy. It is defined mutually

recursively with another relation on values d <, v.

Definition A.4.1. Let d <; e if:
o [ Fe:T]=_Lor
o there exists some v such that e | v and E[- Fe: 7] < v,
Let d <, v if:
e 7 yat m where 71 is the semantic value associated with the syntax n,

° f 571—”'2 z +— e if for any d 57’1 v, f(d) Sﬂ'z 6[1)/&3],

(d,d2) Srixr, (1,€2) if di Spy €1 and do S, 2,
o Ox(c%) Sq ¢, or

o dy(cf) Sp
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The relation <, on values for PCF types is standard. For the computable metric space
type «, we have dx (c®) <, ¢, so a constant ¢ is related to the name of the element Jx (c%).
Note that an element can have multiple names. The relation dy (¢®) <o ¢® is defined similarly.

The following (standard) strengthened lemma implies adequacy.

Lemma A.4.3. LetT' =21 : 71,...,%y : T If TFe:7and for1 <i<mn,v; € V[r;] and

v; S, e for well-typed closed e;, then

Ele] S efvi/xa, .. vn /2] -

where p = [x1 = V1,..., Ty = V] is a well-formed environment and o = [v1/x1,..., v, /x| is

a well formed substitution.

Proof. We proceed by induction on the structure of e. As before, the cases for the standard

constructs go through without modification.

Case 11 (¢*). We need to show E[c*]p Sa oc®, which holds iff T(c¢*) <o ¢*. There are two
cases. If ¢* € dom(dx), then we have T(c*) = dx(c¥) Sa ¢ by well-formedness of Y. If

c® ¢ dom(dx), then Y(c®) <, ¢ because YT (c*) = L. The case for ¢? is similar.

Case 12 (rop™(eq,...,ep)). We need to show Y (rop™)(E[e1]p; ..., Elen]p) Sr Y(rop™) (v, ..., vp),
where ¢; || v; for 1 < i < n. By our inductive hypothesis, we have that E[e1]p <, v; for

1 < i < n. At representable types, E[e1]p <r, v; when v; and E[e;]p name the same ele-

ment of a computable metric space. As our global environment T is well-formed, T (rop™) is a

strongly-continuous realizer, so the output must name the same element as well (or diverge if

any of its inputs diverge).

208



As usual, we obtain adequacy as a corollary.

Corollary A.4.4. (Adequacy) Let -+ e : 7. If expD-Fe: 7 # L, then there is a v such that

el v.

A.5 ORACLE TURING MACHINES

Now, we show that the operational semantics can be realized by an oracle Turing machine.
First, we will encode Ag expressions on a Turing machine tape. Second, we describe an or-
acle Turing machine which takes an encoding of an expression on its input tape and writes
the resulting value to its output tape. As a warning, the exercise is tedious. Nevertheless, the
crucial point is that this is possible only because Ag (and consequently A¢p) is designed with
Type-2 computability in mind—we will not be able to realize measures on measurable spaces

on an oracle Turing machine.

A.5.1 PRELIMINARIES

Before we begin, we establish some notation and recall some standard facts about Turing ma-
chines.

The notation { z1,...,x, ) is a standard tupling function from computability theory which
can be used to pair streams of characters from an alphabet together (e.g., by dovetailing).
The notation bin : N — {0, 1}* converts a natural into its binary encoding.

Recall that we can treat a single working tape as an unbounded number of working tapes,
again by dovetailing. Thus, a Turing machine can always create a new working tape if needed.

When we say that a Turing machine does an operation “on-demand”, we mean that a Tur-

ing machine does the appropriate dovetailing to ensure that tape contents are computed lazily.
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Moreover, recall that we can run a Turing machine for a certain number of steps, inspect the

results, and continue.

