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Tensor Languages

O Recent years have seen an inflation Frameworks ,
4 PYTSRCH _ |
of tensor frameworks .HF’
0 Each with its own tensor language Tensor @ Comprehensions | g £V Tensor

— L . . Just a selection of frameworks,
O tensor = (high-dimensional) array L o )
apologies if your favorite is not listed

O Functional array languages enjoy type-safety properties

0 E.g. absence of out-of-bounds accesses in well-typed programs
(aka. memory-safety)

> Recent tensor languages are imperative

> What about type-safety for imperative tensor/array languages?
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Type-Safety, Formal Specification, and Tell

O Need a formal specification for formal type-safety results

O Tensor languages from the frameworks not formally specified

» Tell: an imperative Tensor Intermediate Frameworks | . |
p - - 0perator PYTbRCH P
angque |anguage Tensor@(ﬁomprehensions SBtvm Tens!:r
» Common denominator for reasoning about

imperative tensor languages *
Computational graph

> Formal specification and type-safety in Coq
type
No out-of-bounds accesses in well-typed TellL

check < Tensor kernel

Tell programs + ¢

collective operations,

. CodeGen @ '------—-—--—-- > CodeGen
aka. combinators
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1. A Motivating Example
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The TVM Framework: Example Kernel 7

TVM — Tensor Virtual Machine

A = placeholder((m,h), name="A") A = placeholder((h,m), name="A")
B = placeholder((n,h), name='B") B = placeholder((h,n), name='B")
k = reduce_axis((®, h), name='k") k = reduce_axis((®, h), name='k")
C = compute((m, n), lambda i, j: C = compute((m, n), lambda i, j:
sum(A[k, i] * B[k, j], axis=k)) sum(A[k, i] * B[k, j], axis=k))
_____________ h _ Segmentation fault or h
Cij — z Akinj silent data corruption. Cij — z Akinj
k=1 x k=1
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2. The Tell Language
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Tell: Overview 7

Syntax: Memory:
{program) = (allocy* (stmty* U : (id) = (list of Nat) - D
{alloc) = alloc id) : [i, ..., i]
(stmb) = (id) = (expr) Update of i at name y and indices K:
(expr) = d) | ({expr)) ] _ _
| add <expr) <{expr) | mul {expr) {expr) ,Lll x[= T 3 if x = y and 1 : K
Uxt, otherwise

| prod <expr) {expr) | red+ i {expr)
| transp i i {expr) | diag i i {expr)

| expa i i {expr) | projii {expr

O Tensor-valued variables are declared with alloc
0 Declaration assigns a type (shape) to the variable
O Expressions are built from combinators (collective operations)
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Tell: Expression Typing

Typing context (shape assignment):

" : (id) = (list of Nat)

Expression typing (subset of rules):

['(z)=1 I'ke:1
TEr 3 T-Var - (e):[ T-Paren

I'Fey:t90 I'kFer: g T-Prod
Fl—prodeoelz(lo#ll) o

I'tey:2 T'hey:t
€o - L €1 LT—Add

I'Faddege; : ¢

EEEEEEEEE

Chke:[ng,...,ng... 0k
. T—Red+
I'Fredyie: [ng,...,ngl
ChEe:ng, ... Nigy ey Nigy-., Nkl
— T-Transp
['F transpigiy € : [Ny, ..o Miyyeeny Mgy .-y Tk
ChEe:ng, ... g, oy Niyy-eoyNE] Nig = Ny .
T-Diag
Mgy« vy TUE)

't diagigiie: [nq,..
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Tell: Expression Evaluation 7

[ (expr) ] : context » memory — (list of Nat) —» D

Example (matrix multiplication):

h [red; 2 (diag23 (prod A B))] I u[j1, jol
Cujp = z Aj, 1Bk j, = Z[[diag2 3 (prod AB)|T u|j1,k, jo]
k=1 | k
= 3 [prod ABIT puljs. k. . o
alloc A : [I, m] | k

alloc B : [m, 7] = ST (AT s, K]) - (IBIT [k, )
alloc C' : [I,n] ' -

C =red, 2(diag?23 (prod A B)) = %:(MA 1, k]) - (u B[k, j2])
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Tell: Program Evaluation

Program evaluation:

I(z)=1 .k € dom(px)

VE <t
VE<Tletrg =[e]T nk

(, x = e) — p{x — AR5}

St-Stmt

EEEEEEEEE

Program typing:

I'(z) =
I'Fe:
N'»r—=#~,

L
L

. OK-Stmt

Evaluation can only proceed if there

(0, ) —r p St-Empty are no out-of-bounds accesses.
(W', stmts) —p p' (W, stmt) —p p” © - stmis: ok
il LA AR LA St-Seq I - stmt : ok OK.S
1/ -

(1, stmis stmt) — p I b stmits stmit : ok e
<Mall0037 5tmt$> T attoes :u Eval-Prog I’ sii0es = stmts : ok OK—Prog
(Wailoes, allocs stmts) | p/ I siioes F allocs stmts : ok

Type-safety:

well-typed programs can be fully evaluated

u CHAIRFOR
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3. Core-TellL: Formal Development of Type-Safety
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Core-Tell: Overview 7

O Types/shapes and index lists are modelled as lists of natural numbers

> Need a number of straightforward results about list operations

No loss of generality by a

O Formal reasoning simplifies if we restrict standard result of group theory.

the manipulation of types/shapes

> E.g. let transpositions act only on Cke:[ny,...,n,ni01,. .., N0k T.T core
. . ) : -Trans
adjacent dimensions I' - transpie: [nl, BN (7T A 7 S nk] P
I'tFe:|ny,na, ..., ng
m1,m2, - - 7] T-Red ("™
['Fredye:|ng,...,ng
I'Fe: [nl,ng,...,...,nk] ny =mng T_Diagcore

['tdiage: [ng,...,nk
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Core-Tell: Type-Safety 7

Theorem (type-safety):
If Ty110cs F allocs stmts: ok, then there
exists a memory u' such that Uy ~ Uy iff the memories 1y and i,
o (Ugiiocs, allocs stmts) U u! have the same domains.
* W~ Uaiocs -

Equivalence of memories:

Type-safety (aka. memory safety) for reads:

Lemma: Lemma:
If Tatiocs Fx = e:ok and p ~ Uapocs, If Tatioes Fe:tand u~ pgocs, then
then there exists a memory y’ such that [el Tyiiocs U i is well-defined for all Kk <.

_ /
* (Hatocss x =€) > U
4
* WU ~ HUallocs -

https://github.com/normanrink/TensorIR
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4. Directions for future work
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Directions for future work
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O Application: language for tensor operators in CFD operator || [PYTeRCH] "
https://github.com/normanrink/cfdlang/tree/operators tanguage || 1o @ crpotces | KEVM | e
0 Use Tell as a typed intermediate language l | # |
Computational graph
O Equational reasoning for validating transformations TelL - :
e check *--—-i Tensor kernel |
O Stencil kernels cannot currently be expressed in Tell v v
CodeGen  '---------- > CodeGen

0 Extend Tell analogously to recent extensions of Lift

O Variation/instanciation of the abstract memory model

0 Potential application to performance portability between array languages

O Reasoning about data races in parallel execution of Tell
16
.y iy Tl
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