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1 Introduction

When we make memory explicit we have to face the problem of garbage
collection, that is, freeing memory when it is no longer needed. Ideal would
be to deallocate memory at the time we read from it (the last time). One
particular interesting class of memory cells are those that have exactly one
reader or a unique reference. In that case, we can deallocate when it is read.
The usual rule (written here without persistent objects)

cell ¢ V, proc d (case ¢'* K) + cell ¢ V,proc d (V > K)
would then become
cell ¢ V, proc d (case ¢f* K) — procd (V > K)

where we model deallocation of the cell c by not repeating it on the right-
hand side of the rule.

This is not as infrequent as it might seem at first. For example, in our bit
negation pipeline from Lecture 20 all the intermediate cells have a single
reader, namely the second process in the pipeline.

Another class of examples comes from temporary cells in the translation
of functional expressions.

[e1 e2] d = x1 < [er] =1 ;
o < [[62]] X9 ;
xf.(xg,cb
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L23.2 Linear Types

The destination z; will be written by the translation [e;] z; and is then read
by the last line. But it could not be used beyond that because it can not occur
elsewhere in the program since z is fresh and not passed to anywhere.

The situation is different for x2. Even though it is freshly allocated here
it is passed on to the function stored in z; so it “escapes its lexical scope”
and we cannot deallocate it here.

Methodologically, we might now examine various constructs to see
which destinations we may be able to “deallocate” by not copying them
from the left-hand sides of transition rule to the right. But this is compli-
cated, so first we examine what would be required so that we would never
have to copy cells that are being read from (excluding mutable cells from
consideration for the moment, for simplicity). Essentially, can we delineate
a subsect of the language so that every cell will not only be written to once,
but also read from once. Of course, as you might expect in this course after
all we have been through together, this is expressed as a type system! Every
memory cell will have not only a unique provider (to write it) but also a
unique client (to read from it). We call a type system that enforces this
property linear, after Girard’s linear logic [Gir87].

2 Linear Expressions

Even though our ultimate goal is in the runtime system, we start with
functional expressions. We say a function is linear in one of its arguments if
it uses that argument exactly once. The notion of “usage” here is a dynamic
one; it doesn’t mean that the variable occurs exactly once, as we will see.

AT. X (linear)
This is linear in « and therefore the whole expression is linear.
Ax. Ay x (not linear)

This expression is linear in  but not linear in y and therefore not linear.
It’s not linear in y because y is not used, but linearity requires a single use.
Related to linearity is the is the notion of affine. A function is affine in a
variable if it is used at most once. So the function above is affine but not linear.
The notion of affine has recently received a lot of attention because the Rust
programming language treats memory references as affine.

Az. (x,x) (not linear)
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Linear Types L23.3

This expression is not linear because z is used twice and hence more than
once. Functions that use their argument at least once are called strict. The
notion of strictness is important because it is useful in the optimization of
call-by-need languages such as Haskell. If we have a function application
e1 ez and we can tell that e; denotes a strict function we can safely evaluate
ep rather than waiting until e; might need its argument.

Az.if x false x (not linear)

This function is not linear in z. It uses x the first time to decide the condition,
and then again when z is false. However, if z is false this returns « which is
false, so extensionally equal would be

Az.if x false false (linear)

which is linear. These two examples show that linearity is an intensional
property of expressions (how do they compute) and not an extensional
property (what do they compute).

Ax. A\y.if x y (not y) (linear)

This function is linear: z is used once as subject of the conditional. The
variable y occurs twice, but whenever this expression is executed it is used
exactly once: if y is true then in the first branch, and if y is false then in the
second branch.

