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Abstract

A recent line of work [lifts particular verification and analysis meth-
ods to Software Product Lines (SPL). In an effort to generalize such
case-by-case approaches, we develop a systematic methodology
for lifting program analyses to SPLs using abstract interpretation.
Abstract interpretation is a classical framework for deriving static
analyses in a compositional, step-by-step manner. We show how
to take an analysis expressed as an abstract interpretation and lift
each of the abstract interpretation steps to a family of programs.
This includes schemes for lifting domain types, and combinators for
lifting analyses and Galois connections. We prove that for analyses
developed using our method, the soundness of lifting follows by
construction. Finally, we discuss approximating variability in an
analysis and we derive variational data-flow equations for an exam-
ple analysis, a constant propagation analysis for a simple imperative
language.

Categories and Subject Descriptors D.2.4 [Software Engineer-
ing]: Software/Program Verification; F.3.2 [Theory of Computa-
tion]: Semantics of Programming Languages —Program Analysis

General Terms Languages, Theory, Verification

Keywords Software Product Lines, Verification, Static Analysis,
Abstract Interpretation

1. Introduction

The methodology of Software Product Lines (SPLs) [10] enables
systematic development of program families by maximizing reuse
in order to decrease development cost and time-to-market. The SPL
method has grown in popularity over the last 20 years, especially in
the domain of embedded systems, including safety critical systems
with stringent quality requirements on produced code.
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While program families can be implemented using domain
specific languages and general purpose model transformation [19,
45], often it is possible to use simpler methods that are more
easily amenable to testing and analysis. The most popular [31]
implementation method relies on a simple form of two staged
computation in preprocessor style: the programming language used
(often C) is enriched with the ability to express simple compile
time computations (often C preprocessor). At build-time, the source
code is first configured, a variant describing a particular product is
derived, and only then is this variant compiled or interpreted.

In this two-stage process the compiler handles only the second
stage artifacts—the code of the actual product variant. Consequently,
all its static analysis mechanisms (such as type checking, data and
control-analyses) do not analyze the entire program source code,
but only the variant specialized for a particular product. This is
sufficient for analyses that aim for program optimization, but entirely
unacceptable for analyses that aim at identifying program errors.
Often, it is not feasible for the vendor shipping the code to analyze
each of the variants separately, due to a combinatorial explosion
of the number of products. For example, if variability is used to
provide personalization of software for various users, it suffices
to have 33 independent features to yield more configurations than
people on the planet (23%). As little as 320 optional features yield
more configurations than the number of atoms in the universe. Now,
the Linux kernel code base contains more than 10,000 configuration
options [4]. The problem is particularly burning when runtime errors
remain disguised because exhaustive analysis is not possible.

In the last decade, many existing program analysis and verifica-
tion techniques have been lifted to work on program families leading
to the emergence of so-called family-based analyses [47] (see the
related work section for discussion of some of these). The main ad-
vantage of these analyses is that they do not work in two stages, but
analyze the entire code base—all configuration variants at once—at
a cost much lower than the accumulated cost of analyzing each of
the product variants separately.

Unfortunately, along with the growth of the collection of avail-
able lifted analysis methods, a more fundamental worry became
increasingly clear: does the variability challenge require redevel-
opment of the entire language and compiler engineering theory?
In response, the industry initiated standardization efforts to codify
common understanding of what variability in languages is (for ex-
ample [29]). In research, a number of papers have started to appear
that tackle the more fundamental question of “what is variability in
a programming language?” [23, 24].

As part of this larger effort, we attack the problem by developing
a systematic understanding of (1) how a single program analysis
relates to the lifted analysis, (2) how programming language defini-



tions (including semantics) are enriched with variability and (3) how
a program analysis developed formally for a single program can be
systematically lifted into a correct analysis for a set of programs.

We develop a systematic methodology for lifting single program
analyses using abstract interpretation [13]. Abstract interpretation
is a unifying theory of sound abstraction and approximation of
structures; a well-established general framework, which can express
many analyses (including data-flow analyses [13], control-flow anal-
yses [37], model-checking [16, 17], and type checking [11]). Our
method exploits knowledge about a single program analysis to obtain
a family-based analyses. The family-based analyses derived using
this method are not only sound, but also formally and intimately
related to their single program origins. The method is applicable to
any analysis expressible as an abstract interpretation. We contribute
the following:

e A gystematic method for compositional derivation of sound SPL
analyses based on abstract interpretation.

e Understanding of the structure of the space of family-based
analyses (how single program analyses induce family-based
analyses, and which of their abstraction components can be
reused at family level).

e Understanding of individual family-based analyses (in particular,
precisely where analysis precision is lost).

e Transfer of the usual benefits of abstract interpretation to family-
based analyses (for example, techniques for trading precision
for speed and methods for proving analyses to be semantically
sound).

e A step-by-step example-driven demonstration of how to derive a
family-based analysis.

We have deliberately chosen a tutorial style of presentation for
the introduction to systematic derivation of analyses (based on the
calculational approach to abstract interpretation [12], on which our
results are founded). For this reason, our results are postponed until
Section 4, after SPLs and systematic derivation of analyses have
been properly introduced (Sections 2 and 3). We hope that this
presentation style maximizes the potential benefits of this paper
for the research community developing product line analysis tools.
We present a simple imperative language as the running example,
formalize its semantics, derive a constant propagation analysis, and
show how the whole derivation process and the resulting analysis
can be lifted to the family level for analyzing SPLs.

2. From Programs to Software Product Lines

We begin with settling the programming language that we want to
analyze. Then, we develop a formal understanding of its semantics
(as we aim at provably sound analyses). Finally, we introduce static
variability into the language, and into its formal semantics.

IMP Programs: Implementing Single Systems

We use a simple imperative language, IMP, as an example to
demonstrate abstract interpretation. In this paper, IMP impersonates
a regular general-purpose programming language, aimed at the
development of single programs (as opposed to program families).
IMP is a well established minimal language, used in teaching and
research. We give a brief account of IMP, referring the interested
reader to textbooks [41, 48] for more details. We stress that IMP is
the running example in the paper. However the presented systematic
methodology is not limited to IMP or its features.

Syntax. IMP is structured into two syntactic categories: expres-
sions (integer constants, variables, and binary operations) and state-
ments (no-ops, assignments, statement sequences, conditional state-
ments, and while loops). Its abstract syntax is summarized using the

g E(e,o) =w
KIP ASSIGN
(x:=e,0)—> o[x— ]
<507 U> - <567 UI>

(s0; 81,00 =803 s1,07)

(skip,0) —> 0

SEQ1

{s0,0) — o’

(s0 ; 81,00 = (s1,0")

SEQ2

E(e,o) = v#0
(if e then sg else s1,0) — {S0,0)

IF1

E(e,o0) =w v=0

IF2
{if e then sg else s1,0) — {(s1,0)

E(e,o0) =0 v#0

WHILE1
{while edo s,0) — (s ; while edo s,0)

E(e,o) = v=0
WHILE2
{while edo s,0) — o

Figure 1. Small-step structural operational semantics for IMP

following context free grammar:

e = nlx|e®e

s = skip | x:=e | so; s1 |

if e then 5o else s1 | while edo s

In the above, n stands for an integer constant, x stands for a variable
name, and @ stands for a binary operator. The precise choice of
available operators is immaterial for the remainder of the paper. We
denote by Stm and Exp the set of all statements, s, and expressions,
e, generated by the above grammar.

Semantics. A state of an IMP program is an abstraction of memory
storage (a store) mapping variables to values (integer numbers). We
write, Store, to denote the set of all possible stores. IMP expressions
are computed in a given store, denoted by o below. A function, &,
defined below by structural induction, maps an expression and a
store to a value, thereby formalizing evaluation of expressions.

& : Exp x Store — Val
E(n,o)=n
E(x,0) =o(x)

E(eo@ e1,0) = E(eo,0) D E(er,0)

Figure 1 presents a small-step structural operational semantics for
the language. Following the convention popularized by C, we
model Boolean values as integers, with zero interpreted as false
and everything else as true (see rules IF2 and WHILE2, respectively,
IF1 and WHILE1). Note the two types of rules: the typical small-
step rules (for instance, SEQ1 or SEQ2), which rewrite a complex
statement into a simpler one, possibly updating the store; and the
completion rules which execute a statement to completion producing
a new store (for instance, SKIP or WHILE2).

Val = Z
Store = Var — Val

Product Families: Lifting IMP to Staged Computation

Implementation of SPL Architectures [10] relies on the existence
of a variability mechanism [19] that allows early, or staged, config-
uration of program functionality (i.e., ability to configure program
behaviour at build time or compile time). This way, a single program
can encode multiple variations of a software product, maximizing
code reuse. An individual product is derived by specializing the
multi-staged program at product derivation time, before it is built.



P[[skip]], = skip
Plx :=ef], =x:=¢
P[lso 5 s1lly = Pllsolly s Pllsill,
P[[if e then sg else s1]],, = if e then P[[so]|, else P[[s1],
P[[while e do s]|,, = while e do P[[s],

{P[[s]]k ko

Pl#if =
[#1£ sl skip k@

Figure 2. Preprocessor from IMP to IMP for configuration, k.

A simple form of two-staged computation involving a C-style
preprocessor is the most common variability mechanism in prac-
tice [31]. We will now lift IMP from describing single programs to
program families, admitting two-staged computation in this style.

The compile-time computation is controlled by a product con-
figuration k—a set of product features that should be included in
the build process. A finite set F of Boolean variables, f, describes
available features, f € F. A configuration, k, is a subset of selected
features: k < F. We write K for the set of all valid configurations.
We only consider valid configurations in the remainder of the paper.

The set of legal product configurations is typically described by
a feature model [30] or a configuration model in another similar
notation [4, 21]. The results of this paper are independent of the
choice of configuration language syntax representing the set K,
as we are concerned with mathematical proofs more than with
implementation details (so the set-theoretic view is simple and
convenient). In practice, syntax of feature models can be easily
related to sets of valid configurations [3]. An exhaustive account of
feature modeling and domain modeling can be found in [19].

Syntax. The programming language IMP is our two-stage ex-
tension of IMP. Its abstract syntax includes the same expression
and statement languages as IMP, but we add a new compile-time-
conditional statement, with keyword #if. It takes a condition over
features () and a statement (s) that should be executed (included in
the product) if the condition is satisfied by the product configuration.

s n= .| #if s

o u= feEF | —p | oA
We also add a syntactic category of Boolean expressions (¢) to write
compile-time propositional logic formulae over features. We write,
FeatEzp, for the set of all Boolean expressions over features, and
Stm for the set of all statements of IMP. To stress the variability
aspect, we will sometimes write 3 to denote a statement from Stm
(despite the notational overhead). The set of expressions Exp remains
the same as for IMP.

Observe that adding preprocessor directives to the abstract syntax
of IMP was essentially a mechanical transformation of the grammar
that will look similar for other, more complex languages.

Semantics: From IMP to IMP. IMP’s semantics has two stages:
first, given a configuration k£ compute an IMP program for a given
product variant; second, execute the IMP program using regular
IMP semantics. Below we present the first stage of IMP’s semantics.

We capture the meaning of static conditional expressions over
features using a satisfiability relation, = € K x FeatExp, between
configurations and Boolean expressions:

ke f iff fek
ke=—p iff kEp
kEwonpr iff EE@oAkE@r

IMP uncomputable ~, COmputable
program analysis analysis
e ———> 0 Galois connection Galois connection [ ]

collecting semantics

aq o

Figure 3. An overview of the abstract interpretation process.

The semantics of the first stage of the computation—a simple
preprocessor from IMP to IMP, is specified by the function P :
Stm — K — Stm in Figure 2. The semantic function P recursively
pre-processes all sub-statements of its input. The last case checks
whether a feature constraint is satisfied and, if so, it includes the
guarded statement. Otherwise it reduces to skip, which has the
effect of removing the guarded statement. Again, observe that the
above rules are independent of the semantics of IMP, so specifying
the semantics of the preprocessor is essentially a mechanical process.

3. Systematic Derivation of Analyses

In this section, we assume familiarity with partial orders, com-
plete lattices, monotone functions, fixed points, and the fixed-point
theorem. Appendix A summarizes these concepts.

We leave IMP aside for a few pages and work only with single
programs and IMP in the following. We will systematically derive
static analyses for IMP in a step-by-step compositional manner,
using abstract interpretation. We include this section for pedagogical
purposes. An analysis designer working with an existing language
and analyses for which the abstract interpretation setup exists, would
not need to do the work presented here. Instead, she would start right
away with lifting the analyses to the family-based setting, following
the steps outlined in Sect. 4.

We first introduce a so-called collecting semantics for IMP,
which is the starting point in abstract interpretation. A collecting
semantics takes a program as an argument and then defines how
to “collect” information of interest in the given program. It can
be seen as an analysis that does not introduce any imprecision (no
approximation). Such an analysis is obviously uncomputable—it
cannot be computed statically. Then, we introduce the notion of a so-
called Galois connection—a pair of functions capturing information
loss between two domains. Finally, we demonstrate how to combine
collecting semantics and Galois connections to derive approximate,
albeit computable analyses, which can statically determine dynamic
properties of programs. An overview of this derivation process is
shown in Fig. 3. We use a constant propagation analysis for IMP as
the running example.

The process assumes that we have a semantics for our language
(cf. Fig. 1), and define a compatible collecting semantics. A col-
lecting semantics mimics the behavior of a structural-operational
semantics, but with one important difference. Instead of working on
stores, it works on sets of stores. In other words: our property of in-
terest is the possible memories (modeled as a set of stores) that may
arise at each program point. Furthermore, unknown program input
can be modeled as any possible input (the set of stores in which a
dedicated input variable can take on any run time value). Finally, the
set of stores is naturally ordered under the subset ordering, <. In this
way, the collecting semantics can already be thought of as a fully
precise (but uncomputable) analysis. Then the actual computable
analyses can be defined as approximations of this semantics.

The collecting semantics for IMP is given in Fig. 4. Going from
the semantics to the collecting semantics is straightforward. The
function C[[s]] captures the effect of executing statement s on a
set of input stores, by computing the set of possible output stores



C[[skip]] = Ac.c
Cllx :=e€]]l = Ae. {o[x = v] |cec A vele]l{c}}
Cl[so 5 s1]l = C[[s1]] o C[[so]l
C[[if e then sg else s1]] = Ac.C[[so]l{o € ¢ | 0 ¢ C'[[e]l{o}}
uCl[s1ll{oc € ¢ | 0 € C'[[e]{o}}
C[[while edo s]] = lfp A®. Ac. {o € ¢ | 0 € C'[[e]l{o}}
U a(Clsl{o € | 0¢C'[el{o}})
C'[n] = Ac. {n}
C'l[x]) = Ae. {o(x) | o € ¢}
C'MTeo®er]l = Ae.{v |ve{vo} @ {vi} A cEC A
vo € C'[leo]l{c} A v1 € C'[ei]l{o}}

Figure 4. Collecting semantics for IMP where we have that C[[s]] :
QStore — QStore and C'[[e]] . 251‘,07”6 — 2Val.

(memory contents after executing s). For instance, since the SKIP
rule (cf. Fig. 1) does not modify the store, the corresponding case
in the collecting semantics function becomes the identity function
on sets of stores: Ac. c. The if case results in the union of the effect
from the two corresponding rules (IF1 and IF2) with a contribution
from so (for the stores where the condition evaluates to a non-
zero value) and one from s; (for the stores where the condition
evaluates to zero). The only slightly more complex case is that
of the while statement which is now given in a standard fixed-
point formulation (see Appendix A). The case similarly combines
the effects corresponding to the two rules (WHILE1 and WHILE2)
although with an application of ® to capture additional iterations
of the loop. Observe, that the subordinate function C'[[e]] does the
same exercise for expressions. The symbol, @ , denotes lifting of
@ to sets—an operator that produces a set of possible values of the
expression for each combination of arguments from argument sets.

The collecting semantics captures precisely all executions of
the structural operational semantics (SOS). Whenever a store is
reachable by derivations of the SOS, then it is included in the
corresponding denotation of the collecting semantics (and vice-
versa). Formally:

Theorem 1 (Correctness of statement collecting semantics).
Vs e Stm,ce 25 . Cllslc = {o’ | o € c A (s,0) =% o'}

Importantly, given a statement, s, our collecting semantics C[[s]] :
gStere _, 987 and in particular the fixed point functional of the
while rule:

AD. . {oec | 0eC'[e]l{o}} u ®(C[[s]l{oec | 0¢C el {o}})

are now monotone functions over complete lattices (see Appendix B
for proofs). By Tarski’s Fixed-Point Theorem, they admit a unique
least fixed point (cf. Appendix A). However, since these lattices have
infinite height, it is not guaranteed that we can compute a fixed-point
in finite time. Indeed, by reduction from the halting problem: if this
analysis was computable, we would be able to decide whether an
input program terminates by comparing the resulting store to lattice
bottom. Since IMP is a Turing complete language, this cannot be
the case; hence, the analysis must be uncomputable.

A Galois connection is a pair of functions, « : C — A and 7 :
A — C (respectively known as the abstraction and concretization
functions), connecting two partially ordered sets, (C, <) and (A, =)
(often called the concrete and abstract domain, respectively), such
that:

VeeC,aeA: alc)Ca < c<v(a) (1)

< C
<Cv \> concretization <A’ _>
abstraction
concrete abstract
domain domain

Figure 5. A Galois connection between a concrete, {C, <), and an
abstract domain, (A, =), connected via an abstraction, a : C — A,
and a concretization function, v : A — C.

which is often typeset as: (C, <) <= (A, ). Figure 5 illustrates
a Galois connection graphically. For a concrete domain C, we define
abstraction and concretization functions to and from a more abstract
domain A, where information has been abstracted away. Later we
will use the Galois connections to approximate an uncomputable
analysis formulated over C with a computable analysis formulated
over A.

The seemingly innocent concept has a number of important
properties [14]:

(i) «a is monotone: i.e.,c < ¢ = a(c) E a(c), forall ¢, € C;

) E
(i) vy is monotone; i.e.,a E a’ = y(a) < y(a'), forall a,a’ € A,
(iii) v o v is extensive; i.e., ¢ < (yo a)(c), forall c € C;
(iv) « o~ is reductive; i.e., (a0 y)(a) E a,foralla € A;

(v) If A and C are complete lattices, then « is a complete join
morphism (CIM), i.e.,

a(U c) = |_| a(c)

ceC ceC
where U and L represent lattice joins in C and A, respectively.

(vi) The composition of two Galois connections is itself a Galois
connection (closure under composition):

(€053~ B =500
= (C, <)

A5

Due to this last closure property, abstraction can be split into
several steps by composing successive Galois connections that
incrementally abstracts away information. Indeed, we will do exactly
that in the derivation of a computable constant propagation analysis
for the IMP language. Collectively, properties (i)—(iv) are equivalent
to (1). Hence to test whether two functions form a Galois connection
one can either check (1) or check properties (i)—(iv).

Let us now return to our IMP example and show how to use
a Galois connection to abstract away information yielding a less
precise analysis (although, in this case, still intractable).

Recall that the collecting semantics of a statement s works on
sets of stores: it transforms sets of stores to sets of stores, cf. the
signature 25" — 25" of C[[s]] in Fig. 4. Figure 6 defines a Galois
connection to abstract away information from sets of stores to multi-
valued stores, so from 257 = 2% =%l o Var — 2% Multi-valued
stores are less precise than sets of stores, because they lose rela-
tional information about the values of different variables. Consider
the (concrete) store set, ¢ = {[z—1, y—2], [z—2,y—1]}, as an
example. The abstraction function, acs, abstracts the store set ¢ into
b = acs(c) = [—{1, 2}, y—{1,2}]. Like most path-insensitive
program analyses, which merge and abstract away analysis infor-
mation at control-flow confluence points (e.g., where then joins



2Var~>Val C> <B = Var — 2Val7 g>

c(b) = {o|Vz:o(z)eb(x)
acg(c) =Az. {o(x)|oec}

Figure 6. Galois connection between domains, C and B:
(Var — 2% &,

<2Var—>Val C>

abstract

concretize

Figure 7. Abstract domain function, ' = avo foy : A — A,
derived from a concrete domain function, f : C — C, via a round-
trip in the Galois connection.

else), our abstract store b, will now have “forgotten” which values
of variable x go with which values of y. Now if the next statement
computes, say, multiplication x * y, the analysis will conservatively
over-approximate the set of possible values to {1, 2, 4}, admitting
spurious values, 1 and 4, in addition to the precise answer: {2}. The
approximate response is bound to include the precise answer; in
other words, we have a sound analysis: {2} < {1, 2, 4}.

Not only values can be abstracted from C to A. In fact, also
functions defined on the concrete domain, f : C — C, can be
abstracted to work on the abstract domain, o foy = F : A — A.
Figure 7 illustrates this process which transforms an argument,
a € A, in three simple steps: (1) concretize a, y(a) € C; (2) apply
[ (f ov)(a) € C; and (3) abstract the result, (aco f oy)(a) € A.
Also, if f is monotone, then its composition with a monotone « and
~ is monotone. In general, any monotone over-approximation of the
composition is sufficient for a sound analysis.

In our case, we derive from, C[[s] : 2" % — ,a
function working on the abstracted domain, acs o C[[s]] © vsc :
(Var — 2%y — (Var — 2"). This step is crucial—we use the
Galois connection to derive a more abstract semantics (and thus a
more approximating analysis) from the less abstract semantics (here
the collecting semantics). Let us elaborate on this.

