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Cloud > Edge > Near-Sensor Computing XL Chips-IT

#1 Customer Question on

Edge Computing Cloud Computing
Amazon.com (out of 1,000+):
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Al capabilities in the power
envelope of an MCU:
100mW peak (10mW avg)
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loT End-Nodes Challenge >):§<Chips-|T

Sense Analyze and Classify Transmit
MEMS IMU Short range, medium BW
i -y uController Y-
-— [ £
MEMS Microphone / ©
e.g. CortexM
La A4 d s \!) g s
Low rate (periodic) data
ULE dmager 0. | (@)
1ty &‘% )
s
s 4 1 + 25 MOPS SW update, commands
EMG/ECG/EIT 1+ 10 mW
v ;i \ Long range, low BW
i _ Idle:  ~1uW
100 uW = 2 mW Battery + Harvesting powered Active: ~ 50mW

- afew mW power envelope




Near-Sensor Analytics Applications (NSAA) >):§<Chips-|T

INPUT COMPUTATIONAL OUTPUT
BANDWIDTH DEMAND BANDWIDTH

Image 80 Kbps 1.34 GOPS
Tracking:
[*Lagroce2014]

Voice/Sound
Speech:
[*VoiceControl]

Inertial

Kalman:
[Nilsson2014] 24 KPPS 7.7 MOPS

Biometrics

SVM:
[Benatti2014] | © KPPS
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ML Processors from Tiny to Huge

Peak Performance (GOps/sec)
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Legend
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Al Workloads from Cloud to Edge (Extreme?) >>:-:<<Chips-IT

Inception-v4

[culurciello18]
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CloudML > TinyML XL Chips-IT

TinyML Opportunity
v' Sensor data analytics v' Keyword spotting — wake word v' Image classification
v Classify states or behavior with v" Voice commands v" Face recognition
sensors v Object detection
v Predic_t potential failure v Personalization based on
behavior early face recognition

v~ Smartwatch, predictive
maintenance, etc

TinyML challenge
Al capabilities in the power envelope of an MCU: 10-mW peak (1ImW avg)



Energy efficiency @ GOPS is THE Challenge >::X<Chips-lT

10000 J Pineda, NXP + Updates
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Energy efficiency @ GOPS is the Challenge >><::<Chips-lT

ARM Cortex-M MCUs: M0+, M4, M7 (40LP, typ, 1.1V)*
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The Tunnel: High-Performance vs. Energy-Efficient >\/>,§<Chips-lT

[AzizilSCA10]

Instr Memory 350 T T _ 1-issue out-of-order,
Instr Address] instr Data Data Memory > order, tssue
nstr ress 300 | = in-order, 2-issue
Data E —=in-order, 4-issue
§ 250 | out-of-order, 1-issue
E —&— out-of-order, 2-issue
i 200} *— out-of-order, 4-issue
Align and Wr | &
Decompress & 1501
RF | s
Decode w 100} a—
operands ——
fwd '
50 1 : 1 1 1
0 500 ! 1000 i 1500 2000
JumpS Performance (MIPS)!
Optimal . <>
Architecture: 1-issue i 2-issue | 4 i 2-issue i 4-issue
BranCheS ’ in-order ! in-order ! in ! o000 | 000

“Classical” core performance scaling trajectory
> Faster CLK -> deeper pipeline -> IPC drops

> Recover IPC -> superscalar -> ILP bottleneck (dependencies)

> Mitigate ILP bottlenecks -> 00O -> huge power, area cost!



RIS5CY — Open MCU-class RISC-V Core (based on
CV32E40P)

3-cycle ALU-OP, 4-cyle MEM-OP—>IPC loss: LD-use, Branch

Debug lnterface][

RISC-V core

00
Prefetch<!
Buffer A

dbg_halt

£\
Y, Debug Unit |
¢ A

wdata o

™~

addr o

N
TOPA CSR ot

0B A /1

EX
[WB|
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rdata i

[TCDM - Log. Interconnectl

Baseline RISC-V RV32IMC (not good for ML)

Post modified Load/Store

SIMD 2/4 + DotProduct + Shuffling

b RISC
V1

HW loops
V2

Mac
V3

Bit manipulation unit
Lightweight fixed point

° ISAis extensible by construction (great!)

