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Outline

● RISC-V Vector Processor Microarchitecture

● RISC-V Matrix Extension

○ Programming Model

○ Instruction Formats
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Why Vector Processing?
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● The scalar core processes one element at a time

○ Fetching, decoding, and executing an instruction per data item wastes 

cycles when the same operation repeats across thousands of items

● Vector processing

○ Lets one instruction operate on many elements at once, amortizing that 

per-instruction overhead across the whole batch.

● Multiple parallel vector lanes

○ Let those elements be computed simultaneously, not just batched —

turning data-level parallelism into real speedup.



RISC-V SoC with VPU
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● VPU dispatcher

○ Distribute Vector ISAs

● VPU includes

○ Main sequence

○ Lanes

○ Mask Units

○ Slide Units

○ VLSU



RISC-V VPU Microarchitecture
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● Decoder

○ Re-decodes the vector instruction handed off from the CPU's VPU 

Dispatcher

○ Extracts opcode, source/destination register indices, and other control 

fields the rest of the VPU needs



RISC-V VPU Microarchitecture
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● Main Sequencer

○ The VPU's scheduler — decides when and to which functional unit a 

decoded instruction gets dispatched

○ Tracks data dependencies between in-flight instructions to avoid 

hazards



RISC-V VPU Microarchitecture
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● Vector Lanes

○ 4 lanes run in parallel, each handling a slice of the vector's elements, 

with its own ALU/MUL-DIV and a slice of the VRF

○ Connects out to VLSU / MaskU / SlideU for anything that needs cross-

lane data



RISC-V VPU Microarchitecture
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● VCSR & Finish Control

○ VCSR holds the current vector configuration — vl, vtype (SEW/LMUL)

○ Finish Control aggregates per-lane completion signals; that status is 

what gets reported back to the CPU's pipeline



RISC-V VPU Microarchitecture
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● VPU Vector Lanes

○ Process instruction info (ID/OP/SEW)

○ Prioritize requests with Arbiter

○ Fetch operands from VRF

○ Process data via Functional Units

○ Manage writebacks with Mask Ctrl



RISC-V VPU Microarchitecture
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● VPU Vector Lanes — VRF

○ LSU rearranges the sequence of elements, ensuring correct ordering

○ Special organization improves VRF utilization within each lane by 

efficiently managing unused tail elements

SEW(Selected Element Width): represents 

the width of the currently selected element 

within the vector register



RISC-V VPU Microarchitecture
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● VPU Vector Lanes — VRF

○ VPU has 32 vector registers (v0–v31), 

each VLEN = 1024 bits. 

○ Total VRF = 32 × 1024 bits = 4 KB, split 

evenly across the 4 lanes → 1 KB per 

lane.

○ SEW sets the element width for this 

instruction —

○ e.g. SEW=16 → 1024 ÷ 16 = 64 elements 

max (VLMAX).



RISC-V VPU Microarchitecture
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● VPU Vector Lanes — VRF

○ vl (vector length) = 

■ Elements actually processed = 

min(requested count, VLMAX) — not 

always equal to VLMAX. 



RISC-V VPU Microarchitecture
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RISC-V VPU Microarchitecture
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● In 1st iteration



RISC-V VPU Microarchitecture
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● In 2nd iteration



RISC-V VPU Microarchitecture
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● VPU Operand (Register) Arbiter

○ Resolves structural hazards when multiple units compete for the VRF

○ Routes the accepted request to an available memory bank, maximizing 

bandwidth

○ Fixed-priority policy balances forwarding new operands vs. clearing the 

Writeback Queue



RISC-V VPU Microarchitecture
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● Inside the operand requester



RISC-V VPU Microarchitecture
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● VPU Operand (Register) Arbiter

○ The HP Arbiter, LP Arbiter, and Top Arbiter are all the SAME arbiter 

module, instantiated 3 times — not three different designs.

○ “Bank” here means one of 8 — there are really 8 independent copies of 

this whole HP/LP/Top structure, 24 rr_arbiter instances in total.



RISC-V VPU Microarchitecture
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● VPU Operand (Register) Arbiter



RISC-V VPU Microarchitecture
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● Slide Unit (SLDU)

○ Each vector register is physically split across 4 lanes — a lane's ALU 

can only reach its own slice.

