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1 Introduction

After examining an exceedingly pure, but universal notion of computation
in the A-calculus, we have been building up an increasingly expressive
language including recursive types, universal types (parametric polymor-
phism), and existential types (abstract types). The standard theorems to
validate the statics and dynamics are progress and preservation, relying
also on canonical forms. The pinnacle of this development is Reynolds’s
parametricity theorem that ensures data abstraction for implementations of
libraries using existential types. We have also seen that the supposed oppo-
sition of dynamic and static typing is instead just a reflection of breadth of
properties we would like to enforce statically, and the supposed opposition
of eager (strict) and lazy constructors is just a question of which types we
choose to include in our language.

At this point we turn our attention to defining the dynamics of the
constructs at a lower level of abstraction that we have done so far. This
introduces some complexity in what we call “dynamic artifacts”, that is,
objects beyond the source expressions that help us describe how programs
execute. In this lecture, we show the K machine in which a stack is made
explicit. This stack can also be seen as a continuation, capturing everything
that remains to be done after the current expression has been evaluated. At
the end of the lecture we show an elegant high-level implementation of the
K'machine in Haskell.
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L15.2 The K Machine

2 Introducing the K Machine

Let’s review the dynamics of functions.

(V)
Ax. e val
e1 €} vy val ey €
——  (CE-—) (CE-—9)
6162'—>6,162 U162'—>2}16/2
(R-—)

(Az. €]) vy — [ve/x]€]

The rule (CE-—1) and (CE-—3) are congruence rules: they descend into an
expression e in order to find a redex, (Ax. €]) v2 in this case. The reduction
rule (R-—) is the “actual” computation, which takes place when a constructor
(here: A-abstraction) is met by a destructor (here: application).

The rules for all other forms of expression follow the same pattern. The
definition of a value of the given type guides which congruence rules are
required. Overall, the preservation and progress theorems verify that a
particular set of rules for a type constructor was defined coherently.

In a multistep computation

epr> €1~ e ey =V

each expression e; represents the whole program and v its final value. This
makes the dynamics economical: only expressions are required when defin-
ing it. But a straightforward implementation would have to test whether
expressions are values, and also find the place where the next reduction
should take place by traversing the expression using congruence rules.

It would be a little bit closer to an implementation if we could keep track
where in a large program we currently compute. The key idea needed to
make this work is to also remember what we still have to do after we are done
evaluating the current expression. This is the role of a continuation (read: “how
we continue after this”). In the particular abstract machine we present, the
continuation is organized as a stack, which appears to be a natural data
structure to represent the continuation.

The machine has two different forms of states

k> e evaluate e with continuation &
k <v return value v to continuation k&
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The K Machine L15.3

In the second form, we will always have v val. We call this an invariant or
presupposition and we have to verify that all transition rules of the abstract
machine preserve this invariant.

As for continuations, we’ll have to see what we need as we develop the
dynamics of the machine. For now, we only know that we will need an
initial continuation or empty stack, written as e.

Continuations k == ¢€|...
In order to evaluate an expression, we start the machine with
ede
and we expect that it transitions to a final state
€4

if and only if e —* v. Actually, we can immediately generalize this: no
matter what the continuation k, we want evaluation of e return the value of
e to k:

For any continuation k, expression e and value v,
kve—*k<av iff e="v

We should keep this in mind as we are developing the rules for the K
machine.

3 Evaluating Functions

Just as for the usual dynamics, the transitions of the machine are organized
by type. We begin with functions. An expression Az. e is a value. Therefore,
it is immediately returned to the continuation.

k>dr.e — k<dlr.e

It is immediate that the theorem we have in mind about the machine is
satisfied by this transition.

