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1. TYPED ASSEMBLY LANGUAGE

A traditional assembly language provides only one type of value: the word-sized
bit pattern. All operations apply alike to all strings of bits, whether they are
arithmetic operations, dereferences, control transfers, or anything else.

What if we could use a low-level language that worked in terms of richer ab-
stractions, more in line with those provided by our higher-level languages?

Typed Assembly Language is an assembly language that discriminates things
like

e integers,
e pointers to tuples, and
e code labels.

It keeps these different kinds of values distinct and only allows the appropriate
operations on each type. Its type system can guarantee that programs will not
break these abstractions (type safety).

Why do we want types in assembly language? Here are some of the benefits of
typechecking assembly programs:

e It’s impossible to manufacture pointers to arbitrary space or jump to un-
verified code.

e Kernel routines are only called with correct number and types of arguments.

e With type-preserving compilation, we maintain many invariants of our orig-
inal high-level language program, such as preventing code from looking
inside the environment of a closure.

We’ll show how to get from System F to TAL using a five-pass compiler. As we
proceed, notice how little the types change.
Here is the overall structure of the compiler:

CPS Closure conversion Hoisting Allocation Code generation
A 2K A MH A TAL

We'll talk about each stage of compilation in detail, but in general, each pass
eliminates some high-level feature from our language, getting us closer to assembly-
style programs.
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2. SYSTEM F

To begin, here is a formulation of System F with integers, tuples, and recursion.
There’s only a little that’s new here; have a look at the syntax:

T,on=a|int | 7 =71 | Yar | (71,...,7Th) types
e u=u’ annotated terms
u = |i|fixe(ry: 1) o | €1 ea | Aae | e[r] | {e1,...,en) terms

| mi(e) | e1 p e | if0(eq, ez, e3)
p =+ —]x primitives

A =ar...,a, type contexts
' s=xy:7m,...,20: Tn value contexts

Note that we don’t have a separate A-expression from the recursive fix expression,
but we don’t need it, because we aren’t required to actually make recursive calls in
the body of our functions.

The biggest thing to note is that we annotate each subexpression with its type.
This gives us all the type information we need to ensure that a well-typed System
F program compiles to a well-typed TAL program. Working with annotations
everywhere might seem tedious, but notice that the programmer doesn’t actually
have to write them: they can be inserted by the typechecker. Everything we are
doing happens inside the compiler, after typechecking has finished, so we can simply
carry the annotations around once they are inserted. In this presentation, we will
often leave the annotations implicit just to minimize clutter. The appendix has
complete definitions with all the necessary annotations.

The type system enforces that annotations are used in the natural way: we have
a judgment for annotated terms that just checks that the annotation matches the
type of the underlying term:

L TreT AT hkpu”: T

There are two other type judgments in this system: a judgment to check that
types are well formed, and the main typing judgment for unannotated terms.

The latter is where all the familiar typing rules live. We don’t need to go over all
of them because we've seen them many times by now, but let’s remind ourselves
what the rule for fix looks like:

Alx:m —m,x1:T1Fre: T

AT R (fixz(zy: 71): 70.€): 71 — To

To typecheck a recursive function, we add the function’s name and argument to
our environment at the appropriate types, and then typecheck the body.

The complete type system for this language and for all the other languages we’ll
talk about are given in the appendix. We won’t give an operational semantics until
we get all the way to TAL, but it should be clear throughout what the implied
semantics are for each language.

OK, enough review of System F; let’s start compiling!



FROM SYSTEM F TO TYPED ASSEMBLY LANGUAGE 3

3. CPS CONVERSION (\F)

Our first pass converts the program to continuation-passing style. This makes
the order of evaluation explicit and gives us a linear program (except when we
have branching paths from if0 expressions). Also, like in assembly language, all
intermediate results are explicitly saved in temporary variables.

We've talked some about CPS in class already, but I'll review the important
parts. First, let’s look at the syntax of A%, the CPS language we're heading for:

7,0 = | int | (71,...,7) | Vlea,...,an].(71, ..., ) — void types
v,k = u” annotated values
u n=x | ] (V1,0 | ixx[ar, . an](@1 T T )€ values
p =4+ —|x primitives
d s==z=v|z=mv|z=v1pvs declarations
e n=1letdine | v[r,...,7](v1,...,0m) | f0(v,e1,e2) | halt[r]v terms
A i=ap...,an type contexts
I s=x1:7,. ., T Ty value contexts

There are several differences between A¥ and the formulation of System F we
came from. Let’s have a look at them one at a time:

(1) Function abstractions and type abstractions have been merged into one syn-
tactic form. The fix construct now takes both type arguments and value
arguments, and it can take a bunch of arguments at once. This is not really
relevant to CPS itself, but it’s convenient to have this minor feature when
we define the translation.

(2) Values and terms have been split up. We no longer allow any kind of expres-
sion to appear anywhere. Instead, we distinguish between the forms that
do computation (applications, projections, primitive arithmetic operations,
and conditionals) and the forms that are already values. This is how we
get the linearity we’re looking for.

(3) What’s up with that big long type we have now instead of function types
and universal types? I'm glad you asked!

First of all, it’s big and long because of the changes we talked about in point (1).
But the interesting thing here is the ‘— void’ that has replaced the return type of
a function. Why is this here?

In a continuation-passing program, like an imperative assembly program, we
don’t really think of functions as things that return values. Functions just do some
computation, and then hand off control to the continuation they’ve been carrying
around. A continuation is a function that can be thought of as “the rest of the
program.” When we look at the translation from System F to A\¥ in a minute,
we’ll see that every function will be given an extra argument for the continuation
it should hand off to when it’s done.

Of course, we don’t really want our program to never return a value, so we also
add a special form halt[7]v that stops the program and gives the final result. But
to match the idea that functions don’t return, we write the type of a function as
taking its arguments and returning void.

Before we move on, let’s look a little more closely at how this language forces
our programs to be linear. Suppose we wanted to compute a simple arithmetic
expression such as (2+3) — (7 x 5). We can’t directly write this down in A¥ syntax!



4 JAMES T. PERCONTI

Instead, we have to write it something like this:

let =2+3 inlet y =7 X 5 in let z = z — y in halt[int]z.

Typing A¥. Let’s talk quickly about the type system for A¥, and then get to the
translation itself. We have four judgments in this type system:

These are mostly similar to the three judgments in System F. What’s different
is that just as we split values from computations in the syntax, we’ve split them
into separate judgments in the type system as well. Since we have this idea that
computation expressions don’t return, we don’t give them types. Instead, that
judgment can be said to check that expressions are well-formed.

Let’s look at one of the rules from this last judgment:

AT hg v T,y Tn) AT x:mbie 1<i<n
A;T'Fgletx=m vine

To typecheck a projection expression let x = m; v in e, we just need to make
sure that the value being projected from is a tuple, and check that the body is
well-formed in the environment where x has the type of the appropriate component
of the tuple.