40 kGE

70% RF+DP

RISC-V 2 V1

>>:/'\<< Chips-IT

40.7
39.9 27.7%
M/D
28.6 12.2%
ALU
20.8 24.7%
10.8 13.6%
5.2 12.8%




RISC-V Instruction Set Architecture

”> Started by UC-Berkeley in 2010

> Contract between SW and HW
> Partitioned into user and privileged spec
> External Debug
»> Standard governed by RISC-V foundation
> ETHZ is a founding member of the foundation
> Necessary for the continuity
> Defines 32, 64 and 128 bit ISA
> No implementation, just the ISA

> Different implementations (both open and close
source)

> ETHZ+UNIBO specialized in
efficient implementations of RISC-V cores

>:>(< Chips-IT

R RISC
SW

Applications

OS

ISA
User Privileged




RISC-V Foundation Members XL Chips-IT
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RISC-V ISA Baseline and Extensions >/\>\'/<<Chips-IT

Integer instructions (frozen)

Reduced number of registers

Multiplication and Division
(frozen)

Atomic instructions (frozen)

Single-Precision Floating-Point
(frozen)

Double-Precision Floating-Point
(frozen)

Compressed Instructions (frozen)

Non Standard Extensions

> Kept very simple and extendable
> Wide range of applications from loT to HPC

> RV + word-width + extensions
> RV32IMC: 32bit, integer, multiplication, compressed

> User specification:

> Separated into extensions, only | is mandatory
> Privileged Specification (WIP):

> Governs OS functionality: Exceptions, Interrupts

> Virtual Addressing
> Privilege Levels



Baseline + Extensions in a Page

Free & Open ’ RIS C -/ Reference Card

Privilege
Mode

Compressed
Instructions (C)

Basic Instructions (l)

32-bit Instruction Formath

N Bu e:ﬂ n . Bu_ nn ; <R P Y i A -
m uncid 2 op_

1 T[] nl | functd C opoode| €SS iy | e :
s i ) w1l functd | fmmld) e] CIW funct3 imm * | op
SB [Tmm12]| imm103) 2 1| functd | imanfe] | imaniT | CL | fmc3 | imm | el [mm | o op
u Tmm 3112, wd %e cs _'“f_n_dg — } n} lmﬂ w2 [ op
l'f"f_Tj —— = unct offset B offset o

U3 [ X imm[10] 1| imm19:12] ol e 3! fants | Jump ¢ o

Multiply/Divide (M)

Atomic Extensions (A)

Q wrcvr.N. |-|n|e|

)
.| -o) uux.m
RV rax.(sio]

Hiiiﬂiimfii i

RISC-V Integer Base (RV321/641/1281), privileged, and optional compressed extension (RVC). Registers x1-x31 and the pe ave 32 bits
wide in RV32I, 64 in RV641, and 128 in RVI2SI (x0-0). RV641/1281 add 10 instructions for the wider formats. The RVI base of <30
classic integer RISC instructions s vequeived. Every 10-bit RVC instruction matches an existing 32-bit RV instruction, See risc.org.

divide. instructions (RV32M); 11 optional atomic.
’Jﬂoalmg-pomllmmmﬁwwgk Mc— MMW (RV32F, RV32D, RV32Q). The laner add registers f0-f31, whose

(RV324);.and.

X< Chips-IT

width matches the widest precision, and a floating-point control and status register fesr. Each larger address adds some instructions: 4 for RVM,
11 for RVA, and 6 each for RVF/D/Q. Using regex notation, | | means set, so 1.{D|Q} s both LD and 1Q). See risc.org. (8/21/15 revision)



RISC-V Architectural State

> There are 32 registers, each 32 / 64 / 128 bits long

> Named x0 to x31
> x0 is hard wired to zero
> There is a standard ‘E’ extension that uses only 16 registers (RV32E)

? In addition one program counter (PC)
> Byte based addressing, program counter increments by 4/8/16

> For floating point operation 32 additional FP registers
> Additional Control Status Registers (CSRs)

> Encoding for up to 4’096 registers are reserved. Not all are used.

>>/'\<v< Chips-IT



RISC-V Instructions four basic types

R register to register operations
I operations with immediate/constant values
S / SB operations with two source registers

U/ UJ operations with large immediate/constant value

31 27 24 2719
funct7 rs2 R-type
imm|[11:))] funct3 I-type
imm|[11:5] rs2 funct3 S-type
imm(31:12] U-type

XK Chips-IT



RISC-V is a load/store architecture X Chips-IT

> 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
> 1/3 ALU utilization if operands are from/to memory (LD, ALU, ST)



Encoding of the instructions, main groups

> Reserved opcodes for standard extensions

> Rest of opcodes free for custom implementations

»> Standard extensions will be frozen/not change in the future

>>:/'\<< Chips-IT

Extensibility is integral to RISC-V ISA design!

inst[4:2] 000 001 010 011 100 101 110 111
inst[6:5] (> 32b)
00| LOAD LOAD-FP MISC-MEM | OP-IMM | AUIPC OP-IMM-32 48b
01| STORE | STORE-FP AMO op LUI OP-32 64b
10| MADD | MSUB NMADD | OP-FP 48b
1| BRANCR | JALR AL svererr IR o




