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A singular function is a partial function such that at one or more points, the left and/or right limit diverge (e.g.,
the function 1/x). Since programming languages typically support division, programs may denote singular
functions. Although on its own, a singularity may be considered a bug, introducing a division-by-zero error,
singular integrals—a version of the integral that is well-defined when the integrand is a singular function
and the domain of integration contains a singularity—arise in science and engineering, including in physics,
aerodynamics, mechanical engineering, and computer graphics.

In this paper, we present the first semantics of a programming language for singular integration. Our
differentiable programming language, SINGULARFLOW, supports the evaluation and differentiation of singular
integrals. We formally define the denotational semantics of SINGULARFLOW, deriving all the necessary mathe-
matical machinery so that this work is rigorous and self-contained. We then define an operational semantics
for SINGULARFLOW that estimates integrals and their derivatives using Monte Carlo samples, and show that
the operational semantics is a well-behaved estimator for the denotational semantics.

We implement SINGULARFLOW in JAX and evaluate the implementation on a suite of benchmarks that
perform the finite Hilbert transform, an integral transform related to the Fourier transform, which arises in
domains such as physics and electrical engineering. We then use SINGULARFLOW to approximate the solutions
to four singular integral equations—equations where the unknown function is in the integrand of a singular
integral—arising in aerodynamics and mechanical engineering.
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1 Introduction

On its own, a program denoting a singular function can reasonably be thought of as having a bug.
For example, a program may denote a singular function that takes in a real number u and returns
1/(u — 2). An implementation of this program would typically return a division-by-zero error at
u = 2, and the denoted function diverges as u approaches 2 (Figure 1a). More formally, a singular
function is a partial function f : RY — R such that there is a point uy € R? where f(u) diverges

“Corresponding author.

Authors’ Contact Information: Jesse Michel, Massachusetts Institute of Technology, Cambridge, USA, jmmichel@mit.edu;
Wonyeol Lee, POSTECH, Pohang, Republic of Korea, wonyeol.lee@postech.ac.kr; Hongseok Yang, KAIST, School of
Computing, Daejeon, Republic of Korea, hongseok.yang@kaist.ac.kr.

This work is licensed under a Creative Commons Attribution 4.0 International License.
© 2025 Copyright held by the owner/author(s).

ACM 2475-1421/2025/6-ART164

https://doi.org/10.1145/3729263

Proc. ACM Program. Lang., Vol. 9, No. PLDI, Article 164. Publication date: June 2025.


HTTPS://ORCID.ORG/0009-0007-8735-001X
HTTPS://ORCID.ORG/0000-0003-0301-0872
HTTPS://ORCID.ORG/0000-0003-1502-2942
https://doi.org/10.1145/3729263
https://orcid.org/0009-0007-8735-001X
https://orcid.org/0000-0003-0301-0872
https://orcid.org/0000-0003-1502-2942
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1145/3729263

164:2 Jesse Michel, Wonyeol Lee, and Hongseok Yang

4+ 4
2 2
€
—\
-4 -2 2 4 6 -4 -2 2 4 6
—2 ! 21
—4 —4 1
(a) The graph of ﬁ (b) The graph of ﬁ

Fig. 1. The graphs above depict singular functions with a singularity at s = 2. The Cauchy principal
value mtegral (a) is defined as the integral where the domain of integration approaches the singularity:

Cf 2 ﬁdu £ limeg+ | [°€ T=sdu+ : = sdu) The Hadamard finite part mte%ral b) is defined in terms
of the derivative of the auchy prmapal value integral: 71/ o= S)zd = ds (C o Sdu

in the limit as u — u and f(ug) does not exist as a result (and the rate of divergence should not
exceed 1/|lu — ug||} for some integer n > 0).!

Many problems arising in diverse areas of science and engineering are specified using singular
integrals—a version of the integral that is well-defined when the integrand is a singular function
and the domain of integration contains one or more singularities. For instance, in mechanical
engineering, the growth of a crack on a structure is modeled using a singular integral over the
stress on the crack surface [64]. In aerodynamics, the upward force on a wing is modeled by a
singular integral over pressure perpendicular to the wing [40]. In computer graphics, researchers
can simulate a system on an infinite domain by transforming the problem to a finite domain with
singularities and then computing singular integrals to perform the simulation [65].

The definite Riemann (or Lebesgue) integral over a region containing a singularity does not exist
because the integrand diverges to oo or an undefined value around the singularity. For example,
Figure 1a depicts a singular function g(u) = 1/(u—2), which has a singularity at s = 2. The Riemann
integral from —2 to 4 of ¢ is undefined because g approaches —oco as u approaches 2 from the left
and +oo as u approaches 2 from the right. However, if € > 0 is a positive number approaching zero,
then the integral from —2 to 4 excluding the € ball around s = 2 (the shaded region in Figure 1a)
approaches the Cauchy principal value integral from —2 to 4 of g. More generally, if s is closer to 4
than -2 (i.e., 1 < s < 4), then only the region from —2 to —4 + 2s remains after the positive and
negative parts in a symmetric region around the singularity cancel each other out. Concretely,

4 s—€ 4 —442s
1 1 1 1 4-—s5
C du £ lim (/ du+/ du):/ duzln( )
o U—S e—0t\J_ o, u-s spe U—S 9 u-—-=:s s+2

where the notation C indicates that the integral is interpreted a Cauchy principal value integral. At
s=2,we ﬁndthath2 —Ldu=-In2.

In the more general case, if f : R — R is a smooth function and a < s < b bounds the location
of the singularity, then the following Cauchy principal value integral is well-defined:

b s—€ b
%da £ lim ( @du + Mdu)

u-—s ste U—S

v
a €e—0

To better understand the singularity, suppose f is positive. Then, the integrand is a singular function
with a singularity at s that diverges to —oo (or +0) as u approaches s from the left (or right).

1Gelfand and Shilov [29, Chapter 3] call this an algebraic singularity. Distribution theoretic techniques apply to this
case, while other techniques do not (e.g., dimensional regularization).
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Analogously, the Riemann integral from —2 to 4 of the function g(u) = 1/(u — 2)? depicted in
Figure 1b diverges to co, but the Hadamard finite part integral is finite and equals the derivative
with respect to s of the Cauchy principal value integral of 1/(u — s) evaluated at s = 2. Concretely,

S| d 1 1
(H,z(u—s)2 (C/ u—sdu) ds(1 (s+2))__4—s_m'

At s = 2, we find that H L 42 ﬁdu = —3/4. More generally, the Hadamard finite part integral is
defined in terms of the kth-order derivative of the Cauchy principal value integral:

b k b
S _ duAlL(C Mdu).

o (u—s)k+ Tk dsk U—s

At a high-level, singular integrals are a modeling tool in the same way that derivatives, integrals,
and polynomials are all tools for modeling the world. Singular integrals live within a well-established
area of mathematics called distribution theory [29, Chapter 3], which we do not use in this paper to
make the presentation more accessible.

State of the Art. Programming languages do not typically support integration as a primitive,
let alone singular integration. Moreover, many programs (e.g., arising in mechanical engineering,
aerodynamics, and computer graphics) are implemented in differentiable programming languages,
such as PyTorch [69] and JAX [11], which take in a program representing a real-valued function
and efficiently compute its derivative using automatic differentiation [32].

Since commonly used differentiable programming languages do not have integration in the
language [11, 69], users typically implement estimators for the integral of a function using a for-
loop over points in the domain of integration. However, doing so is challenging when programs use
singular integrals. Estimating these integrals with a standard approach such as simple Monte Carlo
integration produces incorrect results (e.g., unbounded bias and infinite variance). Differentiating
these programs with singular integrals presents a significant challenge, as naively differentiating
an estimator often yields an incorrect derivative, even when the original estimator is correct.

Our Approach. In this paper, we define the first differentiable programming language with support
for singular integrals. We present a differentiable programming language, SINGULARFLOW, which
uses a Monte Carlo method with unbiased, strongly consistent, and finite variance estimators,
unlike a standard Monte Carlo integration for which the bias and variance are unbounded.

We use SINGULARFLOW to find approximate solutions to singular integral equations, equations
where the unknown function is in the integrand of a singular integral, such as the following:

b
C/a %du =g(u) forall s € (a,b), (1)

where a,b € R, f : R — Risunknown, and g : R — R is given. Our solver uses physically-informed

neural networks (PINNs) [73] to solve problems in fracture mechanics [64] and aerodynamics [24, 40].
We also implement and differentiate a fundamental operation called the Hilbert transform, which

arises in signal processing [15, 68] and many areas of physics (e.g., optics, scattering, wave mechan-

ics) [19, 27, 28, 42, 81]. Previously, researchers hand-implemented application-specific techniques to

handle singular integrals [33, 54, 80], while SINGULARFLOW automatically produces correct results.
Our contributions are as follows:

e We identify and formally specify the problem of evaluating and differentiating singular
integrals in a programming language. This includes a self-contained, rigorous description
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Fig. 2. In aerodynamics, the flow of air around a wing can be modeled by a singular integral equation.
Figure 2a shows a type of wing called a thin airfoil (model NACA 6612). We compare a Monte Carlo method
that accounts for the singularity (Ours) to standard Monte Carlo integration (Standard) and a by-hand
derivation of a mathematical approximation (Math Approx.). Figure 2b shows the loss over iterations, and
Figure 2c shows the function predicted by the three methods. Our method converges to a loss (squared error)
that is less than the other methods and the predicted function is close to the math approximation.

of singular integrals and their derivatives using only elementary tools from calculus (Ap-

pendix 3); we are unaware of such description in the literature. This will benefit future

researchers in the programming languages community working on singular integrals.

We introduce SINGULARFLow—a differentiable programming language with a primitive for

singular integration. It is the first language to support singular integrals and their derivatives.

We provide a denotational semantics for SiINGuLARFLOW (Appendix 4) and identify conditions

under which programs denote smooth functions (i.e., a law of composition, as in Theorem 4.2).

e Our operational semantics for SINGULARFLoW performs Monte Carlo integration and supports
automatic differentiation (Appendix 5). We prove that the operational semantics provides a
well-behaved estimator of the denotational semantics (Theorems 5.5 and 5.7).

e We implement SINGULARFLOoW? in JAX [11] and evaluate it on the finite Hilbert transform
(used in signal processing and physics [15, 19]) and its derivative (Appendix 6.1). We use
SingularFlow to numerically estimate solutions to singular integral equations including
problems from aerodynamics (Sections 2 and 6.2) and problems from mechanical engineering
(Appendix 6.3).

In the future, we hope that support for singular integrals in differentiable programming languages
will accelerate practitioners in domains such as science and engineering by providing a higher level
of abstraction (e.g., from loops to integrals), numerical robustness, and automatic differentiation.

2 Motivating Example: Aerodynamics

In this section, we introduce SINGULARFLOW by example. We implement a model of the flow of air
around a wing that uses a neural network to solve a singular integral equation.

Circulation Density on a Wing. To make a plane fly, engineers design wings that produce enough
lift to keep the plane in the air. Lift is the force created by the movement of a fluid around an object,
acting perpendicularly to the flow direction. Lift can be calculated from circulation density, which
is a scalar that quantifies the rate of rotation of a vector field (e.g., wind) about a point.

A thin airfoil is a model for a 2D slice along the length of a 3D wing, simplifying the analysis to
modeling the effect of a two-dimensional air stream (wind). This simplifying assumption introduces
a singularity at the leading edge, the part of the wing that first contacts the air stream (the leftmost
point in Figure 2a), due to the difference in the speed of the air stream above and below the wing.

2The implementation is available at https://github.com/martinjm97/singularflow.
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Moreover, it corresponds to a phenomenon observed in practice called leading-edge thrust [13].
Figure 2a depicts an example of a thin airfoil called the NACA 6412 [1].

The Airfoil Equation. The airfoil equation is a singular integral equation that models the circula-
tion density around a thin airfoil [40, Section 11.14]. The airfoil equation is expressed in terms of
the Cauchy principal value integral, which we identify with a C, and is defined as the limit of the
Riemann integral as the domain of integration approaches the singularity:

C bMduélim( H%dw bMdu).

a uU—Ss €e—0* ste U—S

The Cauchy principal value integral is well-defined for every smooth function f : R — R and for
real numbers a < s < b. The airfoil equation is given by
1 c
- -C/ Mdu = a(uy) Vo for all uy € (0,c¢), (2)
27 0 U—Up

where y : R — R is the unknown circulation density, ¢ > 0 is the chord length, uy € (0, c) is the
location of the point of interest on the chord line, which is the imaginary straight line from one end
of the wing to the other (depicted as the dotted purple line in Figure 2a), @ : R — R is the angle of
attack, and Vo, > 0 is the speed of the air stream. The chord length is defined as the length of the
chord line. The angle of attack is the angle between the chord line and the air stream.

Numerical Integration of the Cauchy Principal Value Integral. Researchers have designed
many numerical integration techniques for singular integrals [53, 63, 71, 78]. We call a known Monte
Carlo integrator for the Cauchy principal value integral the symmetric sampling estimator [53]. The
idea behind this estimator is to sample u from the domain of integration and consider its reflection
across s, which is 2s — u; if both of u and 2s — u are in the domain of integration, we evaluate the
integrand at both points and sum them up; otherwise, we evaluate the integrand only at u. The
symmetric sampling estimator cancels out the singularity and results in an unbiased estimator.

Solving Singular Integral Equations with Neural Networks. The solution to Equation (2) is a
function y that satisfies the airfoil equation for all uy € (0, ¢). Ideally, there would be an integral
inversion formula that could reverse the effect of integration by expressing the integrand in terms
of the integral of other terms (e.g., we would want to transform Equation (2) to a formula of the
form Z(_—l;)o = - .-, where the ellipses stand in for a function). However, King [40, Section 11.4] shows
that there is no integral inversion formula for this equation, justifying approximation.

Following recent work [33, 54, 80], we use a neural network yy : R — R to approximate y in
Equation (2). Solving the integral equation then reduces to finding the p parameters 6 € R? of
the neural network that minimize the squared error between the left- and right-hand sides of

Equation (2) for a fixed set of collocation points uél), . .,ué") € (0, ¢) along the chord line:

n
min E
6
i=1

SiNGULARFLOW allows us to express this loss function directly as a program and to estimate the
singular integral using a singularity-aware Monte Carlo integration algorithm:

" 2
e / oW au®va) 3)
2 0

(i)
u—u,

SNACA (National Advisory Committee for Aeronautics) is the government aeronautics research organization that was
the precursor to NASA (National Aeronautics and Space Administration). The 4-series NACA airfoils written as NACA
XXXX were studied both theoretically and empirically by NACA after World War I and during World War II [1]. The four
digits determine the dimensions of the airfoil.
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1 loss, step_size, theta = 0, 0.01, Param("theta", init())

2 c, v_inf =1, 1 # Given function alpha depends on airfoil shape
3 for uo in uos: # uos is a list of points between 0 and c

4 est = integral (0,c) (nn(theta, u)/(u-uo)) du

5 loss 4= (-1/(2 * pi) * est - alpha(u0) * vinf)~"2

6 theta -= deriv(loss, theta) * step_size

Line 1 initializes the variable 10ss to zero, the step size to 0.01, and the parameters to random
values specified by an initialization function init. Line 2 sets the constants ¢ = 1, V., = 1, and then
we assume that the function a(u) is defined. Line 3 iterates over each of the collocation points
(which we write in the core language by iterating over a range). Line 4 uses the integral primitive of
SINGULARFLOW to estimate the Cauchy principal value integral. The first argument to the integral
primitive is a pair representing the domain of integration, the second argument represents the
integrand, and the third argument declares that u is a variable of integration. Line 5 accumulates the
squared error into the variable 1oss. Finally, on Line 6, we use the deriv primitive to compute
the derivative of the loss with respect to the parameter theta (which we implement by extracting
the derivative part in the forward-mode operational semantics in Figure 8) and then update the
parameters using a single step of gradient descent.

The syntax above is a simplified version of the actual JAX [11] implementation. In practice, we
use the vmap command to vectorize the computation over the collocation points, the jit command
to compile the code for faster execution (effectively unrolling the above loop), and we use a library
to implement the Adam optimizer rather than using gradient descent.

Methodology. We use a multilayer perceptron with one input, two hidden layers of 100 units each
with the smooth GeLU activation function, and one output.? We use the Adam optimizer with a
learning rate of 0.01 and train for 1000 iterations using 50 samples to estimate the singular integral.
We use 50 uniformly spaced collocation points from 0 to 1 and then remove the endpoints.

Results. In Figure 2, we compare symmetric sampling (Ours) to standard Monte Carlo integration
(Standard) and a by-hand derivation of a mathematical approximation (Math Approx.).