The other typing rules are all straightforward.

Translating System F to AX. Let’s start by looking at how we translate types.
We'll write the CPS translation of a System F type 7 as Keyp[7].

We’ll also use a helper function Keont[7], which gives us the type of a continuation
that expects to receive an argument of type Kyp[7]. What type is that? Simply a
function type that takes no type arguments, and takes one term argument, as we

just described:

Keont[7] < V]].(Kyp[r]) — void

With this helper, the type translation is fairly straightforward. We need to add
an argument to each function (this includes type abstractions) for the continuation
it’s going to call off to when it’s done, but other than that, we just recur structurally:

Kiyp [a] o «
. def .
Kiyp[int] = int
Kiyplr = 7] LY. (Kiyp 1], Keont [72]) — void
Kiyp[Va.7] LI Ya).(Keont [7]) — void

def

Keypl{T1s -+, )] = (Kiyplmils -+, Keyplmal)

Our translation function for terms, Kexp[e]k, takes a continuation as an argu-
ment. To translate a whole program, we need to do some work at the top level to
set up the final continuation, halt[r]v.

Kprog[uT] = Kexplu™](fix 2 ¢[}(zy: Keyp[r])-halt[Keyp [[T]]]mv)lccom [7]

But this is fairly straightforward: we just call the expression translation with an
appropriate k.
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We don’t need to look at every rule of the term translation, but the core idea is
that value forms must call their continuation,

. def .
Kexpli"Jk = k[)(0)
while computation forms must divide up their work, doing the first piece directly,
and building a continuation to do the rest.

def .
Kexp[mi(u™)]k = Kexp[u™](fixzs[l(zv: Kiyp[r]).1et y = m; 2, in k[(y))
Functions and type abstractions behave just like other value forms, except that we
have to add the extra continuation argument.

Kexp[AcuTJk < ) (fix z 0] (2 : Keont [7])-Kexplez)

4. INTERLUDE: TYPE PRESERVATION; OPTIMIZATION

None of the passes in our compiler perform any optimization. But of course we
want to enable optimizing compilation. This is not a problem, though, because we
can just add more passes that perform optimization in between translation passes.
For instance, we could write something that takes A\* programs to optimized A&
programs and just add it to the pipeline right after CPS conversion.

The thing to worry about when we add passes is that our goal is to preserve
well-typedness as we compile System F programs to TAL. Fortunately, we get this
property by composing a series of lemmas for each translation step: we can prove
that Kproge] maps well-typed System F programs to well-typed MK programs,
Cprog[€] maps well-typed MK programs to well-typed A® programs, and so on.

Further, the type system for each intermediate language is defined for that whole
language, not just for programs that come directly out of the translation from the
previous language. So all we need to do is ensure that additional compilation
passes within our intermediate languages also preserve well-typedness, and then we
maintain our result for the full compilation process.

5. CLOSURE CONVERSION (AY)

The most obvious high-level feature in our language are closures. Functions in
AKX have an implicit environment that gives values to their free variables. We can’t
write down free variables in an assembly program, so they have to go!

We'll add arguments to each function corresponding to each free variable, and
package the function with an explicit environment object. Let’s try to write down
the type translation for functions:

Ciyp[ Va1, ..., an](T1, ..., Tm) — void] Lot Vet ..., an)(m1, .oy, 7) = void, ?)

At the type level, we don’t know what the environment should look like, because
we can’t actually check the free variables that appear in the function. But we know
it will have some type, so let’s just say exactly that:

CoyplVl1s - -, n] (71, - s ) — void] & 3B.(V]es, ..., an] (11, - - -, Ty B) — void, B)

In fact, using an existential type is quite appropriate here, because we want to
protect the invariants that the closure abstraction gave us. The type we wrote
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down enforces that each function is called only with a compatible environment,
and that nothing else can look at the pieces of another function’s environment.
Let’s add existential types and the corresponding terms to our language:

7,0 = -+ | Ja.T types
u = --- | pack[r1,v]as T values
d == --- | [o, 2] = unpackw declarations

We now have a solid plan for dealing with term variables (we’ll look at the term
translation in a moment), but what about type variables? We also need to eliminate
free type variables from our functions.

We could try to use the same strategy as with term variables, but this requires a
bunch of machinery (existential kinds! and more) that we don’t want to deal with,
so instead let’s think about the computational content of types.

Once we finish using types for any static checking and for compilation, they
don’t really have any effect on the program. We can erase types at the end of our
compilation process and run the program without them. When we take this view,
type instantiation doesn’t perform computation, so let’s replace our current form
for function application with two new forms that move types out of the world of
computation:

w = | 7] values
en= - | v(v1,...,0,) terms

With type application now a value form, we are finished constructing \®, the
target language of our closure conversion translation. Aside from those two sets
of changes, everything is the same as A®. For the most part, the type system is
also similar, with the same four judgments and all the rules you would expect. It
is worth noting, however, that the rule for functions now requires that the function
body typecheck in an environment containing only the variables and type variables
bound by that function:

Vi. A1y...,0p FC Ti
a1y an;x YV[aa, .o, ] (11, ) = void, @y Ty, L X TR Eo €
AT Fe (fixzfog, ..o o] Ty ey @t Tim)-€): V]aa, ... an]. (11, .oy T) — void

This matches what our closure-converted language is supposed to do: free variables
have gone away.

We still have to finish defining how to translate A% into A®. The rest of the type
translation just recurs structurally, so there is nothing interesting to do. For the
term translation, the only place where something interesting happens is, of course,
when we translate functions. The full rule is quite complicated, but let’s take at
least a partial look:

Ceal[(fixx[ag, ... anl(@1: Ty Tt T)e€)7]
déf PaCk [Tcnva <'Ucodc [61] e [511}, Ucnv>] as Ctyp [[7_]]

The formal definitions of all these pieces are in the appendix, but informally:

® U,y is a tuple containing all the free term variables of the function, and
Tenv 18 its corresponding type (7eny is easy to calculate because the variables
still have type annotations on them).

e The 3; are the free type variables of the function.
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® Ucode transforms the function by replacing each occurrence of a former free
variable with a lookup into the corresponding component of the environ-
ment tuple.

With this translation, we’ve eliminated free variables from our language! What’s
next?

6. HoisTING (M)

Another feature we need to remove from our language is nested functions. Since
functions no longer have free variables, this is easy! We’re going to pull functions
up to a special top-level form. Let’s begin by adding the new syntax we’ll need.

h == codelay,...,an](T1: T1, . o, Tt Tin)-€ heap values
P = letrecz; +— hy,...,xp+— h, ine programs

We have a new class of values h for the things that live on the heap in assembly
programs. Code blocks are one such thing, and currently the only heap value form
we have. Our “heap” for the moment is the letrec form we’ve added.

