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Introduction

Mutation and Reasoning

Mutation practical to efficiently write efficient programs
Expensive to analyze (for tools and humans) because of aliasing

Verification

Dafny: heap encoding = expensive & brittle reasoning

What about Stainless?

Aliasing makes code analysis hard for tools and humans
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Outline

Can we recover the efficiency benefits of
mutable memoization to achieve verified and
efficient programs using Stainless without
reintroducing the verification burden of
aliasing?

- Stainless introduction

« Memoization

« Mutable hash tables with mutable cells

 Linear-time invertible lexing with memoization
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Verification Framework for Scala

def zip(xs: List[Int], ys: List[Boolean]): List[(Int, Boolean)] = {

(xs, ys) match
case (Cons(x, xs@), Cons(y, ysQ)) =>
Cons((x, y), zip(xs@, ys0))
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}.ensuring (res => res.map(p => p._1) == xs)

warning: Found counter-example:
warning: xs: List[Int] -> Cons|Int](O, Nil[Int]())
vs: List[Boolean] -> Nil[Boolean]()



Stainless: Automated Proof

Verification Framework for Scala

def zip(xs: List[Int], ys: List[Boolean]): List[(Int, Boolean)] = {
require(xs.size <= ys.size)
(xs, ys) match
case (Cons(x, xs@), Cons(y, ys0Q)) =>
Cons((x, y), zip(xs@, ys0))

case => Nil()

}.ensuring (res => res.map(p => p._1) == xs)



Stainless: Automated Proof

Verification Framework for Scala

def zip(xs: List[Int], ys: List[Boolean]): List[(Int, Boolean)] = {
require(xs.size <= ys.size)
(xs, ys) match
case (Cons(x, xs@), Cons(y, ys0Q)) =>
Cons((x, y), zip(xs@, ys0))

case => Nil()

}.ensuring (res => res.map(p => p._1) == xs)

stainless summary

zip.scala:5:5: Z1p non—-negative measure valid U:smt-cvch 0.0
zip.scala:9:11: z1lp postcondition valid U:smt-cvcd 0.1
zip.scala:9:24: Zlp measure decreases valid U:smt-cvch 0.0
zip.scala:9:24: zip precond. (call zip((scrut._1.t): @ropVCs , (scrut. ...) valid U:smt-cvc5 0.1
zip.scala:11:15: z1lp postcondition valid U:smt-cvch 0.0

total: 5 valid: 5 (0 from cache, @ trivial) invalid: @ unknown: 0 time: 0.29
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Stainless

Mutation and Aliasing Policies

Unrestricted aliasing of immutable types

No aliasing of mutable types

Transform programs to purely functional

Unlike others e.g., Rust, transformation only for reasoning

Runtime still relies on garbage collection

Mutation without aliasing reduces to purely functional
but requires checking its absence
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Dotty AST

[Jad Hamza, Nicolas Voirol, and Viktor Kunc¢ak. %
System FR: Formalized foundations for the
Stainless verifier. Proc. ACM Program. Lang,
(OOPSLA), November 2019.]
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case class MutA(var x: BigInt)
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def incr(a:

MutA) :

a.X = a.xX + 1

Unit

Stainless

Imperative Elimination Phase

def incr(a: MutA
val a_1: MutA
val a 2: MutA

((), a_2)

-

Imperative
Elimination

) :

(Unit, MutA) -
3
MutA(a 1.x + 1

10



Stainles-

Imperative Elimination Phase

def main(): Unit =
val a*: MutA = MutA(0)

def main(): Unit = Imperative val res: (Unit, MutA) = incr(a)
val a: MutA = MutA(Q) ST val a_1: MutA = res. 2
incr(a) Elimination val a 2: MutA = a 1
assert(a.x == 1) assert(a 2.x == 1)

()
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Verified and Efficient

Memoization

Correctness is crucial

But efficiency is also central for adoption

= Memoization

We want efficient, verified, and reusable memoization

12
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Memoization

General Framework

f:A—>B cache : A — option|B]

valid(cache) =Va : A caclhf(a) = some(b) — b = f(a)

Efficient implementation? = Hash Table

Need mutability?
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def memFib(n: BigInt, cache: ImmutableCache): [(BigInt, ImmutableCache)
cache.get(n) match
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case None =>
if n <= 1 then (n, cache + (n —> n))
else
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Memoization

