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Abstract

We exploit the apparent similarity between (discrete-time) stream
processing and (continuous-time) signal processing and transfer
a deductive verification framework from the former to the latter.
Our development is based on rigorous semantics that relies on
nonstandard analysis (NSA).

Specifically, we start with a discrete framework consisting of a
Lustre-like stream processing language, its Kahn-style fixed point
semantics, and a program logic (in the form of a type system)
for partial correctness guarantees. This stream framework is trans-
ferred as it is to one for hyperstreams—streams of streams, that
typically arise from sampling (continuous-time) signals with pro-
gressively smaller intervals—via the logical infrastructure of NSA.
Under a certain continuity assumption we identify hyperstreams
with signals; our final outcome thus obtained is a deductive verifi-
cation framework of signals. In it one verifies properties of signals
using the (conventionally discrete) proof principles, like fixed point
induction.

Categories and Subject Descriptors F.3.1 [Logics and Mean-
ings of Programs]: Specifying and Verifying and Reasoning about
Programs—Logics of programs; F.3.2 [Logics and Meanings of
Programs]: Semantics of Programming Languages—Denotational
semantics

Keywords hybrid system; stream processing; signal processing;
type system; nonstandard analysis

1. Introduction

Signal By signals we mean values that depend on continuous
time, that is, functions s : R>o — C.! Signals are everywhere in
the real world: they are the most straightforward model of physical
quantities like position, velocity, voltage, etc. Signals have been
studied extensively in the theory of dynamical systems, or more
recently from the engineering viewpoint of control theory.

! The use of complex numbers C—instead of R—as the range is due to our
use of i (the imaginary unit) in our leading example in §6. This choice is not
important: our theory behaves the same for both C = R? and R.
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Hybrid system In the mod-
ern world where more and C)—»
more physical systems are input
under the control of comput-

ers (cars, plants, pacemakers,
etc.), signals that are not en- Gain

tirely smooth—with discrete jumps caused by digital control—have
gained their significance. They play an important role in the study
of hybrid systems, an aspect of the more general topic of cyber-
physical systems. Simulink, an industry-standard tool for modeling
and simulation of hybrid systems, supports the design of a hybrid
system as a signal processing system composed of interconnected
blocks (above right). A signal processing system is one that re-
ceives, processes and outputs signals.

Integrator Output

Stream processing Study of formal verification—or computer
science in general—has traditionally been focused on discrete data
(this is changing rapidly, though). There stream processing sys-
tem is a heavily studied notion, together with related notions like
dataflow network and reactive programming [29]. A stream is an
infinite sequence (ag,ay,...) of data; thus it is a time-varying value
s : N — C with a discrete notion of time. It bears an obvious simi-
larity to the notion of signal. Moreover, common graphical presen-
tations of stream processing systems look very much like Simulink
block diagrams.

This similarity is the starting point of the current work. The dif-
ference between signals and streams is whether the time domain is
continuous (Rx>¢) or discrete (N). If one can unify this difference,
the discrete techniques for streams that have been accumulated in
computer science can be readily applied to signals. This is what we
do, by the mathematical vehicle of nonstandard analysis (NSA).
NSA allows us to think of continuous-time flow dynamics as if it
is a succession of discrete-time jumps each of which is infinitely
small.

Nonstandard Analysis NSA is an alternative formalization of
analysis—convergence, continuity, differentiation, etc.—that uses
the explicit notion of infinitesimal (i.e. infinitely small) number.
Leibniz’s original formulation of analysis was based on infinites-
imals; but a naive use of such immediately leads to a contradiction.
It was Robinson [24] who gave a logically rigorous foundation for
infinitesimals using the notion of ultrafilter.

In our previous work [13, 30] we used NSA to represent flow
dynamics by means of while loops—each iteration of a loop
changes values infinitesimally. What is remarkable about NSA is
its logical infrastructure: its famous result called the transfer prin-
ciple states that a formula is valid for real numbers if and only if
it is valid for hyperreals (i.e. reals extended with infinitesimals).
Therefore, reals vs. hyperreals (i.e. discrete vs. continuous, in the
setting of [13, 30]) are the same from a logical point of view. This



allowed us in [13, 30] to transfer a logical (i.e. deductive) verifica-
tion technique for discrete programs as it is to hybrid systems.

In the current work we use the same idea to fill in the gap be-
tween signal processing and stream processing. We similarly trans-
fer a deductive verification method, too. In it we employ the for-
malism of a (first-order functional) stream processing language
SPROC—it is modeled after the widely-accepted language Lus-
tre [9]—to represent stream processing systems.

NSA is in fact not only about “analysis”: its use is found in many
branches of mathematics, such as general topology [14, Chap. III]
and posets [35]. In this paper we present another instance of such,
namely domain theory upgraded with NSA (Appendix B, part of
which already appeared in [3]). We use it in the definition of
denotational semantics of SPROCY®

Overview of the technical develop-
ment On the right, in (1), is the
overview of our development. It is
centered around two key ideas: hy-
perstream sampling and sectionwise
execution.

| (Conti.) signal |=7 safety |
{}hyperstream sampling

| hyperstream |:? safety |

{}Deductive verification (1)

Hyperstream sampling Typically, | SPROC® + type system |

a computer science approach to
the study of continuous-time signals
starts off with sampling a signal f. A
sampling interval 6 > 0 results in a
stream (f(i8));en = (f(0), £(8), £(28),...). Obviously such sam-
pling cannot be exact—we cannot know what happens to f during
6 seconds of the sampling interval.

ISectionwise execution

| SPROC + type system |

Then a natural idea is to consider infinitely )
many sampling intervals that are progressively N wal
small, as shown on the right. This results in a /
stream of streams ((f(ﬁril))iel\l) je that is 9 —
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Roughly a hyperstream is such a stream of /
streams. 19} . ¢
This hyperstream sampling still cannot be ex- .

act for all signals f: after all, there are only count-

ably many sampling points, while R is uncountable. However, if
f satisfies some continuity assumption, we could reconstruct the
value f(t) for t € R>¢ as a certain limit of sampled values. Specifi-
cally, based on the figure below on the right, we “vertically” collect
the following values from the sampling result (2).

FA, rAZD f B = r) 3)

This construction is called smoothing; here [_] is “rounding up.”

We will formalize these sampling and smooth-
ing operations (Smp and Smth) in §5. There we
propose a class of functions (i.e. a continuity re- P
quirement) that makes hyperstream sampling in-
deed exact, that is, Smth o Smp =id.

In this paper in fact we use a refined no- Ee
tion of hyperstream: it is not simply a stream | ¥
of streams (described above) but is the *- f
transform of the notion of stream. The intuition ¢ i
behind this refined notion is: a hyperstream is s
a stream (f(0),f(dt), f(2dt),...) with an in- |/ %]
finitesimal sampling interval dt. The j-th stream  {-
(f(O),f(jﬁ),f(j%),...) in (2) then occurs as o ¢ !
its j-th approximation. *-transform is an NSA .

At =1

il

Q|

construction; its benefit is that we can transfer a
logical theory of streams as if is to that of hyper-
streams, via the celebrated transfer principle in NSA.

This idea of using an infinitesimal sampling interval is already
presented in [3, §2.3], where they establish Smth o Smp = id
for functions f : R>¢ — R that are everywhere continuous (they
also hint an extension to piecewise continuity). Since we aim at
hybrid applications, our class of functions (Def. 5.1) is broader and
contains some Zeno examples such as a bouncing ball.

Sectionwise execution The second key idea is about integrating
NSA into program semantics and transferring the latter from dis-
crete to continuous/hybrid. For this purpose we use the idea called
sectionwise execution; it was first used in our previous work [13,
30] for a language with while loops. Here we briefly review the
idea as presented in [13, 30], adapting it later to the current setting
of stream processing.

Its very first example is the program cejapse t:=0;
on the right. Here dt is a constant that denotes whiler < 1do
an infinitesimal value; if that is the case the t:=t+dt
while loop will not terminate within finitely many steps. Never-
theless it is somehow intuitive to imagine the “execution” of the
program to increase ¢ from 0 to 1, in a smooth and continuous man-
ner.

To put this intuition into rigorous program t:=0;
semantics, we think of the following section- whiles <1do
wise execution. For each natural number i we ti=t+ ,%1
consider the i-th section of the program ce|apse, that is denoted by
Celapse|i and shown on the right. Concretely, ce|apse\ i is obtained
by replacing the infinitesimal dt in cejapse With 7. Informally
Celapseli i8 the “i-th approximation” of the original Celapse

A section Celapse|i does terminate within finite steps and yields

1+ 1 as the value of 7. Now we collect the outcome of section-
w1se executlon and obtain a sequence

(I+1, 1+5, 143 1+ 100 )

which is intuitively thought of as a progressive approximation of
the actual outcome of the original program cejapse- Indeed, in the
language of NSA, the sequence (4) represents a hyperreal number
r that is infinitesimally close to 1.

In [30], based on this idea, we presented a framework for mod-
eling and verification of hybrid systems. It consists of an imper-
ative language WHILE and a Hoare-style program logic HOARE,
augmented with a constant dt and called WHILE® and HOARE®®,
Exploiting the transfer principle in NSA—which roughly states that
reals and hyperreals are “logically the same”—we showed that the
rules of HOARE® (precisely the same as those of HOARE) are
sound and relatively complete. Underlying is the denotational se-
mantics of programs defined in the above sectionwise way. In [13]
we applied several static analysis techniques (mainly for invariant
discovery) to this setting. We also implemented an automated veri-
fication tool.?

