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Intel Gaudi 3 Al accelerator
Spec and Block Diagram
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atrix Multiplication
and Vector Engines

/

Matrix Multiplication Engine (MME): designed for Al efficiency

Configurable, not programmalble

Each MME is a large output stationary systolic array
» 256x256 MAC structure w/ FP32 accumulators
» 64k MACs/cycle for BF16 and FP8

systolic arrﬂy duces intra-chip data movement, increasing efficiency

ximize compute throughput

ore (TPC):

Processor

ed with TPC intrinsics

VLIW with 4 separate pibeline slots: Vector, Scalar, Load & Store

Integrated Adglress Generation Unit for HW-accelerated address generation

Supports main 172/_4-Byte datatypes: Floating Point and Integer
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Intel Gaudi Software Suite

Integrates the main Gen Al frameworks used today

Supports FP16/BF16 = FP8 quantization

Main proprietary SW layers

Graph Compiler: Handles all engine dependency and scheduling
[ole]le

Matrix operations: Configuring the MME

TPC kernels: All non-Matrix operations

Collective Communication Library (CCL)

Several sources for TPC Kernels

Gaudioptimized TPC kernel library

Custom user kernels

MLIR-based fused kernels: generated during graph compilation

Layered View of Intel® Gaudi® Software Suite

Quantization

; integration
DeepSpeed LLM serving

Integration integration
Quantization Toolkit

Py Torch integration

Graph Compiler

Collective
9 Communication
Custom Optimized Library (CCL)
user TPCkernel ~ TPC Fuser
TPC kernels library

User-mode driver/run-time environment

Compute Driver Network Driver

Proprietary Ecosytem integration Plugin

intel.
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TPC Sub-graph

MLIR tpc-
Fuser clang
Pytorch- Synapse Graph

Synapse Bridge Compiler (GC) fused_kernel.o (JIT)
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wodule

Fuser Compilation Flow (1/2)

Clustered IR

Reshape Propagation
Cast Optimizations

Staged Reductions etc

MLIR Importer

Custom MLIR Dialects:
tpckernel — op
syn_rt — graph

Custom MLIR Dialects:
syn dialect

Pre-Fusion IR

syn_rt_graph(%in6: 1syn rt_tensor<ixf32 sectioncd:0>>, ¥in25: Isyn rt.tensor<1009778688xf32
%outd = tpckernel.identity %in6 : (Isyn_rt.tensor<Ixf32 4:0>5) -> <none> -> (Isyn_rt.tensor<1xf32>)
%outd_@ = tpckernel.identity %in6 : (Isyn_rt.tensor<ixf32 section<d:@>>) -> <none> -> (lsyn_rt.tensor<ixf32>)

Tsyn_rt.tensor<ixf32 sect

1€17:0>>, %in%0: Isyn_rt.tensor

%outd 1, %control = tpckernel.mult fwd %in25, %in32 : (lsyn_rt.tensor<1009778688xf32 1€14:0>>, 1syn_rt . tensor<lxfa2 sectioncd7:053) -> ¢f32> -> (lsy ¢ 9
%0:2 = syn_rt.launch_tpe_func @slice(%in58) : (lsyn rt.tensor<1680778688xF32 section<16:0>>) -> (lsyn rt.tensor<1089778688xF32>, lsyn rt.control) N/ S o O S
%outd 2 = tpckernel.constant {constant = 0.000000e+00 : £32, operand_segment_sizes = array<ii2: 0, 0, 8} : () -> <F32> -> (lsyn rt 0>

n50r<362496xF32 Yon
ns0r<1009778688xf32>)
0<18:0>>) -> (Isyn_rt.tensor<362496xf32>, Isyn_rt.control)

%out®_3 = tpckernel.add fwd %0#9, %out@_1 : (Isyn_rt.tensor<1009778688xf32>, |syn_rt.tensor<1009778688xf32>) -> <f32> -> (Isyn_rt
%1:2 = syn_rt.launch_tpc_func @slice(%outd 2) : (Isyn_rt.tensor<362496xf32

%outd_4 = tpckernel.constant {constant = 6.800000e+00 : £32, operand_segment_sizes = array<il2: @, 0, @} : () -> <f32> -> (lsyn_rt.tensor<1009778688xF32 scction<5:0>>)
%outd 5 = tpckernel.mult fud %outd_ 3, %inl@ : (isyn rt._tensor<1069778688xF32>, lsyn rt.tensor<lxf3 Lion<8:0>>) > <F32> -> (Isyn rt.tensor<1009778688xF32>)