Recursion and Immutable Cache

def fib(n: BigInt): BigInt =
1f n <= 1 then n
else fib(n - 1) + fib(n - 2)

type ImmutableCache = Map[BigInt, BigInt]

def memFib(n: BigInt, cache: ImmutableCache): (BigInt, ImmutableCache)
cache.get(n) match
case Some(value) => (value, cache)
case None =>
if n <= 1 then (n, cache + (n => n))
else
val (fibN1, cachel) nemFib(n - 1, cache)
val (fibN2, cache2) nemFib(n - 2, cachel)
val result = T1DN1l + T1DN.Z
(result, cache2 + (n —> result))

14



Memoization

Recursion and Immutable Cache

Requires rewriting the program with this monadic construct
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Memoization

Recursion and Mutable Cache

def fib(n: BigInt): BigInt =
1f n <= 1 then n
else fib(n - 1) + fib(n - 2)

type MutableCache = Map[BigInt, BigInt]

def memFib(n: BigInt) (using cache: MutableCache): BigInt
cache.get(n) match
case Some(value) => value
case None =>
val result =
1f n <=1 then n

else memFib(n - 1)!+ memFib(n - 2)

cache. bpotateving,—result)
result

15



Memoization

Recursion and Mutable Cache

Only one more (implicit) parameter, same specification

15
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Maps Performance

Why not var map = new immutable.Map?

v  Verified LongMap
Scala HashMap
Verified HashMap
Scala Immut. HashMap

X

X X x X X Xox
X
\ 4
X vvvyyvVV v
\ 4
x w ¥
¥V
X
2 4 §)

N Pairs

Insert N pairs, remove N/2, insert N

= Our verified mutable hash table
outperforms the Scala library
unverified immutable map
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Verified Mutable Hash

Table without Aliasing
using

Mutable Cells
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64-bit Keys Hash Table

1Chassot, S., Kuncak, V. (2024). Verifying a Realistic Mutable Hash Table. In: [JCAR 2024. Lecture Notes in
Computer Science, vol 14739. Springer
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1Chassot, S., Kuncak, V. (2024). Verifying a Realistic Mutable Hash Table. In: [JCAR 2024. Lecture Notes in
Computer Science, vol 14739. Springer
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- From Scala standard library
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LongMap!

64-bit Keys Hash Table
- Mutable Hash Table

- Open addressing, non-linear probing

- From Scala standard library

trait LongMap[V]:
def contains(key: Long): Boolean
def apply(key: Long): V // Lookup
def update(key: Long, v: V): Boolean
def remove(key: Long): Boolean
def repack(): Boolean

1Chassot, S., Kuncak, V. (2024). Verifying a Realistic Mutable Hash Table. In: [JCAR 2024. Lecture Notes in
Computer Science, vol 14739. Springer
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def contains(k)

def update(k, v)

def remove(k)

def apply(k)

def repack()

LongMap

Decorator Pattern

LongMapFixedSize

def contains(k)

def update(k, v)

def remove(k)

def apply(k)

19



Repack

Algorithm Pseudo Code

// Resize arrays and rebalance keys (pseudocode)
def repack() =

val size = this.computeArraySize()
val newMap = new LongMapFixedSize(size)
for k, v <— this do
newMap.update(k, v)
this.underlying = newMap

20
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Repack

Algorithm Pseudo Code

// Resize arrays and rebalance keys (pseudocode)
def repack() =

val size = this.computeArraySize()

val newMap = new LongMapFixedSize(size)

for k, v <— this do

Aliasing!

Stainless disallows this kind of aliasing!

We introduce a new structure: Cell

20
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Cell & Swap Operation

Aliasing in repack

class Cell[@mutable T](var v: T):
def swap(other: Cell[T])
def v(): T

21



Cell & Swap Operation

Aliasing in repack

class Cell[@mutable T](var v: T):
def swap(other: Cell[T])
def v(): T

// Resize arrays and rebalance keys (pseudocode)
def repack() =
val size = this.computeArraySize()
val newMap = Cell(new LongMapFixedSize(size))
for k, v <— this do
newMap.v().update(k, V)
this.underlying.swap(newMap)

21



Cell & Swap Operation

Aliasing in repack

class Cell[@mutable T](var v: T):
def swap(other: Cell[T])
def v(): T

// Resize arrays and rebalance keys (pseudocode)
def repack() =
val size = this.computeArraySize()
val newMap = Cell(new LongMapFixedSize(size))
for k, v <— this do

this.underlying.swap(newMap)

