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1 Introduction

One of the key aspects of writing a compiler is to design appropriate intermediate languages that
represent stepping stones between the source and the target. Source, intermediate, and target lan-
guages will evolve throughout the semester because you will implement a sequence of compilers
for languages of increasing complexity. The goal of the first lab is to familiarize you with the
intermediate language; the goal of the second lab will be to translate into and out of it.

All (or perhaps almost all?) compilers rely on intermediate languages. In 15-411 Compiler
Design common intermediate languages are static single-assignment (SSA) or LLVM. The TIL
compiler [Tarditi et al., 2004] for Standard ML developed at CMU uses multiple intermediate
languages and is based on the premise that they should be typed, all the way down to typed
assembly language (TAL) [Morrisett et al., 2003].

Sax [DeYoung et al., 2020] is a relatively recent entry into this space. It is quite high level in
the sense that it corresponds to a logical system based on a form of the sequent calculus as an in-
stance of the Curry-Howard correspondence. And yet it has an intuitive imperative interpretation.
Because of its relatively high-level nature, it is easy to define and use substructural variants and
explore how to implement them efficiently and take advantage of the properties they guarantee.

Instead of presenting all of Sax at once, we start with a core that is positive and linear. In
this context, positive means that the language is first-order, that is, it doesn’t have any higher-
order functions. And linear here means that no traditional garbage collection is needed because
all memory cells can be deallocated when they are read.

2 Positive Types and Large Values

From the user perspective, values of positive types are those whose structure we can directly ob-
serve. These would be booleans, natural numbers, lists or trees with elements of observable type,
etc. Conversely, values of negative type are those whose structure we cannot directly observe, but
can interact with like functions or objects.

The theory of programming languages has developed a basic understanding of the building
blocks of types. Correspondingly, proof theory has identified building blocks of propositions.
We’ll mostly stick with the programming language point of view, but we will sometimes correlate
it with intuitionistic (linear) propositions.
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Sax: An Imperative Intermediate Language L1.2

Our basic judgment for typing large values is
VA

expressing that large value V' has type A. The values we observe do not contain any variables, so
we do not need any context to specify their type. We call these values large because a single value
contains all the information about the outcome of a computation.

Pairs. We write A ® B for the positive types of pairs.
ViA W:B
(VVW): A® B

The notation is borrowed from linear logic, as is the naming of the rule I as an introduction rules. In
intuitionistic logic, this would be one of two forms of conjunction. In functional languages with a
call-by-value semantics (the ML family), these are written A * B, and this is actually the concrete
syntax we adopt.

Unit. We write 1 for the unit type, inhabited only by the unit element.

()ﬁl[

In common languages this is often written as unit; we’ll just write 1 in our concrete syntax.

Sums. We write ¥ycr (¢ : Ay) for the disjoint sum of the types A,, where the labels ¢ are drawn

from a finite index set L # { }. In linear logic, the binary version is written as A & B, which is the

same as AV B in intuitionistic logic. We avoid empty sums for simplicity. Also, since they contain

no values, their programming applications are limited. We generally use ¢ and k for labels.
(keL) V:A V:A V:B

oI ————— ®h — Bl
k‘(V) : ZZEL(K : Ag) ﬁl(V) cAe B m(V) A B

We have shown the special case of the binary version on the right, where A ® B £ (inl : A) + (inr :
B), They aren’t properly part of the language.

With these value constructors we can already represent the finite types such as the booleans
(false : 1)+ (true : 1) In order to represent infinite types like lists or natural numbers, we also need
recursion.

Equirecursive Types. Rather than adding a binding constructor pa. A(a) for constructing recur-
sive types, we represent them by top-level definitions, like

type nat = (zero : 1) @ (succ : nat)
From now on we adopt a notation for sums that is closer to our concrete syntax.

type nat = ®{zero : 1, succ : nat}

What does it mean for these types to be equirecursive? It means that we treat this definition as an
equation at the meta-level, rather than as an isomorphism that requires coercions. We will see in the
next lecture that this simplicity comes at some cost, which I believe is well worth paying.
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Because type definitions are equirecursive we have judgments such as
succ(succ(zero())) : nat

We also don’t have a separate rule for type names such as nat because we can “silently” apply the
rules for sums to derive the above judgment.