%outd 6 = tpckernel.constant (constant = 0.000000e+00 : £32, operand_segment_sizes = array<ii2: 8, 8, 0} : () -> <F32> -> (lsyn rt.tensor<362496xF32 sectionc19:0>>)
%out0_7 = tpckernel.mult_fud X190, %in10 : (lsyn_rt.tensor<362496xf32>, lsyn_rt.tensor<Ixf32 section<8:8>>) -> <f32> -> (Isyn_rt.tensor<362496xf32>)

%outd_8 = tpckernel.mult fwd Xout 4, %in8 : (lsyn_rt.tensor<1009778688xf32
%outd 9 = tpckernel.mult_fud %outd S, %outd 3 : (lsyn rt.tensor<1009778688xf32>, |syn_rt.tensor<1009778688xf32>) -> <fi2> -> (lsyn rt.tensor<1009778688x¢32>)

%outd 10 = tpcke ult fud %outd 6, %ing : (Isyn ri.tensor<362496xF32 0<19:05>>, Isyn_rt.tensor<ixf32 <6:0>>) > ¢F32> -> (lsyn rt.tensor<362496xF32 secti
%out® 11 = tpckernel.mult fud %out® 7, X140 : (lsyn rt.tensor<362496xF32>, lsyn rt. tensor<362496xF32>) -> <F32> -> (lsyn rt.tensor<362496xF32>)

%outd 12 = tpckernel.add %out0_8, %out® 9 : (Isyn_rt.tensor<1909778688xi32 section<7:@>>, lsyn rt.tensor<1009778688xf32>) -> <F32> -> (lsyn_rt.tensor<1009778688xf32

n<5:05>, lsyn_rt.tensor<ixf32 s 1<6:0>>) -> <f32> -> (lsyn_rt.tensor<1609778688xf3

el

%outd_13 = tpckernel.constant {constant = 0.000000e+00 : £32, operand segment_sizes = array<ill: 0, 0, 05} : () -> <f32> -> (lsyn_rt.tensor<1009778688x¢32 section<11:0>>
%out®_14 = tpckernel.add %out® 10, Xout® 11 : (!syn_rt.tensor<362496xf32 section<20:8>>, !syn rt.tensor<362496xf32>) -> <f32> -> (!syn_rt.tensor<362496xf32 0n<28:0>>)
%2:2 = syn_rt_launch_tpc fune @slice(¥out® 2) : (lsyn rt.tensor<362496xF32 section<18:0>>) -> (lsyn rt.tensor<362496x§12>, lsyn ri.control)

%outd 15 = tpckernel.constant {constant = 0.000000e.00 : 32, operand segment_sizes = array<id2: 0, 0, ®} : > <F32> > (Isyn_rt.tensor<362496xF32 i0n<21:05>)
%outd_16 = tpckernel.sqrt_fud %out®_12 : (Isyn_rt.tensor<1009778688xf32 section<7:0>>) -> <f32> -> (Isyn_rt.tensor<1009778688xf32>)

%outd_17 = tpckernel.mult_fud %out_3, %in19 : (lsyn_rt.tensor<1009778688xF32>, Isyn_rt.tensor<ixf32 1<10:05>) -> <f32> -> (lsyn_rt.tensor<1009778688x¢325)

%outd_18 = tpckernel.mult fud %out 13, %in22 : (lsyn rt.tensorc1009778688xF32 section<11:05>, lsyn rt.tensorcixfl2 section<12:05>) -> <£32> -> (lsyn_rt.tensor<1009778688x
%outd 19 = tpckernel sqrt fwd Xout@ 14 (!syn_rt.tensor<362496xf32 tion<20:@>>) -> <f12> > (lsyn_rt.tensor<362496xf32>)

%out® 20 = tpckernel.mult fwd %280, %in19 : (lsyn rt._tensor<362496xf32>, lsyn rt.tensor<ixf32 1ion<10:6>>) -> <F32> -> (lsyn_rt.tensor<362496xf32>)

%outd_21 = tpckernel.mult_fwd %out_15, %in22 : (Isyn_rt.tensor<362496xf32 section<21:05>, lsyn_rt.tensor<ixfi2 section<12:05>) -> <F32> -> (Isyn_rt.tensor<362496xf325)
Xout0_22 = tpckernel.div %out0_16, ¥in15 : (Isyn_rt.tensor<1009778688xf32>, Isyn_rt.tensor<Ixf32 section<9:05>) -> <f32> -> (Isyn_rt.tensor<1009778688xf32>)