RISC-V Instruction Length is Encoded >§:(<Chips-lT

> LSB of the instruction tells how long the instruction is

> Supports instructions of 16, 32, 48, 64, 80, 96, ..., 320 bit
> Allows RISC-V to have Compressed instructions

| XXXXXXXXXXXXXXaa | 16-bit (aa # 11)

| XXXXXXXXXXXXXXXX I XXXXXXXxxxxpbbb1l1 | 32-bit (bbb # 111)

- XXXX ‘ XXX XXXXXXXXXXXXX | xxxxxxxxxx011111 | 48-bit

© e XXXX ‘ XXXXXXXXXXXXXXXX | xxxxxxxxx0111111 | 64-bit

-+ XXXX | XXXXXXXXXXXxxxxx | xxxxxnnnni111111 | (80+16*nnnn)-bit, nnnn#1111

-+ S XXXX ‘ XXXXXXXXXXXXXXXX | xxxxxi1111111111 | Reserved for >320-bits

Byte Address:  base+4 base+2 base



RISC-V Basic Matrix Multiplication Loop

RV32IMC

/&di a0, a0, 1

additl, t1,1
addit3,t3,1
addit4,t4, 1

lbu a7, -1(a0) (A)

lbu a6, -1(t4) (C)

lbu a5, -1(t3) (D)

Ibu t5, -1(t1) (B)

mul s1, a7, a6 (A*C)
mul a7, a7, a5 (A*D)
add s0, s0, s1 (0 + A*C)
mul a6, a6, t5 (B*C)
add t0, t0, a7 (0 + A*D)
mul a5, a5, t5 (B*D)
add t2, t2, a6 (0 + B*C)
add t6, t6, a5 (0 + B*D)

\755, a0, 0x1C000BC

Lots of pointer updates!

Only one MACs every 4 cycles!

Extremely inefficient!

XL Chips-IT



Xpulp: Post increment LD/ST X< Chips-IT

> Automatic address update e= v
N pdat for (1=0;1<100;1++)
Update base register with computed address after c = c + a[il*b[i];
the memory access
—>Save instructions to update address register Original RISCV Auto-incr load/store
> i :
Post-increment: addi x4, x0, 64 addi x4, x0, 64
> Base address serves as memory address Lstart : Lstart :
Ib x2, 0(x10) Ib x2, 0(x10!)
Ib x3, 0(x12) Ib x3, 0(x12!)
> Offset can be stored in: addix10,x10,1 ..
addi x12, x12, 1 bne x2,x3, Lstart

> Register

. bne x2,x3, Lstart
> Immediate

—save 2 additional instructions to update
the read addresses of the operands!



Xpulp: Post increment implementation >§:(<Chips-lT

> Register file requires additional
[TCDM - Log Interconnect]

write port 0
i i i iti Pre/post incr. (L _iaddro  |SU )

> Reglsterfl.le requires addltlnnal | [rclo Serereaal F——

read port if offset is stored in -

register .

i —ex ||

> Processor core area | g !

increases by 8-12 % 7| [ex
? Ports can be used for other

instructions 1

, pre/post incr. address —l
Pre/post Incr. add. ' LA pre/post incr data




Xpulp: Post increment effect

RV32IMC

addi a0, a0, 1

additl, t1,1
addit3,t3,1
addit4,t4, 1

lbu a7, -1(a0) (A)

Ibu a6, -1(t4) (C)

Ibu a5, -1(t3) (D)

Ibu t5, -1(t1) (B)

mul s1, a7, a6 (A*C)
mul a7, a7, a5 (A*D)
add s0, s0, s1 (0 + A*C)
mul a6, a6, t5 (B*C)
add t0, t0, a7 (0 + A*D)
mul a5, a5, t5 (B*D)
add t2, t2, a6 (0 + B*C)
add t6, t6, a5 (0 + B*D)

bne s5, a0, 0x1CO00BC

RV32IMC + LD post incr.

pJbu a7, -1(a0) (A)
p.lbu a6, -1(t4) (C)
p.lbu a5, -1(t3) (D)
p.lbu t5, -1(t1) (B)

mul s1, a7, a6 (A*C)
mul a7, a7, a5 (A*D)
add s0, s0, s1 (0 + A*C)
mul a6, a6, t5 (B*C)
add t0, t0, a7 (0 + A*D)
mul a5, a5, t5 (B*D)
add t2, t2, a6 (0 + B*C)
add t6, t6, a5 (0 + B*D)
bne s5, a0, 0x1CO00BC

24% boost

>:>(< Chips-IT



Xpulp: Multiply-Accumulate (MAC) XL Chips-IT

int acc=0, coeff[N], inp[N];
> Accumulation on 32 bit data p.mac for (int 1=0; i<N; 1++)

acc += coeff[i] * inp[i];

acc =__builtin_pulp_mac (inpli], coeff[i], acc);

e

Intrinsics: special functions that map directly to inlined DSP
> Directly on the register file Instructions.

However, the compiler can already place the p.mac instruction
> Pro: into the above code!

