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Abstract. Parallel programming is rapidly gaining importance as a vec-
tor to develop high performance applications that exploit the improved
capabilities of modern computer architectures. In consequence, there is a
need to develop analysis and verification methods for parallel programs.
Sequoia is a language designed to program parallel divide-and-conquer
programs over a hierarchical, tree-structured, and explicitly managed
memory. Using abstract interpretation, we develop a compositional proof
system to analyze Sequoia programs and reason about them. Then, we
show that common program optimizations transform provably correct
Sequoia programs into provably correct Sequoia programs, provided the
specification and the proof of the original program are strengthened by
certifying analyzers, an extension of program analyzers that produce a
derivation that the results of the analysis are correct.

1 Introduction

As modern computer architectures increasingly offer support for high perfor-
mance parallel programming, there is a quest to invent adequate programming
languages that exploit their capabilities. In order to reflect these new archi-
tectures accurately, parallel programming languages are gradually abandoning
the traditional memory model, in which memory is viewed as a flat and uni-
form structure, in favor of a hierarchical memory model, which considers a tree
of memories with different bandwidth and latency characteristics. Hierarchical
memory is particularly appropriate for divide-and-conquer applications, in which
computations are repeatedly fragmented into smaller computations that will be
executed lower in the memory hierarchy, and programming languages based on
this model perform well for such applications.

As hierarchical memories are gaining broader acceptance [1,7,11], there is
an interest in adapting formal methods to them, and in particular in developing
both automated and interactive methods to prove properties of programs over
hierarchical memories. To our best knowledge, there has not been any previous
effort to develop program logics or a general theory of program analysis for such
a language. The objective of this paper is precisely to provide methods to reason
about Sequoia [8,12,10], a language designed to program efficient, portable, and
reliable applications for the hierarchical memory.

We indicate in red the modifications with respect to the submitted version.



In the first part of the paper, we use the framework of abstract interpre-
tation [5,6] to develop a compositional proof system to reason about Sequoia
programs (Sect. 3). The compositional proof system is proved sound w.r.t. safe
programs; our notion of safety enforces that independent subtasks of a program
manipulate distinct parts of the memory, and is very similar to the indepen-
dence notion of strict and-parallelism in the domain of logic programming [9].
In addition, we define a sound and decidable analysis for safety (Sect. 3.2).

In the second part of the paper, we focus on the interplay between program
optimization and program verification. To maximize the performance of appli-
cations, the Sequoia compiler aggressively performs program optimizations such
as code hoisting, instruction scheduling, and SPMD distribution. We show, for
common optimizations described in [12], that program optimizations transform
provably correct programs into provably correct programs (Sect. 4). More pre-
cisely, we provide an algorithm to transform a derivation for the original program
into a derivation for the transformed program. For some optimizations, the algo-
rithm relies on a certifying analyzer, that produces a derivation of the correctness
of its results. These results find applications in proof carrying code [14], in the
context of certificate translation [2, 3].

2 A primer on Sequoia

Sequoia [8,12,10] is a language for developing portable and efficient parallel pro-
grams for the memory hierarchy. It is based on a small set of constructs that
control essential aspects of programming over the memory hierarchy, such as
communication, memory movement and computation. Computations are orga-
nized into self-contained units, called tasks. Tasks at the same level execute in
parallel on a dedicated address space, and may rely on subtasks for perform-
ing computations; in this case, each subtask will operate on a smaller (and in
practice faster) fragment of the memory.

Hierarchical memory. A hierarchical memory is a tree of memory modules, i.e.
of partial functions from a set £ of locations to a set V of values. In our setting,
values are either integers or booleans: the set V of values is defined as the union
of the set Z of integers and B of booleans. Besides, locations are either scalar
variables, or arrays indices of the form A[i] where A is an array and ¢ is an index:
the set £ of locations is defined as the union of the set of identifiers for scalars or
array indices. The set of scalar variables is denoted by Ns and the set of array
variables is denoted by AN 4. The set of variable names is N' = Ns U N 4.

Definition 1 (States). The set M = L — V of memories is defined as the set
of partial functions from locations to values. A memory hierarchy representing
the machine structure is a memory tree defined as:

T :={uT,....,T;) k>0,

where p € M.



Intuitively, (u,7T) € 7 represents a memory tree with root memory p and a
possible empty sequence 7 of child subtrees. The semantics of programs is given
using an operator, 4+, : M x M — M, indexed by a memory p € M, such that:

Hi1x if Mo = px
(p1 +p p2)x = por if iz = px
v where v € {1z, oz}

Note that the operator +, is not deterministic if both p; and ps modify the
same variable. The operator +, is generalized over memory hierarchies in 7" and
sequences [l € M*. By convention, we set:

m if n<m
Mmgign Hi = § Hm ifn=m
P+ D 1<icn Otherwise

Intuitively, p denotes a memory in a hierarchical memory, corresponding to a
task G to be executed, where G is divided in parallel subtasks Gi, ..., Gj,.
Executing each subtask G; in the initial memory p returns p; as final memory.
Since subtasks are intended to operate on pairwise disjoint fragments of the
memory g, it should be the case that, upon termination of the subtasks, the
memories f . .. pu, are such that Y0 . 1; is defined.

Syntazx. Sequoia features usual constructions as well as specific constructs for
parallel execution, for spawning new subtasks, and for grouping computations.

Definition 2 (Sequoia Programs). The set of programs is defined by the fol-
lowing grammar:

—

G = Copy' (4, B) | Copy'(A4,B) | Copy(A, B)
| Kernel{A = f(B1,...,Bn)) | Scalar(a = f(b1,...,bn))
| Foralli=m:n do G | Group(H) | Exec;(G)
| If bthen G; else G2

where a, b are scalar variables, m,n are scalar constants, A, B are array variables
and H is a dependence graph of programs.

Atomic statements, i.e. Copy, Kernel, and Scalar statements, are given a spe-
cific treatment in the proof system; we let atomStmt denote the set of atomic
statements. A program G in the dependence graph H is maximal if G does not
depend on any other program in H.

Semantics. The semantics of a program G is defined by a judgment of the form
ok G — o where 0,0’ € H, and H = M x 7. Every o € H is a pair (up, )
where 11, is the parent memory and 7 is a child memory hierarchy. The meaning
of such a judgment is that the evaluation of G with initial memory o terminates
with final memory ¢’. To work with memory hierarchies, we define two functions:
m; : H—H that returns the i-th child of a memory, and &, : H xH — H that, given
two memories o1 and o9, replaces the i-th child of o7 with oo. Formally, they
are defined as ﬂi(up’ <U’F>) = (UaTi) and (Mp’ (M’F>) Di (MlvT/) = (M;D’ <M/77:i>)’
where 71; = 7" and 71; = 7; for j # .



i, (1, 7) - Copy! (A, B) — pp[B — pu(A)], (1, 7)

fip, (1, 7) F Copy (A, B) — pup, (u[B — p1p(A)],7)

Hp, <M77?> = Kerne|<A = f(Bla- . 7Bn)> — Mp, </’L[A = f(Bl7 .. 7Bn)},7_-’>

Wp, (1, Ty F Scalar{a = f(b1,...,bn)) = pp, (ula — f(b1,...,bn)],7)
X the set of maximal elements of H and H' = H \ X
Vg e X, T g— pgTg
Zggx(ﬂgﬂ'g) F Group(H') — u/, 7’
w, T = Group(H) — u', 7’
Vi € [mon] # 0y (uli = 1.7 F G e, (), 7)
fip, (1, 7) b= Forall i =m :n do G — 327 (ud, (i 7= pu(3)], 7))
mi(p, )G — u, 7
o F Breci(@) — (1,7) 04 (4, 7)

Fig. 1. Sequoia program semantics (excerpt)

Definition 3 (Program semantics). The semantics of a program G is defined
by the rules given in Fig. 1.

We briefly comment on the rules. The constructs Copy' (/Y, é), and Copy'! (/T, é),
and Copy(/Y7 E) are primitives that enable data to migrate along the tree struc-
ture, from a child to its parent, or from the parent to a child, or locally. The
constructs Kernel(A = f(By, ..., B,)) and Scalar{a = f(b1,...,by)) execute bulk
and scalar computations. We implicitly assume in the rules that array accesses
are in-bound. If this condition is not met then there is no applicable rule, and
the program is stuck.

