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Deterministic Order-insensitive
Same result Commutes with
across executions other computations
(t,t) = letx =t in (X, x) (t,u) = letx = uin (t, x)

v Predictable Parallelism, Lazy evaluation, ...

v Equations Reasoning &
eg. map (gof) = mapgomapf
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Functional, More Imperative

Linear Haskell sermardy+ 18

Linear Types '90-

Purity

Same result
4 regardless of timing

A' : ;i("'i
J‘ / ; { ,, > \;-
I;‘;u o £ ¢
Wd S
‘;' R &S £ :
‘s‘(.i‘ y‘) L ¢
. e
s

LIS,

A-calculus 3¢ a Well-behaved, esp. parallelism
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Linear Types Wadler 90, Bernardy+ 18

4+ Original Haskell Persistent data & Copy

Veca — Int — (a—a) — Veca
[0,1,2,..,999] (+ 7) [7,1,2,..,999] Pure!

\_—y 0,1,2,..,999]

4+ Linear Haskell

Linear - in place!

Linear arrow —o Argument is used exactly once
v

Veca —o Int —» (a—oa) o Veca

=Gl O Dy 0 (+ 7) 7,1,2,..,999]

No aliases!
16



Challenge

Separate to disjoint subregions

E.g, Parallel quicksort
e

= = ECT

17



Unifying the Two Paradigms

&® Functionadl

High-level abstraction

Well-behaved

Safe & Predictable Performative

Low-=level control
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Imperative, More Functional

Fapas
*# Ll P%!

Ownership &

) 94— Well-behaved
Region Types u

Brian W. Kernighan * Dennis M. Ritchie

Memory corruption, Race condition, ... =% 72 e '85
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Ownership

e

Separate
XOR
Aliasing

*"*.3,

— No dangerous interference between computations
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Imperative, More Functional with Borrows

Borrow } Non-local! =
Separate ownership by time

s

w/0 ownership passing

Ownership &
Region Types

Memory corruption, Race condition, ...

PROGRAMMING
LLLL

94— a Well-behaved »

- 72 e g5
21
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Rust-style Borrow

Lifetime *
Mutate 'y

Mutate &

- @

( Borrow }
D_ Lender

j
Non-

local!

Mutate l,
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Borrowing Solved! But, ...

/ Separate to
Borrow disjoint subregions

E.g, Parallel quicksort

s

e e -

23



Challenge

5 Borrow 4 Non-local! =
Same result Separate ownership by time
regardless of timing “@& w/0 ownership passing

24
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Matsushita & Ishii, PLDI °26

Rust-Style Borrowing in
Linear Haskell with Purity
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High-Level Comparison

Borrowf| Parallel |Leak-free

Pure Only
ST Monad @

Rust

Basic
Linear Haskell
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Our WOrk Matsushita & Ishii, PLDI ’26

Rust-Style Borrowing in
Linear Haskell with Purity

+ Pure & & Parallelize Parallel quicksort
4+ Just APIs Rich features of Haskell

+ Metatheory: Why Pure wirP Histories for borrows
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Overview




Preliminary Unrestricted vs Linearity

data a where
v a a

Linear 1
Exactly once

E.g., pair:a—o b —o (a,b)

pairab = (a, b)

E.g, inf:a — [a]
infa =a::infa

29



Preliminary Linearity Witness

Linear 1

"

lin :: (Lin =0 UUra) —o Ura
A
class Lin Linearity witness Spiwack+ ’22

cf. runST ::
(Vs.ST® a) — a

Used arbitrarily finite times But in

30



Preliminary Mutable State in Linear Haskell

Vector data Vec a

/-> Linear!

newVec :: Lin =o [a] —o Vec a

freeVec :: Vec a — [a]

31



Preliminary Mutable State in Linear Haskell

Vector data Vec a Before Pure Borrow

" :: Vec a —o
Int —» (a —0 a) — Vec a

readAt’” :: a =
Vec a — Int — (UUr a, Vec a)
class a where

.. d —© d

32



Preliminary Example of Basic Linear Haskell

example :: Ur [Int]

do’ p <« t;C

example = lin do’ let!p = t in do° ¢

v «<— newVec [0,1,2]

V — "v 0 (+ 3) 13, 1, 2]
V — "v 2 (+ 5) 13, 1, 7]
V — "v0(X4) 112, 1, 7]

(freeVec v) (12,1, 7]

33



Recap Challenge

Separate to disjoint subregions

E.g, Parallel quicksort
e

= = ECT

34



Matsushita & Ishii, PLDI °26

Rust-Style Borrowing in
Linear Haskell with Purity
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Recap Rust-Style Borrow

Lifetime *
Mutate 'y

Mutate &

- @

( Borrow }
D_ Lender

j
Non-

local!