It was speculated in [13, 30] that the use of dt is not only
for while programs but is probably a general methodology for
transferring a discrete verification framework to continuous/hybrid.
Our current work is one such example: the framework of a stream
processing language and a program logic (in the form of a type
system) is transferred to the one for hyperstream processing. Here
“sectionwise execution” takes the following concrete form. As a
hyperstream processing language we introduce SPROC; it is a

2 We note that “programs” in WHILE® are not executable in general; this
is already clear in the example of Cejapse. We Tather think of WHILE® as a
modeling language, on which we can carry out static, deductive verification.
The same is true of the language SPROC® introduced in the current paper.



stream processing language SPROC, augmented with a constant dt
for an infinitesimal interval. The denotation [[p] of an SPROC%
program p—say p takes a hyperstream and returns a hyperstream—
is defined by

11 (((@i)0),) = (Il (@) ®)
that is, the section p|; (an SPROC program) is applied to the j-th
stream of the input hyperstream, and their outcome is bundled up.

Example 1.1 (The sine curve). Here is a program pggj,e in
SProC®.
node Sine() returns (s)
where s = 0fby' (s+cxdt); c=1£by' (c—sxadt) 6)
node Main() returns (proj; Sine())
The third line (declaring Main) is bureaucracy and can be ignored
for the moment. The core part is the mutual recursive definition
of the hyperstreams s and ¢, whose intuition we now explain. The
operator fby1 means delay by one step (i.e. dt seconds):
(ao,ar,...) £by" (bo,b1,...) = (ao,bo,b1,...) .
Therefore the (recursive) equation s = 0£by! (s+¢ x dt) means,
for each n (that in fact ranges over hypernatural numbers),
sy =10 ifn=0,
" s(n—1)4c(n—1)xdt otherwise.
This yields the following equations.
5(0)=0 % =c(n-1) @]

The value s(n — 1) is that of one step before s(n), i.e. dt seconds be-
fore s(n). Thus the equations (7) are identified with the differential
equation sin’ () = cos(t) with the initial value sin(0) = 0.

Intuitively, the section-
wise execution of pggine
realizes the sine curve
as the limit of the ap-
proximations with dt =
1,4, 1, Thisislike the
graphs on the right. \

In the current work we
employ a more advanced ° \ “‘disl‘/n}(;x% Sc
part of NSA than used ™, 2 4 6 8 10
in [13, 30]. It allows us to transfer statements not only on arith-
metic facts but also on set-theoretical ones. More precisely, we can
now transfer formulas of the first-order language .Zx (Def. 2.5) that
has € as a binary predicate. The details of this part of NSA is rather
complicated but most of them are not needed; in §2.2 we list the
minimal set of necessarily definitions and results.

IS

A usage scenario Our technical framework summarized in (1) is
supposed to be used in the following way.

We are given two data: a continuous-time signal f and a safety
property P. The goal is to verify that f satisfies P. Towards that
goal, one first models f by an SPROC® program pg - Typically we
are not given f as a mathematical entity (i.e. a function f : R>o —
C), but we get its formal specification written in some formalism
like ODEs and Simulink diagrams. In this case, modeling of f
amounts to translation of a specification (say in ODEs) into an
SPROC® program. This modeling part is briefly discussed in §5.3
but a more extensive treatment is left as future work.

The question then becomes whether the SPROC program pg f
satisfies the safety property P. For that we can use a type system
for SPROCY®: P is translated into a suitable type vp; and we try
to derive a judgment pgs - Vp using the typing rules. The typing
rules include the well-established proof principle of fixed point
induction.

Once the derivation is done, by type soundness (Thm. 4.20)
it guarantees that the hyperstream [pg] denoted by pg satisfies
vp. Finally by Thm. 5.12 it implies that the signal Smth([pg])

satisfies P. Thus we are done, under the condition that the SPROCY®
modeling of f is correct (i.e. Smth([pg]) = f).

Note that the last paragraph is all about the metatheory. The ac-
tual verification task is derivation of a type judgment, and this is
done in the same deductive style as the verification of (discrete-
time) stream processing. In its course the NSA metatheory is com-
pletely concealed.

Organization of the paper 1In §2 we list the definitions and results
of NSA that are used later. A prototype stream language SPROC
is introduced in §3, together with its Kahn-style denotational se-
mantics and a type system for safety guarantee. It is modeled after
Lustre and is nothing novel; but the SPROC framework is carefully
designed so that it allows the transfer to SPROC® in §4. Finally
in §5 we translate signals into hyperstreams, and also the safety
guarantee for hyperstreams (obtained by the SPROC type sys-
tem) to that for signals. §6 is devoted to a verification example.
Our intention is to use the current framework for hybrid systems
(as mentioned above)—definitions like Def. 5.1 are worked out so
that it accommodates many common hybrid dynamics. Our leading
example (Example 1.1, which is used in §6) is however a totally
continuous one; this is due to the limited space. In §7 we conclude.

We defer most of the proofs to the extended version [31]. In this
paper we sometimes refer to “Appendix”; it is found in [31].

Related work The current work shares with [4] the observation
of the similarity between signal processing and stream process-
ing. In [4] they extend Lustre by ODEs. They go on to a compi-
lation framework that separates discrete and continuous parts of
a program, passing the latter to an external solver to approximate
continuous dynamics. For the correctness of the compilation they
introduce NSA-based formal semantics [5], which like ours takes
continuous dynamics as a succession of infinitesimal jumps. They
also employ a type system for the separation of discrete and con-
tinuous parts of a program. Despite these similarities, the current
work’s objective is quite different from theirs—we aim to exploit
NSA’s logical infrastructure to transfer deductive (i.e. logical) ver-
ification from discrete stream processing to continuous-time signal
processing. The extension of Lustre by ODE:s in [5] is not designed
towards this objective.

Formal verification of Simulink diagrams has been studied e.g.
in [10, 28, 33]. In [28] Simulink diagrams are translated into hy-
brid automata, which are amenable to model checking. In [33]
translation of a discrete fragment of Simulink into Lustre is pre-
sented. [10] combines symbolic analysis and numerical simulation,
towards the goal of enhanced simulation coverage. All these papers
agree on one point: Simulink lacks formal semantics. In [7, 10]
Simulink semantics is defined “operationally” by formalizing the
simulation algorithms used in the implementation of Simulink. We
hope our hyperstream modeling will serve as a basis of denotational
semantics of Simulink.

Turning to the purely discrete world, formal verification of
stream processing systems is studied often in the abstract interpre-
tation community [11]. Application of these results to our current
deductive approach is an interesting direction of future work.

For hybrid systems in general, there have been extensive re-
search efforts from the formal verification community. Unlike the
current work where we turn flow into jump via dt, most of them
feature acute distinction between flow- and jump-dynamics. These
include: model-checking approaches based on hybrid automata [2];
deductive approaches, one of the most notable of which is a recent
series of work by Platzer and his colleagues (including [21, 23]).
Interestingly in [23] it is argued that being hybrid imposes no addi-



tional burden to deductive verification. This concurs with our NSA
view that being discrete and being continuous/hybrid are “logically
the same.”

Some verification techniques from the static analysis commu-
nity have been successfully used in hybrid applications (modeled
with explicit differential equations) [17, 25-27]. The basic idea of
the current work—also of our previous [13, 30]—is to transfer dis-
crete verification techniques as they are to continuous/hybrid set-
tings.

It is never our intention to champion the superiority of discrete
techniques to continuous ones. The formal verification community
has worked out a stock of discrete techniques; our case is that their
application domain can be pushed further to continuous/hybrid. In-
deed we see ODEs as an extremely efficient formalism for contin-
uous dynamics. We plan to incorporate them into our NSA frame-
work.

The use of NSA as a foundation of hybrid system modeling
is not proposed for the first time; see e.g. [3, 5, 6]. Compared to
this existing body of work, we claim our novelty is the use of
NSA’s logical infrastructure (especially the transfer principle) for
deductive verification, based on a concrete modeling language.

In particular, the basic idea of the current paper (namely, stream
processing + NSA = signal processing) as well as two important
technical ideas (namely: infinitesimal sampling intervals and do-
main theory in NSA) are already in [3]. Unlike the current paper
where we introduce a concrete programming (or modeling) lan-
guage SPROC, in [3] they work with an abstract (graphical) lan-
guage of string diagrams for monoidal categories.

Notations and terminology The syntactic equality is denoted by
An infinite stream s = (ag,ai,...) over S is identified with a
function s : N — §. We write s(i) for its i-th element, i.e. s(i) = a;.
For a nonnegative real r € R>, [r] € N denotes the least natural
number that is not smaller than r, thatis, r < [r] <r+1.

In this paper we use some domain theory, for which our princi-
pal reference is [1]. We will be using w-cpo’s—calling them sim-
ply “cpo’s”—while in [1] most results are formulated in terms of
directed cpo’s. The equivalence between these two “cpo’s” is found
in [1, Prop. 2.1.15]. We also assume the least element L in cpo’s.

2. A Nonstandard Analysis Primer

Here we list the minimal set of necessary definitions and results in
nonstandard analysis (NSA). More details are found e.g. in [12, 14].