The construct Group(H) executes the maximal elements X of the depen-
dence graph in parallel, and then merges the result before recursively executing
Group(H \ X). The semantics of Group(H) is deterministic if the elements in
H manipulate distinct regions of the memory, since otherwise the final memory
> ge (g, T4) is not well-defined in the overlapping regions. A rule not shown in
Fig. 1 states that if H = () the memory hierarchy is left unchanged.

The construct Forall i = m : n do G executes in parallel n — m instances
of G with a different value of 7, and merges the result. As in the case of group
execution, the semantics is deterministic only if iterations manipulate pairwise
distinct parts of the memory. The rule in Fig. 1 considers exclusively the case
where m < n, otherwise the memory hierarchy rests unchanged. Finally, the
construction Exec;(G) spawns a new computation on the i-th subtree of the
current memory. We omit the standard semantics for conditional tasks.

The semantics of Fig. 1 is identical to the original semantics defined in [12],
to the exception of the rule for Group(H), which only required X to be a subset



of the maximal elements of H. However, both semantics are equivalent for the
class of programs where subtasks are independent; that is, that modify different
parts of the memory. We say the programs in this class are safe. In Section 3.2
we propose a sound analysis to check that a given program is safe, and show
that both semantics coincide for safe programs.

We conclude this section by introducing useful notations. The extended set
of scalar names, Ns*, is defined as

/\/'3+=N3U{mT:xENS}U{xiil“'lik cx €NsANk>0AN1,..., 0, €N}

We define, in a similar way, the sets N4*, N't, and £* of extended locations.
These sets allow us to refer to variables at all levels of a memory hierarchy.

Given ¢ € H, with ¢ = pup, (u,7), and | € L', we define o(l) with the
following rules:

ip () if I =
o(l) = § u=) ifl=x
(7, ) (@24 ) i L= gL

We also define the functions 1%, |* : NsT — Ns™ with the following rules:

P@=a'" T@=a .y
li(l'l]l"‘l]n) _ xlll“-nl“’ Ti(xlll“ml““) _ xl“ml]k
Vel =2

Note that |’ is a total function, while 1¢ is undefined in z' and PN AL T
j # i. These functions are defined likewise for N4, N'*, and £7.

3 Analyzing and reasoning about Sequoia programs

This section presents a proof system for reasoning about Sequoia programs. We
start by generalizing the basics of abstract interpretation to our setting, using
a sound, compositional proof system. Then, we define as an instance of our
setting a program analysis for safety, and show its soundness. Finally, we define
a program logic as an instance of our proof system, and show its soundness for
safe programs.

3.1 Program Analysis

We develop our work using a mild generalization of the framework of abstract
interpretation, in which abstract elements form a pre-lattice.! We also have

L A pre-order over A is a reflexive and transitive binary relation, whereas a partial
order is an anti-symmetric pre-order. We prefer to use pre-orders instead of partial
orders because one instance of an abstract interpretation is that of propositions; we
do not want to view it as a partial order since it implies that logically equivalent
formulae are equal, which is not appropriate in the setting of Proof Carrying Code.



specific operators over the abstract domain for each type of program, as shown
below.

Definition 4. An abstract interpretation is a tuple I = (A, f, T, + 4, weak, 7, &, p)
where:

- A= (A,C,0,U,M,T,.L) is a pre-lattice of abstract states;

— [ is the flow sense, either forward (f =), or backward (f =1);
— for each s € atomStmt, Ty : A — A;

— 44 AXxA— A

— for each i € Ns, weak; : A — A

— foreachieN, 7 : A— A and 1 : Ax A— A,

— p:AxBool — A;

Intuitively, for each operation and rule of the semantics, we have a corresponding
operator on the abstract domain that reflects the changes to the memory on
the abstract domain. The set of functions {Ts}scatomstmt is the set of transfer
functions corresponding to atomic statements. The operator 44 abstracts the
operator + for memories (we omit the reference to the domain when it is clear
from the context). Given an ¢ € N and a € A, the function weak;(a) removes
any condition on the scalar variable i from a. It is used when processing a
Forall task, with 7 being the iteration variable, to show that after execution, the
iteration variable has an undefined value. For each i € N, the operators {7/ };en
and {®#};ey abstract the operations m; and @; for memories (we omit the
reference to the domain when it is clear from the context). Finally, the function
p: A x Bool — A is a transfer function used in an If task to update an abstract
value depending on the test condition.

To formalize the connection between the memory states and the abstract
states, we assume a satisfaction relation = C H x A that is an approximation
order, i.e., for all o € H and aj,as € A, if 0 = a1 and a; C ay then o = as.
The next definition formalizes the intuition given about the relation between the
operators of an abstract interpretation and the semantics of programs.

Definition 5. The abstract interpretation I = (A, f, T, +,weak, 7, ®, p) is con-
sistent if the following holds:

— for every statement s € atomStmt, and 0,0’ € H s.t. ot s — o,
o if f=1] and o = a, then o' = Ts(a);
e if f =1 and o = Ty(a), then o’ = a.
— forallo,01,09 € H and ay,a9 € A, if o1 = a1 and 09 £ as then o1+, 02 E
a1 + as.
— foralli e N, a€ A, and pp, (pt, 7) € H, if pp, (1, 7) = a, then for allk € Z
tp, (B[t — K], T) = weak;(a);
— forallo € H, if o = a then m;(0) & mi(a);
— forallo,o' € H, and a,a’ € A, ifo =a and o’ =d/, then o ®; 0’ E a®;d’;



X the set of maximal elements of H and H' = H \ X:
VgeX(a)Fglag)  (X,ex ag)F Group(H') (d)
{a) = Group(H) (a’)

[G]

[FB]

f=1  ¥Ym<j<n (a))FG (a)
(S (a})) - Forall i =m :n do G (22— weaki(a;))

f=1 V¥Ym<j<n (Tiz(a) -G (a) (mi(a)) - G (a')

(a) FForalli=m:ndo G (377_, weaki(a;)) [FF] {a) F Exec;(G) (a ®; a’) [E]
f=1,s € atomStmt f=1,s € atomStmt
T rsf@ 00 T @rs @@ o
bCa (a)FG{d) o CV (SS] {p(a, cond)) = G1 (a’) {p(a,—cond)) F G2 {a’) o
(b) F G (') {a) - If cond then G; else G2 (a')

Fig. 2. Program analysis rules (excerpt)

— forallo € H, a € A and cond € Bool, if 0 = a and 0 Egool cond, then
o = p(a, cond) . 2

Definition 6 (Valid Analysis Judgment). Let I = (A, f, T, +,weak, 7, ®, p)
be an abstract interpretation. A judgment is a tuple {(a) = G (a'), where G is a
program and a,a’ € A. A judgment is valid if it is the root of a derivation tree
built using the rules in Fig. 2.

Lemma 1 (Analysis Soundness). Let G be a Sequoia program and suppose
I = (A, f,T,+,weak, 7,®,p) is a consistent abstract interpretation. For every
a,a’ € A and 0,0’ € H, if the judgment (a) - G (a'} is valid and c + G — o’
and o = a then o' = d'.

Proof. By induction on the judgment F. Since the abstract interpretation I is
consistent, we have the required conditions for each case of the judgment.

3.2 Program Safety

Intuitively, a program is safe if the subtasks that can be executed in parallel are
independent, i.e., they modify different parts of the memory. This means that
independent subtasks can be executed in any order without affecting the final
result, which justifies the use of our semantics (cf. Proposition 1).

To check safety for a given program, we define an abstract interpretation that
over-approximates the regions of the memory that are read and written by each

2 Given a memory ¢ and a boolean condition cond, the judgment o |=poo cond states
that the condition is valid in the memory o. The definition is standard so we omit
it.



subtask (region analysis). A program is safe if these regions do not overlap for
subtasks that can be executed in parallel. The presence of arrays makes things
more complicated, since when a program of the form Forall j = m : n do G is
executed, we must check that, for different values of j, G writes non-overlapping
portions of the arrays. This ensures that the final memory does not depend
on the order of execution of the subtasks composing a program. Note that the
compiler for Sequoia described in [12] assumes that programs are safe, but does
not check it. For our purposes of verification, checking this property is essential.

We first define an interval analysis that over-approximates the values of scalar
variables, with domain Dy, where

D; = Nst — Interval,
Interval = {(a,b) : a € ZU{—00},b € ZU {0},a < b},.