Mutate l,
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Core APIs

Mutable bor‘rower Lel;lder
Borrow borrow :: Lin =0 a —o (Mut” a, Lend® a)

newtype of a

e

n
@

:: Mut” (Vec a) —o
Int — (a — a) —o BO“ (Mut” (Vec a))
Monad

splitAt :: Mut” (Vec a) —o W
Int —» (Mut® (Vec a), Mut” (Vec a)) ol &

Split

o has ended

Reclaim reclaim :: End® = Lend® 2 — a N




BO Monad

BO“ a Computation permitted only before ¢ ends

Borrower accesses < o ends < Lender reclaim
BO“ End®

Pure runBO :: Lin = (Va. BO” (End” = a)) — a
T Rank-2 poly cf. runST :: (Vs.ST®%a) — a

Linearity ensures commutativity

Parallel parBO :: BO¥ a o BO“ b —o BO“ (a, b)

cf. ST is not parallelizable
38



Example

example :: Ur [Int]
example = lin do”
v «<— newVec (0, 1, 2]
runBO do
let !(mv, lv) = borrow v
mut_example mv

pure $ $
freeVec $ reclaim lv (12, 1, 7]

39



mut_example ::
Mut” (Vec Int) —o BO“ ()
mut_example mv = do

my «— mv 0 (+ 3)
my «— mv 2 (+ 5)
my ¢«— mv 0 (X 4)

pure $ consume myv

class Consumable a where
consume :: a —o ()

40



Example with Parallelization

e e
& G

mut_example mv =
let !(mvy, mvy) = splitAt mv 1in
consume <$> parBO
(do mvy « mvgo 0 (+ 3)
mvg 0O (X 4))
( mvy 1(+ 5))

Parallelize!

41



Share

Shared borrower

Share share :: Mut® a — (Sh'are“ a) @‘Q

s

S

Read

copyAt :: Copyable a =
Share” (Vec a) — Int —» BO“ (Ur a)

class Copyable a where
copy :: Share” a — a

Spli'l' splitAt :: Share” (Vec a) —o

Int — (Share” (Vec a), Share” (Vec a))

e

42



Remark Internal Implementation

Just unsafe coercions —

borrow = unsafeCoerce Aa — (a, a)

unsafeCoerce Aa — a

reclaim

unsafeCoerce Aa — a

share

43



Reborrow

Reborrow

reborrowing :: Mut® a —o
(V¥ . Mut/ 3 — BOﬁf“' r) —o

BOY (r, Mut® a) Lifetime
intersection

44



Temporary Sharing

Temporarily share

sharing :: Mut® a —
(V . Share’"* a — BOP"\ r) —o
BOO/ (I‘, Mut?® a) sharing m k =

reborrowing m Am —
let!(Lrs) = share minks

Read from Mut

copyAtMut :: Copyable a =
Mut” (Vector a) — Int —
BO“ (Ur a, Mut” (Vector a))

copyAtMut I mv =
sharing mv $ copyAt i

45



Lifetime Primitives

Atomic lifetime
Y

data Lifetime = Al ¢« | &« A B | Static a, B = Lifetime

A
Lifetime intersection

newLifetime :: Lin =o 3 . Now (Al ¢)
endLifetime :: Now (Al t) —o Ur (End (Al 1))

|12

Now (a A p)
End (a A f)

(Now a, Now f)
End a + End f

|12

46



BO Primitives

Pure execBO : Now® — BO% a —o (Now¥, a)
runBO :: Lin = (Va. BO” (End® = a)) — a

Scope sexecBO :: Now” — BOP* 3 — BO® (Now”, a)
srunBO :: (V. BOP ® (End’ = a)) - BO% a

reborrowing joinMut :: Mut” (Mut® a) - Mut?’\¢ a

47



Case Study




Pure Borrow is Already There!

M= Hackage :: [Package] - Browse - What's new - Upload

H SoftwareFoundationGroupAtKyotoU / pure-borrow  public L Notifications % Fork 0 V¢ Star 61

pure-borrow: Rust-style borrowing in Linear Haskell with purity

<> Code () Issues 17 Pullrequests 1 () Actions [ Projects @ Security and quality |~ Insights

[ bsd3, library, Llinear-haskell, program ] [ Propose Tags ] [ Report a vulnerability ]

5 _ g5 , N About
main -~ © Go to file Code ~ This package realizes rust-style borrowing in Linear Haskell with Versions [RSS]

Pure Borrow: Linear Haskell purity and concurrency support. See Control.Monad.Borrow.Pure for 0.0.0.0
'@j{konn Merge pull request #41 from SoftwareFoundat @ .  24fabd7 - last month Y Meets Rust-Style Borrowing the main APl documentation, and see our paper Pure Borrowing: Change log

