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Chapter 1

Introduction

1.1 Background

There is a growing awareness of the importance of formally proving the cor-
rectness of safety critical portions of software systems. However, proving
the correctness of the implementation, written in a high level language, is
not sufficient. It should also be verified that whatever correctness has been
achieved on the higher level, is not impaired in the translation done by the
compiler. This is the reason that standards and regulations require to qualify
a compiler, to be used in a safety critical system.

To ensure mathematical correctness of a compiled code, several methods
are possible:

e Verifying the compiler program, using the formal semantics of the
source program and the target processor machine code, as well as the
knowledge about the compiler internal structure and algorithms.

e Enhancing the compiler to produce assertions, whose validity is an
evidence to the correctness of the compiler, or of a specific translation.

e Validating each translation as it is generated, by comparing the source
program to its translated version and, formally verifying their equiva-
lence.

Formally verifying a full-fledged compiler is a huge engineering effort due
to its size, evolution over time and possibly, proprietary considerations. It
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also requires a freeze of the compiler development process. In many cases, the
qualified compiler is inferior to its unqualified updated version, with regard
to the performance of the translation, as well as to the number of errors,
since qualification does not guarantee the mathematical correctness of the
tool. As far as modifications to the compiler are concerned, they may be
implemented on an open source compiler. However, should the compiler be
a commercial one, such modifications are rendered impossible.

In view of the above considerations we choose the translation valida-
tion [PSS98c¢| approach, which allows an alternative to the verification of
translators in general and, of compilers in particular. It offers the valida-
tion of each specific translation, whenever the compiler is invoked. Another
advantage of this approach is derived from the fact that most industrial com-
pilers have known bugs, yet it is rather difficult to identify the code in the
application source program, that exposes such a bug. The translation vali-
dation approach allows the use of such a compiler in the development of a
safety critical system, by ensuring that any translation error is discovered.

Translation validation should handle four kinds of differences between the
source program and its translation:

e Syntactic differences.

e Semantic differences (e.g. synchronous languages versus sequential
languages).

e Program transformations (code optimizations).

e Variables names and representation differences.

When a straightforward translation is involved, without optimizations,
the validation of the translation is basically a syntactic issue. This task
becomes much more difficult when transformations are applied and, change
the source program flow of control, as well as the source language data-
structures and their semantics. This is the case of optimizing compilers.

The importance of compiler optimizations is increasing, together with the
development of modern CPU architectures, such as RISC (Reduced Instruc-
tion Set Computer), ILP (Instruction Level Parallelism) or EPIC (Explicitly
Parallel Instruction Computing). It is the task of optimizing compilers to
ensure correct and efficient use of the CPU. Without optimizations, only a
small fraction of the computing power of these CPUs can be exploited. For



1.1. BACKGROUND 3

these architectures, as opposed to previous generations of architectures, a
significant part of the optimizations is done at the code generation stage of
the compiler. It is the aim of this research, among other things, to handle
the validation of this kind of program transformations.

Another challenge of this research is to handle an industrial environ-
ment, where the source language, the processor, the compiler as well as the
applications, are all industrial software. However, in order to be useful to
the industrial sector, a fully automatic process is obligatory.

Our main goal is to develop a method, which can validate the machine
dependent stage of an optimizing compiler, with a focus on advanced CPU
architectures. Since we believe that automation is a key feature of such a
method, we also want to check and demonstrate the feasibility of a fully
automatic process. Another issue we want to investigate is the kind of assis-
tance needed from the compiler in order to achieve this goal. To complete
the validation process, we should provide the needed decision procedures, by
developing our own algorithms and using existing tools.

We chose two extreme cases of the problem:

e Case 1: Verifying the optimized translation of programs, written in a
general imperative language (C subset) for an EPIC type CPU. This
problem is characterized by aggressive loop optimizations in the code
generation stage of the compiler, in particular, loop unrolling and soft-
ware pipelining. The compiler under research is an open source com-
piler and provides internal information upon request.

e Case 2: Verifying a translation from synchronous C programs, com-
piled with a commercial compiler, into an optimized code for the Pow-
erPC family of architectures. Here, the only available information is
the binary output of the compiler. The lack of assistance from the
compiler, imposes limitations on the language of the source programs
we handle. Synchronous programs are used very often to design safety-
critical systems. These programs, by definition, have no loops, except
for one implicit external loop in their main function. This fact helps
us to overcome the difficulties raised by the industrial compiler. Thus
another characterizing description for synchronous C programs is ”loop-
free programs”.

Along with developing a theoretical basis and methods, which can handle
these two problems, it was required to develop tools, capable of producing a
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common semantics for different languages (C language as well as IA64 and,
PowerPC assembly languages). These tools should automatically produce
proof obligations, in order to establish the correctness of the translation.
Algorithmic simplification is needed as well, to make the proof obligations
provable by external validity checkers, to which our tools should interface.

1.2 Related Work

Several methods are used in order to mechanically solve the translation val-
idation problem. Most methods start by constructing a data abstraction
mapping. Then, either proof obligations or checkers, are produced. The
proof obligations can be validated by an ”off the shelt” validity checker, or
by a theorem prover [ZG97, GZ99, GZG00, GZ00]. In other cases, the vali-
dation process is based on heuristics and, interaction between the heuristic
part and the decision procedures, or the formulas’ simplifier [Nec00, RMO00].
Yet another approach, lets the compiler produce the proofs that are needed
to establish its correctness [RM00, GZ00].

The CVT tool [PSS98a, PSS99| is an example of an industrial quality
translation validation tool. It demonstrates an automatic procedure for val-
idating the translation from the synchronous language SCADE to a sequen-
tial C program. Its main problems are the semantic difference between a
synchronous language and a sequential C code, as well as the data abstrac-
tion mapping. The proof obligations that are produced, include equalities
and uninterpreted functions, relying on the fact that the compiler does not
change the way arithmetic functions are applied. The final validation is done
by general decision procedures. Part of our thesis is to further validate the
translation of the C programs, that are produced from SCADE source, to
optimized machine code.

The VOC project [ZPFG02] concentrates on the translation of C programs
by an optimizing compiler, where the investigated optimizations are machine
independent. The language of both source and target systems is the interme-
diate representation of the compiler. Two different proof rules are presented:
one which handles loop transformations and, another for ”structure preserv-
ing” transformations. The first proof rule ensures the correctness of non
"structure preserving” transformations, which are permutations on the loop
iterations’ order. The other proof rule is based on Floyd’s inductive-assertion
method [Flo67] and, proves the correctness of other machine independent
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transformations. The methodology we are using in part II of our work is the
same as the one used in VOC. However, applying it to EPIC code generator
introduces new problems. For example, the EPIC-specific transformations
of software pipelining and loop unrolling which occupy a major part of the
thesis are not covered by the VOC project.

Other works are done as part of the Verifix project [GZ99, GZGO00]. These
rely on the PVS theorem prover [COR195], in order to mechanize the verifi-
cation, but full automation is not supported. One part of the Verifix project
concentrates on compiler back-ends. It formalizes the semantics of the as-
sembly code, as well as of an intermediate representation, using higher-order
logic which are supported by PVS, whereas our goal is to use formulas whose
validity is decidable. Another aspect of the Verifix project, which relates to
our work, is the program checker approach. This approach, when applied to
compiler verification, is the same as translation validation, since a validation
checker is produced for each translation. However, contrary to our work, the
checker is produced by the compiler. In the work described in [RMO00], it is
the compiler that produces the proofs, but the validity of the proof is estab-
lished by the tool itself. The correctness proof consists of two sub-proofs:
a sub-proof which shows that the analysis of the input program produces a
correct result and, a sub-proof that establishes an equivalence between the
original and the transformed programs.

Another method is described in [Nec00]. It is based on heuristics and a
special purpose simplifier. The latter is composed of inference rules and is
built in a tool. The tool is able to validate translations automatically. It
can handle a wide range of optimizations, but as reported, may fail for loop
unrolling and does not handle software pipelining. This work also uses the
intermediate representation and, validates each optimization pass separately.

All the above mentioned works use compiler assistance, to some degree.
It is a major challenge in translation validation research to minimize this
dependence.
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1.3 Contribution

Theoretical Framework

The theoretical framework, is based on [MP95], [ZPG00|, [ZPL01] and [ZPFG02].
In this thesis, we define block programs syntax and semantics, which we use

to formulate the problem. Based on this formulation we describe a crite-
rion for the validation of a translation. This criterion also holds for infinite
computation (as usually the case for reactive systems). We prefer to use
basic blocks rather than basic paths, because we handle assembly language
programs. We restrict the validation procedure in order to ensure that the
validity of the verification conditions can be decided algorithmically. The
framework includes the following items:

e A general syntax and formal semantics of block programs, for machine
code programs. As semantics we use transition systems [MP95].

e A definition of correct translation for terminating and non-terminating
programs.

e The AVALIDATE (Assembly VALIDATE ) procedure, which is an adap-
tation and extension of the VALIDATE procedure of [ZPG00], [ZPLO01]
and [ZPFG02|, was developed to support block programs and advanced
machine specific loop optimizations. We prove the soundness of the pro-
cedure, for both terminating and non-terminating (though ”correct”)
programs. We formulate the procedure to produce only formulas of
decidable logics.

e In order to validate the translation of synchronous programs we define
compressed transition system and a simplified procedure that ensure
the correctness of the translation.

In this work we choose to handle two cases of the problem, as described
hereby.
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Case 1: Validating the Code Generator Optimizations
of an EPIC type CPU

We developed algorithmic methods that cooperate with the AVALIDATE pro-
cedure, based on internal information from the compiler, to prove the validity
of machine specific loop optimizations - loop unrolling and software pipelin-
ing. It should be emphasized that although information from the compiler
is used, the soundness of the method does not depend on the correctness
of this information. An algorithm to produce program invariants, which is
based on symbolic evaluation was developed and enables the validation of
software pipelining optimizations. The SPV (Software Pipelining Validator)
tool that we developed, demonstrates the automatic validation of software
pipelining optimizations, which are performed by the SGI-PRO64 [GADT00|
compiler for Intel’s IA64 processors family [Int]. SPV uses the intermediate
representation of the code generator, that is obtained from the compiler. It
produces verification conditions, that are validated by the CVC [SBD02] va-
lidity checker. At the early stages of the project, we used sTer[BBC95],
to check the basic concepts, and verify manually produced verification con-
ditions. Our method is based on dividing the program into blocks, which
are usually small. Therefore, the verification conditions are small as well.
The implementation supports a subset of the IA64 architecture and, handles
small programs. No performance problems were identified in the application
of the tool.

Case 2: Validating the Translation from Synchronous C
Programs to PowerPC Binary Code, by a Commercial
Compiler

As opposed to case 1 above, here we could not apply the AVALIDATE proce-
dure. The reason is that the basic building blocks of the validation method-
ology that underlies AVALIDATE, are the control and data abstraction map-
ping, between the source and the target (translated) systems. In case 1 above,
we use the compiler internal information that can be obtained upon request,
which assists us to construct these abstractions, whereas in the present case,
there is no access to internal information of the commercial compiler. There-
fore, we had to develop a different approach.
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Hence, we developed the ANNOTATION algorithm. This algorithm pro-
duces a compressed form of a block program without loops and thus, the
need to map the control and local variables is eliminated. The algorithm
performs forward analysis of the assembly code, while annotating the ma-
chine instructions with the conditions on the input variables values, under
which they are executed in a specific computation. The soundness of the
algorithm is proved.

However, constructing the abstraction mapping between the observable
variables of the source and the target systems, is still required. This is
achieved by using standard debug symbolic information. Due to the presen-
tation of both source and target systems in a compressed form, it is easy
to break up the verification conditions, in order to handle each observable
variable by a different verification condition.

Another problem we had to overcome, is the fact that the compiler uses
special machine code sequences, which contains bit manipulation machine-
instructions, to optimize some C language integer operations in the source
program. In order to solve this problem, we developed a mechanism that
interprets these sequences correctly, yet in a simplified way, so as to shorten
the run time of the validity checker.

The tool we developed - MCVT (Machine Code Validation Tool) - vali-
dates the translation done by the DiabData C compiler of WindRiver [Dia],
for the PowerPC CPU. It produces verification conditions and then invokes
CVC to prove their validity. The MCVT tool is capable of proving the valid-
ity of the translation, of non-trivial programs, as is shown in the SafeAir case
study, which is a simple communication controller program. In some cases,
we expect the MCVT tool to fail in validating a correct translation within
reasonable time limits. We believe that these cases can be solved, by further
applying simplification methods to the verification conditions, produced by
MCVT.

1.4 Overview

The methods we developed handle a variety of processor architectures. The
tools we developed are retargetable to different processors and support al-
ready a couple of machine codes (IA64 and PowerPC). The proof obligations
that are produced are formulas, whose validity is decidable. The tools are
re-configurable to use different validators.
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This thesis is organized in three parts, where the common theoretical
framework is described in Part I, validating the code generator optimizations
of an EPIC type CPU is detailed in Part II and, validating the translation
from synchronous C programs by a commercial compiler is presented in Part
I1I.
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Chapter 2

Transition Systems

This chapter describes the common framework of the two cases we handle in
this thesis. In the following chapters we extend the relevant theory, separately
for each case.

In order to be able to check that the "meanings” of two programs are
equivalent, the semantics of both programs should be formalized by common
means. Transition Systems, as introduced in [MP95] turned out to be a con-
venient common semantics. In this chapter we describe transition systems.
In later chapters of this work we describe the syntax of different programming
languages and their corresponding transition systems.

We assume that all variables that describe states of the program, or that
appear in formulas specifying properties of programs, are taken from a uni-
versal set of variables V), called the vocabulary. Variables in V are typed,
where the type of a variable such as boolean or integer, indicates the do-
main over which the variables range. In particular, we assume that, for each
x €V, its primed version z' is also in V. To define the syntax of transition
systems, we use the language £, which is the language of first-order logic
without quantifiers over V, with arithmetic functions, the ite (if-then-else)
and case operators, the natural order of integers and booleans, uninterpreted
functions, arrays and constants. For arrays, the operations with and [ | are
part of the language £. Fzxpressions in this language are constructed out of
variables of V and constants, to which functions and operations are applied.
Expressions whose value is of integer type are integer expressions and, those
whose value is boolean are conditional expressions (also called assertions).
The array operation with is used to update an element of an array and | |

13
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is used to get a value of an array element. For example, for an array a of
integers, the expression a with([2] : 5)[2] has the integer value 5.

Let V C V be a finite set of typed variables. We define a V-state s to
be a type-consistent assignment of V), assigning to each variable z € V a
value s[z] over its domain. We denote by ¥y the set of all states of V. The
value of an expression Exp(z1,...,T,) in state s, where xq,... ,x, € V is
denoted by s[Ezp| and, is defined as Exp(s[zi],... ,s[z,]). For an assertion
p over V we use the notation s F p to denote that p holds in state s. We
use the notion (s',s?) E R to denote that the pair of states (s',s”), where
st € X!, s? € 2, belongs to the binary relation R C ¥ x ¥2.