()ﬁl]

— @I
zero() : nat

succ(zero()) : nat

oI
succ(succ(zero())) : nat

In the mathematical sense all positive types defined in this way are inductive. This requires a
restriction: the right-hand side of a type definition should not be a type name itself, but start with
a constructor (®, 1, ®). This avoid definitions such as type ¢t = ¢.

Furthermore, we allow all type definitions to be mutually recursive, which can be a bit un-
pleasant if we use an explicit type constructor .

As another example, lists of natural numbers could be defined with

type list = ©{nil : 1, cons : nat ® list}

3 Memory and Small Values

At this point we know we’d like to represent large values, but we want to somehow represent
them in memory so we can operate on them imperatively. A memory cell, however, cannot hold a
value of arbitrary size, so we need to break large values down in smaller pieces. We do this using
an abstract semantic object cell a v, representing a memory cell at address a holding small value v.
A small value is either a pair of addresses, or the unit value, or a label together with an address.
For example, the number two from the example above could be represented as

cell 0 succ(l)
cell 1 succ(3)
cell 3 zero(4)
cell 4 ()

Here, we have used integers to represent addresses, which is actually typical for real memory. We
also assumed that every memory cell has enough space to hold any small value. Typically, two
machine words would be sufficient to hold a pair of addresses, tagged values, and also the unit
value.

We may already be able to foresee some optimizations here, like not assigning an explicit cell
to hold the unit value. However, it is important not to get carried away with such considerations
at this stage, but to implement the straightforward version first. For one, it is supported by theory
and the implementation should be simple and therefore more likely to be correct than a more
complex but possibly optimized one. For another, it provides us with a baseline so we can later
measure what optimizations actually buy us.

Another point: the result of the program that can be observed is its large value, not its precise
layout. In the example above, we skipped the address 2 to make this point. So at the end of
evaluation a small program needs to traverse memory and print out the large value. This program
will depend on certain choices of memory layout, for example, whether the unit value is explicitly
represented or not.
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4 Typing Memory
How do we assign types to a memory cell? A cell
cell ¢ (a,b)

for example defines the small value at address c and references the small values at address a and
b. We therefore type it as
a:Ab: Bt celle(a,b)::(c: A® B)

There are two departures from the typing of large values. For one, there are now antecedents
that stand for the types of other memory cells, here a and b. The other is that we also provide an
address for the succedent (here c) to track where the small value is stored.

Generally, we like to maintain types when programs execute—an almost universal principle
to make sure the result of computation satisfies the original expectation with regards to its type.
Therefore, a command writing to a memory cell should be typed just the way the resulting cell is.
This gives use the following rules.

®X 1X
a:Ab: Bt writec (a,b) :: (c: A® B) -Fwritec () (c:1)

(kel)
a: A Fwrite c k(a) :: (¢: Xpep(€: Ayp))

eX

We have given them the name X because the stand for logical axioms, if we ignore the commands.

— 1X

— @X — 3 X
ABrA®B * F1 AFA®B 2

Xy, ————— @
' BrA®B
So the rules maintain their correspondence to logical rules. The typing judgment now has the

form
ay: Ay, ..o an A E P (e:0)

-— ——
read from write to
where a1, ..., a, and c stand for addresses and P is a command to be executed. We often think of

P as a process, since (as we will see) the language has a natural parallel interpretation. If we want
to emphasize the sequential meaning we say command.

In our dynamics we have two forms for semantic objects. cell ¢ v represents that the cell with
address c holds small value v. We also write proc P which means the process P is executing. The
dynamics of the write operation is then almost trivially specified:

proc (write cv) — cellcv

5 Reading from Memory

Writing small values to memory was easily interpreted by the way memory cells themselves had
to be typed. What about reading? When reading a pair, for example, we bind two variables
to addresses, one to the first component and one to the second component. The corresponding
construct is

read ¢ (z,y) = P(x,y)

where we have made the dependence of P on = and y explicit.
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We can see that if ¢ : A® B holds a small value (a, b), then x should be bound to a and y should
be bound to b while we execute P. We write this as

cell ¢ (a,b),proc (read ¢ (z,y) = P(z,y)) — proc P(a,b)

What does this imply for typing? When we read from c we use it, and then we get to use a and b
(represented in the program by x and y) when we type P.

Iix:Ay:BF P(x,y) =6
I'c: A® Bt read c (z,y) = P(z,y) = 0

®L

Here, we have written ¢ for something like d : D, naming the address where P eventually will
have to write to. We often refer to d as the destination.
The unit type works analogously, but does not bind any variables.

cell¢ (),proc (read ¢ ()= P) — procP

And from the typing perspective:

PP
I'c:1lFreadc()=P: 6

1L

To read sums the process will have to account for all possible summands.