2.1 Infinitesimals in NSA

First we present an elementary part of NSA. We fix an index set
I =N, and an ultrdfilter . C Z7(I) that extends the cofinite filter
Fo:={S CI|I\Sisfinite}. Its properties to be noted: 1) for any
S C 1, exactly one of S and 7\ S belongs to .#; 2) if S is cofinite (i.e.
I\ § is finite), then S belongs to .%.

Definition 2.1 (Hypernumber d € *X). For a base set X (typi-
cally it is N, R or C), we define the set *X of hypernumbers by
X = X! /~ . It is the set of infinite sequences on X modulo the
following equivalence ~ z: we define (ag,ay,...) ~z (ap,a},...)
by

{iel|la=d}e7F @®)
for which we say “a; = a} for almost every i.”

Therefore, given that two sequences (a;); and (a}); coincide except
for finitely many indices i, they represent the same hypernumber.
The predicates other than = (such as <) are defined in the same
way. A notable consequence is the existence of an infinitesimal
number: a hyperreal o~ ! := [(1,%,%,...)] is positive (0 < 0~ !)
but is smaller than any (standard) positive real r = [(,r,...)].

Definition 2.2 (Shadow). A hyperreal r is limited if it is not
infinite, i.e. if there is a standard positive real K € R such that
—K <r < K.Itis well-known (see [12, 14]) that a limited hyperreal
r has a unique standard real that is infinitely close to r. This
standard real is called the shadow of r and denoted by sh(r).

The notion of shadow is a generalization of that of limit: if (a;);
converges then sh([(ag,ay,...)]) =lim;ea;. See e.g. [12, 14].

Remark 2.3. It is common in NSA to take an index set / that
is bigger than N, and an ultrafilter .# C Z(I) over I. The merit
of doing so is that the resulting monomorphism *(_) (§2.2) can
be chosen to be an enlargement; see [14, Chap. II]. In this paper,
however, we favor concreteness and choose I = N as the index set.

2.2 NSA in Superstructure

What we need from the logical machinery of NSA goes beyond
the elementary fragment presented above. It employs a set theory-
like formal language .Zx and a so-called superstructure as a model.
The definitions and results listed below are all well-established and
commonly used in NSA. We follow [14, Chap. II], in which more
details can be found.

Superstructure A superstructure is a “universe,” constructed step
by step from a certain base set X. We assume N C X.

Definition 2.4 (Superstructure). A superstructure V(X) over X is:

V(X):=UpenVn(X) , where
W(X):=X andV,11(X) =V, (X)UZ(Va(X)) .

(Ordered) pairs (a,b) and tuples (ay,...,a,) are defined in
V(X) as is usually done in set theory, e.g. (a,b) := {{a},{a,b}}.
The set V(X) is closed under many set formation operations. For
example the function space a — b is thought of as a collection of
special binary relations (¢ — b C & (a x b)), hence is in V (X).

*-Transform We use the following predicate logic ..

Definition 2.5 (The language Zx). Terms in Zx consist of: vari-
ables x,y,x1,x2,...; and a constant a for each entity a € V (X).
Formulas in % are constructed as follows.

¢ The predicate symbols are = and €; both are binary. The atomic
formulas are of the form s =7 or s € ¢ (Where s and ¢ are terms).

e Any Boolean combination of formulas is a formula. We use the
symbols A,V,— and =.

e Given a formula A, a variable x and a term s, the expressions
Vx € 5.A and dx € 5.A are formulas.

Note that quantifiers always come with a bound s. The language
Zx depends on the choice of X (it determines the set of constants).
We shall also use the following syntax sugars in %y, as is common
in NSA. Their translation into proper % formulas is straightfor-
ward.

(s,f) pair

sxt direct product

s Ct inclusion, short for Vx € s.x € ¢

s(t)  function application; short for x s.t. (£,x) € s

sot  function composition, (s o #)(x) = s(¢(x))

s <t inequality in N; short for (s,7) € < where < C N2

(s1,---,5m) tuple

Remark 2.6. We note that % resides on a different level from the
languages that we introduce later, such as SPRoC, SPROC? and
their assertion languages. % is used to define the semantics of
those object-level languages, and is a meta language in this sense.

Definition 2.7 (Semantics of .%x). We interpret .Zx in the super-
structure V (X) in the obvious way. Let A be a closed formula; we
say A is valid if A is true in V (X).



Validity is defined only for closed formulas.
The so-called ultrapower construction yields a canonical map

L) VX)) — VX)),

that is called the *-fransform. It is a map from the universe V (X)
of standard entities to V (*X) of nonstandard entities. We skip the
details of its construction; later in this section we take a closer look.

The map *(_) becomes a monomorphism, a notion in NSA.
Most notably it satisfies the transfer principle (Lem. 2.9).

ar—"a 9)

Definition 2.8 (*-transform of formulas). Let A be a formula in
Zx. The *-transform of A, denoted by *A, is a formula in Ziy
obtained by replacing each constant a occurring in A with the
constant “a that designates the element *a € V (*X).

Lemma 2.9 (The transfer principle). For any closed formula A in
L, Aisvalid (in V(X)) if and only if *A is valid (in V (*X)). O

The transfer principle is a powerful result and we will totally rely

on it in the semantics of SPROCY®. Here are the first examples of

its use.

Lemma 2.10. 1. Fora € V(X)\ X we obtain an injective map
()ra—"a, (bea)— (be’a) (10)

as a restriction of *(_) in (9).

N

. If a is a finite set, the map (10) is an isomorphism a = *a.

3. Let a — b be the set of functions from a to b. We have
*(a—b) C¥a—"b.

4. M(ay X -+ X am) ="ay X -+ X *ay; and (@) U---Uay) = "a; U

U *am.
5. For a binary relation r C a x a, we have *r C *a X *a. Moreover,
r is an order if and only if *r is an order. O

Internal Sets  The distinction between internal and external enti-
ties is central in NSA. In this paper however it is much of formality,
since all the entities we use are internal. Here we present only the
relevant definitions, leaving their intuitions to [14, §I1.6]. In Ap-
pendix B, especially Rem. B.8, we will see that being internal is
crucial for transfer.

Definition 2.11 (Internal entity). An element b € V (*X) is internal
with respect to *(_) : V(X) — V(*X) if there is a € V(X) such that
b € *a. It is external if it is not internal.

Lemma 2.12. f: *a — *b is internal if and only if f € "(a — b).
O

The ultrapower construction We collect some necessary facts
about the ultrapower construction of the monomorphism *(_)
in (9). Its details are beyond our scope; they are found in [14,
§IL.4].
The map *(_) in fact factorizes into the following three steps.
V(X) % V(*X)
()% M (11)

-
Unen (Va(X) \ Va1 (X)) — 5V

The first factor (_) maps a € V(X) to the constant function @ such
that @(i) = a for each i € I; recall that we have chosen / = N
(Rem. 2.3). The second [_] takes a quotient modulo the ultrafilter
7 ; finally the third factor M is the so-called Mostowski collapse.

For an intuition let us exhibit these maps in the simple set-
ting of §2.1. The first factor (_) corresponds to forming constant
streams: a — @ = (a,a, ... ). The second [_] is quotienting modulo
~ gz of (8). The third map M does nothing—it is a book-keeping
function that is only needed in the extended setting of superstruc-
tures.

The next result [14, Thm. 4.5] is about “starting from the lower-
left corner” in (11). It follows from the definition of M and is
a crucial step in the proof of the transfer principle (Lem. 2.9).
It serves as an important lemma, too, later for the semantics of
SProOCY®,

Lemma 2.13 (Lo$’ theorem). Let A be a formula in £x with
its free variables contained in {xy,...,xu}; and ai,...,am €

Unen (Vn (X)\ Va—1 (X))I Then

‘A[Mlar)/x1,...,Maw]/xn ] is valid
— {iel| Alai(i)/x1,....am(i)/xp] is valid} € F .

As a special case, let S € V(X), then
Mla)€*S <= al(i) €S for almost every i. O

Corollary 2.14. Let a,b € V(X); and for eachi € I, f; € (a — b)
and x; € a. Then M[(fi)ici1] is an internal function *a — *b; and
M([(xi)ic1] € *a. Moreover,

M) ier] = (M) (M) =

3. The Stream Processing Language SPROC

In this section we introduce the language SPROC for stream pro-
cessing, together with its denotational semantics and a type sys-
tem. The last is much like a Hoare-style program logic for partial
correctness. The whole framework is nothing surprising: SPROC
is modeled after Lustre [9]; its semantics is defined as usual, fol-
lowing Kahn [15]; and the type system is rudimentary with a lim-
ited expressive power. The point is their clean logical foundations,
which allow us to transfer the whole framework—via NSA—to
SPrROCY (§4).

3.1 SPRrocC: Syntax

For an example of an SPROC program, see Example 1.1. It is an
SPROC? program, but the two languages are very close.

Definition 3.1 (SPROC). We fix a set SVar of stream variables
and, for each m,n € N, a set NdName,;, , of node names of arity
(m,n). These sets are assumed to be disjoint. The syntax of SPROC
is defined in Table 1. Some of its details are in order.

