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THE PROBLEM

Every matrix ISA forces a binary fork

Every matrix ISA outlives its first microarchitecture — the same binary must run on silicon, and at vector widths, not yet designed. Hard-coding tile shape or adding
dedicated state freezes those choices at spec time and forces a fork whenever the datapath changes. The design goal instead: encode intent (streaming depth,
precision, granularity), and leave hardware free to choose how to deliver it.

One binary, the whole continuum — the market selects the implementation point.

Arm SME Intel AMX

Dedicated state, dedicated mode Geometry frozen at design time

= Dedicated ZA tile register file m Fixed 16x16 tiles
New architectural state the OS must save, restore and Tile shape is hard-coded into the ISA, not chosen by
context switch software

= A separate streaming mode, with explicit entry/exit the = Eight dedicated TMM tile registers, plus a TILECFG
programmer model has to manage state that must be configured and restored

m Tile geometry is tied to the implementation’s SVL — wider

hardware needs a different binary m Cannot exploit wider datapaths without an ISA revision:

no path to scale a binary forward

m !\j/lelcs:?gﬁcallng bolted-on SME2 instructions, not part of original = FP8 microscaling added as a later extension (AMX-FP8)

The ecosystem fragments — per-platform tuning and multi-version liibraries at every architecture boundary.



INTRODUCING ZVMM (THE INTEGRATED MATRIX EXTENSION)

Geometry is derived, not declared

Zvvm encodes that intent directly: no new state to freeze, no shape to hard-code.
Tile state reuses the vector register file, and tile shape is derived from VLEN, SEW, and the aspect-ratio field A — never declared.
The same binary expresses streaming depth, precision, and granularity as intent; each implementation chooses the geometry that fits its datapath.

Nothing new is added, and nothing is frozen at spec time.
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No fixed state

Matrix tiles are the standard vector register
file. No dedicated tile file, no separate
accumulator state. The matrix extension
adds capability, not architectural state.

th

No fixed shape

There are no tile-shape instructions and no
shape constants. The programmer never
declares M, N, or K: we will never outgrow
a frozen into the binary at spec time.

o

The tile fits the datapath

The dimensions are derived with A shaping
the aspect ratio. Each implementation's
geometry falls out of its own VLEN.
Hardware chooses the shape that fits, not
the other way around.

So scaling comes for free. Next up: The algebra that explains how.



DATA-PARALLEL - NEXT LEVEL

Scalars — 0-dimensional compute
(single values processed sequentially)

Vectors — 1-dimensional data parallelism
(RVV enables scalable SIMD operations)

Matrices — 2-dimensional data parallelism
(the natural abstraction for ML workloads)

Modern Al and some HPC workloads are
fundamentally matrix computations.

» Vectors already express 1-D parallelism

» Next step: lift vector computation to 2-D matrix operations
« Same state, different meaning

or
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DATA-PARALLEL - NEXT LEVEL

Matrix Multiplication
ABT+C->C

A, B VRs are matrix tiles of dimension o x A
e Amustbeoneof1, 2, 4,8, 16, 32, 64

» choice of implementor
* is the only geometry parameter

* Any VLEN is supported (up to 64kbits)

» Elements of width SEW in a vector register
VL, .x = VLEN/SEW

Output C matrix tile:
* One or multiple VRs
 MUL.=VL,,,/ A
« At VL,,sx C is square! oxo
+ Maximizes compute intensity

a
b

VL =32 Example

1 2 3 4 5 6 7 8
Multiply: vmmacc.vv vd,vs1,vs2

Tile Load: vmtl vd,(base),ld
Transposed Load: vmttl vd,(base),ld
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IMPLEMENTOR CHOOSES

Compute Intensity

(C remains in place)

2*32 =64 A, B el. loaded
(C remains in place)

2*32 =64 A, B el. loaded

16*16*2 =512 MAC ops
=» 8.0 MACs per load

8*8*4=256MAC0pS 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

3 4.0 MACs peroac (R

i 2 3 4 5 6 7 8

filhcit
L

BT

A

A
—

Implementation

may alias C to VRs or

use a hidden accumulator:
the ISAis agnostic.
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IMPLEMENTOR CHOOSES

Compute Intensity vs. Multiply Instructions

With 16 VRs for C

| | | Lt rrrrrrrrrrrrrd
When VLMAX is H i
even power of 2 HH s
|C|=1 o |C|=4 - |C|=16
16 instructions 4 instructions 1 instruction

