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Outline

● RISC-V for AI

○ RISC-V Instruction Extension

○ CPU Microarchitecture Optimization

● AXI Protocol
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Instruction Set Architecture (ISA)
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● What is ISA?

○ Interface between HW and SW

○ List of supported instructions that

the CPU must support

void matrixAdd (int *A, int *B, int *C, int N, int M)

{

for (int i = 0; i < N; i++)

for (int j = 0; j < M; j++)

C[i*N+j] = A[i*WIDTH+j] + B[i*WIDTH+j]

}

start_loop:

lw a0,  0(a5)

lw t1,   0(a7)

addi a5,  a5,  4

addi a7,  a7,  4

add a0,  a0,  t1

sw a0,   0(a6)

addi a6,  a6,  4

bne a5,  t3,  start_loop

@18c0  ->  0007a503

@18c4  ->  0008a303

@18c8  ->  00478793

…..

Compiler

Processor 

Design 

(HW)

In principle, any compiled code for a given ISA 

runs on any processor that implements that ISA



RISC-V ISA
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● Start by UC-Berkeley in 2010

● Contract between SW and HW
○ Partitioned into user and privileged spec

○ External Debug

● Standard governed by RISC-V 

foundation

● Defines 32, 64 and 128 bit ISA
○ No implementation, just the ISA

○ Different implementations (open/close source)

https://reurl.cc/vGoYyL



RISC-V Foundation Members
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https://reurl.cc/vGoYyL



What’s Nice About RISC-V?
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● Open-Source (and free)

○ Everyone can implement and use its ISA

● Simple and Modern Design

○ Far smaller than other commercial ISAs

○ No need to compatible with older design of same ISA (like ARM, 

Intel, … which are around from 20+ years)

● Clean-State Design

○ Clear separation between user and privilege ISA

https://reurl.cc/vGoYyL



What’s Nice About RISC-V?
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● A modular ISA

○ Small standard base ISA + Multiple standard extensions

● Designed for extensibility/specialization

○ Vast opcode space available for instruction-set extensions



Are RISC-V Processors Better than XYZ?
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● Actual performance depends on the implementation

○ RISC-V does not specify implementation details (on purpose)

● RISC-V should deliver comparable performance

○ If implemented well, it should perform as well as other modern 

ISA implementations

● High-end processor performance is not only about ISA

○ Implementation “details” like microarchitecture, memory hierarchy, target 

technology, power management are more important

https://reurl.cc/vGoYyL



What is Missing about RISC-V?
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● Still in development, but fast progress

○ Some “advanced” extensions, including Matrix extensions, still being 

refined, adjusted

○ Tools and development environment needs to catch up

● No canonical implementation (“the” RISC-V core)

○ It is free to implement, so many people did so, resulting in many cores

● Higher end (OOO, superscalar) cores not yet mature

○ New RISC-V profile (RVA23) boosted the development of new HPC 

processors to be used in datacenters

https://reurl.cc/vGoYyL



RISC-V is a Load/Store Architecture
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● All operations are on internal registers

○ Can not manipulate data in memory directly

● Load instructions to copy from memory to registers

● R-type or I-type instructions to operate on them

● Store instructions to copy from registers back to memory

● Branch and Jump instructions

https://reurl.cc/vGoYyL



RISC-V Architectural State
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● There are 32 registers, 32/64/

128 bits long

○ Name x0 to x31

○ X0 is hard wired to zero

○ A standard ‘E’ extension that

uses only 16 registers (RV32E)

● One program counter (PC)

○ Byte based addressing

○ Program counter increments by 

4/8/16

https://reurl.cc/vGoYyL



RISC-V Architectural State
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● For FP operation 32 additional

FP registers

○ “Zfinx” extension to use “integer”

ones

● Control Status Registers 

(CSRs)

○ a 12-bit encoding space, 

allowing for up to 4,096 CSRs 

per hardware thread (hart)

https://reurl.cc/vGoYyL



RISC-V Baseline and Extensions
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● User-level ISA Spec

○ Define the normal insns for computation

○ Separated into extensions, only I is 

mandatory

● Kept very simple and extendable

○ Wide range of applications from IoT to HPC

● RV + word-width + extensions

○ RV32IMC: 32 bit, integer, multiplication, 

compressed

○ RV64GC: 64 bit, G = I+M+A+F+D+csr+fence

and compressed

https://reurl.cc/vGoYyL



Extending ISA for ML
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● Main opcodes are 7-bit (actually 5-bit due to compressed C insns)

