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Introduction

The technique of structural dynamics is very useful for theoretical
purposes, such as proving type safety, but is too high level to be directly
usable in an implementation.

structural dynamics & & FHRIFITIE2MLIUERH, (HEXMTES KM S
dHEE. BADFARTEE ST E PR TER] T W—20.

N Jﬂijﬁdlﬁ;l)\ control stack E’J*E%u, FH ~¢ﬁiﬁﬁ@£ﬂ)§%@@ﬁﬁ%&ﬂ]
SHIEMRE, B N REM 4.

% NRPUATRAE L{nat —} FIZXFEG | ARGHTHYIRTE. FriHE AL asFx
ITFRZ N K{nat —}
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Machine Defintation

A state, s of IC{nat —} consists of a control stack, k, and a closed
expression, e. States may take one of two formulas

1. An evaluation state of the form k > e corresponds to the evaluation
of a closed expression, e, relative to a control stack, k.

N BATFEALE control stack k 1Y B M XA, X e HH1T3R1E.

2. An return state of the form k < e, where e val, corresponds to the

evaluation of a stack, k, relative to a closed value, e.

N BATFEERSKIELHY e val IR[B]45 control stack k& 1Y E R,
FFaRsRE RoRAYSKIE.
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Machine Defintation

Control stack /RIS ATV E B N BAFEE 7 48T &AL

B BRI, — control stack 721" frames list:
27.1
e stack ( 2)
f frame £k stack (27.1D)

k;f stack
e FRERATREEE X HFLEEJE frame.
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Machine Defintation

L{nat —} HY frames S HME X H:

H

27.2
s(—) frame (27-2a)
27.2b
ifz(—;eq;x.ey) frame ( )
(27.2¢)

ap(—, e,) frame

|2 Chapter 10.2 YN, K{nat —} Y frams 5 L{nat —} HJ

dynamics J&XI W HY.
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Machine Defintation

2 PR, 1EFRATM natural numbers HHiR rules

kE>bz—kdz

(27.3a)

k> s(e) = kis(—)>e

(27.3b)

(27.3c)

kis(—) <et k < s(e)

(27.3a) ZRANIHE z AT TR

L E IR
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Machine Defintation

% NRZ ifz BRI,

27.4
k> ifz(e;eq;ey) o k; ifz(—eq52.65) < e (27.4a)
27.4b
k? ifz(—;61;$.62) 1 Z = k‘ > 61 ( )
(27.4c)

k; ifz(—; e ;x.e5) < s(e) = k > [e/x]e,

KA,  (27.4a) FoltE e HAF ifz(— e ;) AR, A5 (27.4b) JE
7~ I returns z BB, (27.4c) 7R T returns s FY{E L.
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Machine Defintation

B J5 /2 lambda T EL AN AR .

k> lam[7] (x.e) — k < lam[7] (x.e) (27.5a)
k> ap(er;e) — k;ap(—;ep) > e (27.5b)
kiap(—;ep) <t lam[T] (x.e) — k> [ex/x]e (27.5¢)

ko fix[T] (x.e) — kb [fix[T] (x.e) /x]e (27.5d)
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Machine Defintation
T_L‘FEEZE%]J;ZA’U(/LA%D JJ:’Ij(/Ln

27.
¢ > e initial (27.6a)

e val

(27.6b)

e 4 e final
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Machine Defintation

LEBATTH — 0, ERANTHER s(s(z)) BYRTIRRIRAE.

e > ifz(s(s(z));z; z.x) initial

= €; ifz(—;z;x.x) > s(s(z)) using (27.4a)
— €e; ifz(—;z;x.x);s(—) > s(z) using (27.3b)
= €; ifz(—;z;z.z);8(—);s(—) > z using (27.3b)
— €; ifz(—;z;z.2);8(—);s(—) < z using (27.3a)
— €; ifz(—;z;z.x);s(—) < s(z) using (27.3c)
> e; ifz(—;z;z.x) < s(s(z)) using (27.3c)
- e > s(z) using (27.3c)
oy e;s(—) > [s(z)/x]x = s(z) using (27.3b)
— €;s(—) < z using (27.3a)
— € < s(z) final using (27.3b)
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Safety

N T E X FIUERH K{nat —} HY safety FkA15 | A¥THY typing judgment
k : T 7~ stack t HHEESRA - FU1E.

e (27.7a)

€. T

k.- f:r7=171

T (27.7D)

1= 1 TR f =1 value of type 7 45K value of type 77
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Safety

=R frame AYZEBL 3 HIAN

27.8
s(—) : nat = nat (27-8a)
e :7T x:nathkey: T (27.8b)
ifz(—;eq;x.ey) :nat = 71 '
207 (27.8¢)

ap(—, e,) : arr(7y;7) = T
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Safety

The states of K{nat —} are well-formed if their stack and expression
components match:

k:17 e:T
k > e ok

(27.9a)

k:7 e:7T e val
k < e ok

(27.9b)
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Correctness of the Control Machine

If we evaluate a given expression, e, using K{nat —}, do we get the
same result as would be given by £L{nat —}, and vice versa?