” Faster access to mac accumulation
? Single cycle mult/mac

? Cons:
> Additional read port on the register file

> used for pre/post increment with register




Xpulp: MAC effect

RV32IMC

addi a0, a0, 1

additl, t1,1
addit3,t3,1
addit4,t4, 1

lbu a7, -1(a0) (A)

Ibu a6, -1(t4) (C)

Ibu a5, -1(t3) (D)

Ibu t5, -1(t1) (B)

mul s1, a7, a6 (A*C)
mul a7, a7, a5 (A*D)
add s0, s0, s1 (0 + A*C)
mul a6, a6, t5 (B*C)
add t0, t0, a7 (0 + A*D)
mul a5, a5, t5 (B*D)
add t2, t2, a6 (0 + B*C)
add t6, t6, a5 (0 + B*D)

bne s5, a0, 0x1CO00BC

RV32IMC + LD post incr.

pJbu a7, -1(a0) (A)
p.lbu a6, -1(t4) (C)
p.lbu a5, -1(t3) (D)
p.lbu t5, -1(t1) (B)

mul s1, a7, a6 (A*C)
mul a7, a7, a5 (A*D)
add s0, s0, s1 (0 + A*C)
mul a6, a6, t5 (B*C)
add t0, t0, a7 (0 + A*D)
mul a5, a5, t5 (B*D)
add t2, t2, a6 (0 + B*C)
add t6, t6, a5 (0 + B*D)
bne s5, a0, 0x1CO00BC

24% boost

RV32IMC + LD post incr.
+MAC

p.lbu a7, -1(a0) (A)
p.lbu a6, -1(t4) (C)
p.lbu a5, -1(t3) (D)
p.lbu t5, -1(t1) (B)
p.mac s0, a7, a6 (0+A*C)
p.mac t0, a7, a5 (0+A*D)
p.mac t2, a6, a5 (0+B*C)
p.mac t6, a5, t5 (0+B*D)

bne s5, a0, 0x1CO00BC

47% boost

XL Chips-IT



Xpulp: HW Loops Extensions

Hardware loop setup with:

>3 separate instructions
> Ip.start, Ip.end, Ip.count, Ip.counti
—>No restriction on start/end address
> Fast setup instructions
> Ip.setup, Ip.setupi
—>Start address= PC + 4
—>End address= start address + offset »
—>Counter from immediate/register

»

Original RISC-V

//initialize counter
mv x4, 100
// init accumulator
mv x5, 0
Lstart:
//decrement counter
addi x4, x4, -1
//load elements from mem
Iw x8, 0(x9)
Iw x10, 0(x11)
//update memory pointers
add x9, x9, 4
add x11, x11, 4
//mac
mul x8, x8, x10
add x5, x5, x8
bne x4, x0, Lstart

XK Chips-IT

c=0;

for(i=0;i<100;i++)

c =c + ali]*bli];

HW Loop Ext

// init accumulator
mv x5, 0
//set number iterations, start and end of
the loop
Ip.setupi 100, Lend
//load elements from mem
Iw x8, 0(x9)
Iw x10, 0(x11)
//update memory pointers
add x9, x9, 4
add x11, x11, 4
//mac
mul x8, x8, x10
Lend: add x5, x5, x8

No counter and branch
overhead!



Xpulp: Hardware Loop Implementation >>V(A<Chips-lT

> Hardware loops or Zero Overhead Loops to remove branch overhead in for loops

> After configuration with start, end, count variables no more comparison and branches are required.

> Smaller loop benefit more E[s,tart addr _i[3:0] }
E ;T hwloop target addr o L
> Loop needs to be set up beforehand and is fully defined by: end addr ir3:01 L;
” Start address EEEPC_II—L : | hwioop dec cnt of3:0}
? End address < . floop jump o
counter i[3:0] m.f )
o

> Counter l:l
Two sets registers implemented to support nested loops.

hwloop controller

current pc id i Start
ALU result i : ; start addr 0[3:0]
hwloop we i[‘2:0] ) I | end addr o[3:0]

hwloop regid\ii counter 0[3:0]

Area costs:

N
i
I
L

” Processor core area increases by 5%

end

Performance:

> Speedup can be up to factor 2! _
hwloop registers




Xpulp: HW Loop Effect

RV32IMC + LD post incr.