To perform the hoisting translation, we just have to find all the fix expressions
in our program, move them to the heap under a fresh variable, and replace their
original position with that variable.

With that done, we can remove the old function form from the syntax, prohibit-
ing A\f programs from putting functions anywhere but in the initial heap. And
that’s it!

A quick word about A’s type system before we move on: while not much
has changed from A\, we have added new syntactic categories, so we need new
judgments to typecheck them:

The judgment for programs just calls off to the other judgments to check that all
the heap values and the body are well-typed in an environment containing all the
top-level names. The judgment for heap values contains only a rule for code blocks,
which works like the previous languages’ rule for functions, except that we can
once again use variables bound in the external environment. This doesn’t undo the
restriction we added for A® because now the environment can only ever contain
top-level code labels. (The heap value judgment includes the literal symbol hval
just to make it easier to distinguish which judgment it is.)

7. EXPLICIT ALLOCATION (\*)

In assembly language, we can’t create or manipulate large pieces of data directly;
instead, we keep them on the heap and load in a word-sized piece at a time to work
with. We need to change the way our language handles tuples to match this model.
Syntactically, we replace the previous version of tuples and tuple types with the
following constructs:

T,0 n= e | (T 1) types
p =110 initialization flags
N annotated values
h o u=- | {v1,...,0,) heap values
d == | z=malloc[m,..., T | € =v1[i] < vy declarations



8 JAMES T. PERCONTI

Tuple types are now labeled with a flag that indicates whether each element of
the tuple is initialized (1), or not (0). The tuple value form has been moved to a
heap value form, and we’ve added a few constructs to let us build them:

e The 77 form represents an uninitialized element of a tuple.

e The malloc declaration makes a new tuple of appropriately-typed unini-
tialized values.

e The other new declaration form lets us set the value of a tuple element.

Translating A¥ to A is simple: when a tuple appears in our A\ program, we just
add the sequence of declarations necessary to build it and replace the occurrence of
the tuple itself with the appropriate variable. At the type level, since tuples that
appeared in our A\ program were always fully-initialized, we translate tuple types
by adding the flag for an initialized element to each type in the tuple:

Aiypl{T1,- - )] = <-Atyp[[7'1ﬂl7 e ’Atyp[[TnH1>

Finally, let’s note the changes to the type system. Most obviously, the rule for
tuples moves to the judgment for heap values:

Vi. 5T ba v 77"
Tha(iy..vp): (770 0,787 hval

The judgment used in the premise of this rule is also new: it deals with initialization

flags.
AThqveT
A;TEqv: 7% _- .
ATEqv: 7% AT a1

Any of our old value forms can typecheck with either initialization flag, since we
don’t prevent re-initialization of the same tuple element. The 77 form, of course,
may only have the flag for an uninitialized element.

8. CODE GENERATION (TAL)

We’re now very close to having programs that work at an assembly level! Let’s
have a look at the language we want to end up with. Here is the full syntax of TAL:

7,0 w=a | int | V[ag,...,an].T | (77 18m) | ar types
p =110 initialization flags
U o= {li:7,.. 0y T} heap types
D o={ri:7,. .., n: Tnt register file types
A =ar...,a, type contexts
r uw=rl|r2|r3|--- registers
w ==L || 7| w[r] | pack[r,w]asTe word values
v u=r | w|v[r] | pack|[r,v]asTe small values
h == {(v1,...,v,) | code[aq,...,a,|l.1 heap values
H :={li— hy,....,0n— h,} heaps
R :={rmi—wy,...,”n—wy} register files
L addrg,rs,v | mulry,rs,v | subry,rs,v | bnzr,v instructions

| 1drg, rgfi] | strgli]l.rs | movrg,v
| mallocry[ri,..., 7] | unpack|a,rq],v
= ;I | jmpv | halt|7] instruction sequences
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P = (H,R]I) programs

Look first at the set of available instructions ¢, and note that all but the last two
are typical instructions we might see in any assembly language. Once we perform
type erasure, the unpack|a, 74], v instruction is equivalent to movrg, v, so it should
be easy to accept.

The malloc instruction is a little more complicated, but essentially it can be
implemented as an atomic code sequence that allocates space on the heap equal to
the size of the desired tuple. Our formulation of TAL assumes we have an unlimited
amount of heap space and, for that matter, an unlimited number of registers, which
of course is not the case on a real machine. But for our purposes here, we are not
going to worry about allocation issues.

Next, let’s look at the kinds of values used in TAL. Word values (w) are things
that can fit in a register: pointers, integers, and the “uninitialized tuple element”
value 77. We also have type applications of and existential packages containing
other word values, but these things don’t take up any space or have any operational
meaning because of type erasure.

“Small” values (v) are the values that can appear in an instruction. They include
all the same things as word values, as well as register names r. When given a register
name as a small value, the semantics of TAL (given on the last page of the appendix)
automatically looks up the underlying word value in that register.

Heap values (h) include code blocks and tuples, just as in A4.

Typing TAL. Overall, our language of types has changed very little from what
we started with in System F. The surrounding type system is also fairly straight-
forward. But there are a few things that should be addressed. First, there have
been two fairly simple syntactic changes:

(1) In assembly language, our A-calculus notion of variables has to shift to
notions of pointers and registers. Thus type environments must become
heap types ¥ and register file types I', which map heap pointers and register
names respectively to their types.

(2) Instead of having a list of argument types, the function type now explicitly
states which registers the arguments are expected to be given in, in the form
of the register file type the function expects. (We’ve dropped the “— void”
from the function type as well, but there’s no deep reason for this. It was
just a symbol anyway.)

Since there are a lot of syntactic categories in TAL, there are a lot of judgments
in the type system. But don’t worry! Most of them are very simple. First, we have
the usual judgment for well formed types, and we have judgments that check that
all the types appearing in a register file type or heap type are well-formed:

Note that the heap type judgment doesn’t have any environment: heap values can
only have closed types.

There are two more judgments that deal exclusively with constructs at the type
level:

Abpar 11 <7 Abpar ' <1

These “subtyping” judgments each have one specific purpose, and contain only
exactly the rules needed to carry it out. The first one lets us reset some of the
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initialization flags on a tuple type, essentially forgetting that we have initialized
those values. It’s used when we typecheck a pointer. The second one lets us forget
about registers we no longer need when we jump or branch to a code block that
doesn’t expect those registers to have values.

At the term level, we need judgments to typecheck whole program configurations
and each program component:

Fn?] ] [

These in turn rely on judgments to typecheck each kind of value:

’\III—TALh:Thval‘ ’\II;AI—TALw:vaal‘ ’\I/;AI—TALw:TSD‘

’\P;A;FI—TAL v: T‘

There is not much that is new or interesting in the various value judgments,
and the program, heap, and register file judgments just call out to the others in
the natural way. However, it is worth noting that all program components and
values can reference the heap, so the type of the heap ¥ is an environment in all
the corresponding judgments. Similarly, instructions and small values can refer
to registers, so those judgments contain the register file type I'. Finally, free type
variables can be found in a word or small value, or in instructions, so an appropriate
environment A is used, but heap values must be closed.

