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Abstract

The primary goal of a computer science course on data stesctund algorithms
is to educate students on the fundamental abstract coramegesxpose them to con-
crete examples using programming assignments. For thegmagents, the pro-
gramming language should not dominate the assignment §igaid complement it
so that students spend most of their time engaged in leath@ngourse material.
Choosing an appropriate programming language requiresdayasion not just of
the course material and the programs students will writealsd their prior pro-
gramming experience and the position of the course in thesemequence for their
degree program.

We have developed a new programming langudgg,designed for Carnegie
Mellon’s new Principles of Imperative Programming cour€g.is almost a subset
of C, eschewing complex semantics and undefined or unspebétealiors in favor
of simple semantics and formally specified behavior. It mtes features such as
garbage collection and array bounds checks to aid studemtsveloping and rea-
soning about their programs. In addition to the compiler amdime, we have also
developed a small set of libraries for students to use im gsgignments.
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Chapter 1

Introduction

Designing a new language is not something one does lightherd are hundreds of existing
languages to choose from with many different properties seems reasonable to assume that
there must exist some language suitable for teaching inttody data structures. Many of these
langauges were not designed with pedagogical purposesnid. iiihey may have historical or
designer quirks and features that no longer (or never diRensgnse. They are not usually
designed with novice programmers in mind but to accompl@hes particular task or set of
tasks. In the case of Carnegie Mellon’s introductory datacstires course, a suitable language
would need to be easily accessible by programmers with nainéxperience and it must be able
to adequately express the data structures used in the course

1.1 Motivation

Carnegie Mellon is revising its early undergraduate culuicu In particular, they are bringing
Jeanette Wing’sm0] idea of computational thinking to bathjors and nonmajors, increase
focus on software reliability and integrate parallelisrtoithe core curriculum. These changes
involve restructuring the course sequence and content.

The first course, 15-110, in the sequence is intended for agmand majors with no pro-
gramming experience. It is intended to be an introductommater science course containing
the basic principles including an emphasis on computaltibiaking. The next course, 15-122,
focuses on writing imperative programs with fundamentég&ructures and algorithms and rea-
soning about them. Students also take a functional progragiocourse, 15-150, which focuses
on working with immutable data and the concepts of modylanitd abstraction. Following 15-
122 and 15-150, students take 15-210 where they contineato imore advanced data structures
as in 15-122 though with an additional emphasis on parattg@amming. 15-213 remains an
introductory systems course and 15-214 focuses on degidgnige-scale systems and includes
content on object-oriented programming and distributetcaaency.

For this thesis, we focus on 15-122 and the choice of progriagfanguage for its assign-
ments.



1.2 Language Requirements

To formulate the requirements, we must first examine thestyfigorograms that students will
be assigned to write for the course. The assignments araliedito assess and educate students
according to the learning goals of the course.

The majority of students taking 15-122 will have scored wellthe AP test which currently
uses Java. Those that have not will have taken a semesteb#mic programming course taught
using Python as the primary language for assignments. Thsuuglents should be able to write
basic programs upon entry to this course, we do not assurnthéyawill have had much experi-
ence in debugging or using the intermediate or advancedrg=abf either language. This course
is intended to instruct students in the basic data strustame algorithms used in computer sci-
ence. This includes:

e Stacks and Queues

e Binary Search

e Sorting

e Priority queues

e Graph traversal / shortest path

e Balanced binary trees

e Game tree search

e String searching

By the end of the course, students should be able to:

e For the aforementioned data structures, explain the ba&sfonmance characteristics for
various operations and write imperative code that impleémtrese data structures.

e Using their knowledge of the basic performance charatkesischoose appropriate data
structures to solve common computer science problems.

e Be able to reason about their programs using invariantsitasse preconditions and post-
conditions.

Based on the learning goals of the course and its place in theesequence, | formulated
the following design requirements for the language and clemiimterpreter:

Simple as possibleThe languages used in industry are aimed at professiondlprablems in
software engineering, not necessarily computer scien@yMf these languages impose
design requirements which, though often valuable for smiénengineering purposes, are
unnecessary cognitive overhead for students to learn amgpredhend. Explaining these
features takes time away from teaching the intended topitteeacourse.

Friendly error messages Compilers are also not known for giving helpful or useful emes-
sages to novices. Most SML and C++ compilers are notoriousdratademic and indus-
trial worlds for giving cryptic error messages that only ibetp make sense once a deep
understanding of the language is obtained.

Similar enough to languages used in industryStudents often want to search for internships in
the summer following their first year as an undergraduateodts not help them in their
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search if they have learned an obscure or irrelevant pragraghlanguage in this course.
Thus our choice of language must be or be similar enough txiatirgy language that is
used in industry so that students can legitimately clainseeon their coursework, that
they have a marketable skill.

1.2.1 Simplicity

"Il semble que la perfection soit atteinte non quand il n’ylagpriena ajouter, mais
quand il n’y a plus riera retrancher” - Antoine de Saint Exépy

Some languages have low cognitive overhead because thdyedanight in layers, starting
with simple concepts and introducing new features thatdbugon these basics. Algebra is
often taught this way to high school students by startindhlite concepts of variables and
the basic axioms and gradually moving onto harder probleG@negie Mellon’s sophomore-
level Principles of Programming course teaches Standardhidlway: the first assignment has
students writing simple values and expressions in the lagg@and then moves on to functions
and more complicated data structures like lists andﬁreﬁsough these sorts of languages are
often amenable to including an interpreter, it is by no mearequirement.

Though languages like Java are quite popularly used indottory data structures courses,
that does not mean they are a good choice. Programming exdinignst bit in Java requires us-
ing classes, objects. For basic 10, packages are needeslthi@akxample of writing a linked list
type and calculating the length of a one element instance.J'ﬁhaﬁ|7] version[((1.2.1) requires
3 classes and the explanation of member variables and ngetBodnpare this to the conceptual
size of comparable code in@llﬂm.l) and StandardﬂL[]ﬂEﬂl) which just require under-
standing functions (and in ML's case, a recursively defineel omore on this later). Notice in
particular how the Java definition requires a separate Nodé st class because methods such
aslength()  cannot be invoked on null objeEts

Looking at the course content, all that is needed to exphessiithematical ideas is relatively
simple data structures and functions to modify and querynth&urthermore, object-oriented
programming is covered in a subsequent couse. Thus ourddsinguage need not support
objects and should not require them.

Functional programming languages like SML, Haskell and fetigenerally still problematic
for students new to programming. The majority (if not all)stiidents taking 15-122 will have
been taught a language like Python or Java and likely haveperience working in a functional
programming language. Often the basic programming taskese functional languages require
defining simple functions recursively as[in_1]2.1 or usimuctions as first class values which are
difficult concepts for novices to understand. Though urtdeding these concepts is important
for their overall education, they are not key towards und@icing the material in the course. The
functional programming course, 15-150, will cover this em&tl and functional programming is
also heavily used in the subsequent parallel data striscaure algorithms course, 15-210.

Itis also often the case that many algorithms are given mgesf an imperative pseudo-code

LAlso seetryhaskell.org for a compressed approach with Haskell
2In C++ you can get away with having a single class in most imgletations since non-virtual methods don't
require a non-nult hi s



Simple linked list written in Java
cl ass Node { int data; Node next; }

cl ass List {
Node head;

i nt length() {
int len = 0;
Node p = head;
while(p = null) {
len++;
p = p.next;
}
return len;
}
}

Simple linked list written in C
#i ncl ude <stddef.h>

struct list {
i nt data;
struct list * next;

}

i nt length( struct list =*p) {
int | = 0;
while (p) {
[++;
p = p->next;
}

return [;
}

Simple linked list written in SML
dat at ype ’'a list =
Nil
| Data of 'a =* ’'a list

fun length Nil = 0
| length (Data (hd,tl)) = 1 + length tl



with mutable variables and loops. These features are tést@have in our language as well to
minimize the student’s burden of transferring their knadge into code.

1.2.2 Friendly Error Messages

Error messages are a frequent source of frustration favdottory computer science students.
Even professionals find them unhelpful or even misleadirtgpufh some work has been done
recently in production compile% many compilers produce technically worded errors whieh ar
sometimes not even local to the actual problem! Thus the denfpr 15-122 should produce
friendly error messages whenever possible. They shoutt pmthe precise source of the prob-
lem and offer suggestions to fixes. Note that we don’t wanwtoraatically fix these errors -
the compiler may not always be able to choose the right fix fdyagnd fixing problems in the
source is an important skill for students to have. For somguages, this can be rather difficult
due to extensive elaboration or other transformationsesthurce prior to typechecking.

1.2.3 Similarity to a Real Industrial Language

Carnegie Mellon undergraduates often take summer intgrastmd end up taking a fulltime job
in the software industry upon graduation. While one couldiardpat the purpose of a university
education is not to be job training, it is important that mated freshmen should be able to ob-
tain an internship after their first year. It helps tremerslpto be able to claim experience with
a well-known language used in industry. Though ideally Hreglage used for the assignments
would be an industrial language, for previously mentioresasons most, if not all, of the popular
languages in industry are so far unsuitable. Going down #tle pf picking an unpopular lan-
guage requires an eventual transition to a real industiegjuage. The more similarities between
our language and some existing one allows for a easier tam$or students. The difficulty lies
in balancing this requirement with the aforementioned pimggarticular simplicity.

Carnegie Mellon’s systems courses heavily use C for theigasents. Given that 15-122
is a prerequisite for these courses and C’s heavy use in mydiiss the natural choice. Using
a C-like language early in the curriculum may have the addedfiieof increasing students’
proficiency with the language due to the extra time they spesimp the language.

This thesis is organized as follows: Chapter 2 presents tigukege with concrete syntax
and a prose description of the semantics. Chapter 3 intrgdheeabstract syntax and presents
the progress and preservation properties. Chapter 4 cdvensnplementation details of our
reference compiler and runtime. Chapter 5 introduces timelatd libraries used by assignments
in the course. Chapter 6 covers the differences betwieand C and presents ideas for future
work.

Shttp://clang.llvm.org/diagnostics.html






Chapter 2

Language Description

Cy is a statically typed imperative programming language.trirgyly resembles C in syntax
and semantics. In designing it, we tried to stay close to Q'dasyand semantics in the hopes
that students could simply include a header file in edglprogram and it would be accepted by
a C compiler. Unfortunately, some 6%’s semantics differ from those of C and in these cases,
using C’s syntax would be a confusing choice for students vitteenme time for them to learn C.
Thus we changed the syntax for these constructs to the sghtagdern languages with similar
semantics. This made it impossible for there to be a headémtitl allow C, programs to be
compiled as C. However, the transformation remains a sinypeation with a triviaksed script

or doing it by hand for small programs.

2.1 Basic data types and expressions

Expressions are evaluated in left-to-right order (thataigost-order traversal of the abstract
syntax tree). Expressions come in many forms. The commos ame

expression:
constant
variable-name
expression binop expression
monop expression

Expressions irC, are not pure; they may have side effects such as modifyinganeor
raising exceptions.

2.1.1 Booleans

Cy has a few basic builtin types. The simplest of these is théglamaype. Similar to C++, Java
and C#, we write the type @®ol and its two values arer ue andf al se.

bool-constant:



true

false
constant:

bool-constant
ty:

bool

bool b = true || false && !(x == vy);

The usual set of basic boolean operations are provided @icdband &&), logical or (| ),
logical not (), and equality/inequality==,'=). As in many languages, these operators can
"short circuit” their evaluation when the value from evaling the left hand side determines the
expression’s value.

There is also a conditional expression asin C and Java:a : b wheree is an expression
that yields a boolean. If it evaluatesttoue thena is evaluated to be the result of the ternary
expression. Otherwigeis evaluted to be the result of the ternary expression.

2.1.2 Integers

Cy has a single numerical tydent which has a range gf-23!,23!). It is represented as a
signed 32 bit two's complement integer. We felt that it wobkel more helpful to specify the
exact size, numerical range and representation of theantgge. In addition, having a single
numerical type greatly simplifies the language and cognitequirements for students. It is an
unfortunate limitation that the numerical type is integgalthere are a number of interesting data
structures and projects that would be much easier to reprasesome non-integral type like
IEEE 754 floating point or .NET’s decimal type. The problenthainese data types however
is that they are only approximations of real numbers so stisd&ill need to be made aware of
their underlying implementation and properties. Thesegrities are non-trivial and the cog-
nitive overhead required for students to understand themotisvorth the time and effort when
there are already many interesting data structures witl@rstope of the course that work well
with integers. Furthermore, these numerical types and tepresentations are covered in the
subsequent introductory systems course, 15-213.

Integer literals are written as a sequence of digits, elib&adecimal digits with adx prefix
as in C or decimal digits with an optionalprefix to indicate negative numbers. Basic arithmetic
operations include modular addition, subtraction, negatmultiplication, division and remain-
der operations{ - * / %). For the division and remainder operations, if the divisod or
additionally for negation if the result does not fall int@trange of thé nt type, an exception is
triggered which results in the termination of the prograre @ivision and remainder operations
round towards O.

ty:
int
constant:



integer-constant

int x = 0x123 + -456 * 20;

Basic bitwise operations are also supported: bitwise &hdftwise or (), bitwise xor (),
bitwise inversion ). Arithmetic shift operations are also supported with ¢keand>> binary
operators. Only the least significant 5 bits of the shift's’‘saxcomplement binary representation
are used to determine the number of bits that are shiftedsel'adits are treated as an unsigned
integer. For example, the expressidaa << 2 evaluates te80 .

2.1.3 Strings and Characters

Cy provides a basic opaque typaar for representing characters. The exact representation is
not defined however they may be specified by a printable ASCGltasdter enclosed in single
qguotes such aa’ and'9’ . To accommodate some useful but not printable ASCII charsicte
the following escape sequences are also permitteéd(tab), \r (return),\b (backspace)\n
(newline),\’ (single quote))\" (double quote) ang0 (null).

Cy also defines an opaque immutable string typei ng which contains a sequence of char-
acters. There is no direct conversion between strings aatacters however several library
functions such astring_charat andstring_to_chararray provide access to the char-
acters. String literals are written as a sequence of ASCllagiiers or permittedhar escape
sequences (excefy0) enclosed in double quotes. Strings may be compared usintibttary
functionsstring_equal andstring_compare

string s = "Hello world";

ty:
char
string
constant:

character-constant
string-constant

2.1.4 Comparisons

Owing to its C heritage(’, provides equality and inequality operatorssasand!= respectively
for expressions of the same type. These operators are déding@bool ,i nt andchar types
as well as pointer types. Pointer types are checked onlyefi@rence equality. Comparisons
on integers are also provided with the standard and sel&eafory concrete syntax from C
(< <= > >=).



2.2 Variables & Statements

For now we will consider only three kinds of statements: k#oariable declarations and as-
signments. As in C, blocks are defined as a possibly empty seque statements enclosed
in curly braces{} ). They are used for grouping related statements and detegvariable
scope. A block statement is executed by executing each satesments in sequence.

compound-statement:
{ statemertt }

Variables are automatically managed memory locationshbiat values. Variables are iden-
tified using a sequence of alphanumeric characters (thdwegidéntifier must start with a letter).
Variable declarations such aat x; introduce a new variable that can be used by expressions
and assignments. As in C99, a variable’s scope is defined asateenent following the variable
declaration to the end of the innermost block the declamaiaxured in.

declaration:
ty variable-name

Variable declaration restrictions:
1. Avariable may only be referenced by expressions ands&tes inside its scope.

2. A variable may not be used in an expression if it cannot atcsily verified that it has
been assigned prior to use. That is, an assignment statemesttdominate all uses in
the control flow graph of the block containing the variabkZspe. Loops are assumed to
potentially never run for the purpose of this analysis.

3. Two variables of the same name may not have overlappirgesco

4. The variable’s type must bimol , i nt, a pointer type or an array type.
Ex:

int x;

{
bool v;
[+ Error: x has not been assigned =/
y =x>0;
/* Error: y has not been assigned */
y = ly;

}

[+ Error: y is not in scope =*/
XxX=y>07?3: 4
int vy;
y = X+2;
Assignment statements are used to update values storedablea. The variable on the left
hand side must be in scope.
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simple-statement:
Ihs assign-op exp
atomic-expression:
variable-name
lhs:
atomic-expression

For convenience, there is also hybrid class of assignmatetreents that combine a binary op-
erator with assignment for the common case where the left bae of a binary operation is the
left hand side of the assignment as well. For the assignmaerartablesx op=e is simple syn-
tactic sugar foix = x op e . Note that-p op= e cannot simply desugar tgp = *p op e
when the evaluation g8 may have side effects. For this reason, the left hand sidesisi@ed
before the right hand side and only once.

There is a hybrid statement that is formed by combining aabéei declaration with an as-
signment:

declaration:
ty variable-name= expression

This is merely syntactic sugaf:ix =e; =TXx; x = e;

2.3 Functions

Functions are the primary mechanism for abstracting coatjouns and reusing code. A function
declares parameters which behave much like variable @dicdas at the top of the function’s

body except that they are guaranteed to be assigned someew@bn entry to the body of the

function. A function’s body is executed when the functiorapplied to some arguments. The
arguments are evaluated to values in the conventionatdeight ordering. These values are
then bound to the function’s parameters in the same ordettentody of the function is then

executed in a new scope where only those parameters are .bdumsl means that functions

cannot refer to variables declared in other functions. Téach function can be typechecked
independently from the definitions (but not declaratiorfs)tber functions.

compound-statement:

{ statemerit }
function-decl:

ty function-namé function-paramg,; )
function-def:

function-decl compound-statement

11



Function application may occur as a top-level statemeat () for its side-effects only) or
as part of an expression, including arguments to other inmetpplications. As an expression,
function application must evaluate to some value. To irdi¢his value, a function uses the
ret urn statement. Theet ur n statement evaluates an expression to a value and then aborts
execution of the callee’s body, yielding the value as theltes the function application in the
caller. To indicate what type of value is returned, funcsia@eclare a return type. All functions
must return a value and must only return values of the detlateirn type. As with checking for
assignment before use for variables, a conservative asadyssed so loops are not considered
to necessarily be run, even in the trivial cases.

call-expression:
lhs ( argument-list,; )
simple-statement:
call-expressiog),

For example, suppose we have:

int triarea( int b, int h){
return b=xh/2;

}

which is a function nametliarea  that returns a value of tygent and has two parameters
of typei nt, b andh. triarea(3,4) is an application ofriarea  to the expression3 and
4. To evaluate this application, the arguments are evaluatedralues which they already are,
then they are bound in a new scope to the variablasdh. The return statement then evaluates
bxh/2 to a value (the integer represented@ywhich then becomes the result of the original
application.

Since the parameters are bound to values, a callee caneot #fé variable bindings in its
caller’'s sco;ﬁ

Functions may be named with any identifier using the same agdor variables. Function
and variable names may not conflict. Like C, a function needsetdeclared before it can be
used in another function.

int foo( int x) {
X += 2;
return x;

}

int bar( int y) {
int x = y=*2;
int z = foo(x);
/[ x is still y*2 no matter what foo does. =/
return z+x;

}

LIt can effect a change through the heap with more advances typich refer to the heap such as pointers and
arrays. The heap is discussed in secfiod 2.5
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2.4 Conditionals

C, offers a subset of the control flow statements in C that aradon other popular languages.
The most basic one isf statement. Théf statement allows execution the execution of a
statement conditional upon some provided condition. Ittivasforms:

selection-statement:
if ( expressior) statement
if ( expressior) statemenelse statement

Each time the f statement is executed, the condition is evaluated and threspmnding
inner statement (if there is one) is executed. To repeatdigute a statement until a condition
no longer holds, thehi | e statement can be used. It behaves just like the first form offan
statement that is re-executed until the condition is false.

iteration-statement:
while ( expressior) statement

X = 1;
while (x <)
X *= 2:

/[l At this point, it nmust be the case that x holds the small est
/1 power of two greater than vy

There are two additional statement types that are availablese within a loop:br eak
andcont i nue. Whenever &ont i nue statement is executed, execution jumps to the top of the
current innermost loop as if the body were done executing.n&WVer ebr eak is executed within
a loop, the current innermost loop is "broken” and executesumes at whatever statement or
condition follows that loop, as if the condition wefral se.

jump-statement:
break ;
continue ;

There is an additional form of loop, ther loop. It behaves much like C’s: there is an initial
statement that is executed before the loop, a conditionisheliecked before every iteration,
much like the while loop, and a post-loop-body statementtvis executed after the body of the
loop.

initializer:
declaration
simple-statement
iteration-statement:

13



for ( initializer ; expressioy), ; simple-statement statement

Either of the two statements may be omitted and if the camdlits omitted, it is assumed
to bet rue. The initial statement may be a declaration but the pos¢istant may not. To give
the same behavior as C99/C++, the for loop is wrapped in andmpliock so the scope of a
declaration in the initial statement is limited to the cdrai, body, and post statement.

As with whi | e statements, the body is repeatedly executed while the ttomds true. After
the execution of the body, the post statement is run. cldme i nue statement behaves slightly
differently in af or loop; it jumps to the end of the body so that the post-loopybstdtement
is executed. Ther eak statement behaviors exactly the same as imtti¢ e loop - it does not
execute the post statement.

2.5 The Heap & Pointers

The heap is a separate persistent memory store, accessiml@fy function. Access to values
in the heap is done only through references. References tewvah the heap (addresses) are
stored as pointer values. These pointer values may be campedd and passed to functions just
as any other value is. They have a type dependent upon thedlyethey reference. This type
is written asT+ whereT is the type of the value pointed to.

As with all local variables, pointers must be initializeddre use. A pointer may be initial-
ized to either a new value on the heap, the address of anmgxistiue in the heap, or a special
value calledNULL Attempts to reference the heap usiRgLL will abort execution. It exists
solely to indicate an invalid reference.

New values on the heap are created withdte keyword like so:

expression:
alloc ( ty)

Because it is difficult to determine if a value in the heap iiatized before being used, all
values in the heap are initialized to type-dependent devalues as follows:

bool |false
int |0
char | 'O’
string | ™
T | NULL
Tl | An array of dimension O
struct .. Each field initialized according to its type.

Heap values may be read by de-referencing a pointer valuauBe@ointers always point to
the heap, there is no explicit de-allocation of heap memuaoyrée , no casting of pointer types
and no pointer arithmetic in the language, a pointer val@glgerNULL or a valid address in the
heap. There is also no means to obtain a pointer to a varib&ereasons for this are discussed

in sectiof 2.10]3.
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monop:
Ihs:
* |hs

intx x = alloc( int);

/! Reads the value fromthe heap at the address stored in x.
int y = *x

/[l Wites the value 9 to the heap at the address stored in Xx.
*X = 9

y =2

[y =2, *x =9

2.6 Arrays

Cp supports variable-sized mono-typed-element arrays mikehthhose found in Java or C#.
Array access is checked against the bound of the arrayjiyge&druntime error if the bounds are
exceeded. Arrays are passed around by reference; thegsvala stored in the heap.

Arrays have their element type declared as in Java[] x; This is a departure from the
syntax of C but the semantics are also different. The sessoit(C, arrays are identical (modulo
bounds checking) to those of pointers of the same base type in

An array is created by thaloc_array ~ which takes the array’s element type and the array
dimensions. If the dimensions are less than 0, a runtime sriesued and program execution is
aborted. Arrays of dimension 0 are permitted but ratherassel All elements of the new array
are initialized as described in secton]2.5.

Array access uses the familiar C syntax:

expression:

expressiony expressior
atomic-expression:

Ihs[ expressior

i nt[] x = alloc_array( int, 4);
X[0] = 9;

X[1] = 3;

X[2] = x[0] + x[1];

/* Runtime errors: x/

X[4] += 9;

i nt[] x = alloc_array( int, -1);
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2.7 Structures

Cy includes structure types like those found in C - a nominglpyed set of name/value pairs
(fields). Because structures allow for recursive typesgethes some additional complications so
that compatibility with C is maintained. Structure typesymat be declared in functions - they
are instead declared at the global scope along with furgtion

ty:

struct-decl
struct-decl:

struct  struct-name
struct-def:

struct-decl{ struct-fields,; }
struct-fields:

field-decl

struct-fields field-decl
field-decl:

ty field-name
gdecl:

struct-decl;

struct-def;

As with functions,Cy, makes a distinction for types between declaring and defimintype
must be defined in order to use it with a local variable detlamaor structure field. The primitive
intrinsic typesvoi d, bool , i nt, char, stri ng are always defined. Any type that is defined is
also considered to be declared. Pointer and array typesasidered defined if their base type
is declared.

A structure may not be defined twice but it may be declared rii@ne once.
A structure definition may reference itself.

A type must be defined before it can be used withallee  or alloc_array expressions.
In keeping with the limitations of C, its definition must be pad by the time the compiler parses
the allocation expression.