Cousot and Cousot [13] observed that even fixed points transfer
from C to A. If (C, <) == (A, E) is a Galois connection whose
domains, C and A, are complete lattices and, f, is a monotone func-
tionon f : C — C, then by the fixed point transfer theorem [13]:

allfpf) = UfpF = lfp F*

2 Var— Val

where F = a0 f o~ and F# is some monotone, conservative
over-approximation of F'; formally: F = F'# (i.e., Va€A : F(a) C
F#(a)). Note that F represents the best possible function over the
chosen abstract domain [14]. The above version of the fixed point
transfer theorem still lets us approximate the desired fixed point.
Under the stronger assumption that o o f = F' o « then a stronger
version of the theorem guarantees that no approximation of the fixed
point is taking place: a(lfp f) = lfp F' [13].

The approach to abstract interpretation adopted in this paper,
known as the calculational approach [12], advocates simple alge-
braic manipulation to obtain a direct expression for the function, F’

Bl[skip]] = Ab. b
B[[x :=e]] = \b. b[x — B'[[e]|b]
Bllso 5 s1ll = Bl[s1]] © B[[so]l
B[[if e then sg else s1]] = Ab. B[so]lb U B[[s1]]b
B[while e do s]| = lfp A®. Ab. b U ®(B[[s]]b)

B'[n] = Ab. {n}
B'[x]] = Ab. b(x)
B'[leo ® e1]] = \b. B'[[eo]]o ® B'[[e1]]b

Figure 9. Systematically derived over-approximated abstracted
collecting semantics, B[[s]] : (Var — 2"') — (Var — 2") and
B'[e] : (Var — 2%) — 2"al

<2Val7 g>

{Const, =)

Yas(a@)=Az. y(a(z))

aga (b)

AL

apa(b)=Az. &(b(x))

(B = Var — 2", &) (A = Var — Const,C)

Figure 10. Galois connection: (2" ) % {Const, =) (top
«

diagram) along with its pointwise lifting (bottom diagram):

(Var — 2% & «—= (Var — Const, =).

(if, indeed, it exists); or, a sound approximation thereof, F* . It is
thus a systematic (as in “pen and paper”) rather than automatic (as
in “computer generated”) approach for deriving analyses.
Returning to our example, we now apply these ideas to our IMP
analysis to obtain a direct expression for an over-approximation of
acs © C[[s]] © ysc which we henceforth abbreviate, B[[s]]. Figure 8
illustrates how this may be done for the if case. Notice, how
additional approximation is introduced (highlighted in boldface).
If we repeat this systematic derivation process for all the remain-
ing cases, we can derive the over-approximated abstracted collecting
semantics, B[[s]], shown in Fig.9 (where the case for if was the
one we derived in Figure 8). Formally, B is related to C as follows:

Theorem 2 (Soundness of approximate statement semantics).
Vse Stm,beB: (acs o C[[s] o vsc)(b) € B[[s]| b

(See [39], for proof.) This is now starting to look like a conventional
static analysis. However, it is still intractable. The program:

x := 1 ; while (1) x :=x + 1

will give rise to an infinite multi-valued abstract store b = [z —
{1,2,3,...}]. Our next Galois connection will remedy this in ab-
stracting our abstract domain, Var — 2", even further into a domain
with finite height, thereby guaranteeing an analysis computable with
a Kleene fixed point iteration.

Figure 10 presents a Galois connectlon between B = Var —

and A = Var — Const, (B,C) —= l, (A, ), for abstracting

the multi-valued store domain even further to a pointwise lifted

2Val



(cues © C[[if e then sg else s1]] © vac)(b)

= (acs o (Ae.C[soll{o e ¢ | 0 ¢ C'[[ell{o}} u C[[s1]l{o € ¢ | 0 € C'[[e]{o}}) © Vsc) (D)
= aca(Cl[soll{o € vac(b) | 0 ¢ C'[[ell{o}} w C[s1Tl{o € vac(b) | 0 € C'[[e]l{o}})
= ac(Clsoll{o € ac(®) | 0 ¢ C'[lel{o}}) O aca(Cls1ll{o € vuc(b) | 0 € C'[[e]l{o}})

< acs(Clsol(vsc(0)) U acs(Cls1T(vsc(b)))

= (s 0 Cllsoll 0 vse)(b) U (s © Clls1]l © yuc) (b)
S B[sollb U B[s1]b

= B[[if e then sg else s1]|b

(start of derivation)

(by def. of C, Fig.4)

(B-reduction)

(caxep is a complete join morphism, p. 4 (v))
(over-approximation: C and a.cg monotone)
(by def. of function composition)

(by inductive hypothesis: g © C[[8:]] © yac S B[[s4]], twice)
(by def. of B)

Figure 8. Systematic derivation of over-approximating semantics, B[[s]] : (Var— 2") — (Var —2""), for if, by abstracting collecting
semantics, aeg 0 C[[s]] © ysc. Operators, U and <, are extended to functions: f U g = Az. f(z) U g(z) and f S g = Vz. f(z) < g(z).

W

3727 -1

J

Figure 11. The constant propagation lattice: {Const, =) with L as
its least upper bound operator (aka., join).

Allskip]] = Aa.a
Allx :=e]] = Xa.a[x — A'[[e]la]
Allso ;5 s1]] = Alls1] o Allso]l
A[[if e then sg else s1]] = A[[so]] 1 A[[s1]]
Al[while e do s]] = lfp A®. Aa. a 1 ®(A[[s]a)

A'[[n]] = Aa.n
A'[x] = Aa. a(x)
A'leo @ er] = Aa. A'[[eo]la® A'[le1]a

Figure 12. Constant propagation A[s]| (Var—Const) —
(Var—Const) and A'[[e]] : (Var—Const) — Const.

constant propagation lattice (see Figure 11). If we now repeat the
systematic derivation steps analogous to the steps of Figure 8 on the
further abstracted analysis, aga © B[[s]] ©yas, We can finally derive a
computable constant propagation analysis as an over-approximation
of aa 0 B[[s]] © vas, which we call A[[s]]—see Fig. 12. We show
the derivation steps for the conditional statement in Fig. 13.

Since operators are functions, they too get abstracted by our
Galois connection. Recall that our example uses @, the point-
wise extension of the binary operator @, defined as Vo @ Vi =
{vo @1 | vo € Vo A v1 € V1}. The abstract counterpart, &, can
be calculated by following the same recipe: &(5(V) ® (V') =
V & V', i.e., by concretizing its arguments, performing the corre-
sponding concrete operation, and finally abstracting the outcome.
The resulting abstract operator, @, can be computed effectively (in
constant time) for all concrete binary operators:

1L ifvy=Lvovr=1
Vo @ V1 = n
T otherwise

if vgo =np A v1 = n;, wheren = no @ n;

Finally, we write, U, to denote the pointwise join in the Var —
Const lattice: ap a1 = Ax.ao(x) w a1(x). This operator is then
further lifted pointwise: f (i g = Aa. f(a) U g(a).

(aupa © B[[if e then sg else s1]] © vas)(a)
= (aga © (Ab. B[[s0]lb U B[[s1]]b) 0 vas)(a) (by def. of B, Fig.9)
= aps(B[soll(vas(a)) O Bl[si](vas(a))) (B-reduction)
= apa(Bllsoll(vas(@))) U apa (B[s11(vas(a))) (s isa CIM, p.4 (V)
= Af[sofla 1 A[s1] a

= A[[if e then sp elsesi]|a

(start of derivation)

(by inductive hypothesis, twice)
(by def. of A)

Figure 13. Systematic derivation of A[[s] from aa © B[[s]] © Yas
for the if case.

A L
[skip Doy = Iskip I,
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[x :="ell,, = [x :=" ell,,[x = A'[ell[x :=° €]l;,]
I3 e L £
(50”57 51" Toue = M52 Noue
£ 14
51 T = [50° Noue
£ £ e L
[s°Thin = [[s° 5° 51" I
.ol £ £ 14 . 14
[if" e then s® else 51" [lo = [50° Houe 1 [157* Noue
[[séo]]in = [[ifz e then séo else s‘il]]in
[[sfl]]in = [if’ e then séo else sfl]]in
[while® e do seoﬂout = [Islo]]in

[[SZO]LH = [[while’ e do SZO]]in o [s‘o

out

Figure 14. Data-flow equations for constant propagation of Fig. 12

Since our domain now has a finite height, we have a tractable
analysis. Indeed our example program from before gives rise to a
finite abstract store, a = [z — T]. Also, as a byproduct of the
calculation, the analysis is provably sound:

Theorem 3 (Soundness of statement analysis).
Vse Stm,a € A: (ags o B[[s]| ovas)(a) E A[s] a

Notice again how this follows the recurring a-y composition pattern.
Also, Thm. 3 composes with the result of Thm. 2 yielding soundness
of the analysis not only with respect to the approximate semantics
B, but also with respect to the original collecting semantics C.

We may choose to implement the analysis in Figure 12 directly.
Since the collecting semantics was compositional so is the resulting
analysis, i.e., the analysis of straight-line code is straight-line
(without fixed point computation), only loops require local fixed
point computations. We may use Kleene’s Fixed-Point Theorem to
calculate these iteratively (cf. Appendix A).

To extract corresponding data-flow equations we assume the
individual statements have been uniquely labelled with labels, /,
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Figure 15. Abstract interpretation of programs (bottom line) along
with lifted “variational abstract interpretation” of SPLs (top line).

to distinguish the individual flow to and from them and adapt A
to work over these. The corresponding data-flow equations are
shown in Fig. 14. Again the transformation from Fig. 12 to Fig. 14
is essentially mechanical. For each statement s° (program point) we
generate two flow variables [s‘]);, and [s‘],, for the input and
output store, respectively. Then for each statement we simply write
down that the input and output variable are related by an expression
of the right-hand-side of the corresponding domain transformer in
Fig. 12, where the input variable is substituted for the parameter,
and the output variable for the value of the function (the same could
be done for all expressions, but for brevity we refer directly to
the semantics of expressions in Fig. 14). Observe that in the while
equations the fixed point operator is stripped, and the value of the
output variable is used for the recursive reference. The iteration used
to compute the analysis result using these equations will handle the
fixed point in the while rule at the meta-level. The iteration starts
from the bottom value of the semantic domain assigned to all flow
variables (if we disregard input), and stops when a fixed point is
reached. Formally, a solution to the data-flow equations is sound
with respect to the derived analysis:

Theorem 4 (Soundness of data-flow analysis). For all st, such that
[T [5°T,,. satisfies the data-flow equations:

¢ ¢ sl
A[[S ]]([[S ]]in) E [[S ]]out

The resulting constant propagation analysis is the same as the data-

flow analysis presented in, e.g., [6], but with one crucial difference;

it has been systematically derived using the abstract interpretation

framework, resulting in a provably sound analysis.

4. Systematic Derivation of Analyses for SPLs

We are now ready to discuss how the analysis obtained in Sect. 3
can be effectively lifted to work on Software Product Lines—
the variational abstract interpretation for systematic derivation
of analyses for SPLs. Figure 15 presents and relates the abstract
interpretation of single programs and program families. The bottom
part of the figure shows the derivation process for single programs
presented in Sect. 3 (see also Fig. 3). The top part shows the same
derivation process only lifted to work on SPLs. This top line of
the workflow requires deriving the collecting semantics for the
language with variability (in our example IMP), and repeating the
same abstraction steps as before at the level of program families.
However, if we did this, we would almost completely ignore the
artifacts accumulated during creation of the single program analysis!
The core idea of the variational abstract interpretation is that the
analyses at the single program level can be systematically lifted to

S

s
I

| | generate-and-analyze:
| \D sk =Pi[[S]] (generate)
y |2 then A[lsx]| (analyze) |

Figure 16. Generate-and-analyze vs. lifted analysis.

work on the family level without rerunning the entire derivation
process: you arrive at the same, provably sound lifted analysis by
commutation of the diagram.

The final constant propagation A can be lifted to family-based
constant propagation A by applying a lifting combinator (liff) to
A and performing simplifying calculations. In the following, we
discuss how this is done in detail and obtain a correctness result.
We show how the domains of analyses, the analyses themselves
(the transfer functions), and the Galois connections are lifted to the
family level. Two kinds of upward arrows (dashed and dotted) lift
us from the single program world to the program family world in
Fig.15. There is a dashed upward arrow for lifting analyses, e.g.
A[ls] : A — A s lifted to A[[3] : (A — A)%; and a dotted
upward arrow for lifting Galois connections: C = B is lifted

— lif(yv)  — . . .
to C T B. In the following we explain the meaning and
lift(a
interaction of these arrows.

4.1 Lifting Domains

We first lift the semantic domains. Recall that K denotes a finite set
of valid configurations. A domain, (C, £), is lifted to a variability
domain, (C, =), by taking C to be C* (i.e., a tuple of |K| copies
of C, one for each valid configuration), and lifting the ordering =
configuration-wise; i.e., ¢ £ ¢ =4 forall k € K : mu(c) ©
71 (T'), where 7y, selects the k™ component of a tuple.

4.2 Lifting Analyses

The lifted domain representation, A = A¥, and Fig. 15 suggest that
the lifted analysis, A, should be one complex function from A
to A®. However, it turns out that using a tuple of |K| independent
simple functions, (A — A)¥, is a much better alternative. This
models our intuition that lifting corresponds to running |K| analyses
in parallel. Functions of type (A — A)¥ are essentially a well
behaved subset of functions from A¥ to A¥—namely those, for
which the &™ component of the function value only depends on the
k™ component of the argument. This warrants no problems with
interference between configurations, which is critical for correctness
of lifting.

To help readability, we introduce notational conventions that
allow using tuples of functions, as if they were functions on tuples.
We admit direct application of tuples of functions to tuples of
arguments: if f : (A — A)¥ is a tuple of functions indexed by
of K, we write f(@) to mean the tuple of |K| values created by
applying each function to the corresponding argument in the tuple
of arguments: [, .- 7 (f) (7% (@)). Similarly, we overload the A-
abstraction notation, so creating a tuple of functions looks like
creating a function on tuples: we write A@. | [, i f(7x(@)) to mean
[Thex Aar-f(ar).

The straightforward way of analyzing a configuration, k, of an
SPL, 3, using a conventional single-program analysis, A, is to first
generate product, s, = Py [[S]], using the preprocessor; then, analyze



lift(A)[if e then sg else s1]|
= )\a. l_[ A[[P[[if e then sg else s1]|, [ (7 (a))

keK

(by def. of lift)

= \a. H A[[if e then P[[so]], else P[[s1]], [|(7mx(@)) (by def. of P)

ke
= )\a. Q((A[[P[[so]]k]] 3 A[P[s11 1) (s (@) (by def. of .A)
= \a. QAHPﬂsoﬂkﬂ(Wk(a)) U A[PLs1], 1 (k@) (by def. of &)
= xa. [ [ mx(Allsoll@) o mx (Al[s1]l@)  (by inductive hypothesis, twice)
= \a. ;Esoﬂa O Alls1Jla (by def. of )
= Allso]l & Alls1] (n-reduce)

A
Z[[if e then sg else s1]| (by def. of A)

Figure 17. Deriving lifted constant propagation, A = [ift(A), for
conditional statements: if e then sg else s1.

the generated product, sk, using the conventional analysis: A[[sk]).
This two stage process is depicted in Fig. 16 (cf. arrow labeled
generate-and-analyze). However, it only analyzes one configuration
of the SPL (the arrow ends up at the bottom part of Fig. 16).

To lift the analysis to the family level, we need to execute A
for each of the valid configurations. Simply applying an analysis
to all configurations, yields the formal specification of the lifting
combinator for analyses. If A[[s]] : A — A is a single analysis
function, then we require that its lifted version A[[5]] : (A — A)¥
satisfies the following:

A[s]) = Aa. | [ A[P[5], ] (rx (@) (@)

keK

The equation stipulates that running the aggregate analysis .4 must
be equivalent to running the original analysis A for each variant
separately, after deriving it using the preprocessor P. An analysis
A satisfying (2) transforms a lifted store, @ € A = A¥, into
another lifted store, @’ = [ [, x A[P[s]l,]7x(a), of the same
type. In other words, A is a transformer between aggregated state
of all configurations on entry to a given program point to a set of
aggregated states of all configurations on the exit from that point.
This specification of lifting works for any single program analy-
sis, not just for constant propagation. We formulate it as a general
analysis-independent and language-independent combinator.

Definition 5. The generic lifting of analysis, X : X — X, working
on domain X, is:

() [s] = Ax [ XIPISTL ] (e (@)
keK

In Fig. 15 the dashed upward arrows represent applications of
the above lifting combinator. They transform an analysis function
(solid loop arrows at the bottom of the figure), to a family-based
analysis (solid loop arrows at the top).

Unfortunately, Def. 5 cannot be used as a direct definition of
analysis A as it still depends on the single program analysis. Imple-
menting A naively, directly following (2), would merely apply the
conventional analysis |K| times (one for each k € K). While this
would give the correct results, it is not what we wanted! We seek
an analysis that will analyse all configurations simultaneously. The
question is how to obtain a definition of A that is independent of
A, yet satisfies equation (2). To achieve this we simplify equation
(2), similarly to how we simplified the composition of analysis func-
tions with Galois connections. As such, our lifting is calculational
in nature, following the natural steps in abstract interpretation. If

A[[skip]] = A\@.a
Allx :=e]l = 2@ [ [ (7 (@) [x — 7 (A [e]l@)]

kek
Alls0 ; s1]] = Alls1] o Allso]l
A[[if e then sg else s1]| = A[[so]] & A[[s1]]
Al[while e do s]| = lfp A®. \a@. @ (s ®(A[[s]| @)

_ me(Alls]@) k=
A[[#if ¢ s]] = Aa.
[#if ¢ s]] kEK{

(@) k¥ o
A[n] = Aa. 1_[ n
keK
Alx]) = @ [ [ mr(@)(x)
keK

Alleo @ ex]l = Xa@. [ | mu(A'[[eo]la) & 7 (A [[e1]@)

kek

Figure 18. Lifted constant propagation analysis of IMP where,
A[3] : ((Var — Const) — (Var — Const))® and A'[le] :
((Var — Const) — Const)¥.
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Figure 19. Flow equations for lifted constant propagation of Fig. 18.

we perform the composition and simplify the resulting expression
systematically, we can eliminate the intermediate product generation
step and obtain a direct expression as shown in Fig. 18 (correspond-
ing to the top arrow in Fig. 16). It is essential to emphasize that this
calculation, when completed for all cases, actually proves a theorem
that the analyses specified in equation (2) and in Fig. 18 are the
same:

Theorem 6. The lifting of the constant propagation analysis is
correct in the sense of requirement (2), so lift(A) = A.

The equality sign in this theorem captures that lifting has
introduced no approximation: the family-based analyses obtained
this way are as precise as running the original analysis for each
configuration individually. In Appendix B we prove this theorem
for all three semantics. Here we briefly discuss it for constant
propagation. Figure 17 illustrates how the calculation is done
for conditional statements. In the fifth step we use the inductive
hypothesis, which here means applying the definition of /ift in the
reverse direction to structurally smaller statements. Note that the



pointwise join operator L1 defined in Section 3 is lifted to a join
over tuples, [, defined as @o s @1 = [ [, . 7 (@0) U 7 (a1). The
operator is then further lifted pointwise to functions, (i, as well.

The calculation looks similar for most other statements. The
while-case is however non-trivial, due to the need of lifting the
fixed point expressions. In particular, rather than to lift a fixed
point computation to a tuple of fixed point computations, we wish
to equate two fixed points. To do so, we define an abstraction,
which projects a particular k£ configuration entry, along with the
corresponding concretization function.

ak:AK—>A Wk:AHAK
_ _ a k=K
ar(a) =me(@)  w(a) = zﬂ«{T P

Such projecting abstractions are well known to be Galois connec-
tions. We then lift this Galois connection to a Galois connection
between monotone transfer functions [14]:

an (A A S AT A 4L (A A) > AR AR

aL(®) =aro® oy Vo (P) =y 0 P o ag
where we write X — Y for the domain of monotone function from
X to Y. Then we show that

as o (A®. \a.al1®(A[[s]la)) = (A®. Aa. ali®(A[P[s]l,]a)) o o

which we can use to transfer fixed points without needless approxi-
mation, using the stronger fixed point theorem (see Sec. 3).

a— (A[P[[while e do 5], ])
= a (A[[while e do P[[5],]) (by def. of P)
= Al[while edo P[[5]],]] (by above and stronger fixed point thm.)
= A[[P[[while e do 5], ]| (by def. of P)

We can now calculate the closed form for while loops in the same
style as for conditional statements (using the above law in one of
the rewrite steps). This proof method is independent of the transfer
function (here A). In Appendix H and I we use it to lift fixed points
for the other two semantics.