The set SExp consists of the C-stream expressions. A constant
¢ € C stands for the C-stream (c,c,...). The operator " is for the
power: (ag,ay,...)" (bo,by,...) = (ag",all",...). For each j € N
we have an operator £by/ (“followed by”). It means

(ag,a1,...) £y (bo,by,...) = (ao,...,aj1,bo,b1,...) . (12)

The expression proj f(ey,...,ey) invokes the node whose name
is f (declared elsewhere in the same program), feeds it with the
input (ey,...,e;), and returns the k-th component of its output.

The set SExpy consists of the expressions for streams in the
Boolean values B = {t, ff}. The operators =, isReal and < are the
obvious extensions of = : C2 — B, isReal : C —» B and < : C% —
B. The last is defined by

13)

< t ifci,cp€Randc) <cy,
1 < ey = .
! 2 ff otherwise.

Each node nd € Nodes comes with a certain arity (m,n) and its
name f is chosen from NdName,, . It takes m-many C-streams
as input and returns n-many C-streams as output. In the node nd
in Table 1, the variable x; is for an input stream; and the local
variable y; is used in the (mutually) recursive computation inside
the node (specified by y; = €;...;y; = ¢]). These x;’s and y;’s
together constitute the set of bound variables in nd. The restriction
in Table 1 dictates that only these variables are allowed to occur in
nd.



Finally, a program of SPROC is a finite sequence of nodes,
with the last one designated as the main node. The restriction in
Table 1 means that we can invoke a node only if it is declared in the
program.

3.2 SPRoOC: Denotational Semantics

We define the semantics of SPROC in the denotational style, ex-
ploiting the cpo structure of streams. This approach to the de-
notational semantics of stream processing systems dates back to
Kahn [15]. Specifically, our semantic domains are as follows.

Definition 3.2 (C*,B*). By C* we denote the set of finite and
infinite streams over C. That is, C* := C*UCN. We also define
B> for B = {t,f} by B~ := B*UBN.

Notation 3.3. In what follows it is convenient to regard a finite
stream as if it is an infinite stream. Using L (“undefined”), we
identify (ag,ay,...,ay) with an infinite stream

(ag,at,...,am, L, L,...) .

The intuition is: “production of the element a,,,| never termi-
nated; thus the elements henceforth never got produced.” Hence
in (ay)pen € C=, if a; = L then a,y = L for any m’ > m.

The following result underpins Kahn’s approach [15].

Lemma 3.4. The prefix order C on C” makes it a cpo, that is,
any ascending chain sy T s1 T --- has a supremum | |;s;. Its least
element is the empty stream €. The same holds for B™ too. O

Based on this observation, we introduce the semantics as fol-
lows.

Definition 3.5 (Variable/node environment). A (stream) variable
environment is a function J : SVar — C* that assigns J(x) € C*
to each stream variable x. A node environment K assigns, to each
node name f € NdName, a continuous function

K(f) € ((C*)"F —¢ (C)) . (14)

Here (my,ny) is the arity of f; and the set (C*)"/ —¢ (C*)"
is that of continuous (i.e. | |]-preserving, but not necessarily |-
preserving) functions from (C*)" to (C*)"f, with respect to the
order C in Lem. 3.4. Therefore K is an element of the following
set.

K e HfENdName( ((Cw)mf et ((Cw)nf) . (15)
We denote the sets of (stream) variable environments and node
environments by SVarEnv and NdEnv, respectively.

Lemma 3.6. The sets SVarEnv and NdEnv are cpo’s, with the
pointwise extension of the order structure of C™. Specifically, be-
tween K, K’ € NdEnv, we have K C K’ if and only if

Vm,n € N.Vf € NdName,, ,.Vs € (C*)™.
vke L), m(K(A)E) E m(K(NE) -
Here m is the k-th projection m : (C*)" — C*. The order on
SVarEnv is similar. O

Using these environments we define the semantics of SPROC
expressions as follows. We go step by step.

Definition 3.7 ([e]; x and [b]; k). In Table 2 we define the de-
notation [e]; x € C* of a C-stream expression e € SExpc, under
variable and node environments J and K.

Here the definition of [e; aopes]; x simply says that aop is ap-
plied elementwise. Recall that a finite stream (aq...a,) is identi-
fied with (ag,...,am,L,L,...); the operator aop | returns L if any
of its arguments is L. This is the same for if | ...then...else...,
A1, 71, etc. that appear later in Table 2. The definition of
[e1 £by’ e2] sk is the equation (12) put in formal terms. Recall
that | means “nontermination” (Notation 3.3). In the definition of

[projy f(e1,--.,em)]s k. recall that m is the k-th projection (see
Lem. 3.6); also note the type of K (see (14)).

We simultaneously interpret B-stream expressions, as in Ta-
ble 2. Recall our definition of < between complex numbers
(see (13)).

The semantics of intra/inter-node recursion is by least fixed
points.

Definition 3.8 ([nd] k). Let nd be a node

s | e Zi g | ae
of arity (m,n). We define its denotation

[nd]k : (C*)" — (C*)" a7

as follows. Given 5 = (sq,...,s,) € (C™)™ as input, first we solve

the following recursive equation, and obtain a variable environment
Jo as its least solution.

X181y ooy Xip > Sy

Jo = Ji
0=y s [ Dok -0 31 [elluok

(18)
On the right-hand side, [x; — s1,...] means a function update. The
variable environment J thus obtained is used in:

ﬂndﬂK(Sl7...,S,,1) = ([[(31]]]0‘1(7 N [[en]]j(]‘]() S ((CN)H .

Definition 3.9 ([pg]). Let pg be a program [ndy,...,ndy;ndmain];
f1,---,fnv and fiain be the names of ndy,...,ndy and ndpyin; and
(MMain,Main) be the arity of ndpain. We define the denotation
[pg] : (C=)mmain — (C=)"™ain as follows. We define a node envi-
ronment K to be the least solution of the following recursive equa-
tion.
_ fi Indilkys -, fv = [ndw]k,,

KO a KO fMain = IIndMain]]Ko (19)
The node environment Ky thus obtained is used in the following.
(Note the type; see (17))

[[pg]] = IIndMain]]KO : ((C"")mMain — ((C“')"Main
We need the following lemmas for Def. 3.8-3.9 to make sense.
These follow from the fact that all the constructs in the denotational

semantics are continuous, which is proved in Appendix A.

Lemma 3.10. For any node nd and any K € NdEnv, the function
[nd]x : (C)™ — (C*)" is continuous. Therefore the function on
the right-hand side of (19) is indeed a node environment. O

Lemma 3.11. The recursive equations (18-19) have least solu-
tions.
Proof. By the continuity of the relevant operations, including

®: SVarEnv — SVarEnv ,
X1 F2 81y ey Xin 52 Sy (20)
ek, o= leglix |

and Lem. 3.6. O

J—J

3.3 SProc: Type System for Safety Guarantee

We now present a “program logic” for SPROC. SPROC is a first-
order functional language; therefore, as usual, our logic takes the
form of a type system. There we identify types with predicates.

Our type system is rather restricted and is aimed (solely) at the
partial guarantee of safety, that is, it gives no guarantee in the
case of nontermination. Our focus on partial safety is influenced
by [18]; and is much like common Hoare-style program logics. We
leave as future work verification of liveness properties; the latter
necessarily involves the analysis of termination (i.e. productivity in
stream processing).



SExpe De = x|clej+ex|e xex|e™Ney| e foyley | if bthene; else ey | projyfler,...,em)
where x € SVar; c € C; j € N; b € SExpg; f € NdName,, ,; and k € [1,n]
SExpp b ::= true|false|b;Aby|—b|ej =ep|isReal(e) |e; <ea where e, e; € SExpc
node f(x1,...,xn) Teturns (ei,...,en) where f € NdName,, ,; Xi Vi 64 SVar; ¢;,¢; € SExpC, ‘
Nodes > nd ::= where vi — ¢ ys — e iy — X1y--sXmsY1,---,Yn are all distinct; and the variables occurring
YI=epy2=¢€p...3)1=¢ in ¢;, €] are restricted to x; and y;
Programs > pg ::= [ndj,nda,...,ndy;ndMain] where nd;,ndpain € Nodes; and the node names occurring in nd; or ndain
are restricted to fi,..., f,, and fumain, the (distinct) names of ndy,...,nd,, and ndmain
Table 1. Syntax of SPROC
[lok = J(x) lelvk == (c,c,...) leraoper]sk == ([e1lsx(n)aop, [e2]sk(n)),.y where aop € {+,x,"}

) if the length of [e; ]k is at least j

(Te1lsx(0), [erls i (1), -, [erlsk (G — 1), [e2Dsk 0), el sk (1), -
), if the length of [e; ] x is k and k < j

([e1]7.x(0), [er ]k (1),...., [er ]uk (k—1), L, L...)

[if bthene; else ]k := (ify [b]sx(n) then [ei]sk(n) else [e2] (1)),
[proji flet,- - em)lik = ”k( K(f)([erlsx- - lemlsx) )

[truelsk == (tt,...) [false];x:=(f,f,...) [biAbalsk:= ([b1lsx(m) AL [b2rk(n),cy [~blik = (L [blrk (7)), cn
ler = e2]lvk := ([er]sx(n) =1 [ezﬂer(n))neN [isReal(e)]sx := (isRealL([[eﬂj‘K(n);)

neN
[er <e2]s(n) = ler]sx(n) <y le2]sx(n) ifn=0o0rfe; <ersx(n—1)# L
1<elik(n):=q if [e; <ex]yx(n—1)=_1

|I€| fbyj 62]]1]( =

Remark 3.12. For functional stream processing languages, Nakano’s

Table 2. Denotation [e]; k., [0]s

A type T € STypec for C-streams is an expression [],en{u €

type system [20] with the @ modality is well-known. Its concern is
for the productivity (i.e. totality, termination) of stream computa-
tion; this is orthogonal to ours (partial safety). In [16] semantics
of stream processing subject to Nakano’s types is proposed using
ultrametric spaces—as an alternative to the Kahn-style cpo seman-
tics which we have used—with its merit being that one can form
a semantic domain consisting solely of roral streams (i.e. CN in-
stead of C*). Application of these results to SPROC, and further to
SPrROCY is left as future work.