The system - A transition system (TS) S = (V,0, 3,0, p) consists of the
following components:

e V C Vs a finite set of typed variables. One of the variables, 7 € V is
the control variable which represents the location of the control of the
program. 0 is the entry location value. exit is the exit location value.

e O C V is the set of observable variables. The observable variables are
the variables which are visible to the external world. An observation is
a projection of a state s € ¥y on the observable variables. We denote
by Obs the set of observations.

e 3 an observability condition. An assertion characterizing the states
which should be observed. It is required that © implies (3, i.e. all
initial states are observable. A state satisfying [ is called an observable
state.

e O is an assertion characterizing the initial states of the system.

e p - transition relation. This is an assertion p(V, V'), relating a state s
to its successor s', by referring to both unprimed and primed versions
of the state variables. The transition relation p(V, V") identifies state
s’ as a successor of state s if (s, ") F p(V, V'), where (s, s') is the joint
interpretation which interprets x € V as s[z] and, 2z’ as s'[z]. Thus,
for example, the transition relation may include 7y’ = y + 1”7 to denote
that the value of the variable y in the successor state, is greater by 1
than its value in the previous state.
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In writing a transition relation, we often use the notation Pres(U) for

U C V which is an abbreviation for A (v' = v), stating that all U variables
vel
are preserved.

Computations - A computation of a transition system S =(V, 0, 3,0, p)
is a maximal-length finite or infinite sequence of states o : sg, s1, . .. , starting
with an initial state sy = © and such that every two consecutive states are
related by the transition relation, i.e. (s;,s;41) E pforevery i 0 <i,i+1<
lo| }(|o| < o). A finite computation is called terminating if its last state is
observable.

Observable behavior - In order to formally define the external behavior
of a transition system, we use observation trajectory, which defines when and
what is externally observable during a computation. Given a computation
o : Sp,S1,---, the observation trajectory corresponding to o is obtained by
taking the subsequence of observable states and projecting each of them on
the observable variables O.

2.1 Programs and Translations

In this work we handle a few types of programming languages, the trans-
lation of one into the other and, transformations of programs in the same
programming language. Each program P has a syntactic description and,
formal semantics which is expressed by a transition system. Let P be a
program written in a programming language PL and let the transition sys-
tem S? express the semantics of program P. We say that S¥ is the transition
system of program P. A translation that is done by an optimizing compiler,
includes transformations of a source program P° into a target program P7,
in the same programming language, usually in order to decrease the run-time
of the program (optimization transformation). It also includes transforma-
tions of a source program into a target program in a different, lower level
programming language.

1Let o : sg,...,8k_1 be a finite sequence, then k = |o| is the length of the sequence of
states 0. When o is infinite k = |o| = co. In both cases an element of the sequence is s;;

where 0 < i < |g].
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To examine the correctness of a translation, we have to check the se-
mantics of the source and target systems, and ensure the source semantics
is preserved by the target. Thus, we consider the transition systems of the
relevant source and target programs and require that certain relations hold
between these systems. A similar approach can be found in other works on
compiler verification, e.g. [PSS98¢]|, [GZ00]. In the following subsection we
define the correctness of a translation, based on the transition system se-
mantics of the source and target programs, regardless of their programming
languages. Later in this thesis, we describe syntax and transition system se-
mantics of programs in specific programming languages and apply the notion
of a correct translation.

2.2 Correctness of Translations

Informally, a correct translation needs only to ensure the preservation of the
observable behavior [ZG97]. A target system is a correct translation of a
source system, if every external behavior that exists in the target system,
also exists in the source system. This characteristic is formalized by the
notion of refinement [EART99].

Let S = (V5,0%,8%,0% p%) and ST = (VT, 0T, 37,07, pT) be two
systems to which we refer as the source and target systems, respectively. Let
T=T <OS , OT> be an assertion to which we refer as the translation mapping.
Usually, the translation mapping expresses values of source observables in
terms of target observables.

A source observation 0° € Obs® and a target observation o € Obs® are
said to be 7-related if (0%, 0") E 7.

We define system ST to be a T—refinement of system S* if, for every tar-

get observation trajectory w’ : OOT, ol ..., there exists a source observation
trajectory w¥ : of,07,..., such that
1. |wT| = |w¥], i.e., they are both infinite or are both finite and of equal
lengths,

2. For every i < |wT|, of and of are 7-related.

Refinement means that for every computation of the target system, there
exists a corresponding computation of the source system, in the sense that
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both computations assume related values of the corresponding observable
variables, at their observable states.

The definition of refinement, allows for finite and infinite computations
in both the source and target systems. We include infinite computations, in
order to support translations of reactive programs which run forever. For
the same reason, we do not enforce determinism, i.e. for one initial state,
we allow more than one computation to be possible. We say that a target
program PT is a correct translation of a source program P? if the transition
system ST of PT refines the transition system S° of P%.

It should be emphasized, that since we choose the translation validation
approach [PSS98c|, rather than translator validation, we are not concerned
with the compiler (translator) program validity. The translation valida-
tion problem is the problem of proving that a target transition system is a
refinement of a source transition system. In this work we developed methods
to establish refinement between source and target systems.
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Chapter 3

A Compiler Structure

The translation validation method we describe in this part, relies significantly
on our knowledge of compiler structure and on information that the compiler
provides upon request. For this reason, we include a brief description of a
compiler structure. This description is based on [ASU88] and [GADT00]. A
typical structure of an EPIC compiler is shown in Fig. 3.1. Each block in the
diagram represents a compiler phase. After syntax and semantics analysis,
most compilers generate an intermediate representation (IR) as a program
for an abstract machine.

A basic block is a sequence of consecutive statements, in which flow of
control enters at the beginning and leaves at the end, without halt or a pos-
sibility of branching, except at the end. Basic blocks are the building blocks
of the IR. Commonly used IR is a graph representation called a flow graph.
Nodes of the flow graph are basic blocks, hence represent computations, and
the edges represent the flow of control.

The optimizer phase attempts to improve the intermediate representa-
tion, resulting in a faster running machine code. A common practice in
compilers’ construction, is to perform each optimization in a different pass.
Both the input and the output of an optimization pass are IRs. Some of the
passes are executed more than once. The optimized IR is moved on to the
code generator phase, which usually produces the final code. The machine
code optimizer characterizes EPIC (Explicitly Parallel Instruction Comput-
ing) compilers. It applies optimizations that highly depend on the machine
architecture and the exact code issued. These optimizations include register
allocation, instruction scheduling, loop unrolling, predicating instructions,

21
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Source Program
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Figure 3.1: Compiler structure
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use of speculative load instructions and software pipelining. The machine
code optimizer uses a low level intermediate representation (LIR), which is
closer to the concrete architecture, and is used as the interface between its
passes. The output of this compiler phase is the final assembly code.

3.1 Validating Each Pass Separately

As mentioned above, optimizers usually have many passes. The code gener-
ator of SGI-PRO64 compiler makes no exception. Based on this, we decide
to validate each pass of the code generator separately, knowing that refine-
ment is a transitive relation. Le., let S, S% 53 be transition systems, then
if S? refines S and S? refines S%, then S® also refines S' [EAR™99]. The
translation validation tool knows which optimization is applied on the target
code in each pass and benefits from this knowledge. The LIR that the code
generator produces in each pass is annotated with data. The validator tool
uses this data to conclude which optimizations are applied, as well as their
exact application details.
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Chapter 4

EPIC Architectures

EPIC architecture is a way of achieving high instruction level parallelism,
with reduced hardware complexity [KSR00]. The principal way of reducing
the hardware complexity is by exposing the parallel micro-architecture to
the compiler, using a processor model which provides an abstract description
of the processor. Parallel execution, as well as latencies, are exposed to
the compiler. The responsibility of achieving parallel execution is shifted
from the hardware to the compiler. The cost of simplifying the hardware is
complicating the compiler in general and the code generation stage, which is
responsible for adjusting the code to the specific target, in particular.

We describe here some of the special features of EPIC architecture, in
order to show the kind of problems that it raises for to the translation val-
idator.

e Parallel execution - A typical EPIC processor allows the parallel execu-
tion of some instructions. It is the compiler’s responsibility to bundle
instructions together, in order to be executed in parallel and, to ensure
that access to registers is consistent and legal.

e Speculative execution - In some cases the execution of an instruction
may be discovered as erroneous and therefore, the effect of this execu-
tion should be canceled. This feature is called speculative execution. It
is the compiler’s responsibility to use this execution mode correctly.

e Register renaming - Registers’ names are changed ( logically - the reg-
ister file is rotated), so that the very same instruction actually affects

25
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different registers in two different executions.
e Software pipelining support (see section 7.1).

e Predicated instructions - The execution of an instruction depends on a
bit predicate. The compiler generates code that assigns values to this
predicate.

We choose to concentrate on two main loop optimizations: loop unrolling
and software pipelining, which use most of the advanced features in the list
above. For loop unrolling we use the TRIMARAN compiler [TRO]. This
compiler produces code for the research architecture PlayDoh [SRM™94]. To
demonstrate validation of software pipelining we use the open source SGI-
PRO64 [GADTO00] compiler, which produces code for the industrial EPIC
processor 1A64 of Intel [Int].



Chapter 5

Validating the Translation

We first define a general syntax for machine code programs, as well as their
semantics, using transition systems. These definitions do not include the
details of a specific machine code, but rather serve as an abstract model
which fits most of the processors we know. We describe a general procedure
to validate optimizations of machine code programs, and prove the soundness
of this procedure. The following chapters describe how loop unrolling and
software pipelining optimizations are validated, using this procedure. Finally,
we describe the tool SPV (Software Pipelining Validator), that automatically
verifies loop pipelining optimization for the SGI-PRO64 compiler and the
[A64 architecture.

5.1 Block Programs

The machine code programs that we define here, are similar to flowchart
programs [Flo67, Man72, LS84]. However, we prefer to use a syntax which
is closer to the machine code.

An instruction Inst, is a legal machine instruction of the underlying phys-
ical processor. An instruction changes the state of the processor (the machine
state), by assigning new values to the processor memory and registers. We
divide the group of possible instructions to three subgroups, as follows:

1. Procedure instructions which are procedure calls. They have the fol-
lowing form:

27
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e call <procedure-name>

An example of a procedure instruction is a call to print procedure
which prints memory variables values.

2. branch instructions which have one of the two forms:

e branch <condition> <label> - a conditional branch, where <label>
is of type integer and, <condition> is a boolean expression.

e branch <label> - an unconditional branch where <label> is of
type integer.

The <label> is the branch instruction destination.

3. regular instructions of the form x:= <expression> which are assign-
ment instructions. (e.g. x:= a+1).

A block is a finite sequence of instructions B = Instq,... ,Inst;. A block
that contains a procedure instruction, may not contain any other instruction.
Only the last instruction of a block may be a branch or a function instruction.
The rest of the block’s instructions are regular instructions. Also, only the
first instruction of a block may be the destination of a branch instruction. A
block program is a finite sequence of blocks P = By, ... , B,,, where the blocks
are sequentially indexed. The index of a block is its label. The definition of
a block conforms with the one of a basic block that is found in chapter 3.

In one block, at most one assignment is allowed for each variable. The
meaning of a sequence of regular instructions in one block, is the simultaneous
assignment of the expressions’ values to the variables on the left side of the
assignment. The framework built in Chapter 11 is the reasoning behind these
restrictions.

Let P = By, ..., B, be a block program, then By, the block whose index
is 0, is the entry block. Sometimes we call this block Benr,. Each block B;, 7 =
0,...,n of a program may have one or two successors, denoted by succ(B).
If the last instruction of B; is regular, then succ(B;) = {i + 1}. If the last
instruction is an unconditional branch with destination j, then succ(B;) =
{j}. If the last instruction is a conditional branch with destination j, then
succ(B;) = {j,i + 1}. The entry block is not a successor of any block of
the program. We assume an additional implicit empty block B..;, whose
index is the exit location of the program. It is the exit block. A branch
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instruction with destination ¢ > n is equivalent to a branch instruction with
destination ezit. Let Proc(P) denote the indices of blocks which consist of
procedure instructions.

Each block program P, corresponds to a transition system

SP =

(V,0, 3,0, p) where:

Vi {v1, .., um } U {pc} is a finite set of system wvariables. V includes all
the program variables, where pc € {0, ..., n, exit} is the control variable.
Its value denotes the index of the block in which control currently
resides. pc stands for program counter. When the location of control
equals a block’s label, this block is about to be executed. Block label
¢ and block name B;, are used interchangeably.

O : The observable variables are memory variables.

B : pc € {0,exit} U Proc(P). This identifies the entry, exit and call-
locations as locations at which we wish to observe the values of the
observable variables. Since § depends only on pc, we will write (i) or
1 € ( to denote that pc = ¢ implies .

O : The niteal condition assertion. ©® — pc = 0.

p : The transition relation.

Each block B; = Insty,...,Inst; in the program is associated with a
block transition relation:

p,(V,V') ipc=1iA /\ v' = Exp,(V) A pc’ = comput_pe(V),
veV—{pc}

where:

1.

If there is a regular instruction in B; such that v := Exp(V), then
Exp,(V) is Exp(V), otherwise Exp,(V) is v. In case of data dependen-
cies within a block, updated values replace the corresponding variables
in Exp,(V). Recalling that there is at most one assignment for each
variable, in a block, Ezp,(V) is well defined.
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2.
(if the block’s last instruction is
regular or a function
then pc+1
else if the block’s last instruction is
compute_pc(V) =< ‘branch <label>’
then label
else if the block’s last instruction is
‘branch <condition> <label>’
| then idte(condition, label, pc + 1)

The program transition relation is p = \/ p,(V, V).
i=0
Two consecutive states in a computation of a block program, correspond
to the machine states before and after the execution of one block. No tran-

sition relation is associated with the exit block.

Claim 1 Every computation o : Sg,-...,Si,... of a block program, corre-
sponds to a finite or infinite sequence of blocks’ labels: By, ... ,B;,, ..., where
jJi = sipc], By, € succ(By,) and (si,si11) F pj;. If the sequence is finite,
then its last block is Beyi (i-e. the exit block).

Proof. A direct consequence of the soundness proof of the inductive
assertion method by Floyd [Man74] m
Figure 5.1 shows a block program and its corresponding transition system.

5.2 The AVALIDATE Procedure

Let PS5 = Bj,...,B5 and PT = BY,... BT be a source block program
and a target block program respectively, with the corresponding transition
systems S° = (V5,05 3% 0% p%) and ST = (VT,07, 87,07, pT). As a
convention, we use capital letters to indicate a source program variable (e.g.
PC) and, small letters for a target variable (e.g. pc). We assume that
there is a 1 — 1 correspondence between the source and the target observable
variables and that the translation relation 7 is given by 7 : O = 0. Based
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Block Program Transition System
LO: s :=0; i :=0; |V ={s,1,a,pc}
Lli: s := al[il+s; O ={a,b}, 5 : pc € {0,2,exit}
i = i+l ©:pc=0
branch (i<100) L1 | p:(pc=0)A (' =0)A (s =0)A(pd =1) V
L2: b := print(s) (pe=1)A(s'=ali] +s)A('=i+1)
A(pd =ite(i + 1 < 100),1,2)) V
(pc =2) A (V' = call(print, s)) A pc' = exit

Figure 5.1: A block program and its transition system

on the translation validation procedure VALIDATE which is introduced in
[PZP00] and [ZPLO1], we define the AVALIDATE procedure, a variation of
VALIDATE, which better fits block programs. The procedure describes how
to produce the verification conditions, sufficient to prove that the target
system S” refines the source system S°. AVALIDATE uses some constructions
without describing how to implement them. Based on these constructions,
a set of verification conditions is produced. The soundness of AVALIDATE
implies that every concrete implementation of these constructions, is a sound
proof of the translation validation.

