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Traditional Multi-Level Modeling Methodologies

L Functional-Level Modeling
Applications _
— Behavior

Algorithms
) Cycle-Level Modeling
Compilers — Behavior
- N — Cycle-Approximate
Instruction Set Architecture — Analytical Area, Energy, Timing
Microarchitecture
) . Register-Transfer-Level Modeling
| VLSI ) — Behavior

— Cycle-Accurate Timing

< Transistors > — Gate-Level Area, Energy, Timing
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Traditional Multi-Level Modeling Methodologies

Multi-Level Modeling
Challenge
FL, CL, RTL modeling
use very different
languages, patterns,
tools, and methodologies

SystemC is a good example
of a unified multi-level
modeling framework

Is SystemC the best
we can do in terms of
productive
multi-level modeling?

Functional-Level Modeling

— Algorithm/ISA Development
— MATLAB/Python, C++ ISA Sim

Cycle-Level Modeling

— Design-Space Exploration

— C++ Simulation Framework
— SW-Focused Object-Oriented
— gemb5, SESC, McPAT

Register-Transfer-Level Modeling

— Prototyping & AET Validation

— Verilog, VHDL Languages

— HW-Focused Concurrent Structural
— EDA Toolflow
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Traditional RTL Design Methodologies

HDL HPF HGF
Hardware Description Hardware Preprocessing Hardware Generation
Language Framework Framework
HDL Mixed HDL Host Language HDL
(Verilog) (Verilog+Perl) (Verilog) (Scala) (Verilog)
® synth o gen synth o gen synth
& 1 RTL & | RTL RTL 1 & —RTL »RTL -
NbIR N DR DIR
Im™ | epga/ Sim™ | rpga/ Sim’ | Fraa/
| ASIC ! ASIC [ ASIC
gen gen
— TB » 1B > TB -TB - TB
Example: Genesis2 Example: Chisel

\/ Fast edit-sim-debug loop )( Slower edit-sim-debug loop )( Slower edit-sim-debug loop

\/ Single language for Multiple languages create \/ Single language for
structural, behavioral, + TB "semantic gap" structural + behavioral

x Difficult to create highly \/ Easier to create highly \/ Easier to create highly
parameterized generators parameterized generators parameterized generators

x Cannot use power of host

|s Chisel the best we can do in terms of a language for verification

productive RTL design methodology?

3/26
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P MTL Python-based hardware generation,
y simulation, and verification framework

#é which enables productive

multi-level modeling and RTL design

Python SystemVerilog
Functional-Level
T
— Cycle-Level w-» RTL
T RTL /

v
co-simulate |synthesize
\ Multi-Level «—+— '

Simulation B
T \__ |gFPGAD

prototype B ASIC B

— Test Bench bring-up ("hoood!
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PyMTL3 in Practice

PyMTL3 Retrospective

PyMTL3: A Python Framework for Custom

ASIC Design and Verification

Python

SystemVerilog

PyMTL3 Motivation

L Functional-Level

®
\A i—» Cycle-Level generate | | RTL
. \I W /|
PyMTL3 for Design -
\f Multi-Level co-simulate lsym
. Simulation *‘\ BDDDDEE
PyMTL3 for Testing 1 otoms B AEE
~—1 Test Bench bring-up |ShooodP
PyMTL3 in Practice
PyMTL3 Retrospective
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PyMTL3 Retrospective

PyMTL3: A Python Framework for Custom
ASIC Design and Verification

SystemVerilog

Python
[ ] LFunctional-Level
‘A i—»C cle-Level generate
| \I . \\3" iy o
PyMTL3 for Design

\;\ . co-simula

Multi-Level «—+—
Simulation “\

T tot
p_’ Test Bench %‘ﬁnog_yUppe

— RTL

Vi

te l synt

I:'l:H:lI:II:lI:‘:|
OFPGAD
8 ASIC O
E‘:ll:ll:ll:ll:ll:|
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= PyMTL

