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else dup(x); dup(xx); decref(xs);
Cons( dup(f) (x), map(xx, f))

}

Nil {
drop(xs); drop(f);
Nil
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Precise reference counting

\

fun map(xs : list(a), £ : a -> b) : list(b) { |
match(xs) { 1 > o

|

|

Cons(x, xx) {

if (is-unique(xs)) :! fast path ks a
then free(xs); .
else dup(x); dup(xx); decref(xs); Compiler

Cons( dup(f) (x), map(xx, f))

1. dup/drop insertion
Nil { immediatel
y 2. drop specialization
drop(xs); drop(f); allocate a fresh Pop
Nil Cons node 3. push down dup and fusion
}

(
|
|
|
|
|
|
|
|
|
:
: } free xs and
|
|
|
|
|
|
|
|
|
|
|
|
l

e e  — — — — — — — — — — e e e



Precise reference counting

T T T T e T T T e e eee——— e

fun map(xs : list(a), £ : a -> b)

match(xs) {
Cons(x, xx) {

if (is-unique(xs)) fast path

then free(xs);
Cons( dup(f) (x), map(xx,

Nil {
drop(xs); drop(f);

(
:
I
I
I
I
I
I
I
I
|
| }
|
:
: Nil
I

I

I

I

I

I

I

I

£))

else dup(x); dup(xx); decref(xs);

aﬁ

Compiler

free xs and
immediately
allocate a fresh
Cons node
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Precise reference counting

fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {

Cons(x, xx) {
dup(x); dup(xx); drop(xs);
Cons( dup(f) (x), map(xx, f))

}

Nil {
drop(xs); drop(f);
Nil

e e  — — — — — — — — — — e e e
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1. dup/drop insertion



Precise reference counting with reuse

fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {

Cons(x, xx) {
dup(x); dup(xx); drop(xs);
Cons( dup(f) (x), map(xx, f))

}

Nil {
drop(xs); drop(f);
Nil
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Precise reference counting with reuse

fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {

Cons(x, xx) {
dup(x); dup(xx); drop(xs);
Cons( dup(f) (x), map(xx, f))

}

Nil {
drop(xs); drop(f);
Nil

e e  — — — — — — — — — — e e e

aﬁ

Compiler

1. dup/drop insertion /reuse analysis



Precise reference counting with reuse

T T T T e T T T e e eee——— e

|( fun map(xs : list(a), £ : a -> b) : list(b) { |

| match(xs) { | > a
: Cons(x, xx) { :

| dup(x); dup(xx); e

: val ru = drop-reuse(xs); : Compiler
| Cons( dup(f) (x), map(xx, f)) |

| |

| i]il ‘ i 1. dup/drop insertion /reuse analysis
: drop(xs); drop(f); |

| Nil |

o i

] :

o |

| |

| |

| |

| |

\ /

e e  — — — — — — — — — — e e e



Precise reference counting with reuse

fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {

Cons(x, xx) {
dup(x); dup(xx);
val ru = drop-reuse(xs);
Cons @ru ( dup(f) (x), map(xx, f))

}

Nil {
drop(xs); drop(f);
Nil
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Precise reference counting with reuse

fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {
dup(x); dup(xx);
val ru = drop-reuse(xs);
Cons @ru ( dup(f) (x), map(xx, f))

} . try to reuse
Nil { xs directly

drop(xs); drop(f);
Nil
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Precise reference counting with reuse

fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {
dup(x); dup(xx);
val ru = drop-reuse(xs);
Cons @ru ( dup(f) (x), map(xx, f))

} . try to reuse
Nil { xs directly

drop(xs); drop(f);
Nil
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2. drop-reuse specialization



Precise reference counting with reuse

fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {
dup(x); dup(xx);
val ru = drop-reuse(xs);
Cons @ru ( dup(f) (x), map(xx, f))

} . try to reuse
Nil { xs directly

drop(xs); drop(f);
Nil

e e  — — — — — — — — — — e e e

{ &

O

Compiler

1. dup/drop insertion /reuse analysis

2. drop-reuse specialization

fun drop( x ) {
if (is-unique(x))
then drop children of x;
free(x)
else decref (x)

}



Precise reference counting with reuse

fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {
dup(x); dup(xx);
val ru = drop-reuse(xs);
Cons @ru ( dup(f) (x), map(xx, f))

} . try to reuse
Nil { xs directly

drop(xs); drop(f);
Nil

e e  — — — — — — — — — — e e e

{ &

O

Compiler

1. dup/drop insertion /reuse analysis

2. drop-reuse specialization

fun drop-reuse( x ) {
if (is-unique(x))
then drop children of x;
& X
else decref(x) ; Null

}
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fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {
dup(x); dup(xx);
val ru = drop-reuse(xs);
Cons @ru ( dup(f) (x), map(xx, f))

} . try to reuse
Nil { xs directly

drop(xs); drop(f);
Nil
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1. dup/drop insertion /reuse analysis

