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Processor Designs

Dominated by three architectures

X86 Arm RISCV

1971 1990 20102015



Processor Designs
Calista Redmond, RISEU Summit

More than 4k RISC-V members across 70 Countries

107 Chip 4 Systems

SoC, IP, FP ODM, OEM

31/0 18 Industry

Memory, network, storage Cloud, mobile, HPC, ML, automotive
Y g

21 Services 172 Research

Fab, design services Universities, Labs, other alliances

50 Softwarec >4000 Individuals

Dev tools, firmware, OS RISC-V engineers and advocates

RISC-V membership up 28% in 2023

M RISC-V"

M ®
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Accelerating Compute for Al/ML

Going beyond processors

GPU/Parallel Processing
Memory

NoC Fabric

Caches & Cache Coherency

Chiplets

M ®
@ xromise
predictable formal verification



Custom Compute

Where are we headed?

Compute Is becoming faster
Cache subsystems and parallel computing at an unforeseen scale
Coherent NoC fabrics essential for speed and compute
Cores becoming moceistomisegdthanks to RIST
Chip design is becomidgmocratisethanks to opeisource

Chiplets providing efficiency and speed

M ®
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Verification in Crisis
Wilson Researdkeports 2022

5@ 66% 60-80% 2 76%
IC/ASIC projects run Overall verification costs ASICs require 2 or
behind schedule morerespins
»
R 84% R 62%
FPGA designs with nuivial Logical/Functional flaws causingpas in designs
bug escapes (>1B gates)

1030 simulation cycles not finding bugs

M ®
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What happens when we get it seriously
wrong?



DO 254

Key Fob Hacking

Oversight //9: o Personal Data

Third-Party Apps
LAY

p:;: OBD-Il Hacking

)
_ <l

1SO26262
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INTEL FDIV

. 4
_ _ Intale
Intelrecalledhe defective processors In

pentium™

December 1994. In January 1995, Intel
announced "a pitax charge of $475 million
against earnings, ostensibly the total cost
associated with replacement of the flawed

processors.”

1994
FUNCTIONAL VERIFICATION
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What Needs to Change?

|s the change imminent?

Can anything be done to make things better?
What would it cost to make these improvements?

Would the changes require a revolution?

M ®
@xwm se
predictable formal verification



A Holistic Approach is Missing

A unifying perspective is missing

é )
ARCHITECTURE Architectural Micrearchitectural
\ y
4 “
DESIGN/MICROARCHITECTURE Deadlock

\. J
f \ Security

NEVHST \ X-propagation
. y
= )

Safety

SILICON

\ y
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Custom Verification for Custom Silicon

Efficient Complete Rigorous Scalable Reusable

POWERED BY FORMAL METHODS

M ®
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Formal verification iIs still not mainstream

Because the missing link is methodology for scalability



The Axiomise Vision

Enable predictable formal verification for all

We want all chip design engineers to enjoy formal

Make everyone ADEPT with formal so they can

Avoid bugs, detect bugs, erase bugs, prove bug absence
Tape out silicon without any bugs

We are making formal normal

M ®
@xwm se
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Axiomise Solutions

TRAINING CONSULTING

1-2-3-4-5 days

Instructor led: F2F, Online

Primer
Comprehensive
Methodology
Problem solving

Vendor neutral

Any duration

Training follow up

Methodology
Strategy
Planning

Review

Mentoring

.
@ predictable formal verificati

SERVICES

Any duration
Verification Strategy
Verification Planning

Execution
Sign-off
Weekly updates

Agile workflow

RISGV

RISGV ISA Formal®
Tool vendor independent
Push button, easy set -up
Find arch & uArch bugs
Functional verification
Safety, security, power

Bug presence & absence



Formal Consulting & Services

TheAxiomiseéeam has experience in formal verification of over 150 designs

DMA controller
Multi-threaded processor
Bus bridges (AXI/CHI/OCP/TileLink)
Cache sub-systems

GPU shaders
12C/USB/HDMI/I2S
Network-on-chip

Al/ML accelerator
Ethernet Switch
Mixed-signal

Low-power

Power controller

M ®
@ xomise
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Working with Customers Worldwide

( — } axiomise




Our Expertise
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Our Expertise

High Proof
Convergence

So that you have
higher confidence

M ®
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Our Expertise

High Proof

Bugs & Exhaustive
Convergence

Proofs

So that you have

higher confidence Making sure your

design is bug free

M ®
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High Proof
Convergence

So that you have
higher confidence

Bugs & Exhaustive
Proofs

Making sure your
design is bug free

Our Expertise

M ®
@xwm se
predictable formal verification

Innovation in
Abstractions

Allowing you to

have the highest
guality designs,

without respin



Our Expertise

High Proof Bugs & Exhaustive Innovation in Scala_ble PFOOf
Convergence Proofs Abstractions Engineering
So that you have ~ Making sure your Allowing you to Our solutions scale
higher confidence  design is bug free have the highest as your designs do

quality designs,
without respin

M ®
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Our Expertise

High Proof Bugs & Exhaustive Innovation in Scalable Proof High Quality
Convergence Proofs Abstractions Engineering Sign-off
So that you have Making sure your Allowing you to Our solutions scale Functional
higher confidence  design is bug free have the highest as your designs do Safety
quality designs, Security
without respin PPA

M ®
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Abstractionsare the key enabler for
scalable formal verification

POWERED BY FORMAL METHODS

M ®
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Two Transaction Abstraction — Ashish Darbari, CDNLive, 2014

Tracking arbitrary watched data values

W_req

w_data

w_ack

Depth/capacity/slots

D, D,

Separated by Arbitrary window

M ®
@ xomise
predictable formal verification

r_req

r _data

r_ack



Two Transaction Abstraction — Ashish Darbari, CDNLive, 2014
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Two Transaction Abstraction — Ashish Darbari, CDNLive, 2014