Xoutd 23 = tpckernel.add fud %out0_ 18, %outd 17 : (lsyn_rt.tensor<1089778688xF32>, lsyn rt.tensor<1009778688xF325) -> <f32> -> (lsyn_rt.tensor<1009778688xf32 section<13:0)
%outd 24 = tpckernel div Xoutd 19, Xinl5 : (Isyn rt.tensor<362496x¢32>, lsyn rt.tensor<ixf32 10n<9:0>5) > <£32> -> (lsyn rt.tensor<362496xf32>)

%outd_25 = tpckernel.add fud Xoutd 21, Xoutd 20 :
%outd_26 = tpckernel.add_fud Xout0_22, Xouto :

(1syn_rt_tensor<362496xf32>,
(Isyn_rt.tensor<1009778688xf32>,

yn_rt.tensor<362496xf32>) -> <f32> > (!syn rt. tensor<362496xf32 section<22:@>>)
syn_rt.tensor<1xf32>) -> <f32> -> (Isyn_rt.tensor<1009778688xf32>)

%outd_27 = tpckernel.mult fud %oute_23, ¥in26 : (Isyn rt.tensor<1009778688xf32 section<13:0>>, Isyn_rt.tenson<ixf32 on<15:855) -> <£32> -> (lsyn_rt.tensor<1009778688x
func.func @Func_8(%argd: Isyn_ rt.tensor<1009778688xF32 scction<la:0>>, Xangl: lsyn rt.tensorcixf32 section<17:0>>, Xarg2: lsyn rt.tensor<1009778688xF32>) -> (lsyn rt.tensor<l
%outd, Xcontrol = tpckernel.mult fud Xargd, Xargl : (lsyn rt.tensor<1009778688xF32 section<14:0>>, Isyn rt.tensorcixf32 section<17:8>>) -> <f32> -> (Isyn_rt.tensor<10097786
1e1.2dd_fud Xarg2, %outd : (Isyn rt.tensor<1009778688xf32>, lsyn rt.tensor<1009778688xF32>) -> <F32> -> (lsyn rt.tensor<1009778688xF32>)
Zcontrol @ Isyn rt.tensor<1809778688xf32>, Isvn rt.control
func @Func_1(%argd: |syn_rt.tensor<1009778688xf32>, Xargl: Isyn rt.tensor<Ixf32 section<10:0>>, %arg2: Isyn_rt.tensor<Ixf32 section<12:0>>, %argd: Isyn_rt.tensor<ixf32
mult_fud %argd, Xargl : (Isyn rt.tensor<1009778688xF32>, |syn rt.tensor<ixf32 section<10:0>>) -> <f32> -> (Isyn_rt.tensor<1009778688xf32>)
nel.constant {constant = ©.000000e+00 : F32, operand_segment_sizes = array<ii2: ©, 8, 8>} : () -> <f32> -> (Isyn_rt.tensor<1009778688xf32 section<11:0>>)
el.mult fud %out_ @, %arg2 : (Isyn_rt.tensorc1009778688xF32 sectioncl1i®>>, lsyn rt.tensor<ixf32 sectionc12:05>) -> <f32> -> (lsyn_rt.tensor<1009778688xF3
el d Xoutd 1, %out® : (lsyn rt.tensor<1009778688xf12>, Isyn rt.tensorc1009778688xf32>) -> <£32> -> (lsyn_rt.tensor<1009778688xf32 section<13:05>)
mult_fud %out® 2, ¥arg3 : (Isyn_rt.tensorc1009778688xF32 sectionc13:0>>, lsyn rt.tensor<ixf32 sectionc15:0>>) -> <f32> -> (lsyn_rt.tensor<1009778688xF3
t_fud Xarge, Xargd : (Isyn rt.tensor<1009778688xf32>, lsyn rt.tensorcIxf32 section<8:5>) -> ¢£32> -> (lsyn rt.tensor<1009778688xF32>)
1el.0ult fud Xoutd 4, Xargd : (lsyn rt.tensorc1009778688xF32>, lsyn rt.tensor<1089778688xf32>) -> <f32> -> (lsyn rt.tensor<1009778688xF32>)
lconstant {constant = 0.000000e100 : £32, operand segment sizes = array<i32: 0, 0, ) : () -> <£32> -> (lsyn rt.tensor<1009778688xF32 1<5:0>>)