» PYMTL2: https://github.com/cornell-brg/pymtl

> released in 2014
> extensive experience using framework in research & teaching

» PYMTL3: https://github.com/pymtl/pymt13

official release in May 2020

adoption of new Python3 features

significant rewrite to improve productivity & performance
cleaner syntax for FL, CL, and RTL modeling
completely new Verilog translation support

>
>
>
>
>
> first-class support for method-based interfaces
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The PyMTL3 Framework

Py el PyMTL3 In-Memory
(Python) Intermediate
Representation
Test & Sim (Python)
Harnesses Yy, \
Model Elaboration]—> |n|\£?adnec,!e
Config

PyMTL3
Passes
(Python)
\
Simulation Simulatable
Pass ) Model
) )
Tragzlsas’flon | Verilog
_J
s T \ :'—_____._—'I
| Analysis ! , Analysis
! Pass 1 | Output !
| e p— , I-————————-!
s T T T \ :‘ ________ 1
' Transform ! . New |
. Pass 1 Model |
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PyMTL3 High-Level Modeling

1 class QueueFL( Component ):
2 def construct( s, maxsize ): qi q2
3 s.q = deque( maxlen=maxsize ) deq eng
4 enq | enq deq |deq
5 @non_blocking( Co— > <7 > <<l
6 lambda s: len(s.q) < s.q.maxlen )
7 def enq( s, value ):
8 s.q.appendleft( value )
9 14 class DoubleQueueFL( Component ):
10  @non_blocking( 15 def construct( s ):
11 lambda s: len(s.q) > 0 ) 16 s.enq = CalleeIfcCL()
12 def deq( s ): 17 s.deq = CalleeIfcCL()
13 return s.q.pop() 18
19 s.ql = QueueFL(2)
20 s.92 = QueueFL (2
» FL/CL components can use o1 @A )
method-based interfaces 22 comnect( s.enq,  s.ql.enq )
23 connect( s.q2.deq, s.deq )
iy . 24
» Structural composition via 25 Qupdate
connecting methods 26 def upA():
27 if s.ql.deq.rdy() and s.q2.enq.rdy():
28 s.q2.enq( s.ql.deq() )

Christopher Batten May 2025, Jane Street Xcelerator Colloquium 9/26




PyMTL3 Motivation * PyMTL3 for Design PyMTL3 for Testing PyMTL3 in Practice PyMTL3 Retrospective

PyMTL3 Low-Level Modeling

from pymtl3 import *

]
2 tmp

3 class RegIncrRTL( Component ): _ :

4 In_ § out

5 def construct( s, nbits ): g +1— >

6 s.in_ = InPort ( nbits )

7 s.out = OutPort( nbits )

8 s.tmp = Wire  ( nbits )

9 » Hardware modules are Python

10 Qupdate_ff classes derived from Component

11 def seq_logic():

12 S.tmp <<= s.in_ » construct method for constructing
13 :

4 Qupdate (elaborating) hardware

15 def comb_logic(): : ,

o s.out @= s.tmp + 1 » ports and wires for signals

» update blocks for modeling
combinational and sequential logic
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SystemVerilog Translation and Import

Pure .
PYMTL {Translatlon]

Pass
Model
Instance J,

4 B
System || vierilator —| RTLCH++

Verilog L ) Source

Import C Wrapper LLVM C Shared
Pass Source GCC Library

l l PyMTL

Wrapped
PyMTL » CFFI |— SV Model
Wrapper

_ y, Instance

N
J

» Translation+import enables easily testing translated SystemVerilog
» Also acts like a JIT compiler for improved RTL simulation speed
» Can also import external SystemVerilog IP for co-simulation
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PyMTL3 Retrospective

PyMTL3: A Python Framework for Custom
ASIC Design and Verification

SystemVerilog

Python
@ LFunctional-Level

‘A i—» Cycle-Level generate
\I . \\ a7 /
\;\ . co-simula

Multi-Level «—+—
P MTL3 f T ] Simulation “\

y or lesting ! ™
p_’ Test Bench %‘ﬁnog_yUppe

— RTL
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Testing highly parameterized designs is challenging