● Reserved opcodes for standard extensions

● Rest of opcodes free for custom implementations

● Standard extensions will be frozen/not change in the future

● Extensibility is integral to RISC-V ISA design!

https://reurl.cc/vGoYyL



How to Build RISC-V Cores?
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● RISC-V ISA tells you the function

○ You know which instructions are supported/want to support

○ How they are encoded

○ What they are supposed to do

● It does not tell you any implementation details

○ Pipeline stages, memory hierarchy, in-order or out-of-order

○ Everyone is free to figure out how to best implement these

● Need to come up with a micro-architecture to 

implement it

https://reurl.cc/vGoYyL



Energy-Efficient Embodied AI

● Computing requirements/challenges for Edge AI

○ All capacities under tight power (100 mW – 1W of budget)

○ Real-time constraints (Latency as important as Throughput)

○ Limited area budget (affects on chip memory)

○ TinyML -> low-power, embeddable, low-cost edge AI processors

17
https://reurl.cc/vGoYyL



Optimizing AI Deployment for Edge Devices

● DNNs/AI Models at the edge

○ Targets for low-power, constrained environments

○ Light-weight AI models, quantization, pruning …

● Specialized Hardware Architecture

○ Optimized to run these light-weight AI models efficiently

● Hardware-Software Co-Design

○ Ensuring performance, energy efficiency, and reliability at the 

edge

18
https://reurl.cc/vGoYyL



A Fast Evolving Model Zoo

● Edge AI SoCs must provide

○ High Performance-Power Proportionality & Flexibility

19



The Edge Performance-Power Proportionality Goal

20
https://reurl.cc/vGoYyL



Performance Metrics

21
https://reurl.cc/vGoYyL



Instruction Specialization & Energy Efficiency 
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● Battery has a given energy budget (mAh@V)

● Reducing Energy consumption -> longer device lifetime

● We care about latency & Energy: E = Pavg • latency

● More semantically dense ISA instructions helps reduce instruction 

count to execute a workload

● Direct advantage on latency and energy reduction if:

○ Timing of the processor (max op. freq.) not affected

○ Limited Power overhead to support new instruction

https://reurl.cc/vGoYyL



A Typical Processing Core for TinyML
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● Single issue, in order is the most energy efficient

● Memory is always critical: 1 full stage for fetch, 2 full stages for load + 

writeback

● Single stage decode

● Singles stage execute/WB

https://reurl.cc/vGoYyL



Is RV32IM Processor Enough for AI/DSP?

24
https://reurl.cc/vGoYyL



Extensions Type
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● General Purpose: Increase computational density by fusing more 

operations in a single instruction

○ Fuse Multiplication and Addition in a single instruction/operation -> 

Multiply-and-Accumulate (MAC) operation

○ Exploit regular access patterns of the workload -> Load/Store with Post-

increment of the pointer

○ Boost Loop Control in HW to reduce branch penalties -> HW Loops

● DSP

○ Exploit low-bitwidth of DSP/AI operands and data -> Packed-SIMD ALU 

operations & dot-products



Multiply Accumulate
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https://reurl.cc/vGoYyL

FMA4: RegD = (RegA * RegB) + RegC

-> FMA  RegD, RegA, RegB, RegC

FMA3: RegC = (RegC * RegB) + RegA

-> FMA RegC, RegA, RegB



Extensions Type

27

● General Purpose: Increase computational density by fusing more 

operations in a single instruction

○ Fuse Multiplication and Addition in a single instruction/operation -> 

Multiply-and-Accumulate (MAC) operation

○ Exploit regular access patterns of the workload -> Load/Store with 

Post-increment of the pointer

○ Boost Loop Control in HW to reduce branch penalties -> HW Loops

● DSP

○ Exploit low-bitwidth of DSP/AI operands and data -> Packed-SIMD ALU 

operations & dot-products



Post Increment Load/Store

28

● Standard RISC-V requires 

explicit update of memory 

pointers (addi)

● Solution: Automatic address 

update

○ Perform memory access with 

e.g. x10

○ In the same cycle, update x10

with the updated pointer for 

next memory access

○ X10 <- (x10 + 0x1)
https://reurl.cc/vGoYyL



Post Increment Load/Store

29

● Micro-architectural requirements

○ LSU for the memory access

○ ALU must be active for address 

update

○ Additional write port to RF

● Cost

○ 12% area overhead w.r.t.

RV32IMC

https://reurl.cc/vGoYyL



RV32IM + MAC + pointer post-incr. 