The complete definition is given in Appendix A.
The region analysis is described by two abstract interpretations I (reading
region) and IV (writing region), both defined over a domain D, where

D = (N4t — Interval) x P(Ns™).

Each element d € D is a pair (a, s), where, for each n € N4, a(n) represents the
range of indices of array a that are accessed (read or write) by a subtask, and s is
the set of scalar variables that are accessed. The interval analysis described above
is used to determine which part of a given array is accessed by each subtask.
The analyses It and IV define the judgments (a)r G{a’) and {(a)Fw G{a’),
where G is a program, using the rules of Fig. 2. The meaning of these judgments
is stated in Lemma 2 and Lemma 3 below. We first give some definitions.
Given a set of locations L C £, and memories u, ' € M we write p =~ u' if
w and p' have the same values at the variables in L. This definition is extended
to regions (i.e. elements of D) and memory hierarchies. Given two memories
w, ' € M, we denote with Modified(u, p') the set of locations that have different
values in x4 and p’. This definition is also extended to memory hierarchies.

Lemma 2 (Soundness of I%). Assume a program G, Ri,Ry, € DT with
(R1) Fr G (R2), and 01,00 € H with 01 =g, 02. If oy W G — o] and
o9 b G — 0}, then o} =g ob, where R = Modified(o1,0}) U Modified (o2, 0%).

Lemma 3 (Soundness of I'). Assume a program G, Wi,Ws € DV with
(W) bw G(Wa), and 0,0’ € H. If o = G — o’ then Modified(o,0’) C Ws.

Using the region analysis described above, we can determine whether a pro-
gram is safe, using the safety judgment, Fg.fe G, defined by the rules shown in
Fig. 3. The interesting rules are the rules for Group and Forall. We check that
subtasks that can be executed in parallel have non-overlapping regions. More
specifically, the writing region of one task cannot overlap with neither the read-
ing nor the writing region of another independent task. This ensures that the
final memory does not depend on the order in which tasks are executed. In the



G € atomStmt T (S) Fsafe G s Fsafe G1 s Fsafe G2
Fsate G S Fsafe EXGCZ'(G) s Fsate If b then G else Ga
VG,G' € H with G and G’ not related in H (L) Fw Glwe) (L) Fw G {wegr)
(L)FrG(re)  (L)FrG(re/)  (reVwg)Nwg =0  (re Uweg) Nwe =0
Fsate Group(H)
Yk, (Tfi (L)) Fr Gry)
Yk, (T} (L) bw Glwy) VR K, (r Uwr) Nwy, = {5}

Fsafe Forall j = s:edo G

Fig. 3. Program Safety

case of Forall, there is an overlap between the variables written by each subtask,
namely the iteration variable (since this variable is written at the beginning of
execution). However, in the semantics we restore the previous value of it after
execution of the Forall, since we consider it a local variable. Hence, the final
memory does not depend on the order of execution of parallel subtasks.

The next result justifies the change we made to the Sequoia semantics. In
the original semantics defined in [12], there is a different rule for Group, where
the set X is any set of maximal elements, as opposed to the semantics defined
in Fig. 1 where we take X to be the complete set of maximal elements. This
means that, in the original semantics, the order of execution of parallel subtasks
is not deterministic. However, for safe programs, both semantics give the same
final result, as stated in the proposition below. To differentiate, we use —¢ to
refer to the original semantics.

Proposition 1. Assume a program G s.t. Fsae G, and a memory hierarchy
c€H. IforG— o1 and o b G —¢ 09, then 01 = 03.

Before proving this proposition, we introduce a useful lemma.

Lemma 4. Assume programs Gy and Go, and regions Ry, Ry, Wy and Wy s.t.

(L) Fr G1{R1) (L) Fr G2(Rs)
(L) Fr G1 (W) (L) Fr G2(W2),

and W1 N (R UWs) =0 and Wo N (R UWy) = 0. If 0,01,02,012,021 € H are
memories S.t.

O'FGlﬂ 01 UlFGQH 012

0"G2—> g9 02|_G1—> 021,

then 012 = 0921
Proof. Using soundness of I and 1.

Proof (Proposition 1). We want to prove that the order of execution of indepen-
dent subtasks does not matter for safe programs. While the original semantics



seems to be non-deterministic because of the choice we can make in the Group
rule, for safe programs, this choice does not matter as the final result will always
be the same.

We consider yet another rule for Group, where we execute all subtasks in
sequential order (we use the symbol —; to differentiate from other semantics):

{glagQa"'vgn}:H 0 =01
Vie{l,...,n},o0iFgi —1 0i11

o F Group(H) —1 01

The condition in the previous rule is that the order ¢1,..., g, respects the de-
pendencies of the graph H. Note that this order is not unique.

Given a safe program G s.t. 0 = G — ¢’ we can show by induction on the
semantics that o = G —; o¢’. In fact, we can show, using the previous lemma,
that the order in which we execute the subtasks of a Group does not affect the
final memory.

Using a similar reasoning, we can show that if ¢ H G —¢ ¢”, then o I
G —1 o¢". Combining both results, we infer that ¢’ = ¢”. O

3.3 Program Verification

We now define a verification infrastructure as an instance of the abstract inter-
pretation I = (Prop, T, T, +prop, Weak, 7, @, p), where Prop is the pre-lattice of
first-order formulae over variables from A/ *. Before giving the complete defini-
tion of I, we need some preliminary definitions.

Given a formula ¢, the formula 1%¢ is obtained by substituting every free
variable v € N T of ¢ with |*v. In the same way, the formula 1°¢ is obtained
by substituting every free variable v € N+ of ¢ by 1*v; if 1°v is not defined, we
substitute v by a fresh variable, and quantify existentially over all the introduced
fresh variables.

Definition of +. We need some care when defining the operator + on indepen-
dent subtasks. For instance, assume two tasks GG; and G5 that execute in parallel
(this means that the memories o1 and o9 after execution are added together)
with post-conditions Q1 and Q5. Intuitively, we want to verify that each G; sat-
isfies the post-condition @); and then conclude that after executing both tasks,
the resulting memory satisfies Q1 A Q2. However, this may be false, since @)1 can
refer to variables that are modified by Gy. ® Hence, while Q; is true after execut-
ing (G1, it may be false after executing G; and G5 in parallel. The solution is to
give a weaker formula than Q1 A Q2. We will have that after execution of G; and
G, a formula of the form Q) A Q) is valid, where @} (resp. Q%) is a modification
of Q1 (resp. Q2) that does not refer to variables that are modified by G (resp.
G1). In fact, Q) (resp. Q%) is defined as an existential quantification over the

3 Remember that we consider only safe programs, so there are no variables which are
modified by both G; and G2



variables that are modified by Go (resp. G1). Therefore, to define the operator
+, we require that subtasks are annotated with the set of variables that they
modify. In our case, we use the region analysis given in the previous section. For
two subtasks G; and G5 that respectively modify the scalar variables in the sets
SW1 and SW5, and the array ranges in AW; and AWs, we define the merging
operator + as ¢1 + g2 = @) A ¢y where ¢} is a weaker version of ¢, defined as
3X’. 1 [Yx] AN apm,njeaw, A'lm,n] = Alm,n], X’ representing the set of scalar
and array variables in SWy U AW, (and similarly with ¢o). We generalize the
operator + for a family of post-conditions {qbi}iel and a family of specifications
of modified variables {SW;},.; and {AW;}, ;, by defining >, ¢; as A\;c; ¢;
where for every i € I, ¢/ = 3X". ¢[X/x] A Napm,njeaw, Alm,n] = A'lm,n], s.t.
X' represents every scalar or array variable in {SW;}jzier or {AW,}jzier.

In practice, if an assertion ¢; refers only to scalar and array variables that
are not declared as modifiable by other member j # i, we have ¢, = ¢;.

Definition of other components of I. They are defined as follows:

— {Ts}scatomstmt are the weakest pre-condition transformers (the complete def-
inition is given in Appendix B);

— weak;(¢) = Ji. ¢, where i € Ns™;

— () = "¢, where i € N;

— @1 ®; ¢2 = @1 A "o, where i € N, and ¢ is obtained from ¢; by replacing
every variable of the form x or z!'V"'V’* with a fresh variable and then
quantifying existentially all the introduced fresh variables.

— p(@, cond) = ¢ A cond;

The satisfaction relation o = ¢ is defined as the validity of the interpretation
of the formula ¢ in the memory hierarchy o. To appropriately adapt a standard
semantics [.] to a hierarchy of memories, it suffices to extend the interpretation
for the extended set of variables N, where [n]o = o(n), for n € N'*.