The judgment for an instruction sequence is a bit more interesting, so let’s look at
a couple of example rules. For a typical rule, let’s typecheck an instruction sequence
beginning with an addition instruction. We need to ensure that the inputs s and
v are integers, and then typecheck the remainder of the instruction sequence in an
environment where the register file type has been extended or updated to map the
destination register r4 to the type int.

W AT Fpar, 7 int W: A; T Fpar, v: int U A;T{ry: int} Frag, [
W: A;T Frar addrg, re, v; 1

Let’s also look at the two instructions that end a sequence: jmp and halt. When
we jump to a code block, the register file type the code block expects must be a
subset of the register file type we currently have. As discussed above, we are allowed
to ignore registers we don’t need anymore thanks to the subtyping judgment on
register file types:

\If; A; r l_TAL v VHF/ A l_TAL r S F/
W A; T Fpar, jmpo

The final configuration of a program, signified by the halt instruction, expects the
result to be stored in the first register:

U:A;T'Fpar rl: 7
\I/; A; T }_TAL halt[T]

Translating \* to TAL. At the type level, the only thing that happens in the
translation is that function argument types are given explicit register names, as we
already discussed.

Programs letrec xy — hy,...,x, — h, in e are translated to an initial con-
figuration with a heap built from the h;, an empty register file, and an instruction
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sequence given by the translation of e. The translations of program components
are parameterized by a map ~ that gives heap locations and register names to
correspond to AV’s variables. This initially maps the z; to a fresh set of heap
locations.

The translations for A4’s value forms are not worth detailing any more than this.
The expression translation is more interesting, but involves a lot of bookkeeping,
so we will just give a high-level idea of how each form is compiled. In general,
each expression becomes an appropriate instruction sequence and also affects the
starting heap.

e To translate let x = v in e, we assign a fresh register r to correspond to x
in v, and generate a mov instruction, storing the value from the translation
of v in r. Then we continue the instruction sequence with the translation
of e.

e For the projection let x = m; v in e, we again assign a register x —
r, and then we generate a mov instruction to put the pointer resulting
from translating v into r and a 1d instruction to put the appropriate tuple
element into 7, continuing from there by translating e.

e A primitive operation let x = v; p v in e translates to the corresponding
arithmetic instruction, preceded by a mov to put one of the arguments in
a register, since one input to an arithmetic instruction must come from a
register.

e An unpack expression simply translates to an unpack instruction.

e A malloc expression simply translates to a malloc instruction.

e An update to a tuple is the counterpart to a projection. We do a st after
preparing the arguments with a couple of movs.

e To translate an application v(vy, ..., v,), since our program is in continuation-
passing style and functions are closed and never return, all we have to do is
prepare the arguments and jump to the appropriate code block. Functions
in TAL always expect their arguments to be in the first n registers, we just
generate a sequence of mov instructions to store the translations of the v;
into the registers ri, and then conclude with a jmp instruction using the
translation of v.

e An if0 expression has to build a new code block on the heap for one of its
bodies, but other than that, we just generate a mov to put the value to test
into a register, and then a bnz.

e Finally, \’s halt[r]v becomes a mov to put the translation of v into r1
and then the instruction halt[7].

Material taken from From System F to Typed Assembly Language by Morrisett,
Walker, Crary, and Glew, TOPLAS 1999
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9. APPENDIX: DEFINITIONS

9.1. AF.

T,on=a|int | 7 =7 | Yar | {T1,...,7Th) types
e u=u" annotated terms
u = || fixx(zr: 1) 726 | e1ea | Aae | e[T] | (e1,...,en) terms

| mi(e) | e1 p es | if0(eq, ea,€3)
p u=4]—|x primitives
A =aoay...,0, type contexts
' v=xy:m,...,2: T value contexts

ftv(r) C A AT FpusT
57 e Arerer
mr AbrpT e ATFpu™: 7

I(z)=r1
AT hpa: T A:TFgi:int
Arprm Arpm AD,e:m >, Fre:m

AT R (fixz(zr: 1) 70.€): 71— To

ATkFper:m — 1 ATFpes:m Aoa;Tkpe: T
A:T'Freiex:m A;T'Fp Aae: Va.r
AFpT AT Fpe: Va1 Vi. AT Fpei: 7
AT kg e ] 77/l AT e (er, . yen): (T, Tn)
A;Thpe: (T1,...,Tn) 1<i<n A;T Fper: int A;T Fp ey int
AT e ome): 7 A;TFpep pesg:int

A;TFger:int A;TkFpes: T A;Tkpes: T
A;T FpifO(er, eq,e3): T
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Translation from A" to A¥. (variables introduced by the translation must be fresh)

def
Keypla] =«
Kiyp[int] def int
def

= V[] .(Ktyp HTl]], ’Ccont HTQ]]) — void

P Ya]. (Keont [7]) — void

- <’Ctyp [, » Koyp [71)

]Ctyp [[7'1 — 7'2]]
Kiyp[Va.7]
Keyp[(T1,- - 7a)]

def

]Ccont [[T]] = V[] .(Ktyp HT]]) — void
Koproglu'] L Kep [t [ (fix s [ (21 Keyp[r]) halt [y [7]]a’ew Ty eon I7]
Kexply 1k k[ (yFwe Ty
Kespli 1k L k[ (FerlT)
def

Kexpl(fixz(z1: 71): 72.€)7]k = E[((Axz[](x1: Kiyplml, zk: Keont[T2])-

Kexplleay, 171 l)
T1 , T2\T def T1
Kexp[(ui' ug®) ]k = Kexplu'](fixzs[[(z1: Kiyp[mi])-

Kexpluy’ [ (fixz ¢ [](w2: Kiyp[T2])-
Kiyplm Kiyplr2 cont [T2 cont [ T1
o) (g oelm] )y Keonlral ) Keonclm]

déf k[]((ﬁx[a](:rk : ICcont [[TH)

Ko [Ty 171 Eeom )
def .
= Kexplu |(fixz¢[[(x: Keyp[7])-
glerlr] [Kiyplol] (k))lcw“t 7]
def ol
= Kexplut'[(ixzs[](z1: Kiyp[a])-- -

Kexplug [(fixz ¢ [[(zn: Kiyp[Tal)-
I{I[](<£E’1Ctyp[[71]], L. ’xlgtypﬂ'rnﬂyctypﬂ"'ﬂ))lccont [m=] . )’Cc@nt [m1]

Kespl(Aau™)™ Tk

Kespl(u™ [0])7 Tk

Kexpl{utt, ..., ur)7 ]k

Y Kp LI iz (2 Keyplr])-

lety=m; z in k[](y’ctyp[[T/ﬂ))’Ccom[[Tﬂ

Kexplmi(u™)™ Tk

= Kexpluf 1)1 Kegp ).