= Greater expressiveness without introducing aliasing
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Cell and Swap

Stainless Internal

case class MutA(var x: BigInt)

def exSwap(): Unit =

val ml = MutA(Q)
val m2 = MutA(1)
val c1 = Cell(m1)
val c2 = Cell(m2)
assert(cl.v.x == 0)

swap(cl, c2)
assert(cl.v.x == 1)

22



Cell and Swap

Stainless Internal

def exSwap: Unit =
val ml: MutA = MutA(Q)
case class MutA(var x: BigInt) val m2: MutA = MutA(1)

var cl: Cell[MutA] Cell[MutA](
var c2: Cell[MutA] Cell[MutA] (

def exSwap(): Unit =

S Transformation  37°1{{( Sl = %) |
val c1 = Cell(ml) c2 = Cell[MutA]l(cl.v)
val c2 = Cell(m2) cl = Cell[MutA] (temp)
assert(cl.v.x == 0) assert(cl.v.x == 1)
swap(cl, c2) val res: Unit = ()
assert(cl.v.x == 1) val res: Unit = res

res

N =




swap(cl, c2)

Cell and Swap

Stainless Internal

-

Transformation 1 temp: M

Cell[M

Va
c2
cl = Cell[M

UtA = c2.V
JtA]l (cl.v)

UtA] (temp)

22



Cell and Swap

Stainless Internal

-

Transformation

val temp: MutA = c2.v
c2 = Cell[MutA](cl.v)
cl = Cell[MutA](temp)

swap(cl, c2)

This transformation is performed before eliminating imperative code

22



HashMap Interface

Hash Table, Generically Typed Keys

trait HashMapI[K, VI:
def contains(key: K): Boolean
def apply(key: K): V // Lookup
def update(key: K, v: V): Boolean
def remove(key: K): Boolean
def repack(): Boolean

trait Hashable[K]: // “Type class”

@pure
def hash(k: K): Long

23
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Implementation
Insert (k3: K, v3: V)

HashMaplK, V]

Cell
LongMapl|List[(K, V)]]

45 — [(k1, v1), (k2, v2), (k3, v3)}

Tapply(45) l Tupdate(45, bucket)
hash(k3) = 45 [(k1, v1), (k2, v2)] [(k1, v1), (k2, v2), (k3, v3)]
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Memoization

Tailored Lemmas

valid(cache) = Va : A cache(a) = some(b) — b = f(a)

def lemmaForallPairsThenForLookup[K, V](
hm: HashMap[K, VI,

k: K,
p: ((K, V)) => Boolean
): Unit = {

require(hm.valid)

require(hm.map.forall(p))
require(hm.contains(k))
/] ...

}.ensuring(_ => p((k, hm.apply(k))))
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Memoization

Tailored Lemmas

valid(cache) = Va : A cache(a) = some(b) — b = f(a)

def lemmaUpdatePreservesForallPairs[K, V](
hm: HashMap[K, VI,

k: K,

v: V,

p: ((K, V)) => Boolean
): Unit = {

require(hm.valid)
require(hm.map.forall(p))
require(p((k, v)))

/] ... def lemmaForallPairsThenForLookup[K, V](
}.ensuring(_ => { hm: HashMap[K, VI,

hm.update(k, v) k: K,

hm.map.forall(p) p: ((K, V)) => Boolean
) ): Unit = {

require(hm.valid)
require(hm.map.forall(p))
require(hm.contains(k))
/] ...

}.ensuring(_ => p((k, hm.apply(k))))
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Memoization

Tailored Lemmas

valid(cache) = Va : A cache(a) = some(b) — b = f(a)

def lemmaUpdatePreservesForallPairs[K, V](
hm: HashMap[K, VI,

‘ s' def lemmaRemovePreservesForallPairs[K, V](
ot (! hm: HashMap[K, VI,
p: ((K, V)) => Boolean kT ) ashMap [ ]

): Unit = { ’

: K, V => Boo lean
require(hm.valid) ):pUnii = {))

require(hm.map.forall(p))

require(hm.valid
require(p((k, v))) . ( )

require(hm.map.forall(p))