%outd 13 = tpckernel.add Xargs, %out6_12 [¥arg9] : (lsyn_rt.tensor<1009778688xf32 n<14:05>, Isyn_rt.tensor<1009778688xf32>) -> <f32> -> (!syn_rt.tensor<1009778688xi3
return Xoutd_0, ¥outd_2, Xoutd_6, Xoutd_7, Xout0_8, %outd_13 : !syn_rt.tensor<1009778688xf32 section<11:0>>, Isyn_rt.tensor<1009778688xf32 s

0n<13:05>, Isyn_rt.tensor<1

tity %in6 : (Isyn_rt.tensor<ixfl2 sectioncd:03>) -> <none> -> (lsyn_rt.tensor<Ixf32>)

entity %in6 : (lsyn rt.tensorcixf32 s n<4:0>5) -> <none> -> (Isyn_rt.tensor<ixf32>)

@slice(%in50) : (Isyn_rt.tensor<1009778688xf32 sectioncl6:0>>) -> (lsyn_rt.tensor<1009778688x¢32>, Isyn_rt.control)
{constant - 0.000000e+00 : 22, operand_segment_sizes - array<ii2: @, 6, 8>} : () -> <#32> -> (lsyn_rt.tensor<362496xf32
@slice(¥out0 1) : (lsyn rt.tensor<362406xf32 section<18:0>>) -> (lsyn rt.tensor<362496xF32>, Isyn rt.contral)

Func @slice(Xout® 1) : (lsyn rt.tensor<362496xF32 section<18:8>>) -> (1syn rt.tensor<362496xF32>, Isyn rt.control)

\ tpe func @slice(Xind8) : (1syn rt tensor<362496xbF16 section<23:0>3) -> lsyn rt.tensor<362496xbf16>

Xoutd 2 = tpckernel.identity %3 : (Isyn rt.tensor<362496xbf163) -> cnone> -> (1syn rt.tensor<362496xbF16>)

tant [%0W1] {constant = 0.00000Ges00 : 32, operand segment sizes = arraycii2: 0, 8, 1>} : () -> <F32> -> (lsyn rt.tensorc1009778688xF32 <16
tant [¥1#1, %2#1] {constant = 0.000006e+00 : {32, operand segment_sizes = array<ii2: 0, 0, 2>} : () -> <F32> -> (Isyn_rt.tensor<362496xf32 section<
t Xin58 {round mode = 4 : i32} : (lsyn_rt.tensorcAxsi32 section<25:85>) -> <f32> -> (Isyn_rt.tensor<dxf32 section<26:05>)
ne @func_0(%in25, ¥in32, %0#0) (cluster_info = [#syn_rt.del_locc9:0>, dsyn rt loc<6:1>]} : (Isyn_rt.tensor<1009778688xf32 section<14:0>>, |
nc @func_1(%4%0, ¥in19, Xin22, Xin26, %in10, %in8, ¥inl5, %outd, %in25, %a#1) {cluster_info = [¥syn_rt.def loc<18:0>, #syn rt.def loc<50:0>, #sy

Primitive ops — elementwise, broadcast, reduction.
Complex ops like norms, softmax, dropout broken down
into primitive ops.

intel.

1.mult fud Xout® 6, Xargh : (Isyn rt.tensor<1089778688xF32 section<5:@>>, lsyn rt.tensor<Ixf3? section<6:0»>) -> <f32> -> (lsyn rt.tensor<1009778688xf32
1.add %out®_ 7, Xoutd.5 : (1syn_ rt.tensorcl009778688xF32 section<7:0>>, leyn rt.tensor<1009778688xF325) -> <F32> -> (1syn_rt.tensor<1089778688xF32 sect ior 1 CI uster ~ ] ke rnel
Rout09 = tpckernel sart fud Xoutd.8 : (lsyn rt.tensor<1009778688xf32 <7:8>>) > <Fi2> > (Isyn.rt.tensor<1009778688x32>)
Xout@_10 kernel.div %out® 9, Xargh : (lsyn_rt.tensor<1009778688xF37>, !syn rt.tensor<ixf3? <9:85>) -> <F32> -> (lsyn rt.tensor<1009778688xF32>)
%out®_11 = tpckernel.add_fwd Xout®_10, XargZ : (!syn_rt.tensor<1089778688xf32>, Isyn_rt.tensor<ixf32>) -> <f32> -> (Isyn_rt.tensor<1009778688xf32>)
%out@_12 = tpckernel.div %outd_3, %out® 11 : (Isyn_rt.tensor<1009778688x(32>, lsyn_rt.tensor<1009778688xF32>) -> <f32> -> (!syn_rt.tensor<1009778688x(32>)
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Operator Fusion