Kexp[ug*[(fxzp[[(22: Kiyp[ra])-
let y =1 p w2 in k] (y’Ctyp[["']]))’Ccont[["'2]])’Ccont[[T1]]

Kexp[(ui' pug®)1k

def

= Kexp[ui' [(fixz[J(z: Kiyp[r1])-
ifO(x)Ctyp [m1] , ’Cexp [[62]] k, ’Cexp [[63]] k)’ccont [~1] )’Ccont [r1]

Keoxp [if0(ul", e2,e3)7 |k
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9.2. \K.

7,0 n=a | int | (r,...,7) | V[oa, ..., ap].(71,. .., Tm) — void types

v,k o= u” annotated values
u n=ax | i) (v, v, | ixxfar, . ap](@r T, T T € values
p u=4]—|x primitives
d s=zx=v|arz=mv|z=vpuvy declarations
e n=1letdine | v[r,...,7](v1,...,0m) | f0(v,e1,es) | halt[r]v terms
A = aop...,a, type contexts
' s=x:m,...,2,: T value contexts

KT ArgT o RO AThFgu T

I(z)=r71 Vi. AT i v 7
AT kg a: T AT Ry i int AT R (g, vp): (T, o, )
V4. A,al,...,an }_K Ti
(Ajaq, ... 0p); (Tyz: Yag, . ..,an](T1, oo, Tim) = void, @1t T1, ..., Zp: Tn) Fr €
AT R (fixzlag, .. an)(@1: Ty ooy @ Tin)-€): V], .. a](T1, -+ T ) — void

ATFgo:T Al ax:Thie
A;T'Fgletzx=wvine

AT R v (1,000, Th) AT x:mbie 1<:<n
ATk letx=m vine

AT Fg vp:int A:T'Fg vg: int AT x:intbg e
A;TFgletx=vy puvyine

Vi. A bg o; Vi. A;T b v milor/aq] - [on/am]
AT R v Vag,. .. an] (11, ..., Tm) — void
AT R v[og, .. on](vr, .o o)

A:TFger:int AT Fg e AT Fgeg AT ko
AT Fg if0(v, ea, €3) A;T g halt[r]v
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Translation from AX to A\©. (variables introduced by the translation must be fresh)

Ciypla] EC
Ciyp[int] L ing
CoyplVlerss - - ., 0] (11, - -, 7)) — void] L 38.(Y[a,- - -, ) (B, CoyplTi]s - - - » CoypTn]) — void, B)
Coypl(r1, - 7] = (Coplrl -+, Coyplral)
Corogle] E Cople]
def

Coxpllet d in €] = let Cyec[d] in Cexple]

Cexplt"[01, - - on](v1, .., 0m)] et [, 2] = unpack Cya[u"] in

let Teode = mp x\Te0de®) in

let Zepy = o p{Tenvo0) iq

Teode *** [Coypo1]] - - - [Coypon]]

(#eny, Cvat[va], - -, Crar[on])
where Cya[7] = Ja.{Teode, @)
Corp [if0(v, 1, €2)] L i0(Cyai[0], Cexplle], Coxple2])
Cexp[halt[7]v] L halt[Cuyp [7]]Coal [V]
Caecz = ] = Coul [v]
def

Caeclz = m; V] =z =m; Cyalv]

Cdec [[.’E =V p U2ﬂ déf r = Cval Hvl]] p Cval [[U2H
Coula] T ]
Cval [[ZT]] déf ictyp [
Coat[ (V1. 0a)7] E (Coalvn], -, Coa[n] )0 17
T ef T T T
Coat[(fixzlar, ..., an)(@1: 1y oy T Tn)€)7] 2 (PACK [Tenvs ((Veode[B1] - - - [Bn]) e , Vany) (TeotesTenv)]
as Ciyp HTH)CWP[[T]]

where y7', ..., y)" = fv(fixz[ar,...,on](@i: 71, Tt T €)

Bi,...,8; =ftv(fixzloa,...,an](®1: 71, 0, Tt T €)

Tonv = Ciypl{o1,..., 0]

Trawcode = v[ﬁla S a/Bj; [ R an]-(TenvaCtyp [[Tl]]; s actyp[[Tm]D — void

Teode =V, ..., (Tenv, Coyp[T1]; - - -, Coyp[Tm]) — void

Ciyplo Ceyploil\ 7
Venv = <y1 [ 1]]7~-~7y1' L ]]>env
Vcode = (ﬁxxcode[ﬂla s aﬁj» [ SR an](xenv5 Tenv, L1 : Ctyp[[Tl]]a sy Tmt Ctyp[[Tm]])-

let © = (pack [Tenva <mcode7-rawcode [61] . [/BJ,}"’code7 x;—;r\nlv><7—codey7—env>] as Ctyp [[T]])Ctyp [[7-]] in

let Y1 =M Teny ™ in ---1let y; = T; Teny 7 10 Coxp[e])raweode
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9.3. \“. (differences from A\* are highlighted)

7,0 n=a | int | (71,...,7n) | V[ew,...,an].(T1, ..., Tm) — void | Ja.T types
v ou=u’ annotated values
u un=ax || (V1,00 | ixafar, . an](@r: T, T T)-€ | v[T] values

| pack [r1,v]as T
p =4+ —|x primitives
d s»=zx=v|z=mv|xz=vpovs| [ox] =unpackw declarations
e u=1letdine | v(vy,...,vy) | if0(v,e1,es) | halt[r]v terms
A = aop...,a, type contexts
' s=x:m,...,2: T value contexts

ftv(t) C A AT hou:s T
Arer| —F7—— ATFoviT| —i——
AbroT A;TkFou : 7
AThrou: 7

INz)=r1 Vi. ATk v 7
ANThoz: T AT Fe i int AT Ee (v, on): (T, ooy o)
Vi. A1y...,0p Fc T
a1y an;x Y[aa, .o ] (T, ) = void, @y Ty, L X T Eo €
AT Fe (fixzfog, ..o o] Ty ey @mt Ti)-€): V]aa, ... an]. (11, ..oy T) — void

AFco AT o v Ve By, Bl (1, ooy ) — void
AT Fevlo]: VB, ..., Bu]-(Ti[o/a], ..., m[o/a]) — void

Arcm AT Fo v o /al
A;T e pack [11,v] as Ja.mo: Jams

AT hewv: (T, Tn)

AT koo T AT x:Thce AT x: 1k e 1<i<n
A;TFoletz=vine A;TFoletz=m vine

A;T Fe vp: int A;T o vg: int AT, z:intkg e
A;TFogletx=wvy puvyine

Vi. A;T o vt 7y AT Fe v V])(71, ..., Tim) — void
AT o v(vg, .o, om)