RV32IMC

addi a0, a0, 1

additl, t1,1
addit3,t3,1
addit4,t4, 1

lbu a7, -1(a0) (A)

Ibu a6, -1(t4) (C)

Ibu a5, -1(t3) (D)

Ibu t5, -1(t1) (B)

mul s1, a7, a6 (A*C)
mul a7, a7, a5 (A*D)
add s0, s0, s1 (0 + A*C)
mul a6, a6, t5 (B*C)
add t0, t0, a7 (0 + A*D)
mul a5, a5, t5 (B*D)
add t2, t2, a6 (0 + B*C)
add t6, t6, a5 (0 + B*D)

bne s5, a0, 0x1CO00BC

pJbu a7, -1(a0) (A)
p.lbu a6, -1(t4) (C)
p.lbu a5, -1(t3) (D)
p.lbu t5, -1(t1) (B)

mul s1, a7, a6 (A*C)
mul a7, a7, a5 (A*D)
add s0, s0, s1 (0 + A*C)
mul a6, a6, t5 (B*C)
add t0, t0, a7 (0 + A*D)
mul a5, a5, t5 (B*D)
add t2, t2, a6 (0 + B*C)
add t6, t6, a5 (0 + B*D)
bne s5, a0, 0x1CO00BC

24% boost

RV32IMC + LD post incr.
+MAC

p.lbu a7, -1(a0) (A)
p.lbu a6, -1(t4) (C)
p.lbu a5, -1(t3) (D)
p.lbu t5, -1(t1) (B)
p.mac s0, a7, a6 (0+A*C)
p.mac t0, a7, a5 (0+A*D)
p.mac t2, a6, a5 (0+B*C)
p.mac t6, a5, t5 (0+B*D)

bne s5, a0, 0x1CO00BC

47% boost

RV32IMC + LD post incr.
+MAC + HW loop

[\Ip.setup _—

53% boost

p.lbu a7, -1(a0) (A)
p.lbu a6, -1(t4) (C)
p.lbu a5, -1(t3) (D)
p.lbu t5, -1(t1) (B)
p.mac s0, a7, a6 (0+A*C)
p.mac t0, a7, a5 (0+A*D)
p.mac t2, a6, a5 (0+B*C)

p.mac t6, a5, t5 (0+B*D)

XL Chips-IT

Done only at the



Xpulp: Packed SIMD (Single-Instruction, Multiple >,\>\'/<<Chips-lT
Data)

Remember: DNN inference is OK with low-bitdwidth operands

? Packed-SIMD extensions
> Make usage of resources the best in performance with little overhead
> Target for embedded systems, RVV is for high performance
? pSIMD in 32bit machines
” Vectors are either 4 8bits-elements or 2 16bits-elements
> pSIMD instructions

Computation add, sub, shift, avg, abs, dot product
Compare min, max, compare

Manipulate extract, pack, shuffle



Xpulp: Packed SIMD DXL Chips-IT

Same Register-file

” The instruction encode how to interpret the content of the register

rsl 0x03 | 0x02 | 0x01 | 0x00
rs2 0x0D | 0x0C | 0x0B | O0x0A
add rD, rsl, rs2 rD = 0x03020100 + OxODOCOBOA
add.h rD, rs1, rs2 rD[0] = 0x0100 + 0xOBOA
rD[1] = 0x0302 + 0xODOC
add.b rD, rs1, rs2 rD[0] = 0x00 + Ox0A

rD[1] = 0x01 + OxOB
rD[2] = 0x02 + 0x0C
rD[3] = 0x03 + 0x0D



Xpulp: Packed SIMD ALU architecture

> Advanced ALU for Xpulp extensions
> Optimized datapath to reduce resources
> Multiple-adders for round

> Adder followed by shifter for fixed point
normalization

> Clip unit uses one adder as comparator and
the main comparator

XL Chips-IT

adder

clip unit

b

vector shil

fter

4
{
2 |

-

> operand_a > operand_b > operand_c > bmask_a > bmask_b
3 3 b b ¥ . Y Y
vectorial adder vectorial bit manipulation logic unit shuffle
comparator unit unit
3 3

alu_operator

¥

¥ k. 3 k.

¥

branch_decision

l alu_result



Expanding SIMD Dot Product XL Chips-IT

?> Dot Product: (half word example)
C[31:0] = A[31:16]*B[31:16] + A[15:0]*B[15:0] + C[31:0]

- 2 multiplications, 1 addition, 1 accumulation in 1 cycle (2x for bytes)

IIIIIIIIIIIII

signed mode_i[0] _D_
signed moda 31:16

=

{LI
A EEEREE
Y]
35:2 Compres




MUL architecture X< Chips-IT

Pmul t_operand_a | Pmul t_operand_b I qul t_operand_c I F dotfoperandialP dotioperandfhl P dotioperandicl
32 32 32 32 32 /E

32,

3 bit FSM

> 16x16b with sign selection for short
multiplications [with round and
normalization]. 5 cycles FSM for higher 64-
o9 bits (mulh* instructions)

”> 32x32b single cycle MAC/MUL unit

00000001 5 1 > 16X16b Short para”el dOt prOdUCt
[+
_E > 8x8b byte parallel dot product
i > clock gating to reduce switching activity
mige N/ between the scalar and SIMD multipliers

arith_logic_shift

32l 324

! mult_result

8

mult_operator 21 *4




Xpulp: HW Loop Effect

RV32IMC + LD post incr.