The AVALIDATE procedure is defined as follows:

1. Construct a control abstraction mapping

exit S

K:{Bg,...,Bth}H{Bg,...,BS

such that x(0) = 0 and k(exit) = exit. Also, the mapping x should
preserve location observability, i.e. 37 (7) iff 3%(k(7)), where 4 is a block
index.

2. For each block B; of the target system, form an invariant ¢;, that
states a target property which should hold true whenever pc = 7. Also,
o = true. Only target variables may appear in ;.

3. Construct a data abstraction mapping

a: N\ (V=EV")APC=k(po),

VeVSAV#pe
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where E, is a (possibly conditional) expression over target variables.
For example:

T = case p; : ey, Py : eg; otherwise es;.

It is required that for every i € 87 : o; Aa — O = o'. The data
abstraction « is a mapping, which maps every target state s’ to a
source state s°, such that (s°, s') F «

4. For each i € {0,...,n} a block index in P”, construct a verification
condition VC; :

oiNaANa Apl —

(V. (=5 Agp)A (5.1a)
jE€succ(B;)

(P30 V (5.1b)

(Pres(VI)A e<che >enpc ¢ pY)) (5.1¢)

where e is an integer valued expression which depends on the target
variables. The disjunct Pres(V*®) allows a non-singleton sequence of
target states to be mapped to a single source state (stuttering). The
constraint e < ¢ A ¢ > e is needed, in order to bound the length of
such stuttering sequence. In this constraint, e is an integer valued
expression and c is an integer constant. o is «, where each source or
target variable is replaced by its primed version.

5. Establish the validity of the verification conditions.

It is also allowed to add auxiliary variables to the target system, as
needed. Auxiliary variables are program variables, to which assignments
are added inside a program, not for influencing the flow of control or the
computation, but in order to assist in the verification of the translation (see
[AL91], [MP95]-page 144).

Let 0 : sg,51,... and o7 : tg,t1,... be source and target computations
respectively. A contracting mapping from |0T‘ to ’05 ‘ is a surjective function
f:|o"| — |o¥], such that £(0) = 0 and f(i+1) € {f (i), f(:)+1} for every 1,

IWe recall that capital letters are used for source system variables, and small letters

are used for target system variables.
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0<i+l< ‘0T| .For an abstraction mapping «, we say that the computation
0¥ is a-related to o” if there exists a contracting mapping f : |o”| — |0
such that (s, %) F a, for every i < |o7].

5.3 Soundness of the AVALIDATE Procedure

Let S5 = (V5,05 ,07,0%, p%) and ST = (VT OT, 8T, 07T, pT), be a source
transition system and a target transition system respectively. We want to
prove that if the verification conditions are valid, then ST refines S°. The
proof includes:

1. Proving that if ¢ = sI,... ,s,... is a computation of the target sys-

tem ST, then ¢; holds at s/ where si[pc] = 7, 7 = 0,...,n and
1 < ‘UT| .

2. Showing that for each target computation o’ there exists a correspond-
ing computation o° of the source system.

3. Showing that the observation trajectories induced by ¢ and ¢° are
a-related.

Proving the invariants
Let 0 = sl,...,sF,... be a computation of ST. The proof is done by
induction on i. The base case is trivially true (o = true).
Let @1 be valid at state sT' of the computation.
Induction step: PsT. | Ipe] holds at s/, because s!,, follows s] in the

computation, hence s7,,[pc] € succ(s]) and (s7,sl,;) £ p”, in particular

(sT,sh1) F psTi[pc] (see claim 1). The validity of the verification condition
VC,rpp proves that ¢z, holds at state s, (see 5.1a).
We showed that if for each i € {0,... ,n},

vinpi = N (pd =j) Ny (5.2)
jE€succ(B;)

then ¢; holds at s] where s'[pc] = j, j = 0,...,n and i < |o”|. Since
the invariants are target system invariants in which source system variables
do not appear, and the mapping o defines the source variables in terms of
target variables, we may ignore the conjuncts a and o/ which appear in the
verification conditions.
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Constructing a corresponding source computation
We first define a computation prefix.

Definition 2 Computation prefiz - Let S = (V,0, 3,0, p) be a transition
system, and o = Sg,...,Sny be a sequence of states of S such that sq F ©
and, for all i,0 < i < N — 1, we have (s;, s;11) E p then o is a computation
prefiz of S.

Let 0T =ty,... ,t;..., 0 < i < |o|, be a computation of the target system
ST, We inductively construct a source computation which is a-related to o7 .

The construction considers increasing prefixes O'JT : to,...t; of the com-
putation o7 and shows how to construct a corresponding c-related prefix
0. Together with the construction of of, we also inductively define the
construction mapping f.

As the base case, we take o] : to and o7 : s, where 5o is obtained by
mapping t, to values of the variables V' according to a. We also define
f(0) = 0. Obviously o is a-related to of .

Next assume that we have already constructed the prefix af : S0y --- Sk
corresponding to the prefix ajT : to, ... t;, and defined the value of f(i), for
all i = 0,...,7, We will show how to construct ¢7,, and define f(j + 1).
Let ¢ = t;[pc] . By induction we know that f(j) = k and that s; and t;
are a-related. In case i =euxit, ajT is the complete target computation, and
we are done. Otherwise, j < ‘O'T| and there exists a successor state t,41.
Let V;" and V}', denote the values of the variables V' at states t; and t;14
respectively. Let Vjs and V-il denote their respective o images. Consider

J
the expression
pi(V;H) A a(VE V) A a(ViEL Vi) A el (V] Vi)
which is obtained from the sub-formula ¢; A o A &/ A p! by the substitution

v VT e— VI (VT «— VI, VS — VI (V) — V5]

We claim that this expression evaluates to 1 (true). The invariant ¢;(V}")
holds due to part 1 of the proof and the fact that pc; = 7. The mapping
a(VP, V) = a(Vf,,V} ;) = 1 because we computed V,° and V5, using a.
The transition relation pj (V;", V/,) holds because ¢;; is a p"-successor of
;.

Since V C; is assumed to be valid, it follows that the r.h.s of this implica-
tion holds under the substitution v. We consider two cases:
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CaseI: Ther.h.s of VC;[y] holds due to the disjunct 5.1b (pf(i)). Then,
we take 07, = 07; 5,11, Where sp11 = a(t;41) which implies s,11[V5] =
Vjil. Obviously sg.1 is a successor of s since (sg, Sp11) pf(z.) and, by the
induction hypothesis a-relating t; to sk, sg[pc] = k(7). In this case, we define

f(j+1) =k+1= f(j)+1. It is obvious that o2, ; and 07; 5, are a-related.
j+1 J Jj+

Case II: The r.h.s of VC;[y] holds due to the disjunct (5.1c). Note
that this is possible only if ¢ ¢ 3, that is, ¢ is not an observation-requiring
location. In this case, we take o, = o} and define f(j +1) = f(j) = k.
Due to the conjunct Pres(V), we know that V;%, = V;°, which shows that
tj+1 and sy, are a-related (due to a(V;5,V/,,)). It follows again that of
and O'JT_H = o7;s;41 are a-related. Case II can be consecutively repeated

only a bounded number of times due to the bounded progress measure e.

The Observations Induced by ¢° and ¢! are 7-related

In the previous part we have shown how to construct a source computation
o which is a-related to a given target computation ¢7. We now consider the
induced observation trajectories w® and w” and show that they are of equal
length and their respective observations are 7-related. According to the con-
struction, whenever a state ¢; was associated with an observation-requiring
location i, we could not use case II, which implies that f(5 + 1) = f(j) + 1.
As a result, while a source state s; which is not observation-requiring can
be mapped to an arbitrary long (but finite) sequence of target states, each
observation-requiring state corresponds to a unique target state. It fol-
lows that between ¢° and o7 there is a 1 — 1 correspondence between the
observation-requiring states. Since these are the only states retained while
forming an observation sequence, we conclude that |w5| = ‘wT‘. Further-
more, let ; and s; be two states corresponding to the same observation, and
let t;[pc] =i € (. Since ¢; holds at t;, and s;, t; are a-related, the implication
piNa — O = o leads to s;[0] = ;o). n
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Chapter 6

Loop Unrolling

6.1 Description of the Optimization

Loop unrolling generates more opportunities for instruction-level parallelism
by duplicating the code of the loop’s body a number of times equal to the
unrolling factor. Instead of moving the control to the beginning of a loop
body, at the end of an iteration (in the case that the loop termination condi-
tion is not met), the body of the loop is copied by the compiler, one or more
times, and the control is moved to the next instruction. Loop unrolling is a
preparatory optimizer stage, which enables further optimizations. When the
number of loop iterations is known to the compiler, this stage is followed by
elimination of branch instructions at the end of most iterations, thus increas-
ing the basic block size. In other cases, the unrolled loop instructions are
rescheduled, so as to avoid stalling of the processor pipeline and to obtain a
better parallelization [LE95].

Figure 6.1 gives a schematic description of loop unrolling optimizer stage.
The left side of the figure describes the source loop, where the number of
iterations is N. The right side describes the optimized loop, with unrolled
loop factor of C. The target loop iterates ((N —1) div C')+1. The last target
iteration may not be completed. Another difference between the source and
the target loops is the value of the loop counter. In the source program it
assumes all values between 0 to N, while in the optimized program its values
are 0,C,2C, ..., N.
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Target Unrolled Loop
10: 1:=0;
11.1:
Source Loop .
body; First
LO: I:=0;
branch (i>n-1) 12 copy
L1: BODY,;
11.2:
I:=I+1;
11.C:
branch(I<N)L1
body;
L2: Last
i:=i+C;
co
branch (i<n) 11.1 by
12:

Figure 6.1: General form of loop unrolling

6.2 Validating Loop Unrolling

In this section we describe the data and control abstraction mapping that can
be used in the framework of the AVALIDATE procedure in order to produce
the verification conditions required to prove the validity of loop unrolling
optimization. To validate this particular optimization technique, there is no
need to compute invariants as described in the second step of the procedure
AVALIDATE , and we can use the invariant ¢ = true.

We consider the general loop unrolling form which is presented in figure
6.1. We assume that BODY is only one block, knowing that this optimization
is usually applied to the most-inner loop. For simplicity, we also assume that
BODY code does not change I or N. Usually, loop unrolling is not applied
in cases which violate this assumption. Consequently, a similar assumption
is made for the target’s body. According to the AVALIDATE procedure, we
first have to construct the control abstraction mapping. The target loop is
divided into C' blocks, all of them are mapped into the loop body block of
the source. Thus, the control mapping & is: (k(10) = LO) A ... A (k(I11) =
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branch(i>=n-2) 12
branch(i<n) 11

Target Unrolled Loop contd.
10: i:=0; 11_(k+1):
11_1:
body;
y First
aux := 1;
co
branch(i>=n-1) 12 Py
11_2:
11 _k: 11_C:
body;
body; y
k’th i := i+C; Last
aux := k;
copy aux := 0; copy

12:

Figure 6.2: Adding an auxiliary variable

...=k(llec) = L1) A (k(I12) = L2).

An auxiliary variable aux, is added at the end of each copy of the body,
as shown in figure 6.2, in order to enable a valid data abstraction outside
the loop. The auxiliary variable is needed, because exiting from the target
loop can occur at any location inside the target loop. We could equally use
N modC, but in order to simplify automatic validation of the verification
condition, we choose to add an auxiliary variable. The data abstraction « is:

(pe<lll—I=i)Apc=I112—-T=i+1...A
(pe=N1C—-I=i+C—=-1)AN(pc=02—=IT=i+auzx) N(N=n)A....

Verification conditions are needed for each [1_k (k =1,...,C). For example,
Vi1, in Fig. 6.3 is produced for the first copy of body (k = 1), whereas
the verification condition for the last copy of body (k = C') is presented in
Fig. 6.4.

Appendix A shows a complete example of the validation process of loop
unrolling optimization. The compiler we use is the TRIMARAN compiler
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VCll_l .
(pe<lll—=I=i)A(pc=112—-T=i+1)A...A
a:S (pe=l1C—I=i+C—-1)A
(pc=12—I=i+auz)AN(N =n)A(PC=k(pc))A...
(pd <NN1->T'=i)AN(pd =112-T=7+1)A...A
o (pd =11.C -I'=7+C—-1)A
(pd =12 = I' =7+ auz’) N (N'=n') A (PC' = k(pc))
A
(pe = 111) A Plog, A (pc = ite(i > n —1,12,11.2))A
P (auz' =1)A (' =i) A(n' =n)
s (PC =L1) A phopy AN(I'=T+1)A
PLY (PCr = ite(I < N, L1,12)) A (N = N)
Figure 6.3: Verification condition for the first copy
VCig: aNhNdA

. (pe =11.C) A pjogy N (pc' = ite(i + C < n,111,12))A
p :

H-c (auz' = 0) A (i = i+ C)
_)
5 (PC = L1) A p5opy (VE, VIYA(I' =T+ 1)A

t (PC" =ite(I +1 < N, L1,L2)) A (N’ = N)

Figure 6.4: Verification condition for copy Number C
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[TRO]. A special proof rule was implemented in sTep [BBC95] by Henny
Sipma to support code validation. The user provides source and target
transition systems, data abstraction and invariants. Upon invoking the
proof rule, sTep automatically produces the verification conditions. Then,
the verification conditions are mechanically, though interactively, proved by
sTep[BBC195].
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Chapter 7

Software Pipelining

7.1 Architecture Definition

In this section we define the syntax of a pseudo machine code, VIR - wvirtual
intermediate representation, for a virtual architecture, based on the IA64
family of architectures. This syntax conforms with that of block programs,
as defined in 5.1. To simplify the presentation, we prefer not to use the
original machine-language syntax, but to present machine programs in a
higher-level, C-like, programming style. In particular, we use "do-while”
instead of conditional branch, which is used to implement loops. In other
cases we use "if-else” instead of conditional branch. However, the actual
implementation works directly on the genuine IA64 machine language syntax.

7.1.1 Machine Registers
The processor has the following registers:
e r; (1 <i<m)- A general integer register.

e 1c- Loop counter register. A special register which counts the iterations
within a loop and controls the loop completion.

e t; (1 <i<mn)- An integer register in the rotating register file.

43
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e p; (1 < i < 1)- A one bit register, called predicate register, in the
rotating predicate register file. p is the vector of all the predicate
registers.

7.1.2 Machine Instructions

Assigning a value to a memory variable is a store-to-memory instruction.
The occurrence of a memory variable on the right side of an assignment,
stands for a memory-load instruction. Thus, a := t; stands for storing the
value of register t; into memory variable a. Direct assignment of a memory
variable to another memory variable is not allowed, since this instruction is
not supported by the underlying machine. Arithmetic instructions are used
with their usual meaning. We use wait to indicate no operation. Usually,
this is used when the CPU waits for the completion of an instruction, such
as a load-from-memory.
A special syntax represents the rotation of the register file:

(ty=tyq:=---1=1ty)

with the following semantics: ! = t,_1A-- Aty = t;. An equivalent notation
is used for the rotation of the predicate register file. The predicated execution
feature of the architecture, is expressed by using an “if (pck)” prefix. Before
starting a loop with N iterations and with Sc pipeline stages, the predicate
array p is initialized to 109¢7* (equally written as p:= 105°7!). This means
that the first predicate register is initiated to 1 and, the remaining Sc — 1
predicate registers are initiated to 0. All instructions, appearing on a single
command line, are executed in parallel within a single step. In other cases,
the parallel execution is deduced from the context!.