A;TFe e int AT e eg AT Feoes ATkFowv: T
AT e if0(v, eg, €3) A;T Fe halt[r|v

AT Feov: Jar Ao Ty Thee
A;T Fo let [o, 2] = unpackv in e
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Translation from A¢ to A . (variables introduced by the translation must be fresh)
We use the following shorthand for heaps:

H:=xz1—hy,...,z, — hy,

Hiypl7] =R
Hprog €] 1 etrec H in ¢ where (¢, H) = Hexplel
Hexp[let d in €] © 1et d in ¢/, H, H)

where (d', H) = Haec[d] and (¢’, H') = Hexpl€]
Hexp[v(v1, .., 00)] 'y, 0l H Hy, ... Hy)

where (v, H) = Hya[v] and (vi, H1) = Hya[v1], - -, (v}, Hn) = Hyal[vn]
Hexp[if0(v, €1, €2)] CEGf0(u', e), €}, H, Hy, Hy)

where (v, H) = Hya[v], (€], H1) = Hexplei], and (b, Ha) = Hexplez]
Hexp[halt[r]0] def

= (halt[r]v’, H) where (v', H) = Hya[v]
Haec[r = ] & (x =, H) where (v, H) = Hya1[V]

Haec[z = 7 V] © (@ = m; v/, H) where (v, H) = Hyu[V]

[o9)

Haec[z = v1 p V2] of (x = v} p vy, Hi, Hy)
where (vi, H1) = Hya[v1] and (vh, Hy) = Hya[ve]

Haec[[a, 2] = unpack v]] L (o, 2] = unpack o', H) where (v, H) = Hyu[v]
Hval[[x‘rﬂ déf (xTv )
Heali"] =)
Hoat[(V1, -, 00)7] C W, )T Hy, L Hy)
where (vi, H1) = Hyal[v1], -- -, (0, Hy) = Hyal[vn]
Hoar[v[0]7] (' [o]7, H) where (v, H) = Hyal[V]
Hoa [ (pack [11,v] as 72)7] L (pack [r1,v'] as72)", H) where (v, H) = Hya[V]
Hea[(ixz[ag, ..., anl(@1: T,y T T )-€)7]) def (Zeros™ s H,y Telos > h)
where (¢/, H) = Hexple[Tcios/x]] and b = code[aq, ..., an)(T1: 71, ...y Tt T )€’}
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9.4. M. (differences from A are highlighted)

7,0 n=a |int | (71,...,7) | Y[oa,...,ap].(T1, ..., Tm) — void | Ja.T types
vou=u’ annotated values
u =z || (v,...,v,) | v[7] | pack[r,v]asy values
h == codelay,...,an)(T1: T1, oy T s Tin)-€ heap values
p =+ —]x primitives
d s=zxz=v|xz=mv | xz=vpuvy | [az] =unpackv declarations
e un=1letdine | v(vy,...,vn) | if0(v,e1,e2) | halt[r]v terms
P = letrecxy+— hy,...,xn— h, ine programs
A =a...,a, type contexts
' s=x1:7m,...,20: Tn value contexts

ftv(r) C A AT usT
Argrt| ———— ATkFgovir| ——
Arg T A;TkFgu™:r
ATy u: T

Iz)=r1 Vi. AT by v 1
AThkga: T AT Ry i int AT Ry (g, vn): (T, o, T

Abtpyo A;Thg v Va, B, ..oy Bul (71, ..o, ™) — void
AT by vfo]: VB, ..., Bn].(11lo/al], ..., Tlo/a]) — void

Abgmn AT Ry v mlm/al
A;T Fy pack [11,v] as Ja.mo: Jam

[T by h: 7 hval
Yi.aq,...,a, by T al, ..o ey T, T TR €
Ity codelaq,...,an](T1: 71, oy @ T)-€: V[, ..o, a ] (1, ..., Tin) — void hval
ATl T,...,7T0)
ATy ot AT,x:T7hpge ATz bge 1<i<n
A;TFgletz=vine A;TFgletz=m vine
AT Fg v int Vi. AT hg v 7
A;T Fgy vg: int AT z:intbge AT Ry v V])(1, ...y Tim) — void
A;TkFgletz=wv puvyine AT g v(vy, ..o, om)
A:T'Fger:int AT Hy e AT Hy es A;TFgo: T
AT by if0(v, e9, e3) A;T Fy halt[r]v
AT Fy v: Jar Ao T,x:7hge
A;T by let [, 2] = unpackv in e
Vi. - g1 Vi. T1: T1ye. ., Tyt Tn by hy: 7; hval
— ST T, .., XTn: TnFH € x; # aj fori #j

g letrec 1 — hy,...,x, — h, ine
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Translation from N to A*. (variables introduced by the translation must be fresh)
We use the following abbreviations for sequences of declarations:

D:=dy,...,d, let dy,...,d, ine df et dy in ---let d, ine

Auyple] La

Agypint] L ing

Ao, .- s an] (11, - 7m) = void] € V[ay,. .., an](Agplri]s - - s Aryplrm]) — void

Awoll(ri, - 70)] = (Aol Al

Asyp[3a.] © 30 Ay [r]

Aprog[letrec 1+ hy,..., 2, — hy in €]
def 9§ etrec 1 — Awvat[P1], -, Zn = Anvai[Rn] in Aexple]

Anvarcodela, ..., an)(z1: 1y oy Tt Tin)-€]
o codefa, ..., an](z1: Aypl7il, - - - @m : Atyp[Tim]) - Aexple]
def

Aexp[let d in €] = let Agec[d] in Aexp[e]

def .
Aexplv(vi,. .. 00)] = let D,Dy,...D, in v'(v},...,v))

where (v, D) = Ayai[v] and (v}, D) = Avai[v1], - -, (v, Dn) = Ava[vs]

et D in 0(v', Aexplle1], Aexplez])  where (v', D) = Avar[v]

' et D in halt[Ayp[r]lv)  where (v, D) = Agu[v]

Aexp[ifO(v, €1, €2)]
Aexp[halt[7]v]

def

Adec[z = 0] = D,z =7 where (v/,D) = Auu[v]

Agec[z = i v] YD x=mv where (/,D) = Ayu[v]

Adec[r = v1 p v2] Dy, Dy = vy p vy where (vj, D;) = Avai[vi]

Agec[[ev, 2] = unpack v] Y D [a, 2] = unpackv’  where (v/, D) = Ay [v]

Aval27] ENCI)

Avali] NG

Awalv[o]"] = (v [Agp[o]]7 7], D) where (v, D) = Ava[]

Aua[(pack [0, v] as 7')7] = ((pack [Aup[o], v'] as Ay [F]) 4+ 17, D) where (v/, D) = Avai[v]
Avar[(uls - ug)7] © (gl Dy, Dy, yo = malloclAyp[mi]s - - - Ao [mall,