A.5.2 ENCODING

The encoding function encode(-) translates an expression into a stream of characters on a Tur-
ing machine tape encoding the expression. The Turing machine alphabet A consists of enough
characters to encode the syntax of Ag. We reify the primitive functions nop; and rop’ by in-

dexing them with naturals ¢ and j (in its binary encoding). That is, nop ::= nop; | nop, |

and rop :=ropy' | rops? |

A:=0]1
| Nat | Var | nop; | If0 | Lam | App | Mu
| Pair | Fst | Snd

| Rep, | Repy | rop}

Figure A.4 gives the encoding function, which is in essence an identity function. Note that
the tupling function ( - ) is needed because the translation of ¢* and ¢? give infinite bit-
streams. Also, we assume that the expressions have been converted to DeBruijn indices before

the encoding.

A.5.3 INTERPRETER

Once an expression has been encoded on the tape, note that we can perform DeBruijn index

shifting (Ishift to decrement the indices and rshift to increment the indices) of a syntactically
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encode(x) £ Var( bin(z) )
encode(n) £ Nat( bin(n) )
encode(nop; €) = nop,( encode(e) )
encode(if0 e; then e else e3) = If0( encode(e;), encode(es), encode(es) )
encode(\e) £ Lam( encode(e) )
encode(e] e2) = App( encode(eq), encode(ey) )
encode(ue) = Mu( encode(e) )
encode((eq,e2)) = Pair( encode(e;), encode(es) )
encode(fst ) £ Fst( encode(e) )
encode(snd e) £ Snd( encode(e) )
encode(c®) = Rep,, { ¢ )
encode(c”) £ Rep s(c )
encode(ropj (e1, . .., €x)) = opj ( encode(ey),...,encode(en) )

Figure A.4: The encoding function that translates an expression into its oracle Turing machine representa-
tion.
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well-formed expression eagerly because expressions have finite height. That is, we can recur-
sively descend into each subexpression and eagerly perform the appropriate shifting.

The function extend( ¢1,t2,z ) is realized by a machine where mentions of the variable
in expression whose encoding is on tape t; is treated as “look at the contents of ¢3.” That is,
instead of substituting « away for t5 (which may be infinite), replace x in ¢; with Turing ma-
chine code that looks at the contents of 5.

Now, we describe an oracle Turing machine that realizes the reduction of an expression e.
The machine has an oracle tape, an auxiliary working tape which can be treated as a count-
able number of working tapes, an input tape, and a (one way) output tape. We start with
encode(e) on the input tape.

The machine is constructed in the obvious way. We just need to ensure that all operations
are done in an on-demand fashion as we work with infinite bit-streams. Here, the choice of

call-by-name evaluation corresponds nicely with tape contents being computed on-demand.

 interp(Var( x )): copy the machine code x and (on-demand) copy its result to the out-

put tape.
o interp(Nat(n )): copy Nat( n ) to the output tape.

o interp(®,( t )): run a Turing machine realizing nop? with input tape set to the output

of running interp(t).

o interp(I£0( ¢1,t2,¢5 )): run interp(¢;) redirecting the result to a temporary working

tape. If that tape contains Nat{ 0 ), run interp(ts). Otherwise, run interp(ts).

o interp(Lam( ¢ )): (on-demand) copy Lam( ¢ ) to the output tape.

(t
o interp(App( t1,t2 )): the goal is to produce Ishift{ subst( ¢}, rshift( ¢3 ),0 ) ), where
interp(t1) = Lam( t} ). Run interp(¢;) until we match the tag Lam, where the rest of
the tape is ( ¢} ). Then, run rshift( ¢ ) which can be done in finite time to produce t}.
Next, run the environment extension code extend( t}, 5,0 ). Before we read from the

output tape, run Ishift.

o interp(Mu( ¢ )): the goal is to produce Ishift( subst( ¢, rshift({ Mu( ¢ ) ),0 ) ). This can be

done similarly to the application case.
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o interp(Pair( t1,ts )): (on-demand) copy Pair( t1,¢2 ) to the output tape.

o interp(Fst( ¢ )): run interp(¢) until we match the tag Pair. If we match the tag, run

interp(t) further to obtain ( ¢1,- ) and (on-demand) copy ¢; to the output tape.