When VLMAX is
odd power of 2

8 instructions 2 instructions

|C|=2 |C|=8



IMPLEMENTOR CHOOSES

Inner versus Outer Product

N N
IME does not enforce or - b; b% [ % || b% || B%
favour any approach to : oo Foen Toe
the matrix multiplication. b3, il | N | R
The choice is left to the el
implementor. b% 2 W W2 ez
3 b03 b13 b23 b33
K = K
1 ‘W edPp c'y || % || 3 1 aly [ a% || &% [[a% | o || || ||
a0 o o o3 o o 2 o M a’ [1a' [|a%]]a ] el el (N fe2t bR
M at at a2 a? o0 o o2 &3 a% || a%h [[2a%|]a% | ¢ e || %]
a a' a’ as; || e! e c? 3
IR SR S || cy || 2] e v ? ? ? ? ? ? > p
Inner Product —> Outer Product
Core operation: Dot Product Core operation: Rank-2 Update
Examples: systolic array;
one or several ,fat“ dot products
for (1=0;1<N;i++) for (k=0;k<K;k+=2)
for (j=0;j<M;j++) for (i1=0;1<N;i++)
sum = 0 for (j=0;j<M;j++)
for (k=0;k<K;k++) cly += ak*bY + ak*l*bt,
sum += ak;*b',
C'; = sum

]
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b% [ b% || b% || b%

b% || bYy || b% | | b%

b% [ b || b% || b

b% [ [ b5 || b% || b%

K
< >
a% [las|la%|]a% c c' c? e
a [la'||a%|]a%] s et e s
a%|lay ||a%||ah | SN == =
a [la's||a%|]a%s] C c' c? €3
Outer Product

Core operation: Rank-1 Update

for (k=0;k<K;k++)
for (1=0;i<N;i++)
for (j=0;j<M;j++)

i = k xRt



FOLLOWING THE VECTOR EXTENSION

Widening and LMUL A ;=AwLMUL .

1 2 3 4 5 &6 7 & 3 10 f1 12 13 4 15 16 3
. ) 1
Widening e N | A , SEW/4 7
A o _d A e eff EEEEEmmmE
i eff 11 eff T T < >
multiply & <« - off . <
1 1 ;
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3 3 4
to 8 ; ; 5
H 5
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. . .
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LMUL Only applles to . [t} 1 23 [i] 1 2 _3 32 [ 33 [ 34 _35 0 1 2 _3 32133 134 _35 64 [ 65 | 66 | 67 | 96 | 97 | 98 _99
A and B tileS' A== G 7 4=5 6.y | 86==37 [ 38 1,39 4==h By | 3637 {38 1,39 | 6869 70 L J1 | 1004107 | 102 | 103
- & G——to—Pt1 i g 110 '11 Ap-a | 42 '43 8 9. .10 ’11 GINES i s I ’43 T2=73 | 74 ?5 1044105 | 106 :107
o 124314~ 5 12413 14 ‘15 44145 | 46 _47 1203 L 14 LA V444D | 46 1,47 |/ 76T | 78 29 1084109 110 ;11
1171639 16417 L 18 |19 | 4848 [ 50 /51 16417 (18 149 § 4840 | 50 [ 51 § 8081 | 82 | 83 | 1124113 (114 ;15
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LMUL=1 LMUL=2 LMUL=4



TUNING KNOBS

Performance Scales

Cl M-M-VL/VLMAX - Kefr VLMAX - VL VLMAX Compute intensity
= — N
M -K.pr(1+VL/VLMAX) A (VLMAX + VL) 21 MACs/load
VLMAX - BW
Performance = CI-BW = —

With the same Cache-to-VR bandwidth: a wider
implementation sustains full utilization with no

recompilation. Same binary, VLEN=256 — 65536, _
16% throughput.

HPC example: B
VLEN=16384 A C Multinl l
_ . _ ultiple panels
FP32 += FP16"FP16  (w=2) compute intensity:
VL = 1024 FP16 elements - VRs fully utilized 85.3 ops/load
Compute intensity: 64 ops/load 8 ¢

Performance is limited by the 32 architectural VRs,
more would enable larger or more C panels.

E.g. FP32 +=FP16*FP16



ACCESSING THE DATA

Matrix Tile 2D Load / Store

leading dimension LD

leading dimension LD

f W 9
A 4
A 4

o123 |4|5 6 7189 10(11}12|13 1415|1617 (18|19 | 20|21 | 22|23 ) 1 2 3 4 5 & 7 8 9110111112 113 114 115 116117 L 1e 1920121 [ 22 o3

24772526 | 27 |28 |28 | 30 | 31| 32| 33| 34358363738 3940414243 4445|4647

2425726 | 27 | 26| 29| 30| 31| 323334 3536373883940 4142|4344 - 45--46--47
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144|345246| 147) 148149160 161162 169| 164| 166|166 167 166| 169 160| 161 162| 163 | 164|165 1661167 190121 122|123} 124 125 | 126 | 127 [ 128 [ 120 {130 [ 131 {132 [ 133 [132 (135136137 138 130 a0 1At 142143
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216 217|218 2161220221 222223224 | 225|226 227 | 228229 230231232233 234235236237 238|239

168169170 171|172 173174 175|176 177|178 179|180 181{ 182183 | 184 | 185| 186 | 187 | 188|189 190151