3.3.1 SPRrocC: Type Syntax

Our type syntax is borrowed from that of dependent type systems.
The latter are known for their expressiveness and have been used
for verification of higher-order programs (e.g. in [32]). Our type
system, as a feasibility study of the methodology, is much more
restricted. See Example 3.14.

AExp2a == v|c|lajta|a xax|aiMay|far]
where v € Var and c € C
Fml> P ::= true|false\P]/\P2|P|\/P2\—|P|
aj =ay | isReal(a) |a; <ay |a; <ay |
VWweN.P|VWweC.P
where v € Var and a,a; € SExp¢
STypec 57 = [l,en{z€C|P} whereu,v € Var,
P e Fml and FV(P) C {u,v}
STypeg > 8 ::= [l,enyP Wwherev € Var,
P eFmland FV(P) C {v}
NdType, , >V == (Ti,...,Tn) = (T],...,T))

where 7;, 7] € STypec

Table 3. Type Syntax for SPROC

Definition 3.13 (Types for SPROC). The syntax of our type system
for SPROC is shown in Table 3.

The set AExp is that of arithmetic expressions, each of which
denotes a number in C. We assume a countable set Var of variables;
note that this is different from the set SVar of stream variables. The
rounding up operation [_]| (see §1) is included for a later use. The
set Fml is that of assertion formulas; it follows the usual syntax of
first-order predicate logic.

C | P}. It consists of variables u,v, a formula P, and the delimiter
[T en{_ € C|_}. Its informal meaning is

{ucC|PO/V)} x{ucC|P[1/v]} x{ucC|P2/v]}x- ;

that is, the set of streams s such that its n-th element u = s(n) and
v = n satisfy P, for each n € N. A type B € STypeg for B-streams
is similar: ¢ = [T,en P if #(n) is equivalent to P, with v = n, for each
neN.

A node type vV = (T1,...,Tn) = (7],...,7,) € NdType,,, rep-
resents the set of nodes of arity (m,n) that, when fed with streams
satisfying 71,. .., T, output streams satisfying t{,..., ;.

In the expressmn [Tyen{u € C | P} € STypec, the variables
u and v are bound. We identify types modulo renaming of these
bound variables. The same is true of v in [],en P € STypec.

Example 3.14. The C-stream type [[,enf{e | v=>3=u < 1}
specifies that the elements s(3),s(4),... of a stream s are real and
< 1. Our types can thus express rudimentary safety properties.

Regarding the limitation of the expressive power, it is straight-
forward to extend the type system with stream types of arity k > 1:
HveN{ (uyy. .. uy) ‘P}, where FV(P) C {uy,...,u,v}. This exten-
sion allows us to speak about correlations among distinct streams.
So can we about correlations between input and output: we can pre-
pare auxiliary output streams that copy input streams, and compare
them with the output. Furthermore we can express temporal prop-
erties: to see if a stream s is increasing, we can check if the pair
(0£by's,s) satisfies the binary type [Ten{(u1,u2) | 4y < up}. In
this paper we restrict the presentation to unary stream types for the
sake of simplicity.

This is not to say that the type system is amply expressive. For
example, the type judgment A;x: 7,y: 0 if x=ythenyelsex:
T (whose validity is not hard to see) cannot be derived by the
typing rules. In its derivation one would need a B-stream type
[Len{x(v) = y(v)}, which is prohibited due to the free variables
X,y in it.

Anyway, the syntactic restrictions in Table 3—compared to a
fully-fledged dependent type system—simplify the type system
drastically. For example, we do not need the well-formedness con-
dition of type environments, which is usually needed in dependent



type systems (see e.g. [32]). Relaxing these restrictions is future
work.

3.3.2 SPRroC: Type Semantics

Definition 3.15 (Valuation). A valuation is either L (“undefined”)
or a function L : Var — C. The set of valuations is denoted by Val,
that is, Val = (Var — C)U{_L}.

The function update L[uj > cy,...,uy — cm|, with L € Val,
u; € Var and ¢; € CU{_L}, is defined by:

Lo = {L if any of ¢; is L

21
(the usual function update) otherwise. N

Therefore: if the length of s € C* is not more than n, valuation
L{u — s(n)] is defined to be L.

Definition 3.16 (Semantics of AExp, Fml). The denotation [a]r €
CU{L}, of an arithmetic expression a € AExp under a valuation
L € Val, is defined in the usual manner. We define |= between
valuations and formulas in the usual manner, too. For example,

def,

Li=isReal(a) <= L=_lorfa].eR,
def,

LEWweNP <& L=lorLyv—n]j=PforanyneN,

and so on. In particular, the valuation L € Val satisfies any formula.
A formula P is valid (= P) if L |= P for any L € Val.

Definition 3.17 (Semantics of types). Between a C-stream s € C*
and a C-stream type T € STypec, s |= 7 is defined by

sEMenfueC|Py &5
L[v+ n,u+ s(n)] = P for each n € Nand L € Val.

Note that the valuation L in the definition is vacuous, because of the
restriction that FV(P) C {u,v}. Note also that when s(n) = L, then
L[v n,u s(n)] is L (Def. 3.15), which satisfies P. This reflects
our focus on partial correctness: when the computation does not
terminate—i.e. when the length of s € C* is [, and its (I + 1)-th
element never gets produced—it does not matter what the type
specifies about the (I + 1)-th and later elements of s.

Similarly, between a B-stream ¢t € B™ and a B-stream type
B € STypeg, the satisfaction relation t |= B is defined as follows.

t = IlenP &L foreachn € N, #(n) = L or
(’(") =t < Lv—n] |:Pf0reachLEVal)

That is, “#(n) if and only if P[n/v].”
Finally, between a continuous function g : (C®)™ —¢ (C*)"
and a node type v € NdType,, ,, the satisfaction relation |= is:
’ / def.
8 ': (117"'51’-)77) - (Tl,...,Tn) —
VST, ey Sma 8], 8, € C™.
N ': TN A Sy ': Tm N\ (s’l,...,sfl) :g(Sls~~~7Sm)
= SIETACASET,

3.3.3 SPRroc: Type Derivation

In type judgments we have two kinds of environments.

Definition 3.18 (Type environment). A stream type environment
I'={x;:71,...,%n : Ty} is a finite set of pairs of a stream variable
x; € SVar and a C-stream type 7; € STypec. We require x,..., X,
to be distinct.

Similarly, a node type environment A= {f1:Vy,...,fim: Vin} is
a finite set, where f; € NdName is a node name and v € NdType
is a node type with the same arity.

We denote the sets of stream and node type environments by
STEnv and NdTEnv, respectively.

Notation 3.19. We sometimes write I'(x). In this case it is assumed
that x : 7 is in I" with some 7; and I'(x) denotes this (unique) 7.

Definition 3.20 (Type judgment). In our type system for SPROC
we have four classes of type judgments. Here I- is a (mere) delim-
iter.

e A;T'F e : 7, meaning: the C-stream expression e is of the type
7 if the variables denote the streams conforming to I" and the
node names denote the nodes conforming to A.

e A;I'F b : 15, meaning the same, between B-stream expressions
and B-stream types.

e A nd: v, meaning: the node nd is of the node type Vv if the
node names denote the nodes that conform to A.

e |- pg: v, meaning: pg’s main node ndy,j, is of the node type
V.

Definition 3.21 (Type derivation). The typing rules for SPROC are
as shown in Table 4. We write |- _# if the type judgment ¢ is
derivable.

3.3.4 SProc: Type Soundness

Definition 3.22. Between a stream variable environment J €
SVarEnv = (SVar — C*) and a stream type environment [' =
{x1:71,...,%m : Tn} € STEnv, we define J =T by
JET &% J(x) =1 foreach i € [1,m)].

Here the latter |= is as defined in Def. 3.17.

Similarly, between a node environment K € NdEnv and a node
type environment A = {f] : Vi,..., fin : Vim} € NdTEnv, we define
K = Aif and only if K(f;) = v; for each i € [1,m].

Lemma 3.23. The C-stream L € C* (i.e. the empty stream) satis-
fies any type T, that is, 1 |= 1. The same for 1. € B*. Similarly we
have L |=T for L € SVarEnv; and 1 |= A for L € NdEnv. O

Definition 3.24 (Validity of type judgments). We say a type judg-
ment A;I" - e : 7 is valid, and write = A;T" - e @ 7, if for any
J € SVarEnv and K € NdEnv, J =T"and K }= A imply [e]; k = 7.
The validity of the other three classes of type judgments is defined
in the same manner.

Theorem 3.25 (Type soundness). A derivable type judgment is
valid, that is, \- 7 implies = 7.