How do we evaluate an application e; eo? We start by evaluating e; until
it is a value, then we evaluate e3, and then we perform a S-reduction. When
we evaluate ¢; we have to remember what remains to be done. We do this
with the continuation

(_e2)
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L15.4 The K Machine

which has a blank in place of the expression that is currently being evaluated.
We push this onto the stack, because once this continuation has done its
work, we still need to do whatever remains after that.

kD€162 — ko(_eg)l>€1

When the evaluation of e; returns a value v; to the continuation & o (_ e2)
we evaluate e; next, remembering we have to pass the result to v;.

ko(_e)<vy — ko(vi_)>es

Finally, when the value v; of e is returned to this continuation we can carry
out the S-reduction, substituting v for the formal parameter z in the body €}
of the function. The result is an expression that we then proceed to evaluate.

ko((A\x.e)) _)<ave — kb [va/xle]
The continuation for [v2/z]e] is the original continuation of the application,

because the ultimate value of the application is the ultimate value of [ve/z]€].
Summarizing the rules pertaining to functions:

kE > Mr.e — k < MAr.e
k > €1 €9 — ko (_ 62) > er
ko (_ 62) <4 v — ko (Ul _) > e
Eo((Ax.€)) ) < v > E > [ve/x]e}
And the continuations required:
Continuations k£ = ¢

| ko(_62)|ko(v1_)

4 A Small Example

Let’s run the machine through a small example,
(Az. Ay.x) v1) vo
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The K Machine L15.5

for some arbitrary values v; and vs.

e > ((Az. \y.x)vr) vy
— eo(_wve) > (Ax.A\y.z)v;
> eo(_wv)o(_v) > Az \y.x
— eo(_wv9)o(_v1) < Ar.Ay.x
= eo(_wva)o((Az.Ay.z) ) > 0
=t eo(Cu)o (e gx) ) 4 v
— eo(_v9) > Ay.up
— €o(_v2) < Ay.up
— eo((A\y.v1) ) > wy
—* eo((A\y.v1) ) < wy
— €E D> U1
—* € 4 11

If v and vy are functions, then the multistep transitions based on our desired
correctness theorem are just a single step each.

We can see that the steps are quite small, but that the machine works as
expected. We also see that some values (such as v;) appear to be evaluated
more than once. A further improvement of the machine would be to mark
values so that they are not evaluated again.

5 Eager Pairs

Functions are lazy in the sense that the body of a A-abstraction is not eval-
uated, even in a call-by-value language. As another example we consider
eager pairs 71 ® 7. Recall the rules:

v1 val v val
— (V-®)
<'l)1, 'U2> val

e €} vy val ey €l
(CI-®) (CI-®2)
(e1,e2) — (e, e2) (v1,e2) = (v1,e3)

ey — €

/ (CE-®)
case ey {(z1,x2) = e} > case ¢ {(z1,22) = €}

v1 val v val

(R-®)
case (v, v2) {(x1,22) = e} — [v1/21,v2/x2]e
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L15.6 The K Machine

We develop the rules in a similar way. Evaluation of a pair begins by
evaluating the first component.

k> (e1,e2) — ko{_,e2)>e;
When the value is returned, we start with the second component.
ko(_,es) vy +— ko(vy,_)b>ey

When the second value is returned, we can immediately form the pair (a
new value) and return it to the continuation further up the stack.

k‘o<1)1,_><11}2 — k<1<1)1,112>
For a case expression, we need to evaluate the subject of the case.
k> case eg {(r1,22) = e} — kocase_ {{x1,22) = e} > ey

When e has been evaluated, a pair should be returned to this continuation,
and we can carry out the reduction and continue with evaluating e after
substitution.

kocase _ {(x1,x2) = e} < (v1,v2) +— k> [vi/x1,v2/x0]€

To summarize:

k> <€1,€2> — ko <_, 62> > ep
ko<_,€2><1’l)1 — ko(vl,_>l>62
ko(vy, )<wvy +  k<(v,ve)
k> case ep {(r1,22) = e} +— kocase_ {{x1,72) = e} > ey
kocase _ {(x1,z2) = e} < (v1,v2) +— k> [vi/x1,v2/0]e
Continuations k£ == ¢
| ko(_eg)|ko(v_) (=)
|

ko(_,es)|ko(vy, ) |kocase_ {{(r1,22) = e} (®)

6 Correctness of the K Machine

Given the relatively simple construction of the machine it is surprisingly
tricky to prove its correctness. We refer to the textbook [Har16, Chapter 28]
for a complete formal development. We already cited the key property

For any continuation k, expression e and value v,
kve—*kav iff e—*v
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The K Machine L15.7

This implies that k£ > v —* k < v because v —* v.