There are no equality or assignment operators providedtfoctsres. The motivation for
their omission is to force students to think about how thaitable data structures ought to be
copied and compared. Due to the lack of intrinsic supportiiese operations, structure types
may not be used for parameters, or function return typesy ahe also prohibited from being
used with local variables due to the lack of an equivalent soaddress-of operator coupled with
aforementioned restrictions. As such, all structures doeated on the heap and pointers to
structure types are how structures are intended to be ugdsaligh this is not promoting good
practice when writing programs in C, we deemed the additicoaiplications from allowing
safe access to structures on the stack to be unacceptable.
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2.8 Typedef

Since the name of a type may not always be the best descrigtihpurpose(, provides the
ability to alias types by providing new names.

ty:

type-name
type-def:

typedef ty type-name
gdecl:

type-def

The type must be declared before it can be used with yipedef construct. Any program
text after the ypedef may use the alias in place of the full type.

2.9 Reasoning

Due to its simplicity and safety propertie§, allows the programmer to reason about their
programs via annotations. These annotations are not ptm @bre language; they are specified
via a special syntax that is embedded in the comments of thgrgam much like JMLI[12], D
[E|] and Eiffel [5]. Annotations allow the programmer to d&a pre- and post- conditions for
functions, loop invariants, and general assertions. kybfanctions declarations can also be
annotated.

These assertions about programs are checked at compilevtiere possible and at runtime
when not. If they fail at runtime, an exception is raised drgrogram terminates.

Annotations are designed to encourage students to reasan tieir code however they
can only check what the programmer has intended to check ayderen contain bugs. The
following example is an implementation of binary searchehkhtontains at least one bug that is
not caught by the assertions:

int binsearch( int[] A, int n, int e)
/I @requires \length(A) == n;
/Il @requires is_sorted(A n);
/*@ensures \result >= 0
? Al\result] == e
('contains(A n, e) &&
shoul d_insert_at(A, n, -\result-1, e));
*/
/Il @ensures \result >= 1 ? Al\result-1] < Al\result] : true;

int low = 0O;
i nt high = n-1;
whi | e (low <= high)
[l @loop_invariant 0 <= |low && high < n;
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[l@loop_invariant Tow==0 || Allow1] < e;
/1 @l oop_invariant high == n-1 || e <= Al high+1];

int md = low + (high - low)/2;
i f (low == high)
if (Almid] == e)
return mid;
else if (A[mid] < e)
return -1 - low;
el se
return -low;
else if (e <= A[mid])
high = mid;
else if (e > A[mid])

2.10 Comparison with C

Cy is almost but not quite a subset of C. Though we strived to stagi@se to C as possible,
the array semantics proved impossible to resolve. Howavierstill quite easy to convert @,
program to C such that the meaning of thgprogram is one of the possible meanings of its C
version. The conversion process requires 2 steps:

1.
2.

Convert array declarations by replacing all occurrenégls avith *.
Insert#i ncl ude "cOdefs.h"  atthe top of each

Cy file. cOdefs.h  defines the macros for tleloc  andalloc_array  expressions using
calloc to allocate the memory ardl zeof to determine the bytes. It would also need
to define thebool type as well as r ue andf al se since those are not defined in C. Any
library headers used would also need to be converted anadied! A sampleOdefs.h

is included in the appendix.

2.10.1 Differences

Differences betweefi;, and C fall into two categories: omissions from C and changas C.
There are many examples of the former:

No unions

No casting

No pointer arithmetic

No sizeof operator

No address-of operator (&)

No storage modifiers (static, volatile, register, extern)
No labels, goto, switch statements or do...while loops
No assignments in expressions
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¢ No floating point datatypes or literals

e No complex types

e No unsigned or other integral types besides int

e Structure types may not be declared as local variables draseeturn types for functions
e No comma separated expressions

¢ No explicit memory deallocation

e Allocation is done using types not a size in bytes.

e No fixed size arrays

e No stack allocated arrays

As previously noted, the array semantics are differentjrthan C, matching the pointer
index semantics instead.

2.10.2 Union Support

Itis unfortunate tha€’y does not contain any good constructs for disjoint typesughcC has the
uni on construct which supports them in an unsafe way, gettingesgse version of them while
maintaining the design goals of the language is rather ditficThe straightforward approach
would be to layout the union in memory as in C and keep a hidagihat is updated whenever
a field in the union is written and checked when read. The nd@wback to this approach is
that there is no way to inspect the tag without attemptingemira value. One convention in C
is to nest unions in a struct and use a separate struct fiehdliwaite the tag. Either this separate
field must be kept in sync with the hidden tag or else new sys¢mantics must be invented to
tie the tag field to the union. The former is an undue burderhemptogrammer and the latter
would deviate even more from C.

The issue is deeper however. In C and other languages, ukeepshe tag and data separate
which leads to issues such as the classic variant recordeipdablem in Pascal, later encoun-
tered in Cyclone, another strongly typed imperative C-Iikaglmge,ﬁb]. The problem is that
if you allow aliases to the data stored in a union, you canlbtgpe safety because users of
those aliases won't know to typecheck their writes and rebdthe following example, neither
function is obviously incorrect until their definitions ansed together.

struct Box {
/1 0 for int, 1 for pointer
i nt tag;
union U {
int i
int xp;
} value;
¥
int =f(Box =*b, int *p) {

b->tag = 1;
b->value.p = p;
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return p;

}

int main () {
Box b;
b.tag = 0;
b.value.i = 0;

int xs = f(&b, &b.value.i);

/1 Can now get a pointer to arbitrary nmenory
xS = 40;

return O;

The real fix is to always tie the tag and the data together.dMh family of languages, this
is accomplished with constructors which take the approglsidyped data and add the right tag.
Examining the data stored in a union requires a case anallytie tag which allows access to
the data. Even with the addition of constructors and caslysinaaliasing is still an issue in C’s
memory model if access to the data is given by reference. Gentlie following example:

uni on Box {
i nt Int;
i nt* Ptr;
%

voi d SomeComputation(Box &b);

int main () {
Box b = Int (0);
Box *pb = &b;

SomeComputation(&b);

switch (b) {

case Int i
*pb = Pointer(malloc( si zeof (i nt)));
return i

case Pointer p:
*pb = Int(0);
return =p;

}

}

A solution here would to copy the value and provide that toddwee body instead of a refer-
ence. Cyclone supports this solution as well as forbiddins{rgamentﬁb].
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2.10.3 Lack of & for local variables

In C, it is a common idiom to return multiple values from a fuantby requiring the caller pass
a pointer to a location where the callee can write them. Simeeallee typically never stores the
pointer anywhere, the caller can expect to safely pass ttieessl of a stack variable instead of
allocating a variable on the heap. Kay, we'd like to permit this in a typesafe manner. We could
do so by introducing an unescaping pointer type which cabadtored into the heap. Having
two types of pointers is rather strange so it would be nicdltavaegular pointers to be treated
as unescaping pointer but this necessitates the intrastuofi subtyping which so far has been
avoided. It would also entail that most pointers in funcii@elarations would be rewritten to use
the unescaping pointer type instead of the regular poigper since there is no conversion from
a potentially escaping pointer to one that does not. This mare distance betweéh and C in

a fairly intrusive way.

2.11 Analysis

C, strikes a balance between being too limited and too comglerugh clearly unsuitable for
writing large programs, it provides sufficient syntax anchaatics for expressing the data struc-
tures and algorithms used in the course. In comparison tor€nibves a number of dangerous
features to gain type safety while maintaining the core aym@ind semantics of the language.
Though not a subset, it is close enough so that

1. A single lecture would be enough to instruct students aper usage of C for writing the
equivalent programs.

2. The meaning of a well-formed (terminates without exaeyg) C, program is one of the
possible meanings of its transliterated C version.
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Chapter 3

Properties

The prior section specified the behavior ©f via examples and prose description. To make
the specifications and expected behavior clear, we mustededinonly the concrete syntax, but
also an abstract one whose semantics are unambiguouslgdiefiine abstract syntax follows
the concrete syntax fairly closely but omits some featuresifthe concrete language such as
strings, characters and annotations because they aretapgsting or essential to the formal
model.

3.1 Concrete syntax

The grammar specification below does not give definitiongHerterminalgdentifier, integer-
constant character-constandndstring-constant These terminals are defined as follows:

identifier An identifier is a sequence of letters, digits, and undeescorhe first character must
be a letter. Identifiers are case sensitive.

integer-constantinteger literals come in two forms. A decimal literal is a geqce of digits @
through9) where the first digit is not 0. Hexadecimal literals begithathe two character
sequence 0x and are followed by one or more hexadecimas digihrough9, a through
f). Hexadecimal literals are case insensitive.

character-constantA character constant is a single ASCII character or one of grenjited
escape sequences enclosed in single quotes.( The character must be escaped. The
following escape sequences are permitted:

\t tab \b backspace
\r return \n newline

\' single quote \" double quote
\O null

string-constant A string constant (or literal) is a sequence of charactetsemtape sequences
enclosed in double quotetello” ). The set of permitted escape sequences for strings
is the same as for characters.

bool-constant:

23



true
false
pointer-constant:
NULL
constant:
bool-constant
integer-constant
character-constant
string-constant
pointer-constant
variable-name:
identifier
function-name:
identifier
type-name:
identifier
field-name:
identifier
monop:
anyof* I -7~
binop:
anyof+ - * / % & | 7 && > << >> < > <= >= == I=
assign-op:
any of= += -= *x= [= Y= &= |: Tz <<= >>=
post-op:
any of++ --
expression:
constant
variable-name
expression binop expression
monop expression
expressiony expressior
function-name
call-expression
expression> field-name
expression field-name
expressior? expression expression
alloc( ty)
alloc _array ( ty, expression
( expressior)
call-expression:
lhs ( argument-list,,; )
argument-list:
expression
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argument-list, expression
atomic-expression:

variable-name

( * Ihs)

Ihs[ expressior

Ihs-> field-name

Ihs. field-name

Ihs:
atomic-expression
* |hs

declaration:

ty variable-name

ty variable-name= expression
simple-statement:

Ihs assign-op exp

call-expressiop),

atomic-expression post-op
initializer:

declaration

simple-statement
jump-statement:

return  expressiog), ;

break ;

continue ;
selection-statement:

if ( expressior) statement

if ( expressior) statemenelse statement
iteration-statement:

while ( expressior) statement

for ( initializer ; expressioy), ; simple-statement statement
compound-statement:

{ statemertt }
statement:

initializer ;

jump-statement

selection-statement

iteration-statement

compound-statement
struct-decl:

struct  struct-name
ty:

type-name

void

bool
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int

ty

tyl]

struct-decl
struct-def:

struct-decl struct-fields,; }
struct-fields:

field-decl

struct-fields field-decl
field-decl:

ty field-name
function-decl:

ty function-nam¢ function-paramg,; )
function-def:

function-decl compound-statement
function-param:

ty variable-name
function-params:

function-param

function-params function-param

type-def:

typedef ty type-name
gdecl:

struct-decl;

struct-def;

type-def

function-def

function-dect
program:

gdecl

program gdecl

The binary and unary operators have the following precegland associativity in order from
highest to least:
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Operators | Associativity
0fn->. Left
1 - Right
* | % Left
+ - Left
<< >> Left
<<=>>= | Left
=== Left
& Left
" Left

| Left
&& Left

I Left
=> Left
?: Right
= op= Right

There is one ambiguity in the grammar which is resolved devial:

Matching else branches in nestedf statements
As in C, in the case of

if (@)

if (b)
C;

el se
d;

theel se branch is bound to the innermadt statement.

3.1.1 Abstract syntax

We start with the abstract syntax’s typesThere are two basic typediool andint. Given a
typer we can construct pointer and array typesandr[]. Function types are denoted&s— 7
Structure types are representedsaguct(p) wherep describes the fieldsp is an ordered,
possibly empty, mapping of field names to types. The defmibiy is written as follows:

p = | b, f - T
Two other types are used internally in the abstract syntary tannot be writte in the con-
crete language. The first is the command tygped which represents the type of statements such
as loops or declarations. The other is a tuple typple(r, ..., 7,) which is composed of O
or more types. These are used in the elaboration of the denased type and as the type for
function arguments. The full definition efis written as follows:
7 = bool|int |7 — T
| T
|7l
| struct(p)
| cmd | tuple(r,...,7,)
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The heap is modeled as a mapping of addreasesvalues or functions. The addressing
model in the abstract syntax is more expressive than thdteotoncrete syntax. In particular
it allows addresses into arrays and structure fields. A katicess is just a label that identifies
some value or function in the heap. These are obtained fratlu&ingalloc . An address
may also be formed by combining a label and an integer offBe¢se are used in intermediate
expressions involving arrays suchediy += 9;  where atemporary pointer needs to be created
to point to thei th index ofa. Similarly, structure fields can be addressed by combinmg a
address with a field name. Structure fields addresses neag @nuarbitrary address instead of
a label because structures can nest inside each other ar eemed as the element type of an
array. Thus the definition of addresses is writen as follows:

a = mnull

| 1
|
| atf

Values are rather straightforwartkue andfalse are inhabitants of thbool type. 7 repre-
sents an integet. ptr(a) is a pointer with address with type 7+ where the value at address
a has typer. Similarly, array(a,n) is a reference to an array with base addres$ lengthn.
rec(a) is a reference to a structure with base addresgunc(zy, ..., z,, e) represents a func-
tion with bound variables, ...z, and function body. Typecmd has one valuaop which
represents a command that does nothing. There are no vdltgseauple(...) however the
empty tupletuple() is treated as a value for the purposes of returning from fanst

v = true| false

| 7
| ptr(a)
| array(a,n)
| rec(a)
| func(xy,...,zn,€)
| nop

Unlike most other languages, expressions are permittechte both local and non-local
side effects. They encompass both statements and expressithe concrete language. The
simplest expressions are variableand values). Binary and unary operations are represented
with binop(op, e1, e2) andmonop(op, €). Tuple expressions look just like their concrete counter-
part. Function calls are representectasl(es, ¢) wheree is an expression for a pointer to the
function to be called andlis the expression for the argument tuplé.statements and the condi-
tional operator are represented by ilf€e,, e,, ;) structure. Variable declaratiodscl(x, 7, ¢)
restrict the declared variable’s scopetassign(z, e) represents assignments to local variables.
return(e) represents theet ur n statement from the concrete languagieop(e., ¢) represents
a basicwhi | e loop with conditione, and bodye. br eak andcont i nue are straightforward.
alloc(7) is an expression whose evaluation allocates a value oftygethe heap. Similarly,
allocarray(T,e) iS an expression whose evaluation allocates an array of#jjpeith length
given by the value of.

Noticeably missing from these expressions are memory hestss and sequencing of ex-
pressions. These operations are represented as binarynand aperations. Theeq binary
operator sequences two statements. Wiiece binary operator takes an address and a value and
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writes the value to the address in memory (or generates a@apean). Similarly, theread unary
operator takes an address and produces the value at thasaddr an exception). The unary
field(f) and binaryarrayindex provide a means for "pointer arithmetic” so that addresses
to fields of structures and elements of arrays can be producedlly, theign unary operator
allows for the evaluation of an expression for its side ¢fféc be treated as a command.

e = x

| v

| binop(op,eq,es)
| monop(op,e)
| (e1y...,en)
| call(ey,e)
| if(e, er €f)
| decl(zx,T,e)
| assign(z,e)
| return(e)
| loop(e.,e)
| break
| continue
| alloc(r)
| allocarray(T,e)

op = add|sub|mul |div |mod
| bitand |bitor | bitxor
| shl|shr
| cmpg | cmpl | cmpge | cmple | cmpeq | cmpne
| seq
| write|arrayindex
| neg| lognot |bitnot | ign | read
| field(f)
To statically check ibreak andcontinue are used in loops, this simple structure is used:
L = inloop | notinloop

When evaluating a function, it is necessary to store somenrdton such as pending ex-
pressions and the values of local variables. This inforomais stored in function framek. A
function frame is an ordered list of the following: variablidat are declared but not assigned
(F,z : 1), the values of assigned variablds ¢ : 7, = v), expressions that are yet to be evaluated
pending the evaluation of their subexpressiafis], and a construct to indicate a pending loop
(F,loopctx(e., €)). The latter is used for the execution of theeak andcontinue expressions.

F == |Fe|lFrv:T=v|Faz:T
| F,loopctx(e.,e)
A stack K is an ordered list of function frames:

K = |K;F
The top of the stackis represented explicitly. It is either an expression orereption.
t = el|exn

There is also a direction associated with the top to indidatas needs potentially further
evaluation &) or if it is ready to be used in evaluating the rest of the daltk (<).
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XnE >
Evaluation involves two primary components:
e An abstract heap with signatureX containing values at addresses.
e An abstract stack with topt and directionx yielding a value of type-.

The initial heap contains entries for the functions and glslefined by the program and the
initial stack is empty and the initial top is a call to the "mafunction of the program with no
arguments.

Evaluation terminates when either a value or exception i®prand the rest of the stack is
empty.

3.2 Elaboration to Abstract Syntax

In order to formalize the language definition, we must prevath elaboration from the concrete
syntax to the abstract syntax. Though mostly straightfodwere are some non-trivial portions
of the elaboration:

Declarations In the concrete syntax, declarations extend to the end dfltek. In the abstract
syntax, there is no notion of "block.” Instead declaratitatesments explicitly contain the
scope of the declaration. When elaborating a declaratiomlack, the rest of the block is
first elaborated into some abstract statemeartd then the declaration can then wrap

Short-circuit boolean operators The abstract syntax has no notion of the short-circuitirggylo
cal boolean operators. Both of them can be desugared intoaf tise ternary operator as
a&t b = a?b: false
allb = a? true : b

The ternary operatar ? b : ¢ elaboratestaf(a,b, c).
Empty statements These elaborated tonop(ign, false)

follows:

For-loops Thef or loop can be transformed intovéi | e loop to elaborate it. The post-body
statement is inserted into the loop body at the end and ay éveaition with a non-nested
cont i nue. Call thisbody’ . The loopf or (init; cond; post) body

is rewritten asnit; whi | e(cond) body’
Array indices afi] is elaborated asonop(read, binop(arrayindex, a,?)) wherea andi are
the elaborations of andi respectively.

Structure field projection Field projection comes in two forms. The first>f elaborates to
monop(read, monop(field(f),e)). The second.f is trickier to handle since the type
of e in a well-typed program should be a structure type, not atpotype. By induction
on the elaboration o we know that the elaboration ef can be canonicalized the form
monop(read, ¢’). Intuitively this makes sense since all structures arecatked on the heap.
Thus,e.f elaborates tmonop(read, monop(field(f),e’)).

Compound assignmentFor compound assignment, the elaboration depends on thieded
side.

X op= e This elaborates tassign(x, binop(op,x,e)).
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*p op= e The left hand side elaboratesmionop(read, p) wherep is the elaboration of
p. Thus the elaboration becomes
decl(p’, 7%, binop(seq, assign(p’, p), monop(ign, binop(write,p’, s)))) wherep’
is a fresh variable anel= binop(op, monop(read,p’), e).

Arrays and structures Since array index expressions and structure field projestab-
orate to the same form as pointers, the procedure is the samighepointers.

Functions with void return type Thevoi d type is elaborated teuple() and empty return
statements are simply elaborated-taurn(()). Since these functions are not required to
have a return statement to terminate them, one is impliadtyed to the end of the function
body.

Structure type elaboration Because the abstract syntax does not have nominal typing:- str
tural types in the concrete syntax are elaborated by usiaghéime of the structure to
rename the fields of the structure. References in code to fieédemust also be renamed.
Structure types without any fields must remain distinct an¢kaboration so a dummy field
must be added to them prior to elaboration otherwiseuct F {} andstruct G {}
would both elaborate tetruct(-). Here are some examples:

Concrete Abstract
struct F {}; struct(-, F$$dummy : bool)
struct G { bool dummy; } struct(-, G$dummy : bool)
struct Point { int x; int y;} struct(-, Point$x : int, Point$y : int)
struct Size { int x; int vy;} struct(-, Size$z : int, SizeSy : int)
Since $ is not permitted in field names or structure namesginit is safe to use as a
delimeter.

Order of declarations for functions/types and typedefsThe abstract syntax does not take the
order of declarations into account. The elaborator canrgtie declarations and elaborate
the definitions. Typedefs are resolved to their underlytngcsural type during elaboration.

3.3 Proof of safety

The proof of safety for this abstract language is given by tineorems called progress and
preservation. They are definedin Al5.1 and A.5.2.

Progress
If p:YandX + Kt : 7theneithel - K <t final or u | K<t — g/ | Ko<
for somey/, K', >, andt’.

Preservation
If p:YandX F K<t :7and p | K<t — ¢/ | K>/t then3¥ ./ : ¥ and
Y EK <t randX < Y.
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Chapter 4

Implementation

For 15-122, Principles of Imperative Computation, our impdatation consists of a compiler
and three interchangable runtimes with different charaties. Due to the simplicity of the
language and the design of the compiler, there is very titté the runtime needs to do.

4.1 Compiler

The compilerccO, performs typechecking and optional elaboration of dymaspiecifications.

It produces a C program which is then compiled with a runtisiegigcc . Since the C compiler
need not follow the same semantics requiredCgy ccO converts the program into A-normal
form and uses externally defined functions for certain dpmra such as division and bit shifts.
The optimization level fogcc is set very low because some of its optimizations assume C’s
semantics (ex: integer overflow is undefined in C) which cad teancorrect program execution.

Co Type C/C++ Type

bool bool
char char

ccO uses the following representations foy’s types '_I_Tt |_pf32_t
T cO_array *
struct S |struct S
string c0_string

To ease interoperability with native code, structures aie dut in memory using the same
rules as C for member alignment and structure size. Eachdieldtruct is aligned according to
its C/C++ type. Array elements are also aligned as in C.

Functions use the standacdecl calling convention for easy interaction with C. To avoid
collisions between C functions ag functions,C, function names and references are mangled
to produce a unique but fairly human-readable name. The dengimply takes the function/-
global variable name as written i, and prependscO_ to them. References to functions
declared in libraries are not mangled.
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4.2 Runtimes

We've developed three runtimes fOg: bare , cOrt , andunsafe . Although our runtimes have
only been tested for x86 and x86-64, the language was debtgriee purposely abstract enough
to be easily ported to other popular architectures.

The exact representation of arrays is provided by the ruentinat the program is linked
against. Access to members and the array’s length is prdwideruntime functions. Runtimes
provide the interface declared in AppendixIC.2 for use by #megated code and any libraries:

Each runtime was built to suit a particular use case.

e Thebare runtime is an extremely basic runtime which provides bouwtdscking but no
garbage collection. Its primary purpose was to allowprograms to be compiled and
run on systems which aren’t supported by the garbage coflébtary used by the other
runtimes. Since many of the assignments and test progrdocsit only a little memory,
the lack of garbage collection is not very noticeable. Asrage represented as contiguous
allocation as in C but with a header that includes the sizhe&tray for bounds checking.

e ThecOrt runtime performs bounds checking but also garbage col@ldsations using
the Boehm-Demers-Weiser conservative collector [3]. Isube same representation for
arrays advare .

e Theunsafe runtime garbage collects allocations using the same ceaiber collector
but performs no bounds checking. Arrays are representedigxe in C as a raw pointer
to a contiguous block of cells. Sinee0 compiles to C, the header for the runtime can
redefine the macros used for array types and element accekatdbe efficient direct
access to array elements is usedyclf 's optimizer could be trusted, this would enaklg
programs compiled against thesafe runtime to better match C for execution speed.

Since strings are represented opaquely in the languageyrthime is free to choose any rep-
resentation for strings it wants. For efficient interopdrgbwith native code, all three runtimes
represent strings as in C as an array of ASCII characters withlaerminator however other
representations (ex: rop&; [2]) are possible.
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Chapter 5

Standard Libraries

One of the best ways to get students to learn is to get thernteed@bout projects and motivated

to complete them. These interesting projects often recuipporting code such as graphics or
file system access which is provided as a library to studérits. goal of the standard libraries

is to provide just enough support to students so that theydoahese interesting projects. One
nice side effect is that students are briefly exposed toréifitefields of computer science through
these libraries and this can inform their choices of elestiater on in the prograr.

5.1 Design Principles

The standard libraries were developed at the same time g dfexts for the course. This al-
lowed us to tailor each library exactly to the requiremerftshe assignments. The standard
libraries so far just cover just a few basic areas: imagesgsianipulation, and basic file/con-
sole 10. Though these are the basics for the projects in tbhesepthey are also sufficient for
students to explore projects beyond the scope of the coBssthe end of the course, they will
know enough C (primarily from using,) to write their own libraries.

Though allocations within the language are garbage celigthe native libraries upon which
the standard libraries are built do not use garbage cadiectAs in popular modern garbage
collected languages like C#, manual resource managemesgdsfar external resources.