(P,xg A Pg(:l:g) b (5) (V€ S L)
Lye:Yper(0: Ay) Fread ¢ {l(xp) = Po(xp) boer 2 0

®L

The ®L rule has one premise for each label in L, so that during execution of the command the
correct branch is always available.

cell ¢ k(a), proc (read ¢ {¢(x¢) = Py(x¢)}ocr) — proc Py(a) (ke L)

There rules are call L for left rules because they consider the types of antecedents, that is, on the
left-hand side of the turnstile. They are the left rules from Gentzen’s sequent calculus [Gentzen,
1935], which may be familiar.

I'NA,BFC re=cC IAFC T,BFC
———— ®L —— 1L
A BEC rircC AeBEC

®L

We observe that, from the logical perspective, we keep all the left rules from the sequent calculus
and replace the right rules by axioms. That why we call this the semi-axiomatic sequent calculus, or
Sax for short.

6 Cut and Identity
We are missing two important rules from the sequent calculus, cut and identity.

I'FA AAFC
cut
[,AFC AF A

id
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What do they mean here? It turns out that cut allocates a fresh cell of memory.

F'EPx):(x:A) Az:AFQ(z) =0
[AF cut (x: A) P(x) Q(x) = 6

cut

We can read this as a parallel or a sequential construct, where the latter is a particular schedule for
the parallel program. The process

cut (z: A) P(z) Q(z)

allocates a new cell a (referred to as a in the program) and spawn a process P(a) whose obligation
is to write to a. The process Q(a) will read from a. The interpretation of our typing judgment
doesn’t leave much room here. Note that a is called a future [Halstead, 1985, Pruiksma and Pfen-
ning, 2022] and a point of synchronization: if )(a) tries to read from a before P(a) has written to
a, Q(a) will block until it is written.

The sequential interpretation executes P(a) in its entirety (which is, until it writes to its desti-
nation a) and only then executes Q(a). Then, Q(a) never has to check if a has been written, since
it is guaranteed to have been written.

From the perspective of the dynamics, it is just

proc (cut (z : A) P(z) Q(x)) — proc P(a),proc Q(a) (a fresh)

We see that in this formulation of the dynamics, more than one “proc” object can be in the state.
The abstract rules allow any of them with applicable rule to transition. There are, of course, ways
to enforce formally that proc P(a) completes before proc Q(a) starts, but if our key properties (like
the standard progress and preservation) do not depend on this we can also leave it informal. In a
way, an strategy that is compatible with the rules is permissible for an implementation.

This way of specifying the dynamics is called substructural operational semantics (SSOS) [Pfen-
ning, 2004, Pfenning and Simmons, 2009, Simmons, 2012] and is based on multiset rewriting [Cervesato
and Scedrov, 2009] because the collection of semantic objects that make up the state of the compu-
tation are interpreted as a multiset. More about that in the next lecture.

The identity rule just moves a small value from one cell to another, by reading from one cell
and writing in one step.

id
b:AFidab:: (a: A) I
with the dynamics
cellbv,proc (idab) — cellawv

7 Procedure Definitions

Our language so far has only positive types, so how is it possible to define procedures? (We say
procedures because they are executed for their effect on the store, not like functions that take an
argument and return a result.) We didn’t discuss this in lecture, but we used it in the examples we
live-coded.

This is somewhat important, because we want to define a first-order language before we allow
tirst-class functions, objects, etc. To define a procedure named p we write

procp (z:A) (y1:B1) ... (Yn: Bn) = P(x,91,---,Yn)
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Every procedure p takes a destination first (here = : A) and then additional arguments y;. When
executed, both = and all y; will be bound to addresses. To achieve that, we have a new construct

callpab; ... b,

where the number, positions, and types of the arguments must match those in the definition of the
procedure.

As for type definitions, procedure definition can be arbitrarily mutually recursive. This is
unlike the syntactically expressed form of (mutual) recursion in languages such as Standard ML
and OCaml.