Figure 2b shows the loss over iterations for training neural networks to solve the airfoil equation.
We train each neural network with 5 different random seeds and plot the mean (darker line) and
standard deviation (lighter line) of the test losses across runs. We use different random samples for
the test loss than the train loss. We use 1000 test samples instead of 50 training samples. We provide
the training loss curves in Appendix D. The dotted purple line represents the loss of Math Approx.,
which serves as both a baseline and a sanity check for the results. We see that Ours converges to a
squared error loss that is slightly less than Math Approx. The loss is the squared error, which is a
typical measure of end-application performance (as in Harold Page Starr [35, Tables 2.1-2.13]). As a
result, the low loss indicates that Ours provides a good solution to the airfoil equation.

Figure 2c depicts the function predicted by Ours, Math Approx., and Standard. We see that Ours
is close to the Math Approx., while the Standard is essentially a flat line at zero.

Training takes about 13 seconds for Standard and about 18 seconds for Ours.

3 Theory of Singular Integrals and Their Derivatives

To define the semantics of SINGULARFLOW, we need a mathematical foundation for singular integrals
and their derivatives. We present a self-contained introduction to singular integrals, specifically
the Cauchy principal value integral and the Hadamard finite part integral. We then show how to
differentiate these singular integrals. Although it is not one of our core contributions, we believe our
work is the first to rigorously state and prove that a singular integral with a parameter-dependent

4We use a smooth activation function so that the theoretical results from Appendix 3 apply.
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integrand is smooth in those parameters, and it admits nice differentiation formulas under the
integral sign (Propositions 3.12-3.15).> The proofs of the results in this section are in Appendix A.

Throughout the section, we will use the convention that a, b, and s are real numbers such that
a < s < b, where the interval from a to b represents the domain of integration. The variable
s is thus implicitly quantified over the interval (q, b) in this section. Also, we use the notation
Be(c) 2 (¢ — € ¢ + €) to represent the open ball of radius € > 0 centered at ¢ € R.

3.1 Cauchy Principal Value Integral

The plot in Figure 1a depicts the function ﬁ, which has a singularity at u = 2. In calculus, if
. b . . . .
a < 2 < b then the integral fa ﬁdu does not exist (i.e., it does not have a well-defined finite

value) due to the singularity at u = 2. More generally, for every s € (a,b) and smooth function
f:R — R, the integral fah %da exists if and only if f(s) = 0, as we show below.

ProprosITION 3.1. For all smooth f, the integral fab LW gy exists if and only if f(s) = 0. «

u-s

The Cauchy principal value integral, written as Cfab f(u)/(u — s)du, is a generalization of the
Riemann integral that exists for every smooth function f (even when f(s) # 0).® Informally, the
Cauchy principal value integral is defined so that the two instances of infinity of the integrand
f(u)/(u—s) at u = s cancel each other out. For example, in Figure 1a the integrand approaches
—oo as u approaches 2 from the left and +oco as u approaches 2 from the right. We can imagine
approaching the singularity s = 2 from the left and right at the same rate, so that the two infinities
cancel each other out. The Cauchy principal value integral is inspired by this idea of cancellation,
and defines the result of integration as what remains after the cancellation. We now provide the
formal definition.

Definition 3.2 ([64]). The Cauchy principal value integral is defined as
b
C Lu)du 2 lim / Mdu
a uU-—S €—0% J[ab]\Be(s) U —$
for every smooth function f : R — R. A

The Cauchy principal value integral exists for every smooth function and can be written in terms
of Riemann integrals. Moreover, the Cauchy principal value integral is a linear operator on smooth
functions and is a (strict) generalization of the corresponding Riemann integral in that they agree
with each other whenever the Riemann integral exists.

PRropPosITION 3.3. For every smooth f : R — R, the following hold:
(a) Cfab %du is well-defined and
b s _ _ a —
C 5(2”’” _ fw) - f(2s —u) du — f(2s u)du,

a a u-=s 2s-b U—S

©

SFor example, [56] references a proof in [57], which states that the proof of smoothness is implicit in [34] and references
a proof in [55, Pages 8-12]. However, (i) [55] does not give a formal theorem statement, (ii) its proof implicitly relies on
the numerator of an integrand being analytic, and (iii) the proof is not mathematically rigorous in many steps (e.g., does
not formally justify the exchange of limits, does not prove the smoothness of a singular integral, etc). In contrast, (i) we
provide a formal theorem statement, (ii) our proof requires only smoothness (a weaker condition than analyticity) of the
numerator, and (iii) the proof is rigorous in each step. To achieve (iii), our proof relies on several results such as Lemmas
A.4-A.6, which prove that the integral of a jointly continuous (or smooth) function is continuous (or smooth) and certain
singular integrands can be formally extended to a smooth function.

®We present all results in terms of the Riemann integral since it is more elementary and should be more familiar to the
reader. The theoretical development in this paper holds immediately for Lebesgue integration as well, because our proofs
do not use any properties that differ between the two notions of integration.
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where the two Riemann integrals in Equation (4) are well-defined.
(b) The Cauchy principal value integral is a linear operator on smooth functions:

C/ W) +efw ,(C/bfmu)d) (C/ ), )
u—s a uU-—s
forallcq,c, € R and smooth fi, f, : R = R.
(c) Iffab %du is well-defined, then Cfab %du = fab %du. «
Example 34. Leta=-1,b=1,5s =0, and f(u) = 1. Then by Proposition 3.3(a),

1 01 _ -1
C/ ldu—/ ! 1du—/ ldu=0.
1u -1 U 0-1 U

The result makes sense because the integrand is an odd function (a function 4 : R — R such that
h(—x) = —h(x) for all x € R) and the domain of integration is symmetric so that the positive and
negative parts of the integrand cancel. A

Example 3.5. Leta=—-1,b=2,s =1, and f(u) = u. Then by Proposition 3.3(a),

2 1., _ _ -1 9 _
C/ “ du=/ Mdu—‘/ 2—udu.
lll—l -1 u-1 22“-1

The first 1ntegral simplifies to / 2du = 4, and the second integral simplifies to /0 2—1 u =
f (=1+ - )du—1+ln2 Hence, the resultis 4 — (1 +In2) =3 —1n2. A

We now present an alternative formula that expresses the Cauchy principal value integral in
terms of the Riemann integral, which we use to prove the operational semantics correct.

PROPOSITION 3.6. For every smooth function f : R — R,

Sfw-fes-w, [° f@

du  ifse (a 2]

b u-—s u-—s
el T e ?
: Tdu""/‘; u_sdu l’f‘SE [ﬂzb,b) «

3.2 Hadamard Finite Part Integral

The plot in Figure 1b depicts the function 1/(u — 2)?, which has a singularity at u = 2. In calculus,
if a < 2 < b, then the integral fa b (uTl),mdu does not exist for all positive integers k (as in the
previous subsection) because the integrand has a singularity at u = 2. More generally, for every
s € (a,b) and smooth f : R — R, the integral /ab (u{(;;lﬂ du exists if and only if £f(*)(s) = 0 for all

i €{0,...,k}, where £V denotes the ith order derivative of f.

ProrosITION 3.7. For all smooth f : R — R and integers k > 0, the integral f ),M du exists
if and only if fV(s) = 0 foralli € {0,...,k}. «

The Hadamard finite part integral handles cases when f or some of its ith derivatives are nonzero.
For every smooth f, it is well-defined (even when f () (s) # 0 for some 0 < i < k) and equals the
Riemann integral when both are defined. Concretely, the Hadamard finite part integral is defined
as a constant times the kth derivative of the corresponding Cauchy principal value integral.

Definition 3.8. For all smooth functions f : R — R and integers k > 1, the Hadamard finite part
integral is defined as the kth derivative of the Cauchy principal value integral:

_fw 1 i)
7‘(/ (u—s)k+1 FE(C ; Edu) A
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While our definition differs from Monegato [63, Definition 2.3] and Monegato [64], it is in-
terchangeable (e.g., Monegato [63, Property 2.5] matches our definition). A way to arrive at our
definition is by splitting the integral into two at the singularity and subtracting out terms that
diverge in the limit, yielding only the finite part of the integral [34]. This informal procedure agrees
with Definition 3.8. y

For example, the informal calculation of H / du would split the 1ntegral into f €rdu and

/6 ﬁdu. Then by integration by parts, fe —d = /1 2”Ldu - =

u

2

=f Ze“du—(e—i)

e w2 _ 2
and similarly, f_ls “rdu = f_ls 2e* du — (e - —) In the limit as € goes to 0, the term “- diverges.

2
Subtracting “— from both expressions makes the integral converge in the limit. Only the finite part

remains. Specifically, L 11 2¢“"du — 2e ~ 0.414. At the end of this section, we will confirm our formal
definition is the same as in this informal calculation.

The following theorem states that the Hadamard finite part integral is well-defined, is a linear
operator on smooth functions, and agrees with the Riemann integral when both are well-defined.
We were not able to find rigorous proofs of the following results in the literature (see Footnote 5).

PROPOSITION 3.9. For every smooth f : R — R and integer k > 1, the following hold:
(a) Wfab LW gy s well-defined and satisfies integration by parts:

(u s)k+1
f@]’ Prw, .
/ f(u) 3 u-—sj, u-—s (6)
@ T g P i)
-= —”H du ifk>2.
CEUES T B S A 4
(b) The Hadamard finite part value integral is a linear operator on smooth functions:
W/ 2Ok O / hw N 74/ B
(u— s)k+1 (u-— s)k+1 (u-— 5)k+1
forallcq,c, € R and smooth fi, f,: R — R.
(c) If/ab (u{(;;zm du is well-defined, then 7'(fab (u{(sljlﬂ du = /ab (u{(sl;lﬂ du. «

We can write the Hadamard finite part integral in terms of the Cauchy principal value integral
plus some boundary terms.

ProposITION 3.10. For all integers k > 1 and smooth functions f : R — R,

b (k) — 1)1 Flk=i)
AW Y o 0P Z CU a0 @] -
a (u—s)k+! k' (u—9) |eg

«

We now apply the above formula and confirm the previous informal calculation.
Example 3.11. Calculate 7-(f —du By Proposition 3.10, 7—(fb f(u)d = C/b f'(u)d fsl”) v—a®

Ata=-1,b=1, f(u) =e* ‘ and s = 0, we have
u? u? |1 1 1
(H/ —du = / 2ue du— = / 2¢%’ du — (e—(-e)) = 2/ eV du — 2e ~ 0.414.

1 U U ly=—1 -1 -1 A
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3.3 Differentiating Singular Integrals

In this section, we provide derivative rules for singular integrals, which enables us to build a
differentiable programming language that supports singular integration.

We show that the derivative and integral commute when differentiating a singular integral with
respect to parameters that occur in the integrand but do not correspond to the singularity. These
results imply that the smooth neural network that models the unknown function in Equation (1)
can be trained by differentiating the numerical integrator for the singular integral.

PROPOSITION 3.12. For every integer m > 0 and smooth function f : R X R™ — R, the function

b . .
g(s,01,...,0m) = Cfa W(iu is smooth on (a, b) X R™. Moreover, for every integer n > 0 and
il,...,in € {1,...,m},
an
" b fuoq, ..., bmf(u,vl,...,vm)
AN P e {CL STy :C/ % 00 du. ®)
dvj, - -+ v, a u—s a u—s «

PROPOSITION 3.13. For every integer m > 0, smooth function f : R X R™ — R, and integer
b
k > 1, the function g(s,01,...,0m) = 7—(fa %da is smooth on (a,b) X R™. Moreover, for
every integern > 0 and iy, ...,ip € {1,...,m},

Py » f(u 0,...,0 7—1/ 6011 Foroa S (Wwor,... 0 )du o
v, ++ - Ivj, a ' «

(u _ s)k+1 (u _ s)k+1

Next, we give a formula for the derivative of a singular integral with respect to the singularity.

ProPOSITION 3.14. For every smooth function f : R — R and integern > 1,

f(u) o / fw)
dsn (C a ) 7_{ (u — s)n+1 «
ProprosITION 3.15. For every smooth function f : R — R and integers n,k > 1,
a" (o [0 _f@ Gkt [T S
ﬁ (7‘(‘/“ (u— 3)k+1 du / (u- )n+k+1 «

The derivative with respect to the singularity s may not commute with the singular integral
even when the numerator f(u) in the integrand is smooth as we show in the following example.

Example 3.16. Using Proposition 3.14: % (C/1 ) o 7’[/_11 (u%z)zdu L:O ~ 0.414,
where the second approximate equality is by Example 3.11. Note the change from the Cauchy
principal value integral to the Hadamard finite part integral here. If we instead commute the deriv-
ative and the integral by differentiating the integrand at s = 0 and integrating the outcome as in

—€ u? u?
the definition of the Cauchy principal value integral, we get lim._,¢+ ( L | Srdu+ fe ' Z—Zdu) =00

u2
because as u approaches 0 from the left and from the right, the integrand < diverges to +co. Thus,
commuting the derivative and the Cauchy principal value integral does not work in this case. A

4 SiNnGULARFLow: A Differentiable Language with Singular Integrals

In this section, we define the syntax and denotational semantics of SINGULARFLOW. SINGULARFLOW
has a singular integral primitive, which no prior programming language to date has supported as a
language primitive. We provide proofs of the results in this section in Appendix B, and a discussion
of the boundaries of available theory and their implications to programming is in Appendix F.

Proc. ACM Program. Lang., Vol. 9, No. PLDI, Article 164. Publication date: June 2025.



Semantics of Integrating and Differentiating Singularities 164:11

4.1 Syntax

The syntax of SINGULARFLOW is defined by the following grammar:

ex=c|x|h(e...,e) p ==x=e|y=integral (a,b) e/(x —s)k dx
| p;p | ifpos e then p else p | for x in range(a, b, ¢) : p
abceR, keN, x,y,s € Var, h € Op.

Here Var is a finite set of variable symbols, and Op is a countable set of function symbols that
includes + and X and is closed under taking partial derivatives. Expressions e represent smooth
functions of variables, written as x, y, and s. We write constant reals as a, b, and c, and integers as
k. Each function symbol h € Op represents a computable smooth function from R™ to R for m € N.

Programs p are commands in an imperative programming language. The two assignment state-
ments set a variable to the value of either an expression or a singular integral. In the latter case, the
integrand has the form e divided by (x — s)¥, where the variable x is bound in the declaration of
the integral and the domain of integration is specified by constants for simplicity. The conditional
evaluates the true branch if its condition e is positive, and the false branch if e is negative. When e is
zero, the conditional raises an error, signaling a possible issue with differentiation. SINGULARFLOW
supports sequential composition and a bounded for-loop ranging from a to b with increment c.

For simplicity, we consider only the assignments y = integral (a, b) e/(x — s)* dx, where the
domain of integration satisfies a < b and the singular variable s is different from x and all the
free variables of e. We suppress the exponent of the denominator in the integrand when it is 1:
integral (a,b) e/(x —s) dx £ integral (a,b) e/(x —s)! dx.

4.2 Denotational Semantics

Figure 3 depicts the denotational semantics of expressions in SINGULARFLOW. A context y is a map
from variables to real numbers, and the set of all contexts is denoted by Ctx = [Var — R]. Since
Var is finite, we often view Ctx as RIV#! equipped with the standard topology.

An expression e denotes a smooth function [e] that maps a context y to a real number. The
definition of [e] is standard. Note that each function symbol A € Op denotes a smooth function
[A] : R™ — R, where m is the arity of h.

Figure 4 describes the denotational semantics of programs in SINGULARFLOW. A program p
denotes a function [p] from a context y € Ctx to either an updated context or an error, written as
err. The denotation of the assignment of a variable to an expression [x = e[ (y) updates the context
with x mapped to the denotation of e in y.

The semantics of the singular-integral assignment varies depending on the real constants a,b € R
and the integer k € N. If y(s) € (—c0,a) U (b, ), the domain of integration does not contain the
singularity y(s), and the program denotes a standard integral. If y(s) € (a, b), the program denotes
a singular integral that is a Cauchy principal value integral when k = 1 and a Hadamard finite part
integral when k > 1. The denotation returns an error if the singularity is exactly at the boundary
of the domain of integration.

The denotation of p;; p; is defined so that if [p;]](y) returns an error, it propagates the error,
and otherwise, it returns the composition the denotations of p; and p; at y. The denotation of a
conditional [ifpos e then p; else p,](y) is [p1] (y) if [e]y is positive, and [[p2] (y) if [e]y is negative.
If [e]ly is zero, the denotation returns an error. This way of handling the [e]y = 0 case ensures
differentiability for non-error computations, because sgn o [e] is constant in a ball around y.

The denotation of a for-loop [for x in range(a, b, ¢) : p](y) is standard. It does not update the
context when a > b, and it propagates the error if [p](y[x +> a]) is err. If [p](y[x — a]) is an
updated context y’, it recurses on the incremented counter with the context y’.
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[e] : Ctx > R, ey ¢ [x]y £y(x), [hen....em)]y = [Rl([edy.---. [em]y)-

Fig. 3. Denotational semantics of expressions in SINGULARFLOW.