5.2 Design

Carnegie Mellon provides several clusters of computersrtmakinux for students to use so our
primary platform for the initial offering of the course isetbe RedHat Linux-based machines.
Students may have little or no experience with Linux thougd will probably prefer, at least
initially, to develop on their own machines. Since the cdemmand runtimes work on at least two
major desktop platforms (OS X, Linux) and can support thedtfWindows) with some effort,

1The standard library is also a good place to show studentsthal@sign a good API. The C standard library
has some poor choices in modularity and an unfortunatestiestar function names longer than 8 characters. Un-
fortunately,Cy does not provide any additional features to aid moduladtihe best we can do is adopt a prefix for
the different libraries
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this is feasible so long as the standard library also workshese platforms. In considering
which libraries to base the standard library upon, we treegitk only libraries that would work
with minimal hassle both now and to support in the future.

There are several broad areas for which we would like to hiéwarles support. Though
some areas such as windowing are not currently needed, weconsider which libraries to
use for their implementation when considering relatedssegh as graphics and images. The
libraries’ APIs were designed to be as minimal as possibteva@ looked at libraries used in
other introductory computer science courses such as F?cn'misefﬁ] and ProcessinﬁllG].

5.2.1 Input/Output

We expect that most output in the course will be for debugginmgposes and not a major focus of
assignments. The console IO librappgio ) contains just 4 functions to handle the basic task
of printing data to the screen and the occasional user ifjh& following example demonstrates
the basic usage:

int main() {
string name;
print("Hello, what is your name? "),
name = readline();
print("Your name is ");
printint(string_length(name));
printin(* characters long");
return O;

The lack of gprintf  -like function adds to the verbosity but it is not a triviabtare to add
to this language. It would require the addition of C’s varaggsng to the concrete syntax and
typechecker as well as the formal semantics. The type ofuthetibn would have to be inferred
from its format string which require the compiler to undarst the format string. This would
break the abstraction boundary between the compiler aratids. An alternative is to introduce
printf  as an intrinsic part of the language where the complicatee ¢tyhecking would not need
to be exposed to programmers.

A simple file library was added to allow programs to read liftem a file asstring  s. File
handles are one of the first manually managed resources \Witthwtudents interact.

5.2.2 Data Manipulation

Thestring library contains basic routines for manipulating and irc$iog strings and charac-
ters. It allows strings to be joined, split, converted to &odh null-terminated character arrays,
compared, generated fronmt s andbool s and queried for their length. It also allowkar s to
be compared and converted to and from their ASCII representat

36



5.2.3 Images

The first assignment for 15-122 had students write code tapukate two-dimensional images.
The API allows programs to load, save and manipulate theenas@C, array of integers repre-

senting the pixel data packed as ARGB. Like file handles, imatggsrequire manual resource
management.

5.2.4 Windowing

The projects in 15-122 should require only the most basicdauwing support. It defines a
window as an abstraction of a keyboard, a mouse, and a sclieeeceives input via mouse
and keyboard and displays an image. There are no child vadgetbuttons or editboxes -
students can write those themselves if desired but the taxdate ought to be sufficient for
functionality required the projects in the course. Funthere, the text interface is much easier
to write automated tests for than a graphical one.

5.2.5 Graphics

For graphics support, we want to expose a minimal but powARL. For inspiration, we looked
at Java’'s AWT graphics objects, HTMLl&canvas> 2D context API, and Cairo’s API. Students
are able to draw and manipulate images as well as draw shapdsteary positions and scales
and rotations. Students are able to construct 2D geometdtits@nd perform basic queries on
them. They can also construct transformations from pruedilike translation, rotation and
scale. Paths and transforms are used with a graphics camtéott is obtained from an image
or a window. With a graphics context, basic operations suchrawing/filling a path with a
transformation and clipping region allow great flexibiltyth a minimal API.

5.3 Implementation

Defining libraries is a rather simple process. A library ndrfe® must provide a header file
foo.h0 containing theC, types and function declarations for the library and a shébedry
with the same name base name as the librarylig®o.so , libfoo.dylib ,foo.dll ). The
compiler is instructed to use the librafyo by passinglfoo . It will process the declarations
and definitions in the library’s header and link the execletalgainst the shared library.

5.3.1 Native Dependencies

Many of the basic libraries can be implemented using thedstahC library since it is available
on all three major desktop platforms.

For windowing there are both many and few choices. Eachatatfhas its own native
libraries for basic window operations but supporting sefgbranches that work well on moving
platforms such as OS X or diverse platforms such as Linuxisammod long-term approach so
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we decided to look at cross-platform abstractions. Thexeraany such libraries but the popular
ones are Mozilla’s XUL/Gecko library, GTK, wxWidgets, FLTIt.

The size of XUL/Gecko both in terms of size and scope is sinipdygreat for our needs.
Likewise, GTK requires quite a bit of overhead on non-Linlatforms (particularly Windows)
and does not integrate with Microsoft's compiler and toalolh something that students may
want to do when learning C on Windows. wxWidgets has a faul/featured set of tools that
go beyond just windowing. It does not abstract the detailhefunderlying platform that well
so students may see different behavior than their gradelilkeevdse the graders may not be able
to see problems that the students are having. FLTK is a minviimalowing toolkit that does not
attempt to look native. It provides basic graphics suppemvell. Like wxWidgets, Qt provides
quite a bit of non-GUI support and though it doesn’t have @&/adbok and feel, it comes quite
close.

The choices of graphics library is closely related to thathef windowing library. FLTK,
wxWidgets and Qt provide their own graphics libraries. Cuhese three, only wxWidgets does
not abstract out the details of the underlying platform simxWidgets relies upon the native
platform for much of its drawing. There are also dedicateapbics libraries such as Skia and
Cairo which could potentially work with whatever windowingrary was chosen.

Though there are many individual libraries that would beahle for the implementation of
the major components of the standard library, Qt has therddge of providing APIs for all
the major requirements. Moreover, the interaction betwkege separate components is already
written and tested. Qt is used by a number of major corporatémd projects around the world
such as Adolﬁ KDE, Mathematica, Opera and VLC. It is thus expected that @treamain a
stable and supported platform upon which the standardrlitran be used by students with a
minimal number of bugs and support required by the courge sta

2http://qt.nokia.com/qt-in-use/story/app/adobe-pebtp-album

38



Chapter 6

Related and Future Work

6.1 Related work

Projects like SAFECon[4] and CCurd‘E[M] are also attemptsadyze safe C-like imperative
languages. Unlik€, they are aimed more at verifying or porting existing C pesgs. Another
attempt at an imperative systems language is Google’s GgUageEb] which breaks away from
C but it does contain additional features which are onlyuidef writing larger programs than
those in 15-122. Go also does not have assertions or exndpltilh into the language, preferring
instead to return error codes and propagate or handle thphtidy without assistance from
the compiler. The designers’ goal is to force programmetkittk about proper error handling
whereas the intended focus of 15-122 is to encourage stuttergason about the correctness of
their code.

Processing.ord__[_i6] is another take on providing an easysangle programming environ-
ment for novice programmers. It specializes in programngraphical applications such as
games or visualizations. Though it simplifies away some ©fl#tva roots by eliminating the
need for a driver class, it is by its own admission "just Jdd,with a new graphics and utility
API along with some simplifications.”

6.2 Future work and speculation

The work presented in this thesis is intended to be only thet of a larger project. Due to the
time constraints of needing the language and compiler tortigh®d in time for the course in
the Fall of 2010, several interesting projects and ideag l@en given little attention. These
include a static prover for assertions, a module systenhfotanguage to replace the one found
in C, and using a precise garbage collector in the runtime dswether more advanced garbage
collection techniques.

6.2.1 Static prover for assertions

Cy is likely simple enough to do some strong analysis of progréaprove invariants and as-
sertions will hold at runtime. The lack of an address-of aast ©®perators limits aliasing and
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the local variables can be hoisted to the heap by rewritiegpttogram without changing any
discernible semantics. As a project for a graduate prograaysis class, Karl Naden, Anvesh
Komuravelli and Sven Stork built a small static verificatimol for programs. They annotated
programs with assertions and invariants using JML-stykatran. The work at the end of the
course showed promise towards being to be able to prove sbthe mvariants relevant to the
data structures used in the course.

6.2.2 Module system & Polymorphism

C’s module system has well known faults and both C @gdack a decent means of support-
ing polymorphism. | did some preliminary work towards defmia module system that was
simple enough to be used by the course’s students but pdvesréugh to allow for abstract
polymorphism. The intention was to allow students to wrigeric data structures. Combined
with the aforementioned static verification tool, studemtsild be able to write assertions and
independently check that their generic data structuregmrahm was correct.

6.2.3 Precise collector

Though the conservative collector in the runtime is adegji@t most purposes of the course, it
is not ideal. Since there is no casting or internal aliagirgypossible to construct a more precise
collector that can analyze the stack layout and walk the b#egiently. Using a precise collector
would also necessitate a change to the runtime interfackotw the garbage collector to walk
library-defined types and provide a rooting API.

6.2.4 Dynamically check explicit deallocation

Tools like Valgrind are often used on C and C++ programs to klfi@ccommon mistakes such
as double frees and use-after-free bu@s. could be augmented with the ability to explicitly
free memory and at runtime (if not statically) assert thatghogram does not use memory after
freeing it or free memory twice. This would bring the langea&tpser to C without compromising
on safety.

6.2.5 Convenienrintt support

One of the notable features absent from inis support for variadic functions likprintf
Supporting these functions while maintaining type safetather non-trivial. Attempt to support
it in languages like SML have been tried by reformulating tbemat string as higher order
functions but that approach does not sujt

6.2.6 Formatting/style checker

Good code hygiene is an often overlooked aspect of compcitmnee education. Though there
is no single style for writing good C code, there are seveoplubar styles and techniques for
all languages. Some upper level courses such as Operatstgndyinclude a code review as
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part of the grading mechanism. Though quite time consumtngrovides generally helpful
feedback to students in ways that an automatic grader ysi@ls not. Some languages such as
Go [B] include a formatting program which automatically r#es source files to a pre-defined
style. The former is time consuming and prone to divergenestfeedback and the latter does
not encourage/require students to learn proper styling. rdgnam which could consistently
verify/grade the style of student code and generate usafobin readable feedback, would be of
enormous value to both the students and the course staff.

6.2.7 Interactive debugger

Asking students to rugdb on the compiled binaries is asking too much of them. We cadywe

a debugger foCy programs that can provide a friendlier interface than GDB anable addi-
tional features such as reversible debugging. Some workisnvas started before the course by
Rob Simmons.

6.2.8 Feedback on the course and its use @f,

At the time of this publication, it is too early to know whatparct choice of”, will have. Getting
feedback from the students over the course of their time atégge Mellon will provide valuable
data. Already from the first few weeks, suggestions for imeetal changes to the language and
compiler have been made from both students and staff.
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Appendix A

Language Definition

A.l Syntax

Struct fieldsp
Typesr

pfoT

bool |int | 7" — T
Tk

7

struct(p)

cmd | tuple(r,...,7,)
null

l

[+n

a+ f

true | false

n

ptr(a)

array(a,n)

rec(a)

func(zy,...,Z,,€)

nop

add | sub | mul | div | mod

bitand | bitor | bitxor

shl | shr

cmpg | cmpl | cmpge | cmple | cmpeq | cmpne
seq

write | arrayindex

neg | lognot | bitnot | ign | read
field(f)

Address:

Valuesv

Operators)p
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Expressiore x

v

binop(op, €1, €2)
monop(op, €)
(e1,...,6p)
call(ey,e)
if(e., e, €5)
decl(x,T,e)
assign(z,e)
return(e)
loop(e.,e€)
break

continue
alloc(T)
allocarray(r,e)
inloop | notinloop

Loop stated.

Call framesF’ = | Fe|Fz:t=v|Fz:T
| F,loopctx(e.,e)

Stack framedy = | K;F

Directionsi< = >

Focit = e|exn

Variable context$’ = DT

Memory signature&(a) = 7

Memory storesi(a) = v

First we begin with the judgmentsmall which determines if a type is permitted to be used
as the type of a declaration, parameter of a function, ormegpe of a function. It specifically
excludes structures, functions, non-degenerate tuptts@nmands.

Yrho:T

Given a value and a memory signature, this judgment deteswrype for the value. Booleans
and integers can be typed without the memory signature bugttier types require it so that they
do not need to embed any types. The null pointer is allowee tarly pointer type.

Y. I'kFe:T

This judgment determines the type of an expression from gegbwhich describes the vari-
ables that are in scope and a signature of the memory. Chettlah@n expression only uses
assigned variables is checked via a separate judgment.

T alloc

We must restrict the types which can be allocated to thosednie directly expressible in
the concrete language. This excludes tuples, commandsiantidns.
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F'kFe: A— A

SinceC, requires variables to be assigned before being used, wéisgadgment to deter-
mine the set of variables an expression requires to be &sbign and given that set, which set

of variables will be defined after evaluating the expresgiifin a context of declared variables
I

L eok

This judgment captures the need to restrict expressiorts asibreak and continue to only
occur within a loop.

;' e canreturn 7 e returns ;' ereturns 7

Determining that a function matches its declared reture tgguires three judgments. The
first checks that every possible execution path will, if fures a value, return a value of the
correct type. The second judgment ensures that every p@ssidcution path which reaches the
end of the function will return. The third judgment combiriks first two and requires that the
return type be a small type to be consistent wWith

op: 7 x7" =71 op: 7T =T

These two judgments determine the types of the binary ang wpeerators in the language.

SiAFF T =1

Given a memory signature and a set of assigned variables antetavknow if a (partial) call
frame is well formed. This judgment captures the type thattip framelet expects and the type
that the call frame will eventually returns.

Yhctx(F)=T assigned(F) = A loopnest(F) =L innerloop(F) = F’

These four judgments define recursive functions which ekitrdormation embedded in the
stack. The first determines the typing context of the frantee Jecond determines which vari-
ables have been assigned. The third determines if the ¢watframe is in the middle of a loop
or not. If the call frame is in a loop, the fourth function widturn the partial stack frame which
indicates the innermost loop.

¥; '+ epending 7 — 7' @ 7”
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Expressions on the stack are always waiting for some valubadahey can continue with
their evaluation. This judgment captures the type of thesetqul value %), the type that the
expression will return once evaluation is completg,(@nd the return type which the expression
will return, if it does return £”). Since some expressions have more than one subexpression,
a hole () is used to mark which subexpression is pending evaluafitve hole only marks an
immediate subexpression ef

X e ok

This judgment simply checks if an expression is permittedhe@oreturned to the topmost
framelet of the top call frame. Only values and empty tuplesp@rmitted to be returned.

YFK:T—>1

We also must check the rest of the stack. Given a value oftypealuation of the call frames
will yield a value of typer’.

YKt

Typing all these judgments together, we can check that theeestack X' and the focusg
are well formed, yielding a final value of type The focus of a stack is an expression (often
a subexpression of a function) that is being evalutated)wevhat is being used to evaluate a
pending expression on the topmost call frame, or an exagptivch is propagating up the stack.

YK <tfinal

Evaluation is finished when the stack is in a final state. Thezao call frames and the focus
t is either an exception or a value.

| op(or,v2) = 4 [t | op(v) =t

These two judgments define the behavior of the binary andyuoperators respectively.
Binary operators such agite may modify memory and unary operators suchrasd may
depend on memory but do not modify it. Evaluating an operiagtexpected to result in a value
of the appropriate type but may result in an exception (gindrto write a value taull).

/

allocval(u,a,7) = i makearray(u,a,7,n) = '

These two judgments define functions which perform the atioa of values. Given a heap,
an address not in the heap and a type (and a length for arthgsg functions return a new
memory containing the appropriate initialized allocasion
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p| Ky Fit—p | K<

This judgment defines the transitions between well-typedam states. Evaluation consists
of iterating these transitions until a final state is reached

RS » <y
The first of these judgments checks that a memory matchesvéie gjgnature. The second

defines a partial relation between signatures which is usetieck that memory operations do
not destroy or alter any existing allocations.

A.2 Rules

——  TAUSMALL -BOOL ———— TAUSMALL-INT ——  TAUSMALL-PTR
bool small int small T % small

TAUSMALL -ARRAY

7[] small
CHECKVAL-NOP CHECKVAL-TRUE
> - nop : cmd Y - true : bool
n < 231 n > —231
CHECKVAL-FALSE ; CHECKVAL-INT
¥ I false : bool YF7n:int
Y(a)=1
CHECKVAL-ADDRESS CHECKVAL-NULL
Y Fptr(a) : 7% Y F ptr(null) : 7
Vie[0,n)S(a+1) =1 Vi:TepXla+f)=r1
CHECKVAL-ARRAY CHECKVAL-STRUCT
Y F array(a,n) : 7] Y F rec(a) : struct(p)
D=2 :71,...,2,: Tn A=A{xy,...,z,}
Al =n Y;T'Fe:cmd 'Fe:A— A notinloop F e ok
;' ereturns 7 T small 71 small . T, small
CHECKVAL-FUNC
Y F func(xy,...,zp,e) : tuple(my,...,7,) = T
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Yot
CHECKEXP-VAR ——— CHECKEXP-VALUE
»lho:thax:7T YI'Fo:r

op: 7 x7" =1 i ke :7 i key: 7"
CHECKEXP-BINOP

¥; T+ binop(op, eq,€z) : T

op: 7 =T YiT'kFe:7

CHECKEXP-MONOP
¥; T+ monop(op, e) : 7
Y I'ke:m
X:I'ke,:7, 71 small . T, small
CHECKEXP-TUPLE

5T F (er,...,e,) : tuple(r, ..., 7)

;T kep: (tuple(r,...,Tn) — 7)% ;' e:tuple(r,...,7)
YTt call(eyf,e) : 7

CHECKEXP-CALL

;' e.:bool Yi:'kep:r Yikep:r
Y0 if(e, e ep) 7

CHECKEXP-IF

oz :7hHe: cmd T small
¥; I+ decl(x,7,e) : cmd

CHECKEXP-DECL

Yolbe:thke:r 7 small

. CHECKEXP-ASSIGN
YTz 7F assign(z,e) : cid

Xol'kFe: T 7 small

¥;T'F return(e) : cmd

CHECKEXP-RETURN

;' e.: bool ;. I'e:cmd
¥;T'F loop(ee, e) : emd

CHECKEXP-LOOP

CHECKEXP-BREAK - CHECKEXP-CONTINUE
;' break : cind >;I'F continue : cmd

T alloc
¥;I'F alloc(r) : 7%

CHECKEXP-ALLOC

X;I'Fe:int T alloc
Y; '+ allocarray(r,e) : 7]

CHECKEXP-ALLOCARRAY
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—  CANALLOC-BOOL ———— CANALLOC-INT —— CANALLOC-PTR
bool alloc int alloc 7% alloc

————— CANALLOC-ARRAY CANALLOC-STRUCT

T[] alloc struct(p) alloc
'Fe:A— A"

re A
CHECKASSIGN-VAR — CHECKASSIGN-HOLE
'Fz:A—= A '-:A— A

CHECKASSIGN-VALUE
'rv:A— A

Fl—ele—>A' F"BQZA,—)AH
I' - binop(op, e1,€9) : A — A”

CHECKASSIGN-BINOP

'Fe:A—= A
I' F monop(op,e) : A — A

CHECKASSIGNMONOP

'Fe:A— A 'Fe,:A— A
I'F(e,...,en): A= A

CHECKASSIGNTUPLE

CHECKASSIGNCALL
I'Fcall(ef,e): A— A

'Fe.:A— A ke :A— A Fl—ef:A—>A”
' if(e,enep): A— A NA"

CHECKASSIGNIF

e A Fo:the: A= A
't decl(z,1,e): A— A —{x}

CHECKASSIGN-DECL

'Fe:A— A
I'+ assign(z,e): A — AU {z}

CHECKASSIGNASSIGN

'Fe: A—= A

YTl ..., Xy Ty return(e) : A — {xy, ..., 2.}

CHECKASSIGNRETURN
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'Fe.:A— A 'Fe: A— A
I' Floop(e.,e): A — A

CHECKASSIGNLOOP

CHECKASSIGNBREAK

LTl ..., Xy Ty break: A — {zy, ..., x,}
. CHECKASSIGN-CONTINUE
Ty Ti, ..., Xy Ty, Focontinue: A — {xy,..., 2,
CHECKASSIGN-NOP CHECKASSIGN-ALLOC
Fnop:A— A I'+alloc(r): A— A
'Fe:A— A

CHECKASSIGNALLOCARRAY
['F allocarray(r,e): A — A

— CHECKLOOPRPVAR — CHECKLOOPRPVALUE
L+ xok L v ok
Lt e ok L+ ey 0k Lt eok
- CHECKLOOPRPBINOP CHECKLOOPMONOP
L+ binop(op, ey, €2) ok L + monop(op, €) ok
LF e ok LtFe,ok
CHECKLOOPRPTUPLE

Lt (ey,...,e,) 0k

L= ef ok LF e, ok

CHECKLOOPRPCALL
Lt call(ey,e,) ok

LFe.ok LF e ok LFesok

. CHECKLOOP-IF
L+ if(e., e, ef) ok

L eok L eok
CHECKLOOP-DECL . CHECKLOOP-ASSIGN
L+ decl(z,T,e) ok LI assign(z,e) ok

L eok

CHECKLOOPRETURN
L I return(e) ok

Lt e.ok inloop F e ok
L+ loop(e.,€) ok

CHECKLOOP-LOOP

- CHECKLOOPBREAK
inloop F break ok

- - CHECKLOOP-CONTINUE ——  CHECKLOOPNOP
inloop F continue ok L+ nop ok
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CHECKLOOPRPALLOC

L+ alloc(T) ok

LFeok
CHECKLOOPRPALLOCARRAY
L+ allocarray(r,e) ok
>; '+ e canreturn T‘
;' ey canreturn 7 ;' F ey canreturn 7

ONLYRETURNS-BINOP

Y; T binop(seq, €1, e5) canreturn 7

- ONLYRETURNS-MONOP
3; ' - monop(ign, €) canreturn 7

>;I'+ e; canreturn 7 ¥;I'F ey canreturn 7

- ONLYRETURNSIF
Y, I+ if(e., e, €f) canreturn 7

;I'x : 7+ e canreturn 7

ONLYRETURNSDECL
¥; I+ decl(x, T, e) canreturn 7

ONLYRETURNS-ASSIGN

;' assign(z, e) canreturn 7

Xoll'ke: T

ONLYRETURNS-RETURN
¥;T'F return(e) canreturn 7

>;I'+ e canreturn 7
ONLYRETURNSLOOP

¥;T'F loop(e., €) canreturn 7

ONLYRETURNSBREAK

;' - break canreturn 7

- ONLYRETURNS CONTINUE
>;I'F continue canreturn 7

ONLYRETURNSNOP
;" F nop canreturn 7

’l— e returns ‘

F e; returns

- DOESRETURNBINOPLHS
- binop(seq, €1, €2) returns

F ey returns

- DOESRETURNBINOPRHS
- binop(seq, e, €3) returns
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F e¢; returns ey returns
DOESRETURNMNIF

Fif(ec, e, ef) returns

F e returns
DOESRETURNDECL

F decl(x, T, e) returns

DOESRETURNRETURN
- return(e) returns

;' e returns 7"

;' e canreturn 7 F e returns 7 small
RETURNSONLY

;' ereturns 7

op: 7 x1" =1

CHECKBINOP-OPADDINTEGER

add : int X int — int

CHECKBINOP-OPSUBINTEGER

sub : int X int — int

CHECKBINOP-OPMULINTEGER

mul : int X int — int

CHECKBINOP-OPDIVINTEGER

div: int X int — int

; ; ; CHECKBINOP-OPMODINTEGER
mod : int X int — int

CHECKBINOP-OPBITANDINTEGER

bitand : int X int — int

CHECKBINOP-OPBITORINTEGER

bitor : int X int — int

. - - —— CHECKBINOP-OPBITXORINTEGER
bitxor : int X int — int

CHECKBINOP-OPSHLINTEGER

shl : int X int — int

CHECKBINOP-OPSHRINTEGER

shr : int X int — int

52



CHECKBINOP-OPCMPGINTEGER

cmpg : int X int — bool

CHECKBINOP-OPCMPLINTEGER

cmpl : int X int — bool

CHECKBINOP-OPCMPGEINTEGER

cmpge : int x int — bool

CHECKBINOP-OPCMPLEINTEGER

cmple : int X int — bool

CHECKBINOP-OPCMPEQINTEGER

cmpeq : int X int — bool

CHECKBINOP-OPCMPNEINTEGER

cmpne : int X int — bool

CHECKBINOP-OPCMPEQBOOL

cmpeq : bool x bool — bool

CHECKBINOP-OPCMPNEBOOL
cmpne : bool x bool — bool

CHECKBINOP-OPCMPEQPOINTERTAU

cmpeq : T * XTx — bool

CHECKBINOP-OPCMPNEPOINTERTAU
cmpne : 7T x X7* — bool

7 small
CHECKBINOP-SEQ CHECKBINOP-WRITE

seq : cmd x cmd — cmd write : 7Tk XT — T

CHECKBINOP-ARRAYINDEX

arrayindex : 7[| X int — 7%

op:7T =T
- —— CHECKMONOP-OPNEGINTEGER
neg : int — Int
CHECKMONOP-OPLOGNOTBOOL
lognot : bool — bool
7 small
- ; —— CHECKMONOP-OPBITNOTINTEGER : CHECKMONOPIGN
bitnot : int — int ign:7 — cm
7 small
CHECKMONOP-READ

read : 7 — T
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1<1<n
CHECKMONOP-FIELD

field(x;) : struct(, fi : 71, ., fu @ Tn)k — Ti%

SiAFF T =1

SARFFE 7" =7 F'Fe: A— A
YFhcetx(F)=T loopnest(F) =L
L eok ¥; T+ epending T — 7" @ 7/
;AR Fe:rm— 1

