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Research is when it can fail.
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Fig. 2. Subclass Method Overrides from .pyi fil . 3. Subclass Method Overrides from .py files
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Fig. 4. Top Tvar Transformations from .py files Fig. 5. Top TVar Transformations from .pyi files

Fig. 6. Dep Dict Access Patterns Fig. 7. Dep Callable Instances by Context
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What went wrong?




What went wrong?

Communication!










Software is complicated.
Types help, but ...




... but Types are limiting.




[ ".butTypesareHnﬂﬂng.]

[def div(a, b): ]

return a / b if b != 0 else "divo"

(enum DivRes = Ok(int) | Err(str)

def div(a, b) -> DivRes:
return Ok(a / b) if b != 0 else Err("div@"))




[ Gradual Typing ]

[ Types where you need them, that's all!

def div(a: int, b: int) -> Any:
return a / b if b != 0 else "div0"

J
0
y A




| Definitely Typed | [ 34 million clients! ]

Used by 34m
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Problem:
Gradual Types < Types




Docs Try Blog

Types in Flow form a hierarchy based on subtyping:
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Inexact object:
{prop: string, ...}

Exact empty object:
4
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Exact object:

{prop: string}
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def div(a: int, b: int) -> Any:
return a / b if b != 0 else "div@"

div(x, y).helloworld()
# No type error!!!




def di
retu

div(x,
# No t




(function query(d : DataFrame, row_pos: Int) : Row {

// typed function, can we optimize the body?
// NO.




(function query(d : DataFrame, row_pos: Int) : Row {

I S // typed function, can we optimize the body?
// NO.

JS (query("hello world", 99) ==> 271

[ TypeScript does not protect types. ]




How to move beyond the Any type?
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® ® ® () Code search results X  +

o

% https://github.com/search?g=import+Any+language%3APython&type=code

@) N A - -p
(L Import Any language

Filter by

Code v @ fgsect/unicorefuzz - ucf Python - §

] Repositories

G} Issues 12 import argparse
import os

I Pull requests ] from typing import Any, Callable, Iterable

J) Discussions
from unicorefuzz import configspec

Ay Users from unicorefuzz.configspec import serialize_spec, UNICOREFUZZ_SPEC

More

Repositories

@ LeeXiaolan/tplink-vxworks-base v (&) graphcore-research/lim-inference-research - dev
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® ® ® () Code search results X  +

C % https://github.com/search?g=import+Any+language%3APython&type=code 2 b e A

Q  import Any language . R . + -
O ‘ B Quick search ==> 25 million files

Filter by 25.2M files (729 ms)

[ save
<> Code 1st corpus: Any in 320,000 signatures Python - §2 main
across 221 projects

Repositories

© lIssues
import os
} Pull requests from typing import Any, Callable, Iterable

) Discussions
from unicorefuzz import configspec
Ay Users from unicorefuzz.configspec import serialize_spec, UNICOREFUZZ_SPEC
- More B more matehas
how 6 more matches

Repositories
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[ Goal: Data Science for the Any Type ]

+ recognize patterns
+ set priorities
+ improve type precision




6 Major Patterns
Dep Dict

Dep Callable Top TVar




class Shape:
def move(self: Any, dist: int) -> Any: # imprecise return
self.position += dist
return self

class Circle(Shape):
pass

Circle().move(4) # ideally, a Circle




def add_tax(item: Dict[str, Any]) -> float:
base = item.get("price", 0) # Any
return base + (base * 0.10)




Dep Callable

def outer(fn: Callable) -> Callable: # imprecise
def inner(self, s1: str, *args, *xkwargs) -> Callable:
s2 = string_to_stat(s1)

return fn(self, s2, *args, **kwargs)
return inner




def eq(a: Any, b: Any) -> bool:
return a ==




Car = TypeVar('Car') # TVar without bound

def add_car(x: List[Car], car: Car):
x.append(car)

add_car(["FJ40", "Baja Buggy"]l, 5) # NOT a type error



class BinaryIO(IO[bytes]):
def write(self, s: bytes | bytearray) -> int:
pass

class FileOpener(BinaryIO):
def write(self, s: bytes) -> int: # type: ignore[override]
return self.fdesc.write(s)

J




[ Semantic Pattern Detection

Clean AST B » @ B cdit B E] » Match

pip install Run 1 BT 2 Line Nums




# [ Roadmap ]

Corpus Study

.................................................