2. drop-reuse specialization

fun drop-reuse( x ) {
if (is-unique(x))
then drop children of x;
& X // returns the address of x
else decref(x) ; Null

}
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Precise reference counting with reuse

fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {
dup(x); dup(xx);
val ru = if (is-unique(xs))
then drop(x); drop(xx); &xs
else decref(xs); Null
Cons @ru ( dup(f) (x), map(xx, f))
}
Nil {
drop(xs); drop(f);
Nil
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1. dup/drop insertion /reuse analysis

2. drop-reuse specialization

fun drop-reuse( x ) {
if (is-unique(x))
then drop children of x;
& X // returns the address of x
else decref(x) ; Null

}
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Precise reference counting with reuse

fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {
dup(x); dup(xx);
(:;Ival ru = if (is-unique(xs))
then drop(x); drop(xx); &xs
else decref(xs); Null
Cons @ru ( dup(f) (x), map(xx, f))
}
Nil {
drop(xs); drop(f);
Nil
}
}
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1. dup/drop insertion /reuse analysis
2. drop-reuse specialization

3. push down dup and fusion

fun drop-reuse( x ) {
if (is-unique(x))
then drop children of x;
& X // returns the address of x
else decref(x) ; Null

}



Precise reference counting with reuse

fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {
val ru = if (is-unique(xs))
then &xs;
else dup(x); dup(xx);
decref(xs); Null
\ Cons @ru ( dup(f) (X), map(xx, f))
Nil {
drop(xs); drop(f);
Nil
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Precise reference counting with reuse

fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {

val ru = if (is-unique(xs)) | fist path
then &xs;
else dup(x); dup(xx);
decref(xs); Null
} Cons @ru ( dup(f) (x), map(xx, £f))
Nil {
drop(xs); drop(f);
Nil
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Precise reference counting with reuse

fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {

val ru = if (is-unique(xs)) | fist path
then &xs;

else dup(x); dup(xx);
decref(xs); Null

Cons @ru ( dup(f) (x), map(xx, f))

} \
Nil { reuse

drop(xs); drop(f);
Nil

e e  — — — — — — — — — — e e e
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Compiler

1. dup/drop insertion /reuse analysis
2. drop-reuse specialization

3. push down dup and fusion
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Precise reference counting with reuse

o T ——— — — — — — — — — — — ——————————————————— —— —

fun map(xs : list(a), £ : a -> b) : list(b) {

match(xs) {
Cons(x, xx) {
dup(x); dup(xx); drop(xs);

Cons( dup(f) (x), map(xx, f))
}
Nil {

drop(xs); drop(f);

Nil

e e e e e — — — — — — — — — — — — e e e

(

\
fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {

val ru = if (is-unique(xs))
then &xs;

else dup(x); dup(xx);

decref(xs); Null

Cons @ru ( dup(f) (X), map(xx, f))

}
Nil { \ reuse

drop(xs); drop(f);
Nil

fast path

e e e . — — — — — — — — — e e e e
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Koka tracks all (side) effects using algebraic effects

div(m : int, n : int ) : exn int {
m/ n
}
: effect effect type system
operation

effect /exn { track effects in

fail() : int Sifpes
}
div(m : Int, n : int) : exn int {
if (n == 0) then fail ()
elsem / n
}

perform an
operation

fun divl(m, n) {
with handler {
fail() { Nothing }
}
Just(div(m, n))
}

fun div2(m, n){
with handler {
fail() { resume(0) }
}
div(m, n)

}

fun div3(m, n){
with handler {
fail() { resume (0) + (resume

}

div(m, n)

}

(0) }




Koka tracks all (side) effects using algebraic effects

div(m : int, n : int ) : exn int {
m/ n
}
: effect effect type system
operation

effect /exn { track effects in

fail() : int Sifpes
}
div(m : Int, n : int) : exn int {
if (n == 0) then fail ()
elsem / n
}

perform an
operation

effect handler

fun divl(m, n) {
with handler {
fail() { Nothing }
}
Just(div(m, n))
}

fun div2(m, n){
with handler {
fail() { resume(0) }
}
div(m, n)

}

fun div3(m, n){
with handler {
fail() { resume (0) + (resume

}

div(m, n)

}

(0) }




Koka tracks all (side) effects using algebraic effects

div(m : int, n : int ) : exn int {
m/ n
}
: effect effect type system
operation

effect /exn { track effects in

fail() : int Sifpes
}
div(m : Int, n : int) : exn int {
if (n == 0) then fail ()
elsem / n
}

perform an
operation

effect handler

fun divl(m, n) {
with handler {
fail() { Nothing }
}
Just(div(m, n))
}

resume with

fun div2(m, n){ default value
with handler {

fail() { resume(0) }
}

div(m, n)

}

fun div3(m, n){
with handler {
fail() { resume (0) + (resume

}

div(m, n)

}

(0) }




Koka tracks all (side) effects using algebraic effects

div(m : int, n : int ) : exn int {
m/ n
}
: effect effect type system
operation

effect /exn { track effects in

fail() : int Sifpes
}
div(m : Int, n : int) : exn int {
if (n == 0) then fail ()
elsem / n
}

perform an
operation

effect handler

fun divl(m, n) {
with handler {
fail() { Nothing }
}
Just(div(m, n))
}

resume with

fun div2(m, n){ default value
with handler {

fail() { resume(0) }
}

div(m, n)

}

resume

fun div3(m, n){
with handler {
fail() { resume (0) + (resume (0) }

}

div(m, n)

}

multiple times
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Reference counting with strong static guarantees

With such a strong effect type system ...