Proof. The proof is mostly straightforward by induction. In Ap-
pendix D we show some exemplary cases. The cases (NODE) and
(PROG) involve the principle of fixed point induction. O

4. The Hyperstream Processing Language
SPrOC®
4.1 SProc%: Syntax

Definition 4.1 (SPROCY). The syntax of SPROC? is the same
as that of SPROC (Table 1), except that we have two additional
constructs—dt and by« —in the set SExp.

SExpc > e = x|c|e;+ep |- (The same as in Table 1)
| dt | e; fby e) where r € R>g

In SPROC® we call the elements of SExp C-hyperstream expres-
sions. The same for SExpg, too. Intuitively, the stream expression
dt represents the constant stream (dt,dt,...); each dt therein is
thought of as a positive infinitesimal sampling interval. In addi-
tion to fby/ for the delay by j steps, we now have fbyé for delay
by infinite steps. With dt being the sampling interval, 1/dt is the
sampling frequency. Therefore delay by £ steps means delay “by
r seconds.”

For the semantics of SPROC we use the second key idea of
sectionwise execution (see §1). In it an SPROC® program is first
split up into its sections; each section is an SPROC program and



AT Hx:T(x) (SVAR)

(CONST)

ATEce: Ten{ueClu=c}
ATEei: [len{ui € C|B}fori=1,2 |EVYveNVuj,up,u e C.(PLAP, Au= (u; aopup) = P)

A;THejaoper: [[hen{ueC|P}

(AoP) (aop € {+,x,"})

ATk [Len{ue€C|P}fori=1,2 EWENVueC.((v<jAPL =P)A(v= jAPv—j/v] =P))

ATk e fby/ er : [Tyen{n € C| P}
ATHD:TlenPr ATHei:[lenfuecC|h}fori=1,2

(FBY/)
EWweNVueC.(P,AP,=P)\(P,AP,=P)

(IF)

A;T'Hif bthenej elsee; : [[,en{u € C| P}

ATheiztiforie[l,m] A(f)=

S Tn) = (T, T))

AT Fproj, flei,...,

(NDCALL)

em): T,

ATke:Ten{ueC| P} ':VVGNVME(CP’:>P

(CSTCONSEQ)

AT e [l,en{ueC|P}

ATFED; TlienPifori=1,2
ATEDAD HveN(Pl /\Pz) fori=1,2

(AND)

(TRUE), (FALSE), (NEG) are similar

ATk e [[yen{ui € C| P} fori=1,2 EVYveNVuy,u G(C.(P] AP, = (P& u :Ltz))

(EQUAL)

ATke =e:[lyenP

ATHe: Tlen{ueC|P} EWweNvVueC.(P

= (P isReal(n)))

(ISREAL)

AT+ isReal(e): [[,enP

A;F)—e,-:]'[‘,eN{u,‘ eC ‘ P,} fori=1,2 )ZVVEN.VM],MQ S (C.(Pl APy

= (P < (isReal(u;) AisReal(up) Auy < uz)))

LESS
A;F)—,el<ezzn‘,€N,P ( )
ATED: Tlen P YweNP <P
oen P = (BSTCONSEQ)
ATED: [TyenP
L) =gforie[lm] ATFe T(y;)forje[l,]] ATFe: 7 forke[l,n] (NobE)
node f(x1,...,%,) returns (ei,..., . 1 "
AR wherey; =e;...;y =¢ ST ) 2 (T T)
Abnd:(1],... r,’,t)a((s{....,c’)
':VVENVME(C P, =P forle[l m] EWeNVueC.Q;= Q;forje|l, n]
(WhereT,:H\EN{ME(C\P} 7 =[lLen{u€C|P}, 0;= HLEN{MGC‘Q]} G = VEN{MGC‘Q;})
(NDCONSEQ)
Abnd:(11,...,Tn) = (O1,...,0p)
AFnd; : A(f;) fori € [1,m] AF ndmain: Vv
A [1,m] Main (PROG)  (f; is the name of the nodes nd;)

F[ndi,...,ndy;ndpmain] - V

Table 4. Typing rules for SPROC

hence is interpreted in a usual manner (§3.2). The outcome of each
section is bundled up and constitutes the outcome of the original
SPROC program. In §4.2 we formalize this idea in the NSA terms
of §2.2.

Definition 4.2 (Section e|; of SPROC® expressions). Let p be
an SPrRoOC% expression. For each i € N, its i-th section p|; is the
SPROC expression obtained from p, by replacing 1) the stream

expression dt with ; +1 : 2) the operator £by® with £by [r(i+1)]

4.2 SProC%: Semantics

We repeat the development of the semantics of SPROC—replacing

streams with hyperstreams, via *-transform—and interpret SPROC.

Here we rely on domain theory formulated in an NSA setting. Its
details are found in Appendix B (part of which already appeared
in [3]).

Definition 4.3 (Variable/node environment for SPROCY). The set
of (stream) variable environments for SPROC® is the *-transform
*SVarEnv of SVarEnv for SPROC. Recall that SVarEnv = (SVar —
C*>); by Lem. 2.12, a variable environment for SProcC® is pre-
cisely an internal function J : *SVar — *(C*).

Similarly, the set of node environments for SPROC is the *-
transform *NdEnv of that for SPROC.

We shall first define the denotation [e]; x € *(C*) of a hyper-
stream expression e € SExp¢ in SPROC®, under J € *SVarEnv

and K € *"NdEnv. This is done sectionwise; we proceed exploiting
the NSA machinery in §2.2, finally leading to Def. 4.4.

Given e € SExp¢ in SPROC, each section e|; (Def. 4.2) is an
SPRoOC expression. Its denotation (Def. 3.7) yields a function

[elil : SVarEnv x NdEnv — C* ;

its continuity is proved in Lem. A.3. We collect [e|;] for each i; this
results, using Lem. 2.13, in the following function.

M| ([el ), N € *(SVarEnv x NdEnv — C*)

L 2
Lem. b S&210 SVarEny x NdEny — (C*)) @2

The last denotes the space of *-continuous functions (Def. B.5),
whose details can safely be skipped for the moment.

Definition 4.4 ([¢]], [p]). The denotation [e], of a C-hyperstream
expression e € SExpc in SPROC, is defined as follows using (22).

[e] := M[([Miﬂ)igl\l]

The denotation [b] : *SVarEnv x *NdEnv — *(B%) of b € SExpp
in SPROC is defined in the same manner.

: *SVarEnv x *‘NdEnv —+; *(C*)

We now interpret nodes and programs in SPROC . There are
two equivalent ways to do so; here we present the “sectionwise”
definition that is similar to Def. 4.4. This is more convenient for the
later use in §4.3; see Rem. 4.6 for the other definition.



Definition 4.5 ([nd], [pg]). Given a node nd in SPROC of arity
(m,n), its denotation [nd] is defined by

[nd] :=M[([nd|] )ieN} :
*NdEnv et (*((Cm)m —>et *((Cw)n) s
where [nd|;] : NdEnv —¢ ((C*)™ —¢ (C*)") is as defined in
Def. 3.8 (its continuity is proved in Lem. A.6).
For a program pg in SPROC® of arity (m,n), its denotation [pg]
is defined similarly by

[pel :=M[([pglil) ey ] * "(C=)™ain —pay (C)™ain

Remark 4.6. A drawback of the sectionwise definition of [nd]
(Def. 4.5) is that the relationship between [nd] and [e] (for e
occurring in nd) is not visible at all. Conceptually this is unnatural.

In fact, we can define [nd] directly from [e]—like we did
in §3.2—by solving a “hyperdomain equation” in the hyperdomain
*SVarEnv. For the latter we use the technique presented in [3];
see Appendix B, especially Lem. B.7. The two definitions indeed
coincide; see Appendix C for details.

4.3 SPROC®: Type System for Safety Guarantee

We introduce a type system for SPROC as a “*-transform” of
that for SPROC. It might be hard at this stage to make sense of
a hyperstream s satisfying a type 7; it will be used in our main
theorem (Thm. 5.12).

4.3.1 SPROC%: Type Syntax

AExpda = vi|clat+a|axa|laa|la]]
dt| 4 whereve VarandceC
true | false |PLAP, |PLVP | —P|
a; =ap | isReal(a) |a; <ay |a; < ay |
Ywe*N.P|Vve'C.P
where v € Var and a,a; € AExp
STypec 57 = [l,en{u€*C|P} whereu,v € Var,
P € Fml and FV(P) C {u,v}
STypeg > B = [l,enP wherev € Var,
P eFmland FV(P) C {v}
NdTypem‘nav = (Tl-,.A.,Tm)—>(T;7A..,T;,)
where 7;,7/ € STypec

Fml>P ::

Table 5. Type Syntax for SPROC

Definition 4.7 (Types for SPROC). The syntax of the SPROC
type system is in Table 5. It is almost the same as that for SPROC
(Table 3). The differences are: 1) we have dt € AExp that repre-
sents an infinitesimal sampling interval; 2) quantifiers in Fml and
stream types are taken over hypernumbers *N, *C, instead of stan-
dard numbers.

We define sections of type expressions. This is like Def. 4.2.