[p] : Ctx — (Ctx U {err}),
[x =e€](y) = y[x — [e]yl,

|[ _ (inet;e?‘)lc‘a_l S()“}; l:i)x)ﬂ(y) if (¢ = err) then err else y[y — c],

err ify(s) € {a, b}
b
I gy ify(s) € (~0,0) U (bo)
here gu) = [el(rlx o ) ime = {15 by
whnere g(u) = |e|jly|X upme= C/ g(u) du if)/(S)e(a,b)/\kzl
a u—y(s)
/ 7 g(u ()))kdu ify(s) € (ab) Ak > 1,
[p1: p2](y) = if (v = err) then err else [p;](y), wherey’ = [pi]y.
err if [ely =0

[ifpos e then p; else p;](y) = {[p1](y) if[e]y >0
[p2D(y) if [ely <o,
Y ifa>b
[for x in range(a, b,c) : p[(y) £ | [for x in range(a +c,b,c) : p|(y’) ifa<bAc>0Ay #err
err otherwise,
where y’ = [p](y[x = al).
Fig. 4. Denotational semantics of programs in SINGULARFLOW.
We next present smoothness results on the denotation of expressions and programs: [e] is smooth
unconditionally, and [p] is smooth at y whenever p does not return an error at y.
LEMMA 4.1. For every expression e, its semantics [e] is smooth on Cix. «
THEOREM 4.2. For every program p andy € Ctx, if [p]ly # err, then [p] is smooth at y. «

We now provide two simple examples of the denotational semantics of SINGULARFLOW.

Example 4.3. The program y = integral (0,1) 1/(x — s) dx errors if the singularity is at the
boundary of the domain of integration (y(s) € {0, 1}). It denotes a Riemann integral if the singularity
is outside the domain of integration (y(s) ¢ [0, 1]), and a Cauchy principal value integral if the
singularity lies within the domain of integration (y(s) € (0, 1)):

[y =integral (0,1) 1/(x —s) dx]ly =if y(s)€{0, 1} then err else y

g /o = y(s)du ify(s) ¢ [0,1]
/0 arrydu ify(s) € (0, |

Example 4.4. The program y = integral (0,1) 1/(x — s)? dx errors if the singularity is at
the boundary of the domain of integration (y(s) € {0, 1}). It denotes a Riemann integral if the
singularity is outside the domain of integration (y(s) ¢ [0, 1]), and a Hadamard finite part integral
if the singularity lies within the domain of integration (y(s) € (0,1)):

g {/0 (= y(a))‘d ify(s) ¢ 1[0, 1]}

- 2 —
[y =integral (0,1) 1/(x —s)* dx]y =if y(s)€{0, 1} then err else y duity(o) e (0.1

0 (u- y(s>)2
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(rredler - (em)lem  [M(cr...ocm) =c
(o le (%) Ly (x) (v h(er,....em)) Uc
Fig. 5. Standard operational semantics (y, e) || ¢ for expressions.
Forn = 0: Dle](z,0) = e.
Forn > 1: D[c](z,n) £ 0, D[x](z,n) =1[n=1Ax=12],

Dl[h(e1,....em)](z,n) = D[h] - €] +---+hy, - e, ](z,n - 1),
where h} = (D;h)(ey,...,em), € = D[ej](z,1), Dih € Op is the ith partial derivative of h.

Fig. 6. The source-to-source nth derivative D[e](z, n) of an expression e with respect to a variable z, where
n € Ny. In the rules, 1[¢] is 1 if ¢ is true, and 0 otherwise.

5 Operational Semantics for SINGULARFLOW

In this section, we present a stochastic operational semantics for SINGULARFLOW that estimates
singular integrals and provides a forward-mode derivative. We present a theorem relating the oper-
ational semantics to the denotational semantics. Proofs of results in this section are in Appendix C.

5.1 Operational Semantics

We organize an operational semantics for SINGULARFLOW as follows. We first define the operational
semantics of an expression as a deterministic function mapping a context to a real. We then define
the operational semantics of a program as a stochastic function mapping a pair of contexts to
another pair of contexts, where the first (or second) component of the output stores Monte Carlo
estimates of all variables (or their derivatives). Along the way, we define two procedures: one for
taking higher-order derivatives of expressions, and the other for estimating singular integrals.

Operational Semantics for Expressions. Figure 5 defines a standard operational semantics for
expressions. The big-step relation (y, e) |} ¢ takes as input a context y and an expression e, and
returns a real value c. The rule for h(ey, ..., e,) evaluates each of the arguments e; to ¢; and then
evaluates the denoted function [h] atcy, ..., cp.

Figure 6 defines D[e](z, n), a source-to-source transformation that computes the nth derivative
of an expression e with respect to a variable z, where n € Ny. For instance, D[c](x,1) = 0 and
D[x - x - x](x,2) = 6 - x (after simplification). In the rules, D; denotes the syntactic derivative
of an operation h € Op with respect to the ith parameter; that is, [D;h](c1, . .., cm) = Di[h](c1,
...,cp) for all ¢ € R™, where m is the arity of h, i € {1,...,m}, and D; denotes the mathematical
differentiation operator with respect to the ith parameter. As mentioned in Appendix 4.1, we assume
that Op is closed under taking partial derivatives: D;h € Op for all h € Opand i € {1, ..., m}. For
simplicity, we choose to use the source-to-source derivative to implement the nth derivative rather
than generalizing forward-mode automatic differentiation [22, 75].

Monte Carlo Integration Accounting for Singularities. Figure 7 depicts a procedure for
estimating singular integrals. The STANDARD rule applies standard Monte Carlo integration when
the singularity is outside the domain of integration. By transforming a sample u from U/(0, 1)
(i-e., uniform distribution over [0, 1]), it generates a uniformly-sampled point ¢ at the domain of
integration, evaluates the integrand at ¢ to compute the average value, and scales the result by the
size of the domain of integration to estimate the area under the curve.

The Caucuy PV1 and CaucHY PV2 rules apply a Monte Carlo algorithm that we call symmetrical
sampling to integral (a,b) e/(x —s) dx. This algorithm is different from the one used in standard
Monte Carlo integration. The idea of symmetrical sampling is to sample points symmetrically
around the singularity s. This is a way to implement the limit to the singularity in Definition 3.2.
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STANDARD
y)¢lab] t=u(b-a)+ta (lxmtlelc
(y.u,u', integral (a,b) e/(x — )* dx) U, (b-a) - m
Caucny PV1
y(s) € (@] t=u'-(y()-a)+a (ylx > tle) U c*
V=2y(s)~a  (yuu,integral (0',0) e/(x—5) dx) ¢ (ylx = 2y(s) = tl.¢) e

(y,u, o, integral (a,b) e/(x —s) dx) [ ¢’ + (y(s) — a) - ct—¢

t—y(s)
Caucny PV2
YO €[ t=u - (b=y(9) +y() (ylx > tle) I
a=2y(s)-b (v,u,u',integral (¢,a") e/(x —s) dx) p ¢’ (y[x > 2y(s) —t],e) L ¢~
(v,u,v', integral (a,b) e/(x —s) dx) Un ¢’ + (b —y(s)) - f +__ <)
HapamMARD FP Y
k=2 Vie{o,....k—1}. & = D[e](x,1) Vie{o,....k=2}. (y[x — al.e) U ¢}
y(s) € (ab) (y,uu.integral (a.b) e1/(x—s) dx) Uy ¢’ Vie {0,...k—2}. (y[x > bloe) b ef
k=1 + _
' i k c (i—1) i oy
(el imtegral (a.b) ¢/ =5)" d) U G5 = 2, G, ((b 1) (a-y()

Fig. 7. The helper function (y,u,u’, -) |, ¢ that takes in a context, two independent samples from 2/(0, 1),
and the syntax of an integral, and returns a constant, representing a single-point Monte Carlo estimate of
the integral. We use a, b, and ¢ with subscripts/superscripts to denote real values.

EXPR-ASSIGN

(re)le  VyeFV(e). (y.Dlel(y. 1) U cj
Y. x=eloylx—clylxm X, ¢, v ©]

INTEGRAL-ASSIGN
ue—UWO1 u U1 (y,u,u’,integral (a,b) e/(x — ) dx) Iy ¢
(y,u, o, integral (a,b) e/(x — )  dx) s ¢ Vz € FV(e) \ {x,s}. (y,u, ', integral (a,b) D[e](z 1)/(x — s)* dx) Us c.

(y.v’.y = integral (a,b) e/ (x =) dx) o yly = cl.y [y = k-’ -y () + X, ¢, - v (2)]

Comp Ir-Pos

v p) Yo 171 (1, v5,02) Vo v 13 r.e)lc ¢>0 (y.p) lovuyi
v pip2) Uo v v (v.v',ifpos e then p; else p2) U, y1,v]
Ir-NEG For-BAsk
(re)lc c<0 (1,y.p2) Vo var 13 azb

(y,y'.ifpos e then p; else p2) Uo y2, 75 (y,y', for x in range(a,b,c) : p) o 1.V

For-Rec
a<b ¢>0 (ylx—al,ylx—0Lp) loyiyi (y1.y).forxinrange(a+cb,c):p) o y2. 75

(y,y'.for x in range(a, b,c) : p) Uo y2. v5

Fig. 8. The big-step operational semantics (y,y’, p) lo y1.y; performs automatic differentiation of p, including
sampling from singular integrals. Metavariables a, b, and ¢ with subscripts/superscripts denote real values.

The Caucny PV1 rule, based on the first formula in Proposition 3.6, applies when the singularity
is closer to the lower bound of the domain of integration: y(s) € (a, #]. It then sets b’ = 2y(s) — b,
which is the point that is the reflection of a across y(s).” The first step in symmetrical sampling is
to partition the domain into the largest symmetrical region around the singularity, (a, b"), and the
remaining region, (b’, b). The second step is to generate a uniformly-sampled point t from the lower
half of the symmetrical region (a, y(s)), by transforming the provided sample u’ from U(0, 1), and
then reflect t across the singularity to get 2y(s) — t. The third step evaluates the numerator at both
points to obtain real values ¢* and ¢~. The fourth step (i) scales the obtained c* and ¢~ by the width

7An alternative choice is to sample # such that the symmetric samples around the singularity are s + ¢ and s — ¢. Our
choice to sample # so that the symmetric samples are t and 2s — ¢ better matches the results in Propositions 3.3(b) and 3.6.
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of the interval 2(y(s) — a), (ii) divides the scaled values first by 2 for the 2 samples, and then by the
denominator of the integrand (i.e., t — y(s) and (2y(s) — t) — y(s)), and (iii) adds the outcomes of
these divisions. The result of the fourth step is ﬁsy)(_s 2(ct - ¢7) after simplification. The last step
uses the standard single-sample Monte Carlo estimate of the integral from (o', b) (which uses the
provided sample u, instead of v, as described earlier) and adds this estimate to the result.

The Caucay PV2 rule also uses symmetrical sampling and applies when the singularity is closer
to the upper bound of the domain integration: y(s) € [#, b). Based on the second formula in
Proposition 3.6, this rule reflects b across y(s), i.e., a’ = 2y(s) — b. The largest symmetrical region
around the singularity is (a’, b) and then the remaining region is (a, a’). The Monte Carlo estimate
of the symmetrical region and the remaining region matches the previous rule.

The HADAMARD FP rule implements the integration by parts formula in Proposition 3.10. For
each 0 < i < k —1, it computes the ith derivative of e to get e; via the derivative rules in Figure 6. It
then evaluates the integral at ex_1/(x — s) to get ¢’. Next, it evaluates e; at the endpoints a and b to
get ¢; and ¢, and computes (c;_, /(b - y(s)H - (cp_y_;/(a— v(s))) for each i. Finally, it scales
the sum of these terms by (i — 1)!/(k — 1)! and subtracts it from ¢’/(k — 1)! to get the final result.

We do not provide rules for the case where the singularity and the bounds of integration coincide
(e.g., integral (a,b) e/(x —s) dx at [s — a,...]). As a result, the compiler will get stuck on these
programs, corresponding to the fact that in the denotational semantics, y(s) € {a, b} results in err.

Operational Semantics for Programs. Figure 8 presents the operational semantics for programs.
The big-step evaluation relation (y,y’, p) lo y1,y; takes as input a primal context y, a derivative
context y’ (which is a context mapping each variable to a real number that represents the infinitesi-
mal perturbation to the variable), and a program p, and returns updated contexts y; and y;. For
instance, we can compute the derivative of f(x,y) = xy with respect to y at (x, y) = (2, 3) in the
following way. If y = [x > 2,y > 3,z 0] and y’ = [x > 0,y > 1,z > 0], then we have that

.y, z=x-y9) o [x—>2,y—> 3z 6], [x >0,y 1,z 2].

The bindings for x and y in y and y’ remain the same, but z is updated in both contexts. The first
output context binds z to 6 because f(2,3) = 6, while the second output context for derivative
binds z to 2 because the total derivative is g(x, y, dx,dy) = dx -y + x - dy and ¢(2,3,0,1) = 2.

The Expr-AssIGN rule evaluates an expression e and its source-to-source derivative with respect
to each variable in e, scaled by appropriate infinitesimal values. The INTEGAL-ASSIGN rule draws two
independent samples u, u’ from the uniform distribution over the unit interval (0, 1): u « (0, 1)
and u’ < U(0,1). Note that we assert that samples selected on different runs are independent and
identically distributed. We also rely on the common assumption that samples are exact (i.e., we use
the Real-RAM model), although the implementation uses floating-point numbers.

The derivative part of the INTEGAL-ASSIGN rule consists of two terms: (k-c’)-y’(s) and ), ¢, -y’ (2)
for z € FV(e) \ {x,s}. In the first term, k - ¢’ estimates the singular integral of (k - e)/(x — s)**!,
which is the derivative of the original integrand e/(x —s)* with respect to s. Similarly, in the second
term, ¢, estimates the singular integral of D[e](z,1)/(x — s)*, which is the derivative of the original
integrand with respect to z # s, x. Hence, these two terms essentially commute the derivative with
respect to s and z, and the original singular integral of e/(x — s)¥; and this is based on our results
in Section 3.3 (Propositions 3.12—3.15). On the other hand, a term involving the derivative with
respect to x does not appear in the rule, because the derivative of the original singular integral
with respect to x is 0: the integral binds the variable x, so it is constant in x. Note that this rule
shares the same samples u and u’ for the primal and the derivative computation.

The derivative is particularly interesting for singular integrals because the derivative and integral
do not commute (Example 3.16). Moreover, the sampler for the Hadamard finite part integral
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specified in the HApAMARD FP rule also does not commute with the integral. To see this, note that
the operational semantics estimates the Hadamard finite part integral, by using the equation

b b f(k-1) k=1 . (k=1=i) ¢,y |b
f(x) _1 f (W o =-DLf (u)
a (x—s)kdx_k!ca s ,-Z‘(k—l)! (u—s)i ’

u=a

and by applying symmetrical sampling to the Cauchy principal value integral on the right-hand side
and evaluating the sum. Differentiating the sampler is incorrect because it involves differentiating
the sampler for Cauchy principal value integral, which is incorrect because the derivative and
Cauchy principal value integral do not commute (Example 3.16).

The Comp rule applied to p;; p; evaluates p;, producing new primal and derivative contexts,
which are then used to evaluate p,. The Ir-Pos rule applies when the condition e evaluates to a
positive number and returns the evaluation of the if-body. The IF-NEG rule works analogously. In
the base case of for-loop (a > b), the FOr-Bask rule does not perform any computation and simply
returns y, y’. In the recursive case, the FOR-REC rule takes a program for x in range(a, b, c) : p and
runs p in a context where x is set to a and its derivative is set to 0. This rule also propagates any
errors from executing p or from using an increment ¢ < 0, which would lead to divergence.

5.2 Soundness of Operational Semantics

In this subsection, we show that the operational semantics provides a consistent (and unbiased in
simple cases) estimator of the denotation of the program and of its derivative. We begin with the
correctness of the operational semantics, and the derivative transformation, for expressions.

LEMMA 5.1. For every context y and expression e, we have that (y,e) || ¢ if and only if [e]y = c. «

LEmMMA 5.2. The derivative transformation is correct for every expression e, n € Ny, and z € Var:
[Dlel(z, n)]y = f™ (y(2)) forally € Ctx, where f : R — R is defined by f (u) = [e](y[z — u]). «

We recall a few standard definitions from statistics, and also a well-known result that leads to a
standard recipe for building a family of so-called strongly-consistent estimators.