The resulting formulation in Fig. 18 no longer depends on A, but
specifies A directly. Just like in Sect. 3, we can use this formulation
to derive data flow equations. This is a fairly mechanical process
that results in the equations of Fig. 19 (compare to figures 18,
14). As shown in previous work [5, 6], this simplified version can
be implemented to run much faster than the naive approach. The
obtained data-flow equations are now variability aware and provably
sound:

Theorem 7. (Soundness of lifted data-flow analysis) For all s,
such that [ ||, [ |55 satisfies the data-flow equations:

Al I Tw) = 05" Do

An attentive reader may question if we obtained any aggregate
analysis here. After all, the specification in Fig. 19 appears to be
exponential in the size of the valid configurations. It is crucial
to understand that this mathematical specification for computing
aggregate analysis, is orthogonal to an implementation (including
choices of data structures). In particular for SPL analysis in practice,
many of the entries in the K-indexed tuples and transfer functions
will be identical (many program points are identical/act identically
for most configurations). Thus they can be executed and represented
efficiently, storing and running them once, instead of exponentially
many times. This is also the reason why the analyses in [5, 6] are so
efficient in practice.

1) = 7. [Texe (i (@)
C=ct e T ea-sg
lift(a) = X¢. [[pex (7 (€))

A

lift

W

@

Figure 20. Pointwise lifting of a Galois connection.

4.3 Many Routes to Family-based Analysis

If we wanted to consider correctness of the lifted analysis A using
the classical abstract interpretation approach, we should devise a
collecting semantics C and a Galois connection relating them. If we
wanted to follow the same incremental process as in Sect. 3, then
we would need a chain of Galois connections:

(€, &) <25 (B, &) =5 (A, L)

Qcp [23:7N

Then, we would have to compute A by composing these Galois
connections with C and prove that the resulting analysis is identical
to the lifting of A, so that the diagram in Fig. 15 commutes. A
detailed development taking this route is available in the extended
version [39]. But there is an easier route as we have just seen! Instead
of devising the collecting semantics at family level, C, and then a
sequence of Galois connections, we can obtain them all by lifting.
The transfer functions, including the collecting semantics, can be
lifted like in Sect. 4.3 (see [39]). We can lift the Galois connections
using a third combinator:

lifi(p) = Ad. [ [ o(me(d)) 3)
keK

Figure 20 illustrates the lifting of a Galois connection. By viewing
lift (over a tuple) as a pointwise lifting (to configuration accepting
functions) this is a well-known lifting of Galois connections [15].
This way, no invention of new analyses for the family level is needed.
Instead, all analyses can be uniformly lifted and composed. This
is by no means automatic, but it is systematic; it does not require
any design effort, as the original analysis is a sufficient source of
information for obtaining the family-based analysis.

The following theorem states that the result of lifting the final
single-program analysis is equivalent to lifting and recalculating all
intermediate steps. This result does not depend on any particular
analysis. It states that if a static analysis X[[s]] is obtained from a
more concrete analysis )[[s]] by applying a Galois connection and
simplifying (possibly with some approximation), then the lifting of
this analysis can be soundly obtained by applying a lifted Galois
connection to the lifting of ). Effectively, the diagram of Fig. 15
commutes. It is sound to develop the single program analysis and
lift it as in Sect. 4.3, instead of lifting the collecting semantics and
developing the entire analysis anew at the family level.

Theorem 8. Iffor all programs s we have that coY[[s]loy & X [[s]]
then also for each program s with variability

lifi(@) o lift( W)[5] o lifi(7) & 1ifi(X)[[s]]
Moreover, if no approximation is introduced during the derivation
of a single program analysis X (so that o o Y[[s]] = X[[s]] 0 @)
then the lifting introduces no additional abstraction at the family
level: lift(a) o lift(V)[[5]] = lift(X)[[3]] o lift(«x). With this general
theorem, the soundness for the example analysis now follows as a
corollary from Thm. 2, 3, 6 and 8:



Corollary 9 (Soundness). Forall' s € Stm:
lift(awaoacs) o ift(C)[[3]] © lift(vacoyas) E lift(A)[[5]] = A[[5]
4.4 Variability Relevant Abstractions

So far, we have argued that it is most practical to develop analyses for
single programs, and then apply our lifting combinator to lift their
definition to program families via a formal calculation. This process
appears most straightforward, but it has one disadvantage: all the
abstractions applied in the derivation of a single program analysis
are unaware of variability. This way it is impossible to abstract over
variability, which could sometimes be beneficial. For example, when
the configuration space is too large, it may be difficult or impossible
to represent lifted stores symbolically, so that they take little space
in memory. Variability abstractions can only be applied at the family
level: one needs an analysis formulated at the family level and then
apply the variability aware abstraction to it, in the very same way as
we applied usual abstractions on the single program level in Sect. 3.

Variability-aware abstractions can be plentiful. In this section
we show one example: an abstraction that ignores a certain subset
of features, presumably meant to have insignificant impact on the
analysis results. Let F' < [F be a set of features that we deem
relevant for the analysis. Then if k£ € K is a valid configuration,
kn F is a simplification of this configuration to relevant features
only. Let K be the set of valid configurations over relevant features
(0 Kp ={knF | keK}). Let (X, =) stand for any complete
lattice domain, which is lifted as usual, so X = X*. We write X
for lifting X to the set of valid configurations over only the relevant
features, so Xp = X“F. Both (X, =) and (Xr, =) are complete
lattices. Clearly since the latter tracks the analysis values for a
smaller set of configurations, it is a more abstract domain, thereby
collapsing more information. Indeed, one can formulate abstraction
and concretization functions between the two lifted domains:

ap(T) = H Ukexiig —knry T(T) “
kreKp
0 (@r) = [ [ 7knr) (@r) (5)

keK

It is easy to show (see [39]) that (X, =) ‘Z_—F> (X, C)is a Galois
connection. This Galois connection can be composed with any
family-based analysis transfer function to produce a version of the
analysis that is less precise regarding the set of valid configurations.
In particular, it could be composed with our constant propagation
analysis A. In the extreme case, if we ask for an analysis that is
insensitive to all features (so F' = (), we obtain an abstracted
analysis, which conservatively detects which values are constant
(same) in all configurations.

In general, the process of developing an analysis, which should
abstract variability, starts at a single program level (Fig. 15). We
recommend developing the analysis for single programs first, and
then applying lifting at a convenient intermediate step. After lifting
the intermediate analysis function, one can apply a variability
abstraction (for example (X, =) ‘% (Xr, ) presented above)

and then continue applying the 1ifting1; of the remaining abstractions
(Galois connections) to develop the final analysis. In simple words:
it is possible to switch the level in Fig.15 at a convenient point,
where abstracting over variability is beneficial for the design.

5. The Variational Abstract Interpretation Method

Let us summarize the methodology of developing analyses of
program families. The main purpose of this section is to highlight
the abstract steps and results of our method independently of the
IMP language. The first three steps are the traditional steps of
calculational abstract interpretation:

1. Develop formal operational semantics for your language.

2. Design collecting semantics for your language. Show equiva-
lence of the operational and collecting semantics. Steps 1-2 are
often given for existing established languages.

3. Specify a series of abstractions applied to the semantics in
the form of Galois connections and compose them with the
collecting semantics to obtain a single program analysis. The
calculation of compositions includes developing an inductive
proof that the resulting analysis is sound.

Once the single program analysis is establish we set off to develop
the aggregate family-based analysis:

4. Extend the syntax of the language with a preprocessor, and give
semantics to the preprocessor PP mapping syntactic constructs
with variability to syntactic constructs without variability.
Remark. The preprocessor may apply to all syntactic categories
of the language, and the language does not need to have any
particular flavour. In the example we only applied the preproces-
sor to statements, and IMP was an imperative language—these
choices were made purely for pedagogical reasons, and are not
restrictions of variational abstract interpretation.

5. Apply the lifting combinator /ift to the analysis calculated in

step 3 above.
Remark. In the paper we only applied /ift to transfer functions,
which were endofunctions. This is not a requirement. For exam-
ple, when lifting expression semantics, we had to lift functions
that given a store argument produce a simple value as a result
(see [39]). So variational abstract interpretation can be applied
not only to languages expressing computations (state transfers),
but also to others, for example constraint languages.

6. Simplify the resulting function to obtain a lifted analysis that is
formulated independently of the original single-program analysis
(prove theorem akin to Thm. 6)

7. Soundness of the lifted analysis at the family level now follows
from from combining the calculations in steps 3,6 with Thm. 8

For large configuration spaces it may be beneficial to include a
variability abstraction in the process:

1. Decide at which point in the design of single program analysis
the variability abstraction should be inserted. Compose the
collecting semantics and all Galois connections until this point
to obtain a partially specified analysis for single programs.

2. Apply the lifting combinator to the obtained analysis, and
simplify the result to obtain the partially specified lifted analysis.
As before, correctness follows from combining the previous
calculations and Thm. 8.

3. Lift the remaining Galois connections to program families by
applying our lifting combinator for Galois connections. By prop-
erty of the lifting combinator, the lifted functions form compos-
able Galois connections between lifted domains. Lifting is the
only operation necessary, no properties of Galois connections
need to be re-proven.

4. Formulate the Galois connection abstracting configurations.
Remark. You may want to use the feature abstraction specified
in equations (4) and (5), which is independent of IMP and the
analysis domains used in our running example.

5. Compose the lifted Galois connections with the lifted partial
analysis, in order to obtain the final formulation of the lifted
analysis that includes variability abstraction. Soundness of the
result follows from the soundness of the calculation argument
and the soundness of the partially lifted analysis.



6. Related Work

We divide our discussion of related work into five categories;
abstract interpretation, lifting representations, lifting data-flow
analyses, lifting other analyses, and multi-staged program analysis.

Abstract interpretation: Abstract interpretation is a general
theory that unifies data-flow analysis [13], model checking [16, 17],
type systems [11], verification [18], and testing [28]. Our analyses
have been developed using the classical Galois connection frame-
work [13]. In particular, we follow the calculational and compo-
sitional approach advocated by Cousot [12]. With this approach,
soundness follows from a systematic derivation. Indeed, this is the
case for the data-flow analysis derived in Fig. 19. This approach has
previously been used by the first author to derive, for instance, itera-
tive graph algorithms [44] and modular control-flow analyses [38].

Lifting representations: Kistner et al. [33] show how lan-
guages with preprocessor syntax can be parsed and represented
in syntax trees with variability, even if the preprocessor syntax is
not properly nested in the main language syntax (as it was the case
for IMP). Erwig and Walkingshaw [24] present the Choice Calculus,
which can be seen as a more expressive and elegant version of a
preprocessor with a fixed and well-defined semantics. It would be in-
teresting to develop variational abstract interpretation further, to sup-
port richer preprocessors (like the Choice Calculus), and ill-formed
preprocessor use. The former appears a rather straightforward exten-
sion, while the latter likely remains a challenge due to difficulty of
defining semantics elegantly in a syntax-directed manner. One angle
of attack would be to apply preprocessor normalization via rewrites
as suggested by Garrido and Johnson [25, 26].

Lifting data-flow analysis: Previous work lifts data-flow analy-
sis, resulting in feature-sensitive data-flow analysis [6], correspond-
ing to our Figure 19. Lifted data-flow analyses are much faster
than ones based on |K| runs of the naive generate-and-analyze strat-
egy [6]. Indeed, inter-procedural application of the lifted analysis
approach of SPLUFT [5] achieves several orders of magnitude speed-
ups through the use of BDD-based sharing of configurations and
encoding of lifted transfer functions and control-flow as graphs
for which the fixed-point computation can be rephrased as graph
reachability. This technique works for analyses phrased within the
IFDS framework [43], a subset of data-flow analyses, which can
then be transparently lifted without programmer intervention. Re-
cently, larger SPLs based on C have been analyzed [36] via lifted
type checking and liveness data-flow analysis.

Lifting other analyses: Recent work [47] has surveyed analysis
strategies for SPLs and proposes a taxonomy of such which would
classify our lifted analyses as family-based analyses (whereas the
generate-and-analyze strategy yields a product-based analysis).

The approaches of type checking, model checking, and verifi-
cation are complementary to abstract interpretation and share the
commendable goal of detecting errors at compile-time as opposed
to at runtime. There is work on lifting all of them in an attempt
to find errors at SPL compile-time as opposed to at post product-
instantiation time, when a product happens to be compiled, possibly
long after it has been developed: lifted type checking [1, 32], lifted
well-formedness checking[20], lifted model checking (8, 9, 27], and
lifted verification [2, 35, 42]. With abstract interpretation, however,
analysis soundness comes for free, by derivation—and as we have
shown, even at the SPL level.

Safe composition [1, 22, 32, 34, 46] is about verification and
safe generation of properties for SPL assets and aims to provide
guarantees that only products where certain properties are obeyed
can be generated. Errors detected include type and definition-
usage errors (e.g., undeclared variables, undeclared fields, and
unimplemented abstract methods). We complement this with an
approach based on abstract interpretation with which analyses
intercepting those kinds of errors can be derived.

Multi-staged program analysis: Our work is related to multi-
staged program analysis, analyzing “programs that generate pro-
grams”, e.g., [7, 40]. In the context of Software Product Lines,
however, we are in a much simpler case where the first stage is
significantly more restrictive than a Turing-complete programming
language and can thus be dealt with without approximation. For
SPLs, our approach is simpler and sufficient; and without loss of
precision on the variability level.

7. Conclusion

We have shown how compositional and systematic derivation of
static analyses based on abstract interpretation can be lifted to Soft-
ware Product Lines. The result is variational abstract interpretation—
a compositional and systematic approach for the derivation of
variability-aware product line analyses, with the following distinc-
tive components and properties:

e A scheme to lift domain types, and combinators for lifting
analyses and Galois connections.

A general soundness-by-construction result (Thm. 8), allowing
to lift a formally developed analysis, without re-proving the
entire abstract interpretation process. This crucially reuses all
the effort invested in developing a single-program analysis, to
obtain a provably sound family-based analysis.

A possibility of incorporating abstractions that involve configu-
ration space; including an example of one such abstraction.

Precise control over precision of analyses (lifting does not lose
any information per se).

A scheme to obtain data-flow equations for family-based analy-
ses from the abstract interpretation definition.

Variational abstract interpretation mixes language-independent and
language-specific elements. The main language specific theorem
(Thm. 6) needs to be proven for each new analysis. We have proven
it for all the three semantics of our running example and extracted
a general proof methodology presented in this paper. On the other
hand, the main language-independent soundness theorem (Thm. 8)
holds in general and needs not be re-proven.

Abstract interpretation is a unifying theory that allows the deriva-
tion of data-flow analyses, control-flow analyses, model checking,
type systems, verification, and even testing. Hence, variational ab-
stract interpretation tells us how to systematically obtain lifted ver-
sions of all such analyses. We believe that in this sense, variational
abstract interpretation, contributes to the understanding of how vari-
ability affects analysis of programs in general.

Finally, since the lifting operator can be applied to a directly
formulated analysis, we claim that the obtained insight into lifting
extends beyond abstract interpretation. In particular, the /ift com-
binator can be applied to analyses developed in an ad hoc process,
without abstract interpretation, but represented as transfer functions
(soundness of such lifting requires a separate argument though).
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A. Prerequisite Mathematics

A partial order is a mathematical structure, (S, =), where S is a set
equipped with a binary order relation, =, with the properties:

VreS: zCux (reflexivity)
Vr,y,2€S: zEyAryCar = zEz2 (transitivity)
Ve,ye S: zEyAyEx = x =y (anti-symmetry)

Let X = S. We say that u € S is an upper bound for X, written
X E u, if we have Vz € X :  E w. Similarly, ¢ € S is a lower
bound for X, written £ = X, if Vo € X : £ & x. A least upper
bound, written L X, is defined by:

VeeX:z2CuX A YueS: XCu=— uXCTu

(Similarly a greatest lower bound, m, can be defined.) Usually,
binary infix notation, x L y, is used whenever the operator is applied
to only two elements; i.e., x Ly = u{x, y}. A complete lattice is
a partial order for which LX and mX exist for all subsets X < S.
As a consequence, a complete lattice will always have a unique
largest element, T, and a unique smallest element, 1, defined as:
T = wSand L = mS. A function, f : S — S, is monotone
whenVz,ye S:z Sy = f(z) C f(y). Anelement, z € S,
is called a fixed pointof f : S — S, ifz = f(x).

Tarski’s fixed-point theorem says that the fixed points of a
monotone function, f : S — S, on a complete lattice, (S, =),
themselves form a complete lattice. This guarantees the existence of
a fixed point, and of a unique least fixed point, Ifp(f) € S.

A fixed point formulated over an infinite height lattice is thus well
defined mathematically speaking but it is not necessarily computable.
However, when the height of a complete lattice is finite the fixed
point may then be computed via Kleene’s fixed-point theorem:

Ifp(f) = wi f(L)

This basically says that a fixed point may be computed iteratively
by computing larger and larger values of f*(L):

1L cf(d)c f(f(L) = = fi(i)szl(L)

until a fixed point is reached, for some i where f(f*(L)) = f*(L).
When the lattice has finite height, we are bound to hit the fixed point
eventually, for some <. This fact is often exploited in static analysis.
Note that a recursive function can easily be phrased and defined
as a least fixed point. Suppose we want to define the factorial
function n! in this manner. If we extend the usual numeric ordering
< over natural numbers N to include infinity, oo, and looping, L
(where, L < n < o, ¥n € N), the result forms a complete lattice
NT = N u {1, co}. Factorial can now be defined as a least fixed
point of a monotone function over that lattice, fac : N — NT:

L ifn=_1
ifn=20
=dqor UfpAD. An. .
fae a  1ipAD. An #*P(n—1) ifn>0An+#0w

[e's) ifn =00

It is a simple exercise to check that the above functional is monotone
by appeal to extended multiplication over N7 being monotone.
Functions defined in this way will have the general form:
IfpA®. An. --- ®(---)--- where n is the argument to the function
being defined and ®(- - - ) plays the role of a recursive application of
the function being defined. Compare this with a non-recursive func-
tion with the same type signature, e.g., succ : N — NY, which

L n=_1
can be phrased directly as: succ =gy In.{m+1 neN
0 n = o

(i.e.,without a fixed point).

B. Proof Overview

The rest of this appendix is structured as follows:

Section C proves the equivalence of the structural operational
semantics and the collecting semantics. The remaining theorems
are structured with respect to Figure 15 which we recall below,
annotated with the corresponding appendix section.

T=cK B = B* A= A%
. Sec. ] . Sec. L °
Clsl: (C—0)F A B[s]: (B—B)¥ A As]: (A—a)E
T —=A A
S ) 31 s Sl
| 0 |
Cllsxl: C—C Bl[sx]: B—B Allsil): A— A
o Var— Val Var — 2% Var — Const
=C =B =A

The first half of the appendix is then concerned with the single-
program analysis:
e Section D proves soundness of the approximate semantics wrt.
the collecting semantics.

e Section E proves soundness of the constant propagation analysis
wrt. the approximate semantics.

e Section F proves monotonicity for all single-program operations.

e Section G proves soundness of the data-flow equations with
respect to the single-program constant propagation analysis.

The second half of the appendix is then concerned with lifting the
single-program analysis to a family-based analysis:

e Section H proves the lifting of the single-program collecting
semantics to a family-based collecting semantics.

e Section I proves the lifting of the single-program approximate
semantics to a family-based approximate semantics.

e Section J proves soundness of the family-based approximate
semantics wrt. the family-based collecting semantics.

e Section K proves the lifting of the single-program constant
propagation analysis to a family-based constant propagation
analysis.

e Section L proves soundness of the family-based constant propa-
gation analysis wrt. the family-based approximate semantics.

e Section M proves monotonicity for the lifted operations.

e Section N proves soundness of the lifted data-flow equations wrt.
the lifted constant propagation analysis.

Finally,
e Section O proves the generic soundness theorem 8, and

e Section P proves that the suggested variability abstraction of
Section 4.4 constitutes a Galois connection.

In the simplest process of developing a lifted constant propaga-
tion one needs to follow the work done in appendices D, E, F, G and
K. Only the last step, in fact, is required if your analysis is already
formulated using abstract interpretation. The remaining appendices
serve as evidence for other parts of the paper (general theorems,
base material for extracting methodology, etc).



C. Equivalence of SOS and collecting semantics
C.1 Expression-level equivalence

Lemma 10 (Correctness of SOS and expression collecting seman-
tics).

Ve € Exp, o € Store. {E(e, o)} = C'[[e]{o}

Proof. Let e € Exp, o € Store be given. Proceed by structural
induction on e.

Case n:
C'[n]l{o}
= (Ac. {n}){o} (by def of C")
={n} (B-reduction)
={&(n,0)} (by def of £)
Case x:

C'[x]{o}
= (Ac.{o(x) | o € c}){o}
={o(x) | o€ {o}}
= {o(x)}
={&(x,0)}
Case eg @ eg:
C'lleo ® er]l{o}
=" |V e{v)®{W}roec

rveC'eo]{o} Av' €C'[ei]l{o}}){o}
(by def of )

(by def of )
(B-reduction)

(simplify)
(by def. of &)

={" v e{v}®{V} roe{o}
AveCeo]{o} A v' €C'[er]{o}}

(B-reduction)

={" v e {v}®{v} rveleo]l{c} A v €C'[er]l{c}}
(simplify)

={" v e{v}®{V} rve{€len,0)} AV €{E(e1,0)}}
(by IH, twice)
(simplify)
(by def. of &)
(by def. of &)

= {&(e0,0)} @ {E(er,0)}
= {&(e0,0) ®E(e1,0)}
= {€(eo @ e1,0)}

O

C.2 Helper lemmas
Lemma 11 (First sequence helper lemma).
Vs0,51,0,0 . {(s0,0) =¥ 0 = (s0 ; s1,0) =" {(s1,0")

Proof. Assume (so,0) —™ o' for some n >
{s0 3 81,0y =" {s1,0") by induction in n.