Az. (Ay.()) x (not linear)

It shouldn’t be suprising by now that this is not linear, since y is not linear
in (). But, moreover, the whole expression is not linear in z, even though «
occurs exactly once. That’s because = occurs in a position where it will be
dropped. On the other hand:

Az. (Ay. (y, () x (linear)

3 Linear Typing of Expressions

With these examples, we now work through the inference rules for expres-
sions and classify those that are linear. We use a different notation for
functions, eager pairs, sums, etc. since the connectives are subtly different
from the regular ones. Our judgment has the form

AlFe:T
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L23.4 Linear Types

where A is a context of variables, each of which must be used once in e. We
have seen the IF notation once before, in Lecture 12 where we used it to type
patterns in which no variables could be repeated. The use of A instead of
I is just stylistic, to help remind ourselves that all the variables should be
linear. We use here the names of the inference rules derived from linear logic
where introductions rules (for constructors) use I while elimination rules
(for destructors) use E.

Linear Functions 7 — 0. A function is linear just if its parameter is used
linearly in its body.
Azr:Tlhe:o

—o]
AlFdz.e: 7—o0

When applying a function we have to divide up the variables among those
that occur in the function (A;) and those that occur in the argument (A).

AllFer:mm—om Aglkes:m
Al,AQ ”— €1€2 1 T1

—o

Our usual presupposition regarding contexts kicks in and we implicit require
the dom(A;) Ndom(Az) = (). The ordering of the variables in A is irrelevant
here. If we wanted to maintain them (say, because there are type variables
present) then we would use a merge operator between the two contexts
instead. Nevertheless, in the direction we usually read the rules it would be
a split operator.

When we look up variables, there cannot be other variables in the context
because they would not be used and therefore not be linear.

——h
z:7lkx:T yP

Eager Linear Pairs 7 ® 0. Eager linear pairs are written as 7 ® o. The rules
are straightforwardly patterned after previous rules, keeping in mind that
for the destructor (case), the variables standing for the components of the
pair must be linear.

AilFer i1 Aglkey:m Alre:m®mn Az :m,ze:mlbe 7

I
Ay, Ag lF{e1,e2) : 11 @ T A A" IFcasee ((z1,22) =€) : 7

The nullary version of pairs, the unit is written as 1 and the rules are the
nullary version of the binary rules above (see Section 4).
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Linear Sums 7 @ 0. Actually, we will show the labeled, variadic version
®@ier(i : 7;). In the constructor rule @I, there is not much to consider.

Alre:T;

- - oI
AlFj-e: @ier(i:mn)

For the destructor (case) we need to consider the same as for the conditional
in the last section: only one branch of the case will be taken, so all branches
must be checked with the same linear context.

Alre: @ier(i:m) (foralliel) Al zi:ml-el:7

/ D N 7! bE
AN IFcasee (i m; = €)ier = T

Recursion. The remaining type constructors follow similar patterns so
we omit the details (see Section 4 for a listing). Recursion, however, is
interesting. The computation rule for fixed points is

fix f.e— [fix f.e/fle

This already departed from the pattern of the other rules. For one, we
substitute an expression (fix f. e) for a variable f in an expression e, while
all the other rules just substitute values for variables. For another, it is not
attached to a particular type constructor and can always be applied.

There are several sources of operational “nonlinearity” in this rule. First,
even if f occurs only once in e, it is replaced by another expression (fix f. e)
containing e, thereby duplicating e. Also, when we define a recursive
function we would like to make multiple recursive calls and still consider
the function linear.

For example, the function that takes a bit string (usually considered just
a binary number) and flips every bit should be linear: each bit of the input
string is read and a corresponding bit written to the output.

bits = pbits. (b0 : bits) @ (b1 : bits) ® (e : 1)
flip : bits —o bit
flip = Az. case (unfold ) (b0 -y = fold (b1 - flip y)

| b1 -y = fold (b0 - flip y)
|e-y=fold (e-y))

Note that there is no recursive call to flip in the third branch and yet we
should consider the function linear. In order to formally represent this,
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we have to nonlinear variables to the context, which can be propagated to
multiple premises of a rule and may be left over in rules with no premises.
Moreover, since the body of the recursively defined expression is duplicated
when it is unwound, it may not depend on any linear variables.