Testing a specific ring network instance Pkt ( sre=0, dst=1, payload-Oxdeadbeet
- - t( src=0, dst=3, payload=0x

requires a number of different test cases PRl orecl, dutod, b loado0x00010000

pkt( src=1l, dst=2, payload=0x00010002

test_ring lpkt 2x2 0 chnl pkt( src=2, dst=1, payload=0x00020001

test _ring 2pkt 2x2 0 _chnl pkt( src=2, dst=3, payload=0x00020003

test_ring 2pkt 2x2 0 chnl pkt( src=3, dst=2, payload=0x00030002

pkt( src=3, dst=0, payload=0x00030000
pkt( src=0, dst=1, payload=0x00001000
pkt( src=1l, dst=2, payload=0x10002000
pkt( src=2, dst=3, payload=0x20003000

test ring self 2x2 0 _chnl
test_ring clockwise 2x2 0_chnl
test_ring aclockwise 2x2 0_chnl

test_ring neighbor 2x2 0_chnl pkt( src=3, dst=0, payload=0x30000000
test_r%ng_tornado_zx2_0_chnl pkt( src=0, dst=3, payload=0x00003000
test_ring backpressure 2x2 0 _chnl pkt( src=1, dst=0, payload=0x10000000

pkt( src=2, dst=1, payload=0x20001000
pkt( src=3, dst=2, payload=0x30002000

~— v e e e e N N N

Ideal testing technique:

1. Detect error quickly with small number of EAEAEAENE]
S EE

test cases A NGV ENEN G E
2. The failing test case has minimal number of BRG]

transactions
A design generator can have

. _ _ many parameters: topology, routing,
4. The failing test case has the simplest design flow control, channel latency

3. The bug trace has simplest transactions
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Software Testing Techniques

» Complete Random Testing (CRT)

> Randomly generate input data
> Detects error quickly
> Debug complicated test case

» lterative Deepened Testing (IDT)
> Gradually increase input complexity
> Finds bug with simple input
> Takes many test cases to find bug

» Property-Based Testing (PBT)
> Define invariants
> Automatically generate examples
> Automatically shrinking failing tests

> Increasingly state-of-the-art in
software testing

def gecd( a, b ):
while b > 0:
a, b=>b, a%b
return a

def test_crt():
for _ in range( 100 ):
a = random.randint( 1, 128 )
b = random.randint( 1, 128 )
assert ged( a, b ) == math.gcd( a, b )

def test_idt():
for a_max in range( 1, 128 ):
for b_max in range( 1, 128 ):
assert ged( a, b ) == math.gcd( a, b )

@hypothesis.given(
a = hypothesis.strategies.integers( 1, 128 ),
b = hypothesis.strategies.integers( 1, 128 ),
)
def test_pbt( a, b ):
assert ged( a, b ) == math.gcd( a, b )

Christopher Batten

May 2025, Jane Street Xcelerator Colloquium
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PyMTL3 creatively adapts PBT to test HW

» PyMTL3 uses Hypothesis, a property-based testing (PBT) framework
for Python software, to create a PBT framework for hardware

» PyMTL3 leverages PBT to explore not just the input values for an RTL
design but to also explore the parameter values used to configure
an RTL design generator

Case Study: On_chip from hypothesis import strategies as st
network generator for ring
topology with shortest path

1
2
3 @hypothesis.given(
4
. . 9
routing and virtual channels 6 )
7
8
9
0

nterminals = st.integers(2,16),
test_pkts = st.lists(pkt_strategy())

def test_ring( nterminals, test_pkgs ):
dut = RingNetwork( nterminals )

th = TestHarness( dut, test_pkts )
run_sim( th )

to avoid deadlock
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Example of PyMTL3 + PBT for Ring Network