○ vslideup/vslidedown need to shift elements across lane boundaries —

data which a single ALU can't reach.

○ SlideU is the dedicated datapath built specifically to move bytes 

between lanes.



RISC-V VPU Microarchitecture
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● How does SLDU work?



RISC-V VPU Microarchitecture
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● Mask Unit (MASKU)

○ RVV predicates instructions with a mask (v0) — only elements where 

the mask bit is 1 get written back.

○ MaskU converts that 1-bit-per-element mask into a byte-level write-

enable signal, applied right before the Writeback Queue commits.



RISC-V VPU Microarchitecture
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● How does MASKU work?



RISC-V VPU Microarchitecture
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● How does MASKU work?



RISC-V VPU Microarchitecture
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● Vector Load/Store Unit (VLSU)

○ Handles all vector memory traffic — LDU (load) + STU (store) + 

ADDRGEN (address generation for unit-stride / strided / indexed access)

○ Own AXI Full path straight to DRAM — bypasses CPU cache, which is why 

cache-coherence (CBO) handling is needed



RISC-V VPU Microarchitecture
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● Vector Load/Store Unit (VLSU)



RISC-V Matrix Extensions
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● Why Matrix Extensions?

● Driven by AI: GEMM is one of the most common operations in AI

● Matrix multiplication is a bottleneck in many AI algorithms

○ Optimal Matrix execution on processors required to boost performance

● Other ISAs already implement them

○ IBM Matrix-Multiply Assist (2020)

○ Intel Advanced Matrix Extension (2020)

○ Arm Scalable Matrix Extension (2021)



RISC-V Matrix Extensions
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Vector processing

N elements – N operations
Matrix processing

N2 elements – N3 operations

Zhiqiang Liu, Stream computing 



RISC-V Matrix Extensions
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● Matrix Extension Advantages?

○ Reduce memory bandwidth requirement

■ Less data to generate more operations (data memory bandwidth)

■ One instruction contains N3 operations (instruction memory bandwidth)

○ Inherently more power efficiency with less data movement



RISC-V Matrix Extensions
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● Two types of standard matrix extensions being developed:

○ Integrated Matrix Extension (IME)

■ Matrix operations using vector registers as input and output 

state

○ Attached Matrix Extension (AME)

■ Additional matrix state used to hold accumulators to support 

higher throughput



RISC-V Matrix in CPU
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● Fully Integrated Facility

○ Reuse vector registers for source operands

○ Reuse vector registers for accumulators

● Hybrid Facility

○ Reuse vector registers for source operands

○ Independent accumulator registers



RISC-V Matrix in CPU
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● Attached Facility

○ Additional matrix registers

● What others do

Reuse vector registers for source operands and 

accumulators

SiFive Intelligence Extension

Reuse vector registers for source operands

independent accumulator register

Power MMA, ARM SME

independent source operands and accumulators Intel AMX, Apple AMX, Stream 

computing Matrix extension



RISC-V Matrix Extensions
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RISC-V Matrix Extensions
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● The Archi Difference is where the data lives



Tiled Matrix Multiplication
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Zhiqiang Liu, Stream computing 



RISC-V Matrix Extensions
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● Memory access friendly

○ Taking advantage of unit-stride

performance

● Explore data reuse

○ Load an element in a tile 

once while use several times

○ Load an entire tile once and 

use several times in parallel 

implementations

Zhiqiang Liu, Stream computing 



Registers and CSRs
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Zhiqiang Liu, Stream computing 



CSRs
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● tile_m/tile_k/tile_n: Matrix the configure registers

○ Unsigned integers specifying the shapes for tiled matrix

○ Updated by msettile[m|k|n]{i} instructions

● mtype: Matrix type register

○ Updated by msettype{i} instructions

Zhiqiang Liu, Stream computing 



Implementation-defined Constant Parameters
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● ELEN: Maximum bits of a matrix element,ELEN>8

● MLEN: Bits in a single matrix tile register,  MLEN<=232

● RLEN: Bits in a row of a single matrix tile register,  RLEN<=216

● ELEN < RLEN < MLEN

● Support matrix tile size from 2x2 to 216x 216

Zhiqiang Liu, Stream computing 



Tile and Accumulator Registers
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MLEN: Bits in a single matrix tile 

register,  MLEN<=232

RLEN: Bits in a row of a single 

matrix tile register,  RLEN<=216

Zhiqiang Liu, Stream computing 



Instruction Formats
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● Using the reserved instruction fields