/] def lemmaForallPairsThenForLookup[K, V] /7
}.ensuring(_ => { hm: HashMap[K, VI, }.ensa}ing( => {
hm.update(k, v) ki K, hm. remove (k)
hm.map.forall(p) p: ((K, V)) => Boolean hm.map.forall(p)
1) ): Unit = { 1)

require(hm.valid)
require(hm.map.forall(p))
require(hm.contains(k))

/] e
}.ensuring(_ => p((k, hm.apply(k))))
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Decorator and Composition

Powerful Pattern for Verification

HashMap ZipLex

Ce" Memoization

LongMap HashMap

Cell HashMap

LongMap Fixed Size
HashMap

Regular
expression
engine

Invertible
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Decorator and Composition

Powerful Pattern for Verification

HashMap ZipLex

Ce" Memoization Regular

LongMap X expression
HashMa .
i engine

Cell HashMap Invertible
lexing

LongMap Fixed Size
HashMap

Enabled by the Cell construct without introducing aliasing

26
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Maps Performance

sl ¥ Verified LongMap
X  Scala HashMap
Verified HashMap
Scala Immut. HashMap
6_
0
)
£ 4
=
2 X \ 4
X vvvy vy VY v v
v
x v
X \ 4
0 - X
0 2 4 6 8
N Pairs 1le6

Insert N pairs, remove N/2, insert N
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Time (s)

Maps Performance

v  Verified LongMap
Scala HashMap
Verified HashMap
Scala Immut. HashMap

X

= Our verified mutable hash table
outperforms the Scala library
unverified immutable map

N Pairs leb

Insert N pairs, remove N/2, insert N
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ZipLex?

Application Relying on Memoization

2Samuel Chassot, & Viktor Kuncak. (2026). Formally Verified Linear-Time Invertible Lexing.
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ZipLex?

Application Relying on Memoization

Fully verified lexical analysis framework
Linear-time, invertible lexing

Regex matching based on Brzozowski derivatives

2Samuel Chassot, & Viktor Kuncak. (2026). Formally Verified Linear-Time Invertible Lexing.
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ZipLex?

Application Relying on Memoization

Fully verified lexical analysis framework
Linear-time, invertible lexing
Regex matching based on Brzozowski derivatives

Verified performance optimizations including memoization

2Samuel Chassot, & Viktor Kuncak. (2026). Formally Verified Linear-Time Invertible Lexing.
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Interface:
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Lexical Analysis

Introduction
Stream of characters — stream of tokens
Rules with regular expressions

Spec: Longest match and invertibility

Interface:

def lex[C]l(rules: List[Rule[C]], input: List[C]):

(List[Token[C]], ListI[C])

def print[C](v: List[Token[C]]): List[C]

30



Lexer Specification
Longest Match and Invertibility



Lexer Specification
Longest Match and Invertibility

Longest Match



Lexer Specification
Longest Match and Invertibility

Longest Match

When creating a token, consume the longest prefix accepted by any rule

31



Lexer Specification
Longest Match and Invertibility

Longest Match
When creating a token, consume the longest prefix accepted by any rule

Invertibility

31



Lexer Specification
Longest Match and Invertibility

Longest Match
When creating a token, consume the longest prefix accepted by any rule

Invertibility

For a token sequence ts = fy, 1,, ..., I, and string s

31



Lexer Specification
Longest Match and Invertibility

Longest Match
When creating a token, consume the longest prefix accepted by any rule

Invertibility

For a token sequence ts = fy, 1,, ..., I, and string s

Invertible lexer if both

31



Lexer Specification
Longest Match and Invertibility

Longest Match
When creating a token, consume the longest prefix accepted by any rule

Invertibility

For a token sequence ts = fy, 1,, ..., I, and string s

Invertible lexer if both

print(lex(s)) = s

31



Lexer Specification
Longest Match and Invertibility

Longest Match
When creating a token, consume the longest prefix accepted by any rule

Invertibility

For a token sequence ts = fy, 1,, ..., I, and string s

Invertible lexer if both

print(lex(s)) = s and

31



Lexer Specification
Longest Match and Invertibility

Longest Match
When creating a token, consume the longest prefix accepted by any rule

Invertibility

For a token sequence ts = fy, 1,, ..., I, and string s

Invertible lexer if both

print(lex(s)) = s and lex(print(ts)) = ts

31



Sorting Functions

Refactor Tool Example

def abs(x: Int): Int =
if (x < @) then
—X
else
X
end abs
def mul(x: Int, y: Int): Int
X % Y
end mul