Non-linear control flow
Concurrency
Mutation / cycles

Goal: mitigate the impact of concurrency and cycles.

Non-goal: a general solution to all problems with reference counting.



Non-linear control flow

fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {
val ru = if (is-unique(xs))
then &xs;
else dup(x); dup(xx);
decref(xs); Null

Cons @ru ( dup(f) (x), map(xx, f))
}
Nil {

drop(xs); drop(f);

Nil



fun map(xs : list(a), £
match(xs) {
Cons(x, xx) {

Non-linear control flow

: a -> b) : list(b) {

val ru = if (is-unique(xs))

then
else

P

&Xs;
dup(x); dup(xx);

decref(xs); Null
=N

Cons @ru ﬁdup(f)(x)y map(xx, f))

}

Nil {
drop(xs);
Nil




Non-linear control flow

fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {

val ru = if (is-unique(xs))
then &xs;
else dup(x); dup(xx);

decref(xs); Null
= = === B
Cons @ru ﬁdup(f)(x)y map(xx, f))

}

Nil { xx and f would leak
drop(xs); and never be dropped
Nil

}



Non-linear control flow

f : a->exnb
P
fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {

val ru = if (is-unique(xs))
then &xs;

else dup(x); dup(xx);

decref(xs); Null
= = === B
Cons @ru Qdup(f)(X)y map(xx, f))

}

Nil { xx and f would leak
drop and never be dropped
Nil

}



Non-linear control flow

f : a -=>exn b

P
fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {
val ru = if (is-unique(xs))

then &xs;
else dup(x); dup(xx);
decref(xs); Null
match(dup(f) (x)) {
Error(err) { drop(xx); drop(f); Error(err); }
Ok(y) { match(map(xx, f)) {
Error(err) -> drop(y); Error(err);

Ok (ys) -> Cons(y, ys);
}
}
}
Nil {
drop(xs); drop(f);
Nil
}



Non-linear control flow

f : a->exnb
P
fun map(xs : list(a), £ : a -> b) : list(b) {
match(xs) {
Cons(x, xx) {

val ru = if (is-unique(xs))
then &xs;
else dup(x); dup(xx);
decref(xs); Null
match(dup(f) (x)) {
Error(err) { drop(xx); drop(f); Error(err); }

Ok(y) { match(map(xx, f)) { all control-flow is
Error(err) -> drop(y); Error(err); compiled to
}Ok(ys) -> Cons(y, ys); explicit control-flow
}
}
Nil {
drop(xs); drop(f);
Nil
}



fun map(xs : list(a), f :

match(xs) {
Cons(x, xx) {

Non-linear control flow

f : a -=>exn b

a -> b) : list(b) {

val ru = if (is-unique(xs))

Error(err) { drop(xx);

then &xs;
else dup(Xx);

dup (xx);

decref (xs); Null
match(dup(f) (x)) {

Ok(y) { match(map(xx,
Error(err) -> drop(y); Error(err);
-> Cons(y, ys):;

Ok (ys)
}

}
}

Nil {
drop(xs);
Nil

drop(f);

effects can also be
polymorphic

drop(f); Error(err); }

£)) {

all control-flow is
compiled to
explicit control-flow
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Concurrency

thread_shared?
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Resource
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thread 2

tshare : forall a. a -> io ()
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Concurrency

thread_shared?
1
atomic l tshare : forall a. a -> io ()

Resource — ReSOU rce

operations

void drop( block t* b ) {
if (b->header.thread shared) {
if (atomic dec(&b->header.rc) == 1)
drop free(b);
}
else if (b->header.rc-- == 1)
drop free(b); // fast path

thread 1 thread 2



Concurrency

negative rc
1
atomic l tshare : forall a. a -> io ()
. Resource — Resource
operations

void drop( block t* b ) {
if (b->header.thread shared) {
if (atomic dec(&b->header.rc) == 1)
drop free(b);
}
else if (b->header.rc-- == 1)
drop free(b); // fast path

thread 1 thread 2



Concurrency

negative rc
1
atomic l tshare : forall a. a -> io ()
. Resource —
operations

thread 1 thread 2

void drop( block t* b ) {
if (b->header.rc <= 1)

drop check(b);
else
b->header.rc--;

Resource
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create a mutable
reference cell

fun (!)