Definition 4.8 (Section of type expressions). The i-th section p|;
of an SPROC?® type expression p is obtained from p by: 1) replac-
ing dt with H—Ll 2) replacing é with i+ 1; 3) replacing hyper-
quantifiers Vv € *D (where D € {N,C}) with standard quantifiers
Vv € D; and 4) replacing hyperquantifiers v € *N and u € *C in the
stream types [[,esn{u € *C | P} and [],ex P by the correspond-
ing standard quantifiers. A section p|; is obviously an SPROC type
expression.

4.3.2 SPROC%: Type Semantics

Definition 4.9 (Valuation for SPROC®). The set of valuations for
SPROC? is *Val, the *-transform of the set Val = (Var — C)U{ L}
in Def. 3.15. By 2.10, a valuation for SPROC®® is either an internal
function L : *Var — *C,or L= 1.

The function update L[E’ — F,’], with L € *Val, u; € Var and
c¢i € "CU{L}, is the *-transform of the corresponding operation in
SPrRoC (Def. 3.15). Namely, the latter induces a function (by (21))

®: Val x (Var x (CU{L}))" — Val, 23)

(L, (&) = L' — ).

Its *-transform under *(_) in (9) is an internal function *® :

*Val x ("Var x (*CU{L}))" — *Val. We precompose the injec-
tion Var < *Var from Lem. 2.10.1, and obtain

@' : *Val x (Var x ("CU{L}))" — *Val .
We define the function update by L[ii + ¢] := @' (L, (u,c ))

Definition 4.10 (Semantics of AExp, Fml). The denotation [[a]; €
*CU{L} of a € AExp under a valuation L € *Val is defined as
follows. It is 1. when L = 1 ; otherwise
= L(v) , el == %,
[[dt]]L: M[(,‘J%])iel]:[(l:%a%v“'” ’
[ay aopas]y : [ai]L *aop [a2].  where aop € {+, x,"\}.

In the first line, *(_) : Var — *Var and *(_) : C — *C are from
Lem. 2.10.1. In the second line recall that / = N (Rem. 2.3); thus
[at]y is in fact the infinitesimal number @' exhibited in §2.1. In
the last line, *aop : (*C)? — *C is the *-transform of aop.

The satisfaction relation L = P between L € *Val and P € Fml
is defined in the usual manner. For example,

def,
LEa <a L

L=1or ([[a]]]L, [[aﬂ]L ER A [[al}]L*<L[[a2]]L) .
A formula P is valid (written }= P) if L |= P for any L € *Val.
We shall characterize this semantics in a sectionwise manner,
so that we can later apply Lo$” theorem (Lem. 2.13). For each

a € AExp in SPROC®, its section a|; determines by Def. 3.16 a
function [a|;] : Val = CU{_L}. Thus by Lem. 2.13 we have

Lem. 2.10
M[([al])ies] €*(Val > CU{L}) €

("Val »CU{Ll}) . (¥

Similarly, a formula P € Fml for SPROCY determine
M[(_EPl|i)ier] €*(Val—B)C (*Val —» B)
M[(E Pli)ici] cBSB.

Lemma 4.11. Between Def. 4.10 and (24-25), the following hold.

lale = (M[([al:])ier] ) (L)
LEP <= (M[(_EPll)l)=t
EP < M[(EPl)ia]=t O

The next definition is parallel to Def. 3.17.

’ (25)

Definition 4.12. The satisfaction relation |= between a hyper-
stream

s€¥(C*) C (*'N—=*CU{L}) (whereC isduetoLem.B.3)

and a C-hyperstream type T = [[,eqn{u € *C | P} is defined by:

sEMen{ueC|Py &5

L[v+ n,u+s s(n)] = P for each n € "N and L € *Val.

In the setting of the previous definition, each section 7|; =
[Tien{u € C | P|;} determines a function (by Def. 3.17)

(7 )zHVeN{ue(C|P|,'}) :C*—B;
therefore by Lem. 2.13 we obtain

M[(_ EThen{ueC|Pli}),] : (C°) —B . (26)
Lemma 4.13. Between Def. 4.12 and (26), the following holds.
skt (ML FMen{ueCIPI}),o])6) =t O



Similarly, for B-hyperstream types and node types, the satis-
faction relations |= are defined much like in Def. 3.17. See Ap-
pendix D.6. They have the following sectionwise characterizations,
too.

Lemma 4.14.
teThenP <= (M[(CFTLenPl) o)) () =t

sE @) (@) = MEE->ED) )@=t O

4.3.3 SPROCY: Type Derivation

Typing rules in SPROC are almost the same as in SPROC. In
particular the use of hypernumbers is transparent; this reflects the
NSA idea that standard numbers and hypernumbers are logically
the same.

Definition 4.15 (Type environment). A stream type environment
and a node type environment for SPROC® are defined in the same
way as in SPROC (Def. 3.18): the former is a finite subset I' = {x; :
7;} C Var x STypec. We denote the sets of stream and node type
environments by STEnv and NdTEnv, respectively.

Definition 4.16 (Type derivation). The type judgments and the
typing rules for SPROCY are the same as for SPROC (Table 4),
except for:

e they are *-transformed, that is, the quantifiers ([T,en{u € C |
_}, Vx € C, etc.) are replaced by the corresponding hyperquan-
tifiers ([T,en{u € *C| _}, Vx € *C, etc.);

e we have the following two additional rules. (FBY @ ) is similar

to (FBY/); there [ £ is short for [r x dl—t]

dt
AT Hat : [[yen{u e Clu=adt} (at)

AT ke [ {u| P} AT e [ {u| P}
EweNVue'C.((v< £APL = P)A
(=g AR-TEDN =P)

A;TH e; foy ® e; : [[yen{u € *C| P}

&~

4.3.4 SPRrROC%: Type Soundness

Definition 4.17. The satisfaction relation J =T between J €
*SVarEnv (Def. 4.3) and I" € STEnv (Def. 4.15) is

JE=T &y J(*x;) E T(x;) for each i € [1,m],

where *x; is the image under *(_) : Var — *Var (Lem. 2.10.1). The
satisfaction relation K = A between K € *NdEnv and A € NdTEnv
is defined in the same way.

Definition 4.18 (Validity of type judgments). We say a type judg-
ment A;T'+ e : 7 is valid, and write = A; T ke : 7, if for any J €
*SVarEnv and K € *NdEnv, J =T and K = A imply [e]; x = 7.
The validity of the other three classes of type judgments is defined
in the same manner.

Lemma 4.19. Validity of a judgment is determined sectionwise:
EATke:T < M[(EAlsTliteli:t))ie] =t . O
Finally we come to soundness. Its proof is totally modular,
exploiting the sectionwise characterizations of |=’s. It is notable

that the content of rules does not matter, as long as they are sound
for SPROC.

Theorem 4.20 (Type soundness of SPROC). A derivable type
judgment is valid in SPROC®, that is, - _¢ implies |= 7. O

5. Signals as Hyperstreams

We introduce a translation between (continuous-time) signals and
hyperstreams. This enables SPROCY® to model signals, and its type

system to provide signals’ safety guarantees. Such signals cannot
just be any function f : R>9 — C; we introduce a certain class of
functions that makes the translation work (Def. 5.1). The class is
closed under common operations like integration and differentia-
tion, too.

The basic idea of a translation between signals and hyper-
streams (§5.2) is already in [3], where they establish the correct-
ness of their translation for functions f : R>o — R that are every-
where continuous (they also hint an extension to piecewise conti-
nuity). Since we aim at hybrid applications, our class of functions
(Def. 5.1) is broader and contains some Zeno examples such as a
bouncing ball.

In §5.1-5.2, for simplicity, we prove results for the R-valued
signals and streams. Extension to C-valued ones is straightforward—
we can separate real and imaginary parts and identify C with R?,

5.1 Signals

Functions that are right continuous with left limits everywhere play
an important role in the theory of stochastic processes. They are
called cadlag; our class of (continuous enough) signal is based on
this.

Definition 5.1 (Signal). A function f : R>o — R is of class
Cadlag" if: 1) itis right differentiable; 2) it has left limits lim Of(t)
1—ty—

for each 7y € R.g; and 3) its right derivative f” is of class
Cadlag"'. A function f: Rsq — R is of class Cadlag® if it is
right continuous and has left limits everywhere. A function f is of
class Cadlag™ if it is of class Cadlag" for all n € N.

A function f: R>¢ — R is said to be a signal if it is of class
Cadlag™ and, for any t € R>, there is € > 0 such that f is of class
C* in the interval (¢,7 + €). Signals denotes the set of signals.

Many common hybrid dynamics are I s

indeed signals in our sense; but not all of

them. A bouncing ball—a first example N 7
of the Zeno behavior—is modeled as a

signal (on the right). However, if we re- () yy
verse time and flip horizontally, the re-

sulting is not a signal: the halting point
fo has no interval (fo, % + €) in which the
function is of class C*.

Another nonexample arises from the compare-to-constant oper-
ation in Simulink. The function

f) =

oscillates around ¢ = 0 very fast but very small (due to the factor

Q
Q

[ . .
e"isinl (ifr>0); 0 (fr<0)
Ll . . . .
e” 1); it is a signal. However, comparison with O results in a non-
signal—it is clearly not right continuous at r = 0.
Our notion of signal still has reasonable closure properties.

Lemma 5.2. A signal f € Signals is right differentiable and Rie-
mann integrable, resulting again in signals. O

Remark 5.3. The notion of cadlag function is used mostly in the
context of stochastic systems. This is also the case in the hybrid
system literature [8, 22]. Our use of the notion suggests it might
also be related to the question of samplability (see e.g. [34]), though
the details are yet to be worked out.