7.1.3 Architecture Support for Software Pipelining

Software pipelining is a technique that takes advantage of advanced ar-
chitecture features, such as parallelism (multiple memory and arithmetic

INote that although instructions may be executed in parallel, the architecture defines
the semantics of parallel execution, to be the same as the sequential execution of the

instructions’ sequence.
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units), rotating register file, predicate register and special branch instruc-
tions [AJLA95, Huf93]. Software pipelining increases the loop throughput
by overlapping the loop’s iterations, that is, by initiating successive itera-
tions before the completion of previous ones, and achieving saturation of
functional units. To pipeline a loop, the compiler should find an instruction
schedule that best utilizes the functional units, to achieve minimal execution
time, yet without causing a register jam.

One technique for loop scheduling is Modulo Scheduling [RST92]. To find
an overlapped schedule, the compiler must take into account the constraints
imposed by the availability of functional units and registers. Suppose that
execution of one iteration takes ¢ cycles. Considerations of the data depen-
dencies within the loop body and instructions latency lead to a calculation
of an initiation interval - Int. Int is the number of instruction cycles issued
for iteration ¢, before iteration 7 + 1 can be initiated. Let O, Oy be two in-
structions using the same machine resource, which are scheduled to cycles ¢;
and ¢y of a loop body, respectively. Then, it is required that (¢; mod Int )
be different from (c; mod Int ). When all such constraints are satisfied,
we have a sound modulo schedule. It looks as though the loop body is di-
vided into stages whose execution time is Int cycles. The number of stages
is Sc =c¢/Int

To demonstrate the modulo scheduling technique consider the C program
in Fig. 7.1. In this loop, there is no data dependency between the iterations.

int a[100], b[100], N;

main {
int I:=0;
do {
a[Il:=b[I]+5;
I++;

b

} while(I < N);

Figure 7.1: C source program
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The target program that appears in Fig. 7.2, is expressed in VIR, without
any optimization. Since the load delay is 2 cycles, one iteration time is 4

i1 :=0; i3 :=0; 1lc:=0;
do

{

ty = Db[i4]; iy := iy + 1 ~Load
wait one cycle for the load delay to expire; —Wait
ty 1=ty + 5; -Add
a[ig] :=tg; ip: =1y +1; —Store
lc ++;

twhile (1c < N);

Figure 7.2: Unoptimized target code

cycles. For this loop, the compiler calculates an initiation interval of 1 cycle.
The number of stages Sc, is thus 4. Pipelining can be achieved by initiating
source iteration i1+1, one cycle after iteration ¢. A pipelined execution of the
resulting instruction scheduling for this loop is demonstrated in Fig. 7.3 with
N, number of iterations, equal to 6. Id stands for load, w for wait, st for store
and add for add. op(i) : op = ld,w, st, add stands for execution instruction
op of source iteration i. For example, Id(2) stands for the load instruction of
iteration number 2.

The iterations of the target program are composed of steady state (kernel)
iterations, which execute all the loop instructions (cycles 4,5,6) of the loop,
prologue iterations (cycles 1,2,3), and epilog iterations (cycles 7,8,9). The
target code contains predicated kernel instructions. When executed, different
values of the predicate registers cause different executions that correspond
to prologue, kernel and epilog iterations. One iteration is completed at each
cycle. The number of target iterations is N+Sc-1 = 9. The execution time
of the source loop is 4 - 6 = 24 cycles, while the optimized loop time is only
9 cycles.

After allocating registers, using the rotating register file, the target code
is the one presented in Fig. 7.4, or equivalently, by the IA64 assembly code
in Fig. B.1 of appendix B.
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Cycle

1 ld(1)
Prologue 2 w(1) ld(2)
3 add(1) w(2) 1d(3)

4 st(1) add(2) w(3) ld(4)
Kernel < 5 st(2) add(3) w(4) ld(5)
6 st(3) add(4) w(5) ld(6)

st(4) add(5) w(6)
Epilog < 8 st(5) add(6)
st(6)

Figure 7.3: Loop pipeline schedule

7.2 Validation of the Optimization

In this section we describe a method to validate software pipelining loop
optimization. It includes the production of assertions which hold at the
beginning of each target iteration, the production and the decomposition of
the verification conditions.

7.2.1 A General Software Pipelining Representation

Consider a general C loop as presented on the left side of Fig. 7.5, and its
target pipelined code, presented on the right side of the same figure. B is the
source loop body and By is the target loop body, ti,...,t; are the rotating
registers used for this loop, and py,...pg. are the predicate registers. Sc is
the number of stages the optimizing compiler chooses for this loop. s;is a
list of instructions whose execution is predicated by the value of p.; (p.; is a
predicate register, and thus 1 < ¢; < Se, for 1 <i < k).

Each of the instructions, s;,1 < j < k, which depends on the same
predicate register (pc;,), belongs to the same pipeline stage. Also, Vj € [1..k] :
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P1:=1; py :=0; p3 :=0; pa :=0;

lc:=0; iy :=0; iy :=0;

do{

1, :
if (pa) aliy] i= to; 1y := 11+ 1; Stage 4
if (p3) ty:= tg4+ 5; Stage 3
if (p1) to :=Db[is]; ip:=is+ 1; Stage 1
(tg :=t3:=1ty 1= ty); Register rotation
(Pa = ps := P2 = p1); Predicate rotation
le+ +;

if (lc <N) p; :=1; else p; :=0;
while (lc < N+ 3);
11 .

Figure 7.4: Target pipelined loop

1 < ¢; < Sc. The number of target iterations is N + Sc — 1. Note that
the first and last Sc — 1 iterations of the loop, execute only some of the
stages contained in the loop’s body, since some of the values of the predicate
registers equal 0.

7.2.2 The General Idea

In the following sections of this chapter, we describe the algorithm we devel-
oped to compute the required invariants using symbolic evaluation. We show
how to produce the required verification conditions. Then the algorithm is
demonstrated on the running example.

Let p° and p” stand for the transition relations, representing the loop
body of the source and target systems, respectively, and « be the data ab-
straction mapping. We want to compute an invariant ¢, which can be used in
the AVALIDATE procedure. We first note that while the source loop iterates
N times, the target loop iterates N+Sc—1 times. We handle this by choosing
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p:= 10571 1c := 0;
do
{ 10 :
3
if (Pcl) 515
I=0: if (PC2) 52,
do )
) if (pe) 5
0 -
B, B=ta==t)l g
It (Ps. = :=p2:=Pp1)
’ let++;
} while (I < N);
. if (lc < N)
1 -
p1 =1
else p; 1= 0; )
} while (lc < N+ sc—1);
11 .
— — Source — — — — Target — —

Figure 7.5: General form of a pipelined loop

the idle source transition to emulate the first Sc — 1 target iterations.

Obviously, the transition relation of a target iteration is different from
the one of the source iteration. However, the use of the invariant makes
the verification condition valid. To demonstrate this we use the source code
and its corresponding target code, shown in Fig. 7.6. Let the invariant
p1 :pc=1—t; = 5 hold for the target code. From the figure we see that
pl i (a' = t)A(pc = 1)A(pc = 2), while p{ : (A" = 5)A(PC = 1)A(PC' = 2).
Let « be defined as: (A = a) A (PC = pc). Then, the verification condition
piAaAd! ApT — p? is valid. In this case, the value 5 was previously assigned
to the temporary variable ¢; of the target system. This value is assigned to A
in block one of the source program, while in block one of the target program,
the value that is assigned to a is t;. The invariant ¢ states that the value of
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t1 is the right value (5).

t1:=5
Li:A:=5
1, ra:=14
L2:
12:
— — Source — — | — — Target — —

Figure 7.6: Using invariants to validate the translation - an example

We want to compute the invariant as allowed in step 2 of the AVALIDATE
procedure (see page 31). Although we choose iteration number i + Sc— 1 of
the target program to emulate source iteration i, the computations of source
iteration ¢ are actually spread over iterations ¢,... ,72 + Sc — 1 of the target
program. In other words, each target iteration emulates parts of different
source iterations. The role of the invariant ¢, is to characterize the state
resulting from partial execution of an iteration (see Fig. 7.7).

Cycle Operation Invariant
1 ld(1) p1:1=1—1t3 = b[1]
2 w(1) ld(2) w211 =2 — 1ty = b[1] At3 = b[2]
3 add(1) w(2) 1d(3)| ¢3:i=3— 1ty =D0[2] Atz =Db[3]A
ty =b[1]+5

Figure 7.7: The States at the end of target prologue iterations

In the following sections, we describe a method for the automatic com-
putation of the invariant ¢.
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7.2.3 Computing ¢

Rather than using a single invariant, we distinguish between the versions of
the invariant which apply to the various prologue, epilog, and kernel iter-
ations. We call these invariants software pipeline invariants. We generate
different versions of the invariant ¢; fori =0,... ,Sc—2, N N+1,... ,N+
Sc — 2, and a common version ¢, corresponding to all steady-state itera-
tions, which span the range Sc — 1 < ¢ < N. In this way, independently
of the value of N, we always deal with 2 - Sc¢ — 1 different versions of the
invariant.

In order to compute the different versions of the invariant, we use a re-
striction of the notion of symbolic evaluation and symbolic state, as defined
in [FS97]. A symbolic state is an assertion of the form

@ : /\ U; = €4,
v; EV

where v; € V' are target system variables, and e; are expressions.

Definition 3 Symbolic Evaluation- Let V' be a set of variables, ¢ be an as-
sertion describing a symbolic state and, let p be a transition relation. The
symbolic state, resulting from the application of the transition p to the sym-

bolic state described by ¢ (also known as the post-condition of ¢ relative to

p), is given by:
pop = AV i (p(VT) A p(V,V),

where V'~ 1is another copy of the variables V', intended to capture their values

before the transition is taken.

The algorithm in Fig. 7.8 successively computes the 2 - Sc — 1 different
cases of the invariant ¢;, by symbolically applying the transition p,, corre-
sponding to a single execution of the loop’s body Br, to the previous symbolic
state. The assertion (g is computed, based on the initiation phase before the

loop starts (see Section 7.4). We then proceed to compute @1, ... , ps._2, the
invariants which hold at the beginning of each prologue iteration. The asser-
tion @4 holds at the loop steady state, while the assertions ¢y, ..., On1sc—2

hold at the beginning of the corresponding epilog iterations.
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0o = = Init N pP=10c—1
for(i:=1; i< Sc—2; i:=i+1)
{pi=p:=(p AN lc+1<N)op,}
oa:=9:=(p ANlc+1<N)op,
for(i:=0; i < Sc—2; i:=1i+1)
{onvtiz=p:=(p Alc+1>N)op,}

Figure 7.8: Algorithm for computing ¢

The condition lc+1 < N added to ¢ in the computation of {¢1, ... , V5. 2,
©st}, guarantees that the new value of p; is 1. Similarly, the condition
lc+1 2 N appearing in the computation of the invariants {¢y, ... , ON15c-2},
guarantees that the new value of p; is 0.

Following the AVALIDATE procedure, the verification condition to be
validated is:

Ve - pANaANd Apg —
"\ (pd =0A Q' Vpd =1)A(p5, V Pres(V5))

However, since we already split the invariant, when computing it, into 2-Sc—1
different cases, it is necessary to generate a similar number of verification
conditions. These conditions, after appropriate simplification, are listed in
Fig. 7.9.
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. A
using: p=a A o
Prologue verification conditions

VCy: pAle=0A @y Ap, — Id=1A¢, A Pres(V®)
Ve pANle=1A@ Ap, — I=2NA ¢y A Pres(V°)

VCOsea: pAlec=8c—2 A pge_a A p, — Id=8c—1A ¢, A Pres(V?)

Steady state verification conditions

VC4: pANSc—1<Ile<N-1Aopa A p, — Sc—lSlc’<N/\(,o’st/\pf0
VC,: uANle=N—-1A 9y A p, — lc’=N/\<,o§\,/\pf0

Epilog verification conditions

VCy : uANle=NANpy Ap, — lc’=N—|—1/\<,0§V_i_1/\p‘z0
VCnyr: pAle=N+1Aong1 Ap, — W=N+2A ¢y, Apl

VCOnysec—2: B ANlce=N+Sc—2 AN onySe—2 N py —
ldd=N+Sc—1A /\pc’:l/\pfo

Figure 7.9: Verification conditions for a pipelined loop
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po :

is=1lc A iy =lc A F=(0,0,0,1)

1

(poAlc+1< N)op, ~

ts=0bllc=1] Nig=lc ANipr=1lc—1 A 7=(0,0,1,1)

P2

(g1 Ale+1<N)op, ~

ta=0bllc=2] Nig=lc ANy =1lc—2 A tg=0b[llc—1] A P=(0,1,1,1)

Pst -

(p2 Alc+1< N)op, ~

ts=0bllc—1] A ta=bllc=3]+5 A ta=bllc—2] AN ix=Ilc—3 AN ia=lc A p=(1,1,1,1)
N

(pst Ale+1>N)op, ~

ts=bllc—1] A ta=Dbllc=3]+5 A ts=Dbllc=2] A iy =1lc—3 A F=(1,1,1,0)

PN+1 ¢

(py Ale+1>N)op, ~

ta=0bllc=3]4+5 A ta=Dbllc=2] ANiy=lc—3 Nig=lc—1 A tg=0bllc—2] AN pP=(1,1,0,0)
PN+2:

(pys1Alc+1>N)op, ~

ty=bllc—3]+5 Air=lc—3 Aiz=lc—2 A t3=0bllc—3] A ta=bllc—3] A F=(1,0,0,0)

Figure 7.10: Symbolic evaluation of ¢ - an example
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7.3 An Example

In this section we demonstrate the algorithm to produce the software pipeline
invariants of the example shown in Fig. 7.1 (the source) and in Fig. 7.4 (the
target). The symbolic evaluation process of g; is listed in Fig. 7.10. The
verification condition V' C?%, for the steady state, as produced by SPV, (thus
some simplifications are already applied) is shown below:
a:I=lc—-3 N A=a AN B=b AN PC=pc A
o:I'=1d-3 AN A=d AN B =V AN PC'=pd A
Pst A 3<lc<N-1 A
(

a' = a with([il] : t3) A

=0 +1 A dy=is+1 AN =0l A

th=t,+5 A th=ty+5 A th=13 A

Pi=ps A Py=ps A pPy=p1 A

py =ite(le+1 < N,1,0) A

\ Id=lc+1 AN pd =ite(lc+1< N+3,0,1)

R

A" = Awith([I] : BII] +5) A
pro:y I'=I+1 AN (I+1<N) A Aoy, AN 3<Ild<N
AN PC'=ite (I+1< N,0,1)

The SPV tool which we developed, computes the invariants and produces
a set of verification conditions. The verification condition are automatically
verified by CVC (CVC is a validity checker that was developed at Stanford
University, [SBD02]). Since the basic blocks are usually small, no perfor-
mance problems were encountered. The following section describes the SPV
tool in detail.

7.4 SPV: Software Pipelining Validator

In this section we give an overview of the SPV tool. We intend to run the
tool separately, for each code generator pass. Note that the code generator
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of SGI-PRO64 has about 15 passes, some of which are performing the same
type of optimization. Currently, we validate the software pipelining stage
and produce the verification conditions for pipelined loops.