{

}

val x
dup(x
X

fun ref( init :

( r : ref(h,a) )

= r->value

)

Mutation and cycles

: st(h) a

a

)

stateful effect

N

: st(h) ref(h,a)

first-class value
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dup (X) r->value := X
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} }
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Mutation and cycles

create a mutable stateful effect first-class value
reference cell \/
\

fun ref( init : a ) : st(h) ref(h,a)

fun (!)( r : ref(h,a) ) : st(h) a fun (:=)( r : ref(h,a), x : a ) : st(h) ()
{ {

val x = r->value / val y = r->value

dup (x) €= r->value := x

x  dupafreed T _drop(y)
} object! }

= FBIP: Functional but in-place




fun (!)( r : ref(h,a) ) : st(h) a fun (:=)( r : ref(h,a), x :
{ {

val x = r->value val y = r->value

dup (x) €= r->value := x

x dup a freed - ——__drop(y)
} object! }

Mutation and cycles

create a mutable stateful effect

reference cell \/

fun ref( init : a ) : st(h) ref(h,a)

first-class value

= FBIP: Functional but in-place
®" Thread-shared? to avoid the atomic code
path almost all the time.

a

)

: st(h) ()
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Resource

Mutation and cycles

We leave the responsibility to the programmer
to break cycles

Future improvements: generate code that
tracks mutable data types at run time
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Koka: https://koka-lang.github.io/

Type Directed Compilation of Row-Typed Algebraic Effects. Daan Leijen,
POPL'17

Effect Handlers, Evidently. Ningning Xie, Jonathan Brachthauser, Daniel
Hillerstrom, Philipp Schuster, Daan Leijen, ICFP’20

Generalized Evidence Passing for Effect Handlers. Ningning Xie, Daan Leijen,
under submission, Technical report MSR-TR-2021-5
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Reuse specialization

’ fun map(xs : list(a), £ : a -> b) : list(b) {\\
match(xs) {
Cons(x, xx) {
val ru = if (is-unique(xs))
then &xs;
else dup(x); dup(xx);
decref(xs); Null
Cons @ru ( dup(f) (X), map(xx, f))
}
Nil {
drop(xs); drop(f);

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
Nil |
|
|
|
|
|
|
|
|
|
|
|
|
|
|

N e e e e e e e e e . . . — —— — — — — — — — — — — — — — — — — — — — — — —

1. dup/drop insertion /reuse analysis
2. drop-reuse specialization

3. push down dup and fusion
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_____________________________________ .
’ fun map(xs : list(a), £ : a -=> b) : list(b) {
match(xs) {

Cons(x, xx) { 1. dup/drop insertion /reuse analysis

val ru = if (is-unique(xs))
then &xs;
else dup(x); dup(xx);
decref(xs); Null
Cons @ru ( dup(f) (X), map(xx, f))

}
Nil { specialize

drop(xs); drop(f);
Nil

2. drop-reuse specialization

3. push down dup and fusion
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I
I
I
I
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_____________________________________ .
’ fun map(xs : list(a), £ : a -=> b) : list(b) {
match(xs) {

Cons(x, xx) { 1. dup/drop insertion /reuse analysis

val ru = if (is-unique(xs))
then &xs;
else dup(x); dup(xx);
decref(xs); Null
Cons @ru ( dup(f) (X), map(xx, f))

}
Nil { specialize

drop(xs); drop(f);
Nil

2. drop-reuse specialization

3. push down dup and fusion

4. reuse specialization
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Reuse specialization

_____________________________________ .
’ fun map(xs : list(a), £ : a -=> b) : list(b) {
match(xs) {

Cons (x, xx) { 1. dup/drop insertion /reuse analysis
val ru = if (is-unique(xs))
then &xs;
else dup(x); dup(xx);

decref(xs); Null
Cons @ru ( dup(f) (x), map(xx, f))

f
:
|
|
|
|
|
|
|
|
|
|
| }
: Nil { -1i;;;mue
;
|
|
|
|
|
|
|
|
|
|
|
|
:
l

2. drop-reuse specialization

3. push down dup and fusion

4. reuse specialization

fun Cons@ru( x, xx) {
if (ru != NULL) {
then {
ru -> head := x;
ru -> tail := xs;
ru

drop(xs); drop(f);
Nil
}

}
}

}

|
|
|
|
|
!
|
|
|
|
|
!
|
|
|
|
|
!
|
|
|
|
|
!
|
|
|
|
|
!
| else Cons(x, XX)
|

|

|

|



Reuse specialization

_____________________________________ .
’ fun map(xs : list(a), £ : a -=> b) : list(b) {
match(xs) {

Cons(x, xx) { 1. dup/drop insertion /reuse analysis

{

|

|

: val ru = if (is-unique(xs))
| then &xs;
: else dup(x); dup(xx);
| decref(xs); Null
| if (ru != NULL) {