32



Sorting Functions

Refactor Tool Example

def abs ( x : Int ) : Int =&
if (x < 0) then «
_x a
else &
X &
end abs «
def mul ( X : Int , y: Int ) :
X % yd

end

mu L

Int

33



def mul ( x :
X % yé
end mu L
def abs ( x :
if (x <
¥ &
else &
X 4

end

Sorting Functions

Refactor Tool Example

abs 4«

0 )

Int

Int

r Y s

)

Int ) :

Int =

then <

Int

= 4
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Sorting Functions

Refactor Tool Example

def mul(x: Int, y: Int): Int
X %y
end muldef abs(x: Int): Int
if (x < ©) then
—X
else
X
end abs
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Sorting Functions

Refactor Tool Example

def mul(x: Int, y: Int): Int
X % V
end muldef abs(x: Int): Int
if (X < 0) then
—X
else
X
end abs
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def mul ( X :
X % yé
end mu ldef
if (x <
¥ &
else &
X 4
end abs «

Sorting Functions

Refactor Tool Example

0 )

Int , y:

abs ( x :
then «

Int ) :

Int ) :

Int

Int

= 4

= &
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def mul ( X :
X 3k Vv
end mu ldef
1T ( X <
¥ &
else &
X 4
end abs «

Sorting Functions

Refactor Tool Example

v )

Int , y:

abs ( x :
then «

Int ) :

Int ) :

Int

Int

= 4

= &
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ZipLex Memoization

Lexer and Regex engine

Memoized zipper-derivatives computation
vielding DFAs
Memoization enables linear complexity lexing (REPS 1998)

Longest prefix computation

Tail-recursive = the technique does not apply

37



Memoization

Tail recursive functions

@tallrec

def prefixFrom[C](r: Regex[C], from: BigInt, input: List[C], acc: BigInt): BigInt =
if (from == input.size || lostCause(r)) then acc
else

val newAcc = if (nullable(r.deriv(input(from)))) from else acc
orefixFrom(r, from + 1, input, newAcc)



Memoization

type MutableCache[C] = Map[(Regex[C], BigInt), BigInt]
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Memoization

type MutableCache[C] = Map[(Regex[C], BigInt), BigInt]

def prefixFromMem[C](r: Regex[C], from: BigInt, input: List[C], acc: BigInt)
(using c: MutableCache[C]): BigInt =
c.get(r, from) match
case Some(v) => v
case None() =>
val result =
if (from == input.size || lostCauseZipper(z)) then acc
else
val newAcc = if (nullable(r.deriv(input(from)))) from else acc
prfxSFromMem(r, from + 1, input, newAcc)
c.update(r, from, result)
result

38



Memoization

type MutableCache[C] = Map[(Regex[C], BigInt), BigInt]

def prefixFromMem[C] (r: Regex[C], from: BigInt, input: List[C], acc: BigInt)
(using c: MutableCache[C]): BigInt =
c.get(r, from) match
case Some(v) => v
case None() =>
val result =
if (from == input.size || lostCauseZipper(z)) then acc
else
vat-newAce-——iflnullablelriderivliinsutifrom)))) from else acc
prfxSFromMem(r, from + 1, input, newAcc)
c.update(r, from, result)

) PY '
result Not tail recursive anymore!

38



Memoization

Tail recursive functions

@tailrec

def prefixFrom[C](r: Regex[C], from: BigInt, input: List[C], acc: BigInt): BigInt =
if (from == input.size || lostCauseZipper(z)) then acc
else

val newAcc = if (nullable(r.deriv(input(from)))) from else acc
prefixFrom(r, from + 1, input, newAcc)

39



Memoization

Tail recursive functions

type MutableCache[C] = Map[(Regex[C], BigInt), BigInt]
case class MutStack[C](var frames: List[(Regex[C], BigInt, BigInt)])

@tailrec
def prefixFromMemI[C](r: Regex[C], from: BigInt, input: List[C], acc: BigInt)
(using c: MutableCache[C], stack: MutStack[C]): BigInt =
c.get(r, from, acc) match
case Some(v) => v
case None() =>
if (from == input.size || lostCauseZipper(z)) then acc
else
val newAcc = if (nullable(r.deriv(input(from)))) from else acc
stack.frames = (r, from, newAcc) :: stack.frames
prefixFromMemI(r, from + 1, input, newAcc, stack)
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+ypn Mu+nh1nrnrhn[rl — an[(Dngny[F]' Ring+)' Ring+]
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c.get(r, from, acc) match
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Memoization