0. We prove

n = 0: The assumption {so, o) —° ¢’ is impossible hence the
conclusion holds vacuously.

n = k + 1: Assuming (s, o) —"*1 ¢ there are two cases for the
shape of the configuration after the first step.
If {so,0) — o” then k = 0, 0’ = ¢” and by rule SEQ2
{s0; 81,0y — {(s1,0").
If on the other hand (so, 0) — (s}, ") —F ¢’ by rule SEQ1
and the TH (so ; s1,0) — {s§ ; s1,0"y =" {(s1,0").

O

Lemma 12 (Second sequence helper lemma).
o %/
Vso,81,0,0 ,0 .{s0 ; $1,0) =" T

= {(s0,0) =* 0" A{s1,0"y =¥ o

Proof. <=: Assume Ing > 0,n1 = 0. (so,0) =™ " A
{s1,0"y —" ¢'. By Lemma 11 and the second assumption
we get (s ; 81,0y =" {(s1,0") =" o'

= : Assume 3n > 0. (s ; s1,0y —" ¢’ By induction in n we
prove Ing = 0,n1 = 0,0” .(s0,0) =" 0" A {s1,0”

0',.

Case n = 0: The assumption (so ; s1,0) —" ¢’ is impossible
hence the conclusion holds vacuously.

Casen = k + 1: Assuming (so ; s1,0) —"T! o' there are
two possible cases for the shape of the configuration after
the first step.

If (s ; 81,0) — 0" —F o’ thenk = 0 and 0’ = o”. But

this is impossible as neither SEQ1 nor SEQ2 can reduce a

sequence to a store in one step hence the conclusion holds

vacuously.

If on the other hand (sq ; s1,0) — (s,0”) =" ¢ the first

step could result from each of the two possible sequence

rules. We now argue for both.

Subcase SEQ1: Now s = si ; s1 and (s¢,0) — {s0,0" ).
By the IH 3ng = 0,m1 = 0,0” {sh, 0"y =™ 0" A
{s1,0"y =™ ¢’ and hence {s¢,0) —»"°"1 ¢”.

Subcase SEQ2: Now s = s; and {s9,0) —' ¢” and
<81, O_///> A)k O'l.

m

1

a

O

Lemma 13 (If helper lemma).
Ve, 50, 51,0,0'.

{(if e then sy else s1,0) —* 5

= (E(e,0) # 0 A {s0,0) =>F ') v (E(e,0) = 0 A (s1,0) = o)

Proof. <=: Assume (£(e,0) # 0A{s0,0) =¥ o')v (E(e,0) =
0 A {s1,0) =% o). If E(e,o) # 0 A (s0,0) —* o
by rule IF1 (if e then so else s1,0) — {So,0) and hence
{if e then sg else s1,0) —>* o’

If E(e,0) = 0 A {s1,0) —=* ¢’ by rule IF2
(if e then sg else s1,0) — {s1,0) and hence
(if e then sg else s1,0) —* o’
= : Assume In > 0. (if e then s else s1,0) —" o’. We
proceed by induction in n.

Case n = 0: The assumption (if ¢ then s else s1,0) —°
o’ is impossible hence the conclusion holds vacuously.
Casen = k 4 1: Assuming (if e then sg else 51,0y —F+F
o’ there are two possible cases for the shape of the configu-

ration after the first step.

If (if e then sg else s1,0) — " —* ¢’ then k = 0

and o’ = ¢”. But this is impossible as neither IF1 nor IF2

can reduce a conditional to a store in one step hence the

conclusion holds vacuously.

If on the other hand (if e then so else s1,0) — (5,0") —F

o’ there are two possible cases for the first transition.

Subcase IF1: Now s = s, 0 = 0", E(e,0) = v # 0, and
{s0,0) =F o',

Subcase IF2: Now s = s1, 0 = o, E(e,0) = 0, and
(s1,0) =F o',

1

O



Lemma 14 (While helper lemma).

Ve,s,o01,0n.
. *
(whilee dos,o1) —" oy

=

Vie{l,...,n—1}. (E(e,0:) # 0 A (5,00 = 0it1) A E(e,0n) =0

Proof. = : Assume 3m > 0. (while edo s,01) =" o,. We

now show the right hand side by induction in m.

Subcase m = 0: The assumption (while e do s,01) —° oy,
is impossible, hence the conclusion holds vacuously.

Subcase m = k + 1: We can now case analyze the first step of
the assumption (while e do s,01) N
If the first step is by rule WHILE1 we know (e, 01) = v #
0 and (while edo s,01) — (s ; while edo s,01) —"

0n.ByLemma 12 (s,01) =1 05 and (while e do s, 02) —"2

on for ki,k2 = 0 such that kK = ki + k2. Hence by
the IH we have (E(e,01) # 0 A (s,01) —* 02) A
(E(e,03) # 0 A {s,05y —=F 0i41) A E(e,on) = 0 for
allie{2,...,n—1}.

If the first step is by rule WHILE2 we know &£(e,01) = 0
and (while edo s,01) — 01 —" 0, and hence k = 0,
n = 1 and 01 = o, which satisfies the right hand side:
Vie{l,...,.n—1} = &. (E(e,0:) # 0 A {s,0;) —*
0'7;+1) AN S(e,an) =0.

«—=: Assume (E(e,01) # 0 A (s,01) =% 02) A ... A
(E(e,0n-1) # 0 A (s,0n_1) =* 0n) A E(e,0n) = 0 fora
sequence of stores o1, ..., 0,. We prove the left hand side by
induction in n.

Subcase n = 1: Now o1 = o, and E(e,01) = 0. Hence by
one application of rule WHILE2 (while edo s,01) —"
01 = On.

Subcase n = k + 1: Assume (£(e,01) # 0 A (s,01) —*
g2) A oo A (E(e,0n-1) # 0 A (s,0n-1) =% on) A
E(e,0,) = 0. Now by one application of rule WHILE]
(while edo s,01) — (s ; while edo s,01).

Since (s, 01) —»™ o2 by Lemma 11 we get

(s ; while edo s,01) —»" (while e do s, 02). By the IH
we have (while e do s,02) —* o, and hence

(while edo 8,01y =™ op.

C.3 Proof of Theorem 1: Statement-level equivalence

Proof. We prove
Clslle={0"| s ecris,a) =" o'}

We proceed to calculate a direct expression for C by structural
induction on s

Case skip:
C[[skip]le

= {0’ | o €cAskip,o) —»* o'} (by above def.)
={o|o€cn(skip,o) > o} (by inversion)
=c (simplify)

Casex :=e:

Cllx :=e]lc

={o'|ocecrlzx:=¢ o) >* 0} (by above def.)
={o' |ocecrlx:=e o) >0’} (by inversion)
={o[x—v]|oecn&(e,o) =v} (byrule ASSIGN)

={o[x—v]|ocecrve{f(e0)}}
={o[x —v]|ocecrvele]{c}}

(by def. of €)
(by Lemma 10)

Case sg ; s1:

Cllso ;5 si]le
={o' |oecnrlsy;s,o) =" o'} (by above def.)
={o' |oecnhlsy,o) =" Adls1,d"y =%’}
(by Lemma 12 above)
={d'|oecnd’eC[so]l{c} r o’ eC[[s1]l{c"}}
(by IH, twice)

=C[[s1]{c" | 0 € c A 0" € C[[s0]|{o}} (simplify)
=C[[s1]l(C[[so]l{c | o € ¢}) (simplify)
= C[[s1][(C[[so]lc) (simplify)

= (C[[s1]l o Cl[so]))e (by def. of o)

Case if e then sg else s1:

C[[if e then sg else s1]|c

= {0’ | 0 € c A (if e then sy else s1,0) = o'}
(by above def.)

={o'|oecn(Ele,0) #0 A {s0,0) =% )

v (E(e,0) =0 A {s1,0) =™ o')}
(by Lemma 13 above)

={o' |oecnr&(e,a) #0 A {s0,0) =¥ '}
ufo' |oecna&le,0)=0n{s1,0) " o'}
(by def. of v)
=C[[soll{c € c| E(e, o) # 0}
uC[[sil{c ec| &(e,0) =0}
=Cllsol{o e c| 0 ¢ {E(e,0)}}
UC[[sil{cec|0€e {&E(e,0)}}
=Clsoll{o e c|0¢C'efl{c}}
uCl[si]{foc e c| 0 e C'[le]{o}}

(by IH, twice)

(by singleton €/¢)

(by Lemma 10)



Case while e do s:
C[[while e do s]|

= Xc. {on | 01 € ¢ A (while edo s,01) =" 0,}
(by above def.)

=Xe{on|orecaVie{l,...,n—1}.
(E(e,0:) # 0 A (5,00 =F gir1) A E(e,0n) = 0}
(by Lemma 14 above)
=Xe.{on|o1€CcAVie{l,...,n—1}.

(E(ey043) # 0 A 0i41 € C[[s]l{o:}) A E(e,0n) = 0}
(by IH, n — 1 times)

=X {on|o1€ECcAViefl,...,n—1}.

(cit1 € C[s]l{o: | E(e,0:) # 0}) A E(e,00) = 0}
(by def. of C)

=Xe.{on | on € (Nei.Cl[s]l{oi € ci | E(e,04) # 0})" e

A E(e,on) =0}
(by def. of (—)"™1)

=X {on | on € Nei Cl[s[{oi € ci | 0 ¢ {E(e,00)}})" te

AOE {Ee,0n)}}
(by singleton €/¢)

= Ac.{on | on € (Aci.C[[s[[{oi€ci |0¢ C/[[e]]{ai}})n_lc

A0eC[e]l{ion}}
(by Lemma 10)

=IfpA®. Ac. {o € c| 0 € C'[le]{o}}
U ®(C[[s][{c ec|0¢C'[[e]l{ic}}) (see below)

For the last step we prove inclusion in both directions. For short
hand notation we let

F=X\®.)\c.{oec|0eC[e]{c}}
U @(Cllsl{o ecl0¢C[el{o}})

D: We prove that the left hand side is a fixed point of F', hence
greater or equal to the least fixed point of F" by Tarski’s fixed
point theorem.

F(Xe.{on|one (Aci.C[s]l{oi€ci |0¢ C/[[e]]{ai}})nilc
A0 €eC'e]l{on}})
=Xc.{oec|0el'[e]{c}}
U {om | on € (Aei.Cl[sT{oi € ci | 0 ¢ C'le]{o:}})" "
(Clsl{o e clo¢C[ell{o}})

A0eC'[ellion}}
(B-reduction)

=Xc.{ocec|0el[e]{c}}
U{on | on e (Aei.Cl[s]{oi € ci | 0 ¢ C'[[e]l{os}}) "¢
A0 €eC'[e]l{on}}
(simplify)
=Xe.{on | on € (Aci.C[[s][{oi€ci |0 ¢ C'[[e]]{ai}})n_lc

A0eC'ell{on}}
(simplify)

C: Let @’ be another fixed point of ' (F®' = ®). This means
that

d'c=Fd'c (by def. of fixed point)

={oecl0eCe]{o}} v @' (Clsl{o € c|0¢C[el{o}})

(B-reduction, twice)

We prove that Ac. {...}S®’, ie., (Ac. {...})c € ®'cforany
c. Let c be given.
Specifically we now prove

Vn=1.{on|one (M. C[s]{ci€ci|0¢ C'Heﬂ{ai}})nflc
A0eC'[[e{on}} € @'c

by induction in n.

n=1:
{on | on € (Aei.C[[sT{oi € ci | 0 ¢ C'[[e]l{o:}}) ¢
A 0eC'[le]{on}}
={on|onecan0eC[e]lion}} (simplify)
c dc (by the above)
n==k+1:

{on | on € (Aei.C[[s]l{oi € ci | 0 ¢ C'[le]l{o:} ) e
A0eC'[[el{on}}

={on | on€ (Aei.C[[s]l{oi€ci|0¢ C/[[e]]{ai}})kf1

(ClsI{oi e c| 0 ¢ C'[ell{o:}})

A 0eC'[[el{on}}
(by def. of f™™)

c &' (C[sl{oi € c|0¢C'[[e]{c:}}) (by the TH)
c dc (by the above)
O



D. Soundness of approximate semantics
D.1 Expression-level soundness

Lemma 15 (Soundness of approximate expression semantics).

Ve € Exp,be Var — 2" (C'[[e] o vsc)(b) < B'[[e]]b

Proof. Let e € Ezp and b € Var — 2% be given. Proceed by
structural induction on e.

Case n:
(€[]l © vac) (b)
= ((Ac. {n}) o vac)(b) (by def. of C")
= {n} (B-reduction)
= B'[n]b (by def. of B)
Case x:
(C"[[=]] © Yac) (b)
= (A\b.{o(x) | o0 € b} 0 ysc)(b) (by def. of C")
= {o(x) | 0 € 7ac(b)} (B-reduction)
={o(x) |oe{o|Vxe Var. o(x) € b(x)}}
(by def. of yzc)
={o(x) | Vo,x € Var. o(x) € b(x)} (simplify)
C b(x) (simplify)
= B'[x]b (by def. of B)
Casee® e':

(C'Le® €T o vae)(b)
= (b {v" | V" € {v} @ {v'}
roebnrvele]l{c}
Av' e C'[eT{o}} o se) (D)
={" v e fo} @ {v}
A 0 € Yac(b) A veCl'[e]{o}
rv e C'eT{e}}
c (" |v" e {v}® {v'}

AVE C/[[e]] (’Yﬁc(b)) Av' e C/[[e/]] (’YBC(.b))}.
(simplify)

(by def. of C’)

(B-reduction)

= C'[lell (e (b)) @ C' [ T (Vo (b))
c B'[[e]b @ B'[['Tb

(simplify)

(IH, twice, @® monotone)

O

D.2 Proof of Theorem 2: Statement-level soundness

Proof. Let s € Stm and b € Var — 2" be given. Proceed by
structural induction on s.

Case skip:
(awes © C[[skip]] © vac) (D)
= (cues © (Ab. b) 0 s ) (b)
= (OtCB ° 'VBC)(b)
cb

= B[[skip]lb

(by def. of C)
(identity fun.)

(cucp © ge reductive)
(def. of B)

Casex :=e:

(acs o Cflx := €]l o ysc) (b)
= (acs o (A\b. {o[x = v] | 0 €b A vel[e]{o}}) oysc)(b)
(by def. of C)

= acs({o[x = v] | 0 € Yuc(b) A v e C'[e]{o}}) .
(B-reduction)

= Ay {o[x = v](y) | o € yac(b) A veC'[e]{o}}
(by def. of acs)

Sy {olx = vl(y) | o € 1c(d) A veCTell(ac (b))}
(simplify)

= Ay.blx = e (e (B)](¥) (by def. of 7uc)

= b[x — C'[[e] (75c(b))] (n-reduction)
< b[x — B'[[e]|b] (by Lemma 15)
= B[x :=e€]lb (by def. of B)

Case sp ; s1:

(s 0 Cl[s0 5 s1]l © vac) (D)
= (acs o (C[[s1]] o C[[s0]]) © Yac)(b) (by def. of C)

g (CKCB o (C[[S1]] O Ypc O Qg © C[[S()]]) o 'YBC)(b)
(Ve © ey extensive)

(by IH, twice)
(by def. of B)

< (Bl[s1] o B[[so]}) (b)
= B[[so ; s1]|b

Case if e then sg else s1:

(acs o C[[if e then sg else s1]] 0 Yac)(b)
= (acs o (Ab.C[s0][{o € b | 0 ¢ C'[[e]l{c}}

U Clsil{o € b |0 e C'e]l{o}}) o yuc) ()
(by def. of C)

= aCB(C[[SO]]{U € ’YBC(b) | 0 ¢ C/[[e]]{a}}
U Clls1ll{o € yoc(b) | 0 € C'lle]l{o}})  (B-reduction)
= acs(Cllsoll{o € e (b) | 0 ¢ C'[[e]l{o}})

Q OLCB(CIIsl]]{O' € ’YBc(b) | Oe C/[[e]]{a}})
(ces a CIM)

< acs(Cl[so]l(vsc (b)) U acs (Cl[51]1 (78 (b)) .
(upward judge)

(by IH, twice)
(by def. of B)

< B[[so]]bw B[[s1]b
= B[[if e then s else s1]|b

Case while e do s: In this case our higher-order Galois connection
reads:

o (®) = Ab. acs (P(7sc(D)))
V(D) = Ac. Yoc(P(acs(c)))

For short-hand notation, we let

F=Xd.)c.{ocec|0eCl[e]l{c}}
U @(Cllsl{o ec|0¢Cel{o}})



First observe that for any given monotone ®:
(a0 Fovy,)®
= a_(F(y=(?))) (by def. of o)
= a (F(A e(@(ac())))) (by def. of )
=a.(Ae.{oec|0el[e]{c}}

U (A ype(@(acs (¢))))C[sI{o € ¢ | 0 ¢ C'[[e]l{a}})
(by def. of F))

=a_(Ae.{ocec|0el[e]{c}}
U Yac(P(aca(C[[s]{o € c | 0 ¢ C'[[e]l{o}}))))
(B-reduction)

€ an(Ae.c U yse(®(acs (ClsT{o € ¢ | 0 ¢ C'[ell{o}}))))
(a— monotone)

< as(Ae.c U yae(P(acs (C[s]))))
(C, acs, ', Yac, @— monotone)

= Ab. acs (’VBc(b) o ’YBC(CI:'(C“CB (C [[S]]’YBC (b)))))
(by def. of a,)

= Ab. acn (Y8c (b)) U aes (Yo (P (aes (C[[s]Yc (D))

(acg a CIM)
S Ab. b U @(acs(C[s]vsc(b))) (s © Yo reductive, twice)
€ Ab.b U ®(B[[s]]b) (by the TH, &' monotone)

Since ¢ and B are monotone, this functional is itself monotone.
Now we can utilize these observations:

(s © C[[while e do s]| o ysc)(b)

= a_(C[[while e do s])(b) (by def. of a_,)
= a_(lfp F)(b) (by def. of C)
€ (fpa, o Foys)(b)  (fixed point transfer theorem)

< (fp A®. Ab. b U ®(B][s]|b)) (b)
(fixed point transfer theorem, above obs.)

= B[[while e do s]|b (by def. of B)
O



E. Soundness of constant propagation analysis
E.1 Expression level soundness
Lemma 16 (Soundness of expression analysis).

Vee Exp,ac A: (&doB'[e] ovas)(a) E A'e] a

Proof. Let e € Ezp and a € A be given. Proceed by structural
induction on e.

Case n:
(60 B[]l 0 7)(@)
= (& o (Ab.{n})oyas)(a) (by def. of B')
=a&({n}) (B-reduction)
=n (by def. of &)
= A'[n]la (by def. of A")
Case x:

(60 B'[[x]] © vas) (a)

= (&o (Ab.b(x)) o yap)(a) (by def. of B')

= &(7vas(a)(x)) (B-reduction)
= a(§(a(x))) (by def. of vas)
C a(x) (& o 4 reductive)
= A'[x]la (by def. of A")

Case ey @ e1:

(0 B0 ® ex]] 0 an) (a)

= (& o (\b. B'[[eo]]b ® B'[lea]]b) 0 vas)(a) (by def. of B')
a(B'eo]|vas(a) @ B'[[e1]vas(a)) (B-reduction)
a((5 0 &) (B'[leo]lvan (@) © (5 0 &) (B'[[e]7sn(a)))

(¥ o & extensive, twice, @, & monotone)
= a((5(A'[[eo]la)) & (Y(A'[er]la))) (by IH, twice)
C (A'eo]la) ® (A'[er]la) (by def. of &)
= A'leo ® e1]]a (by def. of A")

O

In

E.2 Proof of Theorem 3: Statement-level soundness
Proof. Let s € Stm and a € A be given. Proceed by structural
induction on s.