CHECKFRAMETYPEFRAMEEXPNORET

F e returns Yhetx(F)=T
'Fe: A— A loopnest(F) = notinloop
notinloop F e ok ¥; '+ e pending 7 — cmd @ 7/

SIS ; CHECKFRAMETYPEFRAMEEXPRET
3 ,e 1T — T

S;A—{z}F F:cmd — 7
AR F,z:7=v:cmd — 7

; CHECKFRAMETYPEFRAMEVAL

Y, A—{z}F F:cmd — 7
S:AFF x 7, :ecmd — 7

CHECKFRAMETYPEFRAMEVAR

assigned(F) = A’ Y, AFF:cmd— 7
Yhetx(F)=T ;' F loop(ee, e) : cmd
't loop(ee): A" — A’ loopnest(F) = L
L + loop(e,, €) ok ¥; '+ loop(e,, €) canreturn 7'

2; A F, loopctx(ec, e) emd — 7 CHECKFRAMETYPEFRAMELOOP

S Fctx(F) =T

YFEetx(F)=T

GETFRAMECONTEXTFEMPTY GETFRAMECONTEXTFEXP
YEctx(r) =- YFctx(Fe)=T
YFEcetx(F)=T
GETFRAMECONTEXTFVAR
Ykhetx(Fie:m)=0x:7
YFhetx(F)=T YFo:T
GETFRAMECONTEXTFVAL

Yhcetx(Fle:t=v)=01z:7

Yhetx(F)=T
Y F ctx(F, loopctx(ec,e)) =T

GETFRAMECONTEXFLOOP
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assigned(F) = A

GETFRAMEASSIGNEDEMPTY
assigned(:) = {}

assigned(F) = A
assigned(F,e) = A

GETFRAMEASSIGNEBEXP

assigned(F) = A
assigned(F,z:7)=A

GETFRAMEASSIGNEDVAR

assigned(F)=A rg A

assi

GETFRAMEASSIGNED VAL
gned(F,z:17=v)=AU{z}

assigned(F)=A

GETFRAMEASSIGNEDLOOP

assigned(F, loopctx(e.,e)) = A

loopnest(F) =L

- GETLOOPCONTEXTFEMPTY
loopnest(-) = notinloop
loopnest(F) =L
GETLOOPCONTEXTDECL
loopnest(F,z :7) =L
loopnest(F) =L
GETLOOPCONTEXTDEF

loopnest(F,z:7=wv) =1L

loopnest(F) =L

GETLOOPCONTEXTEXP
loopnest(F,e) = L

GETLOOPCONTEXTFLOOP

loopnest(F, loopctx(e., e)) = inloop

innerloop(F) = F’

innerloop(F) = F’

innerloop(F,z : 7) =

> GETINNERLOOPDECL

innerloop(F) = F’

- ; GETINNERLOOPDEF
innerloop(F,z: 7 =v) =

innerloop(F) = F’

innerloop(F, e) — 7 GETINNERLOOPEXP

55



GETINNERLOOPLOOP
innerloop(F, loopctx(e., e)) = F,loopctx(e,,e)

¥; 'k epending T — 7 @ 7"

op:Tx1 =171
il key:7" 7" =cmd = ;T F ey canreturn 7,

- - / ISPENDING-BINOPL
;T + binop(op, -, €3) pending 7 — 7' Q 7,

op: 7' x1 =171 SEO T

; ISPENDING-BINOPR

¥; '+ binop(op,v',-) pending 7 — 7' @ 7'

op: 17— T

;, ISPENDING-MONOP

¥; ' - monop(op, -) pending 7 — 7 @ 7"

Y:'ke:r
¥;I'F call(-,e) pending (1 — 7')x — 7 Q7"

ISPENDING-CALLF

¥ IFoptr(a) : 7 — 7%
¥ I'F call(ptr(a),-) pending 7 — 7' @ 7"

ISPENDING-CALLA

El_’Uli’Tl El_/l}i_li’i'i_l E;Fl_ei+1ITi+1
YiI'Fe,:m, 71 small - T, small
. — ISPENDING TUPLE
Tk (v1,..0, 01,7, €41, - - -, €,) pending 7; — tuple(ry,...,7,) @7

ST ke 1 SiPkep:r 7 =cmd = ;T F ¢, canreturn 7"
7 =cmd = ;' e; canreturn 7"

;T if(-, e, e5) pending bool — 7 @ 7"

ISPENDING-IF

Y I'kax:or
¥; Tt assign(z, ) pending 7 — cmd @ 77

ISPENDING-ASSIGN

7 small

ISPENDING-RETURN
;' return(-) pending 7 — cmd @ 7

T, alloc

7, |ISPENDING-ALLOCARRAY

Y; 't allocarray(7,, -) pending int — 7,[] @ 7

DIROK-PUSHING ~ ———— DIROK-RETURNING DIROK-TUPLE
> e ok < v ok < (vgy...,v,) OK
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YFK:T—1

——— CHECKSTACK-EMPTY
YTt o1

S;ARF 7= 1" assigned(F) = A YEK:7"— 1
YEKF =1

CHECKSTACK-NONEMPTY

’2"Kl><]t:7"

Yickerr < eok
CHECKSTATE-EXN CHECKSTATEEMPTY
YEFK dexn: T YXE-e:T

YFEcetx(F)=T Yike:7
assigned(F)=A Thke:A— A loopnest(F) = L
L eok S ARF =1 SFK:" =71
X e ok 7' =cmd = X;T' F e canreturn 7"

CHECKSTATENORMAL
YFK;Fxe:T
Yhctx(F)=T
Y;I'kFe:cmd  assigned(F)=A T'hke:A— A
loopnest(F) = notinloop notinloop F e ok
¥: T F ereturns 7 SFK:T =1 > e ok
CHECKSTATERETURNS

YK Fxe:T

loopnest(F) = inloop innerloop(F) = F’
assigned(F’) = A Y, AR F' :emd — 77 YEK:1m"—> T

CHECKSTATELOOPBRK
YFK;F <break : 7
loopnest(F') = inloop
innerloop(F) = F' assigned(F’) = A
;AR F :emd — 77 SFK: " =71
CHECKSTATELOOPCONT

Y F K;F < continue: 7

Y- K <tfinal

Yi-kFe:T < e ok
- FINALSTATE-EXN - FINALSTATE-VAL
Y F - <exn final YF-<efinal

/

allocval(u,a,7) = p
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Here we use the syntdx|a : v] to indicate a new functiop’(a’) = if ' = a thenv elseu(a’)

ALLOCVAL -BOOL
allocval(u,a,bool) = [u | a : false]

- — ALLOCVAL -INT
allocval(y,a,int) = [u | a: 0

ALLOCVAL -PTR
allocval(u,a,7*) = [u | a : ptr(null)

ALLOCVAL -ARRAY
allocval(u,a,7[]) = (1| a : array(null, 0)]

ALLOCVAL -EMPTYSTRUCT
allocval(u,a,struct(:)) = [u| a: rec(a)]

allocval(u,a,struct(p)) = u/ allocval(y',a + z,7) = p”
allocval(yu,a,struct(p, f: 7)) =p”

ALLOCVAL -STRUCT

/

makearray(u,a,7,n) = 4

!/

allocval(u,a,7) = p

i MAKEARRAY-EMPTY
makearray(u,a,7,0) = p

makearray(ju, a,7,n) = i allocval(y/,a+n,7) = p”

makearray(u,a,7,n+ 1) = "

MAKEARRAY-NONEMPTY

w | op(vi,ve) — ¢/ | t| Most of the rules for this judgment are elided for brevity heyt
have clear semantics from the prose description in Chapter 2.

n>m
p | div(m,0) = u | exn @ | mod(m,0) — u | exn p | cmpg(m,m) — p | true
n<m
p | cmpg(n,m) — p | false ft | seq(nop,nop) — 1 | nop
a & dom(u) a € dom(f)
p |write(ptr(a),v) = p | exn p |write(ptr(a),v) = [pla:v] |v
0<i<n
i | arrayindex(array(a,n),i) — u | ptr(a + 1)
1 <0 1>n
p | arrayindex(array(a,n),i) — i | exn i | arrayindex(array(a,n),i) — p | exn
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i | op(v) — t|As with the previous judgment, many of the inference rulesamitted.

i | lognot(false) — true i | Lognot(true) — false i | ign(v) — nop
a ¢ dom(u) pa) = v
i | read(ptr(a)) — exn i | read(ptr(a)) — v

p | field(f)(rec(a)) — ptr(a+ f)

p | K Foat— ' | Kod

STEP-VAL
p | K F>v—p | KGF <o

STERPVAR
p | K;F e mp=v,...00—=u | K;F,x:17,=v,... <v

STEP-PUSHBINOP
H ’ K7 Fr> bil’lOp(Op, 61762> — M ‘ K? F,binop(op, '762) > e

STERP-SWAPBINOP

v | K; F,binop(op, -, e2) <v — p | K; F,binop(op,v,-) B> ey

po | op(vr,ve) = p |t

. - STEP-POPBINOP
i | K; Fybinop(op,vy,-) <ve — ' | K3 F <t

STEPPUSHMONOP
i | K; F > monop(op,e) — u | K; F,monop(op,-) > e

| op(v) =t
p | K; Fymonop(op,:) <v—p | K;F <t

STEP-POPMONOP

STEPPUSHCALLFN
p | Ky F > call(ef,e) = p | K Focall(-,e) > e

STERPUSHCALLARGS
p | K;Fycall(,e) <v—pu | K; F,call(v,-) > e

p(a) = func(zy, ..., x,,€)

p | K; Fycall(ptr(a),:) < (vi,...,00) = p | K3 F5 om0 01 =01, .00, T i T =0 > €

STEP-FINALIZECALL

STEP-CALLNULL
w | K; Fycall(ptr(null), ) < (vq1,...,v,) = p | K; F < exn
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STERPPUSHEMPTYTUPLE

p | K Fe ()= p [ K5 F<()

STEPPUSHTUPLEELEM

| Ky F>(er,...)—=p | KGE (...)>e

STEPNEXTTUPLEELEM
| K F (e )<to—=pu | KGFE (0,0, .0.00) B e
STERPLASTTUPLEELEM
pw | KGF ()<= | KGF (.., 0)
a & dom(p) allocval(u,a,7,) = i’
STEP-ALLOC

p | K; Fr>alloc(r,) — ¢ | K; F <ptr(a)

STEPPUSHALLOCARRAY

p | K; F 1> allocarray(r,,e) — p' | K; F,allocarray(7,, ) > e

a ¢ dom(p) makearray(u, a, 74, n) = i’ n>0
STEP-POPALLOCARRAY

p | K; F,allocarray(r,,:) <n — u' | K; F < array(a,n)

n <0

— STEP-POPALLOCARRAYERR
p | K;F allocarray(r,:) <n — u | K; F < exn

STEPPUSHIF
po| K F > if(ec,enep) = p | KGF 1f(c e, ep) D> e,

STEP-POPIFTRUE
po| K Foif(e e ep) <true — p | K3 F > ey

STEP-POPIFFALSE
po| Ky Foif(- e, ep) < false — p | K F > ey

STER-PUSHDECL

p | K;F>decl(x,re) »p | KiFyx:m>e

STEP-POPDECL

p | K;F,x: 7 <<nop — p | K; F < nop

STEP-PUSHASSIGN
p | Ky F > assign(z,e) — u | K; F,assign(z,-) > e

- ; i STEPPOPASSIGN
p | K;Fx:7m, =v,...,assign(z,:)<v' = pu | K;F,z: 7, =v',... <nop

- / / STEPPOPASSIGNFIRST
w | K;F,x 7y, ... assign(x, ) <v' = p | K3 Fyz 1, =v',... <nop

STEP-POPASSIGNED
p | K;F,x 71, =v<lnop — u | K; F < nop
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STEP-PUSHRET
| K; F>return(e) — p | K; F,return(-) > e

STERP-POPRET

p | K;Foreturn(s) <e—pu | K <e

STEP-LOOP
p | K; F > loop(ee,e) = u | K; F,loopctx(e,,e) > if(e,, e, break)

- STERPLOOPPOP
w | K; F,loopctx(e.,e) <nop — p | K; F,loopctx(e., e) < continue

STEPBREAK
i | K; F>break — p | K; F < break

STEP-BREAKVAL
p | K;F x .1, =v <break — pu | K; F < break

STERP-BREAKVAR

p | K;F,x: 7 <break — u | K; F < break

STEP-BREAKLOOP
p | K; F,loopctx(e., e) < break — p | K; F <nop

STER-BREAKEXP
| K;F,e <break — u | K; F < break

- - STERPCONTINUE
p | K; F > continue — p | K; F' < continue

- - STEP-CONTINUEVAL
w | K;Fyx: 7, =v <continue — p | K; F' < continue

STERP-CONTINUEVAR

p | K;F,x: 7 <continue — u | K; F' < continue

- STEP-CONTINUELOOP
p | K; F,loopctx(e., e) < continue — p | K; F' > loop(e,,e)

- - STEP-CONTINUEEXP
p | K;F e <dcontinue — i | K; F' < continue

STEPEXNPROP
p | K;F <exn—p | - <exn

dom(p) = dom(X) Va € dom(p).p(a) =vAXFv:TAY(a)="T
[T

Va € dom(X).X(a) = X'(a)
» <y
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A.3 Safety

A.3.1 Progress

If w: Y andX F Kt : 7theneitherl - K <t final or p | Kt — /' | K<t for
somey/, K/, </, andt’.

A.3.2 Preservation

Ifp:YandX+ Kat:7andp | K<t — g/ | Ko<t/ thendX . p/ - ¥ andY' - K'it’ = 7
andy < Y.

A.4 Lemmas

1. If assigned(F') = Aandx € AthenF hasthe formt’ z : 7, =v,....
Proof is by induction on the derivation agsigned(F’) = A.

2. If X Fwv:7then
(&) If 7 = cmd thenv = nop.
(b) If 7 = bool then eitherw = true orv = false.
(c) If 7 = int thenv = n for somen € [—23!,231).

(d) If 7 = tuple(n,...,m) — 7 thenv = func(xy,...,x,,¢e) wherel' = - x; :
Tlyeoos@p  Tny A={x1,...;2,}, 5T Fe:ecmd, I'Fe: A— A, notinloop F
eok,X:;I'F ereturns 7, 7 small , andr; small ... 7, small.

(e) If 7 = 7« then eithew = ptr(null) or v = ptr(a) whereX(a) = 7.
(f) If 7 =[] thenv = array(a,n) such that/i € [0,n).X(a + i) = 7.
(9) If 7 = struct(p) thenv = rec(a) whereVf : 7 € p.X(a + f) = 7.
Proof is by inversion on the rules fart v : 7.
3. Ifp:Yandop: 7 X1 — 7andX oy : 7 andX F vy thenp | op(vy, ve) — 1 | .
Proof by case analysis on the derivatioropf: 71 x 7 — 7.
4. If p:Yandop: 7 — 7 andX kv : 7 theny | op(v) — t.
Proof by case analysis of the derivationopf: = — 7.

5. If X F ctx(F) =T,z : 7 then eitherF" has the formF’,z : 7,... orthe formF’,z : 7 =
v,...whereX Fov:rT.

Proof by case analysis of the derivation’of- ctx(F') =T,z : 7.

6. If 7 alloc anda ¢ dom(u) then3y'.allocval(p,a,7) = '
Proof by induction orr.

7. If 7 alloc anda ¢ dom(i) andn > 0 thendy' makearray(u, a, 7,n) = 1.
Proof by induction om.
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10.

11.

12.

If 7 alloc anda ¢ dom(p) andallocval(p,a, ) = ' thend¥' .,/ - ¥ andX < ¥ and
¥(a)=rT.
Proof by induction orr.

. If 7 alloc anda ¢ dom(i) andn > 0 andmakearray(u,a,7,n) = u' then3>x'.p/ = %

andX < ¥’ and¥’ I array(a,n) : 7.
Proof by induction om.
fX+ Kxe:7andX < Y thenY - Kixe: 7.

Proof is by induction on the derivation &f - K < e : 7 with lots of auxiliary induction.
If ;T e pending cmd — 7 @ 7”7 thenT = cind ande = binop(seq, e;, €3).
Proof by case analysis on the derivatiodfl’ - e pending cnd — 7 @ 7”7

op:cmd x 77 — 1
il key: 7" 7" =cmd = ;T |- ey canreturn 7,

¥;T'F binop(op, -, €2) pending cmd — 7 Q 7,

op = seq andr = cmd Inversion orop : cmd x 77 — T

op: 7" xcmd — T DI SR

¥; '+ binop(op, ', -) pending cmd — 7 @ 7”

op = seq andr = cmd Inversion orop : cmd x 7" — 7

No other cases can occur.

If loopnest(F) = inloop and>; A + F : cmd — 7 theninnerloop(F) =
F’ loopctx(e,,e), assigned(F’) = A" and¥; A’ - F' : ecmd — 7 for somee,, e,
F',andA'.

Proof by induction on the structure éft.

F=F,x:1,
YA —{z}FFy:emd — 7 InversiononX; A+ F :ecmd — 7
loopnest(Fy) = F’, loopctx(e., ¢) andassigned(F’) = A’
andX; A+ F' :cmd — 7 By inductive hypothesis
loopnest(F') = F’, loopctx(e,,€) Rule GETLOOPCONTEXFDECL

F=F,x:1,=v

YA —{z}FFy:emd — 7 InversiononX; A+ F:ecmd — 7

innerloop(Fy) = F', loopctx(e., ) andassigned(F’) = A’

and>; A+ F' :cmd — 7 By inductive hypothesis

loopnest(F') = F’, loopctx(e,, €) Rule GETLOOPCONTEXFDEF
F= Fg, e
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13.

14.

15.

16.

17.

18.

19.

20.

21.

'e: A— A”andX;T'F e pending cnd — 7/ @ 7"
By inversionon:; A F:cmd — 7

7 = cmd By Lemmd11l
;APHF emd — 1 By inversionon; AF F:cmd — 7
loopnest(Fy) = inloop

By inversion on the derivation dfoopnest(F’) = inloop
innerloop(Fy) = F’,loopctx(e,, ¢) andassigned(F’) = A’
andX; A+ F' :cmd — 7 By inductive hypothesis
innerloop(F) = F', loopctx(e,, €) Rule GETINNERLOOPEXP

F = Fy,loopctx(e,,€)
innerloop(F) = Fy, loopctx(e,, €) Rule GETINNERLOOPLOOP
assigned(F’) = A’and¥; A'F F: cmd — 7 InversiononX; A+ F :cmd — 7

Ifop: 7" x 71" — randu : ¥ andy | op(vi,ve) — ¢/ | ttheny' : ¥ and eithert = exn
orelset =vandX v :r.

Proof by case analysis on the derivationuof op(vy,v2) — 1/ | t
Ifop: 7 — randu : ¥ andu | op(v) — tthen eithet = exnorelset = vandX - v : 7.
Proof by case analysis on the derivatiornuof op(v) — t

fT =z :7,...,2, : pandVi € [I,n|. X v :mandF = - 2y : 7y = vg,..., T, :
Tp = vUp thenX - ctx(F) =T

Proof by induction on the structure &f.
fA={z,...,x,}andF = zy: 7y =vy,..., 2, : T, = v, thenassigned(F) = A.

Proof by induction on the structure &f.

If',.flj'l LTy Xy 1 Ty Fe: A1 — A2 andAl - All - {LCl,...,.iL'n} then~,:c1 :
Tlyeeoy Xy o Ty et AL — AL whereAs C A C {xq, ..., 2z, }.

Proof by induction on the derivation afx, : 7,..., 2z, : 7, F e: A — As.
fXAFF 17— 7andX F ctx(F) = 21 : 7,...,2, : Toand A C A" C
{z1,...,x,}thenS; A’ F: 17— 7',

Proof by induction on the derivation of; A+ F : 7 — 7.

If F=Fy,z:7,...andX Fv: 7, andF’ = Fy,z : 7, = v,... andassigned(F) = A
thenassigned(F’) = AU {z}.

Proof by induction on the structure éf.

fF =Fy,x=7,...andX v :7,andX +v: 7, andF’ = Fy,x : 7, = v,... and
assigned(F') = Athenassigned(F’) = A.

Proof by induction on the structure &f.

IfF=Fy,z:7,...andX Fov:m,andF’ = Fo,z : 7, = v,...andX F ctx(F) =T
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thenX - ctx(F’) =T.
Proof by induction on the structure éf.

22. fF=Fy,x:7,=7,...andX v :7,andX Fv:7,andF’ = Fy,x : 7, = v,...and
S F ctx(F) = I thenX F ctx(F') = I,

Proof by induction on the structure &f.

23. fF =Fy,xv:7,...andX Fv:mp,andl = Fy,z : 1, =v,...andX; A F 7 — 7
thenX; A F' .7 — 7.

Proof by induction on the structure éf.

24. fF =Fy,z :7, =7',...andX v :p,andX v : 7, andF’ = Fy,x : 7, = v,...and
AR F 7 — 7 thenX; A-F .7 — 7.

Proof by induction on the structure éf.
25. f'Fe: A— A'thenA C A'.

Proof by induction on the derivation 6f-e¢: A — A'.
26. If L F e ok then inloop F e ok.

Proof by induction on the derivation @f - e ok .

A.5 Proofs

A.5.1 Progress

Proof by case analysis on the derivatiortbf K it : 7.
1. CasecHECKSTATEEXN was used SO = exn
Via case analysis of the structure @feither
(a) Casel = -

Y F - <exnfinal Rule FINALSTATE-EXN

(b) CaseK = K'; F

p | K5 F <exn— g | - <exn Rule sSTEREXNPROP

2. CasecHECKSTATEEMPTY was used sdl = -

Y -<efinal Rule FINALSTATE-VAL

3. CasecHECKSTATENORMAL wWas used s& = K'; F'andt = eandX;T'Fe: 7’
We now do a case analysis dnl' e : 7'

(a) CasecHECKEXP-VAR Was used se =«

rzeA Inversiononl' -z : A — A
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F =

Flo:im,=wv,... Lemmal

w | K e mp=v,...00—p | K F o1, =v,... <v  RUleSTERVAR

(b) CasecHECKEXP-VALUE was used se = v

Via case analysis ot e ok we know that eithepiIROK-PUSHINGOI DIROK-RETURNING
was used.