30
https://reurl.cc/vGoYyL



Extensions Type

31

● General Purpose: Increase computational density by fusing more 

operations in a single instruction

○ Fuse Multiplication and Addition in a single instruction/operation -> 

Multiply-and-Accumulate (MAC) operation

○ Exploit regular access patterns of the workload -> Load/Store with Post-

increment of the pointer

○ Boost Loop Control in HW to reduce branch penalties -> HW Loops

● DSP

○ Exploit low-bitwidth of DSP/AI operands and data -> Packed-SIMD ALU 

operations & dot-products



Hardware (Zero-Overhead) Loops

32
https://reurl.cc/vGoYyL



Hardware Loop Implementation

33

● Small HW engine automatically 

handles the loop

● Hwloop registers: two sets of three 

regs

○ Start, end addresses of loop + 

counter of # of iterations

○ Two sets are needed to accelerate 

nested loops

○ More sets would require higher 

micro-archi overhead and bring no 

significant benefits

https://reurl.cc/vGoYyL



Hardware Loop Implementation

34

● Hwloop controller: logic unit that 

automatically decrements the counter

○ Once # of iterations reached -> the 

controller will generate a “jump” for 

the processor

● Area cost

○ 5% area overhead

● Performance

○ Speedup can be a factor of 2X!

○ Small loops benefit more!

https://reurl.cc/vGoYyL



RV32IM + MAC + pointer post-incr. + HW Loop

35
https://reurl.cc/vGoYyL



Extensions Type

36

● General Purpose: Increase computational density by fusing more 

operations in a single instruction

○ Fuse Multiplication and Addition in a single instruction/operation -> 

Multiply-and-Accumulate (MAC) operation

○ Exploit regular access patterns of the workload -> Load/Store with Post-

increment of the pointer

○ Boost Loop Control in HW to reduce branch penalties -> HW Loops

● DSP

○ Exploit low-bitwidth of DSP/AI operands and data -> Packed-SIMD 

ALU operations & dot-products



Packed-SIMD
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● DSP/TinyML inference are OK with low-bitwidth operands

● Packed-SIMD extensions

○ Well known idea from classical DSP -> widely used (ARM, x86)

○ Efficient usage of hardware resources to target low-bitwidth arithmetic

○ Target embedded systems -> RV Vector ISA more for high performance

● SIMD in 32-bit machines

○ Vectors are either four 8-bits elements or two 16-bit elements

https://reurl.cc/vGoYyL



Packed-SIMD ALU Instructions
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● Same Register-file

○ The instruction encodes how to interpret the content of the register

https://reurl.cc/vGoYyL



Packed-SIMD Vectorial Adder
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● We reuse the scalar adder

● Supported mode: word, half, byte

● We just play some tricks with the carry chain! (32b adder -> 35b adder)

https://reurl.cc/vGoYyL



Expanding SIMD Dot Product

40

● Packed-SIMD Dot Product: half word example

https://reurl.cc/vGoYyL



Benefits of Packed-SIMD Instructions
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● Parallelizes operations (2x to 4x speed gain)

● Minimizes the number of Load/Store instruction for exchange 

between memory and register file (up 2 or 4 data transferred at once)

○ Vector elements likely at contiguous addresses in memory

Fetch 32-bit at a time (e.g. two 16-bit elements of a vector or four 8-bit 

elements of a vector)

○ Improve register file use (1 register holds 2 or 4 values)

● Can be used to dramatically increase the performance of most DSP 

algorithms running on embedded systems



Compiler Builtins for Extension

42
https://reurl.cc/vGoYyL



RV32IM + MAC + pointer post-incr. + HW Loop + DSP

43
https://reurl.cc/vGoYyL



RI5CY Implements the Xpulp ISA

44
https://reurl.cc/vGoYyL

DOTP: 

Dot-Product



RI5CY Implements the Xpulp ISA

45
https://reurl.cc/vGoYyL



How to Add an ISA Extension
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● Analyze application and identify bottlenecks

● Design the instruction (instruction format, encoding, src-dst regs)

● Describe the instruction in RISC-V compiler (LLVM or GCC)

○ Back-end (binutils, disassembler, etc) for debugging & assembly-level or 

intrinsics usage

○ Front-end (compiler optimization steps) for C to assembly translation and 

optimization

● (Optional) Test new instruction into an instruction set simulator

● Describe the micro-architecture (extend the core)

● Evaluate the power, performance, area cost of the micro-archi



TinyRISC-V SoC Platform

47

● Include CPU + Systolic Array interconnected with AXI protocol



What is AMBA and why use it?
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● What is AMBA?