Y1 =y 1] < v, Y = Yn1 7" 0] < 0))

where (v}, D;) = Avai[ul’] and 0; = (Awyp[r1]"s - - . Argplmi] s Argpl[ria]’s - - - Argp[ma] )
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9.5. . (differences from A¥ are highlighted)

7,0 s=a | int | (77, 0m) | V]ew, ., an] (71, oo Ti) — void | e types
o ==1]0 initialization flags
v ou=ul |7 annotated values
u == x| 1| v[r] | pack[r,v]as T values
h = codelay,...,an)(T1: 1, oy Tt Tin)e€ | (V1,0 ., 0p) heap values
p =4 —|x primitives
d »=zx=v|z=mv|xz=vpuvs| [ox] =unpackw declarations

|  =malloc[m,...,Ty] | * = v1[i] < v2
e u=1letdine | v(vy,...,vy) | if0(v,e1,e2) | halt[r]v terms

P = letrecxy+— hy,...,xp+— h, ine programs
A i=ap...,an type contexts
I s=x1:7,. ., T Ty value contexts

ftv(r) C A AT hRaurT
Abyg71| ——— ATFqvir| —mm——
AbaT ATFau™: 7
ATFqu: T

Nx)=r1 AFam AT Ry v mo[m/a)
ATk o7 A;T 4 2:int A;T R4 pack [y, v] as Ja.mg: Jams

Algo A;THq v Ve, By ..oy Br) (11, ..., ™) — void
AT Fa tlo]: VB, 2 Bal- (o /al, .., ralo/a]) — void

ATFqv:T
ATEqv: 7% AT Ea?7: 70
I't4 h: 7 hval
Vi. ay,...,an a7 Ay .. o DT, T ThFa e
I'Facodelaq, ... an](@1: Ty oy Tt Tin)€: YV[aa, ...y ap].(T1, ..., Tm) — void hval

P . P
Vi Db v 7

I'ha(vr,..o,v): (77,0, 70") hval
Fa P
Vi. - bFaT; Vi. T1: T1yev ., Tyt Tn b4 by 7 hval
LI TL, ..y T Tnbae x; # aj fori #j

F4 letrec 1 — hy,...,x, — h, ine
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AT v T A;T,x:7hae
A;TFapletz=wvine

AN B ST C o S A AT x:mbape 1<i<n ;=1

A;THpletz=m vine

A;T 4 vy int A;T F4 vg: int A;T,z:inth4 e
A;T'Fygletx=v pvsine

Vi. AsT R4 v 75 AT Eg v V]]o(11,. .0, Ti) — void
AT Eav(vr, .., vm)

A;TF4eq:int AT H4 e A;T 4 e3 A;THpav:T

A;T b4 if0(v, €2, €3) A;T 4 halt]r]v

AT Fqv: Jaur Ao T x:Thae
A;T F4 let [, 2] = unpackv in e

Vi. Ay 7 A;F,x:<T{),...,TS>}_A€

A;T F4 let & =malloc|ry,...,7,] ine

AT hqvp: (77, 10m) AT Eqv9: 75
AT o (rfh .1, mPY Fae 1<i<n

7

A;THglet x =wv1fi] ¢ ve ine

21
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Translation from A to TAL.
We make use of mappings v from A\ variables to TAL registers and addresses:

yu={z1 = v1,..., Ty UL}
ef
Toyplol] “a
. def .
Teyp [int] = int
. ef
Teyp Vv, ..., o). (T1, ..., Tn) — void] def View, ..., ap].(r1: Tegplmi]s - .- e Togp[mm])
Tl 78] = (Tl Togplral o)
ef
Tiyp[Ba.7] def Jo. Teyp (7]
Tprog[letrec x1 — hi,..., 2, +— hy, in €] def (H,{},I)
where -y ={z1 = l,...,xy— L}
(h;aHz) = ﬂlval[[hi]]'y
(I, HexP) = exP[[e]]'YJ N
Hioot ={li—=hy,.... 0, h.}
H = rootHl "'Hanxp

/; distinct

Thvai[code[aq, ..., an](@1: T1, ... @n: Tn).€]y def (code[aq,...,a,|T.1, H)
where T = {r1: Teplml, ... on: Teyplml}
~ =~{x; = rl,.. .,z — TN}
(I7H) = exp[[e]]ryl;ala"'aan;r
Towatl (s, on)y E (Taloa], - Tearloal ), {1
Tl Ty = (@)
7:/al [[ZT]]’Y déf i
Tealvlo] Ty = (Tealv]) T lo]

Tear[(pack [0, v] as 7)7] = pack [Toyplo], Tealoly] as Toyp[7']
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Texpllet © =u” in e]y; A; T def ((movr, Tva[u]v; 1), H)
where (I, H) = Texple]v{z — r}; A;T{r: Tiyp[7]} and r is fresh

Texpllet x =m; W) i e]y; A; T Lef ((mov r, 7:,31[[u<7f1""’75n>]]7; ldr,r[i—1];1), H)
where (I, H) = Texple]v{z — r}; A T{r: Teyp[n]} and 7 is fresh

Texpllet © = vy p vy in e]y; AT def ((movr, Tvar[v1]y; op(p) 7,7, Tvar[v2]y; 1), H)
where (I, H) = Texple]v{z — r}; A;T{r: int},
op(+) = add, op(—) = sub, op(x) = mul
and r is fresh

Texpllet [, z] = unpack u?® ™ in e]y; A;T def ((unpack|a, r], Tt [u”*7]y; 1), H)
where (I, H) = Texple]v{z — r}; A{a};T{r: Typl7r]} and r is fresh

Texpllet malloc[ry,..., 7] in e]y; A;T def ((mallocr[Tiyplmils .-, Toyplmll; 1), H)
where (I, H) = Texpe]v{z — r}; A;T{r: <7Iyp[[71]]0, e ,’Eyp[[ﬁ]]())} and r is fresh
Towliet 7 = w00 v n ey AT % ((movr, o™ 7 ]y,
mov 7', Tear[v] v
strii—1],7; 1), H)

where (I, H) = Texplelv{z — r}; A T{r: Teyp (77, ... ,Tf_iilﬂ'ilﬁﬂfﬂ e}
and 7, v’ are fresh

Texplv(vi, .. vn)]y; AT def ((mov (), Tear[v]7;
mov 7, Tvat[v1]7y; - - - smov 7l Tear[vn]7;
movrl,ry;...;movrn,r;I),{})
where the r] are fresh and disjoint from {r1,...,rn}.