Case skip:
(aps 0 B[[skip]] 0 vas)(a)
— (aBA o ()\b b) ¢} ’YAB)(a)
% (aBA ] ’YAB)(G‘)

= Al[skip]Jla

(by def. of B)
(identity fun.)
(aga © yap reductive)
(by def. of A)
Casex :=e:
(cnn 0 Bl[x := e]] 0 ) (a)
= (apr o (Ab.b[x = B'[[e]]b]) © yas)(a) (by def. of B)
= apa(yas(a)[x = B'[[e]|(vas(a))]) (B-reduction)
= (asa(yan(@)))[x > &(B'[[e]l(van(a)))] (by def. of asy)
C a[x — a(B'[[e]l(van(a)))]
C a[x — A'[[e]la]
= Az :=€]la

(arga © yap reductive)
(by Lemma 16)
(by def. of A)

Case sg ; s1:
(asa © B[[s0 ;5 s1]] 0 vas)(a)
= (aBA ¢) B[[sl]] o B[[So]] o ’YAB)(Q) (by def. of B)

= (aBA © B[[Sl]] O YaB © Opa © B[[So]] o 'yAB)(CL)
(YaB © g 1S €Xtensive)

= (A[ls1] o A s0]))(a) (by TH, twice)
= Allso ; si]la (by def. of A)
Case if e then s else s1:
(csa 0 B[[if e then so else s1]| 0 Vas)(a)
= (aa o (Ab. B[[s0]]b U B[[s1]]b) 0 vas)(a) (by def. of B)

= ana(Bllsoll(van(a)) O Bl[s1]l(7as(a)))  (B-reduction)

= asa(B[[sol|(vas(a))) U asa(B[[s1](vae(a)))
(s 2 CIM)

(by IH, twice)
(by def. of A)

Case while e do s: In this case our higher-order Galois connection
reads:

E Aflsofla U A[[s1]a
= A[[if e then sg else 31]]a

o (®) = Aa. e (P(a8(a)))
Y= (P) = Ab. Yan (P (s (b))
Let a monotone ®’ be given. Now observe that:
(a— o (AD.Ab. b U D(B[[s])b)) 0 v-)d'
= (@ o (AD. XD b U B(B[[5]10)) (M. Yas (B (csa (b))
(by def. of v-,)

= (Ab. b (A yas (D (s (B)))(B[[s]]b))
(B-reduction)
= o (Ab. b U yas (D (asa (B[[s]1)))) (B-reduction)

= A\a. Qpa (’YAB (a) U YaB (CI)/ (aBA (B[[S]] (’YAB (a))))))
(by def. of a—,)

= \a. aBA(’YAB (a)) O CMBA(’VAB((I),(O‘BA (B[[S]] ('VAB (a’))))))
(aga a CIM)

= Aa. @ U an (yaa(®' (as (B8] (720 (2))))) .
(aga © 7yap reductive)

£ Aa.a 0 @ (an (B[] (vaa(@))))
£ Aa.a U &' (A[s]|a)
Since ® and A are monotone, this functional is itself monotone.
Now, we utilize these observations in the following rewriting:
(asa © B[[while e do s]] 0 yas)(a)
= a_ (B[[while e do s])(a) (by def. of @)
= a- (fp AP. Ab. b U P(B[[s]b))(a) (by def. of B)
E (fpa_, o (AP Ab.b U D(B[[s]|b)) 0 v-)(a)
(fixed point transfer theorem)
E (fp(A®. Aa. a U ®(A[s]la)))(a)
(fixed point transfer theorem, above obs.)
= A[[while e do s]la (by def. of A)

O

(asa © vap reductive)

(by IH, ® monotone)



F. Monotonicity proofs

Please recall that the domain of monotone (endo-)functions over a
complete lattice themselves constitute a complete lattice. We use
this fact in the proofs of Theorems 18, 20, and 22.

Lemma 17 (C’ monotone).
Ve,c,c.ccc = C'[[eJc < C'[le]lc

Proof. Let e, c S ¢’ be given. We proceed by structural induction
one.

Case n:
C'[n]lec = {n} =C'[[n]c (by def. of C")

Case x:

C'llxllc={o(x)|ocect S {o(x)|oec}=Cx]c
(by def. of C")

Caseeg @ e
C/[[eo @ er]e
={" v e{p}@{WIroec

rvelel{o} Av' eC'[eT{o}}
(by def. of C")

c{ |V e{v})®d{W}roel

rvel'e]{c} A v eC'[eT{o}}
(by assumption)

(by def. of C’)
O

= C/[[eo ® el]]c/

Theorem 18 (C monotone).
Vs,e,c.ccc = C[[sllccC[s]lc

Proof. Let s and ¢ € ¢ be given. We proceed by structural induction
on s.

Case skip:
C[[skip]lc = ¢ € ¢’ = C[[skip]|¢
Casex :=e:
Cllx :=e]lc
={o[x —v]|ocecrvele]{c}}
c{olx—>v]|oec Avel'[e]{c}}
=[x :=€]lc

Case sg ; s1:

(by def. of C)

(by def. of C)
(by assumption)
(by def. of C)

Cllso ;5 s1]le

= (C[[s1]l o ClIsol)c (by def. of C)
c (C[s1] o C[so]))¢ (by IH, twice)
=C[[s0 ; s1]¢ (by def. of C)

Case if e then sg else s1:
C[[if e then sp else s1]|c

= C[[so]l{cec|0¢C [e]l{ic}} u C[[s1]l{cec|0eC [e]l{c}}
(by def. of C)

c C[[soll{cec |0¢C [[e]l{ic}} u C[[si]l{cec|0eC [e]l{c}}
(by IH)

c C[[soll{oec |0¢C [ell{o}} U Clls1]{oec |0eC [e]l{o}}
(by TH)

= C[[if e then sg else s1]|c’ (by def. of C)

20

Case while e do s: Recall the while rule:

C[[while edo s]| = lfpA®. Ac. {oc € c | 0 € C'[[e]l{o}}
v @(Clls{ocecl0¢C [el{c}})
For convenience we name the functional F':
F=X0.\c.{ocec|0el'[e]{c}}
v @(Clsll{oec|0¢Cell{o}})

First we prove that applying the functional ¥’ to a monotone func-
tion P, yields a monotone function as a result. As a consequence
the functional F' constitutes an operator over the complete lattice
of monotone functions.

Let ¢ < ¢’ be given.

(F®)c
—{oecloeC[el{o}} v eCls]{rec|0¢C[e]{o}})
(B-reduction, twice)

c{oecd |0ele]{c}} v ®(C[s]{c ec|0¢C e]{c}})
(by assumption)

c{oecd |0ele]{o}} v (C[s{c e |0¢C[e]l{c}})
(by assumption, IH, monotonicity of ®)

=(A®. \c.{oec|0el[e]{c}}
U ®(C[[s{cec|0¢C[ell{c}})®c

(B-expansion, twice)

= (F®)d (be def. of F)

Second we prove that the functional F itself is monotone which
guarantees that the while rule is well defined by Tarski’s fixed
point theorem.

Let monotone functions ® < @’ be given.

Fo

=Xc.{oec|0eC'[e]l{c}} ud(C[s]l{icec|0¢ C/[[.e]]{O'}})
(B-reduction)

CAc.{oec|0ele]{c}} v (C[s[{cec|0¢C [e]lic}})

(by assumption)
=(A®. Xc.{oec|0el[e]{c}}
v @(C[s{o € c|0¢C'[e]l{o}})2’

(B-expansion)
= F®' (by def. of F)
Since the least fixed point of F' is itself an element of the lattice
of monotone functions, it is monotone:
C[[while e do s]jc = (Ifp F)c € (Ifp F)¢’ = C[[while e do s]|¢’

which concludes this case.

Lemma 19 (B’ monotone).

Ve,b,b'. b b = Be]lb < Be]]b’

Proof. Let e, b < b’ be given. We proceed by structural induction
on e.

Case n:

Bn]b = {n} = B[n]¥ (by def. of B)

Case x:

B'[x]|b = b(x) € ¥ (x) = B[[x]|b’
(by def. of B', assumption)



Case ey @ e1:
B'leo ® e1]lb
= B'[[e]]b @ B'[[e]lb
c B'[[e]lY @ B'[[e]|b
c B'[e]lt’ @ B'[[e]v
= B'leo @ eV’

(by def. of B')

(by TH, monotonicity of @)
(by TH, monotonicity of @)
(by def. of B')

O

Theorem 20 (/3 monotone).
Vs, bbbV = B[s]lb < B[[s]|v’

Proof. Let s, b < b’ be given. We proceed by structural induction
on s.

Case skip:

B[[skip]lb = b < b’ = B[[skip]|t’
(by def. of 3, assumption)
Casex :=e:
B[[x :=e€]lb
= b[x — B'[e]b]
S b'[x — B'[e]b]
S b'[x — B'e]v]

(by def. of B)
(by assumption)
(by Lemma 19, def. of <)

= B[z :=€])V (by def. of B)
Case s¢ ; s1:
Bl[so ; si]|b
= (B[[s1]] e B[[so]l)b (by def. of B)
< (B[[s1] o B[[so]))?’ (by TH, twice)
= B[[so ; s1]b’ (by def. of B)

Case if e then sg else s1:
B[[if e then s else s1]|b
= B[[so]]b U B[[s1]]b
< B[[so]]b" U B[[s1]]b
< B[[so]]b" U B[[s1])p’
= B[[if e then so else 51|V’

(by def. of B)
(by IH)
(by TH)
(by def. of B)
Case while e do s: Recall the while rule:
B[[while e do s]] = lfp A®. Ab. b U ®(B[[s]]b)
For convenience we again name the functional F: F =
AD.Ab. b O P(B[[s]b).
We first prove that applying the functional F' to a monotone func-
tion & yields a monotone function as a result. As a consequence
the functional F' operates over the complete lattice of monotone
functions.
Let b < b’ be given.
(F®)b
=bU O(B[[s]|b)
S O D(B[s]b)
S OBV
= (FO)
Second we prove that the functional itself is monotone. This

guarantees that the while rule is well defined by Tarski’s fixed
point theorem.

(B-reduction, twice)
(by assumption)

(by IH, ® monotone)
(by def. of F)
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Let ® < @' be given.
Fo
= Ab.b O B(B[s]|b)
€ Ab.bU @' (B[[s]|b)
= F9'

(B-reduction)
(by def. of £, assumption)
(by def. of F)

Since the least fixed point is itself an element of the complete
lattice of monotone functions the while rule is monotone:

B[[while e do s]|b = (Ifp F)b < (Ifp F)b' = B[[while e do s]|b’

which concludes this case.

Lemma 21 (A’ monotone).

Ve,a,a.a = ad = A[e]la © A[le]d’

Proof. Let e and a = a’ be given. We proceed by structural induction
one.
Case n:
A'lle]la = a({n}) = A'[e]ld (by def. of A")
Case x:
A'[x]la = a(z) E d'(x) = A'[x]la’
Case eg @ e1:
A'eo ® er]la
= A'feo]la & A'[er]la
= ATeo]ld’ @ A'er]a
= Afeo]ld’ @ A'[er]le’
= A'[[eo @ e1]]a’

(by def. of A, ©)

(by def. of A")
(IH, @) monotone)
(IH, @-) monotone)

(by def. of A")

O

Theorem 22 (A monotone).

Vs,a,a’.aEd = Afs]la Z A[s]ld’

Proof. Let s and a = a’ be given. We proceed by structural induction
on s.

Case skip:

Allskipfla =aZ a’ = A[s]la’ (by def. of A)
Casex :=e:

Aflx :=e]la

= a[x — A'[[e]a]
T a'[x — A'[le]la]
T a'[x — A[le]ld]

(by def. of A)
(by def. of C)
(by def. of =, Lemma 21)

= Af[x :=e]ld’ (by def. of A)
Case sg ; s1:
Allso 5 s1]la
= (A[[s1]] o Allso]])a (by def. of A)

C (Afls1] o Also]))a’
= A[[s0 ; s1]la’

(IH, twice)
(by def. of A)



Case if e then sp else s7:

.A[[if e then sg else 51]]a

= A[[s]la &1 A[[s'Tla (by def. of A)
C A[s]la’ O A[[s' T’ (TH, twice)
= A[[if e then so else s1]|a’ (by def. of A)

Case while e do s: Recall the while rule:
Al[while e do s]| = lfp A®. Aa.a 1 P(A[s]la)
For convenience we again name the functional F':
F =X®. Xa.a 1 ®(A[s]la)

First we prove that applying the functional F' to a monotone
function @ yields a monotone result, hence the functional F'
constitutes a function over the complete lattice of monotone
functions.

Let a = o’ and a monotone ® be given.

Foa

=a U ®(A[s]la) (by def. of F’)
Ca' O (A[s]la) (by def. of =)
Ea U @(A[[s]]a') (by IH, monotonicity of ®, def. of )
= F&d (by def. of F")

Second we prove that the functional F' itself is monotone over
the complete lattice of monotone functions), which guarantees
that the while rule is well defined by Tarski’s fixed point theorem.
Let monotone functions ® and &’ be given and assume ® = &’

Fo

= Aa.a 1 D(A[s]la) (by def. of F’)
£ Xa.a (1 @' (A[s]a) (by assumption, def. of &)
= Fo' (by def. of F')

Since the resulting fixed point is an element in the complete
lattice of monotone functions it is itself monotone:

A[while e do s]la = (Ifp F)a = (Ifp F)a’ = A[[while e do s]ja’
which concludes this case.

O

22



G. Proof of Theorem 4: Data-flow equation
soundness

Note: the paper version of the data-flow equations are purely
statement based, whereas the below development also formulates
data-flow equations for (labelled) expressions. Because of the below
equality, analyzing expressions with A’ or with data-flow equations
is equivalent.

We prove that a solution [—T|;,, [, to the data-flow con-
straints is sound wrt. to the derived analysis:

A/[[ez]]([[el]]in) [[el]]out
A[[Sl]]([[se]]in) E [[Se]]out
for the following expression related equations:
[[7L ]]out =
[[xz]]out = [[XZ]]in(X)
[eo'Tin = Mec® @ er' T,
[[eil]]in = [[660 (—DZ 6gl]]in
[[ef)o @é efl]]out = [[e(l;u]]out @ [[efl]]out
[[6 O:|]|n - [[X :=£ ZO]]m
[x =" €6 Toue = [x :=" e Tip[x = [ Toue]

Proof. Expression soundness: Let e’ be given. We proceed by

structural induction on €.

Case n':
Al[[nz]]([[nl]]in) =n= [[nz]]out
(by def. of A, [n"],,.)
Case x*:
AT T T = [x D (=) = [% T
(by def. of A, [x"],,0)
Case e @g a,

Allee @ er* I ([[e’ @ €r* ;)
= Al (e’ @ er'Tli) & A'[ler I([er? @° €1 1,,)
(by def. of A")
= A'lec’T (e’ i) ® A'ller* (et 1)
(by def. of [[ego]]in, [[efl]]in)
(by IH, twice)
(by def. of [les® @° i)

14 a 4

= [[600]]out @ l.[ell]]out
14 (AN

= [|:eO0 (-B ell]]out

Statement soundness: Let s° be given. We proceed by structural
induction on s°.
Case skip’:
Allskip‘ [ ([skip‘l;,) = [skip'T;, = [skip T,
(by def. of A,[[skip‘]l;,)
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Case x :=' ¢

Allx =" e ]([Ix :=* );,)

= ([x =" ) [x = AT N([[x :=* ;)]

(by def. of A)
= ([x :=" ") [x = AL N ([ T;,)]
(by def. of [[e“T];)

= (I]:X :=e ZD]]in)[X = [[eéo]]out]
(by first half of theorem)
=[x .=t [‘)]]out (by def. of [[x :=* ZO]]M)

Lo L L1,
Case s ;" s;":

Allse® 5 s D (se? 5° s
= (A[s* T o AlLs D ([s° 5° 511 Tl;,)  (by def. of A)
= (A[s' ] o ALs D ([s°Ti,)  (by def. of [s¢° ;)

C AL T(Tse0 Do) (by IH, A monotone)
= Als1' I([s1' Tiw) (by def. of [s"Tl;,)
= [s7 Toue (by TH)
= [s0° 5° 51 e (by def. of [[s° 5 7 Tloue)

¢
Case if’ e then 5.0 else s'!:

A[[if" e then s else sllﬂ([[lf e then sy° else s1']),)
= AllsoT([i£" e then s else s )
O A[s? T([i£° e then s else s3], )
(by def. of A)
= Allse’ I ([0’ Tin) & Allsy T(Is5 Ti)
(by def. of [s¢Il;n. s Tin)
& 150" Do 153 Do (by IH, twice)
— [[if" e then s 0 else sllﬂout
(by def. of [[1f[ e then 30 else Sllﬂout)

Case while’ e do 5%: Recall the while equations:

[[whilelZ edo se"]]out = ﬂseo]]in (eq.1)
[s°T;, = [while® edo s, 1 [sT,,
(eq.2)

We now prove by (inner) induction that for all m > 0

(1) ([wnile’ e do s, s [s”],,.) € [[While® e do 5]

where § = A®. \a. a (1 ®(A[s*°]|a). From here it follows
that

Allwhile’ e do s“])([[while’ e do s,
= (fp F)([while’ e do séo]]in)

= (0% (1)) ([[while® e do sz"]]in)
(by Kleene’s fixed point theorem)

= (Aa. ;3 (L)a)([while e do seo]]in) (by def. of 1)
08 I( I )[[whilee e do Seo]] (B-reduction)

C 0 (L) ([while” e do s, o [s].,.) o
(by monotonicity of §* (L))

(by def. of A)

C [while’ e do 5] (by above)

out



Casen = 0:
%'O(J"_)([[whilelZ e do seo]]in i [[Seo]]
= I([[while® edo s, i [sT,,.)
(by def. of 3°)
=1 (B-reduction)
C [[while’ e do 5% (by def. of 1)

Casen =k + 1:
Assume

(L) ([[while’ e do s, o [s]

out)

out

wut) E [[While’ e do s,

We now reason as follows:

7 (L)([while” e do s, o [5T,)

=D (by eq.2)
= 3@ (L)1, (by def. of §**1)
= (A®. Aa.a 1 @(A[[sTa) (3" (L) ([sT;,)

(by def. of F)
= (Aa.a 0§ (L) (Als“Ta) ([s“T;,)

(B-reduction)
= [s" T 0 8 (DAL T T,)

(B-reduction)

; [[SZO]]in = 1?{k(J‘)([[Szojl]out) .
(by outer TH, monotonicity of F k (L)
: [[SZO]]in 0 gk(J‘)([[Whllee e do SZO]]in L [[SZO]]out)
(by monotonicity of §* (1))

= [[szo]]in Ui [[while” e do séo]]out (by inner IH)
= [[while’ e do 5], (by eq.1)
O
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H. Lifting of the collecting semantics

Lemma 23 (Expression collecting semantics equivalence).

Ve.C'[[e]] = Xe. H C'llell(mk(€))

keK

Proof. Let e be given. We proceed by structural induction on e.

Case n:
xe. [ [ €' Tnl(mx(e))
keK
=X [ [ {n}) (7 (2)) (by def. of ')
keK
= )\C. H {n} (B-reduction)
keK
=C'[[n] (by def. of C’)
Case x:

xe. [ [ C'TxD(mx(2))

keK
= )e. H()\c. {o(x) | o€ c})(mi(T)) (by def. of C")
keK
=X [ [{o(x) | o e me(e)} (B-reduction)
keK
= C'[x] (by def. of C')
Case ep @ ey
P H Cl[[eo (&) 61]](7‘%(6))
keK
=Xe [[Qefv|vefu} @ {v} A oec A
keK

vo € C'fleo]l{o} A w1 € C'[ea]l{o}})(m(€))
(by def. of C")

=xe [[{vlvefu} @{n} A oem(@) A
keK
vo € C'[leo]l{ic} A v1 € C'[ler]l{c}} .
(B-reduction)

= )\C. H{v |ve{vo}®{vi} A oem(®) A

keK

vo € C'eoll(mi( [ [ {o}) A

k’eK

vi e C'lea]l(mi(] [ {o}))}
v (proj.+constr. expansion)

=xe [[{vlve fvo} @ {vn} A oem(@ A

keK

vo € me(@lleoll([ [ {o}) A

k’eK

v1 € Te(C'lea ] ( H {oe})}

k’eK

(IH, twice)

=xe [[{vloem@ A

keK

ve (m(CTeoll(] T {o1) @ (mi@Tex(] [ {oe))}

k’eK k’eK
(simplify)
=C'leo ® e1]] (by def. of C')

O

Theorem 24 (Statement collecting semantics equivalence).

Vs € Stm. Cl[s]| = Ac. | | CIP[s],I(mx (@)

keK

Proof. Let s be given. We proceed by structural induction on s.