func.func @softmax(%arg0@: tensor<10x256xf32>, %argl: tensor<l0x256xf32>)
-> (tensor<1Ox256xf32>) {
= arith.constant 0 : index
= syn.add %arg0@, %argl : tensor<lOx256xf32>
= syn.reduce max %0 {dim = 1} : tensor<l0x256xf32> -> tensor<lOx1xf32>
b = syn.broadcast %m : tensor<lOx1xf32> to tensor<lOx256xf32>
%sub = syn.sub %0, %mb : tensor<lOx256xf32>
= syn.exp %sub : tensor<1l0x256xf32>
syn.reduce add %e {dim = 1} : tensor<l10x256xf32> -> tensor<lOx1lxf32>
syn.broadcast %se : tensor<l0x1xf32> to tensor<lOx256xf32>
syn.div %e, %seb : tensor<lOx256xf32>
return %div : tensor<l10x256xf32> cluster 0 [10] {

4 cluster 3 [256] {
%0 = syn.add %arg@, %argl : tensor<l®x256xf32>
%1 = syn.reduce max %0 {dim = 1 : i64} : tensor<l10x256xf32> -> tensor<lOx1xf32>

}
cluster 2 [256] {
2 = syn.broadcast %1 : tensor<lOx1xf32> to tensor<l0@x256xf32>
3 = syn.sub %0, %2 : tensor<l0Ox256xf32>
%4 syn.exp %3 : tensor<l®x256xf32>
%5 = syn.reduce add %4 {dim = 1 : 164} : tensor<l0x256xf32> -> tensor<lOx1xf32>
}
cluster 1 [256] {
%6 = syn.broadcast %5 : tensor<l@x1lxf32> to tensor<lOx256xf32> ¢ fnc @softmax(%argd: tensor<l0x256xf32>, %argl: tensor<l0x256xf32>) -> tensor<lOx256xf32> {

) I
Create LOOp Clusters %7 = syn.div %4, %6 : tensor<l0x256xf32> %cO = arith.constant 0 : index
. . . . } %0 = syn.generate %arg2 : [10] outs(assign #map@ : tensor<l0x256xf32>) {
SUbJeCt tO dImenSlon Orderlng } %1 = tensor.extract slice %arg0[%arg2, 0] [1, 256] [1, 1] : tensor<10x256xf32> to tensor<256xf32>
o %2 = tensor.extract_slice %argl[%arg2, 0] [1, 256] [1, 1] : tensor<lOx256xf32> to tensor<256xf32>
COnStI‘aIntS 2 = syn.generate %arg3 : [256] outs(assign #mapl : tensor<256xf32>, max #map2 : tensor<lxf32>) {

tensor.extract slice %1[%arg3] [1] [1] : tensor<256xf32> to tensor<f32>
tensor.extract slice %2[%arg3] [1] [1] : tensor<256xf32> to tensor<f32>
syn.add %6, %7 : tensor<f32>

syn.yield %8, %8 : tensor<f32>, tensor<f32>

%4:2
%6
%7

syn.generate %arg3 : [256] outs(assign #mapl : tensor<256xf32>, add #map2 : tensor<lxf32>) {
tensor.extract slice %3#1[0] [1] [1] : tensor<lxf32> to tensor<f32>

tensor.extract slice %3#0[%arg3] [1] [1] : tensor<256xf32> to tensor<f32>

%8 syn.sub %7, %6 : tensor<f32>

%9 = syn.exp %8 : tensor<f32>

syn.yield %9, %9 : tensor<f32>, tensor<f32>

syn.generate %arg3 : [256] outs(assign #mapl : tensor<256xf32>) {

Generate |oop5 that operate on Tas tensor.extract_slice %4#1[0] [1] [1] : tensor<lxf32> to tensor<f32>

%7 = tensor.extract slice %4#0[%arg3] [1] [1] : tensor<256xf32> to tensor<f32>
Scalar Values %8 = syn.div %7, %6 : tensor<f32>

syn.yield %8 : tensor<f32>

syn.yield %5 : tensor<256xf32>

return %0 : tensor<l0x256xf32>

intel. -



—usion Search Space
—xploration

%0 = syn.add %x, %y : tensor<lex256xf32>

cluster 0 [10] {
cluster 1 [256] {
%1 = syn.exp %@ : tensor<1Ox256xf32> [0, 1]
}
}

- Beam Creation: Variants dictated by scratch-
pad allocations, register pressure, compute vs
bandwidth tradeoffs etc.