○ Opcode = 1110111

Zhiqiang Liu, Stream computing 



Instruction Formats
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● Opcode = 1110111

● Type by inst[14:12]

○ 111: Configuration

○ 110: Arithmetic

○ 101: Data Move

○ 000-011: Load & Store



Configuration-Setting Instructions – msettype{i}
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● msettype{i} instructions 

○ Set the mtype CSR based on their arguments

Zhiqiang Liu, Stream computing 



Configuration-Setting Instructions – msettype{i}
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● msettype{i} instructions 

○ Set the mtype CSR based on their arguments

Zhiqiang Liu, Stream computing 



Configuration-Setting Instructions – msettile [m|k|n] {i}
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● msettile [m|k|n] {i} instructions 

○ Set the tile_m/tile_k/tile_n CSRs based on their arguments.

ATM denotes the Application Tile length M (or application matrix M dimension), 

representing the configured/requested row dimension size for matrix tiles during 

execution Zhiqiang Liu, Stream computing 



Configuration-Setting Instructions – msettile [m|k|n] {i}
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● TMMAX, TKMAX, TNMAX
○ represent the maximum shapes of matrix tiles that could be stored in matrix 

registers

● MLEN=256, RLEN=64
○ When SEW=8b, TMMAX=4, TKMAX=4, TNMAX=8 # 4x4x8 8bit matmul

○ When SEW=16b, TMMAX=4, TKMAX=4, TNMAX=4 # 4x4x4 16bit matmul

○ When SEW=32b, TMMAX=4, TKMAX=2, TNMAX=2 # 4x2x2 32bit matmul



Configuration-Setting Instructions – msettile [m|k|n] {i}
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● msettile [m|k|n] {i} instructions 

○ Set tile_m tile_k tile_n obeying the following constraints

Zhiqiang Liu, Stream computing 



Configuration-Setting Instructions Example
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Zhiqiang Liu, Stream computing 



Load Instructions
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Zhiqiang Liu, Stream computing 



Load Instructions with transposition
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Zhiqiang Liu, Stream computing 



Store Instructions
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Zhiqiang Liu, Stream computing 



Store Instructions with transposition
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Zhiqiang Liu, Stream computing 



Matrix Multiplication Instructions
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Zhiqiang Liu, Stream computing 



Element-Wise Add/Sub/Multiply Instructions
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Zhiqiang Liu, Stream computing 



Type-Convert Instructions
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Zhiqiang Liu, Stream computing 



Matrix Multiplication with RISC-V Matrix Extension
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Zhiqiang Liu, Stream computing 



Zmv: Matrix for Vector operations
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● Provide matrix support with the RISC V Vector "V" extension

○ Load matrix tile slices into vector registers

○ Store matrix tile slices from vector registers

○ Move data between slices of a matrix register and vector registers

○ Element wise multiply with a matrix register and a vector

○ register(broadcast to a matrix).

Zhiqiang Liu, Stream computing 



Load/store, data move example
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Zhiqiang Liu, Stream computing 



Load Instructions
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Zhiqiang Liu, Stream computing 



Store Instructions
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Zhiqiang Liu, Stream computing 



Data Move Instructions
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Zhiqiang Liu, Stream computing 



Matrix element-wise multiply
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Zhiqiang Liu, Stream computing 



Fused-Matmul_Relu Operation
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Zhiqiang Liu, Stream computing 



Takeaway Questions

● What is the job of slide unit in the VPU? 
○ (A) Decides when and to which functional unit a decoded 

instruction gets dispatched

○ (B) Shift elements across lane boundaries

○ (C) Used for predicates instructions

● Given 1KB VREG, how many elements when setting 

SEW=32?
○ (A) 8

○ (B) 16

○ (C) 32
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Takeaway Questions

● What are advantages of Matrix Extension?

○ (A) Reduce the instruction counts for MatMul computations

○ (B) Improve the L1 cache hit of the CPU

○ (C) Shorten the latency of memory access
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