H#tests

#transactions

nterminals

300 - 1000 - 60 -
150 1 500 A T 30 1 &!
01— © © © 0l o — T g é!
T T T T T T ? T T T O T T T T
250 - 250 - 16 -
125 i?125— 8 -
o %
o} o o B
0— T T T T T O—$ ? ? % T 0 % % T T
16 - g 16 - 16 -
8
(@)
8 - 8 - 8 - 8 0
= o o)
~ o) —
I o =
O T T T T T O T T T T T O T T T T
Random lterative PBT
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PyMTL3: A Python Framework for Custom
ASIC Design and Verification

SystemVerilog

Python
@ LFunctional-Level
;A 1 ) generate
\I . ] Cycle-Level /_
T——RTL

\;\ co-simula

Multi-Level «——
Simulation *‘\
T prototype

— RTL

Vi

te l synt

I:'l:H:lI:II:lI:‘:|
OFPGAD
8 ASIC O
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PyMTL for Cycle-Level Modeling

PyMTL for RTL Modeling

Appears in the Proceedings of the 47th Int’l Symp. on Microarchitecture (MICRO-47), December 2014

Architectural Specialization for Inter-Iteration Loop Dependence Patterns

Shreesha Srinath, Berkin Ilbeyi, Mingxing Tan, Gai Liu, Zhiru Zhang, and Christopher Batten

School of Electrical and Computer Engineering, Cornell University, Ithaca, NY
{s52783,bi45,mt453,g1387,zhiruz,cbatten } @cornell.edu

Using Intra-Core Loop-Task Accelerators to Improve the
Productivity and Performance of Task-Based Parallel Programs

JiKim Shunning Jiang Christopher Torng Moyang Wang
Shreesha Srinath ~ Berkin Ilbeyi  Khalid Al-Hawaj  Christopher Batten

School of Electrical and Computer Engineering, Cornell University, Ithaca, NY
{jyka4s, sj634, clt67, mw828, ss2783, bi45, ka429, cbatten }@cornell.edu

In practice, we use PyMTL
more for RTL modeling than
CL modeling

Appears in the Proceedings of the 51st ACM/IEEE Int’l Symp. on Microarchitecture (MICRO-51), October 2018

An Architectural Framework for Accelerating Dynamic
Parallel Algorithms on Reconfigurable Hardware

Tao Chen, Shreesha Srinath, Christopher Batten and G. Edward Suh
Cornell University
Ithaca, NY 14850, USA
{tc466, 52783, cbatten, gs272} @cornell.edu

Appears in the Proceedings of the Int’l Symp. on Networks-on-Chips (NOCS-14), September 2020

Implementing Low-Diameter On-Chip Networks
for Manycore Processors Using a
Tiled Physical Design Methodology

Special Session Paper
Yanghui Ou, Shady Agwa, Christopher Batten
School of Electrical and Computer Engineering, Cornell University, Ithaca, NY
{ y096, sr972, cbatten } @cornell.edu

Appears in the Proceedings of the 27th IEEE Int’l Symp. on High-Performance Computer Architecture (HPCA-27), Feb 2021

Ultra-Elastic CGRAs for Irregular Loop Specialization

Christopher Torng?*, Peitian Pan', Yanghui Ou', Cheng Tan', and Christopher Batten'

ICornell University, Ithaca, NY 2Stanford University, Stanford, CA
{ clt67, pp482, yo96, ct535, cbatten } @cornell.edu

Appears in the Proceedings of the 55th ACM/IEEE Int’l Symp. on Microarchitecture (MICRO-55), October 2022

s @ [V

big. VLITTLE: On-Demand Data-Parallel Acceleration
for Mobile Systems on Chip

Tuan Ta, Khalid Al-Hawaj, Nick Cebry, Yanghui Ou, Eric Hall, Courtney Golden, and Christopher Batten

School of Electrical and Computer Engineering, Cornell University, Ithaca, NY
{qtt2,ka429,nfc35,y096,ewh73,ckg35,cbatten } @cornell.edu

Christopher Batten
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PyMTL3 has been used in may tapeouts