○ The Arm Advanced Microcontroller 

Bus Architecture (AMBA) is an 

open-standard, on-chip interconnect 

specification

○ The connection and management of 

functional blocks in system-on-chip 

(SoC) design

AMBA protocols like AXI4 and AXI3

https://reurl.cc/MW9aX3



What is AMBA and why use it?

49

● Where is AMBA used?

○ AMBA simplifies the development of designs with multiple processors 

and large numbers of controllers and peripherals

○ AMBA is widely used in a range of ASIC and SoC parts

● Why use AMBA?

○ Efficient IP reuse

■ Provide the interface standard that enables IP reuse

○ Flexibility

■ Offers the flexibility to work with a range of SoCs

https://reurl.cc/MW9aX3



AXI Protocol Overview
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● What is AXI protocol?

○ A point-to-point specification, not a bus specification

○ Describes only the signals and timing between 

interface

○ All AXI connections are between master interfaces

and slave interfaces

○ AXI interconnect interfaces contain the same signals

■ Makes integration of different IP simple

■ The direct connection gives maximum bandwidth

between the master and slave components with

no extra logic

https://reurl.cc/MW9aX3



Variations of AXI4

51

● There exists three types of AXI interface

○ AXI4: 

■ The high-performance interface, suited for memory mapped 

communication 

■ AxLEN[7:0] has 8 bits, allowing bursts of up to 256 data transfers in 

a transaction

○ AXI4-Lite: 

■ A light-weight variant of the interface, used for memory mapped 

single transactions

■ This variation does not support burst data, only provides a single 

data transfer per transaction



Variations of AXI4
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● There exists three types of AXI interface

○ AXI4-Stream: 

■ Allows for an unlimited data burst size

■ A single channel is defined for the transmission of streaming data

■ Connection is from master to slave only

■ If bidirectional transfers are required both peripherals must be of 

type master/slave



AXI Channels

53

● Write operations use the following channels

○ The master sends an address on the Write Address (AW) channel

○ Transfer data on the Write Data (W) channel to the slave

○ The slave writes the received data to the specified address

○ Once the slave has complete the write operation

■ Responds a message to master on Write Response (B) channel

■ Each channel is unidirectional -> a separate B channel is needed to 

pass responses back to the master

https://reurl.cc/MW9aX3



AXI Channels

54

● Read operations use the following channels

○ The master sends an addr. it wants to read on Read Address (AR) channel

○ The slave sends the data from the requested address to the master on the 

Read Data (R) channel

○ The slave can also return an error message on Read Data (R) channel

○ No need for a Read Response (RR) channel, RR is passed as part of the 

Read Data channel

https://reurl.cc/MW9aX3



Main AXI Features
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● Independent read and write channels

○ AXI supports two different sets of channels (write and read)

○ Having two independent sets of channel helps to improve bandwidth 

performance of the interface

○ Read and write operations can happen at the same time

● Multiple outstanding addresses

○ A master can issue transactions without waiting for earlier transaction to 

complete

● No strict timing relationship between address and data oper. 

○ There is no timing requirement for when the master has to provide the 

corresponding data to write on the Write Data channel



Main AXI Features
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● Support for unaligned data transfer

○ A 32-bit data packet that starts at a byte address of 0x1002 is not 

aligned to the natural 32-bit address boundary

● Out-of-order transaction completion

○ There is no restriction on the completion of transactions

○ A single physical port can support out-of-order transactions by acting as 

server logical ports

● Burst transactions based on start address

○ AXI masters only issue the starting address for the first transfer

○ Any following transfer, the slave will calculate the next transfer address 

based on the burst type



Channel Transfers and Transactions
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● Channel handshake

○ The AXI4 protocol defines five different channels

○ All of these channels share the same handshake mechanism that is 

based on the VALID and READY signals

○ The source uses the VALID signal to indicate when valid information is 

available

■ The VALID signal must remain asserted until the destination accepts

https://reurl.cc/MW9aX3



Channel Transfers and Transactions
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● Transfer

○ A transfer is a single exchange of information

○ With one VALID and READY handshake

https://reurl.cc/MW9aX3



Channel Transfers and Transactions

59

● Channel transfer examples

○ In clock cycle 2, the VALID signal is asserted, indicating that the data on 

the information channel is valid

○ In clock cycle 3, the following clock cycle, the READ signal is asserted

○ The handshake completes on the rising edge of clock cycle 4

■ Both READY and VALID signals are asserted

https://reurl.cc/MW9aX3



Channel Transfers and Transactions
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● Transaction