Definition 5.3. An estimator T is a real-valued random variable. The estimator T is unbiased for a
real number 6 € Rif E[T] = 6. A family of estimators (T;,) men is strongly consistent for 6 € R if
T, almost surely converges to 8 as m tends to oo, that is, Pr(lim,,—c T, = 0) = 1. A

PrROPOSITION 5.4 ([26, THEOREM 10.13]). If estimators (T,;,)men are independent and identically
distributed (i.i.d.) as random variables, and Ty is unbiased for 0 and has finite variance, then the

A

estimators T,,, = % > T; is unbiased for 0 for all m, and their family is strongly consistent for 0. «

We first present that the operational semantics is an unbiased and consistent estimator for the
denotational semantics whenever a program is single-line with the integral construct.
THEOREM 5.5 (UNBIASEDNESS AND FINITE VARIANCE). Letp = (y = integral (a,b) e/(x—s)* dx)

and y,y' € Ctx with [p]y # err. Let ¢,c’ be estimators defined by ¢ 2 y(y) and ¢’ £ 7' (y),
where (y,y',p) o 7.7’- Then, c and ¢’ have finite variance, and are unbiased for [p](y)(y) and

Seever 2lpl(rz > D@, () - V' (2), respectively. «

COROLLARY 5.6. Let p = (y = integral (a,b) e/(x — 5)* dx) andy,y’ € Ctx with [p]y # err.
Separate runs of the operational semantics produce (i.i.d.) random variables {c;};en, {c}}ien, that
is, for all i € N, we obtain (y,y’,p) Uo Vi Vi with¢; = yi(y) and ¢, £ }!(y). Define estimators
T 2 3" ciand Ty, £ LY ¢ form € N. Then, (Try)men consists of unbiased estimators for

0 = [pl(y)(y). and it is strongly consistent for 0. Likewise, (T, )men consists of unbiased estimators
for0 £ 3 cvar % Ipl(y[z — t])(y)|tzy(z) -v'(2), and it is strongly consistent for 6’. «

Proc. ACM Program. Lang., Vol. 9, No. PLDI, Article 164. Publication date: June 2025.



Semantics of Integrating and Differentiating Singularities 164:17

We call a program well-typed if it satisfies a statically-determined, conservative type system
that ensures that (i) no if statements occur after an integral and (ii) integrals are not nested (i.e.,
no variable that depends on a variable assigned to an integral can be present in the integrand).
Appendix E formalizes the type system. The next theorem states that all well-typed programs
induce strongly consistent estimators for the denotational semantics. Note that this result applies
to all the programs in the evaluation (Appendices 2 and 6).

THEOREM 5.7 (CONSISTENCY). Let p be a well-typed program, x € Var be an arbitrary variable,
and y,y’ € Cix be contexts with [p]y # err. Separate runs of the operational semantics produce
(i.i.d.) random variables {c; } ;e and {c}}ien, that is, for all i € N, we obtain (y,y’,p) Uo Vi 7; with
¢i 2 Ji(x) and ¢ = J/(x). Then, the family of estimators T,, = = Y™, ¢; is strongly consistent for

m

Ip](y)(x), and T,, = % izy ¢} is strongly consistent for 3’ ,c vy, % [pl(ylz — t])(x)itzy(z) 7Y (2). «

6 Evaluation

We implement the operational semantics of SINGULARFLOW (Appendix 5) in JAX [11]. Users
can write programs with singular integrals and use all the standard Python/JAX primitives (e.g.,
jax.Jjit, jax.grad, for loops, neural networks). Our implementation introduces a singu-
lar_integrate primitive that performs Monte Carlo integration and uses the custom_vjp
jax primitive to define a custom derivative. JAX provides automatic differentiation for all other
primitives in our implementation (e.g., arithmetic primitives).

We evaluate our implementation on two tasks: evaluating and differentiating singular integrals,
and solving singular integral equations using feedforward neural networks. As a case study for
the first task, we consider the finite Hilbert transform (Appendix 6.1), a fundamental integral
transform used in science and engineering. For the second task, we solve singular integral equations—
fundamental models in science and engineering [23, 44]. In particular, we provide three case studies:
a model for the flow of air around a wing in aerodynamics (Appendix 6.2), and two models of the
displacement of a crack in fracture mechanics (Appendix 6.3).

We selected these benchmarks as they represent important use cases of singular integrals in
science and engineering (e.g., [23, 40, 44]). The historical uses of singular integrals include solving
Cauchy-Riemann and Laplace equations [16, 34]. A more comprehensive list of problems modeled
by singular integrals is given in Appendices 7 and 8, Appendix G, and standard textbooks (e.g.,
[23, 44]).

We compare our results using SINGULARFLOW to several baselines (e.g., standard Monte Carlo
estimates, manually-derived approximations, closed-form solutions) and existing systems (e.g.,
Mathematica [85]). For Appendix 6.2 and Appendix 6.3 we use the same methodology for solving
integral equations as in Appendix 2, and provide training curves in Appendix D. We ran experiments
on a 2019 MacBook with an Intel Core i9-9980HK CPU and 32GB RAM.

6.1 Finite Hilbert Transform

The Hilbert transform is a fundamental integral transformation akin to the Fourier transform, which
is defined in terms of a singular integral over R. The finite Hilbert transform is its finite version
where the integral is taken over a finite domain. Formally, the finite Hilbert transform of a smooth
function f : R — R is defined as follows, using the Cauchy principal value integral [40, Section 11]:

’ Mdu

—qu-—s

Tuf(s) £ -=C (10)

where a > 0 and —a < s < a. The finite Hilbert transform (and the Hilbert transform in general) is
used widely in diverse areas of science and engineering, including optics [27], scattering [10, 20],
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Table 1. We calculate the finite Hilbert transform: T; f(s) = —%C/l LW gy for s = %

-1 u-s

f(u) ‘ Ground Truth Ours Standard Mathematica
u -0.462 —046+4.1%x107% -36+73 -0.46
u? -0.231 —0.23+6.1x107% -1.8+3.7 -0.23
et -0.291 —0.29+9.9x 1074 -11+24 -0.29
ue¥ -0.894 —0.89+56x107% —6.1+12 -0.89
sinu -0.409 —0.41+3.7x107% —34+7.0 -0.41
cosu 0.458 0.46 +1.0x 1073 -5.1+13 0.46

Table 2. The result of computing the derivative %Tlf(s) = —%7‘(/_11 (i(_i))zdu fors = % Ground Truth
corresponds to a by-hand derivation of the integrals into either a closed form or a form with an accurate
numerical solution in [40]. PV is the Cauchy Principal value integral interpretation of the derivative rather than
the correct Hadamard finite part interpretation. Standard is directly numerically estimating the integral. The
Mathematica column shows the results of running the benchmarks in Mathematica [85]. In the Mathematica

column, we mark a result with a dash if Mathematica does not return a numerical result.

f(u) ‘ Ground Truth Ours PV Standard Mathematica
u 0.774 0.77 +8.1x 1074 —5.9% 102 —4.4% 103 0.77
w? | —747%x107%2 —74x1072+£81x107% —29x%x10° -22x103 —7.4x1072
et 1.52 1.5+9.9x%x107% -19x10® -1.5x10* -

uet 0.468 0.47 +1.1x 1073 -9.7%x 102 -7.3%103 -

sinu 0.816 0.82+1.0x1073 -5.6%x 102 —4.2% 103 0.82

cosu 0.868 0.87 £3.7x 1074 -1.0x10® -7.7x103 0.87

and electrochemistry [81]; in geology to study seismic waves [28]; and in electrical engineering to
study circuits [15], telecommunications [77], and control theory [74].

The finite Hilbert transform (and its derivative) often does not admit a closed-form formula,
requiring the numerical estimation of the transform (and its derivatives) in many cases [40, Section
14]. Inspired by this, we estimate the finite Hilbert transform and its derivative. We estimate the
finite Hilbert transform for six smooth functions King [40, Table 14.6]. In the following tables, we
present the mean and standard deviations across 10 runs using 10,000 samples.

Estimation of the Finite Hilbert Transform. Table 1 depicts the estimates of T; f(s) at s = %
for different functions f. The Ground Truth column shows the exact values (in 3-digit precision)
computed using closed-form formulas King [40, Table 14.6]. The Ours column uses SINGULARFLOW
to produce correct results, accounting for the singularity at u = s in Equation (10). The Standard
column uses standard Monte Carlo integration, producing incorrect results because it ignores the
singularity. Mathematica [85] produces an accurate numerical estimate (N) after singularity-aware
symbolic integration (Integrate with the option PrincipalValue->True) [86].

Estimation of the Derivative. Table 2 depicts estimates of the derivative %Tl f(s)ats=1/2for
different functions f. We hand-derived closed-form formulas for the Ground Truth derivatives
of the finite Hilbert transform. The Ours column uses SINGULARFLOW to compute the derivative,
where SINGULARFLOW automatically computes the Hadamard finite part integral (with a singularity
at u = s). The result is correct up to the second bit of precision. PV uses the principal value
interpretation of the result of commuting the derivative and the integral, which is incorrect. PV
and Standard compute results that are orders of magnitude different from the correct result.

We run the experiments in Table 2 in Mathematica by setting the option PrincipalValue-
>True in the Integrate function, taking the derivative, evaluating the result at s = 1/2, and
wrapping the result in the N function. Mathematica produces correct results for x, x%, sin x, and cos x,
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Table 3. Timing results, averaged across benchmarks, for the median and standard deviation of the runtime
(in ms) for the finite Hilbert transform and its derivative as well as the optimized versions (with jax. jit).

Benchmark ‘ Standard Ours Standard (w. jit) Ours (w. jit)

Finite Hilbert Transform 63+0.22 2115 0.97 £ 0.47 1.2+0.19
Deriv. Finite Hilbert Transform 30 +17 140 + 7.1 0.96 +0.44 0.9 +0.41

—— Ours —— Ours

»

=== Standard === Standard

>

----- Math Approx

S} e Math Approx.

Test Loss
-
]
]
|
Circulation Density
e

(a) The NACA 0012 airfoil.

0 200 400 600 800 1000 0.0 0.2 04 06 08 10
Iteration Position

(b) Loss over iterations. (c) Learned solution.

Fig. 9. In aerodynamics, the flow of air around a wing can be modeled by a singular integral equation.
Figure 9a shows a symmetrical, thin airfoil (model NACA 0012). We compare a Monte Carlo method that
accounts for the singularity (Ours) to standard Monte Carlo integration (Standard) and a by-hand derivation
of a mathematical approximation (Math Approx.). Figure 9b shows the loss over iterations and Figure 9¢
shows the function predicted by the three methods. Our method converges to a loss (squared error) that is
less than the other methods and the predicted function is close to the math approximation.

but does not fully simplify results for e* and xe*. Mathematica does not support the Hadamard finite
part integral and therefore does not produce the desired result. We confirm this by using NInte—
grate with PrincipalvValue->True, with Exclusions->1/2, and with the singularity
listed with the domain of integration, as specified in the documentation [86].

Computation Time. Table 3 shows the timing results for the finite Hilbert transform and its
derivative. We run all benchmarks 25 times and report the median and standard deviation of runtimes
(with a single warm up iteration discarded). Each benchmark uses 10,000 samples to estimate the
integral. We include the timing results to show that the overhead of using SINGULARFLOW is not
prohibitive. For the sake of completeness, we include more detailed timing results in Appendix D.1.

6.2 Airfoil Equation

Figure 9a shows a symmetrical, thin airfoil (model NACA 0012). It is symmetrical about the x-axis
and therefore easier to analyze mathematically than the thin airfoil in Appendix 2. We compare a
Monte Carlo method that accounts for the singularity (Ours) to standard Monte Carlo integration
(Standard) and a by-hand derivation of a mathematical approximation (Math Approx.).

Results. The results for Figure 9b are similar to those in Figure 2b in that the Ours loss is similar
to the loss in Math Approx.

Figure 9c is also similar to the results in Figure 2c. Because the airfoil is symmetric, one of the
assumptions in the derivation of the approximation of the airfoil equation applies, which means that
the approximation should be closer to the ground truth than in the case of the airfoil in Figure 2c.
Indeed, Ours and Math Approx. produce results that are closer to each other than results than in
Figure 2c, while Standard produces results that are far from both of them.

6.3 Crack Problem

A crack problem is a problem involving the discontinuous process by which an object splits resulting
in an opening, the sliding two pieces of material, or the tearing of an object. Mechanical engineers
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(a) Loss for crack function [35]. (b) Learned solution.

Fig. 10. In fracture mechanics, the displacement of a crack can be modeled by a singular integral equation. We
compare a Monte Carlo method that accounts for the singularity (Ours) to standard Monte Carlo integration
(Standard) and the ground truth closed-form solution (Ground Truth). Figure 10a shows the loss over iterations
and Figure 10b shows the function predicted by the three methods. The neural approaches initially have
high loss, but the loss of Ours decreases and matches the ground truth closely, while Standard stagnates and
produces a poor model of the crack displacement.
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Fig. 11. Figure 11a shows a crack on the x-axis from a = 4 to b = 6 and an infinite plane strip in the y-axis
(truncated for display). We compare a Monte Carlo method that accounts for the singularity (Ours) to
a standard method (Standard). Figure 11b shows the loss over iterations. Figure 11c shows the function
predicted by the two methods. Ours converges to a loss that is orders of magnitude lower than Standard.

study crack problems to accurately model the failure of materials such as metals and concrete [38].
Characterization of cracks due to material manufacture, processing, or machining is important for
ensuring the safety of structures as well as ensuring that manufactured goods with imperfections
that maintain structural integrity. The discontinuity in stress leads to singularities in modeling.

1D Crack Problem. Harold Page Starr [35, Example 3.2] provides the following model:
Vot Vo(t
—C/ i)dt+‘/ ﬂ x =4x — 2Vx + x2, (11)
0 t—x 0 t+x

where o(t) is the crack displacement, which is the distance separating the two materials at a given
point t. In this singular integral equation, the goal is to solve for the unknown o (). The equation

o(t) = %Vt — t2 is the closed-form solution to this problem [35].

Figure 10a shows the log loss over iterations for training a neural network to solve the crack
problem. Standard Monte Carlo integration (Standard) slightly increases the loss throughout
training, while our method (Ours) converges to a low loss. The neural network converges to a
smaller squared-error loss than ground truth (Ground Truth). Figure 10b depicts the functions
produced by Ours and by Math Approx. Standard predicts a function that is close to the constant
zero, while Ours predicts a function that is an arc and looks similar to Ground Truth. While there
is a small anomaly near zero, we show that the cause is a single outlier run and that upping the

number of samples from 50 to 500 removes the anomaly (see Appendix D.3).
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2D Crack Problem. Kaya and Erdogan [38] model this problem with the singular integral equation:

0]

a (t—x)?
where a = 4 and b = 6 are the start and end of the crack, xk = 3—4* v = 2 is the elastic constant with
v = 0.25 is the Poisson ratio for granite, y1 is the shear modulus, p(x) = 1 is the surface traction
representing constant load, and the kernel Ky(t,x) = _(t+_1x)2 is simplified from [38, Equations
(62-66)]. The unknown V (x) is the displacement of the crack opening, i.e., the size of the crack. In
contrast to the previous integral equations, this one has Hadamard finite part integral rather than
a Cauchy principal value integral. We could not find a closed-form solution in the literature and
therefore do not have a ground truth solution.

Figure 11a depicts a crack on the x-axis from a = 4 to b = 6 and an infinite plane strip in the
y-axis. Figure 11b shows the log loss over iterations for training a neural network to solve the crack
problem. The SINGULARFLOW implementation (Ours) approaches a low loss, while standard Monte
Carlo integration (Standard) stays roughly constant at a high loss. Figure 11c depicts the functions
predicted by Ours and Standard. Standard predicts a function that seems to be a constant, while
Ours predicts a function that is more complex and varies with the input.

b
dt+/ V(DKo (t, x)dt = -5 o),
a 2p

7 Related Work

We organize the related work into work from the programming languages community and work
from the machine learning community. We provide further discussion of related math, numerical
methods, and applications to computer graphics in Appendix G. To our knowledge, our paper is
the first to provide a semantics of programs with singular integrals as well as their derivatives.

Standard Integrals, Discontinuities, and Derivatives. A line of work studies differentiable pro-
gramming languages with support for integration [4, 61, 75]. Expressing programs using integrals
can be easier to manipulate than expressing them using sampling [67, 75]. In problems specified
using integration, discontinuities caused by control flow lead to challenges in modeling and differ-
entiation [17, 36, 46, 49, 58, 66, 76]. Researchers have addressed these challenges in various ways,
in specific contexts ranging from root finding to rendering to path planning [4, 7, 37, 61, 75, 87].

Probabilistic programs are programs that involve sampling and denote a measure [5, 41, 83].
Executing a probabilistic program (i.e., performing inference) often involves estimating the integral
of the measure to compute a statistic such as the expected value of a function [8, 14, 18, 25, 72].
An advantage of this interface is that it simplifies expressing certain computations such as a
random walk, where the measure is difficult to manually construct and integrate. Recent works
have analyzed existing inference algorithms and/or developed new ones to ensure correctness in
the presence of discontinuities [6, 39, 47, 48, 50, 51, 70, 84, 88].