In the former casesTERVAL applies. For the latter, we must case analyzel’ +
.7 — 7"

CasecHECKFRAMETYPEFRAMELOOP Was used sd&’ = F’ loopctx(e.,e’) for
someF”’, e, ande’

v = nop Lemma2
p | K's F' ) loopetx(e., €') <nop — p | K'; F', loopctx(e,, €') < continue
RulesTteprLoopPpPoOP

ii. CasecHECKFRAMETYPEFRAMEVAR was used s@' = F”, x : 7, for someF’,

andr,
v = nop Lemmd2
p | K F' x 7 <<nop — p | K'; F' <\nop Rule STER-POPDECL

iii. CaseCcHECKFRAMETYPEFRAMEVAL was used sd’ = I/, x : 7, = v for some

F', x, 7, andv

v = nop Lemma2
p | K'sF' 21, =v <<nop — p | K'; F' < nop Rule STER-POPASSIGNED

. CasecHECKFRAMETYPEFRAMEEXPRETWaAS used sd&' = F”, ¢/ for somel” and

6/

We must now case analysis on the derivatiof @f returns :
A. CasepOESRETURNRETURNWaAS used s’ = return(e”)

e = Inversion on>}; I - ¢’ pending 7/ — cmd @ 7"
p | K's F' return() <€ —pu | K' <€ RuleSTERPOPRET

B. CasepoESRETURNIF was used se’ = if(e., e, ey)
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e. = -andr’ = bool Inversion on; I' F ¢’ pending 7" — cmd @ 7”7
v = true or v = false Lemmd2
If v = true then
po | K F it (s e ep) <true — p | K5 F/ > ey
Rule STERPOPIFTRUE
Otherwisev = false so
po| K's F'oif (- e, ep) < false — p | K's F' > ey
Rule STERPOPIFFALSE

C. CasepOESRETURNBINOPRHSWaS used s@’ = binop(seq, 1, €3)

ey # - Via case analysis we know there is no derivatioft Gfreturns
e =- Inversion on; I' F ¢’ pending 7" — cmd @ 7”7
p | K's F' binop(op, -, e2) <v — u | K'; F' binop(op, v, ) > es

Rule STERSWAPBINOP

D. CaseDOESRETURNBINOPLHSWaS used s@’ = binop(seq, ey, €3)

e # - Via case analysis we know there is no derivatioft Gfreturns
ey = - ande; = v’ for somev’
Inversion on>; I' - ¢’ pending 7/ — cmd @ 7"
This case does not occur.
Via case analysis we know there is no derivatiofraf returns

E. CasepoESRETURNDECL Was used se’ = decl(z,7,,¢€”)

This case does not occur because via case analysis we knosvisheo
derivation of3; I' - ¢’ pending 7/ — cmd @ 7”

v. CasecHECKFRAMETYPEFRAMEEXPNORETWAS used sd’ = F”, ¢’ for somerF”’
ande’
We now do a case analysisBf[' - ¢ pending 7/ — 7" @ 7"

A. CaselsPENDING-BINOPL Was used se’ = binop(op, -, €2)

i | K's F',binop(op, -, €2) <v — p | K's F', binop(op, v, -) > €2
Rule sTEP-SwWAPBINOP

B. CasesPENDINGBINOPRWaS used s’ = binop(op, ', )

p | op(v,v") = |t Lemma3
p | K's F' binop(op,v,) <v' = p' | K'; F/ <t RuleSTER-POPBINOP
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. CasasPENDING-MONOPWas used se’ = monop(op, -)

p | op(v) =t Lemmad
p | K's F' monop(op, ) Qv —p | Ky F <t RulesTEP-POPMONOP

. CasesPENDINGCALLF was used se’ = call(-,e,)

p | K5 F' call(,e) v —p | K's F' call(v, ) > €
Rule STEPRPUSHCALLARGS

. CasasPENDING-TUPLEWaS used S@' = (v1,...,0;1,+, €it1,.-.,En)
Case analysis on the structure(of, ..., v; 1,, €41, ..,€n)
e n=y

pw | K F ()<= | K F <(..0,0)
RUIeSTEP—LASTTUPLEELEM

°n >3

w | K F (e ) <to = | K F (o0, .000) Boeg
Rule STERNEXTTUPLEELEM

. CasasPENDINGIF was used se’ = if(-, e, ey)
Clearly™ = bool.

= true or v = false Lemmd?2
If v = true then
po| K F it (-, e ep) Qtrue — p | K5 F/ > ey
Rule STERPOPIFTRUE
Otherwisev = false so
po| K's F' it (-, ep,ep) < false — p | K'; F' > ey
Rule STERPOPIFFALSE

. SPENDING-ASSIGNW u = assign(zx, -
Casa as used se’ ign(z,

We know that eithe?” has the formé” x : 7/, ... or it has the form

F'x:.1,=0,... Lemmadb
In the former case,
p | K F" o7, .. assign(z, ) <v —

p | K'sF” 21, =v,... <nop Rule STERPOPASSIGNFIRST
In the latter case,
p | K F oo =o' ... jassign(z,:) <ov —
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p | K F" w7 =v,... <nop Rule STERPOPASSIGN
H. CasesPENDING-RETURNWaS used s@’ = return(e”)
u | K5 F'  return(:) <e - p | K< ¢ Rule STERPOPRET

|. CaselsPENDING-ALLOCARRAY Was used se’ = allocarray(7,, -)

v=" Lemma2
If n > 0then
makearray(u, a, 7,,n) = i/ LemmdT

p | K'; F' allocarray(7,, ) <n — p' | K'; F' < array(a,n)
Rule STERPOPALLOCARRAY
Otherwisey | K'; F' allocarray(7, ) <7 — p | K'; F' < exn
Rule STERPOPALLOCARRAYERR

(c) CasecHECKEXP-BINOPWas used se = binop(op, €1, €2)

D= [> Inversion onx<i binop(op, €1, €2) ok
p | K'; F > binop(op, er,e5) = p | K'; F,binop(op, -, e3) > €1
Rule sTERPUSHBINOP

(d) CasecHECKEXP-MONOPWas used Se = monop(op, €’)

D= > Inversion o< monop(op, ,) ok
w | K'; F > monop(op,e) — p | K'; Fymonop(op,-) > e  RuleSTERPUSHMONOP

(e) CasecHECKEXP-TUPLEWaAS used se = (e, ..., e,)

We do a case analysis o (e, ..., e,) ok :
i. CasepIiROK-PUSHINGWaAS used sei= >

If n = 0then
p | K F>()—=p | K F<() Rule STEP-PUSHEMPTYTUPLE
Otherwisey | K'; F > (eq,...) = pu | K5 F (4...) > e
Rule STEP-PUSHTUPLEELEM

ii. CasebIROK-RETURNING Was used sox= <1 ande = v
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Does not occur since there is no derivatiorf v : tuple(r,...,7,).

iii. CasebiROK-TUPLEWaS used soxi= < ande = (vy, ..., v,)
We do a case analysis on the derivatiotofd’ - F” : tuple(r,...,7,) — 77

A. CasecHECKFRAMETYPEFRAMEEXPNORETWAS used s&” = F” ¢

There are three possible derivations of
¥, T'F ¢ pending (7y,...,7,) = 7" @Q7".
CasesPENDING-RETURN:

¢/ = return(-) andtuple(ry,...,7,) small

Inversion on>}; I' - ¢’ pending (1y,...,7,) — 7" @Q7”".
n=>0 Inversion ontuple(ry,...,7,) small
p | K5 F oreturn(c) < () = p | K/ < () RuleSTERPOPRET

CasesPENDING-MONOP Whereop = ign:

¢/ = monop(ign,-,) andign : tuple(ry,...,7,) — cmd

Inversion on>; I' - ¢’ pending (1y,...,7,) — 7" Q7”".
tuple(ry,...,7,) small

Inversion onign : tuple(ry,...,7,) — cmd

n=>0 Inversion ontuple(ry, ..., 7,) small
| ign(() —t Lemmad

p | K's F' monop(op, ) <v —pu | K';F' <t
Rule sTErPOPMONOP
Otherwise'sSPENDING-CALLA was used:
¢/ = call(ptr(a),-) andX  ptr(a) : (tuple(ry,...,7,) — 7")x*

Inversion on>; ' - ¢’ pending (74,...,7,) — 7" @ 1",
Y(a) = tuple(ry,..., 1) — 7"

Inversion onX - ptr(a) : tuple(ry,...,7,) — 7"
ula) =vandX v : tuple(r,...,7,) — 7" TR
v = func(xy,..., Ty, €p) Lemmd2
w | K'F' call(ptr(a), ) <(vi,...,v,) —

| K5 F e my Ty = 0g, 0, T - Ty = 0 D> €

Rule STER-FINALIZECALL

B. CasecHECKFRAMETYPEFRAMEEXPRETWAS used s@” = F”, ¢/
Progress holds via the same reasoning as in the previouthcagg only the
ISPENDING-RETURN Case occurs since there are no derivations gfreturns
for the other cases.

(f) CasecHEcKEXP-CALL was used se = call(ey,e)

D =D Inversion o< call(ey,e,) ok
p | K'sF > call(ef,e) » p | K5 F,call(-,e) > ey Rule STERPUSHCALLFN
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(9)

(h)

()

(k)

()

(m)

(n)

CasecHECKEXP-IF was used se = if(e., e, er)

> = D> Inversion o if(e., e, ef) ok
p| K F > if(e, e, ep) = p | K F if(- e, ep) D e Rule STEP-PUSHIF
CasecHECKEXP-DECL was used se = declzT,e’

DI = D> Inversion onx decl(x,7,,€’) ok
w | K's F>decl(z,7’ye) »p | K Fye 7' >e Rule sTERPUSHDECL
CasecHECKEXP-ASSIGNWas used se = assign(zx,e’)

DI =D Inversion on< assign(z,€’) ok
w | K's F > assign(z,e) - p | K'; Fyassign(z, ) > e RuUle STEPPUSHASSIGN

CasecHECKEXP-RETURNWaS used se = return(e’)

D = D> Inversion onx<i return(e’) ok
pu | K's F > return(e) — p | K'; F,return(-) > e Rule STERPUSHRET

CasecHECKEXP-LoOPWas used se = loop(e,, €)

D= D> Inversion onx< loop(e.,€') ok
| K'; F > loop(e., e) = p | K's F,loopctx(e., e) > if (e, e, break)
RulesTeErLOOP

CaseCcHECKEXP-BREAK was used se = break

D = D> Inversion on>< break ok
pu | K's F>break — u | K'; F < break Rule sTERBREAK
CasecHECKEXP-CONTINUE Was used se = continue

> = D> Inversion on><1 continue ok
w | K's F > continue — p | K'; F' < continue Rule sTEP-CONTINUE
CasecHECKEXP-ALLOC was used se = alloc(7,)
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DI =D Inversion on< alloc(7,) ok

allocval(u,a,7,) = Lemmd. 6

p | K's F>alloc(r,) — i | K's F < ptr(a) RulesTERALLOC
(0) CasecHECKEXP-ALLOCARRAY was used se = allocarray(7,,¢€’)

DI = [> Inversion onx allocarray(7,,€’) ok

| K’y F > allocarray(7,, €') — p | K'; F,allocarray(7,,-) > €
Rule STERPUSHALLOCARRAY

4. CasecHECKSTATERETURNSWaS used
By inversion on>; I' F e returns 7”7 we knowt e returns So by case analysis,is one
of the following:

® I binop(seq, ey, es) returns
® |- binop(seq, e, €3) returns
e - if(e., e, ef) returns

e +decl(z, T, e) returns

® - return(e) returns

These cases are handled exactly the same as if the rule ubedlierivation wasHECKSTATE
NORMAL.
5. CasecHECKSTATELOOPBRKWaS used sé( = K'; F

We now do case analysis on the structuré of

F=F.,x:7,

w | K's F' x o7 <break — p | K'; F' < break Rule STER-BREAKVAR
F=F.x:1,=v

w | K'sF' x 1, =v <break — u | K'; F' < break Rule STERBREAKVAL
F = F' loopctx(e.,€)

| K's F', loopctx(e., €') < break — p | K'; F <<nop  Rule STEPR-BREAKLOOP
F=1Fe

u | K's F' ¢! <break — u | K'; F' < break Rule STERBREAKEXP
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6. CasecHECKSTATELOOPCONTWaAS used s& = K'; F

We now do case analysis on the structurd of
F=F x:7,

| K’y F' x o7 < continue — u | K'; F' < continue RuleSTEPCONTINUEVAR
F=F x:1,=v

w | K'sF'  x 1, =v < continue — p | K'; F/ < continue
Rule STERCONTINUEVAL

F = F' loopctx(e.,€)

w | K's F',loopctx(e,, €') < continue — u | K'; F' > loop(e,, €')
Rule sTEP-CONTINUELOOP

F=1Fe

| K'sF' ¢! < continue — p | K'; F/ < continue Rule STER-CONTINUEEXP

A.5.2 Preservation

Proof by induction on the derivation of | K; F <t — ¢/ | K' <’ t'. The cases wherg' # %
are noted explicitly.

pw | K Fov—p | KGF Qo

YFetx(F)=T InversiononX - K; F > T
DM R R Inversionon - K F o7
assigned(F) = A Inversionon - K; F > o7
'Fv: A= A Inversionon - K; F>ov: T
loopnest(F) =L InversiononX - K; F>ov: T
Lt vok Inversionon - K F o7
SsARFEF 7 =" Inversionon> - K F>ov: T
YEK 7" =T Inversionono - K F > o1
7 =cmd = ;' F v canreturn 7" Inversionon> - K F>ov: T
< v ok Rule DIROK-RETURNING
YFEK;F<v:T Rule CHECKSTATENORMAL
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w | KiFx:mp,=v,...00—u | K;Fx:1,=v,... <v

Yrhcetx(Fle i1y =wv,...)=T Inversionon - K F > o 7
“iPka:7 InversiononX - K; F>x 7
assigned(F,z:7, =v,...)=A InversiononX - K; F>x 7
'Fx:A— A Inversionon> - K F > o7
loopnest(F,z : 7, =v,...) =1L Inversionono - K F > o7
SiAFFax:rm,=wv,...:7 = 7" Inversionon - K F > o 7
r=I0"z:7 Inversionon; '+ 2 : 7/
W Ikwv:7r Lemmdb
L v ok Rule CHECKLOORVALUE
YEK 7= T Inversionon> - K F>x: 1
If 7/ = emd, v = nop Lemma2

7 =cmd = X;I' F v canreturn 7"

Y; '+ nop canreturn 7”7 by rule ONLYRETURNS-NOP
< v ok Rule DIROK-RETURNING
YFKFx Tt =0,... <v:T Rule CHECKSTATENORMAL

p | K; F > binop(op, e1,e2) — 1 | K; F,binop(op, -, e3) > €1

Yrhetx(F)=T Inversion onX - K; F' > binop(op, e1,€2) : T
assigned(F) = A Inversion o> - K; F' > binop(op, e1,€2) : T
['F binop(op,e1,e5) : A — A” Inversion o> = K; F' > binop(op, e1,€3) : T
loopnest(F) =L Inversion on® - K'; F' &> binop(op, e1,€3) : T
L = binop(op, e, e3) ok Inversion on> - K'; F' &> binop(op, e1,€3) : T
YEK 7= Inversion o> - K'; F' &> binop(op, e1,€3) : T
;T + binop(op, e1,e9) : T’ Inversion o> - K'; F' > binop(op, ey, €3) : T

op:Ti X1 — 7 andX;I'Fe:mandX;I'F ey m
Inversion on>X; I' - binop(op, €1, €2) : 7’

ke :A— AandlFey: A — A Inversion onl" - binop(op, €1, €3) : A — A”
k- A — A Rule CHECKASSIGN-HOLE
[' - binop(op, -, ez) : A" — A” Rule CHECKASSIGN-BINOP
L e; ok andL F e; ok Inversion onloopnest(L) = binop(op, e, €2)
Lt - ok Rule cCHECKLOOPVAR
L I binop(op, -, e5) ok Rule cHECKLOOP-BINOP
If the rule used fo. - K; F' > binop(op, e, e2) : T Wascheckstate-normal then

SA'EF =1 Inversion o> - K'; F' > binop(op, e1,€3) : T

7" =cmd = ;T + binop(op, €1, €3) canreturn 7"
Inversion o> = K; F' > binop(op, e1,€3) : T
7' =cmd = ;' F e; canreturn 7”7 and7’ = cmd = ;' F e; canreturn 7”7
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Inversion onr’ = cmd = X; ' - binop(op, €1, €3) canreturn 7"
If 7/ = cmd thenop = seq, 7 = cmd, and, = cmd
Inversion orop : 71 X 7 — 7'
7'=cmd & 1 =cmd & 1, = cmd < op = seq
By case analysis of the rulesfop : 7 x 7, — 7’
Thusty = cmd = X;T' F ey canreturn 7" and
79 =cmd = ;' ey canreturn 7”

;' binop(op, -, €2) pending 7, — 7’ @ 7" Rule1SPENDING-BINOPL
Y; A’ F,binop(op, -, e2) : 71 — 7" RuUle CHECKFRAMETYPEFRAMEEXPNORET
Y F ctx(F,binop(op, -, ez)) =T Rule GETFRAMECONTEXFEXP
assigned(F, binop(op,-,e)) = A Rule GETFRAMEASSIGNEBEXP
loopnest(F,binop(op, -, e3)) = L Rule GETLOOPCONTEXFEXP
> e; ok Rule DIROK-PUSHING
Y F K; F,binop(op,-,es) > €1 : T Rule CHECKSTATEENORMAL
Otherwise theheckstate-returns rule was used.

;' F binop(op, €1, €3) returns 7"
Inversion o> = K; F' > binop(op, e1,€3) : T
;' F binop(op, €1, €5) canreturn 7”7 andk binop(op, 1, €5) returns and

7" small
Inversion on>J; I' - binop(op, €1, €2) returns 7”
L = notinloop Inversion o> - K; F' > binop(op, e1,e3) : T
7 = cmd Inversion on> = K; F' > binop(op, e1,€3) : T

7'=cmd & 7 = cmd & 75, = cmd < op = seq

By case analysis of the rulesfop : 7 x 7 — 7’
Via case analysis on binop(op, 1, e2) returns , there are two possibilities.
Casd- ¢, returns
3:T'+ e canreturn 7”
Inversion on>}; I - binop(op, €1, €2) canreturn 7"
3;T'F ey returns 7” Rule RETURNS DEFAULT
Y F ctx(F,binop(op, -, e3)) =T Rule GETFRAMECONTEXFEXP
assigned(F, binop(op,-,e)) = A Rule GETFRAMEASSIGNEBEXP
loopnest(F,binop(op, -, e3)) = notinloop
Rule GETLOOPCONTEXFEXP
> e; ok Rule pIROK-PUSHING
Y F K; F,binop(op,-,es) > €1 : T Rule CHECKSTATERETURNS
Casé- ¢, returns
3: Tt ey canreturn 7”
Inversion on>; I - binop(op, €1, €2) canreturn 7"

79 = cmd = ;" F ey canreturn 7” Weakening
;' binop(op, -, €2) pending 3 — 7’ @ 7”7 RuleISPENDING-BINOPL
F binop(op, -, €2) returns Rule DOESRETURNBINOPRHS
;T + binop(op, -, €2) returns 7" Rule RETURNS DEFAULT

¥, A'F F,binop(op, -, e2) : 7 — 7"
Rule cCHECKFRAMETYPEFRAMEEXPRET

75



Y F ctx(F,binop(op,-,e3)) =T Rule GETFRAMECONTEXFEXP
assigned(F, binop(op,-,e)) = A Rule GETFRAMEASSIGNEBEXP
loopnest(F, binop(op, -, es)) = L Rule GETLOOPCONTEXFEXP
> e; ok Rule pIROK-PUSHING
Y F K; F,binop(op,-,es) > €1 : T Rule CHECKSTATENORMAL

i | K; F,binop(op, -, e3) <v— pu | K; F,binop(op,v,-) > 3

Y F ctx(F,binop(op, -, e3)) =T Inversion onY - K; F binop(op, -, e3) <v : T
»Ikov:mn Inversion on> - K'; F,binop(op, -, e3) < v : T
assigned(F, binop(op,-,e)) = A Inversion onX - K; F, binop(op, -, e3) < v : T
FFv:A— A Inversion onX - K; F, binop(op, -, e2) < v : T
loopnest(F,binop(op,-,ez)) = L Inversion on> - K; F, binop(op, -, e3) < v : T
LFwvok Inversion on> - K; F binop(op, -, e3) < v : T
Y; Ak F,binop(op,-,e3) : 1 — 7" Inversion on> - K'; F,binop(op, -, e3) < v : T
SEK:Tm" > Inversion on> - K'; F,binop(op, -, e3) < v : 7
YEetx(F)=T Inversion on>J; A = F,binop(op, -, e2) : 71 — 7"
['F binop(op,-,ez) : A — A’ Inversion on>J; A - F,binop(op, -, ) : 71 — 7"

;' F binop(op, -, e3) pending 7 — 7’ @Q 7”7
Inversion onX; A + F, binop(op, -, es) : 71 — 7"
op:T X T — T Inversion on>; A = F,binop(op, -, e2) : 73 — 7"
79 = cmd = ;' ey canreturn 7”
Inversion on>J; T' - binop(op, -, e2) pending 71 — 7/ @ 7"
YT key:m Inversion on>J; I - binop(op, -, €2) pending 7y — 7’ @Q 7"
Fep: A— A Inversion onl" - binop(op, -, e3) : A — A

There are two possible rules used for the derivation;ofl - £ binop(op, -, e3) : 77 — 7"
CasecHECKFRAMETYPEFRAMEEXPNORET

SAFF T — 1" Inversion on>; A - F,binop(op, -, ) : 71 — 7"
- A= A Rule CHECKASSIGNHOLE
FFov: A — A Rule CHECKASSIGN-VALUE
I' F binop(op,v,-) : A" = A’ Rule CHECKASSIGN-BINOP
loopnest(F) =L Inversion on>; A = F,binop(op, -, e9) : 71 — 7"
L+ - ok Rule cCHECKLOOPVAR
L+ binop(op, v, -) ok Rule cHECKLOOP-BINOP
YXho:imn InversiononX; I'F v : 7y
;' binop(op, v, ) pending 7 — 7/ @ 7" Rule ISPENDING-BINOPR

;A F,binop(op,v,-) : o — 7"  Rule CHECKFRAMETYPEFRAMEEXPNORET

¥ F ctx(F,binop(op,v,-)) =T Rule GETFRAMECONTEXFEXP
assigned(l) = A Inversion onassigned(F, binop(op, -, e2)) = A
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assigned(F, binop(op,v,-)) = A Rule GETFRAMEASSIGNEBEXP

loopnest(F, binop(op,v,-)) = L Rule GETLOOPCONTEXFEXP
L I binop(op, -, e5) ok Inversion on>; A = F,binop(op, -, €2) : 73 — 7"
LF ey 0k Inversion onL + binop(op, -, €2) ok
> €5 0k Rule pIROK-PUSHING
Y F K; F,binop(op,v,-) > ey : T Rule CHECKSTATEENORMAL

OtherwisecHECKFRAMETYPEFRAMEEXPRETWAS used
F binop(op, -, €2) returns Inversion on>; A = F,binop(op, -, €2) : 71 — 7"
loopnest(F') = notinloop Inversion on:; A - F,binop(op,-,e): 1 — 7"
notinloop F binop(op,-,es) ok
Inversion on>J; A - F,binop(op, -, ) : 71 — 7"

7 = cmd Inversion onJ; A + F, binop(op, -, es) : 71 — 7"
7' =cmd & 7, = cmd < op = seq

¥ F ctx(F,binop(op,v,-)) =T Rule GETFRAMECONTEXFEXP
assigned(F, binop(op,v,-)) = A Rule GETFRAMEASSIGNEBEXP
loopnest(F,binop(op,v,-)) = notinloop Rule GETLOOPCONTEXFEXP
notinloop F e ok Inversion onnotinloop F binop(op,-,es) ok
> ey ok Rule DIROK-PUSHING
3;T'F ey canreturn 7”7 Modus ponens
3;T'F ey returns 7” Rule RETURNS ONLY
Y F K; F,binop(op,v,-) > ey : T Rule CHECKSTATERETURNS

| op(ur,ve) — ' |t
p | K; F binop(op,vy,-) <vg — ' | K; F <t

Y F ctx(F,binop(op,vy,-)) =T Inversion oY - K; F, binop(op, v1,+) > vy : T
YTk vg:my Inversion o> - K'; F,binop(op,vy,-) > vy : T
assigned(F, binop(op,vy,-)) = A Inversion on> - K; F, binop(op, vy,) > vy : T
FFvy:A— A Inversion onX - K; F, binop(op, v1,) > vy : T
loopnest(binop(op,vy,-)) = L Inversion o> - K; F, binop(op, v1,+) > vg : T
YK =T Inversion on> - K; F, binop(op, vy,+) > vy : T
¥; Al F,binop(op,vy,-) : o = 7' Inversion o> = K'; F,binop(op,vy,-) > vy : T
Yrhetx(F)=T Inversion onX; A - F, binop(op, vy, ) : 72 — 7'
assigned(F) = A Inversion on; A - F,binop(op,vy,-) : 79 — 7’
[' F binop(op,v,:): A — A Inversion on; A - F,binop(op,vy,-) : 79 — T’
loopnest(F) =L Inversion on; A F F,binop(op, vy, ) : 7o — 7'
S:ARF 7 =1 Inversion on; A F F, binop(op, vy,+) : 7o — 7'

;' F binop(op, vy, -) pending o — 7/ @ 7"
Inversion on; A - F,binop(op,vy,-) : 79 — T’
Y:'bFwv:mandop:m X1 — 7
Inversion on>; I' - binop(op, vy, -) pending o — 7’ @ 7"
| op(vy,va) =/ |t Inversiononu | K; F,binop(op,vy,-) <ve — /' | K; F <t
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i ¥ and eithert = exn or elset =" andX - o' : 7/

If t =exnthenX - K <exn: 7T
Otherwisef = v andX o' : 7/
TRV 7

'EY:A— A

L+ ok

< v ok

If 7/ = cmd thenv’ = nop

7 =cmd = X; ' F ¢ canreturn 7"
SEKF<U T

Lemmd I3

Rule CHECKSTATEEXN

Rule CHECKEXP-VALUE
Rule CHECKASSIGN-VALUE
Rule CHECKLOOPVALUE
Rule DIROK-RETURNING
Lemmd2