Xt K{nat —} 5 L{nat —} & X soundness 1 completeness:

Completeness If e =" ¢’ where e’ val, thene > e =" € < €.
Soundness Ife > e =" € < €/, then e =" €’ with e’ val.
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Correctness of the Control Machine

M completeness BHIE. s HHIZ R If e = €’ where ¢’ val, then
e > e " e < e BATTAT PUCiz FHECEEIAGNTA

e eval,thene> e~ e <e

S AAEH AR AR, % %] val FUGES ZEBEED) 1 s (2)

e et e, thenVoval,(e> e’ B e<dv) = (e> e " € <)

IX S5 UERAE TR .

XX -

“eg ey e, val AIDIBEZ S e > e, e < e,
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Correctness of the Control Machine

A generalization is to prove that if e — ¢’ and k > ¢’ —* k < v, then
ke —"*k <v. Consider again the case e = ap(e;;e2), ¢ = ap(e];ez), with
e1 — ei. We are given that k > ap(ej; e2) —"* k < v, and we are to show that
k> ap(e;er) —* k 9 v. It is easy to show that the first step of the former
derivation is

k> ap(ey;ex) — k;ap(—;er) b ej.

We would like to apply induction to the derivation of e; — e, but to do so
we must have a v1 such that ¢/ —* v, which is not immediately at hand.

This means that we must consider the ultimate value of each sub-expression
of an expression in order to complete the proof. This information is pro-
vided by the evaluation dynamics described in Chapter 7, which has the
property that e | ¢’ iff e —* ¢’ and ¢’ val.
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Correctness of the Control Machine

Lemma 27.2. If e || v, then for every k stack, k > e —" k < v

AMERTS R, N TIERE, ROTTUZESA Cinat —) 1k
DYt T —FRIZT, EHY transitions A DA% £{nat —} transitions
L ES

FIN s+ e " s Al DI ARRF Al e.

For s = € > e initial and s = € < e final, we have s & ¢

4 *
sk s’

s’ final

se

s’ e’

We want to show that < then e’ val,e =" €’

\
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Correctness of the Control Machine

« If s 3 e and s final then e val. HH (27.6b)

e« Lemma 27.3.If st~ s",s & e,s" & €, thene =" €’

BllFEZEG I ANk <e=e TrltG ke e XAEk<e €

Y (27.12a)
ki<is(e) = ¢
T P (27.12b)
krifz(ey;ex;x.e3) = e (27.12¢)
k;ifz(—;ex; x.e3) pe; = ¢ |
ko<iap(ej;er) =e (27.124)

k;ap(—;ex) e = e
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Correctness of the Control Machine

Lemma 27.5. The judgment s &+ e has mode (V, 3!), and the judgment
k > e = e’ has mode (V, V,3!)

HTHHIFRNZ The judgment s 9+ e relates every state s to a unique
expression e, and the judgment k > e = ¢’ relates every stack k£ and
expression e to a unique expression e’

Lemma 27.6. Ifets e’ k<xe=d, k<xe =d,thend— d’
BATIAE LT 5EUERH Lemma 27.3.
IXFE Completeness tHr] PAUERA:
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Correctness of the Control Machine

Proof of Lemma 27.2. The proof is by induction on an evaluation dynamics
for L{nat —}.
Consider the evaluation rule
e1 ) lam[m] (x.e) [ex/xle | v
ap(ej;e0) v

(27.10)

For an arbitrary control stack, k, we are to show thatk > ap(ej;e) —* k < v.
Applying both of the inductive hypotheses in succession, interleaved with
steps of the abstract machine, we obtain

k> ap(ej;er) — k;ap(—;ex) > ey
—" k;ap(—;ep) <lam[1] (x.e)
— k> [ep/ x]e
—" k<.