TSMC 180/65/28/16nm
GF 130/12nm; Intel 22FFL

>

>
>
>
3

RISC-V microcontrollers
Manycore architectures

Accelerators

Mesh on-chip networks

Crossbar interconnects

201 7 201 8 201 9

BRGTC3&4
TSMC 180nm
2x2.5mm

2020

BRGTC1 BRGTC2
IBM 130nm TSMC 16nm TSMC 28nm
2x2mm 5x5mm 1x1.25mm

Celerity

PIPES EIC
Intel 16nm
8x8mm

BRGTC6
TSMC 65nm
1X1mm

CIFER
GF 12nm
4x4.5mm

Cebbiisdaddon

BRGTC5
TSMC 180nm
2x2.5mm

Christopher Batten
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BRG Test Chip #5 (2022)

A R

e s

PFEERREERERER

&
=y
=]
%
g
=
£
£
&
=

CebLibiossdad

Sl e R IR,

Three undergraduates — MENg
2x2.5mm in TSMC 180nm

RISC-V RV32IM micro-controller
16KB of instruction SRAM, 16KB of data SRAM ‘
SPI interface for config, SPI master, GP /O Skl R
100% done using PyMTL3 (including chip bring-up) ES YRR TR

vVvVvVvyVvyYvyy
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Cifer SoC for DARPA POSH (2021)

» Project led by David ol Daeems € 2 @3
4 b w O
Wentlzaff’s group at Princeton ( oyt Gt | || {©Cwkoeman {2} CIFER
| Cluster Control Unit | “l Off-Chip Interface I: |D0wnsamp|er SoC
‘\L e, N
I TinyCore Pair x3 | I 1A e e e e T
4 X 4mm N GF 12 nm Tiny- Tiny- {sFPGA Cfg. Clock Domain | eFPGA
oherence W!| |‘——————F—-———"-"""-'
450 million transistors Tl | M=
N oy ey o |
]
1
]

To Coherence Shard

4 Linux-capable Ariane cores
1 Embedded FPGA

routers  (hetero-coherence) |
i

B
] ([0/:=13%\I Logic | Logic | Logic
i .| Array | UEV] RUEY] BUE
| € [oERAV [T [T [
! LU | Array | Array | Array
1

1[0][=13%\1%|§ Logic | Logic § Logic
L2l A | Array | Array | Array
1[0]/:13%2Y| i Logic | Logic | Logic
i A | Array | Array | Array

1

(oY= | Logic Logic | Logic B

! a1\ | Array | Array | Array i

| |

___________________________

|
eFPGA
Controllerf

+
Cache Inval. Mem Req. Ctrl R

Private

3 TinyCore clusters | | AR

vV vvYVYYy

|
L\ e

|
|
I
1
I
I

> 6 RISC-V RV32IMAF cores (| s
> 4KB private L1 data cache

> Pairs share icache, MDU, FPU
> Software-centric coherence

B MapCdrasadRersHpdelverio network implemented
using PyMTL3 and SystemVerilog import of
DesignWare floating-point units

<'_ o
Mem Resp.

[CICC’23,SSCL23]
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PyMTL3 for Undergraduate and Graduate Courses

Network — “ "4;"-
il il [l [ - Ve
1$ 1$ 1$ 1$ S ol
Chip Design Course SEEEEREER R
Labs use PyMTL for | | 1
~ ~ . . ‘ o
Network verification, PyMTL or =: .
~ ewor J Verilog for RTL design, ._;I L -
L Li Ll L standard ASIC flow "‘}
D$ D$ D$ D$ 't

1 il [ [

f Network = First Teaching Tapeout =/
N J in 10+ years! 2
Computer Arch Course Four student projects £
Labs use PyMTL for verification, All use PyMTL for testing

PyMTL or Verilog for RTL design Two use PyMTL for design
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« PyMTL3 Retrospective

PyMTL3: A Python Framework for Custom
ASIC Design and Verification

SystemVerilog

Python
@ LFunctional-Level
;A 1 ) generate
\I . ] Cycle-Level /_
T——RTL

\;\ co-simula

Multi-Level «——
Simulation *‘\
T prototype

— RTL

Vi

te l synt

I:'l:H:lI:II:lI:‘:|
OFPGAD
8 ASIC O
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PyMTL3 Retrospective
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« PyMTL3 Retrospective

PyMTL3 Publications

» S. Jiang, B. llbeyi, et al., “Mamba: Closing the Performance
Gap in Productive Hardware Development Frameworks.” DAC,
June 2018.