Ly, fo:7lFe:T
LylFfix foe:r

rec

Here, the subscript U means the variable is unrestricted (that is, non necessar-
ily linear), and I'y stands for a context where all variables are unrestricted.
The rules for variables, for example, then would become

h hyp
Ty,z:7lkx:7 P l'yzp:7lFx: 7 v

With these rules (and the straightforward ones for fold and unfold) the flip
function can indeed be checked as linear.

This example is also remarkable because a tiny change in the last branch
of the conditional

flip : bits —o bit

flip = Az. case (unfold x) (b0 - y = fold (b1 - flip y)
| bl -y = fold (b0 - flip y)
le-y=fold (e-())) % bug here!

makes this function now nonlinear: y is not used. Besides the code shown
earlier, we can also fix the problem by using y : 1.

flip : bits —o bit

flip = Az. case (unfold ) (b0 - y = fold (b1 - flip y)
| b1 -y = fold (b0 - flip y)
ley=casey ()= fold (e ())))

4 Linear Rule Summary

The syntax for the language of expression does not change, but the language
of types is new.

Linear types 7 = 7 —on |11 @ | 1| ®ieri:n)|pa.1|a
The definition of values and the rules for evaluation remain the same as for

our nonlinear functional language.
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We name the propositional rules I (for introduction, representing a
constructor for a type) and E (for elimination, representing a destructor for
a type). Missing here are the unrestricted variables that would be needed
for recursion.

— hyp
r:TlFx:T Y
Ax:TlFe:o AilFer:m—o1 Aglbes:m
AlFdx.e:7—o0 A, AslFejes:m
AilFer i1 Aglkey:m Albe:m®m A,z :1,20: 1k 7 5
& &®
Al,AQ I+ <61,62> 1 T1 Q To A,A/ I case e (<1‘1,1‘2> = 6/) i
AlFe:1 A'lbe 7
17 1F
B e 1 A A lFcasee (() =€) 7

(jel) Alre:T

&l
All—j-e : @iel(i : Ti)

Albe:@ier(i:m) (foralliel) Alyz;:7l-e;:7

oF
AN -casee (i-x; = €)ier = T
AlFe;:7; (forallic ) Albe: & li:m) (jel)
&I &E
AlF{i = e &ieri =) Alrej:T;
Alke: [pa.T/a]T Alke:pa.T
pE

Al-folde: pa.T P A Ik unfold e : [pa. T/a]T

5 Linear Typing of Processes

We didn’t prove preservation and progress for linear types. While they
are still satisfied, they are not satisfying: we haven’t changed any of the
dynamics of programs! Linear types, so far, “don’t buy us anything”.

In this lecture we assign linear types to processes, so that the translation
of a linearly typed functional expression becomes a linearly typed process.
Then we show that executing a linearly typed process does not require a
garbage collector since we can eagerly deallocate cells when they are read.
In other words, the right level of abstraction to benefit from linear typing is
at a level where memory is made explicit.
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Linear typing, though, is too restrictive so what we actually want is a
language that combines linear with nonlinear typing. In this combination,
linearly typed cells are ephemeral, while other cells remain persistent as in
our original semantics for processes. We probably will not have time to cover
such a language in this course, but refer you to a recent draft paper [PP20].
Here, we just present purely linear typing.

Our judgment is

AlFP:(z:0)

where A contains linear variables. The destination z in the succedent is
written to exactly once (as before), but it will also be read exactly once.
Therefore, the rule for spawn/allocate is

AlFPu(x:7) Ajz:7IFQ = (2:0)
AN IFz+—P;Q:(z:0)

spawn

In the computation rule, we just create a fresh cell as before.
proc d (z < P ; Q) — proc ¢ ([¢/z]P),proc d ([c/z]Q) (c fresh)

The rule for variables: one that reads from an ephemeral (linear) cell and
deallocates it.

move
y: 7k oyl (x:7)

Computationally, this first rule moves while the second one copies.

cell c W procd (d < ¢) — cell d W (move)

Eager Linear Pairs. As an example for linear typing, we use pairs. In
general, we write linear typing rules as left rules (if the type constructor
appears in the antecedent) and right rules (if the type constructor appears in
the succedent). Note that left rules always read from memory, while right
rules always write to memory.