(
( (
( (
o interp(Snd( ¢ )): run interp(t) until we match the tag Pair. If we match the tag, run
( ()
(
(

interp(t) further to obtain ( -, ¢ ) and (on-demand) copy t2 to the output tape.

o interp(Rep,( ¢® )): (on-demand) copy Rep, ( ¢* ) to the output tape.
« interp(Reps( ¢” )): (on-demand) copy Repg( ¢” ) to the output tape.

o interp(rop}( t1,...,t, )): get the Turing machine code for rop} (note that the name of
ropj contains an oracle). By convention, suppose rop} has n-input tapes. Set the input
tapes to point to each ¢;. Finally, run the Turing machine code for rop?, redirecting its

output to the output tape.

The operational semantics is realizable by an oracle Turing machine.

Lemma A.5.1 (Realizable by oracle Turing machine). If e |} v, then interp(encode(e)) =

encode(v).

Proof. The proof is by induction on the height of the derivation of e || v. The cases are
straightforward because every step is essentially an identity. O
A.6 ENVIRONMENT LOOKUP 1S CONTINUOUS

We can finally show that environment lookup is continuous.

Theorem A.6.1 (Environment lookup continuous). Let ',z : o, Fe: a. Then, v E[T,x :
ay Fe:alplr — v] € ¥V]ay], V]a]) (on its domain) for any well-formed environment p with

respect to I'.

Proof. 1t is sufficient to consider when E[I',z : a, F e : afplx — v] # L for some v as we only

need to show the result on the domain.
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Let o be the corresponding substitution to the environment p. By the substitution lemma,
EC Fe: aplr — v] =E[ F (oe)[v/z] : a]. By adequacy (corollary A.4.4), there is a value v’
such that (oe)[v/z] | v'. Because the operational semantics is realizable by an oracle Turing
machine ( Lemma A.5.1), we have that interp(encode((oe)[v/z])) = encode(v’). Thus, we have
a realizer where the variable z is treated as an environment lookup from a Turing machine
tape. Hence, the machine with encode(v) on the environment tape indexed by x realizes v —

El,z: ay F e a]plx — v]. O

A.7 RELATION TO Acp

Acp as an instantiation of Ag. To see this, let @ = Real and S be the (countable) collec-
tion of types generated by well-formed types {Samp 7 | Fp 7}. The primitive functions on
reals correspond with the primitive functions on represented spaces in Ar. Given a collec-
tion of unary functions (ret, ). ,, with type 7 — Samp 7 indexed by well-formed types 7, the
expression return e corresponds to the Ar expression ret,(e), i.e., the application of a func-
tion between represented spaces. Given a collection of binary functions (sample,, . )- 7, 7
with type Samp 7 X 73 — Samp 79, the expression & < e; ; es corresponds to the A ex-
pression sample(eq, Az. ez). Note that the second argument Az. ez has the form of the sub-

stitution function that we showed was continuous as a map between represented spaces (see

lemma A.6.1).
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AugurV2 Supplementary

B.1 MobeL: HLR

Figure B.1 contains an AugurV2 program encoding a HLR. As a reminder, each x, (for any
0 < n < N) is called a predictor (or feature or attribute). A HLR can be used to construct
a classifier, e.g., by determining the posterior distribution on the vector of coefficients theta

given class labels y.
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(K : Int, N : Int, sigma2 : Real, x : Vec (Vec Int)) => {
b ~ Normal(0.0, sigma2) ;
thetal[k] ~ Normal(0.0, sigma?2)

k <- 0 K ;
y[n] ~ Bernoulli(sigmoid(theta .* x[n] + b))
n <- 0 N ;

Figure B.1: A HLR model in AugurV2.