From LIR to a transition system - The tool input, source and target
programs, uses syntax and semantics of the code generator internal language
LIR (Low level Intermediate Representation) of the SGI-PRO64 compiler.
The source program is the LIR before running software pipelining optimiza-
tion and the target is the pipelined code. LIR represents the program as a
list of pseudo machine instructions, but also includes annotations that de-
scribe the program as a flow graph. The nodes of the graph are basic blocks.
The edges connect each block to its predecessors and successors. For each
block, SPV produces the transition relation of the block, which has the form

N\ v = Ezpression(V), i.e. each primed version of the system variables is
veV
equal to an expression over the unprimed version of all system variables. The

LIR annotations are used by SPV as hints. The expression class (files: ez-
pression.cc, expression.h) enables the efficient production of the transitions,
as well as substitution and some simplification. The substitution is used for
the symbolic state evaluation. This class supports basic arithmetic and logic
operations, ite operation as well as array lookup ([ |) and update (with).
Producing the control abstraction - We use the annotations that de-
scribe the control flow, to produce the control abstraction. In most cases,
block B; in the target program, is mapped to a block with the same index in
the source program.

Identifying loop linear inductive variables - The current preliminary
version of the tool, produces the initial invariant of the software pipeline loop
o, by using the compiler annotations. In particular, registers and temporary
variables which point to arrays, are annotated by the code generator. It is
also possible to apply data-flow analysis methods, that are used by compilers
(see for example [Muc97]), or to construct these invariants algorithmically
(see [MP95] page 207).

Producing the data abstraction mapping - Mainly based on the code
generator annotations.

Constructing ¢ for software pipelining loops - (swp.cc, swp.h). SPV
computes the assertions for the prologue, epilog and steady state, following
the algorithm described in subsection 6.2.1. It uses the expression class to
substitute and simplify expressions. A special simplification is performed by
substituting constant p; values, for the different pipeline stages. SPV outputs
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2-Sc—1 assertions to be proved. The tool is able to communicate with more
than one verification engine (currently, ICS [FORSO01] and CVC [SBD02]).
Validation using CVC - The produced verification conditions are all in
the decidable logics of Presburger Arithmetic, arrays and uninterpreted func-
tions. The output of SPV is a set of verification conditions which are fed into
CVC. Then, CVC checks them and outputs either Valid or Invalid. It is a
matter of less than a second, for CVC, to validate all verification conditions
of the example in Fig. 7.1.

7.5 Conclusions

The SPV tool was used to validate a few optimized small programs. Each
verification condition is verified separately and, its size is linear in the size
of the basic block. However, basic blocks are relatively small (a few machine
instructions), hence the validation process is very fast. The verification con-
ditions produced by SPV belong to decidable logics, thus there validity can
be algorithmically checked. Most of the other code generator optimizations
are local to the block and, do not pose special problems. Software pipeline
optimization is preceded by a loop unrolling pass, whose validation method
is described in chapter 6, above. The main problems of validating the code
generator optimizations, are solved by applying the two methods to the ap-
propriate passes of the code generator.
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Validating an Industrial

Compiler
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Chapter 8

The Programs and the

Compiler

This research was done as part of the SafeAirIl project of IST (Information
Society Technologies program of the European Union), which aims towards
the development of Advanced Design Tools for Safety Critical Software. The
project is developed in an industrial context, intending to develop industrial
tools and methods. Thus, we have chosen the WindRiver DiabData [Dia]
compiler for the PowerPC [PPC] family of processors, a compiler which is
widely used in the development of embedded systems. Typically, industrial
compilers are proprietary software. This is a major obstacle for the code
validation effort. Intermediate representation is not available to the user and
a major part of the knowledge about optimizations is confidential. The com-
piler output is a standard object file format or assembly code, and standard
debug information. When optimizations are activated, the debug information
is only partially reliable. Information about the calling conventions, used in
the code, is provided as part of the standard compiler documentation.
Since the PowerPC is a RISC (Reduced Instruction Set Computer) pro-
cessor, the role of optimizations is very important, and the run time of the
produced code is highly affected by the compiler. The compiler claims to
perform a wide range of optimizations. These include target independent
optimizations: tail recursion, inlining, argument address optimization, struc-
ture members to registers, range optimization, constant propagation, branch
optimization, global common sub-expression elimination, loop strength re-
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duction, loop count-down optimization, loop unrolling, unused assignment
deletion, register coloring, use of scratch registers, loop invariant code motion
and live-range analysis, as well as target dependent optimizations, peephole
optimizations and basic reordering.

To overcome the obstacles caused by the compiler, we had to take ad-
vantage of the special type of program we handle. Though the programs
are written in the HLL (High Level Language) C, they are automatically
produced from programs written in a synchronous language. So we limit
ourselves, in this part of the thesis, to handle C programs of a special type,
called synchronous programs. To describe the formal semantics of these pro-
grams, a limited notion of transition systems- a singleton transition system,
is offered.

We show that, in order to prove the validity of the translation of syn-
chronous programs, a method which is simpler then the one described in
the previous part of this work, can be used. The proof procedure, that is
proposed in this part, has the advantage that it is capable of proving the cor-
rectness of a translation without previous knowledge about the optimization
done by the compiler, and the compiler internal intermediate representation.
Neither a construction of a control abstraction mapping nor of a local vari-
able mapping is needed. Also, the proposed proof procedure does not require
invariants construction. In the following chapters, we rebuild a theoretical
framework that supports compressed transition systems, we define a reduced
validation method, prove its soundness, and describe its implementation.



Chapter 9

Singleton Transition Systems

In part T we defined transition systems. Here, we specialize this general
notion to deal with synchronous programs.

A transition system S =(V, O, 3,0, p) is called a singleton transition sys-
tem if it satisfies the following restrictions:

e Its transition relation has the form

p(V.V):im=0 N\ v =Exp,(V)An =exit,
veV—{r}
where for every v € V, Exp, is a legal expression in the language L.

e O —-71=0.

e (3 :m € {0,exit}. Thus, such a system has only two observable locations:
the entry and the exit locations, whose values are 0 and exit, respec-
tively. Since these are the only values 7 can assume, (3 is equivalent to
1 (true).

Notation 4 We use the notation p(v), to stand for the term which is ez-

tracted from p for the variable v.

The notation is naturally extended to expressions. For example: let p :
a' =b+2Ab =5 then p(a) is the expression b + 2, p(b) is the expression 5
and p(a + b) is the expression (b + 2) + 5.
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Due to the limitation on the use of 7, it may as well be omitted from

the transition relation and, a short form of p(V, V'), A ¢ = Exp,(V),
veV—{m

can be used. Also, since the component 3 is equivalent to {1 }for all singleton
transition systems, we omit  from the transition system, and get a shorter
form: S =(V,0,0,p).

A computation o,of a singleton transition system is a pair ¢ = sg, Sexit,
where (sg, Sezit) F p. Obviously, a singleton transition system has only finite
computations.

9.1 Correctness of Translations

As in part I, we use the notion of refinement in order to define a correct
translation. We recall that having P® be a source program with the transition
system S° and, P a target program with the transition system S”, then ST
refines S°, if for every computation of ST there exists a computation of S*,
with matching values of the observable variables at the observable states. If
this refinement relation holds, we say that PT is a correct translation of P%.

In the case of source and target singleton transition systems, S° =
(VS5,0%,05 p%) and ST = (VT,07,07T, pT'), to prove that ST is a refine-
ment of S° is easier than the case of general block programs. The reason is
that, by definition, a computation has only two states: the entry and exit
states. Let o7 = sl,s” . be a target computation. We need to construct
a data mapping «, which maps every target state to a source state. This

data mapping, «, induces a pair of source states 0% = a(sl), a(sl;,). If we

exit
prove that ¢ is indeed a source computation, it means that ST refines S°.
In order to show that ¢° is a computation of S°, we have to prove that the

following holds:

(a(sg), shur)) E 0°. (9.1)

Hence, when both the source and the target systems are singleton transition
systems, a simpler proof rule is sufficient, in order to prove that the target
system is a refinement of the source system, and thus a correct translation.

Let 85 = (V5,0%,0%,p%) and ST = (VT,07,07, pT) be the singleton
transition systems that represent the source and the target programs, respec-
tively. The following REDUCE procedure proves that ST is a refinement of
S5
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. Construct a data mapping o : Vi3 = vy A ...V, = v, Vi = v,
where O° = {V},... .V,} are the source observable variables and, OT
= {v1,... .ux} are the target observable variables.

. For each observable variable of the source system :V; € 0,1 < i < k,

construct a verification condition VC; :

aAv,=p () Ao —= V] =p°(V))

3. Establish the validity of all the verification conditions.

In the following chapters we show that singleton transition systems pro-

vide an adequate semantics for high level (C), as well as low level (assembly)
synchronous programs.
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Chapter 10

Synchronous Programs

The source programs we handle are produced from a high-level synchronous
language SCADE [SC9]. In this language, a node is a network of operators. A
node has a formal interface (input and output variables) and local variables.
The formal interface defines the observable part of the node. The node
represents a computation of the values of the output variables as functions
of the input variables. A SCADE program is a collection of nodes, which are
activated by an external loop. Each node is translated into one compilation
unit of the C language. The C code of the different nodes is compiled into
a machine code. The code of each node usually contains no loops. In rare
cases, it may contain loops with constant number of iterations which can
easily be unrolled.

The papers [PSS98a, PSS99] describe a tool, CVT, which verifies the
translation from SCADE to C. In our work, we concentrate on the compi-
lation of the code of one node from C to machine code, in order to prove
its correctness. For this reason, our notion of synchronous program relates
to a program that represents one node, thus containing no loops. In this
chapter we define two types of synchronous programs: synchronous machine
code programs, and synchronous C programs. In the following chapter we
show that synchronous programs can be represented by a singleton transi-
tion system, therefore the proof rule REDUCE can be used to validate the
translations.

67
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10.1 Synchronous Machine Code Programs

In the previous part of this work, we define block programs. there the smallest
piece of code that interests us is a block. Here, we are concerned with a
single instruction level. An instruction is a legal machine instruction of the
underlying physical processor. Each instruction has a label, whose value is
its index. There are a few types of instructions:

e For a variable v and an expression Exp(V) of the same type:
v := Exp(V)

is a regular instruction, also called an assignment instruction. Exp(V)
can include calls to uninterpreted functions. regular(Inst) holds iff
Inst is a regular instruction. In section 10.1.1 we describe regular
instructions which have special importance.

e We also define two types of branch instructions:

— For a non-negative integer <label>:
branch <label>

is an unconditional branch instruction. branch(Inst,l) holds iff
Inst is a branch instruction with destination /.

— For a non-negative integer <label> and a boolean expression
<condition>:

branch <condition>,<label>

is a conditional branch instruction. cond_branch(Inst,Cond, 1)
holds iff Inst is a conditional branch instruction, with condition
Cond and destination /.

The label in a branch instruction is the branch destination and its value
is the index of an instruction.

A machine code program P is a sequence of instructions P = Inst ..., Inst,.
A branch to a label whose value is [ > n, is interpreted as program termi-
nation. All destinations of this type assume a unique value exit, where
exit > n.

Let P = Instg. ..., Inst, be a machine-code program, then Inst, is the
entry instruction. Each instruction Inst;, © = 0,... ,n, of a program, may
have one or two successors, denoted by succ(i). If Inst; is an assignment
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instruction, then succ(i) = {i + 1}. If Inst; is an unconditional branch with
destination j, then succ(i) = {j}. If an instruction Inst; is a conditional
branch with destination j, then succ(i) = {j,7 + 1}. The successor of the
last instruction, Inst,, is exit. It is also a successor of any branch instruction
with destination [ > n.

The operands of an instruction of program P are either CPU registers
or memory addresses. These comprise V', the set of program wvariables. We
use the term memory variable to denote an operand which resides in the
memory. These comprise the set of observable variables O C V.

Definition 5 Synchronous machine code program - A machine code program
P = Insty ..., Inst, is synchronous, if for every branch instruction of P with
label © and destination j, we have © < j. This means that there are no

backward branch instructions in the program and thus, no loops.

Each machine code program P corresponds to a transition system S¥ =
< V,0,3,0,p> such that:

o V = {vy,..,u} U{pc} is a finite set of system variables. {vy,..., v}
are the program variables. pc € {0,...,n, exit} is the control variable,
whose value denotes the index of the instruction in which the control
currently resides. When pc = exit, the program is terminated.

e O : The observable variables are all the memory variables.

e 3 : pc € {0,exit}. Only the entry and exit locations are observable
locations.

e O:pc=0

e p: The transition relation.

Each instruction Inst; in the program is represented by an instruction
transition relation, as follows:

Let inst; be a regular instruction v := Exp(V), then its instruction
transition is

p,(V,V'):v' = Exp(V) Apd = pc+ 1A Pres(V — {pc,v})
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Let inst; be a branch instruction branch <label>, then
p,(V, V') :pd =1 A Pres(V — {pc}).

Let inst; be a conditional branch instruction
branch <condition>,<label>, then

p,(V,V') : pd =ite(Cond, 1, pc + 1) A Pres(V — {pc}

The program transition relation' is p: \/ (pc = i) A p;(V, V).
i=0

Claim 6 Let P = Insty, ... ,Inst, be a synchronous machine-code program,

then all computations of P terminate.

Proof. The pc value resides in a finite set {0, .., n, exit} and is increasing
along a computation. m

We will show later, that every synchronous machine-code program corre-
sponds to a "compressed” singleton transition system.

10.1.1 Special Machine Instructions

Most compilers use only a subset of the processor instruction set. Our imple-
mented tool, as well as the formal semantics definition, consider only those
instructions that are used by the compiler. We devote special attention to a
few instructions which are used in a special way by the compiler, and which
require a special treatment.

The Compare Instruction - The PowerPC processor has eight con-
dition registers (see [PPC]), each consisting of a triple of bits. The instruction
compare i,<vall> <val2> compares the values of <vall> <val2> and
assigns values to condition register number 7. The first bit of the register is
set if <vall> is greater than <val2>, the second bit is set if <vall> is
smaller than <val2>, and the third bit is set if both values are equal. A
bit in the condition register that was not set, is reset. In the transition sys-
tem of a machine program, every bit of a condition register is represented
by a boolean variable. The set of condition registers is represented by a two
dimensional array of boolean type elements cr[i, j| (also denoted as cr; ),

'When it is obvious from the context, the conjuct Pres(U) is omitted form the text.
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where ¢ = 0...7 and j = 0,1,2 which stand for eight triples. The value of
each array element is a boolean expression. The compare instruction assigns
value to one condition register, which consists of three elements of the array.
For example, the transition semantics for the instruction: compare 1,0,r0
is:

07",1,0 = (r9 < 0) A (07“'1,1 =(ro>0)A (C’rll,2 = (ro = 0)))

A use of the compare instruction is demonstrated in Fig. 10.1. The C
source code that corresponds to this example is : v1 := (v2+3=1). The
corresponding transition relation of the program in this figure is:

(pc=1) A (vy =idte((va+3=1),1,0)) A (rg = v2 + 3) A (pd =13) A
(cr{),O =(1<wv+3))A (07"671 =(1>wvy+3)) A (croa = (0=vy+ 3))

Bit Instructions - Other interesting instructions are those that manip-
ulate bits. For example, the instruction rlwinm (Rotate Left Word I bits,
then And with Mask) is used by the compiler to extract some bits from an
integer, or a condition register. Its semantics is defined, using the functions:

bit_array : array of booleans — integer

extract_bits : integer X integer — integer
However, when these functions are called in a special sequence with pre-
defined values, their common semantics becomes a specific known arithmetic
function. For example, the code in Fig. 10.2 computes the same value for
v} as the code in Fig. 10.1. The transition semantics of this machine code
program is:

vy = extract(bit_array(cr with( [2] : (v3 +3=1))),2)A ...,

which is equivalent to:

vy =ite((v3+3=1),1,0)A...
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11: add r0,v2,3 add 3 to v2 and put the result in integer register r0
compare ¢r0,r0,1 compare r0 to 1 and, set the three bits of condition
register cr(
branch c¢r0.2 12 branch to 12 if bit no. 2 of cr0 is set
move v1,0 move 0 to vl
branch 13
12: move vi,1 move 1 to vl
13:
Figure 10.1: Machine code example - 1
11: add r0,v2,3 add 3 to v2 and put the result in integer register r0
compare c¢r0,r0,1 compare r0 to 1 and, set the three bits of condition
register cr(
move rl,cr move the content of the condition registers to
integer register rl
rlwinm v1,r1,2,1 rotate the content of rl into v1, so that bit no. 2

moves to the least significant bit and extracts it.