00 Readme Linear Haskell Meets Rust-Style Borrowing by Y. Matsushita and H. Ishii CHANGELOG.md
o _ for the details. Dependencies
W .agents/hooks chore(agents): share Claude Cod... 2 months ago &3 BSD-3-Clause license [SKip to Readme] array, base (>=4.17 &8& <5), bytestring
- _ A~ Activity cassava, containers, deepseq, directory,
8 .claude chore(agents): share Claude Cod... 2 months ago | file-embed, hybrid-vectors,
N . =) Custom properties linear-base (>=0.7), linear-generics,
. .codex refactor(concurrent): rewrite gso... last month & 61 stars monoidal-containers, optparse-applicative,
Modules process, pure-borrow, random, stm, tasty,
B .github/workflows ci: upgrade run-fourmolu to v13 a... last month & 11 watching findex] [Quick Jump! tasty-bench, template-haskell, temporary,
NGEX] LWUick JUmp text, transformers, unordered-containers

) ¥ 0 forks ’ - . ’
™ .vscode Suppressing further 9 months ago _ Control vector, vector-algorithms [details]

Report repository Concurrent Tested with
™ app chore(bench): omit missing case... last month DivideConquer ghc==9.10.2 || ==9.12.4 || ==9.14.1
) Releases 1 i : License
@ bench review: document the delimiter o... last month Control.Concurrent.DivideConquer.Linear BSD-3-Clause
. © Release 0.0.0.0 STM Copyright
W ci Convinced GHC 9.10 5 months ago 4 months ago Control.Concurrent.STM.TMDeque Copyright (c) 2025-present, Yusuke
_ ) Control.Concurrent.STM.TMDequeRingBuffer Matsushita and Hiromi Ishii
¥ doctests fourmolized 5 months ago b

Contributors 4 Monad Author
88 internal-src perf(worklist): add checked-surf... last month (:‘7{ Borrow Yusuke Matsushita and Hiromi Ishii

°t.[f konn Hiromi Ishii
"W scripts Auto-plot 5 months ago

2. shiatsumat Yusuke Matsu...

works on stable GHC
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Parallel Quicksort

Pure + + Parallel

gsort :: Mut” (Vec Int) —o BO“ ()
R gsort v = let (LUr n, v) = size v in

if n < 1then pure (consume v) else do

(Ura, v) « copyAtv(n// 2)

(i, V) « VvV a

let (lo, hi) = splitAt v i

consume <$> parBO (gsort lo) (gsort hi)

e e E

50



Advanced: Work-Stealing Scheduler

2’ e
< data DivideConquer” a = DivideConquer
(empty) VB. < a = Mutf a—o BO” (Res” a))
- 1 pop data Res” a = Done | Cont [Mut” a]

divideAndConquer :: f <o =
Int — DivideConquer” a —

b Mut® a —o BO? (Mut” a)

push J,

51



Parallel Quicksort by Work Stealing

NN

qsortDC : f<a = Int —
Mut® (Vec Int) — BO” (Mut® (Vector Int))
gsortDC nwork = divideAndConquer nwork $
DivideConquer Av — case size v of

' ‘ (Urn, v)
i > n <1— let() = consume v in pure Done
- - otherwise —
D'(cdécogqui L D;V_'jeconcggi ) (Ur a, v) « copyAtMut v (n // 2)
Res’ a = Done | Cont [ . (lo, hi) « v a; pure $ Cont [lo; hi]

divideAndConquer :: / < o = R .
Int — DivideConquer a — No thread joining needed — Efficient
a —o ( a)

52



Benchmark Results

3 - _
15 |- - )
g
s v 9L _
g 10 | - £ 2
= =
4 —7
o @
O 5t - 9
g C 1 :
<
ot - =
(l) i é é -10* _
N 0L =" 3
— Sequential Naive 4 Naive 16 --- Naive 32
WS 4 WS8 — WS10  — Industrial | | | |
0 1 2 3 -10*
N
— Sequential Naive 4 Naive 16 --- Naive 32
WS 4 WS8 — WS10  — Industrial

Successfully parallelized
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Metatheory




Challenge: Purity of Borrowing

Lifetime *
Mutate 'y

Mutate &

- m:
( Borrow }

j
Non-

local!

Mutate l,
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Challenge: Purity of Borrowing

Borrow borrow :: Lin =0 a —o (Mut“ a, Lend“ a)

:: Mut” (Vec a) —o
Int — (a — a) —o BO“ (Mut” (Vec a))

Split splitAt :: Mut” (Vec a) —o
Int —» (Mut® (Vec a), Mut” (Vec a))

reclaim :: End¥ = Lend” a —o a x>

56



Insight Purity of the ST Monad

4+ ST monad has but is pure!
4+ Denotation: -passing state monad

4+ But no parallelism

What about borrowing?

57



Ildea: Histories

4+ Manage the global history of to borrows
4+ BO monad: State monad of the history
> are separable — Parallelism works!