None of the above works study semantics of programs with singular integrals or their derivatives.

Neural Solvers for Singular Integral Equations. Physically-informed neural networks (PINNs)
are an approach to solving integral equations using neural networks [73]. Researchers have applied
this framework to problems with singular integrals arising in fields such as potential theory and
electrostatics [33, 54, 80]. However, these works hand-derive Riemann integrals from a specific class
of singular integrals (i.e., principal value integrals), and differentiate them with respect to nonsin-
gular variables (written as x, y in our work). As we show in Example 3.16, naively differentiating
these integrals (or their estimators) with respect to singular variables is generally incorrect. We
could not find open-source implementations of these works to compare against our approach.
We use PINNS to solve singular integral equations. SINGULARFLOW automatically estimates a
larger class of singular integrals, and differentiates them possibly with respect to singular variables.
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8 Limitations and Future Work

In this section, we discuss the limitations of our work and directions for future research.

Multivariate and Nested Integrals. Multivariate integrals with singularities, fs f(x)/g9(x)dx,
where S is a multivariate domain of integration, have the problem that singularities may now
lay along a surface g(x) = 0 rather than a point. If the integrand is separable in the variables
of integration, then the problem can be reduced to our system. Future work could identify such
integrands automatically and work to expand the theory to handle the case where the singularity
is not separable. Perhaps the Schwartz kernel theorem is a good starting point [30].

Multiple Singularities. The extension to multiple singularities in the integrand is possible. An
implementation could use a different sampling approach for different terms in the integrand.
Perhaps it could tag samples in a way similar to Michel et al. [61].

More General Singularities. In this work, we studied singularities of the form f(x, 6)/(x — s)¥,
where k is a positive integer. Kutt [43] studies the case where k is a positive real number. Prior
work claims that a general class of functions can be used as a change of variables for these singular
integrals [64]. Future work could extend the language to support these more general singularities.

Another opportunity to generalize handling singularities is Hadamard regularization, which
defines the integral of a function with a singularity coincident to a bound of integration [43]. The
approach is to take the limit approaching the singularity, analytically integrate, and then add in
a regularization factor that cancels out the singularity. For example, ]f)l %dx £ lime_ fe ! %dx +
Ine =1In1 = 0, which cancels the — In € singularity by adding In €. A challenge is that Hadamard
regularization requires the analytical integral and suffers from some pathologies. For instance,

Hadamard regularization is not invariant to changes of variables. Concretely, if y = 2x then ]f)l %dx
should equal ]f)z idy, but ]f)l 1dx =In1is not equal to ]f)z édl/ £ lime /62 idy —Ine = In2. More
broadly, there is a rich literature on singular integral operators [2, 12, 23, 29, 44, 79].

Broader Applications. Support for automatic differentiation opens up a variety of additional
applications such as solving inverse problems [17, 50, 52, 87]. Some inverse problems most relevant
to the applications that we study are designing the wing of a plane to optimize for a desired
amount of lift [21] or optimizing a material so that cracks propagate slowly when they occur [3].
To highlight one very general example, it is possible to solve integral equations on infinite domains
by mapping the infinite domain to a finite one with a singularity using the Kelvin transform [65].
We provide additional discussion in Appendix G.

9 Conclusions

This paper introduced the first formal semantics for a programming language with support for
singular integrals. In doing so, we provided a self-contained and rigorous presentation of the
mathematical theory of singular integrals using only elementary calculus, including results that we
had not seen proven rigorously using elementary techniques.

We provided a denotational and operational semantics for SINGULARFLOW, and proved that the
two semantics agree in that the operational semantics is an unbiased and finite-variance estimator of
the denotational semantics and averaging these estimators leads to a strongly-consistent estimator
family. We further defined a derivative operation that applies to SINGULARFLOW programs and
proved that it is correct. We evaluated SINGULARFLOW by using it to implement the Hilbert transform
as well as to solve singular integral equations arising in aerodynamics and mechanical engineering.

In the future, we hope our work will help researchers better formalize and reason about integral
equations, and lead to flexible, ubiquitous tools for solving problems in science and engineering.
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10 Data-Availability Statement

The artifact associated with this paper is available online [60].
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A Proofs for Section 3
A.1 Proofs for Appendix 3.1

LEmMMA A.1. For all smooth f : R — R, if f(s) =0, then lim,_, LW oxists and equals f'(s). «

u-s

Proor. Let gs(u) = u —s. We prove the lemma as follows:

i £ _ o 0

u—»s gS u) u—s

= f'(s),

where the first equality follows from L'Hopital’s rule and the second equality follows from f being
smooth (at least C'). Here, L'Hopital’s rule is applicable because lim,_,s f(u) = lim, s gs(u) = 0,
lim,_,5 gi(u) = 1 # 0, and lim,,_, f”(u) exists. O

ProrosITION 3.1. For all smooth f, the integral /ab J’%du exists if and only if f(s) = 0. «

ProoF. (=) We prove the contrapositive: if f(s) # 0, then fab J;(—_us)du does not exist. Without
loss of generality, there exists some € > 0 such that f(s) = e. By continuity, there exists d €
(0, min(b — s, s — a)) such that for every u € Bs(s), |f(u) — f(s)| < 5. Note that 5 < f(u) < = for
all u € Bs(s). We split the integral into two parts:

b
gy [ Wy, [0,
a U—S [ab]\Bs(s) Y~ S Bs(s) U TS

The first integral exists because it is the integral of a function that is continuous over a compact set
and so bounded, and the integral of a bounded function over a compact set always exists. But the

second integral does not have a finite value because /B ) |f(u) |d >3 fBg(S) |u S |du =

(&) It is sufficient to show that the integrand g(u) = f (u)/(u—s) is continuous on [a, b] because
such a continuous function on [q, b] is bounded, and this boundedness ensures that the integral of
the function over [a, b] has a well-defined finite value. Since f is smooth and f(s) = 0, Lemma A.1
implies that g is indeed continuous on [a, b]. O

PropPOSITION 3.3. For every smooth f : R — R, the following hold:
(a) Cfab %du is well-defined and
b s _ — a —
f(w du = fw) - f(2s u)du_ f(2s u)du

a U-—s a u-—s 2s—b U—S

©)

where the two Riemann integrals in Equation (4) are well-defined.
(b) The Cauchy principal value integral is a linear operator on smooth functions:

C/ afi@+ef, C/bfl(u)d / fz(u)
u-—s a uU-—s
forallcy,c; € R and smooth fi, f,: R = R.
(c) If/ab %du is well-defined, then C/ab %du = /ab %du. «
Proor. We prove each claim as follows.
Proof of (a). Recall the definition of the Cauchy principal value integral:

L4 iy ([ L [ £04)
a u-—s

ste U—S

(12)

a S e—0*
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Here, the latter integral can be rewritten with the change of variables v = 2s — u as follows:
b s—€ a s—€
2s — 2s — 2s —
FW gy [T _( [@s=9) 4y Mdv),
S+€u_s 2s—b s$—-v 2s—b =S a =S
By substituting this back into (12), we obtain (a):

" fw) du_hm( T - fes-w) [0 f2s-u) du)

e U—s e—0* u—s 2_b U—S

_ [ fCs e, [ (13)

a u-=s 2s-b U—S

The two Riemann integrals in (13) are well-defined because their integrands are continuous over
the compact domain of integration: the first integrand (f(u) — f(2s — u))/(u — s) is continuous by
Lemma A.1 (with f being smooth and f(s) — f(2s —s) = 0) and the second integrand is continuous
over the domain of integration because a < s and 2s — b < s (by s < b). Further, the equality
in (13) holds by the following fact: if g : R — R is continuous, then G : R — R defined by
G(t) = fat g(u)du is continuous.

Proof of (b). We apply the definition of the Cauchy principal value integral, use the linearity of
the limit and the Riemann integral, and then apply the definition again:

C/ ah+eh@®

u-—s

lim (/ Md+/bMd)

e—0* u-—s u-—=:s
s—€ b s—€ b
=c¢1 - lim ( fl(u) fl(u) ) + ¢y - lim ( fz_(u) du + fz_(u) du)
€e—0* u-— s e—0t \J, u-—s ste U—S

(/ﬁ() ) (w/ fz(u) )

Proof of (c). We apply Proposition 3.1 to f, which gives f(s) = 0. From this, we obtain (c):
b s—€ b s b
AC/ P ( O Mdu) @, [P,
a U—s e—0t a u-—s:s ste U—S a U-—Ss s uU-—s

where the last two Riemann integrals are well-defined because their integrands are continuous on
R by Lemma A.1 (with f being smooth and f(s) = 0). The first equality above applies the definition
of the Cauchy principal value integral, and the second equality holds by the aforementioned fact:
the antiderivative of a continuous function is continuous. O

PROPOSITION 3.6. For every smooth function f : R — R,

Sfw-fes-w, ot fw

du  ifs e (a %]

L e 0

PRrROOF. Suppose s € [“—JZ’I’, b). Let @’ = 2s — b. Since a < @’ < s, we can split the integral into two:

b a b
Mduz/' %du+c Malu

u—s @ U—S
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We then expand the second integral in the RHS by Definition 3.2:

e[, {a=tm( [ [aur [ L)

By using the substitution v = 2s — u, we have:

" 10 4y~ i (_ J R b fw du)
b

& s e—0 (2s—0v)—s e U—S
b
= lim (— Mdv + ' Lu)du)
€—0 s+e 0—=3S ste U—S
b
iy [t
e—0 u-—:s
/ f(u) f(2s— U)
u—-=s

where the last equation follows from Lemma A.6, which states that the integrand can be extended
to a smooth function, justifying the limit. This proves the desired equation. The proof for the other

case (i.e, whens € (a, “;b]) is analogous, so we omit it. O
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A.2 Proofs for Appendix 3.2 (Technical Lemmas)

LEMMA A.2 (LEIBNIZ INTEGRAL RULE [45, THEOREM 7.1]). Let f : U X R — R be a function of
u and v for some open set U C R with [a,b] C U. If f and %f are continuous on [a,b] X R, then

g(v) = fab f(u,v)du is differentiable on R and

b b
dii) j f(u,v)duz‘/a a—avf(u,v)du (v €R). «

LEMMA A.3 (TAYLOR’S THEOREM [45, THEOREM 3.1]). For all smooth f : R — R and integersk > 0,
k£ A u (k1) (4
)—Zf,—(v)(u—v)’zf f—()(u—t)kdt (u,v € R). «
= v k!

LEMMa A 4. Let f : UXR™ — R for some open set U C R and integer m > 1 with [a,b] C U.If f
is continuous on [a, b] X R™, then the function g(v1,...,0y) = fab f(u,01,...,0m)du is well-defined
and continuous on R™. «

Proor. The proof is trivial when a = b, so assume a < b. By the continuity of f on the compact
set [a, b], g is well-defined on R™. To show the continuity of g, consider any v € R™ and € > 0. We
need to show that for some § > 0,

lo—o'll; <8 = lg(@) —g@) <e (0.0’ €R™).

LetS = [a,b] x{v' € R™ | |lo—0v'||2 < 1}. Since f is continuous on the compact set S, f is uniformly
continuous on S. Hence, there exists § > 0 such that ||[w—w’||; < d implies |f(w)—f(w")| < €/(b—a)
for all w, w’ € R™!. This § satisfies the above claim as follows:

b b
90 - 9] =| [ o) - fwo ] < [ |rao) - paus)fiu < o ‘
a a
where the last inequality is by || (&, 0) — (u,0")||]2 < |lo — 0’|z < 4. O
LEmMa A5, Let f : UXR™ — R for some open set U C R and integer m > 1 with [a,b] CU.If f
is smooth on [a, b] X R™, then g(vy,...,0y) = fab f(u,01,...,0m,)du is smooth on R™. «
Proor. It suffices to prove that for alln € Ny and iy, ...,i, € {1,...,m},
(i) the function ﬁ g is well-defined and continuous on R™; and
iy in
(ii) for all integersn > 0, iy,...,i, € {1,...,m}, and (vy,...,0,) € R™,
AN R )d (149)
——g(v1,...,0m) = U,01,...,0m)du.
ov;, ---aving ! " a OV +-0v;, ! "

We prove this by induction on n.

e Case n = 0. In this case g = g and —auf = f. Hence, Equation (14) sim-

> vy av,n
ply becomes the definition of g. Also, by applylng Lemma A.4 to the definition of ¢ (i.e.,
gy, ...,0m) = /ab f(u,v1,...,0m)du), we obtain that g is well-defined and continuous on
R™. Here, the lemma is applicable because f is smooth on U X R™.

e Casen > 1. Letiy,...,i, € {1,...,m}. By induction hypothesis, the function —g is

continuous on R™ and satisfies the following: for all (vy,...,0,) € R™,

an—l b an—l
—g(v1,...,0m) = U,01,...,0m)du.
05, - 0, g(o1 m) /a a0, -~ o0, —f(uo m)
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By applying the Leibniz integral rule (Lemma A.2) to the above equation (more precisely, to

the function h(u,v;,) = aan—lf(u 01,...,0m)), we obtain that for all (vy,...,0,) € R™,

9 anfl b 9 anfl
— |\ T U1,...,0 = — |\ u,01,...,0 du, 15
al)il (al)iz e 60,-n g) ( ! m) ‘/c; al)il (801‘2 T al)inf ( ! m) ( )

where both sides are well-defined. Here, the Leibniz integral rule is applicable because h is
smooth on U X R.

We now show (i) and (ii). First, Equation (15) shows that 32),-1?—{18% g is well-defined on R™.
Second, Lemma A.4 applied to Equation (15) shows that avilﬁ—'faving is continuous on R™.
ﬁrfauﬁ f is smooth on U X R™. Third, Equation (15)
is exactly Equation (14). O

Here, the lemma is applicable because

LEMMA A.6. For all smooth f : R — R and integers k > 0, the function

) & (f( ) - Z 1@,y (16)
defined over R? \ {(c,c) : ¢ € R} can be extended to a smooth function § : R> — R, which satisfies
g(u,u) = m (u eR). «
Proor. Let f : R — R be a smooth functlon and k > 0 be an integer. Then, for all 4,0 € R,

k i

) (y . u (k1)
)‘Zfi!()(“_v)l:/ ! k!(t)(“_t)kdt

i=0

1 £(k+1) "y ~
f (t k‘:(l t) ) -((l—t')(u—v))k . (U—U)dt/

= (u-o)! /1 fEV(u+ (1= 1))
0

o (1-t")kar'. (17)

Here, the first line is by Taylor’s theorem (Lemma A.3), and the second line holds for the following
reason: if u = v, then this line is trivial, and if u # v, then the change of variable t’ = (t —v)/(u —0)
gives this line because t = t'u + (1 — t")v and dt = (u — v)dt’.

We now define §: R? — R as

(k+1) _
§(u,0) é/olf Dftur (1 t)v)(l—t)kdt.

k!

Then, § satisfies the claims of the lemma. First, § is an extension of g: by Equation (17), § satisfies
Equation (16) for all u,0 € R with u # v. Second, § is smooth on R? by Lemma A.5, which is
applicable because the integrand of § is a smooth function of ¢, u,v on R, Lastly, for all u € R,

(k+1) (k+1)
g(u,u) = f# /01(1 - Hkdr = )ﬁ, as desired. O
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A.3 Proofs for Appendix 3.2 (Main Results)

ProrosITION 3.7. For all smooth f : R — R and integers k > 0, the integral f )kﬂ du exists
if and only if f)(s) = 0 foralli € {0,...,k}. «
Proor. (=) We prove the contrapositive: iff(i) (s) # 0 for some 0 < i < k, then fab %du

does not exist. Let i be the smallest index such that £ (s) # 0. Without loss of generality, we
assume that £ (s) > 0. Since £ (s) = ... = f=V(s) = 0, Lemma A.6 implies that the function
g : R — R defined by g(u) = f(u)/(u —s)' is continuous on R with g(s) = £V (s)/i! > 0. By the
continuity of g, there exists § € (0, min(b — s,s — a)) such that |g(u) — g(s)| < %g(s) for every
u € Bs(s). Note that %g(s) <g(u) < %g(s) for all u € Bs(s). We split the integral into two parts:

bofw / 9w / 9w
a (u—s)k [ab]\Bs(s) (1= s)F*1~ Bs(s) (u—s)F!!

The first integral is bounded because it is the integral of a function that is continuous over a compact
domain and is thus bounded over the domain. The second integral, however, does not exist because
g(u)

'/B;(S) (u _ s)k+1—i

where the equality is from g(s) > 0and k+1—i > 1.