A key step in the proof is to find a relation between expressions and
machine states k > e and k < v. In this case we actually define this relation
as a function that unravels the state back into an expression. As stated in
the property above, the state k > e expects the value of e being passed to k.
When we unravel the state we don’t wait for evaluation finish, but we just
substitute expression e back into k. Consider, for example,

k>6162 — ko(_eg)Dq

If we plug e; into the hole of the continuation (_ e2) we recover e; e, which
we can then pass to k.

We write k 1 e = € for the operation of reconstituting an expression
from the state k > e or k < e (ignoring the additional information that e is a
value in the second case). We define this inductively over the structure of k.
First, when the stack is empty we just take the expression.

eEXle =¢

Otherwise, we plug the expression into the frame on top of the stack (which
is the rightmost part of the continuation), and then recursively plug the
result into the remaining contintuation.

e e = e

k:o(_eg)bqel = k?[><1€162

ko(vl_)meg = kNUleg

ko <_, 62> X e = kx <€1,62>
ko<1}1,_>l><162 = kl><l<111,€2>
kocase _ {(x1,22) = e} ey = kocaseeg{(r,r2) = e}

We now observe that the rules of the K machine that decompose an expres-
sion leave the unravelling of a state unchanged.

Wewritee Rsife=kx fwhens=kp> fore=kxtvwhens==k<aw.
This relation R between is' a bisimulation in the sense that

(i) If e — ¢ and e R s then there exists an s’ with ¢’ R s’ and s —* §'.
(ii) If s — s’ and s R e then there exists an ¢’ with s’ R ¢/ and e —* ¢’

This form of relationship is often displayed in pictorial form, where solid
lines denote given relationship and dashed lines denote relationship whose

'we conjecture, but have not proved
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L15.8 The K Machine

existence is to be proved. In this case we might display the two properties
as

These are generic pictures for relation R to be a weak bisimulation, where
“weak” indicates that the side simulating a one-step transition may take
many steps (including none at all).

7 Typing the K Machine

In general, it is informative to maintain static typing to the extent possible
when we transform the dynamics. If there is a new language involved we
might say we have a typed intermediate language, but even if in the case of the
K machine where we still evaluate expressions and just add continuations,
we still want to maintain typing.

We type a continuation as receiving a value of type 7 and eventually
producing the final answer for the whole program of type o. That is, k +
7 = o. Continuations are always closed, so there is no context I" of free
variables. We use a different symbol + for typing and = for the functional
interpretation of the continuation so there is no confusion with the usual
notation.

The easiest case is

€ETT =T

since the empty continuation ¢ immediately produces the value that it is
passed as the final value of the computation.

We consider k o (_ e3) in some detail. This is a continuation that takes a
value of type 7 — 71 and applies it to an expression es : 2. The resulting
value is passed to the remaining continuation k. The final answer type of
ko (_e2) and k are the same 0. Writing this out in the form of an inference

rule:
k—-m=0 -Fey:m

ko(_ey)+~(ro—m)=0

The order in which we develop this rule is important: when designing or
recalling such rules yourself we strongly recommend you fill in the various
judgments and types incrementally, as we did in lecture.
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The K Machine L15.9

The other function-related continuations follows a similar pattern. We

arrive at
k~mm=>0 ‘Fvi:m—omn 1)17)611

k‘O(’Ul_)+7'2:>U

Pairs follow a similar pattern and we just show the rules.

E-(memn) =0 -Fe:n E+-(m®mn)=0 -Fv:m v oal

ko(_,ex)+~711 =0 ko(v, )+m=o0

k-7 =0 x1:7m,20:0F€e 7

kocase _ {{x1,20) =€} - (MmO m) =0

With these rules, we can state preservation and progress theorems for the K
machine, but their formulation and proof entirely follow previous develop-
ments so we elide them here.

8 Implementing the K Machine

The K machine can be extended to encompass all the type constructors we
have introduced so far. Both statics and dynamics (almost) write themselves,
following the same ideas we have presented in this lecture. During lecture,
we also live-coded an elegant implementation of the K-machine, adding the
unit type 1 for good measure.