@R
o1, @ T E 2 @y, ae) (20T @)

Ayxy T,z lFPi(z:0)

A,z @7l case 2 ((z1,22) = P) 2 (2 : 0)

Operationally, the case rule reads from memory and passes it to the continu-
ation. These rules are general for all positive types. The only difference from
before is that the cell that is read is ephemeral and therefore “deallocated”.

LECTURE NOTES THURSDAY, NOVEMBER 19, 2020



Linear Types L23.9

procd (dV.V) s celld V (write/pos)
cell ¢ V, proc d (case ¢ K) v proc d (V > K) (read/pos)
where

Values V == (di,da) ...

Conts K == ((z1,22)=P)|...
with

(d1,d2) > ({x1,22) = P) = [d1/w1,d2/22] P

Linear Sums. They follow the pattern of the eager pairs, since they are a
positive type.

jel

— ) ®R°
y:1ilEz (j-y) (2 Bier(i s 1))

(foralli e I) A,y;:7ilF P (z:0)

®L
Az @ier(i:m) I case 2 (i-y; = Piier 2 (2: 0)

where
Jedv(i-yi = Picr = [d/y;|P;
Linear functions. Since functions are a negative type, the case constructs
writes a continuation to memory.
Ayy:7lFP:(z:0)

AlFcase 2V ((y,2) = P) = (x: 7 — 0)

—oR

—L0
r:7—ooy:TIF2R{y 2):(2:0)

This time, we have to provide a second set of rules since the roles of values
and continuations are flipped.

proc d (case dV K) s cell d K (write/neg)
cell ¢ K, proc d (d®.V) +— procd (V> K) (read /neg)

where the reduction (di, d2) > ((y, 2) = P) has already been defined.
The summary of all the rules for linear processes can be found in the
linear rule sheet.
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L23.10 Linear Types

Recursion. We assume all functions can be mutually recursive and are
defined at the top level and have no other free variables. Then we translate
each definition

func = Az.e

as
Icell func ((x, z) = [e] 2)
where

[func] d = (& « func®)

Slightly more generally, if we want to allow mutually recursive definitions
for arbitrary negative types constructed at the top level, we would translate
each definition

f=e

to
lcell f K for [e] dy = case dy K

Under this view, functions become like constants that are visible throughout
the program, similarly to the specific treatment we have given fixed points.

6 Example: Bit Flipping Revisited

With the treatment of recursion from the end of the previous section, the
(linear) bit flipping program becomes (eliding uses of fold):

flipge = ((z,y) = case 2 (b0 - 2/ = v/ « flip™.(z', )
y".(b1-y)
| bl-2' =y « flip™.(a',y)
y".(b0 -y
le-u=2zV.(e-u)))
where the initial state of running the program contains

Icell flip flip ;.

This is now entirely linearly typed, except for the references to flip.
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7 Look Ma, No Garbage!

With linear typing, cells are deallocated as they are used. For example, the
flip program started with a state such as

Icell flip flip,.,
cell ¢4 (), cell c3 (e cq),cell ca (fold c3),
cell ¢1 (b0 - ¢2),cell ¢ (fold ¢1),

proc dy (ﬂipR. (co,do))

will end with a state

Icell flip flip .,
cell ¢4 (), cell d3 (e - cq),cell do (fold d3),
cell d; (bl - d2),cell dy (fold dy)

We have executed here the version that does not explicitly copy the unit
element to a new cell. Note that all cells, except for flip, are reachable from
dp, the initial destination of the call.

In general, if we started with an empty configuration (again, excepting
only the recursive functions), as would be the case for the translation of

[flip (fold (b0 - (fold (e - ()))))] do

all cells in the resulting state would be reachable from djy as shown in this
example.

In order to prove such a result we need to make the typing of config-
urations explicit and then examine the change in configurations during
computation. We have:

Configurations C == -|C;,Cy | procd P |cellc W

where we omit the persistent cells for closed, top-level functions. We imagine
they are defined in a global context. The linear typing judgment then has
the form

AlFC A

for a configuration that writes to A’ and reads from A. As before, any
addresses in A not read by a process in C are passed on to A’ to be read by a
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L23.12 Linear Types

process further on the right.