Figure 10.2: Machine code example - 2
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10.2 Synchronous C Programs

Synchronous C programs are C programs without loops. The following state-
ments are not allowed: while, for, do-while and goto. The syntax of syn-
chronous C programs is defined as follows:

Let V be a set of integer variables and, O C V is a set of memory
variables, dp is a sequence of declarations of the memory variables and, dj,
is a sequence of declarations of all the other variables. v € V is a variable,
P, and P, are programs and Exzp(V) is any expression over V. The syntax?
of a program P is defined as follows:

P:= {do{dL, Sl, ce ,Sn}}

S; n= Assignment | if | if — else | else | end
Assignment ::= v := Exp(V);

if n=1if (Fzp(V));

if —else ::==if (Exp(V)) then

else ::= else

end =}

It is also required that every if, and if — else has its corresponding end,
and that there are no redundant end. However, we assume that all programs
we handle are syntactically correct. The semantic definition of synchronous
C programs is the usual semantics for the C language.

Definition 7 Synchronous program - A synchronous program is either a syn-

chronous machine-code program or a synchronous C program.

Theorem 8 Let P be a synchronous program (either machine-code or C),

then the semantics of P can be expressed by a compressed transition system.

The ANNOTATION algorithm described in section 11.2, constructs a com-
pressed transition system for a synchronous machine-code program. An al-
gorithm to produce a compressed transition system for a synchronous C pro-
gram, is described as well (section 11.4). The correctness of these algorithms
proves theorem 8.

2Unlike C, we use := to stand for an assignment, in order to distiguish between an

assignment and an equality.
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In the rest of this thesis we always handle synchronous pro-
grams. For brevity, we omit the word ”synchronous”.



Chapter 11

Compressing a TS into a
Singleton TS

11.1 Root Substitution

We apply forward analysis to a synchronous program P = Insty,... ,Inst,,
with a set of variables, V = {wy, ... v}, in order to produce its corresponding
singleton transition relation. The transition relation is produced incremen-
tally. At each step, one instruction is considered, and a compressed transition
relation is produced, based on the previously produced transition relation.
When the instruction is an assignment instruction the step performs root
substitution.

Definition 9 Root substitution - Let p* : \ v' = E, be a singleton tran-
veV

sition relation and, Inst; : x := Exp'(V), an assignment instruction of a
program P, where 0 < ¢ < n. Let x € V, be a vartable of P. Then the
singleton transition relation p?, resulting from applying root substitution on

p? and Inst; is:

pPipto[x=E & NV =FE,A2 = ps(E)
v£T
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P:0:a:=b+1; 1:b:=ax%x3; 2:a:=2;

P = a=aAnb =b

pt= plofa:=b+1]: d=b+1AV =

pP= plofb:=a-3]: d=b+1AV=(b+1)-3
pP= plola:=2] : a=2Ab0=(b+1)-3

Figure 11.1: Root substitution applied to program P

For brevity we use p \ x = A v/ = E,. Fig. 11.1 demonstrates a root
vET
substitution applied iteratively on the transition relation and the instructions

of a synchronous machine-code program, starting from p° : V! = V. p'*l is
the result of root substitution of p* with Inst;, for i = 0,...,2. Note that
p® is the transition relation of the program P.

In the following sections we describe the ANNOTATION algorithm, which
extends root substitution on assignment instructions, to handle branch in-
structions as well. In the description of the algorithm, as well as in the defini-
tion of root substitution, we assume that only one assignment occurs in each
machine-instruction. Extending the algorithm to handle multiple assignment
is straightforward, and is not described here, for simplicity.

11.2 The ANNOTATION Algorithm

The ANNOTATION algorithm is used to produce a compressed transition sys-
tem for a machine-code program. Let P = Insty, Insty,...,Inst, be a
program, where each Inst;,7 = 0,...,n is a machine instruction. Assume
that V = vy, ..., v are the program variables. The ANNOTATION algorithm
computes the annotations Ann(0), ..., Ann(n) and the compressed transition
relations p°, pt, ..., p", p"*!, inductively. For each instruction ¢ = 0, ..., n, the
annotation Ann(i) expresses the condition under which instruction Inst; is
executed, in terms of the input variables (the values of the variables before
the program is started). The transition relation p**' is the one which corre-
sponds to the program P**! = Inst, ..., Inst;, where p"*! is the transition
relation of the whole program. The initial relation p° has the trivial form
vi = v A---Av, = v. For variable z € V and ¢ > 0, we denote by p’(x) the
value of z in terms of V°, as determined by p’. For example, using the tran-
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sition relation of Fig. 11.1, it follows that p3(a) = 2 and p3(b) = (b+1) - 3.
This notation can be extended to expressions, including boolean expression.
Thus p*(a+b) = (b+1)-3+2.

The ANNOTATION Algorithm - This algorithm scans the program from
Insty to Inst,, in order to compute p, the transition relation of program P.

1. Initially:

Ann(0) = true, Ann(1) = ...= Ann(n) = false, p°*: V' =V,i = 0.
2. Examine inst;,
(a) If inst; is an assignment instruction: | i:x := Exp;
do:

Ann(i+1) := Ann(i + 1) V Ann(7).
P\ x A g = ite(Ann(i), p'(Eap), p'(2))
t=1+ 1.
(b) If inst; is a conditional branch instruction :
| i: branch <Cond> j; (where j > 7).
do: _
Ann(i+ 1) :== Ann(i + 1) V (Ann(i) A ~p"(Cond)).
Ann(j) = Ann(j) V (Ann(3) A p*(Cond)).
Pt i,
=1+ 1.
(¢) If inst; is an unconditional branch instruction :
‘ i: branch j;
do:
Ann(j) := Ann(j) V Ann(7).
P
=1+ 1.
(d) If i > n (the exit location is encountered) , let p : p* A pc’ = ewit,
and exit from ANNOTATION.

11.3 Soundness of ANNOTATION

The annotation algorithm computes a compressed transition relation p. We
claim that this transition relation is ”equivalent” to the transition relation
of program P. This is what theorem 10 states.



78 CHAPTER 11. COMPRESSING A TS INTO A SINGLETON TS

Theorem 10 Let P = insty, ... ,inst, be a machine-code program and let
S = (V,0,8,0,p) be its transition system. Let p© be the compressed tran-
sition relation constructed by the ANNOTATION algorithm. Let sq and s be
two V -states, so[pc] = 0, then (so,s) = p© iff there exists a computation
of P, 0 : So,...,Sm such that the states Sy and S, are equal to sy and s,

respectively.

Lemma 11 Let o : sg,...,Snm be a computation of a synchronous machine
code program P. Let inst be a machine instruction then o s a computation
prefiz of the program P' = P,inst (i.e., there is a computation of the program

P, inst whose prefix is o).

Lemma 12 Let o : sg,...,Sm be a computation prefix of a synchronous
machine code program P = insty, ... ,inst,, then o is a computation of P
iff smlpc] >n

Lemma 13 Letty,t; andty be states of a set V. Let p' be transition relation

i a compressed form, x € V and E an expression of the variables of V. Let
(to,t1) = p' and (tg,ts) E p' \z A2’ = E, then (t;,t;) =2’ = EAPres(V —
{z}).

Proof. Direction one: We start by assuming that (sq, s) F p©. We will
show how to construct a P-computation sy, ... , S, such that s,, = s.

Let P = {insty,...,inst,} be a machine-code program with a corre-
n

sponding transition system S¥ = {V,;0,0,p};p : \(pc = i) A p;. Let

i=0
0%, ..., p"tt = p® be the sequence of relations obtained from the algorithm.
We define o4 : tg,... ,tn, tap1; a sequence of states on the set of variables
V' =V U {Ann, L} for which ty Jy= s , to[Ann] =1,0,...,0 , t,[L] =0
) <t0 ‘U’V—{pc}: li ‘U’V—{pc}> ): pz’ and <t1 ‘U’{Ann,L}; ti—l—l ‘U’{Ann,L}> ): pA7 where
p” is a transition relation on {Ann, L} UV, induced by the ANNOTATION
algorithm and defined as follows:
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oA L/ =L+1 A
Ann' = case
regular(inst;) : Ann with([L + 1] : Ann[L] V Ann[L + 1])
branch(Inst;,j) : Ann with([j] : Ann[L] vV Ann[j])
branch_cond(Inst,,Cond, j) :
Ann with([L +1]: Ann[L] A —~p'(Cond) V Ann[L + 1])
with([j] : Ann[L] A p'(Cond) v Annlj])
1: Ann

endcase

In the proof we use Ann® to notify ¢;[Ann]. Note that t;[L] = .

We inductively construct a sequence sg,... , S, of V-states, induced by
the sequence %y, ... ,t,11. The first state is so. Next assume that we have
already constructed the prefix o; : s¢,...,55;0 < k < m corresponding to ¢;.

If j > n we are done. Otherwise, we consider Ann’(j). If Ann’(j) = 0 then
we define 0,41 = 0;. If Ann/(j) = 1, we define sp1 Yv_pay= tj+1 bv_ipe},
sgr1[pc] = N such that N > j + 1, Ann*[N] =1 and Ann/T1[l] = 0; forall
[ such that j <l < N .

We use the notation p’ to denote the transition relation that corresponds
to program P7.

Onyt1 1s a computation of P-

In order to show that the sequence 0,1 constructed in the previous part
is a computation of the program P, we’ll prove, by induction on j, that for
every 7:0<3<n+1

1. The sequence o;j : S, ... , Sk is a computation of P?, and Ann?(sg[pc]) = 1.

2. For all 7 such that 7 > j and i # si[pc], holds: Ann’[i] = 0.

For the base case, 7 = 0, we have oy = s, Ann® = (1,0,...,0),s0 = ©
thus sg[pc] = 0. Now we assume that the claim holds for j and for the
sequence 0; : Sg, ... ,5k; 0 < k < m. Let’s consider the sequence o;,.

Case 1: Ann?*!(j+1) = 0. From the construction we get that o; = 7;1.
According to lemma 11, ¢, is a computation prefix of program P’*!. Also
sg[pc] > j because o; is a computation of P?(by induction hypothesis). Since
Ann?*(j 4+ 1) = 0, we conclude that si[pc] > j + 1 (from the construction),
and 0;4, is a computation of P/, Substituting Ann/™(j + 1) = 0 in p*
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shows that Annt! = Ann’. Consequently, part 2 of the induction hypothesis
holds.

Case 2: Assume that Ann’T!'(j + 1) = 1. According to the induction
assumption sg[pc] = j + 1 and for all ¢ > j + 1 holds Ann (i) = 0. Consider
the instruction inst;, .

Case 2.1: Let assume that inst;;; : x:=E is a regular instruction

(regular(instjiq)).
Substituting inst;,; in p?, yields Ann/t? = Ai+lwith([j + 2] : 1). Thus, by
construction, sxi1[pc] = j + 2. Induction hypothesis (2) implies that for all
i > j+2 holds Ann/*2(i) = 0, also Ann?*2(sx41[pc]) = 1. So part two of the
induction hypothesis holds. In addition,

. Jj+1
,OPJH = Vpc=1iAp;. (11.1)
i=0
Thus it is sufficient to show that (sg,sg1) = pc = j+1A (2" = EA
Pres(V — {z}) Apc = j + 2, which we get by extracting the disjunct for
j—+1, replacing p;1 by (' = EAPres(V—{z})Apc’ = pc+1) and substituting
[pc — j + 1], [pc’ «— j + 2] in equation 11.1. We consider ¢;,1,t;19, and

<t0 UV—{PC}’tj-H lLV—{pC}> = pﬂ_l )
(to Wv—tpeps tivz Yv_gpey) E 07 Nz A 2" = EA Pres(V — {z,pc})

from the definition of p’*2 for a regular instruction. We extract from the ¢
states the s projection, substitute s;y1[pc] = j + 2 and based on lemma 13
we get that (s, sxr1) FE (pe=j+ 1) A (2’ = E) A Pres(V) A (pd = j + 2).
Case 2.2:Assume that branch_cond(inst;1) (inst;i; : branch <cond>
<label>,where the value of <label> is [). In case that ¢;1(cond) =
1(true), The value of the annotations array at state t; 5 is Ann/™? = Anni™!
with ([I] : 1). Obviously part two of the induction hypothesis holds. Accord-
ing to the construction s, [pc] = [, and p*2 = p’*! (by definition of ANNO-
TATION), which implies that tj_|_2 UV: tj_|_1 l}\/,thlls Sk ‘U’V—{pc}: Sk+1 'LLV—{pc}-
We now look at p,;y; and substitute siiicond] «— 1,sglpc] «— 7 +1
and sy41[pc] «— 1. We get p,y1 : pc = j+1Apc = 1. Thus (si, sp41) = pPHl.
In case that t;.1(cond) = 0, we get Ann™? = Ann/™ with([j + 2] :
1). sgs1lpc] = j + 2 holds by construction, and for every ¢ > j + 2 holds
Ann?*2[i] = 0 and Ann/T[s;,1(pc]) = 1 This proves part 2 of the induction
hypothesis. As in the case of ¢;;1(cond) = 1(true), we get that s Jy_jpey=
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Sk+1 Jv_pc}, and for the instruction transition relation p;, 1 we get p;y1 :
pe 'le+ 1Apc = j+2, implying that (si, Sg41) = pj+1 and thus (si, sp41) =
PI

Case 2.3: The case of branch(inst;;;) (branch <label>)is the same as
the previous case, when substituting the constant value 1(¢rue) for <cond>
thus previous reasoning is applicable m

Proof. Direction two: In order to prove that for every computation
of P the compressed computation produces a correct final state, we rely on
the fact that machine code programs are decidable, and thus have only one
computation for each initial state. We prove by contradiction.

Let 0 : Sy,...,Sn be a computation of the program P. Let (s, s) = p°,
where sy = Sy and p® is the compressed transition relation constructed by
the ANNOTATION algorithm. We will show that S,, = s. Assuming that
Sm # s leads to the conclusion (based on the proof of direction one) that
there exists another computation of P, ¢’ : Sy,...,S, such that S, = s.
This contradicts the fact that P has only one computation which starts from
the initial state Sy. Therefore the assumption is wrong and S,, = s. =

11.4 Producing a Compressed TS for C

In order to produce a compressed transition system for a synchronous C pro-
gram, we use the abstract data type Stack, which is a stack of boolean ex-
pressions and supports the following operators: push(Exzp) (pushes a boolean
expression on the stack), pop (pops a boolean expression from the stack) and
Exp : tos (returns the boolean expression which is on Top Of Stack).