5.2 Signals as Hyperstreams

We define the (hyperstream) sam- S
pling map Smp and the smoothing me

map Smth, and show that they form (R, — "RU{L}) /Smth
faithful translation of signals into

hyperstreams, that is roughly, Smth(Smp(f)) = f. Recall that
in §5.1-5.2 we are restricting to R-valued hyperstreams.

Signals ” H(R™)
£



Definition 5.4 (Smp). Smp : Signals — *(R*) is defined by
) (LY.
smp(f) = M ((F()en) ] -

This is exactly the hyperstream sampling (2) put in the NSA terms.
Here (f (7)) jen is in R™, for each i € I = N; hence by Lem. 2.13
we have M [((f(+1)) jen),c;] belong to (R*).

The converse smoothing operation (3) need not yield a signal,
or even a function R>o — R. The stream in (3) need not converge;

. 2

that is, in the NSA terms, the hyperreal [(f([1]), f(%), )]
can be an infinite number. This results in the extended output type
R0 — "RU{L} in the following definition of Smth.

Definition 5.5 (Smth). The mapping Smth : *(R*) — (R>o —
RU{L}) is defined as follows. Let » € *(R™) and ¢ € Rxg; the
latter induces a function ([(i+ 1)t]);er from / =N to N. Lem. 2.13
yields M[([(i+ 1)t])ies] as an element of *N; this is fed to 4 €
R*) C ("N —="RU{L}) (Lem. B.3) and we define

Smth(h)(1) := h(M[(((H l)ﬂ)[e,]> .
“Smth o Smp = id” is put precise using shadow (Def. 2.2).

Theorem 5.6. For each f € Signals and t € R>, the hyperreal
Smth(Smp(f))(t) is limited and sh(Smth(Smp(f))(t)) = f(¢).
O

5.3 Modeling Signals in SPROC%®

From this point on we are back in the C-valued setting. We rely on
the definitions and results in §5.1-5.2 extended from R to C.

Soundness of signal verification via SPROC?® relies on the cor-
rect modeling of a signal f as an SPROC% program pgys (cf. the
usage scenario in §1). Its extensive treatment—especially the trans-
lation of ODEs and Simulink diagrams into SPROC® programs—
will be presented in another venue. Here we present some basic
results.

Definition 5.7 (SPROC%® model). Let f € Signals. A hyperstream
expression e € SExpc in SPROC® is said to be a model of f under
J,K. if sh(Smth([e];x)(t)) = f(z) for all £ € Rx. It is similarly
defined for an SPROC program pg to be a model of f.

Proposition 5.8. Let ¢, ey be models of signals f, f» under J,K.

1. For each c € C, the constant symbol ¢ € SEXpc¢ is a model of
the constant signal ¢(t) = c.

2. (e1 aop e) is a model of the signal (f) aop f2) (computed
pointwise) under J, K, for aop € {+,x,"}.

3. (e1 fbya ey) is a model, under J, K, of the signal (f) £by” ¢
f2). The latter is defined below; it is easily seen to be a signal.

fi(e) ifr<r,
fHE-r) ift>r O

As to Lem. 5.2, we also have SPROC® programs for right
differentiation and Riemann integration. We leave them to another
venue.

In Example 1.1 we have used an SPROC model (6) of the sine
curve, where the latter is defined using an ODE. Its (intuitively ob-
vious) correctness can be proved by showing that Smth([pgsine])
is a solution of the ODE defining the sine curve.

(1 £oy™ fo) (1) := {

5.4 Safety Guarantee for Signals

In translating safety guarantees from SPROC?® to signals, the prop-
erty T =[],{u | P} cannot be just anything—after all, Smp samples
only countably many ¢ € R. A sufficient condition is given by 7’s
being (topologically) closed. It means that the set {(u,v) | = P} is
closed in C2. The type syntax for signals is restricted accordingly;
in particular, adding <, — or 3 makes topological closedness fail.

Definition 5.9 (Type Syntax for Signals).

AExp>a == v|c|ajaopay
where v € Var, c € C, aop € {+,x,"}
Fml> P = true|false|P VP |PAP|a=a|

isReal(a) |a) <ap |VweC.P
where v € Var, a,a; € AExp
SgType> 1 = [lyer.,{# € C|P} whereu,w € Var,
P € Fml and FV(P) C {u,w}
SgPrType,, , >V == (T1,...,Tw) = (T},..., 7))
where 7;, 7] € SgType

The set SgType is that of signal types.

Definition 5.10 (Semantics of Signal Types). A valuation L is the
same as in Def. 3.15; L |= P with P € Fml is defined as usual, too.
Between f € Signals and 7 € SgType, f |= 7 is defined by:

S Eyer, (ueC| Py &5
Vit € R>o.VLe Val. Liw — t,u— f(t)] =P .

As in Def. 3.17, L in the above is vacuous since FV(P) C {u,w}.

Definition 5.11 (Translation pMS of types). To each type expres-
sion p for signals (Def. 5.9), we assign an SPROC® type expression
pHS_ Tt is defined by replacing: 1) the signal type [Twer.,{u € C|
P} with the hyperstream type [[,cn{u € C | PPS[(v x dt)/w]}; 2)
quantifiers Vv € C with hyperquantifiers Vv € *C.

The idea of pMS is to represent time w in P by the step number v
multiplied by the sampling interval dt.

Theorem 5.12 (Soundness). Let f € Signals be a signal, and
T =[lwer.,{u € C| P} € SgType be a signal type. Assume further
that an SPROCY program pg is a model of f (Def. 5.7). Then:

IF+pg: () — (z15) = feT. |

We expect the opposite direction < of the theorem to fail in
general—the left-hand side guarantees safety also for a time ¢ that
is infinitely large. We also note that, while the signal type syntax
(Def. 5.9) is more restricted than that of SPROC (§4.3), in de-
riving the left-hand side of the theorem one can safely use the full
SPrOC® type system.

6. An Example: The Sine Curve

We verify the range of the sine curve. Specifically, we show that
pgsine in Example 1.1 satisfies, for any real constants 7y > 0 and
£>0,

[[PgSineH ': HWEREU {u eCli<wvu<l +£} . 27N

Our intuition of the formulain (27) isw <ty = u < 1+ €; due to the
restricted syntax of signal types (Def. 5.9) it is written as in (27). By
Thm. 5.12, it suffices to derive the following type judgment using
the typing rules of SPROCS®.

F PESine : () - (Tgoal) , where (28)
Tgoal ‘= [lyen{u € C g <vxdtVu<l+e} .
In its derivation, the most significant step (below) uses the principle
of fixed point induction to deal with the intra-node recursion (s and
¢) in pgs;ne- This step is an instance of the (NODE) rule (Table 4):

(@) Ao {S: Tyiny, € Teinv } - Ofbyl (s+exdt): Toiny
(1) A {S: Tyinys €2 Tesiny } F 1Eby! (¢ — s X dt) : Teviny
(©) A0§{S * Tsinv, € * Tc-inv} Fs: Toiny

o node Sine() returns (s) 0—
Ao;{i'.?"'"v } F | wheres=O0fby' (s+cxdt); |: (Toim)
+ Yc-inv c= lfbyl (C*S X dt) 'S-1nv

(29)



Here the type environment I, := {s: Tiny,C : Teinv | plays the
role of an invariant. The types are concretely as follows.

Tyiny = [heniu € °C lu= i(1—i-at)’ — di(1+i-dt)"}
Te-inv = HVE*N{M e*C ‘ u= Z(l 7i'dt)v+ %(1+i'dt)v}

Here i is the imaginary unit. Ag in (29) is {Sine : () = Tgoal}.

It is straightforward to derive the assumptions (a—c) of (29).
The derivation of (a) is in Appendix D.12. (b) is similar; (c) is by
(SVAR).

Therefore we have derived the conclusion of (29). To it we
apply the (NDCONSEQ) and (PROG) rules and derive our final goal
F PEsine : () = (Tgoal)- The former requires the side condition

Eve NVue C (u=31i(1-i-dt)’ — fi(1+i-dt)”

:>(to§v><dt\/u§1+€)) . (30)

Its is proved in a discrete manner, using Lem. 2.13. See Ap-
pendix D.

As is always with the Hoare-style logics, invariant discovery is
the hardest part in SPROC type derivation. In this example we
discovered the invariants T, jny, Te.iny by solving the recurrence re-
lations derived from the program. This is a totally discrete business.

7. Conclusions and Future Work

Starting from a familiar framework of a stream processing language
SPROC, its Kahn-style denotational semantics and a type system as
a program logic, we extended it with a constant dt and obtained
a framework for hyperstreams. Translation of signals into hyper-
streams enables us to use deductive verification in SPROC® for
certain safety guarantees of signals. The logical infrastructure of
NSA provides the framework with a rigorous mathematical basis.

Some directions of future work are mentioned in the related
work part of §1; here we add a couple. In this paper we have made
one discretization technique (namely discrete sampling) “hyper”
and thus exact. We are interested in use of NSA in other discretiza-
tion techniques such as the Fourier transform.

Type inference for SPROC is future work. Due to its character
as a program logic, the situation would be much like with Hoare-
style logics: even type checking (i.e. proof search) would be unde-
cidable; and the biggest challenge would be in invariant discovery.
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