Case skip:
xe. [ ] elPlskip]), J(me (@)
keK
= xe. | [ Cllskip]l(m(2)) (by def. of P)
keK
= e [ [(re.o)(mi (@) (by def. of C)
keK
= )C. H 7% (C) (B-reduction)
keK
= )XC.C (shortcut proj.+constr.)
= C[[skip]] (by def. of C)
Casex :=e:
xe. [ [elPlx <= el I (mx(2))
keK
= e [ [ clix := el (mx(2)) (by def. of P)
keK
= )\C. H(Ac. {o[x = v]|ocecrvel[e]{c}})(mk(c))
keK

(by def. of C)
= )\c. H{a[x — ]| oemi(@) Avel'[e]{c}}

keK
(B-reduction)

= [ [{olx = vl | o e mi(@) A veC'[ell(me( | [ {o})}
keK k’eK
(proj.+constr. expansion)

= [ [{olx = vl | o e mi(@) A vem(Cel(] [ {o})}
) (by IferenKma 23)
=C[[x :=€] (by def. of C)

Case sg ; s1:

NG HC[[P[[so 5 51l [ (m(2))

= xe. [ [ClPlsolly 5 Pllsill,(mx(e))  (by def. of P)
keK
= e [ [CIPs:] ] o CIP[soll 1) (mx ()

(by def. of C)
— xe. [ [ CIPIs: T, (CIPsoT, (e (@) (by def. of o)

kekK
= e [ [ elPlsi], 0 (mx (Cllsolle) (by IH)
kekK
= )¢ H 7k (Cl[s1](C[s0]]€)) (by IH)
kekK
= Xe.C[[s1](C[s0]]E) (shortcut proj.+constr.)
= Xe. (C[[s1] o C[[s0]))e (by def. of o)
=C[[s1]] o C[[s0]] (n-reduction)
= 6[[50 ; 51]] (by def. Of@)



Case if e then sp else s7:

AC. H C[[P[[if e then so else si ]|, [|(mx(€))

keK

= )¢ H C[[if e then P[[so]], else P[[s1]],]l(7x(¢))

keK
(by def. of P)

= )\C. H(/\C.CHP[[SO]]k]]{U ec|0¢C'[ell{c}}

keK

U C[[P[s1]],]{o € ¢ | 0 € C'[[e]l{o}}) (mx(e))
(by def. of C)

= xe. [] ClPlsoll o € m(@) | 0 ¢ C'[ell{o}}

keK

U C[P[s:], o € m(2) | 0 € C'llell{o}}

(B-reduction)

= xe. [ [elPlsoll Ho € me(e) | 0 ¢ C'[ell(mi([ [ {o}))}

keK k’eK

U CPIs: T, T{o € mi(@) | 0 € C'Tell(me( [ | o))}
k'e
(proj.+constr. exparﬂfsmn)

= e [ [ clPlsoll I{o € (@) | 0 ¢ m(C'[ell (] [ {o)}
keK k’eK
U C[P[s1]l {0 € (@) | 0 € me(C'[ell (] [ {o}))}
(by Lerlilrer]i{a 23)

I
>
al

keK k" eK k’eK

U CIPLsall I (mi(] [{oeme(e

(proj.+constr. expansion, twice)

=Xe. [ [mClsoll ([ [ {o € me(@ [0 ¢ me(CMel(] [{e})})
keK k" ek k’eK
U mClLsall( [ [{o e me(@ [0 € m(C'Tell(] [{o})})
k" eK k’eK

(by IH, twice)

(by def. of C)

Case while e do s: We first define o, and 4 as follows:
ap:C* > C

Qg (5) = ﬂ'k(E)

= 5[[if e then sp else s1]|

v, : C — C¥
c k=F
w(€) = &{Stor@ k#E

Together they constitute a k-specific abstraction from the lifted
collecting semantics level to the single-program collecting se-
mantics level:

(€, &) == (C,5)

Projections such as this are well-known to be Galois connections.
In particular it is a Galois insertion:

(ak o vi)(c)

_ﬂ_(H C k‘=l€/)
-k Store k # k'

k’eK
=c (B-reduction)

(by def. of a, v&)

[ TetPLsol D] [{oemi@0¢m(CLel(] [{o)})
)0oem (C'Tell(] [{o3N})

k"eK k’eK
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‘We now lift this Galois connection to monotone transfer func-
tions by a higher-order Galois connection:
BN (CRRN O I G
aL(®) =aro®oy

L (C3C)-»Ccf SR
Vo (@) =y 0 D o g,

(C* 2 CF &y —= ()

Now observe that oy, induces a complete abstraction over the
body of the loop:

AD. Xc.{oec|0eC[e]l{c}}

v (P[]l {o € c|0¢C'[ell{o}})) o s
= (A\®.Xe.{oec|0eC[e]{c}}
v ®C[P[s]l,I{c € c|0¢Cell{c}})) o (AP.ax o ® o)
(by def. of )

=AD.(A®. Ac. {o ec|0eC'[e]l{o}}
O &CLPLsT, Mo < ¢ | 0 ¢ CTel{o} 1) (a0 F o)
(by def. of o)
=AD.\c. {oec|0el'[e]{c}}
U (ar o @ o) (CIP[s]l,I{o € c| 0¢ C'lell{o}})
(B-reduction)
= X0 Ac.{ocec|0eC'[e]{c}}
O (m 0@ 03 CIPLsT Do € ¢ |0 ¢ Clell{}})
(by def. of a,)
=Ad.Ac. {ocec|0el[e]{c}}
U k(@ (v (CIP[s], o € e | 0 ¢ C'llefl{o}})))
(by def. of o)
=AD. M. {oec|0el'[e]{c}}

vl 71'1@(6(1_[ {(C[[PIIS]]k]]{U eclo¢Cell{oc}}) k=¥

Store k#k )

o (by def. of vz)
= A0 Ac.{ocec|0eC'[e]{c}}
Uk ( H Wk,(q))({(c[[PHS]]k]]{U ec|0¢C'[e]l{c}})

Store

E=Ky)
k’eK kj#k

(by def. of appl.)
=AD. \ec. {ocec|0el[e]{c}}
Ome([ [ e (@)CIPLslw{o € el 0¢C'el{o}}))
v (identical k entries)
=AD. \e. {oec|0el'[e]{c}}

U () (CIP[s] {o € c| 0 ¢ C[ell{o}})
(by def. of 7x)
= A0 \c.{ocec|0eC'[e]{c}}
o (@) (CIP[s] Dl (ex (v ({o € c | 0 ¢ C'[[e]l{a}}))))
(Galois insertion)
=Ad.\c. {oec|0eC'[e]l{c}}

V k(@) (CLP sl I (i (ve({o € e [ 0 ¢ C'[[el{o}}))))
(by def. of ax,)



=AD. M. {oec|0el[e]{c}}

U me(@YCIPIsT, I (i (] [{oemen (3i(e)) [0¢C Tell{o}})))

k" eK
(identical k entries)

=A®. Ac. {oec|0el'[e]{c}}

k’eK k"eK

(by def. of appl.)
=A®0.\e.{oec|0el[e]{c}}

(@(] [ClPLsluN(me (] [{oemer (m(e)0¢C Tell{o}}))) ~

o me(@CLsI(] [{oem (vi(e)) [0¢C [el{o}})))

k" eK

(by TH)
=AD0. \e.{oec|0el[e]{c}}

U Qg
k" eK

(by def. of a)

= A®. Ac. ar(vk({o € ¢ | 0 € C'[[e]l{c}}))

(CsN(] [{oemer(v(e)) [0¢C [el{o}})

U ar(@CLsI(] [{oeme (re(e)) [0¢C [ell{o}})

k" eK
(Galois insertion)

= A®. Ac. ag( H {0 € e (vx(c)) | 0 € C'[[e]{o}})
k" eK

U Ok
k" eK
(identical k entries)

= A®. Ac. ag( H {o € e (vx(c)) | 0 € C'[[e]{o}}

k" eK

OB(CsN(] [{oemer(v()) [0¢C [ell{o}}))

k" eK
(o, a CIM)

= \®. Ae. (Ae. ax( H {c e m(c) | 0 C'[e]l{o}}

k" eK

O @(Cs(] [{eemw (@ 0¢C [ell{o}}))) (v
e (B expansion)

=A®.Xe. (o (e [[{oemn(@) | 0€eC[e]{o}}

k"eK

H{O’Gﬂ'k

k" eK

U B(C[[s )10¢C [el{o}})))) (v

(by def. of o)
=X0.aro (e [[{oemn(@)]0eC [el{o}}

k"eK

d(C[s]I( H{O’Eﬂ'k

k"eK

)[0¢C [ell{o}}))) o
(by def. of o)
=X0.aro (e |[{oemn(e)]0eC [el{o}}

k" eK

OB(CLsI(] [{oeme (@) [0¢C Tel{o}}))) 0 e

k" eK
(n-reduction)

=X®.a.(Xe. |[{oemn(@)|0eC[el{o}}

k" eK

O R(CsI(] [{oem (e

k" eK
(by def. of )

)10¢C"[ell{o}})))

(BCsI(] [{oem (ve(e)) [0¢C [ell{o}}))

k(€))

k(c))

(Ae- vk (e))
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=a_, o (AD. e H{erk )10 eC'[el{o}}
U (C[[s]I( H{UEM )[0¢C" [ell{o}})))

k" eK

(by def. of o)
H {o € m (@) | 0 € C'[ell(men (B[K" = {o}]))}

U @ (CllsI( H{Uem )10¢C [ell (mer (B[E" = {o}]))}))
" (proj.+const. expansion)
=a_, o (AD. e H {o € T (@) | 0€m(CTel(D[E" — {o}]))}

O RCsI(] [{oemin (@) |0¢m (el (B[E" —{a}])})))
(by Lemma 23)

o (A®. e

k" eK

As a consequence, we can now apply the stronger fixed point
theorem:

a_,(C[[while e do s]))

= o (fp(\®. Xe. | [{o € mu (2)]0 € mn (C'[el(B[K" —{o}]))}

k"eK

ORCLsI(] [{o € mr

k"eK

@10 ¢ mor (C'[eD(BK" = {o}])))).

(by def. of C)
= Ifp(A®. Ae. {o € c| 0 e C'[[e]l{c}}
v @(C[P[s]l,]{o e c|0¢C[ell{o}}))
(by above)
(by def. of C)
(by def. of P)

= C[[while e do P[s],]
= C[[P[lwhile e do s, ]

Substituting equals for equals we now obtain:

Xe. [ [ clPlwhile e do s]|, ]| (7 (2))

kekK

= )e. H a_,(C[[while e do s])(m(€))
keK
(by above equality)

= )\C. H(ak o C[[while e do s]] o v )(7x(2))

(by def. of o)
= AC. H ai(C[[while e do s]|(vx (7% (<)))) (by def. of o)

kek
c) k=Fk
= )\c. H ay(C[[while e do s]|( H {g’;{gz b k'))

(by def. of y&)

keK

Tk (E) k=k
Store k # kK
(by def. of appl.)

(by def. of ax,)

= )G Hak H 7 (C[[while e do 3]]))({ )

keK k’eK

= Xe. [ [(mx(Cl[while e do s]))(mx(2))

keK
= \¢.C[[while e do s]le
= C[[while e do s]|

(by def. of appl.)
(n-reduce)

as we desired.



Case #if ¢ s:

xe. [ CIPI#it ¢ s1,0(xu(2)

kek
. {C[[P[[S]]k]](ﬂk ©)
ket | Cl[skip] (m())
1T {C[[P[[S]]k]](m(c))
keic (7k(€)
B {ﬂ’k Clslle) kE¢@
- kek (Tk(C) ko

ke

ke
ke

k¥ o

(by def. of P)

(by def. of C)

(by TH)

=X [ [fo e me(ClsTe) | k= ¢} o {o € (@) | k # ©}

keK

= C[[#if ¢ s]]

(by def. of L)
(by def. of C)

O
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I. Lifting of the approximate semantics

Lemma 25 (Approximate expression semantics lifting).

Ve € Exp. B'[[e]] = Ab. H B'[[e]l (mx (b))

keK

Proof. Let e be given. We proceed by structural induction on e.

Case n:
Ab. 1_[ B'[[n](mx(b))
keK
= 2b. [ [(Ab. {n}) (7 (b)) (by def. of B)
keK
= Ab. H{n} (B-reduction)
keK
= B/[n] (by def. of B')
Case x:
2. [ B'[1x1)(mi (5)
keK
= Ab. [ [(Ab. b(x)) (7 (D)) (by def. of B)
keK
= \b. H 7 (b) () (B-reduction)
keK
= B'[x] (by def. of B')
Case ep @ ey
Ab. | [ B'lleo @ exll(mx(B))
keK
= Ab. [ [\ B'[leo]]b @& B'[[e1]|b) (wx (b)) (by def. of B)
keK
=2b. [ [ B'Teoll(mx (b)) & B'eall(mx (b)) (B-reduction)
keK
= \b. H 7k (B'[[eo]]b) @ 7 (B'[le]]b) (by IH, twice)
keK
= B'[[eo @ e1]] (by def. of B')

O

Theorem 26 (Approximate statement semantics lifting).

Vs € Stm. B[[s]] = Ab. H BIP[s],1(7x (b))

keK

Proof. Let s be given. We proceed by structural induction on s.

Case skip:

5. [ ] BIPskip], Jm(5))

keK
= Xb. [ | Bllskip]|(mx (b)) (by def. of P)
keK
= Xb. | | e (D) (by def. of B)
keK
= \b.b (shortcut proj.+constr.)
= B[[skip]| (by def. of B)
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Casex :=e:
Ab. [ [ BIP[x := el T (mx (B))
= ;%KH B[[x := €] (7 (b)) (by def. of P)
= \b. ﬁ(,\b. b[x > B'[e]]b])(71(b))  (by def. of B)
= Ab. ﬁ(wk(b))[x — B'[le]|(mx(b))]  (B-reduction)
= \b. ﬁ(wk(B) Vx — 7 (B'[[e]]b)]  (by Lemma 25)
= E[xk K= el (by def. of B)

Case sp ; s1:

Ab. [ [ BIP[so 5 s1]l, (7 (D))

keK
= Xb. [ [ BIP[soll, 5 PsillI(mx(B))  (by def. of P)
keK
=20 | [BIP[s1],]l o BIP[soll, 1) (wx ()

(by def. of B)
= \b. H B P[s11,1(BIP[soll, D7k (b)) (by def. of o)

= \b. H B P[s11,](7x(Bl[so]1b)) (by IH)
= Ab. [ [ mi(Bl[s1(Bl[so]b)) (by IH)
keK

= \b. B[[s1]|(B[[s0]1)
= \b. (B[[s1] o B[[s0]])d
= ?Hsl]] o B[[s0]]

(shortcut proj.+constr.)
(by def. of o)
(n-reduction)
(by def. of B)

Case if e then sg else s1:

Ab. H B[[P[[if e then s else s1]],[|(mx(b))

keK

= Ab. | | BI[if e then P[[soll;, else P[[s1]], [|(mx (b))

(by def. of P)
= Xb. | [ BIP[soll I (7 (8)) © BIP[s1]], ] (mx ()

kekK
(by def. of B)

= \b. H 7k (B[[s0]b) U 7 (B[[s1]]b) (by IH, twice)
keK
= )\E E[[So]]g O E[[Sl]]g

= B[[if e then so else 31]]5

(by def. of U)
(by def. of B)
Case while e do s: We first define o and ~yx as follows:
K
oar BT — B

Ock(g) = Tk (b)

i B — B¥
b =k
7k(b) = H {)\x. Val k# K
k’eK

Together they constitute a k-specific abstraction from the lifted
approximate semantics level to the single-program approximate



semantics level:
<IEE ’ i > ——»'Yk <B7 ;. >
QR

Projections such as this are well-known to be Galois connections.
In particular it is a Galois insertion:

(a0 vi) (b)

=7”€(H

{b k=K
L0 val

P k’) (by def. of a, V)

=b (B-reduction)

‘We now lift this Galois connection to monotone transfer func-
tions by a higher-order Galois connection:

@ B, 8) <=5 B B,E)

Now observe that a;; induces a complete abstraction over the

body of the loop:
a_, 0 (AD. b b U &(B[[s]|b))
= A®. a_,(\b.b O (B[[s]|b)) (by def. of o)
= A®. ag o (Ab.b U (B[[s]b)) o vk (by def. of a—,)
= AD. a0 (Ab. b O B(B[s]]b)) o (Ab. vk (D))

(n-expansion)

= A®. Ab. (o 0 (Ab. b O D(B[[s]11))) (& (b))
(by def. of o)

= AD. Ab. (Ab. ax (b O D(B[[s]16))) (vx(b))  (by def. of o)
= A0 \b. ag (7 (b) O @(B[[s](7%(b))))  (B-reduction)
— NB b (e (B) & an@BsT((8)))) (2 CIM

(Bllsll (v (0)))
(] BIPLsT (e (3 (9)))

k’eK

= A0 \b.b U ag( (Galois insertion)
(

D
= AB.Ab.b O ap(®
(by IH)

Hw JBIP[sD I (e (1))
e (by def. of appl.)

(@)(BIP[s],. ] (mx (& ()))))
(by def. of a,)

(@) (BIP[s]; ] (e (b))
(by def. of a,)

7 (®) (B[ P[[s]],.11b) (Galois insertion)
([ ] m(®) {(B[[P[[sﬂkllb) k=K

= A Abb U

= AP AbLb U Ty
= A0 \b.b U Ty
=20 \b.b U
=20 Ab.b U

Ax. Val k#k
(identical k entries)

=28 Ab.b U m(B(] ] {(B[[P[[s]]k]]b) k= k,/))

Ax. Val k# K
(by def. of appl.)
=AD.Ab. b U (@ (v (BIP[s],.1b))) (by def. of &)
=AQ.\b.b U (m 0 @ o) (B[P[[s]],]1b) (by def. of o)
=AD.\b.b U (g o ® o) (B P[[s],.]10)
(by def. of a,)
= A0 (AP \b.b U O(B[P[[s]1,116)) (c o ® o)
(B-expansion)
(A®. o 0 ® 0 y)
(by def. of o)
(by def. of a—,)

— (AD.Ab.b U B(B[[P[s],]b)) o

= (A®.\b.b U S(B[P[[s],.]b)) © o

As a consequence, we can now apply the stronger fixed point
theorem:

a_, (B[[while e do s]))

= a_,(Ifp AX®. \b.b & B(B[[s])b))
—1fpAD. Ab.b & S(B[P[s],]b)
= B[[while e do P[s]],]]

= B[[P[lwhile e do s]|, ]|

(by def. of B)

(by above)
(by def. of B)
(by def. of P)
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Substituting equals for equals we now obtain:

Ab. H B[[P[[while e do s, ]| (7 (b))
keK
= Xb. | [ a— (B[while e do s]))(mx (b))
kek
(by above equality)

= Ab. H(ak o B[[while e do s]| o &) (mx (b))
kek
(by def. of ;)

= \b. H ax(B[[while e do s]|(vx(mx(b)))) (by def. of o)
keK

7 = . . 7 (b) k=K

= Ab. [ [ ax(B[while edo s[(] | {Ax’ Val k= )
keK k’eK

(by def. of i)

7k (D) k=FK
Mx. Val k#Fk
(by def. of appl.)

= Ab. | [ (mx(Bl[while e do s])))(mk (b))  (by def. of a)

= 2. [ [ aw(] [ (mr (Bl[while e do s]]))({ ))

keK k’eK

kekK
= Ab. B[while e do s]|b (by def. of appl.)
= B[[while e do s]| (n-reduce)

as we desired.

Case #if ¢ s:

Ab. | | BIP[#if @ s, ]I (7 (B))

keK

_ {B[[P[[sﬂk]]mw)) kE o
= \b. (by def. of P)
kekK

Blskip](me(D)) k¥
_ {B[[P[[sﬂk]]m(b» kE o
keK

Ab ] | (by def. of B)

7% (D) k@
B[[s]|b) kE
= Ab. 1_[ i (7 [=1?) v (by IH)
kek | k(D) ko
= B[[#if ¢ 5] (by def. of B)

O
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J.  Soundness of family-based approximate
semantics

Lemma 27 (Soundness of family-based approximate expression
semantics).

Ve, b. (C'[[e] o lift(ysc))b < B'[[e]lb

where

acs(c) = Az. {o(z) | 0 € ¢}

me(b) = {o | Yo : o(2) € b(a))
lifi(acs) = Ae. | | aes(mi(2))
lift(’ygc) = \b. H “YBC (7Tk (5))

keK

Proof. Let e and b be given. We proceed by structural induction on
e.

Case n:
(C'[[n]) o lift(ysc))b
= C'[n](ift(~sc)b) (by def. of o)
= (Ae. [ [{n}) (tfi(yoc)b) (by def. of C")
keK
= H{n} (B-reduction)
keK
= B'[n]b (by def. of B')
Case x:
(C'[[x]) o lift(ysc))b
= C'[x ]| (ift(sc)b) (by def. of o)

) | o € T (©)}) (lift(ysc)b)  (by def. of C")

(Ae. H{O’

keK
= H{a ) | o € mr((lift(ysc)b))} (B-reduction)
keK
= Tto) o & mu [T melme B}
keK k’eK
(by def. of lift(vac))
= [ [{e(®) | o € yc(mi(b))} (by def. of )
keK
= [[{fo@) [oe{o’ | Vy:o'(y) e m®)(¥)}}
keK
(by def. of yzc)
= H 7 (D) (x) (simplify)
keK
= B'[x]lb
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Caseeg @ e1:

(C'lleo ® ex]] o lift(vsc))b
= C'[leo ® e1]|(lift(~sc)b) (by def. of o)
= [[fvloem@ A
ve (m(Ceoll (] [{o1) @ (me(CLe ([ [{e))D)

k’eK k’eK

(Uf(c)B).
(by def. of C*)

= H{v | o € mi(lift(yec)b) A
keK
(7Tk C [[60]] H{U}

k’eK

(mi(CTex ([ T {1}
k’eK
(B-reduction)
& [Tt | o € mllifiuc)®) A

keK

vE (m(@[[eo]](H e (lift(y5c)b))))

k’eK k’ekK

(monotonicity of @ ,mx,C")

< H (mi(C"[[eo]l( H 7 (lift(y5c)b))))

kek k’eK
@ (mi (C'Teall (] | e ift(sc)D))))
k’eK
(monotonicity of @ ,m1,C’)

= [T (@ Teoll (] | mae lifi(3ac)))))
keK k’eK
& (me(@[[e (] | mer (Ui (ac)D))))

k’eK
(identical k entries)
= | [ ®(@[leoll Cifi(rc)B))) & (i (C[ex]l (lifi(5c)D)))
keK
(shortcut constr.+proj.)

E [ e (Beolb)) & (mi (C[[e ]| (Uifi(ac)D)))

e (TH, monotonicity of @ ,mx,C’)
< H (7 (B'[leollb)) © (mie (B [[ex]1b))

e (TH, monotonicity of @ ,mx,C")
= B'[lec @ e1]lb (by def. of B’)

O

Theorem 28 (Soundness of family-based approximate statement
semantics).
Vs, b. (liff(aes) o C[[s] © lift(yac))b < B[s]lb

Proof. Let s and b be given. We proceed by structural induction on
s.