The other cases of the proof are handled similarly. n
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Introduction

Exceptions effect a non-local transfer of control from the point at which
the exception is raised to an enclosing handler for that exception.

effect raise

ctl raise( msg : string ) : «a
fun safe-divide( x : int, y : int ) : raise int

if y=0 then raise("div-by-zero") else x / vy
fun raise-const() : int

with handler

ctl raise(msg) 42
8 + safe-divide(1,0)
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Failures

Syntax
Exp e == fail fail failure
catch(ey;e,) catch e; ow e, handler
Statics
28.1
I'-fail: 7 ( 2)
I'Fey 7 I'key: 7 (98.1b)

['F catch(eq;ey) o 7
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Failures

Failure ﬂu%{ﬂﬂ%’é’_i‘é, R EFKIEA=IR A [E]RIX B Y catch
M RAELAI—E,  [KN value RIBEZ (LA —1.

Failure 1Y) dynamics F] PAH stack unwinding SR&5H. BN, —1
fail F=—F9% H control stack FUARN, HEFF&IOHN—1
catch(—;e,), ARIGHHE ey NEEA catch HY value.

LEFRATIAR L stack machine SRTHZRE. 5] AJHTHEY state, k <«

A DI 2T Ha1E'E /2 never TE
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Failures

EZATHYEAL b, BATTEESI RAIRE

k> fail > k <« (28.2a)

k > catch(e;;e,) > k; catch(—;ey) > e (28.2b)
b catch(—ie,) <0 k < v (28.2¢)

k; catch(—;e,) €<=k > e, (28.2d)
(28.2¢)

k:f 4=k <
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Failures
initial state FZZHY. {HiZ, final state IMIEINTFEEZ AL &5 —FG

e val

28.
e < e final (28.3a)

28.3b
¢ « final ( )
Safety

1. If s ok and s — s/, then s’ ok
2. If s ok, then either s final or there exists s’ that s — s’
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Exceptions

Failure AAREZEPE, 2R BEAY—E unwind, FAT 15 209 H
Exception, TS RA N HIEGHE. XAERATBE D R 45 1R,

Exp e == raise[7](e) raise(e) exception

handle(e;.e,) handle e; ow x = e, handler

Statics

I'Fe:T
o 28.4
['- raise|7|(e) : T (28-4a)

I'Fey:7 w7, eyt T
[' - handle(e;;x.€y) : T

(28.4b)
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Exceptions
KU, TRk <2k <e EF e 7, , Al AAESHF2]] dynamics

Dynamics
(28.5a)
k> raise[t] (e) — k;raise[T](—) D> e
(28.5b)
k;raise[T](—) <er—k ae
(28.5¢)

k;raise[T](—) de—k ae
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Exceptions

(28.5d)
k > handle(eq; x.e2) — k;handle(—;x.e3) > e
(28.5e)
k;handle(—;x.ey) der> ke
(28.5f1)
k;handle(—;x.e;) de— k> [e/x]ex
handle(—; x.
(f # handle(—;x.e3)) (28 50)

k;f de—k e
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Exception Type

Exceptions Y statics HEI 1 7, , BEixAIRS], (HEOMEETF
Ferf— g

TR, BATEI LT mATHYIERE:
o str, RGWZRILT raise "404 Not Found"
o nat, X5 error numbers fXFREEIRAIME— ID?

« sum type, m5EANHTIN. [FBAET, FTEIHT— TR —BHIER
Al ARG PR SR B SRR A — 2

H'lU

UL Unix HREE
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Encapsulation of Exceptions
G EFRATFREREX 57— expression == fail B raise.

An expression is called fallible, or exceptional, if it can fail or raise an

exception during its evaluation, and is infallible, or unexceptional,
otherwise.

To formalize this distinction we distinguish two modes of expression,
the fallible and the infallible, linked by a modality classitying the fallible
expressions of a type.
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Encapsulation of Exceptions

Type T == fallible(T) T fallible fallible

Fall f == fail fail failure
ok (e) ok(e) success
try(e; x.f1; f») letfall(x)beein f;owf, handler

Infall e == «x X variable
fall(f) fall(f) fallible

try(e;x.e;;ep) letfall(x)beeine;owe, handler

fallible(7) 3R/ AT BERIBAYARIAIN of 7.
infallible expressions FJ] PAELE# encapsulated fallible expressins.

2 FRERATTIX 73 infallible expressions N I' - e : 7, # fallible [
' f~T
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Encapsulation of Exceptions

(28.6a)
INx:tHx:1
' f~rt
[t fall(f) : fallible(T) (28.6b)
I'Fe:fallible(t) I,x:the:7T T'bFe: 7 (28.60)
I'Ftry(e;x.ep;en) : T '
(28.6d)
' fail~T
I'Fe:T
TFok(e) ~ T (28.6¢)
['Fe:fallible(r) T,x:tkfi~7T TFfi~rT (28.66)

I'Ftry(ex. fi;f2) ~ T
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Encapsulation of Exceptions

The dynamics of encapsulated failures is readily derived, though some
care must be taken with the elimination form for the modality.