Let P = {do{dL, Sy, ..., Sn}} be a syntactically correct synchronous C
program, then the following algorithm constructs a compressed transition
relation for P. The algorithm reads the statements, one by one.

1. Initially the stack contains one element and tos = true. p has the
trivial form v = v1 A -+ - A v}, = .

2. Considering 5;

(a) Let S; be an if statement: if (Cond) then:

(push(tos ACond)), where Cond is expressed in terms of the input
variables and p*t! = p’.
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(b) Let S; be an end statement then:
an expression is popped off of the stack and pt! = p'.

(c) Let S; be an if (Cond) — else statement then:

push(—CondAtos) and push(CondAtos), where Cond is expressed
in terms of the input variables and pit! = p'.

(d) Let S; be an assignment statement S : x := Ezp(V) then

if tos is the constant true, a simple root substitution is invoked for
the assignment statement: p't' = p‘o [z := Exp(V)], otherwise
Pt = pt with ite(tos, Exp(V?) ,x).

3. If i = n exit, and let p = p*, otherwise 7 := i + 1.

Starting from p° : Pres(V’,V), the algorithm terminates with p", which
is the compressed transition relation of P. We define the semantics of the
synchronous C program, P to be expressed by the transition system SF =
{V,0,0, pF'} where V, O and © are defined by do.
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The MCVT Tool

12.1 General Architecture of the Tool

MCVT, machine-code validation tool, was developed to validate the trans-
lation of synchronous programs. The source programs are C programs, pro-
duced automatically from SCADE synchronous programs. The target pro-
gram is binary optimized code, produced by the commercial compiler Diab-
Data of WindRiver, and is intended to run on a PowerPC computer. MCVT
accepts the source and target program and checks that the target is a cor-
rect translation of the source. If so, it prints ”Valid”, otherwise it prints
"Invalid”. The whole process is fully automatic, though it might be long.

In this section we describe the general architecture of MCVT. In the
sections that follow more details are given.

e Producing a compressed transition relation - This is the main
component. It contains the producers of the common semantics, for
both the source (synchronous C) and target (synchronous machine-
code) programs. It consists of the following six sub-components: C and
machine code parsers, root-substitution module (a common package to
handle both machine-code and C programs), the Annotation algorithm,
a formula simplifier and a code-pattern recognizer.

e Data abstraction mapping - This mapping is deduced from the
debug information encapsulated in the binary file. It is also used to
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decompose the verification condition, so each variable is checked sepa-
rately.

Decomposition - After having the two compressed transition relations
and the data abstraction mapping , a verification condition is produced
and then, decomposed into one assertion for every variable (see section
9.1).

Identifying code patterns - Special code sequences are simplified. In
some cases the compiler uses a fixed sequence of machine instructions to
implement a commonly used, predefined C statement. We built a set of
rules which allows the substitution of higher level arithmetic operations
for those specific instruction sequences. The validity of these rules can
be formally proved. However, this work was excluded from this thesis
(See section 12.4).

Adaptation for CVC - CVC has some limitations that enforce strength-
ening of the verification conditions with assertions. For example, CVC
does not support integer arithmetic. Thus MCVT further processes
the created formulas, so as to conform with CVC’s supported theories.

The verifier - CVC, a Cooperating Validity Checker [SBD02], devel-
oped at Stanford University, is invoked to establish the validity of the
verification conditions. CVC decides logical validity of quantifier-free
formulas in classical first-order logic with equality, enriched with certain
background theories. In the current release, the background theories
are for

— linear real arithmetic (operators are addition, subtraction, less-
than, and multiplication and division by a constant)

— arrays (operations are reading from an array and updating an
array at a given index)

— inductive data types (e.g., lists and trees; records and tuples are
special cases)
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12.2 Compact Expression Representation

Using a compressed transition system has the disadvantage of producing huge
expressions in the transition relation. For example, the compressed transition
relation of the following machine code program:

P:

O0:ro:=v+5;

1:1r1:=10%10;

2:v:=r0+1r1;

isp’ ity =v+5Ar,=(w+5)-10Av =v+5+ (v+5)-10. However,
internally, each expression has only one copy and, a pointer to this copy is
produced whenever the expression is used. Thus, the transition relation pfof
program P is represented by the compact tree that is shown in Fig. 12.1.

[
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Figure 12.1: Compact expressions tree

12.3 The Formulas’ Simplifier

The annotations that are produced for machine-code programs tend to be
big, since each branch instruction adds a term. However, in many cases sig-
nificant simplifications are possible. A common pattern in the machine-code
is the following one:
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1p: branch <cond> 1,;

l,: assignment instructioms...
branch 1j;

l,: assignment instructioms...

13:

Such a pattern is the result of an if — else statement in the source C
code. Let Ann(ly) = true. Then, Ann(l) = —cond, Ann(ly) = cond and
Ann(l3) = cond V —cond = true. In order to simplify the annotations,
the condition expressions are handled symbolically. MCVT replaces every
condition by a proposition symbol and simplifies the resulting formulas by
resolution. The resolution is not used to validate the formula, but rather to
extract an equivalent smaller one. A BDD simplifier could be used as well.

DNF formulas - Let p;,ps ... be a set of propositions. The set £ of
literals is

L:=p|-p|true| false.
The C set of clauses is
Cu=lL ANlAN...|true| false,l; € L.
The set F of DNF - Disjunctive Normal Form formulas is
Fu=ciVe,...|truel| false,c; € C.

DNF resolution [Rob65, BA01] - For clauses C,C" and a literal [, let
C =1AC' be aclause, then C —[ = C'. An empty clause is equivalent to
true. If a formula contains a true clause, the whole formula is equivalent to
true. Let F = C'V F' be a DNF formula, then F —C = F' and F = F' +C.
An empty formula is equivalent to false. The resolution is based on the
observation that if

01,02EF,Z601,_‘1602,01—l202—_‘l,
then

F%F—Cl—CQ-f-(Cl—l)
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12.4 The Code Pattern Recognizer

The optimizing compiler tries to choose the best machine-code sequence to
perform a high-level language operation. In some cases, it is a sequence of
bit manipulation instructions. These sequences are known patterns. We do
not want to use the bit manipulation semantics because it complicates the
produced transition relation. Therefore, MCVT recognizes these patterns,
when they are used in the target machine-code and, replaces them with
equivalent high-level operations. Following is one example of a pattern that
is recognized by MCVT. Another example can be found in section 10.1.1.

Let the source C program contain the line: A := (I=0);. In order to
avoid branch instructions which are expensive in terms of performance, the
compiler produces the following instruction sequence:

ro:=cnlzw I; Count the Number of Leading Zeros of I and
assign to 1.
A:=rlwnm ry,5,1 Rotate ry by 5, then extract the first bit.

The execution of these two instructions assigns A the value one if I equals
zero and, zero otherwise. This instruction sequence is identified and replaced
by its higher level semantics: A’ =ite(l =0,1,0).

12.5 The Data Abstraction

The variables of the source C program are local and global ones. The target
program variables are the machine registers, as well as the memory variables,
which are referred to as memory addresses. The target system observable
variables, are decided by the compiler memory allocation scheme and the
calling conventions. At this stage of the research we assume that only the
memory is observable and thus, only memory variables are observable. Also,
no consistency check is done, to validate that the calling conventions are
correctly implemented in the target code. Another assumption relates to the
variables’ type. We assume that all variables are of integer type and, that
all integers are of the same size.

Registers of the target system, as well as local variables of the source
system, are not part of the transition system, due to the use of compressed
transition relation. Thus, in order to construct the data abstraction, it is
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sufficient to map the memory variables of the source system, to their memory
addresses. MCVT reads the debug information from the binary code and,
uses it to produce the required mapping. Generally, the debug information
of an optimized code is not necessarily correct. Yet, it is correct for memory
variables at the entry and the exit points of the program. In any case, the
soundness of the proof does not depend on the correctness of this information.
That is, erroneous information could not lead to false positive conclusion.

12.6 Decomposing the Verification Conditions

Based on the method described in section 9.1 and, by using the data abstrac-
tion mapping, it is possible to decompose the verification conditions, so as to
have one verification condition for each observable variable. We demonstrate
this by an example.

Let the source transition relation be A’ =B+ 1A B' = ite(A > 5,1,2),
the target transition relation be

memg =memy+ 1A memﬁl = ite(—l(memo < 5), 2, 1)a

and the data abstraction mapping be the following: memy = A A memys = B,
then the decomposition module produces the following two verification con-
ditions:

memgy = A' A memg = A A mem) = B' Amemy = B A (1)

memy =memy+1— A'=B+1

memy = A’ Amemy = AAmemy = B' Amem, = BA (2)
mem/, = ite(memg < 5, 2, 1) — B' =ite (A > 5,1,2)

12.7 Adaptation to CVC

In certain cases CVC does not satisfy MCVT’s needs. One example is the
type of variables. Simple types of CVC are either real or boolean. For real
variables 7, j, the formula 7 > j < ¢ > 7 + 1, is not valid. However, it is
valid for integer variables 7,7 and, the compiler may use this equivalence
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to optimize the code. To handle this problem, MCVT adds the needed
assertions (e.g. (i > j) = (i > j + 1)), whenever an equality of this kind is
encountered.

Another problem is that CVC does not support multiplication commu-
tativity, when both multiplication operands are variables. MCVT adds the
needed assertions.

12.8 The Verifier Module (CVC)

Within the scope of this research, we had to choose a validity checker that is
capable of automatically validating the verification conditions. The verifica-
tion conditions that MCVT produces are formulas, which include: first order
logic operators (without quantifiers), Presburger Arithmetic, uninterpreted
functions and array operations. The following tools were explored:

1. sTep (Stanford) - The Stanford Temporal Prover [BBC*95].

2. Omega (University of Maryland) - A system for verifying Presburger
formulas as well as a class of logical formulas and, for manipulating
linear constraints over integer variables [KMP*].

3. CVT/C+tlv+tlvp (Weizmann) - A set of tools which provides a range
minimizing module, an environment that supports model checking and,
a validator for Presburger arithmetic [PSS98b], [PS96].

4. ICS (SRI International) - Integrated Canonizer and Solver. (We checked
the alpha version) [FORSO01].

5. CVC (Stanford) - Cooperative Validity Checker - Supports a combina-
tion of decision procedures for the validity of quantifier-free first-order
formulas, with theories of extensional arrays, linear real arithmetic and
uninterpreted functions [SBD02].

After a thorough examination of the above tools, CVC was found to best
fit our needs, due to its reliability and the wide range of decision procedures
it supports. It combines independent cooperating decision procedures for a
wide set of theories, into a decision procedure for the combination of the the-
ories, based on a version of the Nelson-Oppen [NO79] framework. Appendix
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C demonstrates the application of MCVT on a small synchronous program
and its translation. The C source program, the target machine-code, and one
verification file (which is one verification condition ready for CVC) is listed
there.

12.9 Case Studies

MCVT has validated the translation of a program developed for training, as
part of the SafeAirll project. This program contains the code for a railroad
crossing controller. It handles the passage of a train in a one-way railroad
crossing. The system consists of a pair of reliable sensors that indicate train
entering and exiting the crossing region, a signal for entering trains and a
gate for blocking passage of cars from a side road. The verification took 200
seconds on a Linux workstation with 1686 CPU.

Within the scope of the SafeAirIl project, we have run MCVT on part of
a jet engine application from the French company Hispano-Suiza. Appendix
D lists detailed results of validating the translation of this program. The
application consists of small modules, most of which were verified within a
fraction of a second. However, as the module size increases, the verification
time rises significantly. About 65% of the application, which totally contains
more than 8000 lines of C code, was validated in less than 21 minutes on
a Linux machine with 1686 CPU. The rest of the application could not be
checked, because of either syntax limitations of MCVT or MCVT run errors.

We are currently enhancing MCVT in order to decrease verification time
and to better handle larger programs (see next section).

12.10 Future Research

Our research, including both the practical and the theoretical parts, may be
further developed. The subset of synchronous C programs that we support
may be extended to include the syntactic elements that are not currently
implemented, e.g. case statements and function calls. The current par-
tial implementation of the instruction set of the PowerPC processor may be
completed to ensure that MCVT does not encounter unsupported machine
instructions.
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In some cases, synchronous programs may contain loops with a constant
number of iterations, in order to handle elements of an array. Incorporating
a solution of these cases into our framework is needed.

Another area which deserves further improvement is the validation run-
time. In our work we use singleton transition systems and ignore basic blocks.
We choose this method since it does not require any internal knowledge of
the compiler and its optimizations. However, even though the singleton tran-
sition system is decomposed, the produced formulas size is significant. Using
an improved version of CVC, CVC Lite [cvc], may decrease the validation
time since this version is much faster. We may also decrease the size of the
formulas by using the new extended set of basic-types (REAL, INT, sub-
ranges) that are supported by CVC Lite.

Further study about typing and type casting, as defined by the C lan-
guage, is required. For example, one should further explore the formal se-
mantics of different integer sizes, of usual arithmetic conversions, of type
casting as well as of floating point constants accuracy. However, such future
extensions of our framework should maintain its practical value within an
industrial environment.
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Chapter 13

Publications

The following are publications derived from the research presented in this
thesis:

1. L. Zuck, A. Pnueli and R. Leviathan. Validation of optimizing com-
pilers. Technical Report MCS01-12, Weizmann Institute of Science,
2001.]ZPL01]

Includes a description of loop unrolling verifications presented in part
I, chapter 6.2.

2. R. Leviathan and A. Pnueli. Validating Software Pipelining Optimiza-
tions. In Proceedings of the international conference on Compilers,
architecture and synthesis for embedded systems (CASES02), ACM
Press, 2002, pages 280-287, [LP02].

Describes the results related to software pipelining validation presented
in part I, chapter 7.
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Appendix A

Loop Unrolling Validation- An

Example

This appendix demonstrates a translation validation of loop unrolling. The
method is not implemented. However, the detailed process is described here.
A C source program, is translated to a block program and to PlayDoh assem-
bly, by the TRIMARAN compiler. According to the AVALIDATE procedure,
verification conditions are produced. The main optimization we want to
demonstrate is loop unrolling. However, in this example we go all the way
from C source to target assembly and thus, other optimizations are included
as well. The verification conditions are produced by a special version of sTep
and, are proved to be valid.

This example also demonstrates a limitation of our method. Our formal
semantics treats all read from memory operations as non-destructive reads.
This is not the case for real memory systems. For these, accessing the memory
even for a read operation, may cause an access violation exception. The code
in the example under discussion may cause, in some cases, read access to an
illegal memory address.

A.1 Assembly Code Semantics

In this section a partial definition of the target system is given. We include
only those topics which appear in the example.
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Target system variables -

V = {mem[N], pc,r1...rg, try..trr, p1...0p}

where:
mem -An array of type integer.
pc -A system control variable.

..R  -Integer registers.
tr; » 1 =1."T -Target registers - registers that hold control values.
P -Boolean registers.
addr -An array, indexed by symbol-name,
where addr[symbol-name] = Address.
We equally use the function notation for array: addr(symbol-name)=
Address.

Memory operations -

| Operation | Syntax | Semantics |

Load from memory | ri = 1d rj | v} = mem|[r]
Store to memory st ri rj mem' = mem with([r;] : ;)

A.2 The Source and Target Programs

Fig. A.1 shows a C program and its corresponding block program. The block
program, which is our source program, is the intermediate representation of
the C program that is produced by the TRIMARAN compiler. Fig. A.2
shows the optimized assembly-like program, which is the target program.
The labels b4 and b5 were manually added, to mark the copies of the body
block.