In the rest of the paper, we denote as {P} F G {Q} the judgments in the
domain of logical formulae, and P and @ are said to be pre- and post-conditions
of G respectively. If the judgment {P} - G {Q} is valid, and the program starts
in a memory o that satisfies P and finishes in a memory ¢’, then ¢’ satisfies ).
The proposition below formalizes this result.

Proposition 2 (Verification Soundness). Assume that (P) - G(Q) is a valid
judgment and that o &= G — o', where G 1is a program, P, Q are assertions, and
o,0' € H. If o = P then o' = Q.

3.4 Example Program

We show an example of program verification. The program Gaqq (shown in
Fig. 4) adds two arrays producing an output array. This task is divided in a
number of independent subtasks that operate on different parts of the arrays.
We use the operators || and ; to describe the dependence graph composing a
Group task, that represent parallel and sequential composition respectively.



Gaad = Group(G1 || ... || Gn)
G; = Exec;(Group(InitArgs;
Kernel(Z[0, S] = VectAdd(X|0, S],Y[0, S]));
Copy' (210,51, Cli S, (i +1)S))))
InitArgs = (Copy' (A[i S, (i +1)5], X[0, 5]) |
Copy! (B[i S, (i +1)S], Y0, 5]))

Fig. 4. Program code for addition of two arrays

We assume that the top-level of the memory hierarchy has at least n child
memories. The arrays are divided in chunks of size S. Note that the optimum
value of S may depend on the underlying architecture.

The program Gaqq is safe, since the subtasks Gi,...,G, are independent
(they modify different parts of array C'). We want to derive the following judg-
ment:

{true} - Gaaq {Vk,0 <k < nS = C[k] = A[k] + B[k]} (1)

First, we derive, for each ¢, the following judgment:

{true} F Gi {Qz}
Qi =Vk,iS <k < (i+1)S = Clk] = Ak + BIK]

That is, we show that each subtask G; computes the addition of arrays A and
B for indices between .S and (i 4+ 1)S. Now, using the rule for Group we derive

{true} F Gaaq {Z Qz},

where ). Q; = A, Q; and @} is obtained from @Q; by quantifying existentially
over the variables that are not modified by Q;, as explained in the previous
section. However, since @); only refers to variables that are not modified by
other subtasks (besides G;), we have Q} = Q;. Using the subsumption rule we
derive (1).

4 Certificate translation

In this section, we show that for the common optimizations considered in [8,
12] we can transform proof of correctness of the original program into proof
of correctness of the optimized program. The problem of certificate translation
along program optimizations in this setting is motivated by research in Proof
Carrying Code (PCC) [15, 14], and in particular by our earlier work on certificate
translation [2, 3].



Strictly, the results of this section are not immediately applicable to PCC
and to certificate translation, since we have not considered formal certificates.
However, it is easy to adapt the notion of valid judgment, including an abstract
notion of certificates, as in [3], and to extend our algorithms to transform certified
Sequoia programs into certified Sequoia programs.

Due to space limitations, we consider simplified versions of the optimizations.

Certified setting. For the purpose of certificate translation, we capture the
notion of certificate infrastructure by an abstract proof algebra, and we assume
that certificates are closed under specific operations of the algebra.

Definition 7 (Certificate infrastructure). A certificate infrastructure con-
sists on a proof algebra P that assigns to every ¢ € Prop a set of certificates

Pl ¢) s.t.:

— P is closed under the operations of Fig. 5, all implicitly quantified in the
obvious way;
— P is sound, i.e. for every ¢ € Prop, if ¢ is not valid, then P(p) = 0.

In the sequel, we write ¢ :+ ¢ instead of ¢ € P(¢).

The operations of the proof algebra are standard, to the exception of the operator
subst that allows to substitute selected instances of equals by equals, and of the
operator ring, which establishes ring equalities that will be used to justify the
optimizations.

introtre @ P(I"F True)

axiom P A; AR A)

ring P(I'+n1 =n2) if ni =ne is a ring equality
intro P(I'+tA)—P(I'FB)—P(IH+AAB)
elim, : P(I'AAB)— Pk A)

elim), P(I'+-AAB)— P(I'+ B)

intro— P(IA-B) —-P('+A= B)

eime  : P(I' A= B) - P(I'+ A) — P(I' - B)
eim=  : P(I'kFe1 =e2) =PI+ A[*Y]) — P(I" - A[*¥%])
subst : P(I'F A) — P(I'[%] F Al%])

weak : P(I'HA) = P(;AF A)

introy : P(I'tA) — P(I'+Vr.A) if r is not in I
elimy : P(I'FVr.A) — P(I'F A)

Fig. 5. Proof Algebra (excerpt)



Definition 8 (Certified Analysis Solution). We say that the verification
Judgment {®} - G {¥} is certified if it is the root of a derivation tree, built from
the rules in Fig. 2, such that every application of the subsumption rule
p=>0¢ {o}FG{d} ¢ =¢
{p}F G {¥'}

is accompanied with certificates ¢ and ¢’ s.t. c:F- o = ¢ and ' :F ¢ = .

[CSS]

We call a certificate for the judgment {®#} F G {¥} a derivation tree together
with a tuple of certificates for each application of the subsumption rule.

4.1 General framework

In this section, we consider the translation of certified verification judgments
when a program G’ is derived from the original program G by a structure pre-
serving transformation that is justifiable by a valid analysis judgment. This cat-
egory of transformations covers several optimizations that improve the efficiency
of an atomic sub-program exploiting conditions ensured by previously executed
statements, including standard optimizations such as constant propagation or
common sub-expression elimination (which are not treated here, but refer to [2,
3]). We illustrate the transformation with copy propagation.

Certifying analyzers. Certificate translation along a program transformation
may require that the analysis that justifies the transformation is certified, i.e.
that there is a certificate of the result of the analysis expressed as logical for-
mulae. In this section, we provide sufficient conditions for the existence of such
extended analyzers, called certifying analyzers.

Consider an abstract interpretation I = (A, f, T, +, weak, 7, @, p) and assume
that (a) F G (da’) is a valid judgment of the analysis. Let v : A — Prop be a con-
cretization function, i.e. a function that for any a € A, returns an interpretation
of a as a logic formula.

We provide sufficient conditions to generate a certified verification judgment
{7(a)} F G {v(a’)} from the valid analysis judgment (a) - G (a’).

Definition 9. An abstract interpretation I = (A, f, T, +,weak, 7, &, p) is con-
sistent with the verification infrastructure if we have

— for every ai,as € A s.t. a1 T ag, a certificate monot : y(a1) = y(az)
— for every a € D, s € atomStmt,
o f=1 and conss(a) : v(Ts(a)) = wp(y(a)), or
o f = and conss(a) : y(a) = wp(y(Ts(a))).
— for every a,a’ € A, the certificates distrib ., :F y(a) +~(a’) = y(a+a’) and
distribm  :F y(aMa’) = y(a) Ay(a');
— for every a € A, i € Ns, Cueak : F weak;(v(a)) = vy(weak;(a));
— for every i € Z a,a’ € A, the certificates ¢, :+ mi(v(a)) = vy(mi(a)) and
g, :F7(a) ®iv(a') = y(a®; d'); and



— for every a € A and b € Bool, a certificate c, : y(a) Nb = ~(p(a,b)).

The following result states that a valid analysis judgment that motivates
a program transformation is certifiable, as long as the analysis I is consistent
with the verification environment. This result is fundamental, since for several
program transformations the certification of the analysis is a component of the
certificate translation.

Lemma 5. Let (a) = G (a’) be a valid analysis judgment. Then, provided I is
consistent with the verification environment, {y(a)} = G {y(a)} is a certified
verification judgment

Proof. The proof is by induction on the derivation of (a) - G (a’). We consider
only some representative cases.

— Base case. Last rule applied is [AB]. Then a = Tg(a'), with s = G. By
application of the corresponding rule [AB] in the domain of the verification
environment, we get the judgment {wp,(v(a’))} F s {y(a’)}. By consistency
of the analysis I, we have a certificate cons :F v(Tg(a')) = wp,(y(a")),
and then, by application of the subsumption rule [CSS] we get the certified
judgment {x(To(@'))} F 5 {3(a")}.