DATA SETS We use two data sets from the UCI machine learning repository [64]. The Ger-
man Credit data set has 24 predictors and 1000 data points. The Adult Income data set has
14 predictors and 48842 data points. We preprocess each data set as follows before feeding it
to each system. Discrete predictors are treated numerically, i.e., encoded as a number. Then,
we standardize all predictors so that they have mean 0 and variance 1 [50]. We ignore the

data points in a data set with missing predictor values.

ADDITIONAL EXPERIMENTS Figure B.2 summarizes the results of the additional experi-
ments, including (1) time series and (2) k-lag autocorrelation plots. These plots give a visual
diagnostic of the performance of the MCMC inference algorithm that each system generates.
To create the plots, we generate 10000 samples from each chain with a burn-in of 1000 sam-
ples to estimate each chain’s mean and variance. Then, we run a separate chain generating

10000 samples, also with a burn-in of 1000 samples, to estimate the k-lag autocorrelation.

N 1 — es ~ 93+k ~
Pk—m (0° — f1)( — i)

s=1

As we can see from the time series plots (Figures B.2a and B.2¢) for one the predictors (the

other predictors look similar), the Markov chains produced by all three systems seem to have
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Figure B.2: Additional experimental results for the HLR model.

reached their stationary distribution. Moreover, the spread of the sampled values produced by
all three systems also look similar, which increases our confidence that each system implemen-
tation of HLR is correct, i.e., targeting the correct posterior distribution.

The empirical autocorrelation function (Figures B.2b and B.2d) provides a visual diagnos-
tic of the performance of a MCMC inference algorithm. Theoretically, the autocorrelation

function (of a reversible Markov Chain) should be a convex, decreasing function [18]. Intu-
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itively, at higher lags between states, there should be less correlation between them. On the
German Credit data set, the empirical autocorrelation function exhibited by AugurV2 has a
theoretically expected shape. Jags and Stan produce much noisier shapes. On the Adult In-
come data set, all three systems exhibit noisier autocorrelation shapes.

We attempted to estimate the effective sample size (ESS), but we found most of the au-
tocorrelation functions to be too noisy to provide a meaningful estimate. Hoffman et al. [50]
provide a method for estimating the ESS of a HLR. However, the method is invalid due to its
treatment of negative autocorrelation.! We also tried other methods such as the initial con-
vex sequence (ICS) estimator [18] and initial positive sequence (IPS) estimator [18] that deal
with negative autocorrelation for reversible Markov chains. However, a visual diagnostic of the
autocorrelation shows that the empirical estimates are too noisy. Consequently, we have just
provided time series and autocorrelation plots as a visual diagnostic of each system’s station-

arity and mixing properties.

B.2 HGMM

Figure B.3 contains an AugurV2 program encoding a HGMM. Compared to the GMM model
that we have used as a running example throughout this dissertation, the HGMM has priors
on the mixture proportions, the cluster means, and the cluster covariance matrices. Conse-

quently, it is a hierarchical version of the GMM model.

DATA SETS We use synthetic data sets with a varying number of mixtures and observed

points for our HGMM experiments to assess how well each system’s inference efficiency scales

!See Radford Neal’s blog post https://radfordneal .wordpress.com/2012/01/27/
evaluation-of-nuts-more-comments-on-the-paper-by-hoffman-and-gelman/).
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(K : Int, N : Int, muO : Vec Real, sigmaO : Mat Real,
df : Int, scale0 : Mat Real, alpha : Vec Real) => {
pii ~ Dirichlet (alpha) ;
mu[k] ~ MvNormal (mu0, sigmaO)

k <- 0 K ;
sigma[k] ~ IWishart(df, scaleO)
k <- 0 K ;
z[n] ~ Categorical(pii)
n <- 0 N ;
y[n] ~ MvNormal(mul[z[n]], sigmalz[n]])
n <- 0 N ;

Figure B.3: A HGMM model in AugurV2.