○ A transaction is an entire burst

of transfer

○ In a write transaction:

Containing an address transfer,

one or more data transfers, 

for write sequences, a 

response transfer

https://reurl.cc/MW9aX3



Channel Transfers and Transactions
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● Write transaction: single data item

○ The write transaction involves the following channels

■ Write Address (AW)

■ Write (W)

■ Write Response (B)

○ The handshake is where the master communicates the address of the 

write to the slave

https://reurl.cc/MW9aX3



Channel Transfers and Transactions
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● Write transaction: single data item

○ The master puts the address on AWADDR and asserts AWVALID in 

clock cycle 2

○ The slave asserts AWREADY in clock cycle 3 to indicate its ability to 

receive the address value

○ The handshake completes on the rising edge of clock cycle 4

○ After this first handshake, the master transfers the data to the slave on 

the Write channel

https://reurl.cc/MW9aX3



Channel Transfers and Transactions
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● The data transfer has the following sequence of event

○ The slave is waiting for data with WREADY set to high in clock cycle n

○ The master puts the data on the WDATA bus and asserts WVALID in 

clock cycle n + 2

○ The handshake completes on the rising edge of clock cycle n+3

○ The slave use Write Response (B) channel to confirm that the write 

transaction has completed once all WDATA has been received

https://reurl.cc/MW9aX3



Channel Transfers and Transactions
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● The write response has the following sequence of events

○ The master asserts BREADY

○ The slave drives BRESP to indicate success or failure of the write 

transaction, and asserts BVALID

○ The handshake completes on the rising edge of clock cycle n+3

https://reurl.cc/MW9aX3



Channel Transfers and Transactions
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● Read transaction: single data item

○ The read transaction involves the following channels

■ Read Address (AR)

■ Read (R)

○ First, there is a handshake on the Read Address (AR) channel

https://reurl.cc/MW9aX3



Channel Transfers and Transactions
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● The handshake has the following sequence of events

○ In clock cycle 2, the master communicates the address of the read to 

the slave on ARADDR and asserts ARVALID

○ In clock cycle 3, the slave asserts ARREADY to indicate that it is ready 

to receive the address value

○ The handshake completes on the rising edge of clock cycle 4

○ Next, on the Read (R) channel, the slave transfers the data to the 

master

https://reurl.cc/MW9aX3



Channel Transfers and Transactions

67

● The data transfer handshake has the following events

○ In clock cycle n, the master indicates that it is waiting to receive the data 

by asserting RREADY

○ The slave retrieves the data and places it on RDATA in clock cycle n+2

○ In a single data transaction, the slave sets the RLAST signal to high

○ The slave uses RRESP to indicate the success or failure of the read 

transaction to the master, and asserts RVALID

https://reurl.cc/MW9aX3



Write Data Strobes
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● What is write data strobe signal?

○ Used by a master to tell a slave which bytes of the data bus are required

● When to use write data strobes?

○ Write data strobes are useful for cache accesses for efficient movement 

of sparse data arrays

○ Optimize data transfers using unaligned start addresses

○ E.g. Suppose that the valid data are only in the top six significant bytes 

of the data bus, from byte 7 to byte 2

1 1 1 1 1 1 0 0

F C https://reurl.cc/MW9aX3



Unaligned Transfer Start Address

69

● The AXI protocol supports transactions with an unaligned start 

address that only affects the first transfer in a transaction

○ AXI supports unaligned transfer using the strobe signals

○ After the first transfer in a transaction, all other transfers are aligned

○ The example shows a 5-beat 32-bit transfer starting at an unaligned 

address of 0x01

■ The first transfer contains

three bytes

■ All the following transfers in

the burst are aligned with

the bus width

https://reurl.cc/MW9aX3



Takeaway Questions

● What are correct descriptions for RISC-V? 

○ (A) RISC-V tells us implementation details of the CPU

○ (B) All operations are on internal registers

○ (C) Fused MAC instruction reduces instruction count

● What are benefits of the “Packed-SIMD” ?

○ (A) Reduce the number of LD/ST instructions

○ (B) Improve the L1 cache hit rate

○ (C) Parallel operations on high-precision data

70



Takeaway Questions

● What is the correct encoding value of WSTRB?

○ (A) 0x81

○ (B) 0x3C

○ (C) 0xE8

71