— Last rule applied is [SS]. Then we have a sub-derivation tree for the judgment
(b) F G (V') and a T b and v/ T o/. We know, by L.H., that the judgment
{y(b)} F G {~(¥')} is certified. By monotonicity of v we have certificates
for v(a) = ~(b) and v(') = ~(a’) and then, by subsumption, a certified
judgment {y(a)} = G {~(a)}

— Last rule applied is [FB]. Then G has the form Forall i =m : n do G’ and a

are a' are necessarily equal to [1;_,, Ti.=j(a;) and 377_, weak;(a}) respec-
tively, s.t. for every j € [m,n| there is a sub-derivation tree for the judgment
(aj) B G’ {a}). By L.H., we know the judgments {vy(a;)} = G’ {y(a})} are
certified and, thus, by application of the rule [FB], we get the certified judg-
ment {\;_,, Ti=j(v(a;))} F G’ {307, weaki(y(a}))}. It remains to show
that we have a certificate for 'y(|—|?:m Ti—j(aj)) = /\?:m wp;.—;(7v(a;)) and
a certificate for 377 weak;(v(a})) = v(3°]_,, weak;(a})). The former fol-
lows from cons and distrib ~, and the latter from distriby 4 and cyeak-

— Last rule applied is [E]. We know that G is of the form Exec;(G"), o’ is equal
to a ®; a’ for some a” € A, and that there sub-derivation tree for the judg-
ment (m;(a)) b G’ (a"). Then, by I.H., the judgment {(y(m;(a))) b G’ (y(a"))
is certified. By application of c,,, we get a certificate for m;(y(a)) = y(m(a))
and then, by subsumption, a certified judgment (m;(v(a))) F G’ {(y(a”)). Ap-
plying the rule [E], we get (y(a)) F G’ {(y(a)®;v(a")). Finally, from cg, and
application of the subsumption rule [CSS] we have the certified judgment
(@) F & (@@, a).

Certificate translation. Let G’ be a program derived from G by a structure
preserving transformation, i.e. G and G’ have the same structure but differ on
the leaves of the abstract syntax tree.



Definition 10 (justified transformation). Let s and s’ be atomic statements
and R a logic formula. The substitution of s by s’ is justified by R if for every
assertion ¢, we have a certificate justif :F R A wp,(¢) = wp,, (¢). We say that
a derivation tree for the judgment {P}+ G {Q} justifies a structure preserving
transformation from G to G', if the substitution of every atomic subprogram g in
G by ¢ is justified by a pre-condition R s.t. {R} F g {R'} is the corresponding
derivation sub-tree of {P} F G {Q}.

The following result, in combination with Lemma 5, states that certificate
translation from G to G’ is feasible if G’ is derived from G by a structure pre-
serving transformation that is justified by a valid analysis judgment.

Lemma 6. Let G’ by a program derived from G by a structure preserving trans-
formation, justified by the certified judgment {R} + G {R'}. Then we can build
a derivation tree for the judgment {P AR} = G' {Q A R'} from the certificate of
the original judgment {P} + G {Q}.

Proof. The proof is by induction on the derivation of {P} F G {Q}. We consider
only some representative cases, and assume w.l.g. (by trivial applications of the
subsumption rule) that {P} + G {Q} and {R} b G {R'} are derived applying
exactly the same rules. For simplicity, we assume the existence of the following
extra certificates, built by application of the operators of the proof algebra, and
by definition of wp, weak, m; and @;:

. distriba wp 1 wpy (@) Awp,(¢) = wp, (¢ A )

. distriba weak : F weak; (¢ A 1) = weak;(¢) A weak; (1))
distribp r, : (6 A) = mi(6) A (1)

- distriba,, £ (6 A1) s (6 Ai) = (6 @i ) A (1 By 1)
. commuta tFQAY =Y AP

. assoch (A VYANp=dN (VA p)

D Gr P Lo o~

— Base case: last rule applied is [AB]. Let s = G and s’ = G', then we have
R =wp,(R') and P = wp,(Q). Since R justifies the substitution of s by ¢,
there exist a certificate for R Awp,(R' A Q) = wp, (R’ A Q). By definition
of R and distrib wp, we have a certificate for RA P = wp, (R A Q), then,
by subsumption we get the certified judgment {R AN P} F G' {R' AN Q}.

— If the last rule applied is [CSS], we know that the judgments (P1) - G (Q1)
and (R1) F G (R}) are certified, and there exists certificates for P = P,
Q1= Q, R= R; and R} = Ry. The judgment (P, A R1) F G’ (Q1 A R}) is
certified, by I.H. Besides, using rules of the proof algebra, we get certificates
for the judgments PAR = P ARy, @1 AR} = QA R. By application of the
subsumption rule [CSS], we get the certified judgment { PAR} - G’ {QAR'}.

— If the last rule applied is [FB], we have that G is equal to the program
Forall i = m : n do Gy, that G’ is equal to Forall i = m : n do G}, P =
/\;’L:m, Wpi::j(Pj)’ R = /\?:m Wpi::j(Rj)} Q = Z;L:m Weaki(Qj) and R/ =
> i—m Weaki(R}). In addition, we know the judgments {P;} = G1 {Q;} and
{R;} = G1 {R}} are certified, for every j € [m,n]. By LH., we get the



certified judgments {P; A R;} = G} {Q; A R}}, and therefore, by application
of the rule [FB], we have the certified judgment

{Nj=m WP (P A Ry Gy {307, weaki (Q; A R}

From commut,, assocy and distrib wp, we can define a certificate for P A
R= /\?=m wp;.—;(Pj A Rj). From distribs weak and assocy we have a certifi-
cate for E;l:m weak;(Q; A R}) = Q A R'. Therefore, by application of the
subsumption rule [CSS] we get the desired result.

— If the last rule applied is [E], then G = Exec;(G1), G' = Exec;(G}), for some
G1,GY, and Q and R’ are equal to P ®; Q; and R ®; R;, respectively, for
some Q;, R;. In addition we know that the judgments {m;(P)} + G1 {Q;}
and {m;(R)} - G1 {R;} are certified. By I.H., we have the certified judgment
{mi(P)ATi(R)} F G} {QiAR;}. From distriba ., we get the certificate m;(P A
R) = m;(P) Am;(R), and hence, by subsumption the certified judgment {P A
R} G {(PAR)®; (Q:i AR;)}. In addition, by application of distribs g, we
have a certificate for (PAR)®; (Q; ANR;) = (P®; Q;) N(R®; R;). Therefore,
by application of the subsumption rule [CSS], we get the desired result.

Copy propagation for arrays. Since array operations are common in pro-
grams targeting data intensive applications, it is of interest to extend traditional
copy propagation to consider copy operations between arrays. Naturally, this
transformation requires a richer analysis domain to relate not simply arrays but
array intervals.

Consider an abstract interpretation I = (4, |, +, weak, 7, ®, p) with domain
A = P(Ny4 x Interval x Ng x Interval). An element (A, [m,n], A’,[m’,n]) in
N4 X Interval x N g x Interval, denoted A[m,n] = A’[m/,n'] for readability, is
satisfied by a memory hierarchy o € H if the intervals [m,n] and [m’,n'] are
equally sized and the arrays A and A’ coincide on that ranges. An element a
of the abstract domain A is satisfied by a memory hierarchy o € H if for all
Alm,n] € S, o satisfies A[m,n].

Definition 11. Let a be an abstract element such that A[m,n] = A’'[m’,n'] € a.
Consider an atomic statement s that reads an array range Alx,y| such that
[z,y] C [m,n]. Then, the judgment (a) b s {a') induces a transformation of s
into s’ if s is the result of substituting every access of Ali] in s by A'[i —m+m/].

For instance, let s be the statement Kernel(Z = VectAdd(B[0, k], C[0, k])) and
a € A such that B0, k] = A[m,m + k] € a. Then, for any o’ € A the judgment
(a) F s {a’) induces the substitution of the atomic statement s by the statement
Kernel(Z = Vect Add(A[m, m + k|, C[0, k])).

Let the program G and a,a’ € A s.t. there is a derivation of the judgment
(a) B G (a'). We say that the derivation tree of (a) F G (a') induces a struc-
ture preserving transformation of G into G’ if every substitution of an atomic
statement s in G by s’ in G’, is induced by a judgment (b) - s (V'), root of a
derivation subtree of (a) F G (a’).