with the size of the data and model. We estimate the predictive probability on a held-out test

set as a function of wall-clock time.2

ADDITIONAL EXPERIMENTS To compute the predictive probability, we first use each sys-
tem to draw S samples *7, *ug, and *oy (for 1 < s < S). Then, we estimate the predictive

probability of M held-out data points ,, as:

S K
SN p(@m | i Rk w)

1s=1k=1

=

m

Figure B.4 provides plots of the log-predictive probability for the first 150 samples with
no thinning as a function of wall-clock time for each system and for different settings. Note
that Stan requires an initial tuning period of 50 samples that we discard for the purposes of

computing the log predictive-probability. Hence, this repeats the same experiment as in Fig-

2The predictive probability can be measured as a function of MCMC steps. For example, a MCMC
sampler on a 2D space that samples each dimension in sequence takes two steps to generate one sam-
ple. Hence, this metric more directly measures the algorithm’s statistical efficiency because (1) the
time to draw a sample is removed and (2) it penalizes unblocked proposals.
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ure 6.12, but for different synthetic data sets and hyperparameter settings. As a reminder, a
log-predictive probability plot can be seen as a proxy for learning—as training time increases,
the algorithm should be able to make better predictions. The compile time has been excluded
(see Figure B.5).

As we vary the data sets and hyperparameter settings, we see that the log-predictive prob-
abilities for each system converges to roughly the same point. This gives us confidence that
each system’s automatically generated MCMC algorithm is sampling from the appropriate
distribution. The primary difference is the speed at which each system converges to a stable
log-predictive probability.

Figure B.5 summarizes the compile and data transfer times for each system. AugurV2’s
CPU compile times are faster than AugurV2’s GPU compile times due to the speed of Clang
versus Nvce. Stan has the slowest compile times due to its extensive use of C++ templates.
Across the different data sets, AugurV2’s compile and data transfer times scale with the amount
of data. We believe that this scaling is due solely to the data transfer because the AugurV2
compiler is invoked on the same model, which we treat symbolically. Jags’ compile and data
transfer times also scale with the amount of data, albeit more dramatically than AugurV2’s.
We believe that this is due to Jags’ strategy of reifying the Bayesian network at compile-
time. Stan’s compile and data transfer times are significantly longer than AugurV2’s or Jags’
and is dominated by the compile time. Moreover, Stan’s compile time varies significantly be-
tween models. As a reminder, it takes Stan roughly 35 seconds to compile the HLR model, or

roughly 7 seconds shorter than the amount it takes to compile the HGMM.
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Figure B.4: Plots of the log predictive-probability with respect to (wall-clock) time for each system and
for different settings. We use each system to draw 150 samples with no thinning. Note that Stan requires
an initial tuning period of 50 samples that we discard for the purposes of computing the log predictive-
probability.
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System Compile System Compile

AugurV2-cpu-gibbs  0.57 AugurV2-cpu-gibbs  0.607
AugurV2-gpu-gibbs  8.269 AugurV2-gpu-gibbs 8.575
AugurV2-cpu-eslice  0.651 AugurV2-cpu-eslice 0.621
AugurV2-gpu-eslice 8.914 AugurV2-gpu-eslice  10.998
Jags 0.131 Jags 1.724
Stan 42.454 Stan 42.71

(a) (K =3, D=2, N =1000) (b) (K =3, D=2, N = 10000).
System Compile System Compile
AugurV2-cpu-gibbs  0.668 AugurV2-cpu-gibbs  0.777
AugurV2-gpu-gibbs  8.622 AugurV2-gpu-gibbs  9.313
AugurV2-cpu-eslice 0.672 AugurV2-cpu-eslice 0.781
AugurV2-gpu-eslice  10.951 AugurV2-gpu-eslice 11.308
Jags 1.877 Jags 3.464
Stan 42.635 Stan 42.609