Case skip:

lift(ces) o C[[skip]] o lift(ysc))b
(lift(cccn) © (Ae.2) o ift(35c))B

- (@f(a) © f(0c))F

= b (lift(aes) o lift(7ysc) reductive)

= B[[skip]lb (by def. of B)

—

(by def. of C)

(simplify)

IN:

@ (mk (Ceall(] [ {o 1))}



Casex :=e:

(lift(ces) o C[[x := €] o lift(7sc))b
= lift(acs ) (C[[x := €] (lift(7sc)b)) (by def. of o)
= lfitace) ([ [{olx > ] | & € mi(lifi(3sc)B) A

vE ﬂ'k(@[[eﬂ( H {U}))})

k’eK
(by def. of B)
& tif(acs)(] [{olx = v] | 0 € mi(lift(sc)b) A

keK
vem(Cell(] | melifi(rse)b))})
k’eK
(monotonicity of lift(ccs), 7k, C')

= lifi(aes)([ [{oTx = o] | o € meifi(rac)B) A

keK

vem(@el(] [ mw lifi(vse)b)))})
k(iec]fentical k entries)

= lifi{aes) (] [{o[x = v] | o € mi(lifi(yac)B) A

keK
v € i (C'[le]l (lift(vae b)) })
(shortcut constr.+proj.)

C lift(acs) H{o x > 0] | o € T (lift(ysc)b) A v e m(B'[e]b)})

keK
(by Lemma 27)

= H s (e ( H {o[x = v] | oemy (ll'ﬁ(’YBC)B)
keK KK
A v e T (B'e]]b)}
(by def. of lift(cucs

= [ acalfolx = vl | o € mi(lifi(e)b) A v € (B IlB)})

keK

)
)

(shortcut constr.+proj.)

)| o' € {ox > o] | o € mu(lifi(7ac)B)

—H)\y {o'(y

keK

AV E Tk (ﬁ[[e]]g)}}
(by def. of acg)

= [ folx = vl(y) | o € mellifi(ne)b) A v e m (B lellb)}
keK
(simplify)
N {{v | o e mllif(uc)®) A ve m(BelB)}  x=y

{o(y) | o € me(lift(vsc)b) A veme(Ble]b)} x#y
(by def. of acg)

=11
keK
Tk (g[[e]]g)

{o(y) | o € me(lift(ysc)b)} x #y
(by def. of &)

X=Yy

Tk (ﬁ[[e]]g) x=y

{o(y) | o € me([Twex we(mw (0))} x #y
(by def. of lift(vac))

Tk (?[[e]]g) x=y

{o(y) | o € yoc(mr(b)} x#y
(shortcut constr.+proj.)
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(B'[ellb) x=y
“ L {{a Joe{o |Vz: o' @) emB)@)}) x#y
(by def. of ysc)
B'[[e]lb) x=y
_Qy{{o )| Vz:o(@) e mB)(z)) x#y
(simplify)
r(Be]b) x =
= Ay. { [[]] y (simplify)
X#Yy

k() [x = Tk (B’[[e]]b)] (by def. of [—])

(by def. of B)

ﬁZI %:l

= B[[x :=e]lb

Case sg ; s1:
(lift(acs) © Cllso 5 s1]] © lifi(vsc))b
= (lift(cees) o C[[51]) o C[[s0]] © lift(ysc))b (by def. of C)

€ (lift(acn) o Clls1]) © lift(yac) © lift(wca) © Cl[so]) © Lift(yac))b
(lift(yse) o lift(acs ) extensive)

(by IH, twice)
(by def. of B)

é (E[[Sl]] OE[[So]])B
= B[[s0 ; s1]]b

Case if e then sp else si:

(lift(cwcs) © C[[if e then s else s1] o lift(yuc))b
= lift(acs ) (C[[if e then so else s1]|(lift(Vsc)b))
(by def. of o)
— lifi{acs)
(] [mClsol( [ ] {o € melifi(ac)p) | 0 ¢ m(C[[el(] | {o1))})
keK k" eK k’eK
o mk(Clsi (| | {o € mellifi(yse)b) | 0 € me(C'[el (] [{o})1))

(by def. of C)
c lift(acs)(n i (Cl[so]I( H T (lift(yc)D)))

kekK k" ek
U (CLs ([ | mlift(rsc)b))))

(monotonicity of lift(ccs ), Tk, C)

= lifi(aca)(] [ m(ClLsol( ] | mar (Gifi(7c)B)))

kek k"eK
U Tk (Cs1]|( H e (Lift(75c)b))) )
k" eK

(identical k entries)

= lifi(aca) (] [ me(ClLsoll (lift(yac)B)) © e (ClLs1 [ lift(ac)?)))

(simplify)
Hwk (Clls1 ] (Tift(vsc)b)))

keK

(by def. of U)
= lift(acs) (Cllso ]| (lift(vc)b) O ClLsa [ (lifr(vac)b))
(simplify)

= lifi(res) ClsoT| (lft(ac)B)) © lift(en) ClL1 | (ift(sc)B))
(lift(ces) a CIM)

(by IH, twice)
(by def. of B)

llﬂ aCB H Tk C[[S()]](llf[ ’YBC

keK

0]]b U E[[Sl]]g

if e then sg else 51]]b

In:

= B[l
B[



Case while e do s: In this case our higher-order Galois connection We can now utilize that observation in the following calculation.
reads:

(lift(cwcs) © C[while e do s]) o lift(7ysc))b

ac (B = lifi(acs) 0 ® o lift(vsc) = a_,(C[[while e do s]))b (by def. of a,)
7-(®) = lifi(ysc) 0 ®  lfi(cren) e o
(Ifp(A®. \e. H {0 € M (T) | 0 € me (C'e(B[E" = {a}]))}
k" eK
First observe that for any given monotone & U e(C[[s]( H {o € mun (@) | 0¢ men (C'[le]| (D [kH = {a}])})))
k"eK
b (by def. of C)

(0o (M. Xe. [ [{oemn(@)|0emu(@el(@[K —{o}])} < (fpao

o rre o A\B.e. [[{oemw (@) |0emm@[el(SK — {o}])}
OBCIsN( [ [ {o € men(@) | 0¢ mun (C[el (DK = {o}])}))) kl/_é[K
07-)® o OREsI( [ [ {o € men(@) | 0 ¢ mon CLel(S[K" = {o3])}))
= a_((A®. \e H {o € men (@) | 0 € me (CTe(S[E" —{}])} 0v-)b (by fixed point transfer theorem)
e Kk . & (fp AD. Ab. b O B(B[[s]|b))b
U O(C[[s]I( H {o € mp(e) | 0 ¢ T (C'Te(B[E" — {a}]))}))) (by fixed point transfer theorem + above)
_ KR — B[[while e do e]}b (by def. of B)
(7=(9))) (by def. of o)
=a_(e [[{oemu(@|0emu@[el(BK —{o}])}  Case#if o s:
k" eK
U= (@)CsI( ] [{o € (@) [0 ¢ 7 CTeD (BT = I (tifi(aren) © C#iE o 5] o lift(ec))b
e (B-reduction) = lift(acs) (C[#if ¢ s (lift(ysc)b)) (by def. of o)
<€ a (e by 7w (C[[s] (lift(ysc )b kE
0. [ e =zm<aCB><H{ QAR =
; ek (7x (Lift(ysc)b) ko
Y= (@) (CLs( | [{o € min (@) [0 ¢ men (CT[e (B[ — {o}]))}))) (by def. of C)
k" eK _ —
(monotonicity of ) ) & (C[sTI (lift(yac)b)) ke
_ = lift(ces ) ( {
Ca(e [ mr(@Ur—@)CLsI( [ | 7w (@) ILL ([ Tprex Yo (mi (D)) K @
Kk | ek 3.0) (by def. of lift(ysc))
(monotonicity of o, v, ®, _ ) =
. i (C[[s]|(lift(vsc)b)) k=
= a (V.2 U (D)(C[s] (@) o = lift(ocCB)(H{ #(ClL ]l (7 o
(shortcut constr.+proj., twice) ki (vac(mk (b)) ko .
= fif(aen) © (36201 () CD©)) @ lift(ne) (shorteut constr-+pre}.)
(by def. of a_,) {OcCB C[[s]] lift ’yBc) b)) ke
= Xb. (lift(acs) o (Ne. T U 7 (@) (C[[s]]())) © lift(ac))b keK acs (yse (mx (b ko
) - (7-expansion) (by def. of lift(acs))
= Ab. lift(acs) (M. ¢ U v (@) (C[[s]|(©))) (Lift(ysc)b
o) (0507 @CHIN D) { (@) k-
= Ab. lift(cs) (lift (7ac)b O~y (B) (C[s] (lifi (7ac)b))) keK ki .
(B-reduction) (acs © ¥ reductive)
= Ab. lift(oves ) (lift (Yoe )b) O lift (s ) (- () (C[[ ] (Lift(sc)D))) acs (T (lift(vsc) o lift(acs) © C[s (lif(sc)b))) k&= ¢
(lift(acs) a CIM) kEK ki o
Ab. b O lift(ewen ) (Y- (@) (CLs]| (Lift(ysc)b) ) ) , (lift(7ac) © lift(cics) extensive)
(lift(ccs) o lift(7ysc) reductive) o (mi(ift (o) BLSIE)) K = 0
— X85 5 lifi(ocs) (ift () 0 B o lift(aves)) CSN Uit (1s)B))) {
(by def. of v_,) kek ke
E N5 O (o lift(aren)) CIL it (3 )B) (by IH, acs, lf(ac) monotone)
(lift(cwes) © lift(ysc) reductive) aven (k (T Tjrex Yo (m (B[[s1D)))) k= ¢
EAb.b O O(B[[s]b) (TH, ® monotone) keK kg
= (AD.\b.b U O(B[[s]|b))® (n-expand) (by def. of lift(vsc))
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(
(0)

71 (b)
= B[[#if ¢ s]|b

- {m (BLs15)
B keK

_ {aCB 'VBC(TK-IC(E[[S]]E))) ko
kekK \ Tk b

kEg
ko

ko
(shortcut constr.+proj.)

(e © Yse reductive)

(by def. of B)
O

35



K. Lifting of the constant propagation analyses Casex :=e:

Lemma 29 (Lifting of expression analysis).

Ve e Bop. A[e] = Xa. [ [ A'le]l (e (a)) a. IQA[[P[[X := e]l I (mx (@)
kek €
= \a. H Az := e]|(mr(a)) (by def. of P)
Proof. Let e be given. We proceed by structural induction on e. kek
Case s = \a. ]!;[(()\a. alx — A'[le]la])(mx(@))  (by def. of A)
Aa. [ [ A'Tnll(mx (@) = xa. | [(mr(@)[x — A'[e]l(mx(@)]  (B-reduction)
keK kek
= \a. H (Aa.n)(mi(@)) (by def. of A") = \a. H(wk (@))[x — m(A[e]la)] (by Lemma 29)
keK keK
= )\a. H n (B-reduction) = j[[x :=ef (by def. of A)
keK
= A[n] (by def. of A’) Case 50 ; s,:
Case x:
za. | [ A'T=D(me (@) xa. [ ALPEso 5 11,0 (me(@))
kek kek
= \a. H (Aa. a(x)) (7 (@) (by def. of A") = \a. H A[P[s0]l, 5 Pllsill, J(me(@)) (by def. of P)
keK kek
= \a. H (@) (x) (B-reduction) — \a. H(‘A[[P[[Sl]]k]] o A[[P[Iso]l 1) (7x (@)
kek kek
= A'[x]] (by def. of A”) (by def. of A)
Case eq @ e1: = Aa. H A[P[s11, J(ALP[so]l, I (7x (a)))
’ — keK
Aa. H A'lleo @ ex1]l(mx(@)) (by def. of o)
keK —
=3 [ O ATealla ® Aler o) (e (@) = \a. QA[[P[[&MW (A[[so]l@)) (by IH)
(by de. of A" = [ [ m (Al D (Al so]a) (by IH)
_ ’ N\ A ! . . kekK
= Ad. Il;][( Alleo]l(me (@) © Alle]l(mi (@) (F-reduction) = \a. Xi[sﬂ] (X[Eo]]ﬁ) (shortcut proj. + constr.)
=a. [ | me(ATeolla) ® mn(Ales]]a)  (by IH, twice) = Aa. (Afls1] o Allsol)a (by def. of o)
_ keK - = A[[s1] o A[[so]] (n-reduce)
= Afeo®@ e (by def. of A’) = Allso 5 s1]) (by def. of A)
O
Case if e then sg else s1:
K.1 Proof of Theorem 6
Vs e Stm. A[[s] = Ma. | [ ALP[s],1(m(@)) \a. Q(A[[P[Iif e then so else s1], [|(mx(@))
keK
= Xa. | [ A[lif e then P[[so]l, else P[[s1]l,]l(m«(@))
Proof. Let s be given. We proceed by structural induction on s. keK
(by def. of P)
Case skip: = \a. H(AIIP[[So]]k]] O AP [s1]1,.1) (me (@)
Aa. H A[[P[[Sklp]]k]] (ﬂ—k (a)) ek (by def. of A)
keK
= xa. | [ Allskip]|(m(@)) (by def. of P) = a. | [(A[P[soll Dl (m (@) & (ALP[s1] ) (mx (@)))
keK
- ﬁ(A () oy def. of ) (by def. of (1)
= Ad. a.a)(Trla Yy del. O _ _
L § = 3. [ [ (me(Also]|@)) & (re(Alls1 ) (by TH, twice)
= \a. a -reducti ekt _
¢ Q”(a) (B-reduction) = xa. Allso][a & A1 |a (by def. of 1)
= )a.a (shortcut proj. + constr.) = Al[so]] {1 A[ls1]] (n-reduce)
= A[[skip]| (by def. of A) = A[[if e then s else s1]| (by def. of A)
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Case while e do s: We first define o, and 4 as follows:

ak:AKﬁA

Olk(a) = ﬂ'k(ﬁ)
Y A — A

a k=FK
(a) = H{T k# K

k’eK

Together they constitute a k-specific abstraction from the lifted
analysis level to the single-program analysis level:

(A%, 8) (A,5)

Projections such as this are well-known to be Galois connections.
In particular it is a Galois insertion:

(e 0 ) (a)
a k=F
:Wk(H {T k?ﬁkl)

k’eK

(by def. of a, V&)

=a (B-reduction)

We now lift this Galois connection to monotone transfer func-
tions by a higher-order Galois connection:

o (A AT 5 AT A
L (®) = aro® oy
ot (A s A) —» A I AR
Y (P) =y 0o P o g

(A T AK ) S (AT A

Now observe that a;; induces a complete abstraction over the
body of the loop:

a0 (AP Xa.a () @(A[s]la))
=A®.a_,(\a.a 1 ®(A[s]a) (by def. of o)
= \®. o o (Ma.a U P(A[s]|a)) o & (by def. of )

= A®. a0 (\a.a 1 ®(A[[s]]a)) o (Aa.vx(a))
(n-expansion)

= A®. Aa. (. o (A@.@ 1 D(A[s]la))) (& (a))
(by def. of o)

= A®. \a. (\a@. ag(a 1 @(A[[s]@)))(vx(a)) (by def. of o)
— \B. Aa (i (a) & BEALs] (ne(a))))  (B-reduction)
ar(®

= A®. Aa. ax(yx(a)) O (AllsI(vk(a))))
(cx a CIM)

(Galois insertion)

N

= \D. \a.a ak(E(AHS]](’Yk( ))))
= A®. Aa.a Ui ag (P H AlTP[IsTl (7 (ve(@)))))

k’eK
(by TH)

JALP[s] o DI (7w (v (@)
(by def. of appl.)

= A®. Aa.a U 7 () (A P[]l 1| (mr (7% (a)))))
(by def. of a,)

= A®. \a. a ' 7 (@) (A[P[[s]], D (e (v (a))))
(by def. of a,)

(Galois insertion)

= \®. \a.a U1 ag Hﬂk/

= AD. Aa.a U 7 (D) (A P[[s]] ]la)

=A®. Aa.a 17 H T { (ALPIsD,ll2) Z : ::)

(identical k entries)
= A®. Aa.a Ui g (D( H {%A[[P[[S]]k]]a) : ; :,))

(by def. of appl.)
= A®. Aa.a U m (P (ve (A[P[[s]l,.]la)))  (by def. of &)
= A®. Aa.a U (m 0 @ o v ) (A[P[[s],Jla) (by def. of o)
= A®. Aa.a U (o 0 @ o vi) (A P[[s]] ]la)

(by def. of ax)

=AD. (A®. Aa.a 1 D(A[P[s]],]a))(ar 0 @ o yx)
(B-expansion)
= (A®. Xa.a U ®(A[P[s]],]a)) o (AD. cx, o ® o vi)
(by def. of o)
= (A®. Aa.a 1 ®(A[P[s],]a)) ca—,  (by def. of o)

As a consequence, we can now apply the stronger fixed point
theorem:

a_,(A[[while e do s]))

= a_(lfp \®. \a.a (1 ®(A[[s]la))
=1lfp A®. Aa.a 1 ®(A[P[s],]a)
= A[[while e do P[s]],]]

= A[[P[[while e do s]|,]]

(by def. of A)

(by above)
(by def. of A)
(by def. of P)



Substituting equals for equals we now obtain:

xa. | [ AlP[while e do ], ]| (mx(@))

keK

=a. | [ aw (A[while e do s])(mk (@)
keK
(by above equality)

= Aa. H(ak o Af[while e do s o v )(mk(@))

keK
(by def. of ;)

= \a. H ai(A[[while e do s]|(v&(mx(@))))

keK
(by def. of o)

= — . m(a) k=K
= )\G. ]l;[(ak (.A[[whlle e do s]| (};L {T P k'))
(by def. of i)
= — . (@) k= K
= )\a. ,L[(ak (ﬂ((ﬂ‘k/(A[[Whlle e do s]])) <{T P k"))
(by def. of appl.)
= )\a. H(ﬂ'k (A[[while e do s])))(mx(@)) (by def. of o)

keK
= \a. A[[while e do s]la (by def. of appl.)
= A[[while e do s]| (n-reduce)

as we desired.

Case #if ¢ s:

za. | [ ALPI#if ¢ s], 0 (7« (@)

keK

] APEL @) ke
ik | Alskipl(mi(@)  kH e '

B APl D(mx(@) ke
= \a. ]_[ (by def. of A)
kek | Tk (Q) ko
Alslla) k=
= )\a. ]_[ m(Alls]7) v (by IH)
kek | Tk (Q) ko
= A[[#if ¢ 5] (by def. of A)
O
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L. Soundness of family-based analyses

Lemma 30 (Soundness of family-based expression analysis).

Ve, a. (lift(&) o B'[[e]] o lift(yas))a = A'[[e]la
where
aga(b) = Az. &(b(z))
Yan(a) = Az 5(a(2))
lifi(a) = Xv. | | &(me(®))

lift (%) = M. | [ 4(me (@)
keK
lift(awa) = Ab. | | cwma (mi (b))

keK

lift(yas) = Aa. H Yan (7 (@)

keK

Proof. Let e, a be given. We proceed by structural induction on e.

Case n:
(lift(&) o B'[n]] o lift(vas))a
= life(&) (B [n ]| (lift(vas)a)) (by def. of o)
= lifi(&)(] [{n}) (by def. of B)
keK
=[Ta{n} (by def. of lift(css))
keK
=[]= (by def. of &)
keKk
= A[n]la (by def. of A")
Case x:
(lif(&) o B[[x]] o lift(vyas))a
= life(&) (B [x]|(lift(7as)a)) (by def. of o)
= lift (&) (] | m (lift(van)@) (x)) (by def. of B)
keK
llfl‘ Hﬂ'k H’YAB ﬂ'k/ )
kekK k’eK
(by def. of lift(yas))
= lift(& H Yas(mx (T (shortcut constr.+proj.)
kekK
= lif(a) (] [ 4(me(@ (by def. of yup)
keK
= [ [a(v(m(@)(x))) (by def. of lift(cus))
keK
c 1_[ (@) (x) (& o 4 reductive)
kekK
= Ax]a (by def. of A’
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Caseeg @ e1:

(lift(&) o B'[leo @ ex]] o lift(yas))a
= lift(&)(B'[leo @ e1 ]| (lift(vas)a))
= lif(&)

H e (B’ [[eo ]| (lift(vas)a)))

& (m (B e | (fi()a)))) (b def. of B)
& 1ift(@) ([ | (e (lift(3) o lift(@) o Bea] (ift(v2a)))

o B'[lex]|lift(vas)a))))

(by def. of o)

/-\/\

%

@ (m(lifr(7) o lift(&)
(lift(9) o lift(&) extensive, lift(&) monotone)

= tife(@)(] | (me (1ifi(5) o A'lleo]l(@)))

@ (mi (lift(7) o A'[lea]|(@))))

(by IH, lift(%), lift(&) monotone)
/([ [4(m (A eoll@))) & 4 (mn (A[[er]|(@))))
e (by def. of lift(%))
Y(mi (A [[eo]l (@))) © Y (i (A[[ex]}(@))))
(by def. of lift(&))
(by def. of &)

= lifi(&

=] a

keK

= H me(A'[[eo]) (@) & (A [[e1]) (@)

keK

= A'leo @ e1]la (by def. of A")

Theorem 31 (Soundness of family-based statement analysis).

Vs, a. (lift(asa) o B[[s]] o lift(yas))a E A[[s]la

Proof. Let s, a be given. We proceed by structural induction on s.