We have said that procedures aren’t functions, but what are they? It turns out they are metavari-
ables in the sense of contextual modal type theory [Nanevski et al., 2008]. Think about a sequent

y1:B1,...,yn : By Epi(z: A)

for some metavariable p. What is the type of p? It depends both on all antecedents and the
succedent. In contextual modal type theory we might write

p:Alyr: Bi, ..., Yn s By
but here the destination x also has to be named, so it might be written as
pi(yr: By yn: By x: A)

So p stands for the derivation of a whole sequent, rather than an individual function such as B— A.
Moreover, p will be closed in the sense that all of its variables will be  and y;, but nothing else. It
is this property of being closed that allows us to arbitrarily reuse these procedure definition even
in the type system is otherwise linear.

Will address the typing of procedure definitions and calls in the next lecture.

8 Some Sample Code

There are some choices to be made in the concrete syntax. We write @ simply as +, and ® as
*. Also, all labels have the form ’'<ident>. Comments have the form // ...\nor /* ... %/,
properly nested in the latter case. Also, the branches of a read are enclosed in braces { ... }
and each alternative is preceded by a vertical bar |. The only exception is if there is just a single
branch. More details can be found in the specification of Lab 1, which we live-coded.

We use indentation to offset the command writing to a freshly allocated cell from the reader,
although the syntax makes is unambiguous. The file below is lec01.sax.

/*x Lecture 1 x/
/* 15-{4,6,8}17 Spring 2025 x/

type nat = +{'zero : 1, 'succ : nat}

type bin = +{'b0 : bin, ’'bl : bin, 'e : 1}
// two = ‘b0 ‘bl ‘e ()

proc zero (d : bin) =
cutu : 1
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12 write u ()
13 write d 'e(u)

15 proc one (d : bin) =
16 cut x : bin

17 call zero x

18 write d 'b1(x)

20 proc succ (d : bin) (x : bin) =

21 read x {

2 | 'bO(x0) => write d 'b1(x0)
23 | "bl(x1) => cut y : bin

2 call succ y x1
25 write d 'b0O(y)
2 | 'e(u) => read u ()

27 call one d

28 }

o proc two (d : bin) =

31 cut x : bin

2 call one x

33 call succ d x

Parameterless procedures (those with only a destination) can be executed, which here are zero,
one, and two. They result in a final state from which the representation of the corresponding
large values can be read off. The corresponding file, lecO1.sax.val, written by the compiler, has the
following contents.

1 value zero = 'e ()
2 value one = 'bl 'e ()
3 value two = b0 'bl ’e ()

9 Summary

We haven'’t discussed many properties of the system, including what “linearity” of the commands
entails. We will return to this in the next lecture. Here is the summary of today’s rules.

9.1 Typing

Assume a program ¥ with declarations y : B F p :: (z : A). The definition of p is not relevant to
typechecking procedures, but we have to check each procedure definition against its type (assum-
ing all other definitions satisfies their types).
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F'FPu(zx:A) Azx:AFQ:d
id cut
y:Al—idnvy::(ac:A)I I'Arcut(z:A)PQ:0o
FEP:é
1X
-Fwritex () = (x:1) Iz:lFreadz ()= Q=0
Mz:Ay:BFQ:6
®X ®R
x:Avy:BFwritez (z,y):2: AQB INz:A® BtFread z (z,y) = Q :: §
(ke L) Dy:AebQp::d (M el)
eX
y: Ap b write x k(y) = (z: {0 : Ag}oer) Dyo:@{l: Asloer Fread z {{(ys) = Qelier 2 0
(y:BFpu(x:A)eX TF(b/y) :(y:B) !
- ca
F'kFcallpab: (a:A)
Fll—T]l::Al FQ}_TIQ::AQ
[y, To b () = (A Ag) - F () () y: AR (y/z) = (2: A)

9.2 Dynamics

We assume an environment ¥ with definition proc p x § = Q(z,y). The rules are multiset rewrit-
ing rules. They can be applied sequentially by always evaluating P(a) fully (that is, until it writes
to a) before (a) in a cut.

The rules below represent a minor refactoring of the rules in lecture. Instead considering eavh
kind of small value v separately, we have general rules and a way to pass a small value to a pattern
matching construction.

proc (write ¢ v) — cellcw
cell cv, proc (read ¢ K) — proc (v> K)
proc (cut (z : A) P(x) Q(x)) — proc P(a),proc Q(a) (a fresh)
cell bv, proc (id a b) — cellav
proc (call p a b) — proc Q(a,b) (procpzxy = Q(x,7) € X
0> 0= = Q
(aab) > (‘T y) :> Q(l’ y) = Q(a7b)
k(a) > {€(ye) = Qe(ye)}eer Qr(a)
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