: then {

: ru -> head := x;
|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

l

|
|
|
|
|
| 2. drop-reuse specialization
|
|
|
|
|
|
|
|
|
|
ru -> tail := xs; :
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1

3. push down dup and fusion

4. reuse specialization

fun Cons@ru( x, xx) {

ru if (ru != NULL) {
} then {
else Cons(x, XX) ru -> head := x:
} d 1= X
Nil { EE -> tail := xs;
drop(xs); drop(f); }
Nil else Cons(x, XX)
} }
}
. /



Reuse specialization

o — — — — — — —— e e

\
’ fun map(xs : list(a), £ : a -=> b) : list(b) {
match(xs) {

Cons(x, xx) { 1. dup/drop insertion /reuse analysis

val ru = if (is-unique(xs))
then &xs;
else dup(x); dup(xx);
decref(xs); Null
if (ru != NULL) {

2. drop-reuse specialization

3. push down dup and fusion

4. reuse specialization

|
|
|
|
|
|
|
|
|
|
|
|
then {
ru -> head := x; :
ru -> tail := xs; ~— : fun Cons@ru( x, xx) {
tu For partial updates, : if (ru != NULL) {
} we can further reuse : then {
}else Cons(x, xx) unchanged fields of a : ru -> head := x;
Nil { construct : EE -> tail := xs;
drop(xs); drop(f); | )
Nil : else Cons(x, XX)
} | }
|
} |
., i
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- Each node is either red or black

- The root is black
- All leaves are black
- If anode is red, then its children are black
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Red-black tree

- Each node is either red or black

- The root is black
- All leaves are black
- If anode is red, then its children are black

Every path from the root to any of the NIL leaves
goes through the same number of black nodes.

6 NIL NILENIL NILg 22
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NILENIL
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NIL

13

NILENIL

NIL

NIL

22

Red-black tree

NILENIL

NIL

Each node is either red or black

- The root is black
- All leaves are black
- If anode is red, then its children are black

Every path from the root to any of the NIL leaves
goes through the same number of black nodes.

Search, delete and insert in O(log(n))
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Red-black tree insertion
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Red-black tree insertion

13
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19 NILFNIL g NIL

NIL | NIL



Red-black tree insertion

13
fun ins( t : tree, k : int, v : bool ): tree {
match(t) {
17 Leaf -> Node(Red, Leaf, k, v, Leaf)

Node(Red, 1, kx, vx, r) ->
if (k < kx)
then Node(Red, ins(1l, k, v), kx, vx, r)
elif (k == kx) then Node(Red, 1, k, v, r)
else Node(Red, 1, kx, vx, ins(r, k, Vv))
NILE 22 Node(Black, 1, kx, vx, r) ->
if (k < kx && is-red(1l))
then bal-left(ins(1l,k,v), kx, vx, r)

NIL NILENIL

19 NILFNIL g NIL

NIL | NIL
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NIL NILENIL

19 NILFNIL g NIL
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Red-black tree insertion
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fun ins( t : tree, k : int, v : bool ): tree {
match(t) {
17 Leaf -> Node(Red, Leaf, k, v, Leaf)
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if (k < kx)
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NIL NILENIL

19 NILFNIL g NIL

NIL | NIL
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fun ins( t : tree, k : int, v : bool ): tree {
match(t) {
17 Leaf -> Node(Red, Leaf, k, v, Leaf)
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then Node(Red, ins(1l, k, v), kx, vx, r)
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else Node(Red, 1, kx, vx, ins(r, k, Vv))
NILE 22 Node(Black, 1, kx, vx, r) ->

if (k < kx && is-red(1l))

then bal-left(ins(1l,k,v), kx, vx, r)

NIL NILENIL

19 NILFNIL g NIL

NIL | NIL



Red-black tree insertion

13
fun ins( t : tree, k : int, v : bool ): tree {
match(t) {
17 Leaf -> Node(Red, Leaf, k, v, Leaf)

==) Node(Red, (1, kx, vx, r) ->

if (k < ix) ________

then Node(Red, IlE%fl_.f__YL! kx, VX, r)
elif (k == kx) then Node(Red, 1, k, v, r)
else Node(Red, 1, kx, vx, ins(r, k, Vv))
NILE 22 Node(Black, 1, kx, vx, r) ->

if (k < kx && is-red(1l))

then bal-left(ins(1l,k,v), kx, vx, r)

NIL NILENIL

19 NILFNIL g NIL

NIL | NIL



Red-black tree insertion

13
fun ins( t : tree, k : int, v : bool ): tree {
match(t) {
17 Leaf -> Node(Red, Leaf, k, v, Leaf)

==) Node(Red, (1, kx, vx, r) ->

if (k < ix) ________

then Node(Red, IlE%fl_.f__YL! kx, VX, r)
elif (k == kx) then Node(Red, 1, k, v, r)
else Node(Red, 1, kx, vx, ins(r, k, Vv))
NILE 22 Node(Black, 1, kx, vx, r) ->

if (k < kx && is-red(1l))

then bal-left(ins(1l,k,v), kx, vx, r)