(28.7a)
fall(f) val

(28.7b)

ko try(e;x.eq;e2) — k;try(—;x.eq;e2) > e

(28.7¢)
kitry(—;x.e;;e2) <fall(f) — k;try(—;x.ey;e2) ;fall(—) > f
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Encapsulation of Exceptions

(28.7d)
ko fail — k «

(28.7¢)

ki ok(e) — k;ok(—=) >e
k;ok(—) < e+ k <ok(e) (28.71)

e val

k;try(—;x.e1;e2);fall(—) < ok(e) — k> [e/x]e (28.7g)
(28.7h)

k;try(—;x.eq;e2) ;fall(—) €4 — ke
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Effect
Exceptions M A] CAZRIAN Effect.

— NE@HISFF Algebraic Effect HY1E S The Koka Programing
Language, A] LA E 17 5] 132,

5 —LE Effect IR 51 N RAY Continuations ZR1EL.
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Introduction

Exception IRAH, 1H'E HBERFHIATIF control stack HYJEKHE. SLfn_I
BATE R EFRE LB IR IER control flow , #I4l......

Generators

function* miao(): Generator<string, string[], string> {
const words = ['hello', 'world'];
const ret: string[] = [];
for (const word of words) {
ret.push(yield word);
}

return ret;
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Introduction

const gen = miao();

console.log(gen.next());

// { value: 'hello', done: false }
console.log(gen.next('hi'));

// { value: 'world', done: false }
console.log(gen.next('everyone'));

// { value: ['hi', 'everyone'], done: true }

PE AL P B FTOJE A 2 Aok [B1 (Rl ) e,
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Introduction
call/cc

(define (find-first pred 1lst)

(call/cc ; #IXHaE] continuation
(Lambda (exit) ; exit @ —1“— 3 [0 1R 7B K X
(for-each

(Lambda (x)
(when (pred x)

(exit x))) ; BEEREBEENKEFF R X
lst)

#f))) ; RIEIBTR [B] #f

(find-first even? '(1 3 56 7 8))
;3 = 6
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Informal Overview

We will extend L{nat —} with the type cont(7) of continuations
accepting values of type 7. The introduction form for cont is
letcc|7](x.€), which binds the current continuation (that is, the current
control stack) to the variable z, and evaluates the expression e. The
corresponding elimination form is throw|7](e;; e, ), which restores the
value of e; to the control stack that is the value of e,.

BATLA—TERECONH. 67€ 751 g : nat — nat, KEHIn TILERHY
.
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Informal Overview

L{nat —} without short-cutting:

fix ms 1s
A g : nat = nat.
A n : nat.
case n {
z = s(z)
| s(n') = (g z) x (ms (g o succ) n')

}

PRI, X ERECATREELERR. BT IRARIMER, B2, WRE—D
TLE q(z) = 0 WIFATTAT ARSI HE FR T

Rz < n BAM, ZEZHEEANRME], A PUIMIE.
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Informal Overview

The version with short-cutting:

Mg :nat > nat. letcc I HITHY
tetce ret i nat cont in control stack H ] H
fix ms is 257 ret, —HWHEA
' i n ”"Ea? - 2] 0, throw z to ret
ol i(z) M ret HHI5ZHY control
L) stack FFERIEIR ],

case q z {
z = throw z to ret
| s(n”’) = (g z) x (ms (g o succ) n’)

}

in
msS g n
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Semantics of Continuations

We extend the language of £{— } expressions with these additional forms:

Type T == cont(T) T cont continuation
Expr e = 1letcc[t](x.e) 1letccxine mark
throw[T] (e1;€2) throwe;toe; goto
cont (k) cont (k) continuation

The expression cont (k) is a reified control stack, which arises during eval-
uation.
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Semantics of Continuations

The statics of this extension is defined by the following rules:

[Lx:cont(T)Fe:T
' letcec[t](x.€) : T

(29.1a)

I'Fey:1m T'Her:cont(t)
'+ throw(t'] (e;e2) : T/

(29.1b)

The result type of a throw expression is arbitrary because it does not return
to the point of the call.

The statics of continuation values is given by the following rule:

k:T
' cont(k) : cont(T)

(29.2)

A continuation value cont (k) has type cont (7) exactly if it is a stack ac-
cepting values of type .