Pre-corpus Study Current Milestone

............ 221 ........................................................................ o ........................ :

3 — YFiITer — : Study Patterns , Analysis Engine




Pattern

Self

Dep Dict
Dep Call
Top TV
Loose TV

Override

Early Results for 2,917 Projects

Projects

126
1,295
496

1,968
1,129
368

Instances

252
41,671
1,296
110,505
8,981
3,474




[ Over-Counting Top TVars ... ]

[ 9% garbage, T -> _ ]
[ 50% questionable, _->T ]

Pattern  Projects Instances

Top TV 1,968 110,505




[ Under-Counting Loose TVars ... ]

Generic functions and classes can be parameterized by using type parameter syntax:

from collections.abc import Sequence

def first[T](l: SequencelT]) -> T: # Function is generic over the TypeVar "T"
return 1[0]

Or by using the TypeVar factory directly:

[ We support only TVar ]







Challenge:
Typing Control Flow

if x is an Int:
X + 1




Rainfall Problem

Compute average rainfall from a
list of possibly-faulty weather reports.

lgnore data that is non-numeric,
too high (>999), or too low (<0).




\_

Rainfall Problem

Compute average rainfall from a
list of possibly-faulty weather reports.

lgnore data that is non-numeric,
too high (>999), or too low (<0).

(def rainfall(data : List[JSONT) -> Number:

\_

N\

let total = 0, count = 0
for report in data:
if report is Object:
let val = report["rainfall"]
if val is Number and 0 <= val <= 999:
total += val
count += 1
return total / count # assuming count >0,




def rainfall(data : List[JSON]) -> Number:
let total = 0, count = 0
for report in data:
if report 1is Object:
let val = report["rainfall"]
if val is Number and 0 <= val <= 999:
total += val
count += 1
return total / count

~\

[ Type Tests ] [ Aliasing! ]

[ Data Structure J




def fst(a : tuple[object, object]) -> int:
if type(al@]) is int:
return a[0] + 1

ms(bs: list[object]) -> list[int]:
or b in bs if type(b) is int]

)yde | None

: Node) -> int:
if node.parent is not None:
return node.parent.wins + node.parent.losses

J/




: tuplel[object, object]) -> int:
al0]) is int:
alo] + 1

def filter_nums(bs: list[object]) -> list[int]:
return [b for b in bs if type(b) is int]

)yde | None

: Node) -> int:
if node.parent is not None:
return node.parent.wins + node.parent.losses

J/




fst(a : tuplelobject, object]) -> int:
f type(al0]) is int:
return a[0] + 1

ilter_nums(bs: list[object]) -> list[int]:
rn [b for b in bs if type(b) is int]

~

class Node:
parent : Node | None

def score(n: Node) -> int:
if node.parent is not None:
return node.parent.wins + node.parent.losses

J




[ Type Narrowing P ]

if type(al0@]) is int:
return al[0] + 1

J def fst(a : tuple[object, object]) -> int:

def filter_nums(bs: list[object]) -> list[int]:
return [b for b in bs if type(b) is int]

~

(tlass Node:
parent : Node | None

X def score(n: Node) -> int:

if node.parent is not None:
return node.parent.wins + node.parent.losses

o o
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Design Space
of Type Narrowing

Set-Theoretic Types Occurrence Typing
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( github.com/utahplt/ift-benchmark J

® ® () utahpltfifT-benchmark: If T: | X

% https://github.com/utahplt/if T-benchmark (=] 1 § [0 2 | Update

® Racket 456%

0 README & MIT license 7 = ® Python 25.1%
* T ipt 12.8%

JavaScript 12.7%
Shell 2.2% ® Dockerfile 1.6%

If T: Type Narrowing Benchmark

Benchmark for Type Narrowing (aka Occurrence Typing, aka Type Refinement).

Type narrowing is a feature of static type systems that refines the type of a
variable based on the result of type tests. Occurrences of the variable that appear ®
after a type test have a more precise type.

The benchmark is deeply inspired by the motivating examples from the following
paper, which provides a formal model for type narrowing as realized in Typed
Racket:

@inproceedings{tf-icfp-2010,
title = {Logical Types for Untyped Languages},
booktitle = {{ICFP}},
author = {Tobin--Hochstadt, Sam and Felleisen, Matthias},
pages = {117--128},
publisher = {{ACM}},
doi = {10.1145/1863543.1863561},
year = {2010}

For some instances, see

« Typed Racket guide on occurrence typing

« TypeScript documentation on narrowing

e ———————




github.com/utahplt/ift-benchmark

4 core dimensions
* 13 benchmark items
pass & fail tests

+ practical examples
+ datasheet
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o o

IO.

II.
I2.

13.