The first question is how to implement the source expressions. We use a
deep embedding in the sense that both constructors and destructors of each
type have an explicit representation. But we nevertheless use functions in
the metalanguage to represent bound variables together with their scope
in the object language, a technique called higher-order abstract syntax. In the
textbook, at the level of mathematical discourse, expressions with bindings
are represented as abstract binding trees.

In Haskell, we write

data E = Lam (E -> E)
| App E E
| Pair E E
| CasePair E (E —> E -> E)
| Unit
|

CaseUnit E E
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L15.10 The K Machine

Note that A-abstraction binds one variable and the case construct over pairs
binds two.

The second question is how we represent the continuation stack. The
idea suggested by the analysis in the previous section is that the continuation
stack itself might be represented as a function. We represent k > e by eval e k
and k < v by retn v k. Writing the continuation as a second argument aids in
the readability of the code.

eval :: E -—> (E —> E) —> E
retn :: E —> (E —> E) —> E

Now we transcribe the rules. For example,
k>Adr.e — k<alr.e

Since a A-expression is a value, evaluating it immediately returns it to the
continuation. This becomes

eval (Lam f) k = retn (Lam f) k

Also, returning a value to a continuation simply applies the continuation
(which is a function) to the value.

retn v k = k v

Application e; e is a bit more complicated. First, we evaluate e, returning
its value to the continuation.

eval (RApp el e2) k = eval el (\vl -> ...)

The continuation (here . . .) that expects v; has to evaluate ez next and pass
its value to a further continuation.

eval (App el e2) k = eval el (\vl -> eval e2 (\v2 —>

Now we have to perform the actual reduction, substituting v» in the body of
the A-expression that is v1. In order to be able to write that, we pattern-match
against a A\-value when we receive v;.

eval (App el e2) k = eval el (\(Lam f) -> eval e2 (\v2 ->

Since the constructor Lam :: (E -> E) -> E,weseethatf :: E -> E.
Applying £ to e2 will effectively substitute e2 into the body of f.

eval (App el e2) k =

eval el (\(Lam f) -> eval e2 (\v2 -> ... (f v2) ...))
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The K Machine L15.11

That will result in an expression representing [vs/z]€}, which we need to
evaluate further.

eval (App el e2) k =
eval el (\(Lam f) -> eval e2 (\v2 -> eval (f v2) ...))

Finally, we have to pass the original continuation to this evaluation.

eval (App el e2) k =
eval el (\(Lam f) -> eval e2 (\v2 -> eval (f v2) k))

The remaining cases in evaluation are derived from the transition rules of
the abstract machine in a similar manner. We do not make continuations or
stacks explicit as a data structure, but represent them as functions. We show
the completed code.

data E = Lam (E -> E)
| App E E
| Pair E E
| CasePair E (E —> E —> E)
| Unit
| CaseUnit E E
eval :: E -—> (E -> E) -> E
retn :: E —> (E —> E) —> E
eval (Lam f) k = retn (Lam f) k

eval (RApp el e2) k = eval el (\(Lam f) ->
eval e2 (\v2 —-> eval (f v2) k))

eval (Pair el e2) k = eval el (\vl —>
eval e2 (\v2 -> retn (Pair vl v2) k))
eval (CasePair e f) k = eval e (\(Pair vl v2) —-> eval (f vl v2) k)

eval (Unit) k = retn (Unit) k
eval (CaseUnit e f) k = eval e (\(Unit) -> eval f k)

retn v k = k v

This interpreter can fail with an error because we have not implemented
a type-checker. Such as error could arise because pattern-matching against
(Lam f), (Pair v1 v2),and (Unit) in the cases for App, CasePair,
and CaseUnit may fail to match the value returned if the expression is not
well-typed. Writing a type-checker on this representation is a bit tricky, and
we might discuss it at a future lecture.

A more complete implementation, including fixed points, recursive
types, and sums can be found on the course schedule page.
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L15.12 The K Machine

This form of continuation-passing interpreter has been proposed by
Reynolds [Rey72] as a means of language definition. The K machine can be
seen as a “defunctionalization” of such a higher-order interpreter.
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