(&) It is sufficient to show that the integrand h(u) 2 f(u)/(u — s)¥*! is continuous on [a, b]
because a continuous function over a compact set is bounded and the integral of a bounded function
over a compact set has a finite well-defined value. Since f is smooth and () (s) = 0 forall 0 < i < k,
Lemma A.6 implies that & is indeed continuous on [a, b]. O

1

5 96) _
(u _ s)k+17i

= du = +oo,
2 JBs(s)

PROPOSITION 3.9. For every smooth f : R — R and integer k > 1, the following hold:

(a) Wfab S gy is well-defined and satisfies integration by parts:

)k+1
P b £ (u .
b "=l +c/ —u_sdu ifk=1
(u s)k“du: 1 fw |° b “
a - u u .
Tk (u—s)k |, (u—s)k e k=2

(b) The Hadamard finite part value integral is a llnear operator on smooth functions:

b
w/ afiw) +ef@ Cl.(w AW du)ﬂ (W/ (fz(u) )
a u

(u— s)k+1 (u— s)k+1 _ s)k+1
forallcy, ¢, € R and smooth fi, f,: R — R.
(c) If/ab (uji(;;lﬂ du is well-defined, then 7-([ w (51;3(” du = fab (u{(;;lﬂ du. «

Proor. We prove each statement as follows.
Proof of (a): Well-definedness. We show that the Hadamard finite part integral is well-defined.
Since the Hadamard finite part integral is defined as a constant times the k-th derivative of the

Cauchy principal value integral (Definition 3.8), it is sufficient to show that g(s) = fa AOP N

u-—s

smooth on (a, b). By the linearity of the Cauchy principal value integral (Proposition 3.3(b)),
b
PEEY R IOE CPRPYLS

u-—-s
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W g se [ g,

a u-—s e U—Ss

(18)

where the second line is by Proposition 3.3(c). Here, this proposition is applicable because the first
integral in Equation (18) is well-defined: the integrand of this integral is smooth in u by Lemma A.6,
so this integral is well-defined.

Given this, it is sufficient to show that each of the two integrals in Equation (18) is smooth in s.
The first integral is smooth in s by Lemma A.5, which is applicable because the integrand of this
integral is smooth in (u, s) on R? by Lemma A.6. For the second integral, applying Proposition 3.3(a)
yields

c / IO gyo [LOLO,_ [* SO,

u-—s 2s_pb U—S

2s-b
=f(s) - In(s —u) (19)

=a
where the last equahty is from a,2s—b < s (since a < s < b). This implies that the second integral is

also smooth in s. Hence, g is smooth on (g, b) and the Hadamard finite part integral is well-defined.

Proof of (a): Integration by parts. We show that the Hadamard finite part integral satisfies
Equation (6), i.e., integration by parts. Equation (6) is equivalent to:

b —1 7
/(f(u) 1 fw +l£(c bwdu),

u— s)k“ Tk (u— s)k k! gsk-1

u-—-s (20)

where = " denotes the identity function. The proof proceeds by induction on k.

Base case (k = 1). We first compute H / (5 (u 332 du as follows:
b b
fw o d fu)
7‘{/a (u—s)zdu_ds (C j u—sdu)
_4 (/”f(u)—f(s) d)
= — ——“du u
ds -

_/a ds (f(ul)l—f(S))du+f(s) C/ du+f($) s(C/ab

/ FOu=)+f@W=f) [P,

u—s)2 o U-—Ss

1) ( ).

Here, the first line is by the deﬁmtlon of the Hadamard finite part integral, and the second line is
by Equation (18) and the linearity of the Cauchy principal value integral (Proposition 3.3(b)). The
third line is by the Leibniz integral rule (Lemma A.2), and because (f(u) — f(s))/(u — s) is smooth

inuand s and C fa b ﬁdu is smooth in s (both of which were shown above). The last line is by the
linearity of the Cauchy principal value integral.

We next compute C fa bL /(u) du as follows:
Ly [LOS o 11O,

a u—s u-s a U-—Ss

i)

-J f’(s)(u—s)+f’(u)(u—s)du+c P
(u—s)? . U—s

where the first line is by Equation (18) and the smoothness of f”.
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By combining these results, we obtain the desired equality (i.e., Equation (6) for the k = 1 case):

f(u) -C ’ &du

u—s)? u-—s
:/a (f(u)zf(é)l:{)’:(u)(u—s)d“f(s) (/ )
a’)f(s)—f(g);&(u)(s—) L FS) (f_:)
[ R 7
b
_ f(uz [ +f(s)'%” _ L_V’

Here, the third line is by Equation (19), and the second last line is by the fundamental theorem of

calculus and the smoothness of (f(s) — f(u))/(s — u) in u (which was shown above).
Inductive case (k > 2). The proof of the claim (i.e., Equation (6) for k > 2) is similar to the previous

case:

b fw _31( (u)d)
o (u—s)kt kd (u—s)k
1d | 1 fw | f'(w)
T kds | k—1(u—s)k—1 k-1 / (u—s)k1
_ 1 fw MO
k (u—s)k|,_ (u—S)k

where the first and third line follow from Deﬁnltlon 3.8 and the second line uses the induction
hypothesis (Equation (20)).
Proof of (b). The linearity of the Hadamard finite part integral holds as follows:
ﬂ/ afi@rep 1 d (C/b i) + szz(u)du)
a

(u — s)k+1 YT R ds u-—-s

1 dF bfl(ﬂ) f2(u)
klds (1 C ., T / )

_ b fiu) z<u>
—Cl'(q_( i (u—s)k+ldu)+ Cy - (7'{/ (u—S)Z )

where the first line is by the definition of the Hadamard finite part integral, the second line is by
the linearity of the Cauchy principal value integral (Proposition 3.3(b)), and the last line is by the
linearity of differentiation and by the definition of the Hadamard finite part integral.

Proof of (c). Suppose that / SW 3y is well-defined. Then, Proposition 3.7 implies that

)k+1

f@O(s)=0forallie {0,...,k}. From this, we can prove the desired equality as follows:

EE S iy O R

e (u—s) T gk U—s kldsk \Jo u—s
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_ 1 f(w) 1 fw) f(w)
T k! a dsk (u—s) “= F‘/ Sy u—s)k+1 / (u—s)k“d

Here, the first equality is by the definition of the Hadamard finite part integral, and the second
equality is by Propositions 3.1 and 3.3 with f(s) = 0. The third equality is by the Leibniz integral
rule (Lemma A.2) and the smoothness of f(u)/(u —s) in u and s (by Lemma A.6 with f(s) =0). O

PRroposITION 3.10. For all integers k > 1 and smooth functions f : R — R,

u *) (4 ~ 1y k=i g P
/(f() 1o PP, Z(z D! 4w

u — s)k+l TR a u-s u—s)l

™

u=a «

Proor. The proof proceeds by induction on k. For k = 1, the claimed equality follows immediately
from Proposition 3.9. For k > 2, the desired equality can be shown as follows:

bofw)

a (u _ s)k+l

b W , 1 f_

(u_s)k k(u_s)kua
_1 (f')(k 1)(u) S G- () kD ()
((k_l)' / Z (k=1  (u—-s)i

IR I () (i-)! e @)
Ec/ﬂ du —Z

u-—s k! (u—s)’

b

b 1O @)
u=a k (u - s)k

where the first equality is by Proposition 3.9 and the second equality is by induction hypothesis on

(k-1,f7). O
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A.4 Proofs for Appendix 3.3
LEmMMA A.7. Let m > 0 be an integer and f : R X R™ — R be a smooth function. Then, for all
integers k > 0, the function
k

ai
A 1 7f(v,w1,...,Wm) i
g(u,0,wy, ..., Wp) £ ————— (u,wl,...,wm)—z(7 , (u—0) (21)

(u — v)k+1 f P i!

defined over (R? \ {(c,c) : ¢ € R}) X R™ can be extended to a smooth function § : R X R™ — R.
Moreover, § satisfies

k+1
‘Zkﬂf(u Wiy W)

k!

g(u,u, wy, ..., wp) = (u,w,...,wm € R).

«

Proor. This lemma is a generalization of Lemma A.6. The proof of this lemma is exactly the same
as the proof of Lemma A.6, except that we now add extra variables (wy, ..., wy,) to the arguments
of f, g, and g. O

PROPOSITION 3.12. For every integer m > 0 and smooth function f : R X R™ — R, the function

g(s,01,...,0m) = Cfb Mdu is smooth on (a,b) X R™. Moreover, for every integer n > 0 and
i1,...,1n€{1 .,m},

n b o ———f(u,v1,..., Um)
e c f(u,vl ..... C/ Uzl dv;,, du. ®)
ovj, ovj,, a «

Proor. We first prove smoothness and then (8).

Proof of smoothness. The proof'is a generalization of (a part of) the proof for Proposition 3.9(a).
By the linearity of the Cauchy principal value integral (Proposition 3.3(b)),

b f(u,0) - f(s,0) dusC b f(s,0) "

a u-—s a U-—s

b f(u,0) - f(s,0)
u-—-—=:s

g(s,0) =C

du+ f(s,0) - In(s - u)(zs:b (22)

a
for all (s,v) € (a, b) x R™, where the equality for the first integral is by Proposition 3.3(c), and the
equality for the second integral is by the calculation we did in the proof of Proposition 3.9(a). Here,
Proposition 3.3(c) is applicable because the first integral in (22) is well-defined: the integrand of
this integral is smooth in u by Lemma A.6, so this integral is well-defined.

Given this, it suffices to show that the two terms in (22) are smooth in (s,v) on (a, b) X R™. For
the first term, which is an integral, Lemma A.7 implies that its integrand is smooth in (s, u,v) on
R X R X R™, From this and Lemma A.5, the first term is smooth in (s,v) on R X R™. The second
term is smooth in (s,v) on (a,b) X R™ because s € (a, b) implies a,2s — b < s.

Proof of (8). Since all partial derivatives of f (including higher-order ones) are smooth on
R x R™, it suffices to show the following: for every i € {1,...,m},

e

for all (s, vy, .. .,vm) € (a,b) X R™. This claim holds as follows:

i(c‘/bf(u,vl,...,om)du)
v; a u-—s
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(23)
u-—-s 25—b u—s

* 9 (f(uvy,...,0om)— f(2s —u,01,...,0m) @9 (f2s—uuvy,...,0n)
= — du — — du
o OU; u-—s 25— b OU; u-—s

=/s (aivif)(u,vl,...,vm)—(a%if)(ZS—u,vl,...,vm)du_/a (aivif)(2s—u,vl,...,vm)

_i(/Sf(u,vl,...,vm)—f(ZS—u,vl,...,vm)du_ ¢ f(2s—u,01’-~’0m)du)

du

u-—=s

a
b if(u,v yeeesUm)
:C/ o0 ! i du,
a

u-—=s

2s-b u-=s

where the first and the last equalities are by Proposition 3.3(a), and the second equality is by the
Leibniz integral rule (Lemma A.2). Here, the Leibniz rule is applicable because the two integrands
in (23) are smooth in (u,v;) on R?: the smoothness of the first integrand is by Lemma A.7, and that
of the second integrand is by a,2s — b < s (due to s € (a, b)). O

PROPOSITION 3.13. For every integer m > 0, smooth function f : R X R™ — R, and integer
b
k > 1, the function g(s,01,...,0m) = ﬂfa L0n0m) i smooth on (a,b) X R™. Moreover, for

(u_s)k+1
every integern > 0 and iy, ...,ip € {1,...,m},

an
o b f(u,01,...,0m) b du;, -9y, fluo1,..., Um)
P o —— ——— du|=H
301'1 . 301’,, a (u _ s)k+1 a

du. 9)

PROOF. As in the proof of Proposition 3.12, we first prove smoothness and then (9).
Proof of smoothness. By Proposition 3.10,
k k—i
1C/b %f(usv)d Zk:(l—l)'%f(u’v)b
S—du - A
a u-—s p k! (u—s)t

for all (s,u) € (a,b) X R™. By Proposition 3.12, the integral in the RHS is smooth in (s,v) on
(a,b) x R™. Further, by s € (a,b), the summation in the RHS is smooth in (s,v) on (a,b) x R™.
Hence, g is smooth on (a, b) X R™.

g(s,0) =

u=a

Proof of (9). Since all partial derivatives of f (including higher-order ones) are smooth on
R xR™, it suffices to show the following as in the proof of Proposition 3.12: for every i € {1,...,m},

f(u U1y...50 ?)if(u>vl>-~-svm)
( / (u— s)kJr1 ) H/ (u — s)k*1 du

for all (s,vy,..., vm) € (a,b) X R™. This claim holds as follows:

d bf(u,vl,...,vm)
a_vi((H o (- d”)

_ 9 lc/b %f(u,vl,--.,ﬁm)du_zk:(i_1)!%f(u,vl,...,vm)
~ ov; | k! u-—s £ k! (u—s)t

b
u=a

C/ au, ukf(ul)1,... zk:(l_l) = ausz(uvl,---,vm)b

- i=1 (u=s)t u=a
~ iC/b %k(a%f)(u,vl,..., Z (,_1)| auk 1(311 ) wos,...,0m) P
= k' a u-—=:s (u _S)l -
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- (w,01,...,0m)
:ﬂ/ 3o f (01 du,

(u — S)k+1
where the first and the last equalities are by Proposition 3.10, the second equality is by Proposi-
tion 3.12, and the third equality is by the smoothness of f. O

PRrRoOPOSITION 3.14. For every smooth function f : R — R and integern > 1,

f (u) fw)
dsn ( ) - 7{/ (u- 5)n+1 «

Proor. By the definition of the Hadamard finite part integral,
d" i) 1d f(u) AON
udll 2 qul =nt - =2 =n!.
dsm (C a U—Ss YT s ¢ o U- s - 7-{/ (u- s)"+1

PRrRoOPOSITION 3.15. For every smooth function f : R — R and integersn, k > 1,

f(w) (n+ k)' _ fw
dw( / w-g“lﬂ / (s syt «

Proor. By the definition of the Hadamard finite part integral,

f(w) 1 4 b f(w)
/ (u— s)n+k+1 T (n+k)! dsnk (C u- Sdu)
_ 1 f(u)
B (n+k)'ds" (dsk (C a U—S ))

! _fw
(n+k)'ds"( / (u-— )"Jrl )
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B Proofs for Section 4

LEMMA 4.1. For every expression e, its semantics [e] is smooth on Cix. «

Proor. The proof is by induction on the structure of e. A constant or a projection function
(which is used to interpret variables) is smooth. The constant and variable cases are covered by this
fact. Also, by assumption, the semantics of every function symbol 4 is smooth, and if all of functions
f:R™ > Randg,...,gm : Ctx — R are smooth, then their composition y — f(g1(y), ..., gm(y))
is smooth by the chain rule. Hence, the claim of the lemma on the function application case from
the induction hypothesis. O

THEOREM 4.2. For every program p andy € Ctx, if [p]ly # err, then [p] is smooth at y. «

Proor. The proof is by induction on the structure of p.

Case of x = e. To show that [x = e](y) = y[x > [e]y] is well-defined and smooth, it suffices to
show that [e] is smooth in y. This follows from Lemma 4.1.

Case of y = integral (a,b) e/(x —s)* dx. Since y = integral (a,b) e/(x —s)* dx is not err, we are
guaranteed that s ¢ FV(e). It suffices to show that ¢ = ([y = integral (a, b) e/(x — s)* dx]y)(y) is
well-defined and smooth at y.

The function g, (u) = [e](y[x — u]) on R is smooth by Lemma 4.1. When y(s) ¢ [a,b], the
integral /a b (uf;%du is well-defined since its integrand is continuous on the closed interval [a, b]
and thus bounded on the interval, and the Riemann integral of a bounded continuous function
over a closed interval is well-defined. The remaining case is y(s) € (a, b). In this case, we use
Propositions 3.3 and 3.9 and derive the well-definedness of [[p]y, the first case is y(s) € (a,b) Ak =1
and the second case is y(s) € (a,b) A k > 1.

For the smoothness of [p], it suffices to show that for some open set U containing y, [p] is
smooth. When y(s) € (a,b), we set U = {y € Ctx | y(s) € (a,b)}. Then, if k = 1, [p] is smooth on
U by Proposition 3.12, and if k > 1, [p] is smooth on U by Proposition 3.13. It remains to deal with
the case y(s) ¢ [a,b]. Let U = {y € Ctx | y(s) ¢ [a,b]}. The desired smoothness of [p]] on U then
follows from the repeated use of Lemma A.2.

Case of py; p. Since [[p1; p2]y is not err, we are guaranteed that y” = [p1]y is not err. Furthermore,
by the inductive hypothesis, it denotes a smooth function in the parameters at y. We can repeat
this argument for p; at y’.