Basic Narrowing:

positive Refine when condition is true

negative Refine when condition is false

connectives Handle logic connectives: not, or, and
nesting_body Conditionals nested within branches
Compound Structures:

struct_fields Refine (immutable) structure fields
tuple_elements  Refine tuple elements

tuple_length Refine based on tuple size

Advanced Control Flow:

alias Track logical implication through variables

nesting_condition Conditionals nested within conditions

merge_with_union Correctly merge control-flow branches

Custom Predicates:

predicate 2way  Custom predicates that narrow positively and negatively
predicate_ lway  Custom predicates that narrow only positively
predicate_checked Typecheck the body of custom predicates
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Basic Narrowing:

positive Refine when condition is true
negative Refine when condition is false
connectives Handle logic connectives: not, or, and
nesting_body n-ur_(hnditimahmsted_udthjn_b.[a@es
Compound Stru - Intentionally left out:
struct_fields _ S
tuple_elements - Su btypl ng

tuple_length - Mutation

Advanced Cont]

alias - Concu rrency variables

nesting_conditio; Conditionals nested within conditions

merge_with_union Correctly merge control-flow branches

Custom Predicates:

predicate 2way  Custom predicates that narrow positively and negatively
predicate_1way  Custom predicates that narrow only positively
predicate_checked Typecheck the body of custom predicates




[ If-T Pseudocode ]

nesting_condition: Success

define f(x: Top, y: Top) -> Number:
if (if x is Number: y is String else: false):
return x + String.length(y)

else:
return o

nesting_condition: Failure

define f(x: Top, y: Top) -> Number:
if (if x is Number: y is String else: y is String): X

return x + String.length(y)
else:
return o




B Table2 Benchmark Results: ® = passed, X = failed imprecisely, X = failed unsoundly

Typed Racket TypeScript Flow Mypy Pyright
Basic Narrowing:

I. positive ] ] [ . °
2. negative ] . [ ] ] °
3. connectives ° ° ° ° °
4. nesting_body . . ° . °
Compound Structures:
5. struct_fields ° ° ° ° °
6. tuple_elements ° ° ° ° °
7. tuple_length X ° ° ° °
Advanced Control Flow:
8. alias . ° X X °
9. nesting_condition . X X X X
10. merge_with_union . ° ° X °
Custom Predicates:
11. predicate 2way . . ° ° °
12. predicate_lway . X ° ° °

13. predicate_checked ° X ° X X




[ Custom Predicates ]

(function is_num(x: any) [def is_num(x) -> TypeIs(int)J

| 1 X is number

(function is_even(x: any) [def is_even(x) -> TypeGuard(int)J
: implies x is number

4 Flow, not TypeScript

-



Custom Predicates

opt-proposition

proposition Top

| : type Bot
| : pos-proposition type
neg-proposition (! type)

(type @ path-elem ... index)
(! type @ path-elem ... index)
(and proposition ...)

(or proposition ...)

(implies proposition ...)

pos-proposition

I

I

) I
object |
I

#:+ proposition ... :
I

neg-proposition

#:- proposition ...
prop path-elem = car

object = | cdr

| #:object index : I
index = positive-integer

| (positive-integer positive-integer)

I

identifier




2% https://github.com/utahplt/ifT-benchmark/blo... £}

Ej_? ¥ main ~ ifT-benchmark / TypeScript /| examples.ts T Top
| Code = Blame Raw O & 2 ~ [0
64 v interface TreeNodeSuccess {
65 value: number;
66 children?: TreeNodeSuccess[];
67 // Recursive reference to the same type
68 }
69
70 v function isTreeNodeSuccess(node: any): node is TreeNodeSuccess {
71 if (typeof node !== 'object' || node === null) { ED
72 return false;
73 ¥
74
75 if (typeof node.value !== 'number') {
76 return false;
77 }
78
79 if (node.children) {
80 if (!Array.isArray(node.children)) {
81 return false;
82 }
83
84 // Recursively check each child
85 for (const child of node.children) {
86 if (!isTreeNodeSuccess(child)) {
87 return false;
88 ¥
89 }
90 ¥
91 return true;
92 }

e



B Table2 Benchmark Results: ® = passed, X = failed imprecisely, X = failed unsoundly

Typed Racket TypeScript Flow Mypy Pyright
Basic Narrowing:

I. positive ] ] [ . °
2. negative ] . [ ] ] °
3. connectives ° ° ° ° °
4. nesting_body . . ° . °
Compound Structures:
5. struct_fields ° ° ° ° °
6. tuple_elements ° ° ° ° °
7. tuple_length X ° ° ° °
Advanced Control Flow:
8. alias . ° X X °
9. nesting_condition . X X X X
10. merge_with_union . ° ° X °
Custom Predicates:
11. predicate 2way . . ° ° °
12. predicate_lway . X ° ° °

13. predicate_checked ° X ° X X




Whence gradual types?
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" Whence gradual types? \
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[ Two leading strategies:

[ 1. +Dynamic ] [ . izard ]




Lo YAy

- f 3 ' X

{ Understanding why Dynamic appears




R ]

| Tools for fair cross-language comparison ]




UTAHEIES

PLT works on advanced programming languages, including language design, formal semantics, language
implementation, and programming environments. Its members are spread throughout the world.

Utah PLT is part of the Kahlert School of Computing at the University of Utah.
GitHub: https://github.com/utahplt

) People

Utah PLT’s current and past team members.

) Publications

Technical publications from PLT at Utah.