NIL NILENIL

19 NILFNIL g NIL

NIL | NIL



Red-black tree insertion

13

17 Dd¢
=) Node(Red, i1, kx, vx, r) ->

if (k< kx)y
then Node(Red, I1ns(l k, v), kx, vx, r)

6 NIL NILENIL NILg 22

19 NILFNIL g NIL

NIL | NIL



Red-black tree insertion

13

17

I::> Node (Red, I’-l\, kx, vx, r) -> =! reuse analysis

if (k< kx)y
then Node(Red, I1ns(l k, v), kx, vx, r)

6 NIL NILENIL NILg 22

19 NILFNIL g NIL

NIL | NIL



Red-black tree insertion

13

17 Dd¢
=) Node(Red, i1, kx, vx, r) ->

val ru = if (is-unique(t)) then &t
else { dup(l); dup(kx);
dup(vx); dup(r); NULL }

NIL 22 Node @ru (Red,'ins(l, k, v), kx, vx, r)
}

6 NIL NILENIL

19 NILFNIL g NIL

NIL | NIL



Red-black tree insertion

13

17 Dd¢
=) Node(Red, i1, kx, vx, r) ->

val ru = if (is-unique(t)) then &t
else { dup(l); dup(kx);
dup(vx); dup(r); NULL }

NIL 22 Node @ru (Red,'ins(l, k, v), kx, vx, r)
} AN

6 NIL NILENIL

partial update

19 NILFNIL g NIL

NIL | NIL



Red-black tree insertion

13

17 Dd¢
=) Node(Red, i1, kx, vx, r) ->

val ru = if (is-unique(t)) then &t
else { dup(l); dup(kx);
dup(vx); dup(r); NULL }

NILIE 22 Node @ru (Red,'!ins(1, kﬁsggi‘kx, VX, I)

6 NIL NILENIL

- - - - o= -

}
reuse specialize partial update

19 NILFNIL g NIL

NIL | NIL



Red-black tree insertion

13

17 Dd¢
=) Node(Red, i1, kx, vx, r) ->

val ru = if (is-unique(t)) then &t
else { dup(l); dup(kx);
dup(vx); dup(r); NULL }

NILE 22 val y =_ins(l, k ,v)!

6 NIL NILENIL

if (ru != NULL)

then { ru ->left := y;
19 NILENIL g NIL ru

}

R M else Node(Red, vy, kx, vx, r)



Red-black tree insertion

13

17 Dd¢
=) Node(Red, i1, kx, vx, r) ->

val ru = if (is-unique(t)) then &t
else { dup(l); dup(kx);
dup(vx); dup(r); NULL }

Nl 22 val y =!ins(1, k ,v)!

if (ru != NULL)

6 NIL NILENIL

then { ru ->left := y; reuse unchanged
19 NILENILNIL ru fields of a construct

}

R M else Node(Red, vy, kx, vx, r)



FBIP: Functional but in-place

For a unique resource, the purely functional algorithm
adapts at runtime to an in-place mutating algorithm
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The Art of Challenge: visiting a tree in-order while using
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Morris in-order tree traversal algorithm in C

void inorder( treex root, void (*f)(treex t) ) {
tree*x cursor = root;
while (cursor != NULL /* Tip */) {
if (cursor->left == NULL) {

// no left tree, go down the right

f(cursor->value);

cursor = cursor->right;

} else {

// has a left tree

treex pre = cursor->left; // find the predecessor

while(pre->right != NULL && pre->right != cursor) {
pre = pre->right;

3

if (pre->right == NULL) {
// first visit, remember to visit right tree
pre->right = cursor;
cursor = cursor->left;

} else {
// already set, restore
f(cursor->value);
pre->right = NULL;
cursor = cursor->right;

AR
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} Initialize the root as the current node
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AR

} Initialize the root as the current node

apply f
visit right tree



Morris in-order tree traversal algorithm in C

void inorder( treex root, void (*f)(treex t) ) {
tree*x cursor = root;
while (cursor != NULL /* Tip */) {
if (cursor->left == NULL) {

// no left tree, go down the right
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// has a left tree
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AR
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}

Initialize the root as the current node

apply f
visit right tree

make cursor the right child of the
rightmost node in cursor’s left subtree
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void inorder( treex root, void (*f)(treex t) ) {
tree*x cursor = root;
while (cursor != NULL /* Tip */) {
if (cursor->left == NULL) {

// no left tree, go down the right
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} else {
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Initialize the root as the current node

apply f
visit right tree

make cursor the right child of the
rightmost node in cursor’s left subtree

visit left tree
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Morris in-order tree traversal algorithm in C

void inorder( treex root, void (*f)(treex t) ) {
tree*x cursor = root;
while (cursor != NULL /* Tip */) {
if (cursor->left == NULL) {