Case skip:

(lift(wns) © Bl[skip]| o lift(vas))@

= (lift(csa) © (AD. D) o lift(yas))@ (by def. of B)
= (lift(asa) o lift(Vas))@ (simplify)
Ea (lift(asa) © lift(~yas) is reductive)
= A[[skip]a (by def. of A)



Casex :=e:

(lfi(ann) o Bl[x := e o lift(vas))a
= lift(cws) (B[[x := ]| (lift(yas)a)) (by def. of o)
= lifi(awa) (| | (i (Gifi(van)@)) [x = i (B[]l (it (va8)@))])

keK

(by def. of B)
= [ T cwon((melife(van)@)) [x = i (B[] (ift(yan)a) 1)
he (by def. of lift(ass))
)[x = i (B[] (lift(van)@))])
(by def. of lift(yas))

= [ [((ens(an(m (@) [x = (i (B[] (lift(van)@))])

keK

— H OLBA((’VAB (ﬂ'k (E))

keK

(by def. of aga)

E [ [ @)[x = a(mi (B [e]l (lift(van)a)))])

e (atpa © Yap reductive)
= [ [me@[x — mi(lifi(@) (B [ell (lifr(yas)@)))])

= (identical k entries)
c [ [(m(@]x — m(A[e]a)]) (By Lemma 30)
= %EE[(x i=efla (by def. of A)

Case sg ; s1:

(lift(csa) © Bllso 5 s1]] o lift(vae))@
= (lift(ass) 0 B[[s1]) 0 B[[so]] o lift(7as))@ (by def. of B)

& (lift(wn) o B[] o lift(yas) o lift(ns) o Bllso]l o lift(1))a

(lift(yan) © lift(csa) extensive)
(by IH, twice)
(by def. of A)

E (A[[s1] o Also]))a
= Allso ; s1]a

Case if e then sp else s7:

(lift(css) o B[[if e then s else s1]] o lift(yas))@

= lift(cs ) (B[[if e then sg else s1]|(lift(yas)a))
(by def. of o)

= lift(awa) (Bl sol|(lift(vas)@) O Bl[s1]|(lift(van)a)) -
(by def. of B)

= lift(cwn) (Bllsoll (lift(van)@)) O lift(cusn) (Bllsa [l (lift(yan)@))
(lift(csa ) @ CIM)

(by IH, twice)
(by def. of A)

i X[[So]]a ] Xﬂsl]]ﬁ
= A[[if e then 5o else s1]|@

Case while e do s: In this case our higher-order Galois connection
reads:

- (

! ) = lift(cpa) © ® o lift(yas)
7-( @

)
®) = lift(yas) 0 P o lift(crsa)

First observe that for any given monotone &

(a— o (AP \b.b O ®(B[[s]]b)) 07— )P
= a,((AD.Xb.b O D(B[[s]]b)) (v (®))) (by def. of o)
(B[[s]Ib)) (B-reduction)

57— (®)(B[[s]b)) o lift(Van)
(by def. of a_,)

= Aa. (lift(ans) © (Ab.b O v (@) (B[s]Ib)) o lift(van))a

(n-expansion)

= M@ lift(apa ) (AD. b O v (@) (B[[s]|b)) (lift(yas)@)
(by def. of o)

— X lift () (lifi( ) & - (@) BT U (a)a))
(B-reduction)

= @ lift(cws) (lift(van)@) O lift(cns) (- (@) (Bl[s]) (lift(van)@)))
(llfl‘(OzBA) a CJM)

€ Xa.a O lift( o) (v (@) (B[[s]| (lift(ya0)a))) _
(lift(avga ) © lift(~yag) reductive)

— Xa.@ (3 lift(on) (lifi(yan) © B o ifi(cns)) (B s (ifi(1a0)a)))
(by def. of v_,)

E N @ 0 (B o lfi(osn)) (BIST (i(1n0)a)
(lift(aa) o lift(yas) reductive)

£ X\a.a O ®(A[s]la) (by TH, ® monotone)

Now we can utilize that observation

(lift(apa) 0 B[[while e do s]| o lift(yas))@
= a_,(B[[while e do s]))a (by def. of a_,)
= a_ (Ifp A®. \b.b O ®(B[[s]|b))a (by def. of B)
£ (Ifpa o (AD. Ab.b & B(B[[s]]b)) 0 v-)a@

(by the fixed point transfer theorem)
€ (fp(\a.a ) @(A[[s]a)))a

(by the fixed point transfer theorem, above)
= A[[while e do s]|a (by def. of A)



Case #if ¢ s:
(lifr(asa) o B[[#if o s]| o lift(yas))a
= lift(aws) (B[[#1f ¢ s](lift(yas)@)) (by def. of o)
me(Blsl(lifr(van)a)) k=
lift(ama)(
kek | T (lift(Van)@) k¥ o
(by def. of B)
e (T ( B[[S]] (lift(yas)a))) k=g
keJK

aa (mx (lift(yas )@ kH o
(by def. of lift(asa))

ama (T B[[S]] life( ’YAB) ) kE
keIK

QA ’YAB 7l'k k@
(by def. of lift(yas))

s (mx (B[ s]| (lift(va)@)) k=@
k¥ o

(aga © yap reductive)
m(lif( ) BN (1)) K =
ko

(identical k entries)

kEK
ke]K

B m(Asla) kE @
= (by IH)
kek | k(@) k¥
= A[[#if ¢ s]a (by def. of A)
O
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M. Family-based monotonicity proofs

Lemma 32 (C’ monotone). Ve, ¢,¢.cC ¢ = C'[[e]le< C'[e]|c

Proof. Lete, ¢ c @ be given.

C'[le]le

= [[C'lel(mx(2)) (by def. of C")
keK

c H C'[ell(7x(€))  (by assumption, monotonicity of C’)
keK

= C'[[e]ld (by def. of C')

O
Theorem 33 (C monotone). Vs,¢,¢.cS¢ = C[[s[lc< C[[s]lc

Proof. Let s, ¢ < € be given.

C[[s]e

= [ [clPlsl I (@) (by def. of C)
keK

c H CIP[s], (7x(2)) (by assumption, monotonicity of C)
keK

= C[[s]le (by def. of C)

We consider in particular the fixed point definition of while:
C[[while e do s]] =
Ifp(A®. Xe. [ [ {o € (@) | 0 € mur (CTel(B[K" — {o}]))}

k" eK

VBN [ {o € men(@) | 0¢ mer (CLel(BIK" (o)1)

k" ek
For shorthand notation, we let

F=x®.)e [[{oemn(@)]|0emm(@Lel(BE"—{o}])}

k" eK

UBCsI([ ] {o e men(@) | 0 ¢ mn (C el (B[F" — {o3]))}))

k"eK

For a monotone ®, F'® is monotone: Let ¢ < ¢ be given:

Fdc

= [[{oemn(@|0emum (el (B[F —{o}])}
k" eK

OBCLsN( [ [ {o € men(@) | 0¢ mun (C[el(S[K" = {o}])}))
k" eK

(by def. of F')
S [[{oemn(@)]0emm (@ el(D[E —{o}])}
SRCsN( [ [ {o € i (@) | 0 ¢ min (C'el(BIE" —{o}]))}))

k" eK
(by assumption, def. of L)

¢ [[toemu(@) | 0e mu@[el(BIK —{o}))}

k" eK
URCsN( ] [ fo € mun(@) | 0 ¢ mir (C'[ell(B[E" = {o}])}))
k”eK
(monotonicity of C and ®)
= Fo¢ (by def. of F")

As a result, F' can be seen as an operator over the domain of
monotone functions.
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Now we argue that F' is itself monotone. Let monotone functions
—_— . = .
® S & be given.

Fo
—xe. [[{oemu(@ | 0emu @lel(SK (o))}
OBELI( [T fo € mr(@ | 0 ¢ mun @[l BIK" = {o}]))

k" eK

(by def. of F)
e [[{oemn (@ |0emu@[el(B[F —{o}])}

k" eK
OF CsI( [ [ {o € m (@) | 0 ¢ men @ [[el(B[E"—{o}I)})
o (by assumption)
= F% (by def. of F)

This ensures that the while-case is well defined by Tarski’s fixed
point theorem (a monotone operator over the complete lattice of
monotone functions). Since the fixed point is itself a member of the
lattice of monotone functions, we thereby confirm monotonicity of
the while rule.

O

Lemma 34 (5’ monotone).
Ve,b,b . bEY = Blle]]b < Be]b

Proof. Let e and b < b’ be given.

B'[[e]lb

= H B'[[e]}(mx (b)) (by def. of B')
keK

< H B'[[e]l(mx(b))  (by assumption, monotonicity of )
keK

= B[]t (by def. of B')

O

Theorem 35 (3 monotone).
Vs, b,0. b &0 — B[[s]b < B[[s]b’

Proof. Let sand b & b be given.

B[[s]b

— [1BIPLs1 ) (by def. of B)
keK

< []BIPIs D (@) (by Theorem 20)
keK

= E[[s]]gl (by def. of B)

Again we consider in particular the fixed point definition of while:
B[[while e do s]| = Ifp A®. \b. b U D(B[[s]|b)

For shorthand notation, we let F' = A\®. \b. b & ®(B[[s]]b).
For a monotone ®, F'® is monotone: Let b € b’ be given:

Fob

= b O B(B[s]b) (by def. of F)
EB O B(B[s]b) (by def. of ©)
EV O 6(3[[3]]5/) (monotonicity of B and ®)
= Fob (by def. of F)



As a result, F' can be seen as an operator over the domain of
monotone functions.

Now we argue that F' is itself monotone. Let monotone functions
D & D be given.

Fo

= Ab.b U O(B[[s]b) (by def. of F)
EXb.b O P (B[[s]b) (by assumption)
=F% (by def. of F)

Again this ensures that the while-case is well defined by Tarski’s
fixed point theorem (a monotone operator over the complete lattice
of monotone functions). Since the fixed point is itself a member of
the lattice of monotone functions, we thereby confirm monotonicity
of the while rule.

O

Lemma 36 (A’ monotone). Ve,a,@.aCa —

Proof. Let e, @ £ @ be given.

A'e]la
= [[ A'lell(=x (@) (by def. of A7)
keK
c H A'[e]l(mx(@))  (by assumption, monotonicity of A’)
keK
= A'[[e]]a (by def. of A)

Theorem 37 (A monotone). Vs,a,a.aa = A[s]la A[ls]

Proof. Let s, @ = @ be given.

Alslla

= [T ALPLsT (@) (by def. of A)
kek

E H A[P[s], (7 (@) (by Theorem 22, def. of £)
keK

= A[s]@ (by def. of A)

Yet again we consider in particular the fixed point definition of
while:

Al[while e do s]| = lfp A®. \a.a 11 P(A[[s]a)

For shorthand notation, we let F' = A®. Xa. @ () ®(A[[s]|a).
For a monotone ®, F'® is monotone: Let @ = @ be given:

Fda

=a 1 ®(A[s]la) (by def. of F)
ca O O(As]la) (by def. of ()
ca O o(A[s]la) (monotonicity of A and ®)
= Foa (by def. of F)

As a result, F' can be seen as an operator over the domain of
monotone functions.

ella € Ale]la’
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Now we argue that F' is itself monotone. Let monotone functions
— e = .
® = & be given.

Fo

= )a.a 1 ®(A[[s]a)
& Ma.a 01 @ (Afs]a)
= F%'

(by def. of F)
(by assumption)
(by def. of F)

Yet again this ensures that the while-case is well defined by Tarski’s
fixed point theorem (a monotone operator over the complete lattice
of monotone functions). Since the fixed point is itself a member of
the lattice of monotone functions, we thereby confirm monotonicity
of the while rule. O



N. Proof of Theorem 7: Lifted data-flow equation
soundness

Note: the main paper version of the data-flow equations are purely
statement based, whereas the below development also formulates
data-flow equations for (labelled) expressions. Because of the below
equality, analyzing expressions with A’ or with data-flow equations
is equivalent.

We prove that a solution [— [, [—]l55 to the lifted data-flow

out

constraints is sound wrt. to the lifted analysis:
e ¢
AT T D) = e Taw
Tt ¢
AL (s Tw) € T T
for the following expression related equations:
Vk € K. i ([[n]]

o) =1

ke K. mi([x Do) = 7 ([x]5) (x)
leo’ T = oo’ @ e' Ty
ler T = llee” @ e T

Vk € K ﬂ-k([[eéo @e eflj[lout) 7Tk([[e 0]]out) @ ﬂ-k([[e lﬂm)
and for the following statement related equations:
[skipTl = [skip' o

[T = [x :=* T

Wk € K. m([x =* e ) = me([x :=* €T e mi ([ Tp)]

¢ AN
[so° n = [so” 5" s in
¢ ¢
[[s1' I = [so” lowe
0 ¢
[[s” s 511]]out = [[Sllﬂm

Lol ¢ ‘ ¢ —)
[if" e then s;° else 51" [[orr = [[$0° [og [[311]]m

¢ ‘
[se0T = [if° e then 50 else s;" |-
0 o
5T = [it° e then s;° else s5' [

[while’ e do sl = [T
[s ] = [while® e do s} 0 [[s*]

out

Vk € K. my ([#if° 0 s°]—) = m([s°]=) if kEo
Vk € K. i ([#if" ¢ SZO]]E) = m([#if @ SZO]]E) if ke
Vk e K. mp([s°]) = me([#it’ o s°]) if ko

Proof. Expression soundness: Let ¢ be given. We proceed by

structural induction on €.

Case n':
AT ) = [ o= [ [ 7 T = 17 Tawe
keK kek o
(by def. of A, [n‘]sz0)
Case x*:
A’[[x HTfk [[X =) (x) = Hﬂk(ﬂxl]]ﬁ) =
kek kekK

(by def. of A/, [[x' o)

[[Xz]]m

Casee @* Zl.

Aley @ e 1([[ee” @ er' Tz
= [ [me(@TeT(ler @ et Tim)

keK
& me (A T([ec? @ e Ti) (by def. of A7)
= [ [ = (A Tec’ T (e 7)) & mr (A7 [es T ([Tes )

keK
(by def. of [[e o= [[e =)
] et To) (e ) (by TH, tvice)

keK

=[] me(lles &

keK

lo L L
= [[e)’ @ ellﬂm

efl]]m) (by def. of [[e @' et e lsw

(simplify)

Statement soundness: Let s* be given. We proceed by structural
induction on s*.

Case skip’:
Allskip‘]|([skip‘T) = [skip [y = [skip‘ o
(by def. of A,[[skip‘]>)
Case x :=* ¢‘0:

Allx =" P ([x = )
= [Tre(lix =" ) [x = mu (AT ([[x :=* ¢ T))]

keK

(by def. of A)
= [ [me(lx =" T [x = me(A [T ([ T)]

keK
(by def. of [[e“]-)

= T Tmlx =" ) x = me ([ Tage)]

keK
(by first half of theorem)
=[] me(lx =" e Tg) (by def. of [[x :=* ¢’°]]

out

kekK
=[x := ] (simplify)
Case s‘“’O ;¢ sfl:

zﬂsz H 311]]([5 H 811]]|n)

= (Als7 T o ALy 3 s =) (by def. of A)
= (Alls1' ] o Alls D ([s6°Tz)  (by def. of [s¢ ;)
= Alls I(Allse" 16" Ti) (by def. of o)
= A[[sfl]](ﬂsgo]]m) (by IH, A monotone)
= AT (st ) (by def. of [s}* I
= [[s’il]]m (by IH)
= [[50 5 511]]out (by def. of [[Séo 5 Sllﬂout)



¢
© else s;":

Case if’ e then s
A[[i£" e then s¢® else 55! [|([[if e then s¢® else si']|)
= (AllssT 0 Afls? T)([i£° e then s(° else 51 i) B
(by def. of A)
= A[s&T([i£" e then s else sll]]m)
O AL ([ e then 50 else sll]]a)
(by def. of {7)
Al T(s1 ) ) )
(by def. of [s? [l [s1' [l
(by IH, twice)

= Allse’I([s0°T) ©

. ¢ - 4
c [[Sooﬂm U [[Sllﬂﬁ
— [[if" e then s else stil]]OLIt

(by def. of [[if’ e then s;° else s\ ]

out

Case while’ e do s°0: Recall the while equations:

[while’ e do seo]]OIJt = [[slo]]m (eq.1)

[T = [while® e do s“ T o [s°Jlor
(eq.2)

We now prove by (inner) induction that for all n > 0

T (D) ([while® e do s 11 [slop) & [[while” e do s

OIJt

where § = A\®. \a.a O B(A[[s[|a) and 1 = A@. [ [, L
From here it follows that

ﬂIIWhilez edo 520]]([[while£ e do seo]]m)
= (IfpF)([[while’ e do s )

= (i35 (1))([[while’ e do s )
(by Kleene’s fixed point theorem)

= (A@. 0,5 (L)a)([while’ e do sT=) (by def. of i)

& ~7i(m)[[whileg e do séo]].f

W (D)([[while’ e do s™ ] i [s"]] _
(by monotonicity of (1))

(by def. of A)

(B-reduction)

IH=

out)

M-

[while® e do 5] (by above)

out

Casen = 0:

5 (1)([while’ e do s oo [[5 Jloe)
= L([[whlle e do seo]]m |_| [ISZO]]

=Hj_

keK

(by def. of )
(by def. of 1)

o)

C [while’ e do 5] (by def. of = and 1)

out

Casen =k + 1:
Assume& (L)([while’ e do s [s“ ) ©

45

out

= [[while® e do s%]|

‘We now reason as follows:
3 (L) ([white’ e do s o [s°]]

out)

=3O ([T (by eq.2)
=3 @)A1 (by def. of § )
— (A& Aa.a o (AL 1a) F (D) ([ )

(by def. of §)
= (\@.a §k(l)(j[[s£°]]ﬁ))([sl°]]a) (B-reduction)
= [s]= o 3 DYALs™T([s )  (B-reduction)
& s T 0 " (D) (5" Joo)

(by outer IH, monotonicity of 3 (1))
s O 3 (I)([while’ e do s [[SZO]]out)
(by monotonicity of 3 (L)
E [[slo]]m U1 [[while’ e do s llsw (by inner TH)
= [while’ e do s (by eq.1)

/\/—\

Case #if’ %) st
Al#it" @ s ([#it" ¢ s°])
m(A[s)a) ke
_ ()\E, 1—[ k( |I ]] ) w)(ﬂ#ife o SZO]]F)
keK | Tk (a) k bé ¥
(by def. of A)
(AT [#1£° 0 s°]) kE o
keK

ﬂ'k([[#ifé %) seo]]m) ko
(B-reduction)

o [T T ke
keK

me([#iff o s™0) k# e
(by guarded def. of [[s* )

7Tk([[ ZO]]out) ke
H ¢ 2
ek | Te([#1£° @ sO5) k@
{Wk([[#lfew“ﬂm b
(

Tk [[#le ® Séoﬂout) k bé ¥
(by def. of [#if’ ¢ s"0]-)

(by TH)

I
—

keK

= H T ([#1if" @ seo]]m) (simplify)
keK
VA N
= [#if" ¢ s sz (simplify)
O

out’



0. A Generic Soundness Proof

Proof of Thm. 8. Assume for all s € Stm: a0 Y[[s]] o v E X[s]).
Let s be given.

lifi(ar) o Lift(V)[[5]] o Lift(v)
= g (lifi(e) o liftW)[5] o lift(7))(m)  (n-expansion)
= Xg. lifi (o) (i (V) [ST ifi(7) (7)) (by def. of o)
= Xy lifi(e) | [ VIPIS] (e (lifr(7) ()

keK

(by def. of lift(V))

=g lifi(e) [ [YIPISD e (] | v (@)))
< e (by def. of lift(y))
=\ lifi(c) [ [ Y[Ps1,0(v(7 () (by def. of )

keK
= 7. | [ aVIPIS0 (v (7 (7)) (by def. of lifi(cr))
keK
E \y. 1_[ XMP[3], (7= (7)) (by assumption)
= lift(X)[[5] (by def. of [iff)

O
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P. Abstracting Variability: The Galois
Connection Proof

Theorem 38. (X, &) ‘l_—i, Xr,T)

Proof. ar is monotone: assume T = T’

ar(T)
= 1 Uperpp—rnr @) (by def. of o)
kpeKp
c H U{keﬂqu:sz} i (T") (by assumption)
kpeKp
= ap(T) (by def. of ar)
~r is monotone: assume Tr = T’
Vr(TF)
. 1_[ T(knr)(TF) (by def. of yr)
keK
= H Tnr) (TF) (by assumption)
keK
= vr (TF) (by def. of vr)
Yr © aF extensive:
vr(ar(T))
= [[70am (ar@) (by def. of 71)
keK
= H T(kar) ( H U rr ey =iy T (T))
keK krpeKp

(by def. of ar)
= H U pexipn i nry T (Z)  (by def. of T(xnr))
keK
= Hﬂk(f) (sincekn F=knF)
keK
=T (simplify)
ar o vyr reductive:

ar(vr(Tr))
= H U kerciip=rnry T (YE(@F))  (by def. of o)

kpeKp

= H I_I{keK\kp:kmF} Tk ([ [yex 7w np) (TF))

kpeKp

(by def. of vr)
= H U{keK\kF:knF} Tknr) (TF) (by def. of 7x)

kreKp

= H U keriip=krry The (TF)  (since kp =k 0 F)
kreKp

=[] m™@r) (simplify)
kpeKp

=ZF (simplify)

O