Consider the certified judgment {®} - G {¥}. A first requirement to trans-
late the judgment along array copy propagation is a certificate of the analysis
judgment (a) - G (a’). To this end, we interpret the result of the analysis with
a concretization function v : A — Prop defined as

Y(A[m,n] = A'[m/,n']) = (n—m=n"—m') A (Vim<i<n. Ali] = A'[i + m' —m])

Lemma 7. Consider a program G and a valid analysis judgment {(a) = G (da’).
Assume that the abstract interpretation I is consistent with the verification en-
vironment, and that the judgment {y(a)} b G {v(a’)} justifies a copy propaga-
tion transformation from G to a program G'. Then, for every certified judgment
{P} F G {¥} we have a certified judgment {y(a) NP} F G {~(a') NT}.

Consider again the substitution of Kernel{(Z = VectAdd(B[0, k], C[0, k]) by
the statement Kernel{(Z = VectAdd(A[m,m+ k], C|0, k]) induced by (a) F s {(a’)
such that B[0, k] = A[m,m+k] € a. The interpretation y(a) is such that v(a) =
~v(B[0, k] = A[m, m+k]). Hence, to show that this atomic substitution is justified
by the analysis consists on requiring the validity of the following proposition:

’y(B[O,k] — A[m,m+ k‘]) /\¢[B[O,k],0[0,k]/z} = (Z)[A[m,m—i-k],c[o,k]/z]

4.2 SPMD Distribution

SPMD distribution is a common parallelization technique that spreads over mul-
tiple processors the execution of the same program over independent fragments
of data.

Consider a subprogram Exec;(Forall j = 0 : k.n do g) executing in parallel k.n
instances of g in the i-th child memory. Since we are considering safe programs,
we can assume that each instance of g operates over independent data.

G’ is transformed from G by applying SPMD distribution if G’ is the result
of substituting every subprogram Exec;(Forall j =1 : k.n do ¢) by the equivalent
subprogram Group(Gy || ... || Gi) where for any i € [1,k], the program G; is
defined as Exec;(Forall j =1+ (i — 1)n : i.n do g).

The following result follows from the commutativity and associativity of the
operator + and the distributivity of the function | w.r.t. the operator +, in the
domain of logic formulae.

Lemma 8. Let G’ be a program transformed from G by SPMD distribution.
Then it is possible to translate a certified verification judgment {®} - G {¥}
into a certified judgment {9} F G' {¥}.

Proof. To prove this, we show that a certificate of the judgment {P} - G {Q}
corresponding to a subprogram of the form G = Exec;(Forall j =1 : k.n do g)
can be transformed into a certificate of the judgment {P} + G’ {Q}, where
G’ = Group(Gy || ... || Gr) with G; = Exec;(Forall j =1+ (i — 1)n : n.i do G).
For simplicity, we refrain from considering the application of the subsumption
rule [CSS]. Then, by application of rule [E], Q is equal to |"(Q') for some



Q', and the judgment {1*(P)} F Forall j = 0 : k.n do G {Q'} is certified.

We know then that, by application of the rule [FB], Q' = Z?,’Zl weak; (Q;),

that 1*(P) = /\j'; wp;._;/(Pjr) and that for each j' € [1,k.n] we have a cer-

tified judgment {P;} = G {Q'}. For each i € [1,k] we construct a derivation
for the judgment {1*(P)} & Forall j = 14 (i — 1)n : n.i do G {Q}} where
Q) = Z?,‘;1+(i_1)n weak; (Q;), by application of the rule [FB] and [CSS] with
a certificate of T'(P) = /\;}71:1+(i_1)n wp;._;(Pjr). By application of rule [E] we
have a derivation for { P} \ Exec;(Forall j = 1+ (i — 1)n : n.i do G) {1*(Q})}.
Finally, by a simple application of the rule RGroup we get the certified judg-
ment {P} F Group(G1 || ... || Gk) {Zle(l’(Q;))} To complete the proof notice

that by definition of 3 and |*, Zle(ll(zy,‘;“i_l)n weak;(Q;))) is equal to
i k.n
1252, weak; (@)

4.3 Exec Grouping

The execution of the task Exec;(G) starts the computation of the subprogram
G on the i-th child memory. Since the operation of delegating execution to one
of the child nodes may be costly for a parent processor, there is an interest on
merging relatively small and independent Exec operations executing in the same
node in a single Exec operation.

G’ is the result of applying Exec grouping to a program G, if it is defined
by substituting every subprogram Group({Exec;(G1),...,Exec;(Gr)} UH) in G,
where {Gq,...,Gy} are independent and maximal subprograms, with the sub-
program Group({Exec;(Group({G1,...,Gx}))} UH).

The commutativity and associativity of the operator + : Prop — Prop and
the distributivity of the operation |* : Prop — Prop w.r.t. + enable us to prove
the following result.

Lemma 9. Let G’ be a program transformed from G by Exec grouping. Then,
it is possible to translate a certified judgment {®} = G {¥} into the certified
Judgment {@} - G’ {¥}.

Proof. To prove this lemma we show that for a subprogram G of the form
Group({Exec;(G1), ..., Exec;(Gy)} U H) with G; mazimal elements, and certi-
fied judgment {P} = G {Q}, the judgment {P} F G’ {Q} is also certified, with
G’ equal to Group({Exec;(Group({Gh1,...,Gk}))}UH). For simplicity, we do not
consider the application of the subsumption rule [CSS], and we assume the exis-
tence of the certificate distriby g, :F ¢®; (V+¢) = (¢B:Y)+(¢Dip), built by ap-
plication of the operators of the proof algebra, and by definition of ®;. If we con-
sider the last application of rule [G], we know there are sets X and H' such that
X U{Exec;(G,) | j € [1,k|} are the mazimal elements in H, H' = H\ (X U{G,}),
and we have the certified judgments { P} = G; {Q;} for j € [1,k], {P}F G {Q4}
for g € X, and {3 ;e @i + 2yex Qg - Group(H') {Q}. It can be seen
that if X U {Exec;(G;) | j € [1,k]} is the set of maximal elements in H,
then X U {Exec;(Group({G;) | j € [1,k]}))} are also the mazimal elements in



H'UX U{Exec;(Group({G;) | j € [1,k]}))}. Hence, if we show that the judgment
{P} b Execi(Group({G;) | j € [L,k]})) {D2 ep1 4 @} is certified, by definition
of >, and application of the rule [G] we get the desired result. To show that
{P} F Execi(Group({G;) | j € [Lk]})) {D_ e(1 0 @i} is a certified judgment, we
analyze the derivation of { P} = Exec;(G;) {Q;} for each j € [1,k]. We have then
that Q; = P ©; Q' for some Q’;, and the certified judgment {1*(P)} = G; {Q}}.
Since G are independent subprograms, by application of the rule [G] we get
the certified judgment {1°(P)} = Group({G; | j € [L,k]}) {3 cpn @5}, and
by application of [E], the certified judgment {P} F Exec;(Group({G; | j €
(LED) AP @i Xojep @5} Finally, from distriby o, we have a certificate for
Po; Eje[Lk] Q; = Eje[Lk] (P @i Q}), which together with an application of
rule [CSS] enables us to certify the judgment {P} + Exec;(Group({G, | j €
(L) {2 e @it

4.4 Copy Grouping

A common property of the execution environments targeted by Sequoia pro-
grams is that scheduling several memory transfers simultaneously in a single
copy operation is more efficient than executing them independently.

Copy grouping is an optimization that takes advantage of this fact and con-
sists on clustering multiple independent copy operations in a single copy opera-
tion.

More precisely, we say that G’ is the result of applying copy grouping to a
program G, if every subprogram g of the form Group(H U {g1,¢2}) is replaced
by g' = Group(H U {g1,2}), such that g, = Copy(A1, By) and g2 = Copy(As, Ba)
are independent and maximal and g; » merges both copy operations in a single
operation Copy(A1, As, By, Ba).

Lemma 10. Let G’ the result of applying copy grouping to a program G. Assume
that {P} F G {Q} is a certified judgment. Then, assuming we have a certificate
c ik Ty (Q) NTg,(Q2) = Ty, ,(Q1 + Q2), we can give a certificate for the
Judgment {P} - G’ {Q}.