RV32IMC

addi a0, a0, 1
additl, t1,1
addit3,t3,1
addit4,t4, 1

lbu a7, -1(a0) (A)
Ibu a6, -1(t4) (C)

Ibu a5, -1(t3) (D)

Ibu t5, -1(t1) (B)

mul s1, a7, a6 (A*C)
mul a7, a7, a5 (A*D)
add s0, s0, s1 (0 + A*C)

mul a6, a6, t5 (B*C)

mul a5, a5, t5 (B*D)
add t2, t2, a6 (0 + B*C)
add t6, t6, a5 (0 + B*D)

bne s5, a0, 0x1CO00BC

add t0, t0, a7 (0 + A*D)

pJbu a7, -1(a0) (A)
p.lbu a6, -1(t4) (C)
p.lbu a5, -1(t3) (D)
p.lbu t5, -1(t1) (B)

mul s1, a7, a6 (A*C)
mul a7, a7, a5 (A*D)
add s0, s0, s1 (0 + A*C)
mul a6, a6, t5 (B*C)
add t0, t0, a7 (0 + A*D)
mul a5, a5, t5 (B*D)
add t2, t2, a6 (0 + B*C)
add t6, t6, a5 (0 + B*D)
bne s5, a0, 0x1CO00BC

24% boost

RV32IMC + LD post incr.
+MAC

p.lbu a7, -1(a0) (A)
p.lbu a6, -1(t4) (C)
p.lbu a5, -1(t3) (D)
p.lbu t5, -1(t1) (B)
p.mac s0, a7, a6 (0+A*C)
p.mac t0, a7, a5 (0+A*D)
p.mac t2, a6, a5 (0+B*C)
p.mac t6, a5, t5 (0+B*D)

bne s5, a0, 0x1CO00BC

RV32IMC + LD post incr.
+MAC + HW loop

Ip.setup
[\p.lbu a7,-1(a0) (A)
p.lbu a6, -1(t4) (C)

p.lbu a5, -1(t3) (D)
p.lbu t5, -1(t1) (B)

p.mact2, a6, a

53% boost

p.mac s0, a7, a6 (0+A*C)

p.mac t0, a7, a5 (0+A*D)

, a5, t5 (0+B*D)

XL Chips-IT

RV32IMC + LD post incr.

+MAC + HW loop + packed

DIMD

Ip.setup
p.lh a7, -1(a0) (A)
p.lh a6, -1(t4) (C)

p.sdotp.b s0, a7, a6

82% boost



Runtime for three different applications >>::(<Chips-lT

14

' ERV32IMCXpulp
ERV32IMC

I RV32EC

Extensions have

1.2+

x1 x1

,_.
I

O,
o
I

Number of Cycles]

I
FS
I

2D Convolution EEMBC Coremark Scheduler Application



Different cores for different area budgets

>>K< Chips-IT

o 38'5 27.7%
~ Lo - prefetcher-buff
p - decoder+ctrl
I register-fite
30 - - cir-status RF
28.6 12.2%
w25
>
= L 20.8 24.7% X2.2
©
2 183 19.7%
< . . (=]
10.8 13.6% 10.5 35.0%
28.7%
5.2 12.8%
2.5 13.4% 21.7%

RV32IMCXpulp  RV32IMC RV32EC



Different cores for different power budgets

Power Consumpion [mW]

=]
2 &

X< Chips-IT

0.506

0.464 .9%
0.298 12.7%
0.225 4%

x2.4

0.211

0.146

RV32IMCXpulp

RV32IMC

0.188

.2%  0.138

[ prefetcher-buff
Blregister-file 7
B ctr-status RF -
[/oad-store unit
[l decoder+ctri 7
ClaLv -
[Cldebug unit
_multdiv unit -

x2.7

73.5% 7

RV32EC



Energy Efficiency: 2D-Convolution @55MHz, 0.8V >\,:>(<Chips-lT

More frequent events/ processing

- RV32IMCXpulp
" RV32IMC
. RV32EC

=
=)

,_

5
2
i

._
S
I

Normalized Log. Energy Consumption

649 ms

I
IOU| . - — | T IIIIIII 1 1 IIIIIIII [} 1 |IIIlII 1 1 I T 1 1 | IS Y ROV Y |
10° 10! 2 10° 10* 10° 10°

Normalized Log. Inter-Event Time



Thank you

>v2\<< Chips-IT




ML & Parallel, Near-threshold: a Marriage Made in

Efficiency vs VDD chipO1

Heaven

> As VDD decreases, decr
> However efficiency increases—> more we
> Until leakage effects start to dominate

> Put more units in parallel to get perform

ML is massively paraliel
and scales well
(P/S N with NN size)

Efficiency (parMatrixMul2) [MOPs/mW]