// no left tree, go down the right

f(cursor->value);

cursor = cursor->right;

} else {

// has a left tree

treex pre = cursor->left; // find the predecessor

while(pre->right != NULL && pre->right != cursor) {
pre = pre->right;

3

if (pre->right == NULL) {
// first visit, remember to visit right tree
pre->right = cursor;
cursor = cursor->left;

} else {
// already set, restore
f(cursor->value);
pre->right = NULL;
cursor = cursor->right;

AR

T
}

——

Initialize the root as the current node

apply f
visit right tree

make cursor the right child of the
rightmost node in cursor’s left subtree

in-place mutating algorithm
that swaps pointers in the
tree to “remember” which
parts are unvisited.

visit left tree

apply f
visit right tree



FBIP in-order tree traversal algorithm in Koka

type tree {

Tip

Bin( left: tree, value : int, right: tree )
}

type visitor {
Done
BinR( right:tree, value : int, visit : visitor )
BinL( left:tree, value : int, visit : visitor )
}
type direction { Up; Down }

fun tmap( f : int -> int, t : tree,
visit : visitor, d : direction ) : tree {
match(d) {

Down -> match(t) { // going down a left spine
Bin(l,x,r) -> tmap(f,1,BinR(r,x,visit),Down) // A
Tip -> tmap(f,Tip,visit,Up) // B

}

Up -> match(visit) { // go up through the visitor
Done -> t // C
BinR(r,x,v) -> tmap(f,r,BinL(t,f(x),v),Down) // D
BinL(1,x,v) -> tmap(f,Bin(l,x,t),v,Up) // E

)}




FBIP in-order tree traversal algorithm in Koka

type tree {

Tip

Bin( left: tree, value : int, right: tree )
}

type visitor { an explicit visitor data structure that

Done i
BinR( right:tree, value : int, visit : visitor ) keeps track of which parts of the tree we

BinL( left:tree, value : int, visit : visitor ) still need to visit.

}
type direction { Up; Down }

fun tmap( f : int -> int, t : tree,
visit : visitor, d : direction ) : tree {
match(d) {

Down -> match(t) { // going down a left spine
Bin(l,x,r) -> tmap(f,1,BinR(r,x,visit),Down) // A
Tip -> tmap(f,Tip,visit,Up) // B

}

Up -> match(visit) { // go up through the visitor
Done -> t // C
BinR(r,x,v) =-> tmap(f,r,BinL(t,f(x),v),Down) // D
BinL(1l,x,v) -> tmap(f,Bin(1l,x,t),v,Up) // E

)}




FBIP in-order tree traversal algorithm in Koka

type tree {
Tip
Bin( left: tree, value :

3

type visitor {
Done
BinR( right:tree, value :
BinL( left:tree, value :

}
type direction { Up; Down }

int, right: tree )

visitor )
visitor )

int, visit :
int, visit :

fun tmap( f :
visit :
match(d) {

Down -> match(t) { // going down a left spine
Bin(l,x,r) -> tmap(f,1,BinR(r,x,visit),Down) // A
Tip -> tmap(f,Tip,visit,Up) // B

}

Up -> match(visit) { // go up through the visitor
Done -> t // C
BinR(r,x,v) =-> tmap(f,r,BinL(t,f(x),v),Down) // D
BinL(1l,x,v) -> tmap(f,Bin(1l,x,t),v,Up) // E

)}

int -> int, t :
visitor, d :

tree,
direction ) : tree {

L'J

an explicit visitor data structure that
keeps track of which parts of the tree we
still need to visit.

a direction data structure



FBIP in-order tree traversal algorithm in Koka

type tree {
Tip
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BinR( right:tree, value :
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type tree {

Tip

Bin( left: tree, value : int, right: tree )
}

type visitor {
Done
BinR( right:tree, value :
BinL( left:tree, value :

}
type direction { Up; Down }

int, visit :
int, visit :

visitor )
visitor )

fun tmap( f : int -> int, t :
visit : visitor, d :
match(d) {
Down -> match(t) { // going down a left spine
Bin(l,x,r) -> tmap(f,1,BinR(r,x,visit),Down) // A

tree,
direction ) : tree {

L'J

Tip -> tmap(f,Tip,visit,Up)

S

Done -> t // C

BinR(r,x,v) -> tmap(f,r,BinL(t,f(x),v),Down) // D

BinL(1l,x,v) -> tmap(f,Bin(1l,x,t),v,Up) // E
+ 33
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an explicit visitor data structure that
keeps track of which parts of the tree we
still need to visit.

a direction data structure

pattern match on directions, trees, and
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type tree {

Tip

Bin( left: tree, value : int, right: tree )
}

type visitor {
Done
BinR( right:tree, value : int, visit : visitor )
BinL( left:tree, value : int, visit : visitor )
}
type direction { Up; Down }

fun tmap( f : int -> int, t : tree,
visit : visitor, d : direction ) : tree {
match(d) {
Down -> match(t) { // going down a left spine
Bin(l,x,r) -> tmap(f,1,BinR(r,x,visit),Down) // A