» S. Jiang, P. Pan, Y. Ou, et al., “PyMTL3: A Python Framework
for Open-Source Hardware Modeling, Generation, Simulation,
and Verification.” IEEE Micro, 40(4):58-66, Jul/Aug. 2020.

» S.Jiang*, Y. Ou*, P. Pan, et al., “PyH2: Using PyMTL3 to
Create Productive and Open-Source Hardware Testing
Methodologies.” IEEE Design & Test, 38(2):53—61, Apr. 2021.

» S.Jiang, Y. Ou, P. Pan, et al., “UMOC: Unified Modular
Ordering Constraints to Unify Cycle- and
Register-Transfer-Level Modeling.” DAC, Dec. 2021.

» P. Pan, S. Jiang, et al., “Symbolic Elaboration: Checking
Generator Properties in Dynamic Hardware Description
Languages.” MEMOCODE, Sep. 2023.

» P. Pan and C. Batten, “Formal Verification of the Stall Invariant
Property for Latency-Insensitive RTL Modules.” MEMOCODE,
Sep. 2023.

Theme Article: Agile and Open-Source Hardware

PyMTL3: A Python
Framework for Open-Source
Hardware Modeling,
Generation, Simulation,

and Verification

Shunning Jiang, Peitian Pan, Yanghui Ou,
and Christopher Batten
Cormell U

PYMTL3 i i

58 °
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Six Lessons Learned After 10+ Years

» 1. Dynamic typing concerns are uninformed
Most Python-based embedded DSLs for hardware design support
strong typing for RTL at elaboration time; consider this a form of
gradual typing

» 2. Simulation speed actually is a bottleneck
Python-based embedded DSLs struggle to simulate large, complex
designs; Python CL models just too slow compared to C++ CL
models; JIT compilation can only close the gap so much

» 3. Verification is more important than design
Too many academic projects focus on making design more productive
or rely purely on type checking and/or correctness by construction;
productive testing and formal methods are equally important!
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Six Lessons Learned After 10+ Years

> 4. Interoperability with standard methodologies is essential
RTL translation must be robust and generate readable Verilog; Verilog
import must be a first-class design consideration; must support
iIndustry standard verification flows

» 5. Single clock domain and synchronous reset are limiting
Real chips need asynchronous interfaces, source synchronous
interfaces, pipelined reset signals, and/or asynchronous reset for
external IP

» 6. Physical design is the crux of agile chip design
Python-based frameworks can help improve design and verification
productivity, but physical design remains a critical bottleneck
especially on small design teams with short design cycles
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P MTL Python-based hardware generation,
y simulation, and verification framework

#é which enables productive

multi-level modeling and RTL design

Python SystemVerilog
Functional-Level
T
— Cycle-Level w-» RTL
T RTL /

v
co-simulate |synthesize
\ Multi-Level «—+— '
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Core PyMTLv2 developers: Derek Lockhart, Berkin llbeyi
Core PYMTLv3 developers: Shunning Jian, Peitian Pan, Yanghui Ou

Thanks to Ji Kim, Shreesha Srinath, Yixiao Zhang, Jacob Glueck, Aaron
Wisner, Gary Zibrat, Christopher Torng, Cheng Tan, Raymond Yang, Kaishuo
Cheng, Jack Weber, Carl Friedrich Bolz, David Maclver, and Zac
Hatfield-Dodds for their help testing and using PyMTL
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from Intel, NVIDIA, Synopsys, and ARM.
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