;' nop canreturn 7"
Rule CHECKSTATE-NORMAL

YFhcetx(F)=T

3; ' F monop(op, €) : 7"
assigned(F) = A

[' - monop(op,e) : A — A
loopnest(F) =L

L I monop(op, e) ok
AR F 7" — 7
YSEK:7" =71

'-:A— A

[' F monop(op, ) : A — A

Lt - ok

L I monop(op, -) ok

op:7 —= 71"

Y;T' F monop(op, -) pending 7/ — 7" @ 7"
Y; A+ F,ymonop(op,-) : 7" — 7"

¥ F ctx(F,monop(op,-)) =T
“;I'ke:7
assigned(F,monop(op,-)) = A
'Fe:A— A

L eok

> e ok

7' # cmd

7 =cmd = X;T'+ 7/ canreturn 7"
S b K Fmonop(op, ) & ¢ £ 7

| op(v) >t

i | K; Fymonop(op,-) v —p | K; F <t
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p | K; F > monop(op,e) = u | K; F,monop(op,-) > e

Inversion o> - K'; F' > monop(op, €) :
Inversion o> = K; F' > monop(op, €) :
Inversion on> - K'; F' &> monop(op, €) :
Inversion on> - K'; F' &> monop(op, €) :
Inversion o> - K'; F' &> monop(op, €) :
Inversion o> - K'; F' > monop(op, €) :
Inversion o> = K; F' > monop(op, €) :
Inversion o> - K; F' > monop(op, €) :

T T T T T B I

~— M N e e N S

Rule CHECKASSIGN-HOLE

Rule CHECKASSIGN-MONOP

Rule CHECKLOOP-VAR

Rule cHECKLOOP-MONOP

Inversion on>; I' - monop(op, €) : 7"
Rule1SPENDING-MONOP

Rule CHECKFRAMETYPEFRAMEEXPNORET

Rule GETFRAMECONTEXFEXP
Inversion on>; I' - monop(op, €) : 7"
Rule GETFRAMEASSIGNEBEXP
Inversion onl" - monop(op,e) : A — A
Inversion onL F monop(op, €) ok
Rule DIROK-PUSHING
Inversion orop : 7/ — 7
Vacuously true
Rule CHECKSTATE-NORMAL



Y b ctx(F,monop(op,-)) =T Inversion o> - K'; F monop(op,-) <v: T
kw7 Inversion o> - K'; F,monop(op,-) <v: T
assigned(F,monop(op,-)) = A Inversion on> - K'; F,monop(op,-) <v: T
r~v:A— A Inversion on> - K'; F,monop(op,-) <v: T
¥; A+ Fymonop(op,-) : 7" — 7" Inversion on> - K'; F,monop(op,-) <v: T
YK =T Inversion o> - K'; F monop(op,-) <v: T
Yhctx(F)=T Inversion onX - ctx(F,monop(op,-)) =T

I' - monop(op, -) : A — A Inversion on; A - F,monop(op,-) : 7/ — 7"
3;T' F monop(op, -) pending 7/ — 7" @ 7"

Inversion on; A -+ F,monop(op,-) : 7/ — 7"
Inversion onJ; A = F,monop(op, ) : 7/ — 7"
Inversion on; A = F,monop(op,-) : 7/ — 7"

S;AFF " — 1
loopnest(F) =L

"

op:T =T Inversion on>J; I' - monop(op, -) pending 7/ — 7" @ 7"
Eithert = exn ort = v whereX v : 7" Lemma1#
If t = exn

Trivially X F K <exn: 7
Otherwisel = v' whereX - v : 7"

ST 77 Rule CHECKEXP-VALUE
assigned(F) = A Inversion onassigned(F, monop(op,-)) = A
'Fv:A— A Rule CHECKASSIGN-VALUE
L1 ok Rule CHECKLOORVALUE
< v ok Rule DIROK-RETURNING

If 77 = cmd thenv’ = nop
n

7™ =cmd = X;I' F v canreturn 7"

YEKF v T

p | K; F > call(ep,e) = p | K F,call(-,e) > ey

Lemmd2
;' F nop canreturn 7"
Rule CHECKSTATEENORMAL

Yhcetx(F)=T Inversion onX - K; F' > call(ey,e) : T
YTk call(eys,e) : 7 Inversion onX - K; F' > call(ey,e) : T
assigned(F) = A Inversion onX - K; F' > call(ey,e) : T
I'call(es,e): A— A Inversion onX - K; F' > call(ey,e) : T
loopnest(F) =L Inversion onX - K; F' > call(eys,e) : T
L+ call(ey,e) ok Inversion onX - K; F' > call(ey,e) : T
S;AFF T — 1" Inversion onX - K; F' > call(ey,e) : 7
YFK 7" =T Inversion onX - K; F' > call(eg,e) : T
'Fe:A— A Inversion onl - call(ef,e) : A — A
'F-:A—= A Rule CHECKASSIGNHOLE

['Fcall(r,e): A— A
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L eok Inversion onL + call(ey,e) ok

Lt - ok Rule cCHECKLOOR-VAR
LI call(-,e) ok Rule cHECKLOOP-CALL
;' e:tuple(r,...,7,) Inversion on; I' = call(ey,e) : 7

¥;T'F call(:,e) pending (tuple(ry,...,7,) = 7.)% — 7. @ 7"
Rule ISPENDING-CALLF
Y, AF Focall(-,e): (tuple(ry,...,7) = 7)) = 7"
Rule CHECKFRAMETYPEFRAMEEXPNORET

Y Fctx(F,call(-,e)) =T Rule GETFRAMECONTEXFEXP
Y;I'Fes: (tuple(m,.. ) — T, )% Inversion onX; I' - call(ey,e) : 7
assigned(F, call(- ,e)) Rule GETFRAMEASSIGNEBEXP
I'Fep: A= A Inversion onl’ - call(es,e) : A — A
loopnest(F, call(-,e)) = L Rule GETLOOPCONTEXFEXP
L+ efok Inversion onL + call(ey)e ok
> ey ok RulebiroKk-PUSHING
(tuple(ry,...,7,) = 7,)* = cmd = X;I' F ey canreturn 7” Vacuously true
YFK;F call(-,e)>es:T Rule CHECKSTATEENORMAL

p | K Focall(,e) <v—p | K;F,call(v, ) > e

Y ctx(F, call(-,e)) =T Inversion onX - K; F, call(-,e) <v:T
assigned(F, call(-,e)) = A Inversion onX - K; F, call(-,e) <v:T
'Fv:A— A InversmnonEFKFcall(,e)qU T
YA Focall(s,e): (1, = 7o)k — 7r Inversion onX - K; F,call(-,e) <v:T
YEFK:7" =71 InversmnonZFKFcall(,e)<1v.¢
YFctx(F)=T Inversion onX; A - F, call(-,e) : (17, = 7-)% — 7,

¥;T'F call(:,e) pending (1, — 7,.)% — 7. @ 7"
Inversion on; A - F,call(-,e) : (1, = 7 )% — 7,

ST hov: (1, = 7)% Inversion onX - K; F,call(-,e) <v:T
v = ptr(a) whereX(a) =71, = 7, Lemma&2
;T Foptr(a) : (1, = 77)% Rule CHECKEXP-VAR
;' call(ptr(a),-) pending 7, — 7 @ 7" Rule1SPENDING-CALLA
loopnest(F) =L Inversion on; A - F, call(-,e) : (17, = 7)% — 7,
L call(v,-) ok Rule cHECKLOOP-CALL
'Fv:A— A Rule CHECKASSIGN-VALUE
F-:A— A Rule CHECKASSIGNHOLE
['Fcall(v,:): A— A Rule CHECKASSIGN-CALL
S, AF Fcall(v,:) i1, — 7" Rule CHECKFRAMETYPEFRAMEEXPNORET
Y Fctx(F,call(v,:)) =T Rule GETFRAMECONTEXFEXP
“;'ke:m, Inversion on>; I' - call(-, e) pending (7, — 7.)% — 7, @ 7"
assigned(l) = A Inversion onassigned(F, call(-,e)) = A
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assigned(F, call(v,:)) = A Rule GETFRAMEASSIGNEBEXP

['Fcall(r,e): A— A Inversion on; A - F,call(-,e) : (1, = 7 )% — 7,
'Fe:A—= A Inversion onl - call(-,e): A — A
loopnest([, call(v,-)) = L Rule GETLOOPCONTEXFEXP
L+ call(-,e) ok Inversion on; A - F, call(-,e) : (1, = 7-)% — 7,
LI eok Inversion onL + call(-, e) ok
> e ok Rule DIROK-PUSHING
p(a) = vy wherex - vs i 7, — 7, TR
vy = func(zy, ..., 2, €) Lemmd2
T, = tuple(7y, ..., ) Inversion on¥ - vy : 7, — 7,
7, =cmd = X; ' e canreturn 7” Vacuously true
YFK;Fcall(v, ) >e:T Rule CHECKSTATEENORMAL
p(a) = func(zq, ..., x,,€)

p | K;F call(ptr(a), ) < (vi,...,vn) = p | K;Fo oz i1 =01, Ty i T =0 D> €

5T F (v1,...,0,) : tuple(my,..., 7h)
Inversion onX - K; F, call(ptr(a), ) < (vy,...,0,) 1 T
assigned(F, call(ptr(a),-)) = A
Inversion onX - K; F, call(ptr(a), ) < (vy,...,v,) : T
IC'E(vg,...,0): A= A Inversion on - K; F, call(ptr(a),-) < (vi,...,v,) 1 T
YEFK:7" =71 Inversion onX - K; F, call(ptr(a),-) < (vi,...,v,) : T
¥; At F, call(ptr(a),-) : tuple(ry,...,7,) — 7"
Inversion onX - K; F, call(ptr(a), ) < (vy,...,0,) 1 T
['F call(ptr(a),:): A— A
Inversion onJ; A + F, call(ptr(a),-) : tuple(m,...,m) — 77
;' call(ptr(a),-) pending tuple(r,...,7,) — 7, Q@ 7"
Inversion on; A = F, call(ptr(a),-) : tuple(m,..., ) — 7"
;T Fptr(a) : tuple(m,...,7,) — Tp%
Inversion on>; I' F call(ptr(a), ) pending tuple(r,...,7,) — 7, Q@ 7"

Y F func(xy,...,z,,e) : tuple(ry,...7) = T

Inversion on>; I' - ptr(a) : tuple(m,..., ) — Tr*
S;AFF 71— 7" Inversionon:; A - F,call(ptr(a),-) : tuple(r,...,7) — 7”7
assigned(F) = A Inversion onassigned(F, call(ptr(a),-)) = A
YFKF T — T Rule CHECKSTACK-NONEMPTY
Yhcetx(,z i =01, Xy i Ty = 0p) =17 Lemma1b
assigned(, 21 : 7 =V1,..., Ty T =0,) = A’ Lemmd16
;. I'ke:cmd Inversion on> - func(xy,...,x,,e) : tuple(m,...T,) — 7
'Fe: A— A Inversion onY - func(zy,...,x,,€) : tuple(r,...7,) — 7»
loopnest(F') = notinloop By construction
notinloop F e ok Inversion on> - func(zy,...,x,,€) : tuple(r,...7,) — 7»
;' e returns 7, Inversion on> - func(xy,...,x,,e) : tuple(m,...T,) — 7
> e ok Rule DIROK-PUSHING
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YK F i =,

Ly 2 Tp =V >e: T

Rule CHECKSTATE-RETURNS

p | K; Focall(ptr(null), ) < (vi,...,v,) = p

YEK;F<exn:T

p | K F>()=p | K F<()

YFhetx(F)=T

;T () : tuple()
assigned(F) = A
'F():A—= A

;A F:tuple() —» 7"
YFEK:7" =71
loopnest(F) =L
LE()ok

tuple() = cmd = X; '+ () canreturn 7”
< () ok
YEFKFQ():T

p | K;F > (eq,..

D= p | KGF (...) > e

YEhetx(F)=T

S;T'F (eq,...) : tuple(r,..
assigned(F) = A
Fl—(el,...):A—>A
loopnest(F) =L
LE (eg,...) ok

;A F o tuple(ry, ..
YSEFK:7" =71

)

)=

Yil'key:m...
e :A— A...
Lte ok ...

71 small ...

'-:A—> A
'E(,...): A=A
Lok
LE(,...)0k
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| K; F < exn

Rule CHECKSTATEEXN

Inversion on: - K; F >
Inversion on® - K; F' >
Inversion on® - K; F >
Inversion on: - K; F >
Inversion on: - K; F >
Inversion on: - K; F >
Inversion on® - K; F' >

Inversionon - K F > () : 7
Vacuously true

RulebIROK-TUPLE

Rule CHECKSTATENORMAL

S

()
()
()
() :
()
()
()

InversiononX - K; F' > (eq,...) :
InversiononX - K; F' > (eq,...) :
Inversion onX - K; F' > (eq,...) :
Inversion onX = K; F' > (eq,...) :
InversiononX - K; F' > (eq,...) :
InversiononX - K; F' > (eq,...) :
InversiononX - K; F' > (eq,...) :
Inversion onX - K; F' > (eq,...) :

T T T e T N I

— e e e e N

Inversion ony; T = (e, ..
Inversion ol - (e, ..
Inversion onL F (e, ..

Inversion o I' k= (eq,...) : tuple(ry,..

) : tuple(m,...)
J:A—= A
.) ok

)

Rule CHECKASSIGN-HOLE
Rule CHECKASSIGNTUPLE
Rule CHECKLOOP-VAR
Rule cHECKLOOP-TUPLE



X;I'F (+,...) pending 1y — tuple(r,...) @ 7" Rule ISPENDING TUPLE

S;AFEE (o )i — T Rule CHECKFRAMETYPEFRAMEEXPNORET
Y Eetx(F,(-...))=T Rule GETFRAMECONTEXFEXP
assigned(F,(-,...)) = A Rule GETFRAMEASSIGNEBEXP
loopnest(F,(-,...)) =L Rule GETLOOPCONTEXFEXP
> e; ok Rule biIROK-PUSHING
71 # cmd No possible derivation afmd small
71 =cmd = ;' e; canreturn 7" Vacuously true
SEK;F (..)>e T Rule CHECKSTATENORMAL

p | KGF (e )<to = | KGF (oo, 0,0..00) B e

YEhctx(F (..., e,...))=T InversiononX - K F, (oo, e,...) v T
Y:Thov:m, InversiononX - K F (..., e,...) <lv: T
assigned(F, (..., €;,...)) =A InversiononX - K F (..., 6,...) v T
r~v:A— A InversiononX - K F, (oo, e, ...) v T
loopnest(F, (..., e;,...)) =1L InversiononX - K F) (..., e,...) <lv: T
LFwvok InversiononX - K F, (oo, e5,...) v T
SJARFE (e ) T = T InversiononX - K F (..., e,...) <<v: T
SEK:m"—> 71 InversiononX - K F (... e, ...) <<v:T
F'E(..,he,...): A=A Inversion3; A F, (..., e,...) i1 — 7"
YFEetx(F)=T InversionX; A F (..., e,...) T — 7"
loopnest(F) =L InversionX; A - F, (..., e,...) i Tieg — 7"
LE(...,-,e,...)0k InversionX; A- F (..., e,...) Timg — 7"
S, AR F o tuple(my,...,7) — 7" Inversion3; At F, (..., e,...) i Timg — 7"
o' A—> AT Re: A= ALl Inversionom™ = (..., e;,...): A— A
5 T'H (..., e;,...) pending 7;_; — tuple(r,...,7,) @ 1"
InversionX; A F (..., e,...) T — 7"

Z;Fl—ei:n

Inversion on; ' (..., e, ...) pending 7,1 — tuple(ry,...,7,) Q71"
71 small ...7, small

Inversion on; ' - (..., -, e;,...) pending 7,1 — tuple(ry,...,7,) Q71"
...LF -0k Lte;jok ... Inversiononl F (..., e;,...) ok
FE(..,u,...): A= A Rule CHECKASSIGNTUPLE
Lk (...,v,-...)0k Rule CHECKLOOP-TUPLE
S T'F(...,v,-,...) pending 7; — tuple(m,...,7,) Q7" RuleISPENDING-TUPLE
S;AREE (v, )i =T Rule CHECKFRAMETYPEFRAMEEXPNORET
YFEetx(F (... ,u,-...)) =T Rule GETFRAMECONTEXFEXP
assigned(F,(...,v,-,...)) =A Rule GETFRAMEASSIGNEBEXP
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loopnest(F), (...
> e; ok

7; # cmd

7, =cmd = X; ' F ¢; canreturn 7"
SEKE (o v, ) > T

) =L

y Uy oy e

w | K F (...

a ¢ dom()

J<Qv—p | K F<(o..,0)
YEetx(F,(...,)=T
»Ii'kov:T,
assigned(F,(...,)) =A
'~v:A—= A
loopnest(F,(...,-)) =1L
LFvok
SiAFF (o) T — T
YSEK:7" =71
YFEetx(F)=T
(.., ): A=A
loopnest(F) L

) o
Z,F - (...,) pending 7,, — tuple(ry,...,

"

S, AR F o tuple(my,...,Th) = 7

71 small ...7, small

Inversion on:; I" - (...

..=v; whereX v, : 7;

Inversionon:; T+ (...,

assigned(F) = A
loopnest(F) =L

D A o TP R

50 (.. v) : tuple(r,...,7y)
...LFuv ok ...

LE(...,v)0k

< tuple(...,v) ok

tuple(ry, ...
Y+ K;F <tuple(...,v): T

allocval(p,a,7,) = p/

p | K; Fr>alloc(r,) — ¢ | K; F <ptr(a)

Note: some trivial steps omitted here.
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,Tn) = cmd = X' tuple(...

Rule GETLOOPCONTEXTFEXP

Rule pIROK-PUSHING

No possible derivation aimd small
Vacuously true

Rule CHECKSTATE-NORMAL

InversiononX - K F (...
Inversionon: - K F (...
Inversion onX - K; F, (...
Inversion onX - K; F, (...
Inversion onX - K; F (...

(

(

(

Inversionon: - K; F (...
Inversionon: - K; F (...
Inversionon: - K F, (...

AANNNANNANNAA
S e e e e e
S T T T e T N I

— e e e e N

Inversion on¥ - ctx(F, (...
Inversion on:; A+ F, (...

) =T

;)T — T

Inversionon; A F o (...,:) 71 — 7"
Inversionon; A= F(...,) i1 — 7"
T,) @ 71"

Inversionon; A= F(...,:) i1 — 7"
Inversionon; At F,(...,:) 7, — 7"

,-) pending 7,, — tuple(ry,...,7,) @ 71"
-) pending 7, — tuple(n,...,7,) @71”
Inversion onassigned(F, (...,)) = A
Inversion onloopnest(F, (...,:)) = L

Rule CHECKEXP-VALUE
Rule CHECKEXP-TUPLE
Rule CHECKLOOR-VALUE
Rule CHECKLOOPTUPLE
RulebIROK-TUPLE

,v) canreturn 7" Vacuously true
Rule CHECKSTATEENORMAL



;T Falloc(r,) @ T Inversion on = K; F' > alloc(7,) : T

7, alloc Inversion on>J; I' - alloc(7,) @ 7%
' .allocval(u, a,7,) = p andy' : 3 andX < ¥ and¥'(a) = 7,. Lemmd®
Y FK;Fralloc(r,): T Lemma10
Y ctx(F)=T" Inversion onX' = K'; F' > alloc(7,) : 7
['Falloc(r,): A— A Inversion onX' - K; F' > alloc(7,) : T
AR F Tk — 1" Inversion onX' = K; F' > alloc(7,) : T
YEK:T =T Inversion onX' - K'; F' > alloc(7,) : 7
L+ ptr(a) ok Rule cHECKLOOPVALUE
['Fptr(a): A— A Rule CHECKASSIGN-VALUE
< ptr(a) ok Rule DIROK-RETURNING
Y ptr(a) : 7% Rule CHECKVAL-ADDRESS
YTV Foptr(a) @ 7% Rule cHECKEXP-VALUE
7,4 = cmd = ;' ptr(a) canreturn 7” Vacuously true
Y FK;F<ptr(a): 7 Rule CHECKSTATENORMAL

p | K; F > allocarray(r,,e) — p' | K; F,allocarray(7,, ) > e

YEetx(F)=T Inversion o> - K; F' < allocarray(7,,e) : T
¥, T+ allocarray(7y, €) : 74 Inversion onX - K; F' < allocarray(7,,e) : 7
assigned(F) = A Inversion onX - K; F' < allocarray(7,,e) : T
['F allocarray(r,,e) : A — A Inversion onX - K; F' < allocarray(7,,e) : 7
S;AFF ] — 7" Inversion on - K; F' < allocarray(7,,e) : T
SEK:7" =71 Inversion o> - K; F' < allocarray(7,,e) : T
loopnest(F) =L Inversion onX - K; F' < allocarray(7,,e) : 7
L - allocarray(7,,€) ok Inversion onX - K; F' < allocarray(7,,e) : 7
¥; 't e :int andr, alloc Inversion on; I' F allocarray(7,,e) : 7]
'F-:A—= A Rule CHECKASSIGNHOLE
['F allocarray(7,, ) : A — A Rule CHECKASSIGN-ALLOCARRAY
Lok Rule cHECKLOOP-VAR
L+ allocarray(r,, ) ok Rule CHECKLOOP-ALLOCARRAY
¥; 't allocarray(7,, -) pending int — bool @ 7" Rule ISPENDING-ALLOCARRAY
Y, AF F allocarray(,, ) : int — 7” Rule CHECKFRAMETYPEFRAMEEXPNORET
Y F ctx(F,allocarray(r,, ) =T Rule GETFRAMECONTEXFEXP
assigned(F,allocarray(7,,-)) = A Rule GETFRAMEASSIGNEBEXP
'Fe:A— A Inversion onl" - allocarray(7,,e): A — A
L eok Inversion onL + allocarray(7,, €) ok
loopnest(F,allocarray(r,, ) = L Rule GETLOOPCONTEXFEXP
> e ok Rulebirok-PUSHING
int =cmd = ;' e canreturn 7" Vacuously true
Y F K; F,allocarray(r,, ) >e: T Rule CHECKSTATEENORMAL
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a & dom(ft) makearray(j, a, T, n) = n >0

p | K; F,allocarray(r,,-) <m — u' | K; F < array(a,n)

assigned(F,allocarray(7,, ) = A

Inversion onX - K; Fallocarray(7,, ) <h: T
'Fn:A— A InverS|on ont - K; F,allocarray(r,, ) <7 : T
¥ At F,allocarray(7,,-) : int — 7"

Inversion on> - K; Fallocarray(7,, ) <7 : T
YEK 7 =T Inversion onX - K; F,allocarray(7,,:) <T: T
YFhecetx(F)=T Inversion onX; A - F,allocarray(7,,-) : int — 7"

;' allocarray(7,, -) pending int — 7,[] @ 77
Inversion on; A - F,allocarray(7,, ) : int — 7"

T, alloc Inversion on; A - F,allocarray(7,,-) : int — 7"
B ¥ andyE < ¥ andX b array(a,n) : 7,]] Lemmd9d
Y F K; F,allocarray(7,,-) < : T Lemma1D

assigned(F,allocarray(r,,-)) = A

Inversion onY - K; F,allocarray(7,, ) <7 : T
FrCn:A— A Inversion on + K; F,allocarray(7,, ) <n: 7
Y; AF F,allocarray(7,,-) : int — 7,]]

Inversion on + K; F,allocarray(r,, ) <n: 7T
YEK:iTm ST Inversion on + K; F,allocarray(7,, ) <n: T
YhEetx(F)=T Inversion onY; A + F,allocarray(7,,-) : int — 7"

[' - allocarray(r,, ) : A — A Inversion onX'; A - F,allocarray(7,,-) : int — 7"
;' F allocarray(7,, -) pending int — 7,[| @ 7"
Inversion onX'; A + F,allocarray(7,,-) : int — 7"

loopnest(F) =L Inversion on'; A + F,allocarray(7,,-) : int — 7"
YTEFE 7] =1 Inversion on'; A + F,allocarray(7,,-) : int — 7"
assigned(F) = A Inversion onassigned(F, allocarray(7,,-)) = A
L - array(a,n) ok Rule CHECKLOOPVALUE
['F array(a,n): A — A Rule CHECKASSIGN-VALUE
< array(a,n) ok Rule DIROK-RETURNING
7.]] = ecmd = ¥/;T' F array(a,n) canreturn 7" Vacuously true
¥+ K;F <array(a,n) : 7 Rule CHECKSTATENORMAL
n <0

p | K;Fyallocarray(r,:) <m — u | K; F < exn
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YFEK;F<exn:T Rule CHECKSTATEEXN

po| Ky F > if(ec,epep) = p | K F if(c e ep) D e

Yrhetx(F)=T Inversion onX - K; F > if(e., eq, ep) : T
I if(e, e ep) 7’ Inversion onX - K; F' > if(e., e, €5) 0 T
assigned(F) = A Inversion onX - K; F' o> if(e., e, €f) 0 T
' if(ec,enep): A— A Inversion onX - K; F' > if(e., e, ef) 0 T
SEK "> Inversion onX - K; F > if(e., eq, ep) : T