AN
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Two Transaction Abstraction — Ashish Darbari, CDNLive, 2014
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Two Transaction Abstraction — Ashish Darbari, CDNLive, 2014

Use four registers in Verilog verify FIFOs as deep as 64K deep

Data structures Type What they do
D, logic Watched data
D, logic Watched data
sampled_in_d1 Register Tracking ingress
sampled_in_d2 Register Tracking ingress
sampled out dl1 Register Tracking egress
sampled_out_d2 Register Tracking egress

assert property (sampled_in_d1 && sampled_in_d2
| - >
Isampled_out_d2 || sampled_out_d1)

Efficient Complete Rigorous Scalable  Reusable

M ®
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FIFO and Arbiters: Estranged Cousins

Watched requestors

FIFO and Arbiter: The Two Estranged Cousins

Multi-input-multi-output arbiter

hsk_in_glbl == any
requestor arrives

(12) United States Patent

Singleton et al.

a0y Patent No.: US 10,210,119 B2
45) Date of Patent: *Feb. 19, 2019

1133

ARBITER

114

hsk_out_glbl == any
requestor leaves

ARBITER VERIFICATION

Applicant: Imagination Technologies Limited,
Kings Langley (GB)

Inventors: Iain Singleton, Hemel Hempstead
(GB); Ashish Darbari, Abbots Langley
(GB); John Alexander Osborne
Netterville, Cambridge (GB)

Assignee: Imagination Technologies Limited,
Kings Langley (GB)

Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35

. ®
@ predictable formal verification

(52) US. CL
CPC. o GOG6F 13/364 (2013.01); GO6F 13/1621
(2013.01); GOG6F 13/3625 (2013.01);
(Continued)
Field of Classification Search
GOGF 13/364; GOGF 13/4252; GO6F
13/1621; GO6F 13/3625; GO6F 13/4256
See application file for complete search history.

References Cited
U.S. PATENT DOCUMENTS

7,684,431 B1* 3/2010 Gibson H041. 45/52
370/461




CPU Arbiter Abstract Model

Watched requestor

Variable Expression Type
watched_requestor $stable Symbolic variable
hsk_in_glbl |hsk_in Continuous assign
hsk_out_glbl |hsk_out Continuous assign
incr hsk in_glbl && Isampled _in Continuous assign
decr hsk out_glbl && 'sampled out Continuous assign
count count + incr I decr Register, reset to 0
sampled _in hsk in [watched requestor] Register, reset to 0
sampled_out hsk out [watched requestor] Register, reset to 0
can_read count==1 && sampled in && hsk_out_glbl Continuous assign
assert property ( can_read |=> sampled out );

M ®
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GPU Memory Subsystem

Requirementsl|

Requestors

R3:R0 - Group 0
R7:R4 - Group 1

Concurrent requests from
requestors from different
groups

Rule is any requests can arrive

M ®
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GPU Memory Subsystem

Requirementsl|

Requestors

Requests from the same
requestor within a group

traffic directed to a given bank

Rule is first-come-first-serve

M ®
@xwm se
predictable formal verification



GPU Memory Subsystem

Requirementsll|

Requestors

Concurrent requests from
all requestors from the

same group with requests
directed to a given bank

Rule is priority

M ®
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GPU Memory Sub-system
Verification Strategy

Scheduling is complex
Firstcomefirstserve
Stalling, RAMs, and FIFOs create a complex control mesh
Priority order
Firstcomefirstserve takes precedence over priority

Strategy

Per bank per requestor view
72 asserts generated to check foemefirstserve

All prove within-B hours
Priority orderinsgplcihtescecked t hrough c¢case
11 additional assertions (cases) per bank X 2 (groups of requestors)
Extensions of ¢two transactioneée based model s
All asserts prove withir/aminutes
Overall less than 1000 lines of code for arbiter verification

M ®
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Cache Systems

Watched transaction

Scheduler Verification - I

= For all transactions, an
ordering is associated

*

* One of these in_flight
transactions is selected

= Next state is
determined based on
sequential history

NUM_ALLOWED_TRANSACTIONS

* X
: size chosen to allow

all legal transaction
permutations

M ®
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Cache Systems

Writes must complete before reads

Sched u |er Abst raction FIFO Two Transaction Based

assert property
(samplediniidiie g sampled v nid2
| == Usamplecl ouic €2 ||| samplecl eiuic @)
assert property

:in_flight[watched_transaction].valid

I
Lin flight[watched transaction] .operation inside{OPCODE WRITE}

1in flight[watched transaction + 1].valid
:in flight[watched transaction + 1] .operation inside {OPCODE READ} &&
// Inter-transaction dependencies
(in flight[watched transaction].cacheline ==
in flight[watched transaction + 1].cacheline)
| =>

('read trans seen || write_ trans seen))

M ®
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In the rapidly evolving semiconductor industry, keeping pace with Moore's Law presents
opportunities and challenges, particularly in system-on-chip (SoC) designs. Notably, the number
of transistors in microprocessors soared to an unprecedented trillion.

Therefore, as modern applications demand increasing complexity and functionality, improving
transistor usage efficiency without sacrificing energy efficiency has become a key goal. Thus, the
network-on-chip (NoC) concept has been introduced, a solution designed to address the
limitations of traditional bus-based systems by enabling efficient, scalable, and flexible on-chip
data transmission.
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1. Request from source port1
passed through, waiting for
response.

2. (1) Request (h2,b2,t2) from
source port2 passed through,
waiting for response.

(2) Response(h1,b1,t1) to source
port1 passed through

(3) The h2, b2 and h1 being push
into FIFO

3. h1 got stuck in the head of line