Case of ifpos e then p; else p,. Since [ifpos e then p; else p,]y # err, we know that there is a
ball B in parameter space around y that lies exclusively within p; or exclusively within p; (this is
because the region S = R \ {0} is open, so for point p, there exists an € > 0 such that B,(e) C S).In
either case, we can directly apply the inductive hypothesis to get the desired result.

Case of for x in range(a, b, ¢) : p. We prove this by induction on a. In the base case where a > b,
this function is the identity, which is smooth. In the inductive case, where a < b, we have that
¢ > 0, guaranteeing eventual termination, and that [p](y[x +— a]) # err for any iteration because
we know that the output is not err. O
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C Proofs for Section 5
LEMMA 5.2. The derivative transformation is correct for every expression e, n € Ny, and z € Var:
[Dle]l(z,n)]y = f™ (y(2)) forally € Ctx, where f : R — R is defined by f (u) = [e](y[z > u]). «

Proor. It is equivalent to prove the following: for all expressions e and n € N,

[Dlelzml(rlz = u) = o ([el(ylz = uD) (v e O ue).

We prove this claim by induction on n and the structure of e. For n = 0, the claim holds because the
0th derivative of a function is the function itself. For n > 1, we have three cases for e. If e is ¢ or
x, then the claim holds because (i) the nth derivative of a constant function is 0, and (ii) the nth
derivative of the identity functionis 1[n =1 A z = x]. If e is h(ey, . . ., €,), then the claim holds as
follows: for every y € Ctx and u € R,

[Dlh(er, . ... em)(z )] (y[z > u])
= [D[dhy - dey + - -+ + dhy, - de ] (z,n — D] (y[z - u])

= jn—n_ll(ﬂdhl cdey + -+ +dhy, - dew] (y[z — u]))
S (i dhi](ylz > u]) - [de])(y[z = u ))
= dd:n_—ll (2[@ her,....em)]|(y[z = ul) - [Dlel(z D] (y[z — u]))
= jl:ll (i[[@ Al ([ed](ylz = ul), ..., [em](y[z > u])) - ([[e 1(y[z = u])))
- (e (e 1z o . Tenl 012 )
o (e (v emrtz o u])))
o

=T ([[h(el, coem)](ylz o u])).

Here, the second, fourth, and fifth lines are by the definition of D[-](z, n), [-], dh;, and de;. The
third line is by induction hypothesis on n — 1. The fourth-to-last line is by the definition of [-]
and induction hypothesis on (n, ;). The third-to-last line is by the chain rule and the assumption
that [D;h] is the ith partial derivative of [A]. The last two lines are by the definition of -] and
differentiation. O

LEMMA 5.1. For every context y and expression e, we have that (y,e) || c if and only if [e]y = ¢. «
Proor. The proof follows by induction on the structure of e. O

THEOREM 5.5 (UNBIASEDNESS AND FINITE VARIANCE). Letp = (y = integral (a,b) e/(x—s)* dx)
and y,y’ € Ctx with [p]y # err. Let ¢,c’ be estimators defined by ¢ = j(y) and ¢’ = }'(y),
where (y,y’,p) Uo 7,7'- Then, ¢ and ¢’ have finite variance, and are unbiased for [p](y)(y) and

Seevar g [P] (v [z = D @),y ) - V' (2), respectively. «

Proor. We first show that c is an unbiased estimator for 0. Let ¢y 2 0. If y(s) ¢ [a,b] and a = b,
we have ¢ = 0 by the operational semantics and also ¢y = 0 by the denotational semantics. Hence,
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we have the desired E[c] = ¢y in this case. If y(s) € [a,b] and a # b, we show the unbiasedness as
follows:

) (b—a)- [e)(y[x > 1]) (b-a) - [e](ylx > 1)
Ble] = Bruan) 1) ] / b O
b el (y[x — 1])
=), Ty ¢

= Co,

where the first equality follows from operational semantics and Lemma 5.1, the second from the
definition of expectation, and the last equality from the denotational semantics. It remains to deal
with the case that y(s) € (a,b). Assume y(s) € (a,b).If k = 1 and y(s) € [(a+)/2,b), we have

Elc] = Erew(azy(s)-b) [Et'&ﬂ(y(s),b) [((ZY(S) )(t _a)y(s[[)e)]](}/[x 1) (24)
(b= y(s)) - (Iel (yIx = ']) = [e] (yIx = 2¢(s) — D)) ”
+
TET0)
(25)
p— b p— . '—)
= Etu—’u(a,zy(s)—b) [((2)/(8) )(t _a)},(s[[)e)]](}/[x t]) (26)
(b= y(s)) - (Iel(vlx = ) — [e] (y[x = 2¢(s) — D))
] TE) | )
et (@) = b =) [yl o 1)
- / OEDEY =70) dt (28)
b1 (b-y(s) - (Ie)(yIx = 1) - [el (yIx v 2y(s) — 1))
. d
* /ym e " =16 t @)
O [yl ), [ [l D) — [l (rlx o 2p(s) — )
= / -y F /m &~y () a6
lel(y[x — u])
_c/ e (31)
(32)

The first equality follows from the operational semantics and Lemma 5.1, the second and third
from the definition of expectation, the fifth from Proposition 3.6, and the last from the denotational
semantics. The case that k = 1 and y(s) € (a, (a + b)/2] can be proved similarly. The remaining
case is that k > 1 and y(s) € (a,b). Assume k > 1 and y(s) € (a,b). Let e; = D[e](x, i) for all
i €{0,...,k—1}, and let f : R — R be the smooth function defined by f(u) = [e](y[x > u]).
Then, the random variable ¢ has the following form by Lemma 5.1, the operational semantics, and
the correctness of the D operator:

_ _E(i—m (uek_l_iﬂ[be]_[[ek_l_i]][xwa])
k=Dt Lk-DI (b-y() (a=y(s)

__ _"210—1)! (f”“l‘”(b)_f”“l"')(a))
T k-D S k-0 G-yG) (a—ye) )
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where ¢’ is a random variable such that
(y,t, integral (a,b) ex_1/(x —s) dx) |, ¢’

Using this observation, we derive the desired unbiasedness of c as follows:

R R O =1 e Bt |
A = (k=1-i) (k=1-i)

= ic—[i)]! - Z:; ((llc - 11))!! (]Zb - Y(ngi) - ]Za - y(sggl")) Y

e[ L, S L )

- ’ %du (36)

=wlb@¥%%%2w (37)

=cp. (38)

Here the third equality follows from the unbiasedness of the operational semantics in the case of the
Cauchy principal value integral, which we showed above. The fourth equality uses Proposition 3.10,
and the last two equalities follow from the definition of f and the denotational semantics.

Next, we show that ¢ has finite variance. We will prove that |c| < B for some non-random
constant B > 0. Note that the boundedness of ¢ implies

Var(c) = E[(c — E[c])?] < 2E[c®] + 2(E[c])? < 4B* < o,
that is, the finiteness of the variance of c.
Let
FiRoR f@ = [e](ylx o ul).

Note that f is smooth. When y(s) ¢ [a, b],
f®
t=y(s)
but the right-hand side of this equation is a continuous function on t evaluated at some point in

the closed interval [a, b], and so it is bounded. When y(s) € [(a+b)/2,b) and k = 1,

(2y() —b)—a) - f(1)  (b-y() - (f(t) — f2r(s) = 1))

(t—y(s)) (" = y(s))
for some random t € [a, (2y(s) —b)] and t’ € [y(s), b]. But the right-hand side of this equation is a
continuous function on (¢, ') evaluated at some pair in the closed rectangle [a, (2y(s)—b)] X[y (s), b],
where the continuity with respect to ¢’ follows from Lemma A.1. Thus, the right-hand side is
bounded. The case that y(s) € (a, (a+ b)/2] and k = 1 can be handled similarly. The remaining
case is that k > 1 and y(s) € (a, b). In this case,

¢ N G- (fR0m) R0
1)!_; ( )

c=(b-a)-

for some random ¢t € [a, b],

c= : -
(k- (k=D!'\(b-y()  (a—y(s))
where ¢’ is a random variable such that

(y,t,integral (a,b) D[e](x,k —1)/(x —s) dx) |, .
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By what we have already shown for the k = 1 case, the random variable ¢’ is bounded. Thus, c is
bounded as well.
We now prove the case of the derivative. First, we expand the derivative:

yoy A= DG,

zeVar oz
dlintegral (a,b) e/(x — s)* dx](y[z — 2])(y) ,
zeVar

Next, the INTEGRAL-ASSIGN rule in the operational semantics (Figure 5) maps yto k - ¢’ - y'(s) +
D zeVarnzes Cx - ¥’ (z) and does not change the other variables. Taking expectation of this expression
and using the lmearlty of expectation, we have:

Ec,c;[k-c'-y%sn > c;-y'(z>]=k-Ec,[c']-y’<s>+ D Ealdl-v(2).  (39)
zeVarAz#s zeVarAz#s

Now we break the proof into cases.
Case of s € (a,b) and k = 1: Expanding the definition of y, ,, we have:

o(cl $5as) |

9 = Z T Y (2) where g(u,z,2) = [e](y[x — u][z — Z])
zeVar
o)) 4aau) oef! ;“;:;d )
v AOLDY Y'(2)

zeVarAz#s
8g(u zz)

g [T 922 ) ,
‘(W/a ey LACASP I C/ oY@

where the last equation follows from Proposition 3.12 and Proposition 3.14. Since k = 1 and by
Equation (24) and Lemma 5.2, we conclude that Equation (39) is equivalent to the above expression.
Case of s € (a,b) and k > 1: Expanding the definition of y/ ,, we have:

( /b g(uzz) )

X— S k
0" = Z Corts)) Y (2) where g(u,z,2) = [e](y[x — u][z — £])

0z
zeVar
b g(uz?) ) ( b g(uzz) )
a(ﬂfa Gy F ) H, words)
) oy (s) Yo+ Fr Y'(2)
Vs zeVarAz#s
ag(uzz)

_ 1. b g(u,z,i) ) ’ ’
R U=t rer 2, w[' e EACK

where the last equation follows from Proposition 3.13 and Proposition 3.15. By Equation (33) and
Lemma 5.2, we conclude that Equation (39) is equivalent to the above expression.
Case of s ¢ (a, b): Expanding the definition of y/ ,, we have:

b g(uzz)
17} fa —97 =du
0 = Z ( (xa;(s)) )y’(z) where g(u, z,2) = [[e]](y[x — u][z — 2])

zeVar
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b g(uzz) ) ( b g(uzz) )
_ a([a ey (onF a4 (s) + Z o[ aecyrdu ()
Iy (s) Y 0z Y

zeVarAz#s

b , b deuzd)
=k- ( —g(u, %2) du) Y (s) + Z ( 9% du) Y (2),

(x —y(s)F it o Goyo)F

where the last equation follows from Lemma A.2. The equivalence of Equation (39) and the above
equation follows from the definition of the correctness of standard Monte Carlo integration and
Lemma 5.2.

The proof bounded variance matches the primal case. O

COROLLARY 5.6. Let p = (y = integral (a,b) e/(x — 5)* dx) andy,y’ € Ctx with [p]y # err.
Separate runs of the operational semantics produce (i.i.d.) random variables {c;};cw, {c} }ien, that
is, for all i € N, we obtain (y,y’,p) lo Vi 7; withc; = y:(y) and c; = }/(y). Define estimators

A 1 A

Tn = =Y ciand T, = % Yiric; form € N. Then, (Trn)men consists of unbiased estimators for

T m

0 = [p](y)(y), and it is strongly consistent for 0. Likewise, (T, )men consists of unbiased estimators
for0 £33 cvar % [p](ylz — t])(y)|t=y(z) -v'(2), and it is strongly consistent for ¢’. «

ProOF. Let an arbitrarily variable x € Var be given. Since all ¢;’s are independent and identically
distributed, and c; has finite variance and its expectation is 6 by Theorem 5.5, we can apply
Proposition 5.4 and derive the desired conclusion, that is, the estimator family (T;,)men constructed
by taking the average over the c;’s is strongly consistent for 8 and consists of unbiased estimators
for 6. After applying the linearity of expectation, the proof for the derivative for each term in the
sum is similar to the above proof. O

ProprosITION C.1 ([82, THEOREM 2.3]). Let X be random element defined on R¥. Let g : R — R™
be a continuous function. If the estimator family (X, )nen is consistent for X, then the estimator family
(9(Xn))nen is consistent for g(X). «

LemMma C.2. For arbitraryy, let 6 = [p]ly(y) and 6’ £ 3 v [Pl (y[z — t])(y)\tzy(z)y’(z). For
every deterministic statement in p (everything rule but integral assignment) such that p does not

denoteerr aty, if (v,y".p) lo v1.v] thenyi1(y) = 0 and y{(y) = 6. «

Proor. For assignment, [x = e](y) is the identity for all z # x and likewise for (y,y’,x =€) |
Y1, Y- For x = z, we apply Lemma 5.1 to show equivalence in the primal case and Lemma 5.2 to
show equivalence in the derivative case.

For sequential composition, by the inductive hypothesis we have that if (y, y’, p1) Uo y1,y; then

1) =62 [p](n () andy;(y) = 0] £ Zcvu [P (v [z = D)., )1 (2) andif (y1,¥7, p2) Uo

v2.v; then ya(y) = 02 = [p2] (r) () and y(y) = 6 2 Tocvulpil(nilz = D®),,, )11
Composing these two results gives the desired conclusion.

For conditionals, the proof breaks into two cases. When ¢ > 0 in (y,e) | ¢, the operational
semantics evaluates (y, y’, p1) o y1,¥;- We can apply the inductive hypothesis to show the desired
conclusion. When ¢ < 0, the proof is analogous to the above.

The for-loop base case is the identity for both the operational and denotational semantics, and
the recursive case holds by the inductive hypothesis. O

LEmMA C.3. Let p £ (p1;z = e) be a well-typed program such that z = e is a deterministic
assignment and either p; = (y = integral (a,b) e;/(x — 5)* dx) is an integral assignment or
p1 = (y = e1) an assignment that is not a deterministic assignment. For every y € Ctx such that the
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denotation of p is not err and every derivative context y’ € Citx, we have that

[pl(y) = [z = espa] (v)-

Let 6 £ [p](y)(y) and 0" £ 3 cvur[p1](y[w t])(y)\t:y(w)y’(w). Let the family of random
variables {c;}ien.{c]}iew, {di}ien, and {d]}ien obtained by the operational semantics for each of the
two above programs (specifically, (v.y'.p) o 7i.7; and (y.y".z = e;p1) Uo Vi 7] withci = i(y),
¢, = 7i(y), di = i(y), and d, = }i(y)) be given. Then, Ty, = = 31 ¢; and Uy, = = 3 d; are

strongly consistent for 0 and T,, = % iy c;and Uy, = % izy di are strongly consistent for 6’. Also,
Y1(x) = y2(x) and y{(x) = y;(x) for every x # y such that x € Var. «

Proor. We assert that z ¢ FV(p;) because we can always rename z to a variable not in FV(p;).
By the definition of sequential composition and assignment in the denotational semantics:

[piz=e](y) =[z=e](y[y = c]) = (y[y = c]) [z — [e]y].

where c in the second equation is as defined in the denotational semantics for the integral case
and ¢ = [e;]ly in the assignment case. Since z = e satisfies the DETERMINISTIC (ASSN) rule, we know
that y ¢ FV(e) we have:

(yly = e[z [ely]l = (y[z — [elyD [y = cl, (40)

Now we can expand this expression to:

(ylz = [elyDly = c] = [p1](y[z = [e]y]) = [z = e; pr] ().

This proves the first identity.

To prove the operational semantics correct, we first observe that in the derivation tree for p we
apply the Comp rule in Figure 8, the appropriate derivation for p;, and then Expr-AssiGN rule for
z = e. Since the EXPR-AsSIGN only binds z, the binding for y is unchanged, and e; only depends
on deterministic variables, by the type system, we can apply Theorem 5.5 to prove consistency.
Since e does not depend on y and moreover, is deterministic by the type system, we can apply 5.1
to prove correctness for z. The proof for z = e; p; is similar.

O

LEMMA C.4. Letp = (z = e;y = integral (a,b) e,/ (x —5)* dx) be a well-typed program such that
z # s. For every y € Ctx such that the denotation of p is not err, there exists an e; such that:

[P1(y) = [y = integral (a,b) ez/(x - 9)* dx:z = €] (1)

Further, let 6 = [plly(y) and &' £ Y cvarlp1](y[w +— t])(y)|tzy(w)y’(w). Let the family of
random variables {c; }ien, {c!}ien, {di}ienw, and {d; }iex obtained by the operational semantics for each
of the two above programs (specifically, (y,y’, p) Uo Vi, V; and (y,y’,z = e;y = integral (a,b) e;/(x—
)k dx) Uo 71, 7/ withe; = i(y). c; = 7/ (y). d; = 7i(y), andd] = 7] (y)) be given. Then, T, = = 37", ¢;

and Uy, = = 3, d; are strongly consistent for § and Ty, = = 3™ ¢/ and U}, = + 37, d] are strongly
consistent for 6. Also, y1(x) = y2(x) and y;(x) = y;(x) for every x # y such that x € Var. «

Proor. First, we assume that y ¢ FV(e) because we can always rename y to a variable not in
FV(p) both in e and in Var. Let p; £ y = integral (a,b) e;/(x — s)* dx.