Y;I'Fe.:boolandX;I' e, : 7 andX; ' ey o 7
Inversion onx; I' - if (e, er, ep) = 7/
I'Fe.:A—Aandl'te : A— Ajandl'Fep: A — Ay whered, N Ay = A
Inversion onl - if (e, e, er) : A — A’

'-:A—- A Rule CHECKASSIGNHOLE
I'Eif(,enep): A=A Rule cCHECKASSIGN-IF
loopnest([F) =L Inversion onX - K; F' > if(e., e, ef) 0 T
L+ if(e. e, er) ok Inversion onX - K; F' > if(e., e, ef) 0 T

There are two possible rules used for the derivatioln 6f /(; F' > if(e., e, ef) : T
CasecHECKSTATENORMAL
SARF 7 — 1" Inversion onX - K; F' o> if(e., e, €p) 0 T
7' =cmd = ;' F if(e., e, ef) canreturn 7"
Inversion onX - K; F > if(e., eq, ep) : T

Lt e ok andL F ef ok andL F e, ok Inversion onL + if(e., e, ef) ok
Lok Rule CHECKLOOP-VAR
LFif(-, e, ey) ok Rule cHECKLOOPIF

7' =cmd = X;I' - ¢, canreturn 7”7 and7’ = ecmd = 3;I' F ey canreturn 7”

Inversion onr’ = cmd = X;I' - if(e, e, ef) canreturn 7"

Y, It if(-, e, €f) pending bool — 7/ @ 77 RuleIsPENDINGIF

Y, Al F,if(-,e;,e5) : bool - 7”7 Rule CHECKFRAMETYPEFRAMEEXPNORET
OtherwisecHECKSTATERETURNSWaS used:

Y+ if(e., e, ef) returns 7 Inversion onX - K; F' > if(e., e, €f) 0 T
L = notinloop Inversion onX - K; F' o> if(e., e, ef) 0 T
7 = cmd Inversion onX - K; F > if(e., eq, ep) : T

Y, It if(e., e, ef) canreturn 7"
Inversion ony; I' - if (e, e;, ey) returns 7"
Y; 't e, canreturn 7”7 andX; I' - e canreturn 7"
Inversion on>; I' + if(e,, e, ef) canreturn 7"

F if(e., e, ef) returns Inversion on; I' - if(e., e;, ef) returns 7"
e, returns andk e returns Inversion ont- if(e., e, ) returns
F if(-, e, ef) returns Rule DOESRETURNIF
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Y; It if(-, e, ef) pending bool — cmd @ 7”7 RuleISPENDINGIF

YAl F if(-,e,ef) : bool — 7" Rule CHECKFRAMETYPEFRAMEEXPRET
Y octx(F,if (-, eep)) =T Rule GETFRAMECONTEXFEXP
assigned(F,if (-, eq,e5)) = A Rule GETFRAMEASSIGNEDEXP
loopnest(F,if(-, e, ef)) = L Rule GETLOOPCONTEXFEXP
Lt e. ok Inversion onL - if(e., e;, ef) ok
> e, ok Rule pIROK-PUSHING
bool = cmd = ;' F e, canreturn 7" Vacuously true
YK Fif(e,ep)>ec: T Rule CHECKSTATENORMAL

po| K F if( e, ep) <true — p | K3 F > e

Yk ctx(F,if(-, er,e4)) =T Inversion onX - K; F,if (-, eq,ep) Qv T
Y:T'F true : bool Inversion onX - K; F,if(-, e ep) <v: T
assigned(F,if(-, e €5)) = A Inversion onX - K; F,if (-, e ep) <v: T
'Ftrue: A — A Inversion onX = K; F,if (-, e, ep) Qv T
Y, AR F if(- e, ef) : bool — 7" Inversion onX = K; F,if (-, eq,ep) Qv T
YKt =T Inversion onX - K; F,if (-, eq,ep) Qv T
YFetx(F)=T Inversion onX - ctx(F, if(-, et ep)) =T
assigned(F) = A Inversion onassigned(F, if(-, et ep)) = A

Y;I'F if(-, e, ef) pending bool — 7/ @ 7"
Inversion onX; A F F,if (-, e;, ef) : bool — 7"
YT ke 7 Inversion on; I' - if(-, e, ef) pending bool — 7/ @ 7"
7 =cmd = X;I'F ¢; canreturn 7"
Inversion on; I' - if(-, e, ef) pending bool — 7" @ 7"
I'Eif(,eep): A=A Inversion onX; A F F,if(-, e, ef) : bool — 7"
I'Fe:A—Aandl'Fep: A — Ay whered, N Ay = A
Inversion onl’ - if (-, e;,ep) : A — A
There are two possible rules used for the derivation:od - F, if(-, e, ef) : bool — 7"
CasSecHECKFRAMETYPEFRAMEEXPNORET

loopnest(F) =L Inversion onX; A F F,if(-, e, ef) : bool — 7"
LF if(-, e ey) ok Inversion onX; A F F,if(-, e, ef) : bool — 7"
SAFF T — 1" Inversion onx; A - F,if(-, e, ef) : bool — 7"
S A EE T =T Lemma 18
Lt e ok Inversion onL + if(-,e;, ef) ok
> e; ok Rule bIROK-PUSHING
YK F>e T Rule CHECKSTATEENORMAL

OtherwisecCHECKFRAMETYPEFRAMEEXPRET
loopnest(F') = notinloop Inversionon:; A F,if(-, e, ef) : bool — 7"
notinloop F if(-,e;er) ok Inversion onX; A - F,if(-, e, er) : bool — 7”
F if(-, e, ef) returns Inversion onX; A - F,if(-, es, ef) : bool — 7"
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7 = cmd Inversion onX; A - F,if(-, e, ef) : bool — 7"

- e; returns Inversion ot if(-, e;, es) returns
3;T'F e, returns 7” Rule RETURNS ONLY
notinloop F e; ok Inversion onnotinloop F if(-, e, ef) ok
> e; ok Rule pIROK-PUSHING
YFEFK;F>e T Rule CHECKSTATERETURNS

| Ky Foif(- e, ep) < false — p | K F > ey

Y octx(F,if (-, eep)) =T Inversion onX - K; F,if (-, e ef) <v: T
3; T+ false : bool Inversion onX = K; F,if (-, e, ep) Qv T
assigned(F,if(-, e, e5)) = A Inversion onX - K; F,if (-, ep,ep) <v:T
I'false: A — A Inversion onX - K; F,if (-, eq,ep) Qv T
Y AR F if(-, e, €5) : bool — 7" Inversion onX - K; F,if(-, e ep) <v: T
SEK:T"—> 1 Inversion onX - K; F,if(-, e ep) <v: T
YFEetx(F)=T Inversion on¥ - ctx(F, if(-, e, ef)) =T
assigned(F) = A Inversion onassigned(F, if(-,e;,ef)) = A

Y, It if(-, e, €f) pending bool — 7" @ 77
Inversion onX; A - F,if(-, es, ef) : bool — 7"
YT kep:t Inversion on; I' - if(-, e, ef) pending bool — 7 @ 7"
7'=cmd = %;I' - ey canreturn 7"
Inversion onX; I" - 1f(-, e, ef) pending bool — 7/ @ 7"
I'Fif(-,ep,ep): A= A Inversion onX; A - F,if(-, es, ef) : bool — 7"
I'Fe: A— Ajandl'-ep: A — Apwhered, N Ay = A
Inversion onl’ - if(-,e;,ef) : A — A’
There are two possible rules used for the derivation:of - F, if(-,e;, ef) : bool — 7"
CasecHECKFRAMETYPEFRAMEEXPNORET

loopnest(F) =L Inversion onX; A - F,if(-, e, ef) : bool — 7"
Lt if(-, e ey) ok Inversion onX; A - F,if(-, es, ef) : bool — 7"
SCARF T 1" Inversion onX; A - F,if(-, es, ef) : bool — 7"
AR E T =1 Lemmd18
L+ efok Inversion onL - if(-, e;, ef) ok
> ef ok RulebiroKk-PUSHING
YFK;Fep:T Rule CHECKSTATENORMAL

OtherwiseCHECKFRAMETYPEFRAMEEXPRET
loopnest(F) = notinloop InversiononX; A - F,if(-, e, ef) : bool — 7"
notinloop F if(-, e, er) ok Inversionon:; A - F,if(-, e ef) : bool — 7"
( )
(-

Fif(-, e;, ef) returns Inversion onX; A F F,if (-, e;, ef) : bool — 7"
7 = cmd Inversion onX; A - F,if(-, es, ef) : bool — 7"
ey returns Inversion ot if(-, e;, ey) returns
¥, I'F ef returns 7" Rule RETURNSONLY
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notinloop F ey ok Inversion onnotinloop F if(-, e, er) ok
> ef ok RuleDIROK-PUSHING
YK Frep:T Rule CHECKSTATERETURNS

p | K;F>decl(x,me) »pu | KF,x:Tm>e

YFhetx(F)=T Inversion on - K; F' > decl(x, 7y, €) = T
;T + decl(x, 7y, e) : cmd Inversion onX - K; F' > decl(z, 7,,€) : T
assigned(F) = A Inversion onX - K; F' > decl(x, 7, €) : T
['Fdecl(x,7p,e): A— A" — {z} Inversion on - K; F' > decl(z, 7, €) 0 T
SEFK:T =T Inversion on - K; F' > decl(z, 7, €) : T
g Aandl,z: 7, Fe: A— A Inversion onl” - decl(z,T,e) : A — A" — {z}
I :7m,Fe:cmd Inversion on; T' - decl(z, 7., ¢€) : cmd
There are two possible rules used for the derivatiol 6f K'; F' > decl(z, 74, €) : T
CasecHECKSTATENORMAL:

S, A — {2} F F:cmd — 77 Inversion on - K; F' > decl(z, 7, €) 0 T

loopnest(F) =L Inversion onX - K; F' > decl(x, 7y, €) : T

L+ decl(z,T,,e) ok Inversion on - K; F' > decl(z, 7,,€) : T

cmd = cmd = ;' decl(z, 7, ¢e) canreturn 77
Inversion on: - K; F' > decl(x, 7, €) : T

SsAFFx:7,:cmd — 77 Rule CHECKFRAMETYPEFRAMEVAR
Skhetx(Fix 7)) =T,z 7, Rule GETFRAMECONTEXFVAR
assigned(F,z:7,) = A Rule GETFRAMEASSIGNEB VAR
loopnest(F,z :7,) =L Rule GETLOOPCONTEXFDECL
L eok Inversion onL + decl(x, 7,,e) ok
> e ok Rule DIROK-PUSHING
;T2 : 7, F e canreturn 7’ Inversion on:; I' - decl(z, 7., €) canreturn 7”
cmd =cmd = ;1,2 : 7, F e canreturn 7”7 Weakening
YSFEFK;Fo:m,>e:T Rule CHECKSTATENORMAL
OtherwisecCHECKSTATERETURNSWAS used:
loopnest(F') = notinloop Inversion onX - K; F' > decl(x, 7y, €) = T
notinloop F decl(z,7,,¢€) ok Inversion onX - K; F' > decl(z, 7, €) : T
¥;T'+ decl(x, T, e) returns 7" Inversion onX - K; F' > decl(z, 7, €) : T
F decl(z, 7, €) returns Inversion on>}; I - decl(z, 7,e) returns 7”7
F e returns Inversion o+ decl(x, 7, €) returns
7" small Inversion on>}; I' - decl(z, 7, ¢) returns 7"

;' + decl(x, 7, e) canreturn 7"
Inversion on>}; I' - decl(z, 7,e) returns 7"
;[ x: 7, F e canreturn 7”7 Inversion on®; I' - decl(x, 7, €) canreturn 7"

Y:T',x: 7, F ereturns 7 Rule RETURNS-ONLY
loopnest(F,z : 7,) = notinloop Rule GETLOOPCONTEXFDECL
notinloop F e ok Inversion onnotinloop F decl(x,7,,€e) ok
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> e ok
YFetx(Flo 7)) =Tz 7,
assigned(F,z:7,) = A
YFEFK Fr T, >e:T

p | K;F,x:7 <<nop — p | K; F < nop

assigned(F,z:7,) = A
'Fnop: A— A
S;AFF a7, :cmd — 77
loopnest(F,z : 7,) = L
YEFK:T" =1
assigned(F) = Aandzx ¢ A
Y, A—{z}F F:cmd — 7"
AR F:ecmd — 77

Y F ctx(F) = I for somel’
> F nop : cind

;' nop : emd
loopnest(F) =L

3: '+ nop canreturn 7"
cmd = cmd = ;' nop canreturn 7”7
YFK;F <nop:T

Rule bIROK-PUSHING

Rule GETFRAMECONTEXFVAR
Rule GETFRAMEASSIGNED VAR
Rule CHECKSTATE-RETURNS

Inversionon: - K; F, x :
Inversionon: - K; F, x :
Inversionon® - K; F, x :
Inversionon + K; F,x : 7, <\ nop :
Inversionon: + K; F,x : 7, < nop :
Inversion onassigned(F,z : 7,) = A
Inversionon; A Fox: 7, : emd — 7”7
rgA=A—{z}=A
By construction

Rule cHECKVAL-NOP

Rule CHECKEXP-VALUE

Inversion onloopnest(F,z : 7,) = L
Rule ONLYRETURNS-NOP
Weakening

Rule CHECKSTATEENORMAL

T, <1NOp :
T, <1Nop :
T, <1NOop :

S48 8 AN

p | Ky F > assign(z,e) — u | K; F,assign(z,

Ykctx(F)=T

¥;T'F assign(z,e) : cmd
assigned(F) = A

I'+ assign(z,e): A — AU{z}
loopnest(F) = L

LI assign(z,e) ok

S, Au{a}F F:emd — 77
YFK:7" =71

=T"2:7andX; T e: 7 and7’ small
Inversion onl" I- assign(z,e) : A - AU {z}

'Fe:A— A

LFeok

'--:A—- A
I'Fassign(z,:): A — AU {x}
LFE .ok

L +- assign(z, ) ok

DIRN I
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J>e

Inversion onX - K; F' > assign(x,e) :
Inversion onX - K; F' > assign(x,e) :
Inversion onX - K; F' > assign(x,e) :
Inversion onX - K; ' > assign(x,e) :
Inversion onX - K; F' > assign(z,e) :
Inversion on: - K; F' > assign(x,e) :
Inversion onX - K; F' > assign(x,e) :
Inversion on - K; F > assign(z,e) : 7
Inversion on>; I' - assign(z,e) : cm

S T T e I

Inversion onL + assign(z, €) ok
Rule CHECKASSIGN-HOLE

Rule CHECKASSIGN-ASSIGN

Rule CHECKLOOP-VAR

Rule cCHECKLOOP-ASSIGN

Rule cCHECKEXP-VAR



;' F assign(z,-) pending 7/ — cmd @ 7" Rule ISPENDING-ASSIGN

Y, Al Flassign(z,:) : 7 — 1" Rule CHECKFRAMETYPEFRAMEEXPNORET
Y+ ctx(F,assign(z,)) =T Rule GETFRAMECONTEXFEXP
assigned(F, assign(z, ) = A Rule GETFRAMEASSIGNEDEXP
loopnest(F,assign(x,-)) = L Rule GETLOOPCONTEXFEXP
> e ok RulebIROK-PUSHING
Sincer” small by inversionr” # cmd.
7" =cmd = ;' e canreturn 7”7 Vacuously true
Y F K;F assign(x, ) >e: T Rule CHECKSTATEENORMAL
p | K;F,x:7, =wv,...,assign(z,") v —p | K;F oz 7, =v',... <nop
YFketx(F,x: 7, =v,...,assign(z, ) =T
Inversionon - K; F .z : 7, = v,...,assign(z,:) <v' : 7T
DO B R Inversionon - K; F.z : 7, =wv,...,assign(z,-) <v' : 7T
assigned(F,z: 7, =v,...,assign(z,:)) = A
InversiononX - F,z : 7, = v,...,assign(x,-) <o : 7
v :A— A Inversionon - F,x: 7, = v,...,assign(x,-) v : 7
;AR Flx i1, =wv,...,assign(z, ) : 7 — 7"
InversiononX - Fx: 7, = v,...,assign(x,-) Qv : 7
SEK:T" =T InversiononX - F oz : 7, = v,...,assign(x,-) Qv : 7
Y; 't assign(z, ) pending 7’ — cmd @ 7”
Inversionon; At Fox: 7, =wv,...,assign(x,-) : 7/ — 7"
DO B Inversion on>}; I' - assign(x, ) pending 7/ — cmd @ 7”
“:IMx:7Fax:7 wherel' =17,z : 7/ Inversion on; '+ x : 7/
YEo 7 Inversion on:; ' =o' : 7/
YrFo:7randr =71, Lemmd®
assigned(F,z:7, =0,...)= A Lemmd20
YSiAFFx:1m,=wv,...:cmd — 7"
Inversionon; A+ Fz 1, =v,...,assign(z,) : 7 — 7"
S AFFx 71, =4,...:cmd — 77 Lemmd 24
YFetx(F,x: 7, =14,...) =T for somel” By construction
;" F nop : cmd Rule CHECKEXP-VALUE
'Fnop: A— A Rule CHECKASSIGN-VAR
loopnest(F,z : 7, =v',...) = L for someL By construction
L = nop ok Rule CHECKLOOPVALUE
<l nop ok Rule DIROK-RETURNING
cmd = cmd = X; ' F nop canreturn 7" Weakening of Rul®NLYRETURNS-NOP
YFEK;Fx T, =v,... <nop: T Rule CHECKSTATENORMAL

p | K;F w7, ... assign(z,-) <v' = pu | K;F,x: 7, =v',... <nop
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YFctx(F,x:T,...,assign(x, ) =T
InversiononX - K; Fix : 7,...,assign(x, ) <v' = 7
DO B e U InversiononX - K; Fix : 7,...,assign(x, ) <v' = 7
assigned(F,z : 7,...,assign(z,:)) = A
Inversionon: - F z : 7,...,assign(x, ) <v' : 7
kv :A— A Inversionon: - F z : 7,...,assign(x, ) <v' : 7
;AR Fix:7,...,assign(x, ) : 7' — 17”
Inversionon: - F z : 7,...,assign(x,-) <v' : 7
SEFK:T =T InversiononX - F,x: 7, = v,...,assign(x,-) v : 7
¥;T'+ assign(z, ) pending 7" — cmd @Q 7”7
Inversionon; A+ Fox:7,... assign(x, ) : 7/ — 7"

DO B A Inversion on>}; I' - assign(x, ) pending 7/ — cmd @ 7”
S:IMx:7Fax:7wherel' =17,z : 7/ Inversion on; '+« : 7/
DN RV Inversion on:; ' =o' : 7/
YEV T, Lemmd®
assigned(F,z:7=1,...) = AU {z} Lemma19

S, AU{z}F Fx:7,...: cmd — 7"
Inversionon; A= Foa:7,...,assign(x, ) : 77 — 7"

S;Au{z}FFx:7=7,...:cmd — 7" Lemmd2Z3B
SEetx(F,x:7=7,...)=T"for somel” By construction
;" F nop : cmd Rule CHECKEXP-VALUE
I'Fnop: AU{z} - AU {z} Rule CHECKASSIGN-VAR
loopnest(F,z : 7 =1',...) = L for someL By construction
L = nop ok Rule CHECKLOOPVALUE
< nop ok Rule DIROK-RETURNING
cmd = cmd = ;' - nop canreturn 7" Weakening of RUl®NLYRETURNS-NOP
YHEK;Fx:T=v,... <nop:T Rule CHECKSTATENORMAL

p | K;F,x 71, =v<4nop — u | K; F <nop

assigned(F,z:7, =v) = A Inversionon - K; F,x : 7, =v <\nop : T
'Fnop: A— A InversiononX - K; Fix : 7, =v <\nop : T
SsAFFx 1, =v:cmd — 77 Inversionon - K; F,x : 7, =v <<nop : T
S, A—{z}F F:cmd — 7" Inversionon; A+ Foox: 7, =v:cmd — 7”7

assigned(F) = A’ whereA' U {z} = Aandx ¢ A’
Inversion onassigned(F,z: 7, =v) = A

A—{z}=A4A AU{z}=Aandzx ¢ A
['+Fnop: A/ — A Rule CHECKASSIGN-VALUE
Ykhetx(Fox i1, =v) =T Inversionon; A+ Foox:7, =v:cmd — 77
YEetx(F)=T Inversion on® - ctx(F,z: 7, =v) =T
Y F nop : cimd Rule cHECKVAL-NOP
;T F nop : cmd Rule CHECKEXP-VALUE
loopnest(F,z: 7, =v) =L Inversionon; A Flx 7, =v:cmd — 77
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loopnest(F) =L Inversion onloopnest(F,z : 7, =v) =L

L F nop ok Rule CHECKLOOPVALUE
YEK 717" =1 Inversionon; A Flx: 7, =v:cmd — 7”7
<l nop ok Inversionon; A Fox: 7, =v:cmd — 7”7
cmd = cmd = X; ' - nop canreturn 7’ Inversionon; A+ Flx i 7, =v:cmd — 7"
YFK;F <nop: T Rule CHECKSTATEENORMAL

| K; F > return(e) — p | K; F,return(-) > e

Yhctx(F)=T Inversion onX - K; F' > return(e) : 7
;' F return(e) : cmd Inversion onX - K; F' > return(e) : 7
assigned(F) = A Inversion on> - K'; F' > return(e) : 7
LTl e.., Xy Ty return(e) : A — {xy, ..., 2.}

Inversion on - K; F' > return(e) : 7
YEFK:7" =71 Inversion on - K; F' > return(e) : 7

There are two possible rules used for the derivatioR 6f K; F' > return(e) : 7
CasecHECKSTATE-NORMAL:
;AR F:cmd — 7”7 Inversion on> - K; F' > return(e) : 7
cmd = cmd = %;T' - return(e) canreturn 7”
Inversion on - K; F' > return(e) : 7

;' F return(e) canreturn 7" Modus ponens
Y:I'ke: 7" and7” small Inversion on>}; I' - return(e) canreturn 7”
loopnest([F) =L Inversion onX - K; F' > return(e) : 7
L I return(e) ok Inversion o - K; F' > return(e) : 7
F return(-) returns Rule DOESRETURNRETURN
'F-:A— A Rule CHECKASSIGNHOLE
I'Freturn(-): A — A Rule CHECKASSIGN-RETURN
L+ return(-) ok Rule CHECKLOOP-RETURN
Y;T'F return(-) pending 7" — cmd @ 7” Rule ISPENDINGRETURN
Y, AF Freturn(-) : 7" — 7" Rule CHECKFRAMETYPEFRAMEEXPNORET
Y F ctx(F,return(-)) =T Rule GETFRAMECONTEXFEXP
assigned(F, return(-)) = A Rule GETFRAMEASSIGNEBEXP
'Fe:A—= A Inversion onl" - return(e) : A — A
loopnest(F,return(:)) = L Rule GETLOOPCONTEXFEXP
Lt eok Inversion onL + return(e) ok
> e ok Rule DIROK-PUSHING
Sincer” small by inversionr” # cmd.
7" =cmd = ;' e canreturn 7”7 Vacuously true
Y+ K;F,return(-)>e: T Rule CHECKSTATENORMAL
OtherwisecHECKSTATERETURNSWas used
loopnest(F') = notinloop Inversion on - K; F' > return(e) : 7
notinloop F return(e) ok Inversion on> - K; F' > return(e) : 7
W ITke: 7" Inversion on:; ' e : 7”7
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F return(-) returns Rule DOESRETURNRETURN

'F-:A— A Rule CHECKASSIGNHOLE
I'Freturn(-): A - A Rule CHECKASSIGN-RETURN
notinloop F return(:) ok Rule CHECKLOOP-RETURN
;T F return(-) pending 7" — cmd @ 7" Rule ISPENDING-RETURN
Y, A Freturn(:) : 7" — 7" Rule CHECKFRAMETYPEFRAMEEXPRET
Y F ctx(F,return(-)) =T Rule GETFRAMECONTEXFEXP
assigned(F,return(-)) = A Rule GETFRAMEASSIGNEBEXP
'Fe:A— A Inversion onl" - return(e) : A — A
loopnest(F,return(:)) = notinloop Rule GETLOOPCONTEXFEXP
notinloop F e ok Inversion onnotinloop F return(e) ok
> e ok Rule DIROK-PUSHING
Sincer” small by inversionr” # cmd.