L'J

S

Tip -> tmap(f,Tip,visit,Up) 77 BT
} 1 reuse analyj
Up -> match(visit) { // go up through the visitor
Done -> t // C
BinR(r,x,v) -> tmap(f,r,BinL(t,f(x),v),Down) // D
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FBIP in-order tree traversal algorithm in Koka

type tree {

Tip

Bin( left: tree, value : int, right: tree )
}

type visitor {
Done
BinR( right:tree, value : int, visit : visitor )
BinL( left:tree, value : int, visit : visitor )
}
type direction { Up; Down }

fun tmap( f : int -> int, t : tree,
visit : visitor, d : direction ) : tree {
match(d) {

L'J

Down -> match(t) { // going down a left spine
Bin(l,x,r) -> tmap(f,1,BinR(r,x,visit),Down) // A
Tip -> tmap(f,Tip,visit,Up) 77 BT

} reuse analygis |

Up -> match(visit) { // go up through the visitor
Done -> t // C
BinR(r,x,v) -> tmap(f,r,BinL(t,f(x),v),Down) // D
BinL(1l,x,v) -> tmap(f,Bin(1l,x,t),v,Up) // E

)} -

tail call

an explicit visitor data structure that
keeps track of which parts of the tree we
still need to visit.

a direction data structure
a purely functional specification

with in-place updating

pattern match on directions, trees, and
visitors
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void inorder( treex root, void (*f)(treex t) ) {
tree*x cursor = root;
while (cursor != NULL /* Tip */) {
if (cursor->left == NULL) {

// no left tree, go down the right

f(cursor->value);

cursor = cursor->right;

} else {

// has a left tree

tree*x pre = cursor->left; // find the predecessor

while(pre->right != NULL && pre->right != cursor) {
pre = pre->right;

3

if (pre->right == NULL) {
// first visit, remember to visit right tree
pre->right = cursor;
cursor = cursor->left;

} else {
// already set, restore
f(cursor->value);
pre->right = NULL;
cursor = cursor->right;

Ty 3l

type tree {

Tip

Bin( left: tree, value : int, right: tree )
}

type visitor {
Done
BinR( right:tree, value : int, visit : visitor )
BinL( left:tree, value : int, visit : visitor )
}
type direction { Up; Down }

fun tmap( f : int -> int, t : tree,
visit : visitor, d : direction ) : tree {
match(d) {
Down -> match(t) { // going down a left spine
Bin(l,x,r) -> tmap(f,1,BinR(r,x,visit),Down) // A
Tip -> tmap(f,Tip,visit,Up) // B
3
Up -> match(visit) { // go up through the visitor
Done -> t // C
BinR(r,x,v) -> tmap(f,r,BinL(t,f(x),v),Down) // D
BinL(1l,x,v) -> tmap(f,Bin(1l,x,t),v,Up) // E
3l
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= closely based on linear logic

= operational semantics in an explicit

heap with reference counting
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e u= U |ee
valx = e; e

n= v |ee |
| valz = e; e > Al > | match @ { pi=e )
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‘ | | dupz;e
| matchz {p; > ¢ } | drop z; e
|

match e { p; — ¢; }

input  output
borrowed owned

| |
Context A ‘ F |_ e ~ 6/
resources in scope
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iInput  output
ANT = O

Context A\ | T e ~se multiplicity of each member in A, T is 1
° | Tcfu(e) fu(e) AT
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Reference-counted heap semantics
iInput
/ /
I_]|6 >'I“I{ |6 output

(lam,) H| (AY . e) —s, H,f—=l A%z ¢ | f fresh f
(con,) H|Cax ...z, —s, Hz2tCoxpooizy, | 2 fresh z

(app,)  HIfz — H | dup ys; drop f; e[z:=¢] (f ™" Az e) eH
(match,) H | matchz {p; > €} —, H|dupys; dropz; e;[zs:=ys] withp; = C zsand (z —" C ys) € H
(bind,) Hlvalz = y; e —, H| elz=y]

n+1

(dup,) H,xH—"wv | dupz; e —, Hazm— v | e

(drop,) H,z "1y | dropz; e —, HaxzH—"0 | e ifn >1
(dlam,) H,z—'A%z.e | dropz; e —, H|dropys; e

(dcon,) H,zw—! Cys | dropz; e —s, H|dropys: e
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(x,H |e) - x€fv(e)
(y, H | e) y—"v €H (JT,H’U)

Theorem 4. (Perceus is precise and garbage free)

. /
Given J | T K e ~ e Then for every intermediate state H; | ¢;,

gle'—*.H|zx which is not at a rc operation,
forall y € dom(H;)
(y, Hi [Tei])

erase rc

y > ()| (Az. z) (drop y; () X Leper=ers
y =t () |dropy; (Az.z) ()
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