If z = x, then by the definition of sequential composition and assignment in the denotational
semantics:

[x =epi(y) = [pa](y[x = [ely]) = (y[x = [elyDly = cl,
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where c is as defined in the denotational semantics. Since x is bound in the integral, we know that
x ¢ FV(p;) and therefore:

(y[x = [e]lyDly = cl = (yly = c]) [x = [e]y]
=[x =e](yly = c])
= [pi;x = €] (y).

This proves the desired identity.
If z # x and z # s, then by the definition of sequential composition and assignment in the
denotational semantics:

[z =e;pi](y) = [p1] (v [x = [elyD).

By the type system (Figure 22), z ¢ FV(e;) and thus, we can set e, to e; where each z is replaced by
e, noting that the denotation of e; and e; are equal at y. Let p, £ y = integral (a, b) e,/ (x —s)* dx.
We apply a similar argument as in the z = x case after replacing e; with e;.

o1l (y[x = [ely]D) = [p2] (y[x = [ely])
= (ylx v [e]yDly > c]
= (yly = cDx = [e]y]
=[x=e[(yly—c])
=[x = e p2] (y),

where c in the second and third equation is as defined in the denotational semantics.

To prove the operational semantics correct, we first observe that in the derivation tree for p we
apply the Comp rule in Figure 8, the ExpR-AssIGN rule for z = e, and the INTEGRAL-ASSIGN rule for
p1. Since the INTEGRAL-ASSIGN rule only binds y, and e; only depend on deterministic variables by
the type system, so we can apply 5.5 to prove consistency. Since the INTEGRAL-ASSIGN rule only
binds y, the binding for z is unchanged, and since e only depends on deterministic variables, we
can apply 5.1 to prove correctness for z. The proof for z = e; p, is similar. O

THEOREM 5.7 (CONSISTENCY). Let p be a well-typed program, x € Var be an arbitrary variable,
and y,y’ € Ctx be contexts with [p]y # err. Separate runs of the operational semantics produce
(i.i.d.) random variables {c;};cn and {c;}icn, that is, for alli € N, we obtain (y,y’,p) o Vi, Vi with
¢; = Ji(x) and ¢; = y{(x). Then, the family of estimators Tp, = % ., ci is strongly consistent for
[p(y)(x), and Ty, = L 37, ¢! is strongly consistent for Y ,c v, %[p]](y[z - t])(x)\t:y(z) 7Y (2). «

Proor. We start by breaking the program into a normal form with three parts: a deterministic
part, a block of integral assignments, and a part that depends on the result of integration, but does
not have any integral assignments.

We statically unroll all for-loops. For now, we consider the case where the first integral does
not occur within a conditional block. The first step of normalization moves the deterministic
assignments that occur after the first integral assignment above it. We define a deterministic assign
statement as an assign statement that satisfies the DETERMINISTIC (ASsN) rule in Figure 22. The
region of the program after the first integral is free of control flow and therefore the only cases we
need to consider is swapping an assign statement that is not deterministic with a deterministic
assignment statement and swapping an integral assignment statement with a deterministic assign
statement. We prove the correctness of this transformation in Lemma C.3.

The second step of the normalization process is to move all the integral assignment statements
up into a block following the first integral assignment. The type system ensures that there is no
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nesting of integrals, so the free variables of the integrand (excluding the variable of integration)
are statically determined (i.e., there is no need to quantify over all possible traces). In other words,
the random variables produced by the sampling in the operational semantics are independent.

Since the integrals do not depend on each other and there is now control flow in this region of the
program as enforced by the type system, we can move up all the integral assignment expressions
to the first integral assignment. More formally, the only cases are the sequential composition of
programs of the form: x = e and y = integral (a, b) e/(x — s)* dx. Thus, it is sufficient to prove
that there is a way to swap expression assignment and integral assignment. We prove this result in
Lemma C.4.

Now that we have transformed the program into a normal form, we prove that each part is
correct.

The deterministic part of the program that can have discontinuities is correct by Lemma C.2,
which shows that for every input context y, the denotational semantics and operational semantics
produce an equivalent output context y, for every deterministic statement.

Next, Corollary 5.6 applies to each integral assignment, giving a proof that the family of estimators
(Tin)men is a consistent estimator for the function denoted by this line. We can collect all these
random variables into a new random variable X £ (Xl, .. .,Xk), where k is the number of integrals
in the program. We can collect the estimator for each of these random variables into a product
Xn = (T(1n)s - -» T(ny) for each yy, . . ., yi that is assigned to an integral. Since the limit of a product
is equal to the product of limits, we have that X, is a strongly consistent for X.

The remaining part of the program corresponds to a deterministic, total, smooth function g from
the random variables in R to RVl that takes the random variable X. Totality comes from the
fact that the denotation is not err at y, satisfying the precondition of Theorem 4.2 and the fact that
there are no conditional statements in this part of the program. Now we can apply Proposition C.1
to prove that (¢(X,,))nen is consistent for g(X), and Lemma C.2 shows the equivalence between
the denotational and operational semantics for the deterministic statements that define g.

Since the lemmas also apply to the lemmas, we can apply the same reasoning to the derivative of
the program.

O
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D Additional Results for Section 6

We provide a few additional results for the experiments in Appendix 6 for the sake of completeness.

D.1 Timing Benchmark Results for the Finite Hilbert Transform

Table 4 shows the median time as well as the standard deviation (in milliseconds) over 25 runs of
the time for the Standard, Ours, Deriv. Standard, and Deriv. Ours methods on the finite Hilbert
transform. As in the the rest of the evaluation, we use 10,000 samples to estimate the singular
integrals. We drop the first iteration to avoid timing the JIT compilation of JAX, where the first
iteration took about 1 order of magnitude longer than subsequent ones for Standard and Deriv.
Standard. Without JIT compilation (i.e., using jax. jit), our method is slower than the baseline
(Standard). However, with JIT compilation, our method is roughly as fast as the baseline (Standard

(IT)).

Table 4. Comparison of median times (in ms + standard deviation) for Standard, Ours, Deriv. Standard, and
Deriv Ours on the finite Hilbert transform, without and with running jax. jit.

f(u) Standard Ours Deriv. Standard Deriv. Ours

u 0.91+0.09 3.01+042 3.49£0.14 19.67 = 8.72
u? 1.15+0.04 4.04+0.15 3.74 + 0.22 25.11 £ 2.39
e’ 1.10£0.10 3.40+£0.21 3.39+0.18 22.55+1.78
ue 1.21+£0.07 3.82+0.12 3.76 £ 0.22 37.44 £ 10.69
sin(u) 1.10+0.06 3.79+0.19 3.37+0.19 32.68 £ 6.60
cos(u) 1.09+0.06 3.42+0.22 4.10 £ 0.78 33.93 £ 1.66

f(u) Standard (JIT) Owurs (JIT) Deriv. Standard (JIT) Deriv. Ours (JIT)

u 0.21 £ 0.06 0.22 £ 0.04 0.20 £ 0.13 0.21 £ 0.04
u? 0.21 £ 0.12 0.21 £0.08 0.23 £ 0.05 0.18 +£0.09
e* 0.22 +0.13 0.28 £0.49 0.21 £ 0.04 0.24 £ 0.09
ue 0.22 £ 0.04 0.25 £ 0.09 0.20 £ 0.12 0.23 £ 0.02
sin(u) 0.22 +£0.13 0.25+0.11 0.24 +£0.10 0.27 £ 0.03
cos(u) 0.21 +£0.13 0.29 £ 0.07 0.23 £ 0.04 0.20 £ 0.08

D.2 Training Curves

We provide the training curves for each of the experiments in Appendix 6. Each plot shows the
training loss over iterations where the integral estimation uses 50 samples. Fig. 12 shows the
training loss for the thin airfoil problem with the NACA 6412 airfoil. Fig. 13 shows the training loss
for the symmetrical airfoil problem with the NACA 0012 airfoil. Fig. 14 shows the training loss for
the crack problem in Harold Page Starr [35]. Finally, Fig. 15 shows the training loss for the crack
problem in Kaya and Erdogan [38].

D.3 Analysis of the Small Anomaly in the Crack Problem Simulation

There is a small anomaly near 0 in Figure 10b for the crack problem in Harold Page Starr [35]. To
confirm that this is an edge effect that results from running the simulation with relatively few
samples we (1) provide the five plots that make up the aggregated results in Figures 16-20 and
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(2) run the simulation again with 500 samples for the singular integral instead of 50 samples in

Figure 21.

Figures 16-20 show that the anomaly comes primarily from a single run (Figure 17) of the
simulation and not prominent in the other runs. In Figure 21, we see that the anomaly near 0 is no
longer present when we use 500 samples for the singular integral.
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RES-OF-INTEGRAL (ASSN) DETERMINISTIC (ASSN)
FV(e)nS#0 FV(e)nS=10
(S,x=¢e) > SU {x} (S, x=e)—> S
No-NESTING RES-OF-INTEGRAL (BASE)
(({s} UFV(e)) \ {x}) NS#0 (({s} UFV(e)) \ {x}) NS=10
(S,y = integral (a,b) e/(x — 5)* dx) — err (S,y = integral (a,b) e/(x — 5)* dx) — SU {y}
(S, p1) — err (S, p1) 5 (S, p2) — err (S, p1) > S (S, ps) = S”
(S.p1:p2) — err (S, p1:p2) — err (S.p1ip2) = 8"

No-IF-AFTER-SAMPLE

S#0 S=0 (S, p1) — err
(S, ifpos e then p; else p;) — err (S, ifpos e then p; else p;) — err

§=0  (S,p2) —err §=0  (Sp1)—>S  (Sp) >S5
(S, ifpos e then p; else p;) — err (S, ifpos e then p; else p;) — S' U S”

Q=S k=1(b-a)/c] Jdie{o,....,k-1}. (Q1,p) = Qint Qiy1 =err

(S, for x in range(a, b, c) : p) — err

So=S k=1(b-a)/c] Vie{o,....,k—1}. (Si,p) = Sis1
(S, for x in range(a, b, c) : p) — Sk

Fig. 22. The helper typing rule is defined as (S, p) — Q, where S is a set of variables and Q is either a set
of variables or err. In the above, whenever we write S with subscripts or super scripts, it represents a set. It
checks that no if-statements occur after an integral and that integrals are not nested.

E Type System

Figure 22 depicts a type system that returns a (conservative) set of variables of integration that
represent random variables in the operational semantics. It is a conservative analysis due to
conditionals because the analysis may add a variable to the set of random variables when it is only
a random variable in a branch that is never executed. It checks that no if-statements occur before
an integral and that integrals are not nested. The helper typing rule is defined as (S, p) — Q, where
S is a set of variables and Q is either a set of variables or err.

We present the following definition of a well-typed program.

Definition E.1. A program p is well-typed if Q # err, where ({},p) — Q. A
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F Boundaries of the Available Theory

In this section, we discuss the limitations of the theory of singular integrals, which also provide
a practical set of limitations of SINGULARFLOW. In the following, we adopt the convention that
f(x) is a smooth function and g, b € R with a < b. Much of the inspiration for examples comes
from Kutt [43, Pages 47-48].

Hadamard Finite Part Integral of a Nonnegative Integrand can be Negative. The Riemann
integral of a nonnegative function is nonnegative, which accords with the view of integration as
the area under a curve. The Hadamard finite part integral does not satisfy this property as shown
below.

u ) u u b
Example F.1. Recall from Proposition 3.10 that ?{fb S gy = Cfb o ( )d - LW s,

(u— s)2 (u—s) u=a
7-{/_1 J%dx,wrth (a,b) = (-1,1) and f(x) = 1,isequal to Cf_ll %dx—f(l)—f(—l) =0-1-1=-2.In
conclusion, the integrand 1/x? is nonnegative, but the Hadamard finite part integral is negative. A

Singular Integrals are not Monotone Operators. The Riemann integral is monotone because if

f(x) < g(x) for almost all x € R, then fab fx)dx < fab g(x)dx. Informally, the Riemann integral
is monotone because the area under the curve of f is smaller than the area under the curve of g. In
contrast, the Hadamard finite part integral is not monotone as we show in the following example.

Example F.2. The inequality % < 1;—3" for all real x # 0 holds because if x # 0 then 0 < é

However, the Hadamard finite part integral of these functions is in the reverse order H /_ 11 ’%ldx <
7-{/_11 J%dx. This is a consequence of?(f_ll Xx—tldx = 7—(f_11 édx+7—[/_l1 J%dx = —2+(H/_ll %dx. A

Inequalities Depending on Convexity do not Necessarily Hold. Likewise, inequalities that
are true of standard integrals do not necessarily hold for singular integrals.

Example F.3. The function x — |x| on R is convex. Jensen’s inequality states that
b b 1
1
f(x)dx S/ lf(x)l X, but '7-(/ ——dx —1>—1—7‘{/
b-a - a 1 x2

Similarly, for the concave function In, Jensen’s inequality says that

1n(/a f(_xl )_‘/ab%dx

However, the opposite is true for the standard normal distribution (using Example F.2):

el 1 11ln (e_ﬁ)
In / dx|~—-1.56 < 0.5=—— -7’( —dx = 7‘{/ ———d 7’(/ ——dx.
a2 4 2x2 2 o 2 A

The failure of Jensen’s inequality to hold has practical consequences. Without Jensen’s inequality,
we cannot prove that the ELBO is a lower bound on the log likelihood and as such, we cannot
justify variational inference when the integral is specified in terms of singular integration [9].

1
2

1
—dx.
2
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G Related Work in Math, Numerics, and Computer Graphics

Mathematical Foundations of Singular Integrals. Cauchy [16] and Hadamard [34] introduce
the Cauchy principal value and Hadamard finite part integrals, respectively. Gelfand and Shilov [29]
studied singular integrals in the context of distribution theory and provided a formal justification
of the Hadamard finite part integral. Their setup was different from ours in that they studied
differentiating the integral operator (i.e., distribution), while we study differentiating with respect
to a parameter in the integral. Calderon and Zygmund [12] study singular integrals depending on
a parameter such as the Hilbert transform but do not study their derivatives as Hadamard finite
part integrals. Stein [79] wrote a classic book on singular integrals, and Abels [2] provides a more
modern treatment with many applications. King [40] is a comprehensive book covering the Cauchy
principal value integral and its applications in the context of the Hilbert transform. Estrada and
Kanwal [23], Ladopoulos [44] are texts on singular integral equations and their applications, such
as in aerodynamics and mechanical engineering (studied in this paper), as well as many other
domains.

Numerical Techniques for Singular Integrals. Researchers in the numerical analysis community
developed techniques for evaluating singular integrals and for solving singular integral equations.
We provide a brief overview but note that the literature is vast. Longman [53] develop a symmetric
sampling technique for Cauchy principal value integrals. Kutt [43] develops numerical methods
accounting for singularities, including those at an endpoint of the interval of integration, which is
interesting future work. Monegato [63] provides an excellent overview.

Piessens et al. [71] is a FORTRAN library that provides a variety of quadrature rules, including for
singular integrals. FeynCalc [59] is a Mathematica package that supports regularization integrals
but does not apply to the benchmarks in this paper.® Slevinsky and Olver [78] develop a spectral
method (i.e., using the Fourier transforms) that uses Chebyshev polynomials to efficiently evaluate
singular integral equations. They build a Julia package that they apply to problems in fracture
mechanics, electricity and magnetism, and solving the Helmholtz equation.

Singular Integrals in Computer Graphics. In computer graphics, researchers often want to
create physically accurate simulations of physical phenomena. One approach to creating such
simulations is to solve partial differential equations (PDEs) that model the physical phenomena.
Some PDEs can be converted into an integral equation using Green’s functions and solved using
numerical methods. Nabizadeh et al. [65] solve problems on infinite domains using the Kelvin
transform, which applies a change of coordinates x — y = x/|x|? to map an infinite domain around
an object to a finite domain in the interior of the object. The problem is solved on a finite domain
with a singularity that is accounted for in a hand-coded way.

Recent work develops a Monte Carlo solver for integral equations that caches function evaluations
for efficiency [62]. Caching is not compatible with importance sampling (preventing handling
singularities by importance sampling with a function proportional to the integrand around the
singularity) and instead they use heuristics (e.g., clamping) to mitigate singularities [62, Section 3.3].
Other recent work presents a technique for rendering functions with singularities efficiently [31].

8As confirmed in correspondence with the developer.
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