Proof. To prove this lemma we show that for every subprogram G of the form
Group(H U {g1,92}) transformed into the program G' = Group(H U {g1,2}), we
can certify the judgment {P} F G' {Q} from a certificate of the judgment {P} F
G {Q}. For simplicity, we refrain ourselves from considering applications of the
subsumption rule [CSS]. If we do not consider [CSS], the last rule applied for the
derwation of {P} + G {Q} is [G]. Then, for some sets X and H', X U{g1, 92}
is the set of maximal elements in HU{g1, g2}, and H' = H\ X . In addition, we
have the judgments {P} = g1 {Q1}, {P} - g2 {Q2}, and {Q1+Q2+>" e x Qg} I
Group(H') {Q} and a judgment {P} F g {Qq} for every g in X. It can be seen
that the dependence conditions do not change when merging the copy operations
g1 and go. Hence, X U{g1 2} is the set of mazimal elements in HU{g1 2}. Based
on this conditions, and by application of rule [G] and by associativity of +, it
sufficient to show that we can certify the judgment {P} =Ty , {Q1+ Q2}. To



this end, since we have certificates for P = Ty, (Q1) and P = T,,(Q2) (the only
applicable rules are [AB] and [CSS]) and the certificate c, we can construct a
certificate for P = Tg, ,(Q1+Q2) to certify the judgment { P} = g12 {Q1+Q2}.

5 Conclusion

We have used the framework of abstract interpretation to develop a sound proof
system to reason about Sequoia programs, and to provide sufficient conditions for
the existence of certificate translators. Then, we have instantiated these results
to common optimizations described in [12]. Our results lay the foundations for
extending Proof-Carrying Code to parallel languages.

There are several directions for future work. First, it would be of interest
to investigate weaker definitions of safe programs. The semantics of Sequoia
programs, and the definition of safety, rules out the possibility of races, in which
two subtasks can write on the same scalar variable or on the same interval of an
array. While there may be limited interest to extend the definition of Sequoia
programs to support non-deterministic computations, it would seem worthwhile
to allow for benign data races, where parallel subtasks are allowed to modify
the same variables, with the condition that they do it in an identical manner.
This notion of benign data races [13] is also closely related to non-strict and-
parallelism, as studied in [9]. In future work, we intend to develop a static analysis
that supports a relaxed notion of safety that allows for such benign races, and
adapts our analysis and verification framework accordingly.

In a different direction, it would be interesting to develop a prototype imple-
mentation of the proof system and to use it for verifying examples of Sequoia
programs. We also intend to extend our results on certificate translation by using
Sequoia to support parallel executions of sequential programs.

Finally, it would be interesting to see how separation logic compares with our
work. In particular, if we can replace the region analysis with classical separation
logic [16] or permission-accounting separation logic [4].
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A Region analysis

In this section we give the complete definition of the region analyses I® and IV,
described in Sect. 3.2. First, we need some preliminary definitions.
Given a function f : NsT — X for some set X, we define the functions

PfNsT = X as (I'f)(z) = f(I'z), and 17f : NsT — X as
f(1%z)  if 2 € dom(7%)

(1)) = {J_ otherwise

~ Given a set of variables V' C Nst we define 'V oas |'V = {llm cx €V} and
"V oas 'V = {1"z : € V.Nndom(1")}. These definitions of 1* and |* can be
extended to functions with domains A4 and A't, and also to subsets of AN 4™
and N'T.



Interval analysis. We define an interval analysis that assigns to each scalar

variable the range of possible values. It serves as a basis for defining the region

analysis below, where the results given by this analysis are used to approximate

which part of an array is read (or written) by each subtask. That way we can

check that two parallel subtasks are not writing in the same part of an array.
We use an instance of the abstract interpretation

I'= (AL LT+, weak!, 7', &', "),
where the domain A! is defined as:

Al = (Nst — Interval),
Interval = {(a,b) :a € ZU{—o0},b € ZU {oc0},a < b}, .

To define the transfer functions, we assume, for simplicity, that scalar functions
only take one parameter. However, we also consider a special case of Scalar, where
the function is a binary operation, op € {+, —, x}. This way we can obtain more
accurate results for operations that are common for computing array indices.
The transfer functions 77 are defined as follows:

f@®{a— (—o0,0)} if s = Scalar{a = f(b))

oo - if s = Scalar{c = a op b),
L =g folemlaopbuazopball ooy 1o 4) = br,ba]

f otherwise

The operator + is LI, the standard join operator for the interval domain; the
operator weak! is defined as weakl(f) = f @ {i — (—o0,00)}; the function p'
is defined as p'(f,b) = f. The operator 7l is defined as 7l(f) = |'f, and the

operator ®! is defined as f; @} fo = ﬁl U 1% fy, where

?l( ) L ifv:a:lilh”'ljk,or v=r1
v) =
f(v) otherwise

A satisfaction relation =7 for I' is defined as follows:
cE=fa=YweNsT, a1 <o) <ay,

where a(v) = [a1, az]. Note that if a = L or a(v) = L for some v € NsT, then
there is no o such that o =% a.

Lemma 11. The abstract interpretation I' = (AI,l,TI,+,WeakI,7TI,®I7pI> is
sound.

Proof. We need to prove that the I' is consistent. This means proving that the
operators defined in I' satisfy the conditions stated in Def. 5. We treat here the
cases of +, m and ®:



(+): Given memories 0,0’ € H, and values a,a’ € Al, such that ¢ = a and
o' = d/, we want to prove that o + ¢’ |E a U d (since the operator + is
defined as LI). Notice that for every scalar variable v € Ns™, (o + o) (v) €
{o(v),c’(v)}. The result follows from the fact that = is an approximation
order.

(m): Given a memory o € H, we have that m;(c) = |’o. It is easy to see that if
o = a, then |'o = |"a.

(¢): Similar to the previous case. Given memories o,0’ € H, we have that
o @®; 0’ =5 U1, where 7 is defined the same as above and extended to
locations in the obvious way. It is easy to see that if o | a, and o’ = @/,
then & U 1o’ =a'u 1.

O

Region analysis. To define the read and write regions of a task, we will assume
that programs are annotated with the results computed with I'. That is, for
a given program G, we assume we have a derivation of (T) F G(a), and we
annotate each subtask G’ of G with a;, written in subscript as G/, , if we have
a sub-derivation (a;) F G’(as) for some a, € AL # For our region analysis, only
the first component of the interval analysis is of interest, since it contains the
possible values of the scalar variables before executing the statement.

The read and write regions of a task are defined by two abstract interpreta-
tions

IR = <DR’ \L’ TR’ +7 WeakR’ 7-‘-}%7 @R’ pR>7

™ =Y, |, TV, + weak" 7" oW )W),
given below. The domains D® and D" are the same for both frameworks, namely
D = DW = (N4t — Interval) x P(Ns™),

and P(Ns™T) is the lattice of subsets of variables from Ns™. The first component
represents, for each array variable, the range used; and the second component
represents the set of scalar variables used. The transfer functions TF and TV
are defined below. For each s € atomStmt, we assume we have a € AIS computed
using I' as mentioned above. For each scalar variable m, we write m! and m? to
mean the possible range of m, i.e., a(m) = [m!, m?]. The functions T and TV
are defined depending on the statement s with the following rules. Again, for
simplicity, we consider that Scalar and Kernel functions take only one parameter,
and we only consider one case of Copy, since the others are similar.

(da,ds U{b}) if s = Scalar(a = f(b))
T (dayds) = { (da U{A — [s4,€A]},dsU{sa,ea,58)) if s = Copy'(A[sa,ea], Blsg])
(do U{B s [s,e%]},dsU{sa,ea,55,¢e5}) if s = Kernel(A[sa, ea] = f(B[sg,er]))

4 Note that this is only a technical detail of our presentation. We could have as well
defined the region analysis and the interval analysis simultaneously.



(da,ds U{a}) if s = Scalar(a = f(b))

if s = Copy' (A[sa,eal, B[sg]), and

s = 5?3 + ei — 5}4

(do U{A — [s4,¢€4]},ds) if s = Kernel(A[sa,ea] = f(B[ss,en]))

1Y (da,ds) = { (da U{B" — [s§, ']}, ds)

The operator + is LI, weak!’ and weak!” are defined as weak?(d,,d,) =
weak" (dq, ds) = (dg, ds\ {i}); and finally pf(d, b) = p" (d,b) = d. The functions
7l and 7V are defined as 77 (d,, ds) = 7V (da,ds) = ('da, T'ds), and (d}, d})oF
(&3, 42) = (d}. d}) &) (&2, &2) = (dF u1'd, d} U ).

We prove soundness of the abstract interpretations I and IV, as stated in
Lemma 2 and Lemma 3.