PFPL Part X 2025-09-03



Semantics of Continuations

To define the dynamics we extend K {nat— } stacks with two new forms

of frame:
(29.3a)
throw[T] (—;e>) frame
eq val
throw[7] (eq; —) frame (29.3b)
Every reified control stack is a value:
k stack (29.4)

cont (k) val
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Semantics of Continuations

The transition rules for the continuation constructs are as follows:

k> letcc[t](x.e) — k> [cont (k) /x|e (29.5a)
k> throw[T] (eq;e2) > k;throw[T] (—;e2) > e (29.5b)
eq val
k;throw[t] (—;e5) < ey > k;throw[T] (e1; —) > e (29.5¢)
k:throw[Tt] (v; —) < cont (k") — k' av (29.5d)

Evaluation of a 1etcc expression duplicates the control stack; evaluation of
a throw expression destroys the current control stack.
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Semantics of Continuations

The safety of this extension of £L{—} may be established by a simple
extension to the safety proof for {nat— } given in Chapter 27.

We need only add typing rules for the two new forms of frame, which

are as follows:
e : cont (1)

throw[T'] (—;e) : T = T

(29.6a)

e1: T ep val
throw[7'] (e;; —) : cont (7)) = T’

(29.6b)

The rest of the definitions remain as in Chapter 27.

Lemma 29.1 (Canonical Forms). If e : cont (1) and e val, then e = cont (k)
for some k such that k : T.

Theorem 29.2 (Safety). 1. Ifs okand s — s', then s ok.

2. If s ok, then either s final or there exists s’ such that s — s,

PFPL Part X
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Coroutines

H LAY subroutine: caller i callee 7FSE1F callee, callee R FESE
IR ARG IS RES caller. #2 Ml /S 2 M caller £ callee, FHIX[A|Z]

caller.

Coroutine: PN routines fZULVE M, FEFRIFEHAESS. BN RERZE
XNFREITAE_E N ER. MR A BT —BINEG, IPIEEE SR
FIFRAS FPRASEER A TME B. VME B AR VB (EH A8 IA %
A. FEHITRIE R 2 FAE B AL 15,

& coroutine Ei/l\ routine FYZRA 4.7
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Coroutines

function* my_coroutine() {
const a = yield 1, b = yield 2; return a + b;

}

A routine is a continuation accepting two arguments, a datum to be
passed to that routine when it is resumed, and a continuation to be
resumed when the routine has finished its task.

T coro = (T X T coro) cont

T coro = ut.(T X t) cont
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Coroutines

A coroutine r passes control to another coroutine r* by evaluating
resume((s,r")).

resume : 7 X T COro — 7 X T COro

A({s,r) : T X T coro) letcc k in throw (s,fold(k)) to unfold (r’)
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Coroutines

FATrT A run 2R3 coroutine:

A((ry,79))A(sy) letcc xy in let r] be r{(zy) in let 15 be ry(xzy) in...
letcc (92| —FHHFNIRH R 20, FHEIXT continuation 845 3.
i M RIS body X2

rep(ry)(letcc k in rep(r])((sy, fold(k))))

N
e
-

iR jr‘epz'?'z

A(t) fix [ is A((s,r))l(resume({t(s),r)))
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Coroutines

T2 T — coroutine SEHY consumer - producer A5 1] .

This leads to the following implementation of the producer/ consumer
model. The type T of the state maintained by the routines is the labeled

sum type

[0K — 1; 1ist X 1, 1ist,EMIT — 1; opt X (7; 1list X T, 1list)].
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Coroutines

The consumer, C, is defined by the expression The producer, P, is defined by the expression

A (x0) A (msg) casemsg {b] | b5 | by},

A (xp) A (msg) casemsg {b1 | by | b},

where the first branch, b/, is where the first branch, by, is
EMIT - (null, (_,0s)) = throwosto X, 0K - (nil,os) = EMIT- (null, (nil, os))
the second branch, b}, is and the second branch, by, is
EMIT - (just (i), (is,0s)) = OK - (is, cons (f (i);0s)), OK - (cons(i;is), 0s) = EMIT - (just (), (is, 0s)),
and the third branch, b5, is and the third branch, b3, is

OK-_=>error.

G

JBENHE run((P, C))(sy) Ja, WDUMERH
ﬁ@, IR [E] os

PFPL Part X

EMIT : _ = error.

T, BEIHA

2025-09-03




Threads and Coroutine

% n > 2 participants, ELHER I HVRIEA IR A S, 4 WAL
REUAAEE.

FEIXHFERT cooperative multi-threading ', &—"1" thread HFIHCNE
2% scheduler T2V E.

JXLE thread JEIL T F\HY yield fEFEHIANLEZS scheduler, 1M scheduler
HOER N RHATIE thread — FIFERY, 02 H S EI— MR
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Thanks

The slides are powered by Typst and touying. University theme
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