4+ Lifetime end class: Owns the frozen history

4+ reclaim: Restore the value from the history

58



Our Formalization & Metatheory

4+ Core calculus + Linear type system for Pure Borrow

4+ [Two operational semantics
> , with & Denotational, based on histories

4+ Theorem: Denotational op sem is confluent
» Full purity: Future work, due to fresh borrow id generation

+ WIP: & denotational op sems bisimulate!
» For well-typed programs & configurations
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Reference Core Calculus Syntax

Variable Var > x,y,z Data constructor C

Operator op == (+) 2| -+ | () 2| ---
| par 2 | consume 1 | move 1
lin 1 | withLin 1 | newRef 2 | freeRef 1

newlifetime 2 | endLifetime 1 | execBO 2

borrow 2 | share 1 | copy 1 | joinMut 1 | reclaim 2

Monad constructor mo = pure 1 | (=) 2 | sexecBO 2
| parBO 2 | deref 1 | 2
Term Term > t,u = x | letx=tinu | Ax>t | tu | seqxt | n

| Ct | casetof {Cx—-u} | opt | mot
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Reference Core Calculus Type Syntax

Lifetime variable a, 5 Lifetime id ¢
Lifetime «,f == al. | static | a AP | a
Multiplicity variable m, u Multiplicity 7, u == 1 | | [
Type variable X,Y Variable x = a | ¢ | m | X
Type constructor F Borrower constructor B = Mut | Share

Type Type> T,U == Vx.T | X | T—>,U | FT | Int | Lin
| RefT | Now” | End” | BT | Lend“T | BO“T

T—oU = T— U T—-U = T—,,U

Data type declaration data F X where C: T —, FX

Typing context [,A = x:u; T
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Related Work



Recap High-Level Comparison

Pure Only
ST Monad @

Rust

Basic
Linear Haskell

Borrow ¥

Parallel

Leak-free
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Comparison with Monads

1O Monad

Peyton Jones+ °93

ST Monad
Launchbury+ °94

Monadic Regions
Fluet+ 04

RIO Monad
Bernardy+ °1 8

Pure

Borrow Scope

Parallel

Leak-free
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OXCCIml Lorenzen+ °24, Georges+ °25

4+ OCaml + Safe control
» Ownership, . thread safety, ...
wW Ip y §)
4+ Lightweight annotation N
> Easy to add to legacy OCaml code A ﬁ
» Coarse lifetime modes: VS = e

+ strict purity
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Linearity vs Uniqueness Marshall+ *22

Linearity < once
.l Uniqueness unique < aliased
Monad

IX - U

Time-delimited aliasing Mut” & Lend”
a —o (Mut” a, Lend” a)

Mut® (Mut” a) - Mut?" a

Monad-like
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RustHorn Matsushita+ 20 &2

4+ Verify Rust programs as functional code
Final result of

+ Model borrows by prophecy Y/ borrower’s

> Prophecy [Abadi+ '88]: Fetches info about the future

Lender
let % = rand() \

]
sorrower il [CRg:
] 4

assume(¥y = W)

4

A

2

“

Can reason that
this equals W

\ g

\---’-
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Example of RustHorn’s Translation

fn take_max<a>
(ma: & mut i32, mb: & mut i32)
—> & mut 132 {

if xma >= *xmb { ma } else { mb }

s

fn test(mut a: i32, mut b: 1i32) {
xtake_max( , ) += 7
assert!((a — b).abs() >= 7);

s

let take_max (a, a’) (b, b’) =
1f a >= b then
(assume(b’ = b); (a, a’))
else (assume(a’ =a); (b, b"))

let test a b =

let a’ = in let b’ = 1n
let (r, r’) =
take_max a’ b’) 1n

assume(r’ =r + 7):
assert(abs (a’ —b') >= 7):
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Prophecies vs Histories

Prophecies @

4 Concise & Local

Histories $p

» |deal for verification
4 Deterministic

4+ Automatic & Robust

» |deal for the purity proof
» Otherwise
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Conclusion




Summary: Pure Borrow

4+ Linear Haskell + Rust-style borrowing

> Pure & w/o ownership passing & Parallelize

»®

» BO monad for lifetime constraints

4+ Case study: Parallel quicksort

4+ Metatheory: Purity by history-based model
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Future Work

4+ More automationFfor borrowing?

+ Logical relations like RustBelt [Jung+ ’18]?

» In separation logic [O’Hearn+ ’01], e.g., Iris [Jung+’15]!

4+ Denotational semantics!

» Fresh borrow id generation, as in v-calculus [Pitts+ ’93]

» Purity & Equational theory! Soundness by logical relations!?
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Unifying the Two Paradigms

&® Functionadl

High-level abstraction

Well-behaved

Safe & Predictable Performative

Low-=level control
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Thank you!
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