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TeML Grammar Code Sample
Design and semantics of a tensor (program) ::= (stmt) (program) # - Begin program spectification codegen([11, 12, 13, 14, 15, 16])
.. . | e w = tensor(double, [13]) # Code generation with loop fustions only
OPtlmlzatlon mEta‘Ianguage (stmt) = <Id> = (expression) u = tensor(double, [13, 13, 13]) 17 = fuse(14, 15, 3)
| _ | (id) = e(id): (expression) L = tensor(double, [13, 13]) 18 = fuse(17, 16, 3)
o Functional transformation meta-language } izfig(en ()<’d5>) M_ = outerproduct([w, w, wl) codegen([11, 12, 13, 171)
with high—level abstractions for tensor (expression) = { Texpression) L.h = div(L, w, [[i1, i2], [i2]] -> [i1, # Code gene'.r‘atz'.on with fuston, parallelism
_ o Lexpression) - 12]) - and vectorization
computations to enable the composition of ik | M = entrywise_mul(M_, u) 19 = parallelize(l1, 1, None)
_ _ (Texpression) := tensor ([(ints)]) - (lh. M . 5 117) 110 = 1ol (lé i None)
different type of transformations (e.g. loop, | eq ((id), (iters)? — (iters)) T T contractinh, M, Le, T - parai-e.1zen s, -, Tone
; ; | vop ((id), (id), [(iters)?, (iters)?]) r2 = contract(Lh, M, [[2, 2]]) 111 = parallelize(13, 1, None)
algebraic or layout transformatlons). | op (<§d>, lid), [(iters)?, (iters)?7] — || T3 = contract(Lh, M, [[2, 3]1) 112 = parallelize(18, 1, None)
e L : (iters)) # —— End program specification 113 = vectorize(19, 3)
° Formal SpeCIflcatlon Of tensc->r Operatlon_s (Lexpression) ::= build ({id)) # Code generation without transformations 114 = vectorize(110, 2)
and loop transformations using denotational | stripmine ((id), (int), (int)) 11 = build(M_) 115 = vectorize(111, 3)
cemantics | interchange ((id), (int), {int)) 12 = build(Lh) codegen([113, 114, 115, 112])
' _ - _ 13 = build(M)
o Examples of use: empirical tuning engines, 2{26g5> = <,5;d(5>2_d>) 14 = build(rl)
. C ias) == (id) (, (1d))* 15 = build(r2)
meta-programming optimizations by EXPErtS. | | (ints) .= (int) (, (int))* 16 = build(r3)
Semantics Foundations Tensor Expressions
Domains and state Matrix transposition
T:{<(OP7S71)7tS> ‘ (tS:H)\/(tS:[th7tk]/\t26T)} A=tensor([N1, Nz]) 8 b 1dB — 1 2 B .
I f(id L UT [bui Joo 11, (12, |09 ;
={0d,|z,... 7)) | x; e LUT ] B = eq(A, [i1, i2] —> [i2, i1]) for (int il = 0; i1 <= (N1-1); il++)
o . identifler% (T—|—L) for (int i2 = 0; i2 <= (N2-1); i2++)
Valuation functions (= e0) B[i2] [i1] = A[i1][i2];
Prrogls D) = Proglpl © Prtmls] (B, [N2. N1, [i2, i1]) || (A, N1, N2], [iL, i2]
Etensor(S)] = Ao.((LJ, .5, ¢€),|]) \ )
Eileq(t, ly — 1)) = Compositions
Mo.let ((op, S, 1), ys) = o(t) f )
y = ((op, S, I"), ys) Contraction
= (0510 1, -
2= VIIllll(to, tl, [[, J])
P..nit’ = contract(ty, ti, [ro, r])] = P
7’ Stmt[[ ( Oy U1y [ 0 1])]] prog t/ — add(t/7 t2, [[/, 6] % [/)
here { E /\ ]N it = where
W / /! .
I'=enl [o,lf[()‘f'éé [:[iO,...,i(TO—1),k,i(7“0—|—1),...,i$0]
Ebuild(t)] = Ao.let ¥ = “number of iterators in o (t)" J=130,...,3(r1 = 1),k jlr1+1),...,3s)]
ir = (0,ubg, 1) fork=1,...,r I'=(I\{x}) || (J\{k})
n (g, (g o)) )
where o(t) = ((=,e,0), |2, y|) Tiling

E[stripmine(l,r,v)] = Initial loop nest

Mo.let (i1,...(¢,xs8)...) = 0(l . . .
penes T By
i;— (0,(e —b)/v—1,1)

hoo=0b+v-i,b+v-i.+(v—1),1)
in (iy, ... (i, [(i_ ,zs)])...)

Elinterchange(l, ry,79)] =

Ao.et (iy, ... {0y, .. (i x8) ... ) ...y =0o(l)

i (g (s (i 8) L))

\_ Y, G /

stripmine n( ,3,v) has introduced i), ¢/, and i

Experiments

Helmholtz Mttkrp Grouped convolutions

> On Intel(R) Core(TM) i7-4910MQ CPU
IPlutoli TeML I TensorFlowlIPlutoll TeML liPlutoliTeML (2.9OGHZ 8 hyperthreads, 8192KB of shared L3

3| 12 * cache), Ubuntu 16.04.
6| ol o Generated C programs compiled with the Intel C
n il compiler |CC 18.02 (flags: -O3 -xHost
5| | ~-qopenmp)
DlI_DII .I With TEML:
! 1 9 ! 1 > Pluto (v 0.11.4) optimizations reproducible
Cores o Capability to express better optimization paths
Future Work
o Abstractions for memory virtualize?tion, stenc.:il patterns, sparse /j PSLk © aﬁtl:\ll-lENngﬁ_ﬁ cfaed EE,EE,E,E?ES &,1« P
tensors and corresponding semantics, extensions for parallelism TMINES 5 o DRESDEN 7 DRESDEN —
support, type system
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