AlFP::(d:T) /
——— tp/empt tp/proc
AlF():=A p/empty A AlFprocd P (A')d: 1) PP
AlFVVi(c:T) AlFcase V' K i (c:7)
tp/cell /val tp/cell /cont
AAlFcelle Vo (Alje:T) AAlFcelle K (Aye:T)

AlFCr A1 A1 FECy i Ay
A lF (C1,Ca) = Ag

tp/join

8 Progress and Preservation

Progress is essentially unchanged from before.

Theorem 1 If - I C :: A then either C is final (consists only of cells) or C — C’
for some C'.

The preservation theorem is the interesting one. In case of linearly typed
processes, the cells defined (or promised to be defined by a process) does
not change throughout the computation!

Theorem 2 IfAIFC :: A"and C — C' then Al C == A

Contrast this with the previous statement of preservation where the
output context may grow when a new cell is allocated.

The form of the preservation theorem now means that if we start, for
example, with - IF C :: (dp : 1) then any resulting final configuration C —* F
still has the same type. Since there are only ephemeral cells in F, it must
be of the form F', cell dy W for some F’' and W. Since dy : 1, it follows by
inversion that W = (). Moreover, - I F’ :: (). Again by inversion we find
F' = (), so the whole configuration consists of just cell dy ().

Looking at the typing rules we can see that in general the context A acts
like a frontier for an algorithm to traverse a tree with root dy, the initial
destination. It must eventually be empty which shows that every ephemeral
cell is reachable and no garbage is created.

Exercises

Exercise 1 Write a linear increment function on natural numbers in binary
representation.
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Exercise 2 Recall the definition of a purely positive type, updated to reflect
the notation for linear types.

=11 @n | @) | pat. 7t | at
Even in the purely linear language, it is possible to copy a value of purely
linear type. Define a family of functions

copy_+ 7T — (1T @7h)
such that copy_. v —* (v,v) for every v : 7. You do not need to prove this
property, just give the definitions of the copy functions. Your definitions may
be mutually recursive.

Exercise 3 A type isomorphism is linear if the functions Forth and Back are
both linear. For each of the following pairs of types provide linear functions
witnessing an isomorphism if they exist, or indicate no linear isomorphism
exists. You may assume all functions terminate and use either extensional
or logical equality as the basis for your judgment.

—_

. T—o (00— p)and o —o (T —o p)

2. 7—o(0—op)and (T®0) —p

3. 7T—o(0c®p)and (T —0) @ (T —o p)
4. (1@ o) —opand (T —p) @ (0 — p)
5. 1¢1l) —o7and 7® T

Exercise 4 Write out the following theorems, updated to the purely linear
language (where only recursively defined variables are nonlinear). We
change neither the definition of value nor the rules for stepping from our
previous language that does not employ linearity.

1. Canonical forms for types —, ®, 1, &, and p. No proofs are needed.

2. The substitution properties, in a form sufficient needed for preserva-
tion. No proofs are needed.

3. The preservation property for evaluation of closed linear expressions.
Show the proof cases for linear functions.

4. The progress property for closed linear expressions. Show the proof
cases for linear functions.
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L23.14 Linear Types

5. Where do these properties and their proofs differ when compared to
our language that does not enforce linearity?

Exercise 5 Prove that A I e : 7 implies A IF [e] d :: (d : 7). You only need
to show the cases relevant for functions (Ax. ¢, e1 e and variables x).

Exercise 6 Write a linear function inc on the binary representation of natural
numbers.

1. Provide the code as a functional expression.

2. Following the conventions of this lecture, show the result of the trans-
lation into a process expression. You may use the optimization we
presented here. Concretely, define incx and inc so that the program
representation as a configuration would be !cell inc inc.

3. Show the initial and final configuration of computation for increment-
ing the number 1 represented as fold (b1 - (fold (e - ()))).
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