(c) (K =3, D =10, N = 10000) (d) (K =10, D = 10, N = 10000)
System Compile

AugurV2-cpu-gibbs  0.613
AugurV2-gpu-gibbs  8.687
AugurV2-cpu-eslice 0.612
AugurV2-gpu-eslice  10.987
Jags 3.329
Stan 42.542

(e) (K =10, D =2, N = 10000)

Figure B.5: Table of the compile times (including data transfer) for each system for the same experiment
shown in Figure B.4. AugurV2's CPU compile times are faster than AugurV2's GPU compile times due

to the speed of Clang versus Nvcc. Stan has the slowest compile times due to its extensive use of C++
templates.
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B.3 MobpEL: LDA

Figure B.6 summarizes the Latent Dirichlet Allocation model (LDA) and gives the corre-
sponding AugurV2 program. LDA can be used to learn the topics in a corpus of documents.
As a reminder, each ¢ gives the proportion of words in each topic and each 64 gives the pro-
portion of topics in each document. The variable zg4, gives the topic assignment of each word

wg; in a document.

DATA SETS We used two data sets from the UCI repository for our LDA experiments. The
first is the KOS data set, which contains approximately 3.4K documents, 470K words, and
6.9K vocabulary words. The second is the NIPS data set, which contains approximately 1.5K
documents, 1.9M words, and 12.4K vocabulary words. The data sets come preprocessed with

common stop words removed.

ADDITIONAL EXPERIMENTS We measure the statistical efficiency of each system by comput-
ing the log-predictive probability of a held-out test data set.? For clarity, we now summarize
operationally how we compute the log-predictive probability, and refer the reader to the refer-
ences above for their derivations.

1. Let @ be the (entire) corpus of words. We split this into two disjoint sets, a training set

WM and a testing set weSt. We use a 90/10 split.

2. We split the words in each document in the testing set into an observed set WSt and a

held-out set west. We ensure that the held-out words and the observed words in each

3There are many other metrics that have been proposed to evaluate both the LDA model and a
corresponding inference algorithm (e.g., see [49]). We choose this one because it rewards the algo-
rithm which learns the best set of parameters for prediction no matter how it is computed. Hence, an
oracle that knows the best setting of parameters for prediction for the given training and testing set
will do the best. As we are keeping the model fixed and vary the inference algorithm, this should be a
proxy for measuring how well an inference algorithm is performing.
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(D : Int, K : Int, N : Int,
alpha : Vec Real, beta : Vec Real) => {
theta[d] ~ Dirichlet (alpha)

d <- 0 D ;
phi[k] ~ Dirichlet(beta)
k <- 0 K ;
z[d, j] ~ Categorical(thetal[d])
d <- 0 D, j <- 0 N[d] ;
wld, jl ~ Categorical(philz[d, wll)
d <- 0 D, j <- 0 N[d] ;

Figure B.6: The LDA model in AugurV2.

document are disjoint (for that document). We use a 90/10 split.

3. We run an inference algorithm to infer the distribution of words over topics using the

training set @@ i.e.. we target p(¢, 6, z | WA™) to infer a value ¢.

4. We run an inference algorithm to infer the topic assignments using the observed testing

—test —test

set Wisey, i.e., we target p(6, z | qg,wobs) to infer 2.

5. The predictive probability of the held-out testing set is computed as:
ST . p60)pO3p(za = k| 63)p(wtesy | 61)
s d J k

Figure B.7 shows the log-predictive probability of AugurV2’s CPU and GPU inference al-
gorithms as a function of wall-clock time. This contains the corresponding log-predictive prob-
abilities for the speedups reported in Figure 6.14. The CPU and GPU algorithms converge
to roughly the same log-predictive probability, which indicates that the AugurV2 compiler is

parallelizing the sampling algorithm correctly.
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Figure B.7: The log-predictive probability of AugurV2's CPU vs. GPU inference on LDA as a function
of wall-clock time. The samplers are stopped after we obtain 200 samples. We do not include time for
compilation, which is reported separately.
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