- Beam Pruning: Cost model and heuristics to
increase beam diversity

// No fusion
cluster 2 [10] {
cluster 3 [256] {

%@ = syn.add %x, %y : tensor<l@x256xf32>
}
}
cluster 8 [10] {
cluster 1 [256] {
%1 = syn.exp %@ : tensor<18x256xf32>
}
}

// Only the outer dim is fused
cluster @ [10] {
cluster 3 [256] {

%0 = syn.add %x, %y : tensor<l@x256xf32> [, 3]
I
cluster 1 [256] {

%1 = syn.exp %@ : tensor<1@x256xf32> [0, 1]
¥
}

// Only the inner dim is fused
cluster 1 [256] {
cluster 2 [10] {

%0 = syn.add %x, %y : tensor<1Ox256xf32>

}
cluster 0 [10] {

%1 = syn.exp %0 : tensor<10x256xf32>
}
}

// All dimensions are fused
cluster 0 [10] {
cluster 1 [256] {

}
}

intel.
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func.func @fused kernel 1A bfl6(%argf: tensor<2x64x128xbfl6>, %argl: tensor<2x64x128xbfl6>) ->
%cst = arith.constant 5.080008e-01 : bfl6
%@ = syn.broadcast Xcst : bfle to tensor<2x64x128xbfl6>

F U S e r C O m I | at I O n F | OW (2/2) %1 = syn.mult Zarg@, %@ : tensor<2x64x128xbfle>

p %cst @ = arith.constant 7.96875@e-01 : bfl6
%2 = syn.broadcast ¥cst @ : bflé to tensor<{2x64x128xbfl6>
%cst_1 = arith.constant 3.564458e-82 : bflé
%3 = syn.broadcast Xcst_1 : bflé to tensor<{2x64x128xbfl6>
%1 = syn.mult %arg®, %argl@ : tensor<{2x64x128xbfl6>

%5 = syn_fma %4, %3, %2 {isNeg = false} : tensor<2x64x128xbf16>, tensor<2xbdx128xbf16>
%6 = syn.mult %argl, %5 : tensor<2x64x128xbfl6>

Op aﬂd Loop %7 = syn.tanh %6 : tensor<2x64x128xbfl6>

func.func @fused kernel 1A bf16(%argd: memref<2x64x128xbfl6, 1>, %argl: memref<2x64x12
¥cst = arith.constant 5.000000e-01 :

SESE Y = ERENERSEE e B il il . %8 = syn.fma %1, %7, %1 {isNeg = false} : tensor<2x64x128xbfl6>, tensor<2x64x128xbf16>
¥cst 1 = arith.constant 3.564458e-082 : bfle F
. USIOﬂ %9 = syn.mult %argl, %8 : tensor<2x64x128xbfl6>
affine.for %argd = 8 to 128 {
affine. for %arg5 = 8 to 2 { return %7, %9 : tensor<2x64x128xbfl6>, tensord{2x64x128xbfl6>
affine.for %args - @ to 64 { I
AU = diTLIE. 1UdU odiBU | Adl'E, a1 0y %argﬂ,] H memr‘efc}!xﬁdxl}lﬁxbﬂﬁ, 1>
#1 = arith.mulf %8, Xcst
%2 = arith.mulf %0, %@ : ] Loo _based IR func.func @fused kernel 1A bfl16(%argd: memref{2x64x128xbfl6, 1>, %argl: memref<2x64x128xbfl6, 1>, %arg2: m
%3 = tpc.macf %2, %cst_1, %est @ {isNeg = false} : bfl6, bflf p %cst = arith.constant dense<7.968750e-81> : vector<128xbf16>
%A = arith.mulf %0, %3 %cst_B = arith.constant dense<3.564450e-82> : vector<128xbf16>
%5 = math.tanh %4 : bf16