>::><< Chips-

Optimum | ___________ Better to have Nx PEs running at o]
point lower voltage than
= 5 one PE at nominal voltage! @ il

O S~ S SO

7.8mW

2 ng

0 8%

0 6%

0.6 0.7

VDD [V]

0.8 0.9
(+50mV SoC, +100mV Mem)

T

600
550
500

450

-1 400

350

300

250

200

150

100

50

Max. Frequency [MHz]



Multiple RI5CY Cores (1-16) X< Chips-IT

RISC-VEERISC-VERISC-VERRISC-V
core core core core

CLUSTER

Working with RISC-V 43

CIS Edge Al Summer School, Lausanne, 14/06/2022



Low-Latency Shared TCDM

Tightly Coupled Data Memory

Mem Mem Mem Mem Mem

Logarithmic Interconnect

RISC-VEERISC-VERRISC-V
core core core

CLUSTER

X< Chips-IT

a4



High speed single clock logarithmic interconnect >>v<,\<Chips-IT
Processors

Tree

Arbitration
Tree

World-level bank interleaving «<emulates» multiported mem

A. Rahimi, I. Loi, M. R. Kakoee and L. Benini, "A fully-synthesizable single-cycle interconnection network for Shared-L1
processor clusters,” 2011 Design, Automation & Test in Europe, 2011, pp. 1-6.




Shared instruction cache with private “loop buffer” >§:(<Chips-lT

-t
(&)
O
c
c
o
(&)
{5
()
-t
c

Logarithmic Interconnect

RISC-VEERISC-VEERISC-VERRISC-V
core core core core

1S 1S 1S 1$
CLUSTER

49



DMA for data transfers from/to L2 >):(<Chips-n

-t
(&)
O
c
c
o
(&)
{5
()
-t
c

Logarithmic Interconnect

RISC-VEERISC-VERRISC-VERISC-V
core core core core

1$ 1$ 1$ 1$
CLUSTER

52



An additional Host controller is used for 10 >):§<Chips-lT

Logarithmic Interconnect

-t
(&)
O
c
c
o
(&)
{5
()
-t
c

RISC-VEERISC-VERRISC-VERISC-V
core core core core

1$ 1$ 1$ 1$

CLUSTER

53



v .
How do we work: Initiate a DMA transfer »X Chips-IT

1 Ext. :

:Meml
1

54



Data copied from L2 into TCDM XL Chips-IT

: Ext. :

interconnect

e
(8]
()
c
c
Q
=
Q
fh=]
c

55



YV,
[ Ld [ " -T
Once data is transferred, event unit notifies cores X Chips-|

1 Ext. :

:Meml
1
|

56



YV,
ips-IT
Cores can work on the data transferred X Chips

1 Ext. :

:Meml
1

57



Once our work is done, DMA copies data back >><::<Chips-lT

: Ext. :

interconnect

e
(8]
()
c
c
Q
D
Q
fh=]
c

58



During normal operation all of these occur

concurrentlyr____

1 Ext. :

:Meml
1

inte conne t

RISC-VEERISC-V, §RISC-VERISC-V
core core core core

s W g

XL Chips-IT

59



Not All Programs Are Created Equal

> Processors can do two kinds of useful work:

Decide (jump through program parts)
= Modulate flow of instructions
=  Smarts:

= Don’t work too much

= Be clever about the battles you pick (e.g.,
search in a database)

= Lots of decisions
Little number crunching

> Many of today’s challenges are of the diligence kind:

XL Chips-IT

Compute (plough through numbers)
* Modulate flow of data
* Diligence:

e Don’t think too much

* Just plough through the data
(e.g., machine learning)

* Few decisions
Lots of number crunching

> Tons of data, algorithm just ploughs through, few decisions done based on the computed values
> “Data-Oblivious Algorithms” (ML, or better DNNs are so!)




Not All Programs Are Created Equal >v2\(<0hips-|T

> Processors can do two kinds of useful work:

Decide (jump through program parts)
= Modulate flow of instructions

=  Smarts:
= Don’t work too much

= Be clever about the battles you pick (e.g.,
search in a database)

= Lots of decisions
Little number crunching

> But still decision making is crucial in computing!