Proof (Lemma 2). Given a program G, regions Ry, Ry € DT with (R;) g
G (Rs), and 01,09 € H with 01 =g, 02. lf 01 F G — o] and 02 - G — d}, we
want to prove that

L. Ry € Ry,
II. Modified(o1,0}) = Modified(o2,0h), and
ITII. o} =g o4, where R = Ry U Modified(o1,07}).

From this, the conclusion of Lemma 2 follows immediately.

We prove I by induction on the derivation of (R1) Fr G (R3). All cases are
simple.

IT and IIT are proved simultaneously by induction on the derivation of (R;) Fr
G (R3). We show a few cases.

— Last rule applied is [G]. Let us assume that G = Group(H), and X is the set
of maximal elements in H with H = X U H'. For every g € X there exists
R, € D such that (Ry) Fgr g (R,). Also, (>gex Rg) Fr Group(H') (Rs).
From the derivation of o1 F Group(H) — o7, we have that, for each g € X
there exists of € H such that oy - g — o7. Analogously, for each g € X,
there exists 0§ € H such that oo F g — o3. Since Ry C Ry T Rs, we
have that o1 ~g, 02. By IH, we have, for each g € X, Modified(oy,09) =
Modified(o2,03), and o =g, 03, where S; = Ry U Modified (o1, 07). This
means that of ~7, of, where T, = Ry U Modified(o1,07), since initially
01 "R, 02.

Hence, 3 0f ®Rr >_ cx 03, where R = Ry UJ, oy Modified(o1,07). The
result follows from applying IH to Group(H’).

— Last rule applied is [FF]. For each k € [m, n] we have (Tj.—(R1)) Fr G(Rk).
From the semantics, we have o1[j — k] F G — of and o3[j — k] - G — ob.

By IH, and proceed similarly as with the case for [G].

— Last rule applied is [AF]. We only consider the case where G = Copy(A[sa, ea], Bsg]),
with fg being the result of the interval analysis for the statement G. We
have that Ry = Ry U{A — [s}, €3]}, where fa(sa) = [s4,s%] and fo(ea) =
[el, €4]. The range [s!), €] is an over-approximation of the actual range that
is read from array A, hence the results follows.



Proof (Lemma 3). Assume a program G, regions Wy, Wy € DV with (W;) by,
G (Ws). If o - G — ¢, we want to prove that

L Wy EW,,
II. Modified(o,c") C Wy

To prove I, we proceed by induction on (W7) Fy g (Ws). All cases are simple.
To prove I, we also proceed by induction on (W3) Fy g (Ws). We consider a
few cases:

— Last rule applied is [G]. Let us assume that G = Group(H), and X is the
set of maximal elements in H with H = X U H'. For every g € X there
exists W, € DW such that (W;) Fr g (W,). From the derivation of o
Group(H) — 0,4, we have that, for each g € X, there exists o, € H such
that ¢ - g — o4. By IH, we have Modified(c,04) C Wy, for all g € X.
Again, by IH, Modified(o’,04) € Ws. Since Wy C W, C W, for each g € X,
the result follows from the fact that

Modified(o,0") C U (Modified(o,04) U Modified(a,,0")) .
geX

— Last rule applied is [AF]. We only consider the case where G = Copy(A[sa, ea], Blsg]),
with fg being the result of the interval analysis for the statement G. We have
that Wo = Wi U {B + [sk, 5% + €% — sa1]}. The range [sk, 5% + €% — sal]
is an over-approximation of the actual range that is written from array B,
hence the results follows.

B Weakest pre-condition

In this section we present the complete definition of the weakest pre-condition
transformers for atomic statements presented in Sect. 3.3.
The transfer function for copy to the parent memory is

{P} F Copy'(Alm,n], BIK]) {Q},

where P = Q[B'®kktn—ml—Alm}_1 Given two arrays A and B and scalars
m, n and k, we write B ® [m,n] — A[k] to mean the array obtained from B
by replacing the range [m,n] with values from A[k,k + n — m]. The transfer
functions for other types of copy (from the parent memory, and intra-memory)
are treated similarly.

The case of Kernel and Scalar are similar, so we will only consider the former.
For each function appearing in a Kernel or Scalar statement, we assume that
we have a pre- and a post-condition. To illustrate, let us consider a function f
with one parameter of array-type, and also returning and array. The pre- and
post-condition of f are first order formulae. Also, the pre-condition can refer to
the input variable (with arg), to the range of indices read of the argument (with
argy. and arg.,q), and to the range of indices written of the result array (with



ressart and reseng). The post-condition can also refer to the result variable (with
res).

Lets assume that f doubles each value of the input array, so the pre- and
post-condition could be written as follows:

Pre = (resend — reSstart = ar€eng — arLetart)

Post = Va, resgiare < @ < reseng = res[z] = 2 - arg[x — reSsare + argeian

The pre-condition states that the input and output array must have the same
length, and the post-condition states that all values of the result array are the
double of the values of the argument, for the corresponding ranges.

The transfer function for a function f with pre-condition Pre and post-
condition Post is the following:

{P} I Kernel(A[k,[] = f(B[m,n])) {Q},
where
P =P’ AVres, Q' = Q4]

P' =P Te[B/arg][m/argsm][%rgend][k/resstayt][l/resend]
Q" = Post[acg) ["arg s arguna ] Tressare Vresena]

C Example program

In this section we present the complete verification of the program presented in
Sect. 3.4. We recall the code of the program:

Gaga = Group(Gy || ... || Gn)

G; = Exec;(Group(InitArgs; Add; CopyZC))
InitArgs = CopyAX || CopyBY
CopyAX = Copy*(A[i S, (i +1)5], X0, 5]
CopyBY = Copy(B[i S, (i + 1), Y0, ]
Add = Kernel(Z[0, S] = VectAdd(X]|
CopyZC = Copy' (Z[0, S],C[i S, (i +1)S])

)
)
0,5,Y10,57))

As we mention in Appendix B, we assume a pre- and a post-condition for each
function used in a Kernel or Scalar. In the case of VectAdd we have the following:

Prevectadd = (resend — ICSstart = Al end — A8 start — A2 .end — argQ,start)

Postvectadd = Vk. r€Sstart < k< F€Send =

res[k] = arg; [k — reStart + argl,start] + argQ[k — r€Sstart + arg27start]



Note that we require that the array arguments have the same length. We want
to verify that the program satisfies the following judgment:

{true} - Gagaq {Post} (2)
Post =Vk. 0 <k <nS = Clk] = Alk] + BIk] (3)
First, we derive, for each G, the following judgment:
{true} F G; {Post;} (4)
Post, =Vk,iS <k < (i +1)S = C[k] = Alk] + BIk]

Applying the rule for atomic statement to the last action in the program we
have:

{Q2} F CopyZC {Post; }
Q2=Vk,i S<k<(i+1)S=(Ca[iS, (i+1)S]— Z[0])[k] = A[k] + Blk]

Applying subsumption we obtain the judgment:
{Q4} + CopyZC {Post; } (5)
QY =Vk.0<k<S= Z[k] = Alk +iS] + Blk + 1, 9]
since Q4 = Q2. Applying the atomic statement rule once again:

{Qs} - Add {Q5} (6)

Qs=(S=SAS=SAS=S)A
(VR. (Vk.0<k < S = R[k] = X[k] +Y[k]) =
(Vk.0<k<S= R[kl|=A[k+iS]+ Blk+i9]))

Applying the rule for Group to (5) and (6), we obtain:
{Qs3} F Group(Add; CopyZC) {Post; } (7)
On the other hand we have that
{Qs} F CopyAX {Q4} (8)
Qs =Vk.0<k<S=(Xal0,S]— Al S]))[k] = Ak + 5]
Qi=Vk.0<k<S=X[k]=Ak+1i5]
Applying the subsumption rule we obtain

{true} - CopyAX {Q4} 9)



since true = Q5. Analogously, we have the following judgment:

{true} F CopyBY {Qs} (10)
Qe =Vk.0<k<S=Y[k]=Bk+1i9]
Since Q4 A Q¢ = @3, we have, applying the subsumption rule on (7),

{Q4 N Qg} F Group(Add; CopyZC) {Post;} (11)

We have Q4 + Q¢ = Q4 A Qg. Hence, applying the rule for Group to (9), (10),
and (11) we obtain

{true} F Group(InitArgs || (Add; CopyZC)) {Post;}

which is the desired result.