%cst 1 = arith.constant dense<5.000000e-01> : vector<128xbflo>»

affine.store %5, %arg2[%arg5, %argb, %argd] : memref<2x64x128xbfl6, 1>

%@ = tpc.get_index space_start 2
%6 = tpc.mact %1, %5, %1 {isNeg = false} b . - -
%7 = affine.load %argl[%arg5, %arg6, %argd] : memref<2x64x128xbf16, 1> %L = tpe.get_index_space_end 2 Parallelized
. ar-ith.r.nulf — . ; ? ’ Loop Optimizations %2 = tpc.get index space start 1
) ’ : . . %3 = tpc.get_index_space_end 1
affine.store %8, %arg3[%arg5, %argb, Xargd] : memref<2x64x128xbfl6, 1> - — - -
} g3[%arg>, %arg g4] Auto-Vectorization, affine. for Xargl - %8 to %1 {
) Unroll, Interchange, affine.for %arg5 = %2 to %3
} Auto-parallelization A = aiidie.veo Lol _dvau mai gd[Xargd, %argb * 4, 8] : memref<2x64x128xbfl6, 1>, vector<128xbflo>
I
T %5 = affine.vector_load %arg@[%argd, %argh * 4 + 1, 8] : memref<2x64x128xbfl6, 1>, vector<128xbfl6>
} MOStly upStream LlCM etc. %6 = affine.vector load %arg@[%argd, %arg5 * 4 + 2, 0] : memref<2x64x128xbf16, 1>, vector<128xbfl6>

%7 = affine.vector load %arg@[Xarg4, Xargs * 4 + 3, 0]
%8 = arith.mulf %4, Xcst 1 : vector<l28xbfle>
%9 = arith.mulf %5, Zcst_1 : vector<128xbfle>

Para”ellzed and %18 = arith.mulf %6, %cst 1 : vector<128xbflo>

memret<2x64x128xbfl6, 1>, vector<l28xbfl6>

MLIR Dialects/Types:
Affine, memref, arith, math

. %11 = arith.mulf %7, %cst : vector<128xbf16>
Vectorized IR %12 = arith.mulf %4, %4 : vector<128xbf16>
%13 = arith.mulf %5, %5 : vector<128xbfle>» Vectorized

%14 = arith.mulf X6,
%15 = arith.mulf %7,

: vector{128xbfle>

%6
%7 1 wvector<128xbfl6>»

TPCISA
Optimizations

Optimized TPC Clang
LLVM IR LLVM Backend

intel. o



Loop Optimizations

Leverages many upstream affine optimizations and utilities

- Loop Fusion: milir::affine::fuselLoops

- Vectorization: Super\Vectorize.cpp

- Unroll and Jam: loopUnrollJamByFactor

- Affine Parallelization to distribute iterations over TPCs

Upstreamed enhancements whenever feasible.

https://qithub.com/llvm/llvm-project/commit/14d0735d3453fb6403da916d7aeeb6a9f25af4147
https://github.com/llvm/llvm-project/commit/d80b04ab0015b218b613f8fe59506d45739817b8

https://qgithub.com/llvm/llvm-project/commit/7abl4b8886d9ddacalf8fc8a34ef8f03af208126 etc.

intel.
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https://github.com/llvm/llvm-project/blob/3484ed9325f30b56717a1b939af4c58dd07848e0/mlir/lib/Dialect/Affine/Utils/LoopFusionUtils.cpp#L426
https://github.com/llvm/llvm-project/blob/main/mlir/lib/Dialect/Affine/Transforms/SuperVectorize.cpp
https://github.com/llvm/llvm-project/blob/main/mlir/include/mlir/Dialect/Affine/LoopUtils.h#L77
https://github.com/llvm/llvm-project/commit/14d0735d3453fb6403da916d7aee6a9f25af4147
https://github.com/llvm/llvm-project/commit/d80b04ab0015b218b613f8fe59506d45739817b8
https://github.com/llvm/llvm-project/commit/7ab14b8886d9ddaca1f8fc8a34ef8f03af208f26

—xtracting Memory Access Information

Input Tensors

func.func @fused kernel 1A bfl6(%arg@: memref<{2x64x128xbfl6, :

%cst = arith.constant dense<7.968750e-81> : vector<128xbfl6:

Output Tensor %cst_B = arith.constant dense<3.564458e-82> : vector<128xbf:

%cst_1 = arith.constant dense<5.000000e-01> : vector<128xbf:
%0 = tpc.get_index_space_start 2