Host controllers can be of various kind

I Ext. :

:Meml

interconnect

Tightly Coupled Data Memory

Mem

Mem Mem Mem Mem

interconnect

RISC-VEERISC-VIERISC-VERRISC-V
core core

1$

X< Chips-IT

62



PULPissimo: embedded loT controller >):(<Chips-|T

> Compact and tiny micro controller

Mem Mem Mem Mem Mem Mem Mem
Bank Bank Bank Bank Bank Bank Bank
> Simple control tasks and peripherals

> Extreme ultra-low power
management Tightly Coupled Data Memory Interconnect

Data Instr

RISC-V
(CV32E40P)/RI
scy

APB/Peripheral Interconnect




PULPissimo: embedded loT controller >):§<Chips-|T

-----

niine

SO U OO IO IEICHT TBE
K]

o
<
»

=
=)

(o))
(S)]
=3
=)

ST

Mr. Wolf 40nm  Poseidon 22nm  Arnold 22nm R Xavier 65nm

management

G Lml

oNMm

i

=2 ica By Ciccini, Gianna Par . ~h Fischer O
= 1M
LITPSC DOl




Cheshire: Not only extreme edge loT >>:<<Chips-IT

dbg* jtag®  slink* vga* usb* axi_ext*

Device configs

i2c*

(=2 e 3|2 :

> S |s reg_ext_slv*
2 5 § § i cfg.RegEXtNumSIv 88
o = S

ol 8 3 |G UART mmdiCid

<C I|<

E 8 Y

= (dp) SIS

SPI Host spin*
(€] 21 (@ —— gpio*

axi_llc*
(to DRAM)

AXI4+ATOP Crossbar

Last Level Cache
Regbus Demux

cfg.NumCores



Cheshire: Not only extreme edge loT >§:(<Chips-|T

M Od U Ia r P I atfo rm dbg* jtag®  slink* *usb*  axi_ext*
” Based on 64-bit Application-class bevice confas
p ro Cesso r cfg.RegExtNumSIlv reg_ext_siv*

uart*

> Linux-capable and configurable for a wide
range of applciations

i2c*
SP| Host jummdtill

gpio*

i cfg. AXIExtNumMst
i cfg. AXiExtNumSIv

pmmd JTAG Debug
pmd  Serial Link

> Standard interrupt, debug, and memory e AX|4+ATOP Crossbar

(to DRAM)
interfaces
> Access to external DRAMs (HyperRAMs)

xeip_ext*
CLINT pmdidiCs
IRQ Router Sramaliizy
Boot ROM
SoC Regs

Last Level Cache
Regbus Demux

cfg.NumCores



CVA6(S+): Application-class 64-bit RISC-V core >§:(<Chips-|T

| Wider ] Bigger

ITLB
L2 TLB
(16-entry) (2-way,

DTLB |, & D$
(16-entry) |12&-€NY) > (4-way,

32-bit inst line LD Unit
from I1$ (1-entry)

ST Queue
(8-entry)

Decoder Buffer Load/Store pipe! Retire
ALU pipe 0! Logic

g4 (128-entry, i RegFiIe
48B) 1 new entry . Write
BTB Decoder

(32-entry, Int RF CSR
025KB) Scoreboard (32_entry) R Write
RAS (8-entry) Fp RF
(2-entry) (32-entry)

S9VAD <« 9VYAD

Missing support in CVA6S

IF2 IS FPU pipe




CVA6(S+): Application-class 64-bit RISC-V core >):(<Chips-|T

~ Wider | Bigger | New |

ITLB
(16-entry)
DTLB
(16-entry)

L2 TLB
(2-way,

: D$
128-entry) > (@-way,

32-bit inst line LD Unit
from I$ (1-entry)

ST Queue
(8-entry)

Decoder Buffer Load/Store pipe Retire

ENENES RegFiIe
1 new entry . Write

Decoder

Int RF : CSR
(32-entry) ! Write

Scoreboard
(8-entry) Fp RF
(32-entry)

+S9VAD <« S9VAD

IS

Private History Branch History
Table (PHBHT) predictor




CVA6(S+): Application-class 64-bit RISC-V core >>:<<Chips-IT

» ITLB
L2 TLB
(a6-entry) (2-way, [PTW,
1$ DTLB 5] D$
128-entry) >
> (4-way, [ (16-entry) < (4-way,
32KB) » 32KB) , 0
-------------------- O L ittt it =t e e e e e 7 et Bttt e e ) ] <
32-bit inst line ; a | LD Unit : 1 >
from I$ % E Addr (1-entry) E o
E Gen ST Queue i
' (8-entry) i m
g C Cen - Decoder Buffer { _____ LoadiStorepipe; [N v
. i [ALUO ALU pipe 0! Logic
PHBHT 5 W Alu1 ALU pip )
s (128-entry, 5 ,- ---------------------- :! RegFile O
48B) E 1 new entry ; Mul Div - E Write <
r B8 | ; Decoder ; ALUIMUL pipe! p ~
: B e an e s i | csr
» (32-entry, ; Int RF ' MBranch : Write m
[ RAS ! Fp RF T g +
(2-entry) ; (32-entry) ' !
; ! Missing support in CVA6S |
i i
. . 1 Py !
il 52 Register renaming to IS : FPUpipe;  WB

eliminate Write-After-Write
hazards




CVA6(S+): Application-class 64-bit RISC-V core >>:<<Chips-IT

+S9VAD <« S9VAD