Tail recursive functions

type MutableCache[C] = Map[(Regex[C], BigInt), BigInt]
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(using c: MutableCache[C], stack: MutStack[C]): BigInt =
c.get(r, from, acc) match
case Some(v) => v
case None() =>
if (from == input.size || lostCauseZipper(z)) then acc
else
val newAcc = if (nullable(r.deriv(input(from)))) from else acc
stack.frames = (r. from. newAcc) :: stack.frames
prefixFromMemI(r, from + 1, input, newAcc, stack)
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Memoization

Tail recursive functions

type MutableCache[C] = Map[(Regex[C], BigInt), BigInt]
case class MutStack[C](var frames: List[(Regex[C], BigInt, BigInt)])

@tailrec
def prefixFromMemI[C](r: Regex[C], from: BigInt, input: List[C], acc: BigInt)
(using c: MutableCache[C], stack: MutStack[C]): BigInt =
c.get(r, from, acc) match
case Some(v) => v
case None() =>
if (from == input.size || lostCauseZipper(z)) then acc
else
val newAcc = if (nullable(r.deriv(input(from)))) from else acc
stack.frames = (r. from. newAcc) :: stack.frames
prefixFromMemI(r, from + 1, input, newAcc, stack)

All recursive calls return the same value
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Memoization

Tail recursive functions

def prfxSFromMem[C](r: Regex[Cl, from: BigInt, input: List[C])(using cache: Cachel[C]):
(List[C], List[C]) =
val stack = new MutStack(Nil)
val res = prfxSFromMemI(r, from, input, input.size, stack)
stack.frames.foreach <
case (r, from, lastNullablePos) => cache.update(r, from, lastNullablePos)

h
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Memoization

Tail recursive functions

type MutableCachel[C] = Map[(Regex[C], BigInt), BigInt]
case class MutStack[C](var frames: List[(Regex[C], BigInt, BigInt)])

@tallrec
def prefixFromMemI[C](r: Regex[C], from: BigInt, input: List[C], acc: BigInt)
(using c: MutableCachel[C], stack: MutStackI[C]): BigInt = //...

def prfxSFromMem[C](r: Regex[Cl, from: BigInt, input: List[C])(using cache: Cachel[C]):
(List[C], List[C]) =
val stack = new MutStack(Nil)
val res = prfxSFromMemI(r, from, input, input.size, stack)
stack.frames.foreach {
case (r, from, lastNullablePos) => cache.update(r, from, lastNullablePos)

}
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Memoization

Tail recursive functions

type MutableCachel[C] = Map[(Regex[C], BigInt), BigInt]
case class MutStack[C](var frames: List[(Regex[C], BigInt, BigInt)])

@tallrec
def prefixFromMemI[C](r: Regex[C], from: BigInt, input: List[C], acc: BigInt)
(using c: MutableCachel[C], stack: MutStackI[C]): BigInt = //...

def prfxSFromMem[C](r: Regex[Cl, from: BigInt, input: List[C])(using cache: Cachel[C]):
(List[C], List[C]) =
val stack = new MutStack(Nil)
val res = prfxSFromMemI(r, from, input, input.size, stack)
stack.frames.foreach 1
case (r, from, lastNullablePos) => cache.update(r, from, lastNullablePos:

}

Explicit simulation of JVM stack without stack overflows
enabling memoization without breaking tail recursion
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Performance

a and a*b Benchmark

Input: “aaa...a”

For 100°000 characters:
« Flex: 24.3 seconds

» ZipLex: 27.5 milliseconds
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Conclusion

Mutability important for efficient programs
e.d., memoization
Expensive reasoning due to aliasing

Introduced cells with atomic swaps without introducing
aliasing

Decorator DP for modular verification
Mutable Hash Table for verified memoization

Linear-time verified invertible lexing with ZipLex
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Conclusion

HashMap ZipLex

Cell

Memoization

LongMap HashMap

Cell

HashMap

LongMap Fixed Size

HashMap

Enabled by the Cell construct without introducing aliasing
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