%1 = tpc.get _index_space_end 2

%2 = tpc.get_index_sp

%3 = tpc.get_index_space_e

affine.for %argd = %0 to %1 {

affine.for %arg5 = %2 to %3

Kernel Iteration Space

[ =

L

%4 = affine.vector_load ¥arg@[%arg4, ¥args * 4, @] : mer
%5 = affine.vector_load Xarg@[Xarg4, Xargh * 4 + 1, 0]
%6 = affine.vector_load ¥arg@[%argd, %arg5s * 4 + 2, 8]
%7 = affine.vector_load ¥arg@[%arg4, %arg5s * 4 + 3, 8]

Affine maps extracted through analysis of affine memory operations

A *MME (accel0)

fusedTPCNode_0.87_bundle_...

fusedTPCNode_0_87_bundle_...

fusedTPCNode_0_87_bundle_..

fusedTPCNode_0_87_bundle_..

fusedTPCNode_0_87_bundle_..

fusedTPCNode_0_87_bundle_...

fusedTPCNode_0_87_bundle_..

fusedTPCNode_0_87_bundle_..

fusedTPCNode_0_87_bundle_..

Slicel

... bert/e.. bert/..

.. bert/.. bert/e..

bert/.. bert/e..

bert/.. bert/e..

fusedTPCNode_0_87_bundle._... fusedTPCNode_0.87_bundle_. fusedTPCNode_0_87_bundle._. fusedTPCNode_0.87_bundle_... fusedTP. fusedTP. fusedT..

fusedTPCNode_0_87_bundle_... fusedTPCNode_0_87_bundle.... fusedTPCNode_0_87_bundle_.. fusedTPCNode_0_87_bundle_.. fusedTPCNode_0_87_bundle_.. fusedTP.. fusedTP. fusedT..
fusedTPCNode_0_87_bundle_... fusedTPCNode_0_87_bundle_... fusedTPCNode_0_87_bundle_.. fusedTPCNode_0_87_bundle_.. fusedTPCNode_0_87_bundle_.. fusedTP.. fusedTP. fusedT..

fusedTPCNode_0_87_bundle_...

mummm— A\ |llows Graph Compiler to automatically slice kernels
s - [MME/TPC Execution Overlap

fusedTPCNode_0_87_bundle._...

e - Pass datathrough SRAM/Local Caches

sies | flash-attention’-like schedules

intel.
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Fuser Performance Improvements

End-to-end model execution Device executiontimes

MPT-1B

YOLOvV5
T5-LARGE-HF
ViT-HF
LLaMA2-7B-...
FLAN-T5-...
LLaMA2-7B-...
GPTJ-CLM-HF
FLAN-T5-...
LLaMA-V2-...
Clip-RoBERTa...
LLaMA-V2-...
Swin-T-HF
BERT-L-NV FT...
Transformer 16K
RoBERTa...
RoBERTa...

MIXTRAL-...
ALBERT-XXL-...

5 0O S5 05 0G50
MRS g0 R0Y

T5-LARGE-HF...
Clip-RoBERTa...
Falcon-180B-...
Transformer 8K
Bert-Base-HF
DistiiBERT-HF
BRIDGETOWE...
GPT2-XL-HF
BERT-L-HFFT
BERT-L-NVFT

Model Trace Number

1.3X Avg Perf Improvement at model level 1.5X Avg Perf Improvement in device execution time

Measured on Intel Gaudi2

intel. 12
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Graph Compiler
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intel.

oy “TIPC-LLVM

Affine | LLVM

Dialect Dialect . =====p  Compiler ==p
~ (opt+lic)

Deployed as part of Gaudi Synapse SW stack

Delivers significant performance improvements
Works in-tandem with a Graph Compiler to optimize execution across the entire accelerator

Leverages upstream MLIR dialects like Affine, SCF, Arith, Math along with in-house dialects

.
/’ V \'\

»7 Graph Compiler

»

~
N

S

13

V4


https://developer.habana.ai/




Notices & Disclaimers

Performance varies by use, configuration and other factors. Learn more at
www.Intel.com/Performancelndex.

Performance results are based on testing as of dates shown in configurations and may not reflect all
publicly available updates. See backup for configuration details. No product or component can be
absolutely secure.

Intel technologies may require enabled hardware, software or service activation.

Availability of accelerators varies depending on SKU. Please contact your Intel sales representative for
more information.

Your costs and results may vary.

© Intel Corporation. Intel, the Intel logo, and other Intel marks are trademarks of Intel Corporation or its
subsidiaries. Other names and brands may be claimed as the property of others.
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