192198 194195196197 198199200 20102203 2042052061207 208{209|210 211|212 213214215

2167217 218218220221 122223224225 225227228229 2301231232233 234 235|236 | 237 238239

f—t—i—{—p—3 456|157 8—|-9-|-10-}211 12-{-13--14-|215
20| 2526127 28729130181 32933 -34-[85 36|37 | 38 |39
0 i 7 B 4 5 6 T
48 | 49 50|51 52| 53| 54|55 56 57|58 |59 60-61--62-1163
72|73 | 74 |75 76| 77 | 78 | 79 a0 81|82 |83 84-(-85-|-86-|187 'y 2R VPUF YRR P /S
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v v v10 vi1 vmttl vd,(base),ld

Transposing Tile Load
vmtl vd,(base),ld

Order-Preserving Tile Load % 20227 25 24 2 19 s 12 7 0
[ temboa [ 10 1 Jum] rs2 ‘ s BN v Jo o001 1 1]
L] Exa m ple’ LM U L = 4 transposing LD base address destination of load  Vector tile (2D) load
.
¢ Opportunity for optimization 31 29 28 27 26 35 24 20 19 114 1211 76 0
. i |Iambda‘1‘01|vm| rs2 ‘ rsi ‘111| vd ‘01001 11‘
Load fU”. CaChe llnes 3 29 28 27 26 25 24 20 19 15 14 12 1 76 0 transposing LD base address destination of store  Vector tile (2D) store
exampl.e: | lambda ‘ 1 ‘0 0 ‘vm‘ rs2 ‘ rs1 |1 11 ‘ vd |u 00 o0 1 11 ‘
Cache line SIZG: 64 byte order preserving D base address destination of load  Vector tile (2D) load
SEW=32
Ell 29 28 27 26 25 24 20 19 15 14 12 1 7 6 0
| lambda ‘ 1 ‘0 0 ‘vm‘ rs2 rs1 | 111 ‘ vd |u 100 1 11 ‘

order preserving LD base address destination of store  Vector tile (2D) store



A SCALABLE SOLUTION

Microcontroller to
supercomputer

The same opcode, the same binary — from one
column of C on a two-register core to a full HPC

tile on & wide-VLEN machine. Partial VL makes Embedded Mid-range Wide-VLEN HPC

embedded streaming and bulk throughput two

ends of one continuum, not two ISA features. Complete GEMM on a core with just ~ Raise LMUL for K_eff depth. LMUL = 8, full VL — bulk tiling for
64bit-wide vector registers. No spill. Ppartial VL balances register pressure servers and supercomputers.
Al inference without a dedicated NPU. against compute intensity. Erich's end of the continuum.
Al INFERENCE, NO DEDICATED NPU ~ + MODULATE LMUL FOR DEEPER K + BULK UPDATE
SCALES WITH VLEN (FROM AS + PARTIAL VL BALANCES MEMORY «  SERVERS TO SUPERCOMPUTERS
LITTLE AS 64BIT-WIDE VECTOR BANDWIDTH AGAINST COMPUTE WITH THE SAME BINARY
REGISTERS) +  SAME KERNEL, MORE THROUGHPUT « LMUL=8, FULL VL: MAXIMAL TILE SIZE

VL=K_EFFL ONE COLUMN AT A TIME

Embedded streaming and HPC bulk processing are two ends of one continuum, not two ISA features.



DEGREES OF FREEDOM

4 degrees of freedom + zero-cost MX

Four orthogonal knobs let software and hardware each express intent — VLEN, A, LMUL, and VL shape every point from embedded streaming to HPC bulk.
Where SME and AMX bolted microscaling on later, Zvvm gets it from one already-present bit: no new opcodes, no new registers, no new modes.

Range Purpose

Microscaling, free

64 - 64K Binary-compatible throughput scaling

aliases the FP MAC opcode onto
1->64 Tile geometry; dot-product at A = VL the MX decode path.

1->8 Trade register groups for K_eff depth No new opcodes

No new registers
K_eff - max Embedded streaming = full HPC tile No new modes

MXFP8 / MXFP4 / MXINT8 + mixed
1,2,4 Precision ladder: INT8—>INT32, FP16—>FP32




TAKEAWAYS

All the scaling.
No new state.

One GEMM binary runs from a microcontroller with VLEN=64, on a
server with VLEN=1024, and on a supercomputer with VLEN=64k.
This is possible only, because geometry is algebraic and all state
reuses the V register file.

SOFTWARE ENABLEMENT
DELIVERED AS A STANDARDIZATION ARTIFACT

.
* EMU model
- Q

GCC intrinsics

The Zvmm specification is currently undergoing Internal Review.
We expect ratification later this year.

BLAS kernels

Test suite

(¢ &

Co-developed with the specification.
Lowering the barrier for implementers,
accelerating the upstream adoption in open-source,
and making the specification testable from the start.
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