TexplifO(v, €1, e2)]v; A; T def ((mov r, Tuar[v]y; bnz v, L[A]; I ), Hy Ha{f — h})
where (I1, H1) = Texple1]v; AT

(-72, Hz) = 7:;xp[[€2]]7§ AT

h = code[A]T.I,
and /¢, r are fresh

Texp[halt[r]v]y; A; T ' ((movr1, Tra[v]y: halt[Teyp [7]]). {})
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9.6. TAL.

7,0 w=a | int | V[ag,...,an].T | (77 .o 78m) | ar types
p =110 initialization flags
U o= {lr:7,.. 0y T} heap types
D o={ri:71,. .., n: Tnt register file types
A =a...,a, type contexts
r u=1rl|r2|r3|--- registers
w ==L || | w[r] | pack[r,w]asTs word values
v u=r | w]|vr] | pack|[r,v]asTe small values
h == {(v1,...,v,) | code[aq,...,a,|l.1 heap values
H :={li— hy,....0n— h,} heaps
R :={rmi—wy,...,mn = wy} register files
L = addry,rs,v | mulrg,rs,v | subrg,rs,v | bnzr v instructions

| 1drg,rsfi] | strgli]l.rs | movrg,v
| mallocry[ri,..., 7] | unpack|a,rq],v
I == ;1| jmpuv | halt[r] instruction sequences
P = (H,RI) programs
ftv(r) C A Vi. - bFraL T
AbraL 7| ————— FraL ¥
A, R TP
Vi. A F T
—
A l_TAL {7“12 Tly---3Tn" Tn}
AbrraL 7 <7
AbraL T Abrar 1 <72 Abpar 2 <73
AbmaL 7 <7 AbmaL 11 <73
Vi. A brarn 7
A Frat, (Tfl,...,Tﬂ{ﬂr},fﬁffv..,Tf”) < (..., 10 ,T?,Tl-ﬁf{i,...,T;f">

NENREY

Vi S m. A l_TAL Ti

m>n

l_TAL H: U \Ill_TAL RF \Ij;-;Fl_TALI
Fran (H, R, I)
7€n: Tn} Forap ¥

U={l:7,...
L
\IJI—TALR:F

A |_TAL {7"1: T1y.-

Tt T} < A{ri: 7,

s Tn T}

Vi. U l_TAL hii Ti hval

l_TAL {51 — h17 .

Vi <m. V- Fpap, w;: 7 wval

il hpt: U

m>n

U l_TAL {7“1 = Wi, ..

.,rm»—>wm}: {7‘1: T1y.-

STt Tn}
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WU bpar, A 7 hval

Vi. U - Foar, w;: T;'Oi

U bpar (w1, ... wy): (77, .., 70") hval
al7~--aan|_TALF \I/;al,...,an;F}—TALI
U Fpar, codefag, ..., a0 V]ag, ..., a,].T hval

U A bFrap, w: T anl‘

\I/(f):'r/ AFTALTIST
W A bFrap, £: 7 wval W: A brar, i: int wval

Abmay 7 U; A brar w: Ve, B1, ..., Bn].T wval
U A bFoar, w[r]: V[B1, ..., Bn].T[1T/a] wval

AbraL T U A brap, w: 7'[7/a) wval

U; A Frap, pack [7,w] as Ja.7’: Ja.m’ wval

’\II;AFTAL w: T‘P‘

U A bFrap, w: 7 wval AbFraL T
WU: A brap w: 7% WU: A bray, 77 70

’\I/;A;FFTALU:T‘

L(r)y=r U: A bFrap w: 7 wval
U:A;T FpaL r: 7 W AT bpar, w: 7

AbFranL T U AT bpar, v Ve, By .- B TV
U A;T bpar, v[7]: V[B1, - .., Bu] T[T/l

Abqar T U AT Fpa v: 7'[7/al
U; A; T Fpar, pack [1,v] as Ja.7’: a7’
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\I/; A; F l_TAL I
WU A; T Fpar, 7g: int

W AT Fopap, v: int U A;T{ry: int} bFopap, 1 arith € {add, mul, sub}

W: AT bpar arithrg, re, v 1

W: A; T Fpar, 7: int
U A; T Fpar, v: V[].FI Abpa, I'<TY U A;T Fpar, 1
WU A; T Fpap, bnzr, vy 1

A . po Pn—1
\I/,A,FFTAL Ts: <T0 ,...,Tn71 >

U AsT{rq: 7} Fran 1 pi=1 0<i<n
U A: T Frar ldrd,’l“s[i];f

A FraL T U AT {rg: (10,79 Foar 1
U A;T brap, mallocrg[m, ...y Tl 1

W: AT bFparn v T U AT {rg: 7} Foan 1
WU A; T Fpar, movrg, v; 1

U AT boar, ra: (78°, - - Tt
W: A FTAL Ts: T3 U AT {rg: (750, . .. ,Ti17...,7'7ff{1>} Fran 1
U AT bpar strgli], re; T

W: A; T Fpar v: Jaut U A o T{rg: 7} Foran 1
U: A; T Frar, unpack|a, 7], v; T

U AT bpar, v V]IV AbFpaL, I'<TY U:A;T bFpar rl: 7
U AT bpar, jmpo U; A;T Frar, halt]7]
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Operational Semantics. | P — P
(H,R,addrq,7s,v; 1) — (H, R{rq — (R(rs) + R(v))}, 1)
(H,Rymulry,rs,v;1) — (H, R{rq — (R(rs) x
(H,R,subrg,rs,v;1) — (H,R{rq — (R(rs) — R(v))}, 1)

(H,R,bnzr,v;I)— (H,R,I)
when R(r) =0
(H,R,bnzr,v;I) — (H,R,I'[T1/c1] -+ [Tn/tn])
where R(V) = {[r, ..., 7]
and H () = code[ay, ..., a,]T.I"
when R(r) =4 and i # 0

(H, R, jmpv) — (H, R, I'[T1 /1] -+ - [T /an)])
where R(V) = {[r1, ..., 7]
and H({) = code[a, ..., a,|l.1"

(H,R,1drq,rs[i); 1) — (H, R{rq — w;},I)
where R(r;) = ¢ and H({) = (wo, ..., Wn_1)
with0<i<n

(H,R,strqli],rs; 1) — (H{l — (wo, ..., wi—1, R(rs), Wit1, Wn—1)}, R, T)
where R(rq) = ¢ and H({) = (wo, ..., Wn_1)
with0<i<n

(H,R,movry,v;I) — (H, R{rq — R(v)},[)

(H,R,mallocry[ri,...,Tnl; ) — (H{L— (?11,..., 7 10)}, R{rq — €}, 1)
where ¢ ¢ H

(H, R,unpack|a, 4], v; I) — (H, R{rq — w}, I[7/a))

where R(v) = pack [r, w] as 7’

Where
R(w) when v =7
. w when v = w
Rwv) =< 4
@) =9 k)] when v = v/[r]

pack [r, R(v')]asT’ when v = pack [r,v'] as7’