A.3 Optimization Methods Applied in the Ex-
ample
In the above small example, a few optimization methods are applied by the

TRIMARAN compiler. A summary of these techniques is given below. For
further discussion on optimization methods, see [Muc97].
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Source Block Program
extern int main();
int M;
int a[100];

C Code (
int M; ) .
int 1;
int a[100];
LL_1 :
main() {
. . i:=0;
int 1;
branch (! i< 100) LL_3;
for(i = 0; 1 < 100 ; i ++){
LL_2 :
ali] = ali] + M;
! ali] := a[i] + M;
} i:=i+l
branch (i < 100) LL_2;
LL.3 :
return(0) ;
}

Figure A.1: The C program and its corresponding block program

e Loop Inversion - This optimization moves the loop-end test from before
the body of the loop, to after it. It can be done in our example, since
the loop body is guaranteed to be executed at least once.

e Loop Unrolling - Replaces the body of a loop by several copies of the
body and, adjusts the loop-control code accordingly. In the current
example, the main loop is unrolled by a factor of 3.

o Strength reduction - In general, strength reduction replaces expensive
operations (e.g. a multiplication), by less expensive ones (e.g. an ad-
dition). In the example, strength reduction is applied on the address
calculations of the elements of array a .

e Dead Code Elimination - As a result of the strength reduction and loop
unrolling, the variable i is dead - it is not used on any path. Thus, the
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b2:

b3:

b4:

b5:

b6:

rb5
r2
r3
rd
r5
r6
ril
tr2
r7
r8
r9

ri3
tr3

p3

r3

tréd
ri4
rl0
rl2

p4

st
branch
st
branch
st

r2

branch

enter

:= addr (M)

:= addr(a) + 2
1= 2

:=1d rb
=12 - 2
=r2 -1
=12 - 2

:= b6

:= 1d r2
:=1d rb

:= 1d r6
=13 >= 101
=r2 -1

:= b6

=13 >= 100
:=r3 + 3

:= b3

=17 + 14
=18 + r4d
=19 + rd
r3 < 102
ril ri10

p2 tr2

r13 ri2

p3 tr3

r2 ri4

=12 + 12
pé trd

Exit

Figure A.2: Optimized assembly program
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compiler eliminates code that assigns values to i.

o Instruction Scheduling - At this optimization stage, operations are
moved and grouped together to compose a large instruction word, so
they can be executed in parallel.

A.4 Verification Process

We produce the corresponding transition systems manually, as well as the
mapping and the annotations. All this information is fed into sTep, which
first produces the relevant verification conditions and then proves them. Most
of the verification conditions are proved automatically. Following are the
source and the target transition systems, which are input to sTe P :

A.4.1 Source Transition System

in N :int
local M, i : int
local a: array [0..99] of int

local pi : int

Transition S12 Just:
enable (pi = 1) /\ ( 0 < 100)
assign pi := 2,

i:=0

Transition S13 Just:

1) /\ ( 0 >= 100)
3’
i:=0

enable (pi

assign pi :
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Transition S22 Just:

enable pi =2 /\ (i + 1) < 100

assign pi := 2,
al[i] := a[i] + M,
i=1i+1

Transition S23 Just:

enable pi = 2 /\ (1 + 1) >= 100

assign pi := 3,
al[i] := al[i] + M,
i=1+1

Transition Sexit Just:

enable pi = 3

A.4.2 Target Transition System

in addr_a : int where (addr_a + 400) <= N /\ addr_a >= 0
in addr_M :int where addr_M <= N /\ addr_M >=0

local r1,r2,r3,r4,r5,r6,r7,r8,r9,r10,r11,r12,r13,r14 : int
local tril,tr2,tr3,tr4,tr5,tr6,tr7 : int

local pi1,p2,p3,p4 : bool

local mem: array [1..N] of int

local pc : int

local r3_aux : int

Transition T2_3 Just:

enable pc = 2
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assign

pc :
rb5 :
r2 :
r3 :
r4d

Transition T2_1 Just:

enable (false)

3,

addr_M,
addr_a + 2%4,
2,

mem [addr_M]

Transition T3_4 Just:

enable pc =

assign

pc :
rb5 :
r6 :

riil
tr2

r7 :
r8 :
r9 :

rl3

3

/\ '(r3 >= 101)

4,
r2 - 8,
r2 - 4,

=12 - 8,
= 6

mem[r2],

mem[r2 - 8],
mem[r2 - 4],
(r3 >= 101),

=12 - 4,

tr3 :

trd

6,
(r3 >= 100),

= 3,
rid :
rl10 :
ri2 :

mem[r2] + r4,

mem[r2-8] + r4,

mem[r2-4] + r4,
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p4d :=r3 + 3 < 102,
mem[r2-8] := mem[r2-8] + r4,
r3 :=r3 + 3

Transition T3_6 Just:

enable pc = 3 /\ r3 >= 101

assign
pc := 6,
r5 := r2 - 8,
r6 :=r2 - 4,
ril :=r2 - 8,
tr2 := 6,
r7 := mem[r2],
r8 := mem[r2 - 8],
r9 := mem[r2 - 4],
p2 := (3 >= 101),
rl3 :=r2 - 4,
tr3 := 6,
p3 := (r3 >= 100),
trd := 3,
rid := mem[r2] + r4,
r10 := mem[r2-8] + r4,
r12 := mem[r2-4] + r4,

r3 :=r3 + 3,
p4d :=r3 + 3 < 102,
mem[r2-8] := mem[r2-8] + r4,

r3_aux := 4

Transition T4_5 Just:
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enable

assign

Transition T4_6
enable

assign

Transition T5_3
enable

assign

Transition T5_6

pc = 4 /\ !p3
pc := 5,
mem[r13] := ri12

Just:
pc = 4 /\ p3

pc := 6,
mem[r13]

r3_aux := 3

ri2,

Just:
pc = 5 /\ p4

pc := tr4,

mem[r2] ri4d,
r2 :=r2 + 12

Just:

enable pc = 5 /\ !p4

assign

pc = 6,
mem[r2] := ri4d,
r2 :=r2 + 12,

r3_aux := 2

Transition Texit Just:

enable pc = 6
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A.4.3 Adding an Auxiliary Variable to the Target Sys-

tem

We add an auxiliary variable r3_aux to the target transition system. This
variable has no effect on the system computation, but it enables the target
system to keep track of the loop control variable i, which was eliminated by
the optimizer.

A.4.4 Control Abstraction

In the case of loop unrolling, the control abstraction maps a few target cut-
points to one source cut-point. The compiler produces three copies of the
loop body, so the three values of the pc at the beginning of these loop bodies,
are mapped to the one cut-point at the beginning of the source loop-body. Let

Dom(pc) = {b2 = 2,03 = 3,b4 = 4,b5 = 5,06 = 6},

Dom(w) = {LLl, LLQ, LLg},
then:

k(b3) = k(b4) = k(b5) = LLyA
k(b2) = LLA
k(b6) = LL;

A.4.5 Data Abstraction

The data abstraction « is:
{lpc=2 — i=r;—2)A

(pc=3—i=r3—2)A
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(pc=5 — i=r3—3)A
(pc=4 — i=r3—4)A
(pc=6 — i=r3—r30UT)A
(V=099 : a[j] = mem[addr(a) + 4 X j])A

(memladdr(M)] = M)}

A.4.6 Invariants

The invariant 6; corresponds to location pc = 1.

03: (Tg—add’l"()+(Z+2)X4)/\(M=T4),
0, = (ro=addr(a)+ (i+1) X 4)A
(r1a = mem|rs] + M)A
(rig = mem|riz] + M)A
(ri3 = addr(a) + i x 4)A
(ps = ((rs — 3) >=100))A
( (7"3<102)/\t’)”4—3))
05 = (tra =3 A (re = (addr(a) +i x 4)) A (r14 = mem|[rs] + M)A
(p4 (’1"3< 102))/\M:7"4)

A.4.7 Verification Conditions

The following is the verification condition produced for block b3 (pc=3),
which is the first unrolled loop body:

= (addr(a) + (i+2) x 4) A (M =r14) } 05

A

ANi=rs—2)
A(Yj.0.99 : a[j] = mem[addr(a) + j x 4]) } «
A(mem|addr(M)] = M)
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A

o

pc=3)A(—r3 > 101) A (pd = 4)

(
(
(
(rg = mem|[ry — 8]) A (ry = mem|ry — 4])
(phy = (r3 >=101)) A (r}3 =72 — 4)

(try = 6) A (py = (r3 >=100))
Etrﬁl = 3) A (1], = mem|rs] + 74)
(
(

> > >> > > > > > >

i'=ry—2
AVj.0.99 : @'[j] = mem/[addr(a) + j x 4] 3 o
Amem/[addr(M)| = M

(r =2) )

A((i + 1) < 100)

A =2) 5.
A(d'[i] = ali] + M) 2.2
AN(Vr=0.99 : 7(k=1) — d'[k] = alk])

AE =1i+1) )

» 015,
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(M = 7"4) )
A(ry = addr(a) + (i +1) x 4)
A(ri, = mem/[r}] + M)
= mem/[ri3] + M)

3 =addr(a) + 14" x 4) s

!
1
!
1
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Appendix B

IA64 Pipelined Loop

L1:
(p19) st [r3] = 35,4 //[Staged]
(p18) add r34 = 5,737 //[Stage3]
(p18) nop //[Stage3]
(pl6) Id r35=[r2],4 //[Stagel]
(p16) nop //[Stagel]
br.ctop L1;

Figure B.1: IA64 assembly code

The registers 72,73 are general purpose registers, r34,r35,r37 are in the
rotating register file and pl6, p18,pl9 are predicate registers. br.ctop is a
special branch instruction that updates and checks the loop count, rotates
the registers and update the predicate registers.
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Appendix C

Translation Validation of a C

Program

Fig. C.1 shows a C program and its optimized translation. The machine
code produced, by the compiler, for .C_— > I3 < 200&&_C_— > I3 > 50,
contains a single unsigned comparison. The machine code produced for the
assignment C'_— > [4 = _C_— > [4 == 0 is the sequence : cntlzw (count
leading zeros), rlwinm (rotate with mask). MCVT recognizes the sequence
and, treats it properly, even when the two instructions are not adjacent. In
Fig. C.2 one of the input files to CVC is presented (without the variable
declaration part).
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C Program Machine-Code Program
typedef struct { ACS: lwz r12,0(xr3)
int 13; ACS+4: lwz r6,12(r3)
int I4; ACS+8: addi ri2,r12,-51
int outi; ACS+12: cmpli 0,r12,149
int gc; } ACS+16: addi r5,r6,123
vars_rec; ACS+20: addi r4,r6,567
int ACS ( vars.rec *C.) { ACS+24: 1z r6,4(r3)
int cl; int c2; ACS+28: Dbc 4,0,ACS+48
cl = 123+ C_->gc; ACS+32: cmpi 0,r6,0
c2 = 567+_C_->gc; ACS+36: Dbc 12,2,ACS+48
if (((LC_->I3) < 200)&& ACS+40: stw r5,8(r3)
(50 < (C->I3)) && ACS+44: b ACS+52
_C_->14) ACS+48: stw r4,8(r3)

{ C->outl = c1; } ACS+52: cntlzw rl2,r6
else {_C_—>out1 = ¢c2; } ACS+56: rlwinm 1r12,r12,27,5,31
C - > I4=(_C_->I4==0); ACS+60: stw r12,4(r3)
return (1); ACS+64: addi r3,r0,1
} ACS+68: ©bclr 20,0

Figure C.1: C program and its translation to machine code




%Machine code conditions

ASSERT pl = (((MEMORY0+-51)>=0) AND ((MEMORY0+-51)<149));

ASSERT p2 = (IF (p1) THEN
(MEMORY4=0) ELSE
((-1>=(MEMORY0+-51)) OR ((MEMORY0+-51)=149)) ENDIF) ;

%C code conditions
ASSERT pel = (((13<200) AND (50<I3)) AND ( NOT 14=0));

%Target compressed transition for one variable

ASSERT PMEMORYS8 = (IF (( NOT pl OR (pl AND p2))) THEN
(MEMORY12+567) ELSE

(IF ((p1 AND NOT p2)) THEN

(MEMORY12+123) ELSE

MEMORY8 ENDIF) ENDIF) ;

%Data mapping

ASSERT Poutl = PMEMORYS;
ASSERT gc = MEMORY12;
ASSERT I3 = MEMORYO0;
ASSERT Pgc = PMEMORY12;
ASSERT 14 = MEMORY4;
ASSERT PI3 = PMEMORYO;
ASSERT PI4 = PMEMORY4;
ASSERT outl = MEMORYS;

%Integer assertions

ASSERT ((MEMORY0+-51)>=0)=((MEMORY0+-51)>(0-1)));
ASSERT ((MEMORY0+-51)<149)=(149>=((MEMORY0+-51)+1)));
ASSERT ((-1>=(MEMORY0+-51))=(-1>((MEMORY0+-51)-1)));

= =

%Source compressed transition
QUERY Poutl = (IF (pcl) THEN
(123+gc) ELSE

(567+gc) ENDIF) ;

119

Figure C.2: One CVC input file - verification condition for one variable
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Appendix D

Experimental Results

As part of the SafeAirIl project, we have run MCVT on part of a jet engine
application from the French Company Hispano-Suiza. The tables presented
in Fig. D.1 and in Fig. D.2 list the execution time of these verification tests.
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Number of Lines | Module Name CPU Time
[seconds]

266 Est_Pos_ERe_ssm.c 1221.82
144 LogicalConstantFalse.c 0.09
144 LogicalConstantFalsel.c 0.07
144 LogicalConstantFalsel0.c 0.07
144 LogicalConstantFalsel _1.c 0.06
144 LogicalConstantFalse2.c 0.09
144 LogicalConstantFalse3.c 0.08
144 LogicalConstantFalse5.c 0.07
144 LogicalConstantFalse6.c 0.08
144 LogicalConstantFalse7.c 0.08
144 LogicalConstantFalse8.c 0.08
144 LogicalConstantFalse9.c 0.05
144 LogicalConstantFalse_1.c 0.06
144 LogicalConstantFalse 2.c 0.06
144 LogicalConstantFalse_3.c 0.07
144 LogicalConstant True.c 0.05
144 LogicalConstantTruel.c 0.08
144 LogicalConstantTrue_1.c 0.07
144 LogicalConstant True_2.c 0.07
145 NOT.c 0.10
145 NOT1.c 0.08
145 NOT2.c 0.11
155 S2S_Demux.c 0.18
149 S2S_Mux.c 0.11

Figure D.1: Run time of a jet engine translation validation (continued in Fig.
D.2)



Number of Lines | Module Name CPU Time
[seconds]

155 S2S_Mux_1.c 0.18
149 S2S_Mux_2.c 0.10
145 S2S_Selector.c 0.05
145 S2S_Selector_1.c 0.08
145 S2S_Selector_2.c 0.08
148 S2S_Vect_3 2.c 0.16
148 S2S_Vect 32 1.c 0.19
148 S2S_Vect_3_3.c 0.21
221 Seq_Cmd_ER.c 0.58
220 Commande_ERe -
2327 Command _electro_robinet -
178 S2S_MPSwitch -
145 SMLK_Terminator_2 -
8286 Total 1225.31
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Figure D.2: Run time of a jet engine translation validation - continued