7" =cmd = ;' e canreturn 7" Vacuously true
Y+ K;F,return(-)>e: T Rule CHECKSTATENORMAL

p | K;F return(s) <e—pu | K <e

YiT'ke: 7 Inversion on> - K; Freturn(-) <e: 7
;A K; Fyreturn(:) : 7/ — 7" Inversion on> - K; Freturn(-) <e: 7
< eok Inversion onX - K; F,return(-) <e: 7

Y; 't return(-) pending 7’ — cmd @ 7”

Inversion on; A + K; F,return(-) : 7/ — 7"

7' =7"and7” small Inversion on>J; I' - return(-) pending 7/ — cmd @ 7"

YEK

S s Inversion on; T' e : 7/

Case analysis on the derivation®f- K : 7”7 — 7 gives two possible cases.
If the rulecheckstack-empty ~ was used then

K =-andr = 1" InversiononX - K : 77 — 71
Via case analysis of1 e ok : eithere = somev ore = ().
If e = v then
XyokFworT Rule CHECKEXP-VALUE
Otherwisee = ()
7 =) Inversionon; ' e : 7/
5ok () T Rule CHECKEXP-TUPLE
YhEQe:T Rule CHECKSTATEEMPTY

Otherwise the ruleheckstack-nonempty was used.

K = K'; F' andassigned(F’') = A'andX; A’ F' o 77 — 7”7

andX - K': 7" — 1 Inversionon - K : 77" — 7
YFcetx(F)=T" By construction
loopnest(F') = L By construction
Via case analysis oqi e ok : eithere = somev ore = ().

If e = v then
DR I I Rule CHECKEXP-VALUE
FFv: AA— A Rule CHECKASSIGNVALUE
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L v ok
Otherwisee = ()
=)
STV 7
FE():A— A
Lt () ok
7" # cmd
7 =cmd = X;I' F e canreturn 7"
YEKGSF et

Rule cHECKLOOP-VALUE

Inversionon:;I'e: 7/

Rule CHECKEXP-TUPLE

Rule CHECKASSIGNTUPLE

Rule CHECKLOOPRTUPLE

No derivation ofcmd small
Vacuously true

Rule CHECKSTATEENORMAL

p | K5 F > loop(e.e) — u | K; F,loopctx(e., e) > if(e., €, break)

YFEetx(F)=T

;T F loop(ee, e) : ecmd
assigned(F) = A

I' - loop(ec,e) : A — A
loopnest(F) = L

L+ loop(e,, €) ok
Y:AFF:cmd — 77
YEFK:7" =71

Inversion on - K; F' > loop(e,, €) :
Inversion on - K; F' > loop(e., €) :
Inversion on> - K; F' > loop(e.,€) :
Inversion onX - K; F' > loop(e., e) :
Inversion onX - K; F' > loop(e.,e) :
Inversion on - K; F' > loop(e,, €) :
Inversion on> - K; F' > loop(e., €) :
Inversion on - K'; F' > loop(e.,€) :

e e e

cmd = cmd = X;I' F loop(e., €) canreturn 7"

¥, Ak F,loopctx(e,e) : cmd — 7”

Y F ctx(F, loopctx(eqe)) =T
;' e, : bool
;I'Fe:cmd

;' F break : cmd

YT+ if(e., e, break) : cmd

assigned(F,loopctx(e., e)) = A
'Fe.:A— A

FFe: A=A

['+break: A— A

ANA =A

['Fif(e., e,break): A — A

loopnest(F, loopctx(e., e)) = inloop
Lt e.ok

inloop I e, ok

inloop F e ok

inloop F break ok

inloop F if(e., e, break) ok
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Inversion onX - K; F' > loop(e., e) : T

Rule CHECKFRAMETYPEFRAMEEXPNORET

Rule GETFRAMECONTEXFLOOP
Inversion on>J; I' - loop(e., €) : cmd
Inversion on>}; I' - loop(e., €) : cmd

Rule CHECKEXP-BREAK
Rule cHECKEXP-IF

Rule GETFRAMEASSIGNEDLOOP
Inversion onl" - loop(e.,e) : A — A
Inversion onl" - loop(e.,e) : A — A

Rule CHECKASSIGN-BREAK
Lemma2b

Rule cHECKASSIGNIF

Rule GETLOOPCONTEXFLOOP
Inversion onL + loop(e., ) ok
Lemma26
Inversion onL F loop(e, €) ok
Rule CHECKLOOP-BREAK
Rule cHECKLOORIF



> if(e., €, break) ok Rule DIROK-PUSHING
¥; '+ loop(e,, e) canreturn 7"
Modus ponens witlkmd = cmd = ¥;T' - loop(e,, €) canreturn 7"

;' e canreturn 7" Inversion on>; T' - loop(e., €) canreturn 7"
;' break canreturn 7" Rule ONLYRETURNS-BREAK
¥; '+ if(e., e, break) canreturn 7" Rule ONLYRETURNSIF
cmd = cmd = X; ' F if(e,, e, break) canreturn 7" Trivial weakening
Y F K; F,loopctx(e., e) > if(e., e, break) : 7 Rule CHECKSTATEENORMAL

p | K; F,loopctx(e., e) <nop — p | K; F,loopctx(e,.,e) < continue

loopnest(F,loopctx(e., e)) = inloop Rule GETLOOPCONTEXFLOOP
innerloop(F,loopctx(e., e)) = F,loopctx(e,,e) Rule GETINNERLOORLOOP
assigned(F,loopctx(e., e)) = A Inversion onX - K; F, loopctx(e., e) <nop : 7
Fnop:A— A Inversion o> - K; F', loopctx(e., €) <nop : T
Y F ctx(F,loopctx(ec,e)) =T Inversion o> - K; F, loopctx(e., e) <nop : 7
;T F nop : cmd Inversion onX - K; F, loopctx(e., e) <nop : 7
Y, Ak F,loopctx(e.,e) : cmd — 7" Inversion onX - K; F, loopctx(e., e) <nop : 7
YEK T =71 Inversion o> - K; F', loopctx(e., €) <inop : T
Y F K, F,loopctx(e., e) < continue : 7 Rule CHECKSTATELOOPCONT

p | K;F>break — u | K; F < break

inloop F break ok Inversion on: - K; F' > break : 7

loopnest(F') = inloop Inversion onX = K; F' > break : 7

assigned(F) = A Inversion o> - K; F' > break : 7

YTl e.. Xy Ty - break : A — {xy,...,x,} Inversionon: - K; F > break: T

YFhetx(F)=T Inversion on - K; F' > break : 7

: T+ break : 7/ Inversion on - K; F' > break : 7

7' = cmd Inversion on:; I' - break : 7/

;AR F:emd — 77 Inversion on® - K; F' > break : 7

SEK =T Inversion on® - K; F' > break : 7

innerloop(F') = F’,loopctx(e., e) andassigned(F’) = A" and

AR F emd — 7" Lemma12
;A F F' loopctx(e., €) : cmd — 7" Rule CHECKFRAMETYPEFRAMELOOP
Y FK;F <break: T Rule CHECKSTATELOOPBRK

p | K;F x:71, =v<break — pu | K; F < break
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assigned(F’) = A
;AR F' i emd — 77

Inversionon - K, F.x:7, =v < :
Inversionon - K Fox:m, =0 <

S48 89N

YEK T =1 Inversionon> - K Fx 7, =v <
loopnest([F,x : 7, = v) = inloop InversiononX - K; Flox i1, =v < -
innerloop(F,x : 7, =v) = F’ Inversionon> - K Fx 7, =v < :

Inversion onloopnest(F,z : 7, = v) = inloop
Inversion oninnerloop(F,z : 7, = v) = F’
Rule CHECKSTATELOOPBRK

loopnest(F) = inloop
innerloop(F) = F’
Y K;F <break: T

p | K;F,x: 7 <break — p | K; F < break

assigned(F’) = A

Y AFF' :emd — 77
YFK:7" =71
loopnest(F,z : 7,) = inloop
innerloop(F,x : 7,) = F’
loopnest([F) = inloop
innerloop(F') = F’

YFK;F <break : T

Inversionon: + K; F,x : 7, < break :
Inversiononx - K; F x : 7, < break :
Inversionont - K; F, x : 7, < break :
Inversionont - K; F,x : 7, < break :
Inversionon: + K; F,x : 7, < break :
Inversion onloopnest(F,z : 7,,) = inloop
Inversion oninnerloop(F,x : 7,) = F’
Rule CHECKSTATELOOPBRK

S

u | K;F e <break — p | K; F < break

assigned(F’) = A

;AR F i emd — 77
YEFK =71
loopnest(F,e) = inloop
innerloop(F,e) = F’
loopnest(F') = inloop
innerloop(F) = F’
YFK;F <break: T

Inversion on® - K; F, e < break :
Inversion on: - K; F,e < break :
Inversion on: - K; F,e < break :
Inversion on: - K; F e < break :
Inversion on - K; F e < break :

S48 9N

Inversion onloopnest(F,e) = inloop

Inversion oninnerloop(F,e) = F”
Rule CHECKSTATELOOPBRK

p | K; F,loopctx(e., e) < break — u | K; F < nop

innerloop(F, loopctx(e., e)) = F' Inversion onX - K; F, loopctx(e., e) < break : 7
F’' = F,loopctx(e., €) Inversion oninnerloop(F, loopctx(e.,e)) = F’
Y; Ak F,loopctx(eqe) : cmd — 7”7

Inversion o> - K; F', loopctx(e., €) < break : T
Inversion onJ; A - F, loopctx(e., e) : cmd — 7"
Inversion onJ; A - F, loopctx(e., e) : cmd — 7"
Inversion onX - K; F, loopctx(e., e) < break : T

assigned(F) = A
;AR F:emd — 77
YEK:T" =1
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Y F ctx(F) =T for somel’ By construction

3 F nop: cimd Rule cHECKVAL-NOP
;' nop : emd Rule CHECKEXP-VALUE
I'Fnop: A— A Rule CHECKASSIGN-VALUE
loopnest(F') = L for someL By construction
L F nop ok Rule CHECKLOOPVALUE
<l nop ok Rule DIROK-RETURNING
Y; ' nop canreturn 7" Rule ONLYRETURNS-NOP
cmd = cmd = ;' F nop canreturn 7" Always true
YFK;F <nop: T Rule CHECKSTATENORMAL

i | K; F > continue — p | K; F' < continue

inloop I continue ok Inversion on: - K; F' > continue : 7
loopnest(F') = inloop Inversion o> - K; F' > continue : 7
assigned(F) = A Inversion on¥ - K'; F' > continue : 7
1Ty ..., Xy Ty b continue : A — {xy,...,2,}

Inversion on® - K; F' > continue : T
YFetx(F)=T Inversion onX - K; F' > continue : 7
3;T'F continue : 7/ Inversion on® + K; F' > continue : 7
7/ = cmd Inversion on:; I' - continue : 7/
;AR F:ecmd — 77 Inversion on® - K; F' > continue : T
SEK "> Inversion on® - K; F' > continue : 7
innerloop(F') = F’, loopctx(e., ¢) andassigned(F”’) = A" and
;A EF emd — 77 Lemma12
¥, A’ F' loopctx(e., ) : cmd — 7" Rule CHECKFRAMETYPEFRAMELOOP
Y F K;F <continue : 7 Rule CHECKSTATELOOPCONT

p | K;Fyx: 7, =v <continue — p | K; F' < continue

assigned(F’) = A Inversion onX - K; F,x : 7, = v < continue : T
Y AFF' :cmd — 77 InversiononX - K; F,x : 7, = v < continue : 7T
YEK 7" =T Inversionon + K; F,x : 7, = v < continue : T
loopnest(F,z : 7, = v) = inloop InversiononX - K; F,x: 1, =v < continue : T
innerloop(F,z : 7, =v) = F' Inversion onX - K; F,x : 7, = v < continue : 7
loopnest(F') = inloop Inversion onloopnest(F,z : 7, = v) = inloop

innerloop(F') = F’ Inversion oninnerloop(F,z : 7, = v) = F’
¥ F K;F < continue : 7 Rule CHECKSTATE-LOOPCONT

p | K;F,x:7 <continue — i | K; F' < continue
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assigned(F’) = A Inversion onX -+ K; F,x : 7, < continue : 7
;AR F i emd — 77 InversiononX - K; F,x : 7, < continue : T
YEK 17— 71 Inversionon + K; F,x : 7, < continue : T
loopnest([F,z : 7,) = inloop Inversion onX - K; F,x : 7, < continue : 7
innerloop(F,z : 7,) = F’ Inversionon + K; F,x : 7, < continue : T
loopnest(F') = inloop Inversion onloopnest(F,z : 7,) = inloop

innerloop(F) = F’ Inversion oninnerloop(F,x : 7,) = F’
Y F K;F <continue : 7 Rule CHECKSTATELOOPCONT

p | K;F,e <continue — u | K; F' < continue

assigned(F’) = A Inversion onX - K; F, e < continue : 7
Y AFF' :emd — 77 Inversion on® - K; F,e < continue : 7
YEK T =71 Inversion on® - K; F, e < continue : T
loopnest(F,e) = inloop Inversion on® - K; F,e < continue : 7
innerloop(F,e) = F’ Inversion onX - K; F,e < continue : 7
loopnest(F) = inloop Inversion onloopnest(F,e) = inloop

innerloop(F') = F’ Inversion oninnerloop(F,e) = F”
Y F K;F <continue : 7 Rule CHECKSTATELOOPCONT

p | K; F,loopctx(e.,e) < continue — u | K; F' > loop(e.,€)

!/

innerloop(F,loopctx(e., €)) = F
Inversion on> - K'; F',loopctx(e., €) <l continue : T
F" = F,loopctx(e,, €) Inversion oninnerloop(F, loopctx(e.,e)) = F”
¥, Ak F,loopctx(e,e) : cmd — 7"
Inversion o> - K; F, loopctx(e,, €) < continue : 7
;A F:cmd — 77
Inversion onJ; A + F,loopctx(e., €) : cmd — 7"
assigned(F, loopctx(e.,e)) = A Inversion on:; A - F,loopctx(e.,e) : cmd — 7"

assigned(F) = A Inversion onassigned(F, loopctx(e., e)) = A
YA F:cmd — 77 Inversion on; A - F, loopctx(e., e) : cmd — 7”7
YEK T > T Inversion onX - K'; F', loopctx(e., €) <l continue : T
Yhcetx(F)=T Inversion onJ; A - F,loopctx(e., €) : cmd — 7"
¥;T'F loop(ee, €) : cmd Inversion on>J; A + F,loopctx(e., €) : cmd — 7"
I' - loop(e.,e) : A" — A Inversion on; A - F, loopctx(e., e) : cmd — 7"
loopnest(F) =L Inversion onJ; A - F, loopctx(e., e) : cmd — 7”7
L+ loop(e.,e) ok Inversion on>J; A - F,loopctx(e., €) : cmd — 7"
> loop(e., €) ok Rule DIROK-PUSHING
;' F loop(e., €) canreturn 77 Inversion on¥; A - F, loopctx(e., e) : cmd — 7"
cmd = cmd = X;T' F loop(e., €) canreturn 7" Always true
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Y F K;F > loop(ec,e): T Rule CHECKSTATENORMAL

p | K;F <exn— pu | - <exn

YE-<exn:T Rule CHECKSTATE-EXN
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Appendix B

Standard Libraries

These are the standard libraries as of this publication.

B.1 Input/Output

B.1.1 conio

Theconio library contains functions for performing basic consolgunhand output.
voi d print( string s)
Printss to standard output.
void printin( string s)
Same agrint  but unconditionally prints a newline .
voi d printint( int i)
A simple convenience function which conveirt$o a string and callgrint
string readline()

Parses a newlinan( or\r\n ) delimited sequence of characters from standard input etodns
them as a string.

B.1.2 file

Thefile library contains functions for reading lines out of filesleBihandles are represented
by thefile _t type. The handle contains an internal position which ramiges O to the logical
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size of the file in bytes. File handles should be closed whew #re no longer needed. The
program must close them explicitly - garbage collectiorheffile handle will not close it.

file_t file_read( string path)

Creates a handle for reading from the file given by the speqifi¢il. If the file cannot be opened
for reading, the program aborts.

voi d file_close(file_t f)

Releases any resources associated with the file handle.uHgisdn should not be invoked twice
on the same handle.

bool file_eof(file_t f)
Returns true if the internal position of the handle is the sizthe file.
string file_readline(file_t f)

Reads a line from the given file, advancing the handle’s iafgvosition by the number of char-
acters in the returned string plus the delimeters. Lineslan®ted by thén or\rin characters
or the end of the file.

B.1.3 args

Theargs library provides functions for basic argument parsing. rétege several functions that
set up the description of the argument schema and then & gingition args_parse ) which
performs the parsing.

voi d args flag( string name, bool =*ptr)

Describes a simple boolean flag. If present on the commaegdigs_parse sets+ptr to
true.

voi d args_int( string name, int =xptr)
Describes a switch expecting an integer of the form accdptedrse_integer ~ withbase = 0.
If present on the command line,
args_parse sets«ptr to the value parsed from the switch. If the value could notérsed, it

iS not set.
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voi d args_string( string name, string =*ptr)

Describes a switch expecting some additional argumentefgnt on the command linrgs_parse
sets+ptr to the argument.

string[] args_parse()
Attempts to parse the command line arguments given to thgramo by the operating system.

Arguments that indicate a switch consume the next argunfegguuments that are not matched
to switches or flags are considered positional argumentsinceturned in an array.

B.2 Data manipulation

B.2.1 parse

Theparse library provides two functions to parse integers and bawedhese functions return
pointers to two structsst ruct parsed_bool andstruct parsed_int
struct parsed_bool is has the following members:

bool parsed Indicates if the string was successfully parsed
bool value If the parsed field is true, holds the parsed value

struct parsed_int has the same members except thehte is of typei nt .
struct parsed_bool =*parse _bool( string s)

Attempts to parses into a value of typebool . Accepts"true” and"false"  as valid
strings.

struct parsed_int *parse_int(  string s, int b)
Attempts to parse as a number written in base Supported bases include 8, 10 and 16b If
is 0, the base of the number is inferred from the leading €ligit indicates that the base is 16,

otherwise0l indicates base 8 and any other digit indicates base 10.
If the number is too large to be represented asr@n number is not parsed.

B.2.2 string

Thestring library contains a few basic routines for working with sgggnand characters.

i nt string_length( string s)
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Returns the number of characterssin
char string_charat( string s, int n)

Returns thenth character irs. If n is less than zero or greater than the length of the string, the
program aborts.

string string_join( string a, string b)
Returns a string containing the contentdappended to the contentsaf

string string_sub( string s, int start, i nt end)
Returns the substring composed of the charactesshEginning at index given bgtart and
continuing up to but not including the index given by enddfl <= start , the empty string is

returned Ifend < 0 orend > the length of the string, it is treated as though it were etjutiie
length of the string. Ibtart < 0 the empty string is returned.

bool string_equal( string a, string b)
Returng r ue if the contents of andb are equal anélal se otherwise.
i nt string_compare( string a, string b)

Compares andb lexicographically. Ifa comes beforé, then the return value is negative. If
string_equal(a,b) ist rue, the return value is 0. Otherwise the return value is grehtar
0.

bool char_equal( char a, char b)

Returns whether or not the two characters are identical.
i nt char_compare( char a, char b)

Compares the two characters according to their ASCII encodirige two characters have the
same encoding, the return value is Ocifr_ord(a) < char_ord(b) , then the return value
is less than 0. Otherwise it is greater than 0.

string string_frombool( bool b)
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Returns a canonical representatiorbas a string. The returned value will always be parsed by
parse_bool into a value equal tb.

string string_fromint( int i)

Returns a canonical representation @s a string. The returned value will always be parsed by
parse_int  into a value equal to.

string string_tolower( string s)

Returns a string containing the same character sequerscbwswith each upper case character
replaced by its lower case version.

char[] string_to_chararray( string s)

Returns the characters $nas an array. The length of the array is one more than the lerigth
The last character in the array'\@’

string string_from_chararray( char[] A)

Returns a string containing the characters franm it. The last character of the array must be
equal to\0’ . The program will abort if it is not.

i nt char_ord( char c¢)
Returns an integer representing the ASCII encoding. of
char char_chr( int n)

Decodesh as an ASCII character and returns the resulh ¢lannot be decoded as valid ASCII,
the program aborts.

B.3 Images

B.3.1 img

Theimg library defines a type for two dimensional images represeagepixels with 4 color
channels - alpha, red, green and blue - packed intardne It defines an image typgenage _t .
Images must be explicitly destroyed when they are no longeded with themage _destroy
function.

107



image_t image_create( i nt width, int height)

Creates an image with the given width and height. The defaxdd polor is transparent black.
width andheight must be positive.

image_t image_clone(image_t image)
Creates a copy of the image.
voi d image_destroy(image_t image)

Releases any internal resources associated widge . The array returned by a previous
image _data call will remain valid however any subsequent calls usimgge will cause the
program to abort.

image_t image_subimage(image_t image, int x, inty, int w, int h)

Creates a partial copy @fnage using the rectangle as the source coordinatesiage . Any
parts of the given rectangle that are not containddhage are treated as transparent black.

image_t image_load(  string path)

Loads an image from the file given path and converts it if need be to an ARGB image. If the
file cannot be found, the program aborts.

voi d image_save(image_t image, string path)

Savedmage to the file given bypath . If the file cannot be written, the program aborts.
i nt image_width(image_t image)

Returns the width in pixels amage .
i nt image_height(image_t image)

Returns the height in pixels ahage .

i nt[] image_data(image_t image)
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Returns an array of pixels representing the image. The parelgiven line by line so a pixel
at (x,y) would be located atximage_width(image) + x . Any writes to the array will be
reflected in calls tamage _save , image _clone andimage _subimage . The channels are

encoded aSxAARRGGBB
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Appendix C
Code Listing

C.1 SamplecOdefs.h

/! Defines bool, true, and fal se
#i ncl ude <stdbool.h>

typedef const char =*string;

#def i ne alloc(ty) ((ty *)calloc(1, si zeof (ty)))
#def i ne alloc_array(ty, size) ((ty *)calloc(size, si zeof (ty)))

C.2 (,runtime interface

#i ncl ude <stddef.h>
typedef struct cO_array cO_array;

/] Aborts execution and notifies the user of the reason
COAPI voi d cO_abort( const char =*reason);

[l Al'locates fromthe GC heap

COAPI voi d *c0_alloc(size_t bytes);

/'l Alocate an array of elensize elenents of elentount bytes per el enent
COAPI cO_array *cO_array_alloc(size_t elemsize, i nt elemcount);

/1 Returns a pointer to the elenent at the given index of the given array
/1 Runtinmes may ignore the el enment size
COAPI voi d *c0_array_sub(cO_array *a, int idx, size_t elemsize);

#i f def CO_HAVE_CONCRETE_RUNTIME

/'l Returns the length of the array. This is only permtted in certain Q0
[l prograns since not all runtinmes nmay support it.

COAPI int cO_array length(cO_array *a);
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#endi f

/1l Returns the enpty string

COAPI c0_string c0_string_empty();

/'l Returns the length of the given string
COAPI int cO_string_length(cO_string s);

/1l Returns the character at the given index of the string. If the
/1 index is out of range, aborts.
COAPI c0O_char c0_string_charat(cO_string s, int i)

/1 Returns the substring conposed of the characters of s beginning at

/1 index given by start and continuing up to but not including the

/1 index given by end

/1 1f end <= start, the enpty string is returned

/1 If end < 0 or end > the length of the string, it is treated as though
/1 it were equal to the length of the string.

[l 1f start < 0 the enpty string is returned.

COAPI c0_string c0O_string_sub(cO_string s, int a, int b)

/[l Returns a new string that is the result of concatenating b to a.
COAPI c0_string c0_string_join(cO_string a, c0_string b) ;

/1 Constructs a cOrt_string_t froma null-termnated string
COAPI c0O_string c0_string_fromcstr( const char =*s);

/[l Returns a null-termnated string froma cO_string. This string nust
/'l be explicitly deallocated by calling cO_string freecstr.
COAPI const char =*c0_string_tocstr(cO_string s);

/1l Frees a string returned by cO_string_ tocstr
COAPI voi d c0_string_freecstr( const char =*s);

/[l Returns a cO_string froma string literal.
COAPI c0_string c0_string_fromliteral( const char =xs);

COAPI bool cO_string_equal(cO_string a, c0_string b);
COAPI int cO_string_compare(cO_string a, cO_string b);
COAPI bool cO0_char_equal(cO_char a, cO_char b);
COAPI int cO_char_compare(cO_char a, cO_char b);
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