Arcilator

Fast and cycle-accurate hardware simulation in CIRCT

Martin Erhart, Fabian Schuiki, Zachary Yedidia, Bea Healy, Tobias Grosser

Thanks to Magnus Sjalander for supervising and the CIRCT Community!

Human module hierarchy Explicit register transfers



Sg

cCHISEeU

SystemVerilog




SystémVerilog‘ cCHSeO @
— S

N~ 7
IR

T

SVUESTS Formal Verification
3




F ro n te n d S Upstream frontends (selection) Input languages

Polygeist SV/VHDL
1 8 A 4

Upstream MLIR

=] (=)= [=]

T
7)

I LoopSchedule

Calyx |—| Handshake

IR e T
Qalyxnativ?| FSM |—| FIRRTL | | ESI [I HWArith | | MSFT | | Pipeline | | Moore MIR |

/ ==

Core dialects
Core

| Seq | | Interop | | Comb | | HW |
1 1 1 Ay
' 2 Y ¥ <
I Y% | | Arc | SystemC | | LLHD |
| B(portVenlog | Arcilator | | ExportSystemC 1lhd-sim |

Verilator «——____ f

Backends ?T§ﬁ§§7




Verilator

[0 README &8 LGPL-3.0 license

Website Verilator.org || License LGPL v3 [ License Artistic 2.0 | distro packages 23 J docker pulls 17k | £ code quality A

Welcome to Verilator ¢

Welcome to Verilator, the fastest
Verilog/SystemVerilog simulator.

e Accepts Verilog or SystemVerilog

e Performs lint code-quality checks

e Compiles into multithreaded C++, or SystemC

o Creates XML to front-end your own tools

"Big3" "Big3" Verilator Verilator Verilator Verilator Verilator
Vendor A VendorB 1
thread threads threads threads threads

Widely Used
® Wide industry and academic deployment

o Out-of-the-box support from Arm and RISC-V
vendor IP

THE

chips LA EINYX

AVLILIANDPE

VERILATOR

Fast
e Outperforms many closed-source
commercial simulators

e Single- and multithreaded output models

e S
arm R/ @

RISC ’)
@ orac e AMDA

Bsifive N{D  (inteDd

Community Driven & Openly Licensed
e Guided by the CHIPS Alliance and Linux
Foundation
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Why simulate a HW design?

Program

Test Input
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Hardware Simulation Overview

Program

Simulator

Test Input P N
testbench it DSl

e.g. LLHD-Sim




Hardware Simulation Overview
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Hardware Simulation Overview

low resolution

Full-system
functional

high resolution

Gem5

) [ JTAG || ARM | Voltage R
scan processor regulator 4
System controller —
mof—* 5 [« EBL [«—
AT -
PLL << =
O Osc o [«*|SRAM
R e
(Bl RC Osc
Reset Crl. Peﬂ!’heral g
Brownout Detect bridge E
Power On Reset § > Flash
Prog. Int. Timer < > L |
Watchdog Timer t
< RealTlme'EPEr Peripheral Flash N
i;ugclt]:t E data controller | |Programmer
<: Apphcanm?-splu.ﬁc L,
logic
> (& Ethernet MAC < > > CAN saand
P [P USARTO-1 < | < > USB device Lagil and
(P SPI < >l < > PWM Cul 0%4—-’
<P [€»| Two Wire Interface |« >« »| Synchro Serial Ctil (4P| |[€+>
| [ ADCO-7 < L »  Timer/Counter 0-2 |[4P| (&>




Hardware Simulation Overview
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Hardware Simulation Overview

low resolution

Full-system

functional Gem5

RTL-level

functional

RTL-level Arcilator, Verilator,
w. timing LLHD-Sim

Gate-level

high resolution

O s

O ss

12



Hardware Simulation Overview
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Integer FP
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Hardware Simulation Overview
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Hardware Simulation Overview
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Hardware Simulation Overview
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Hardware Simulation Overview
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Hardware Simulator Overview

LLHD-Sim

Big semantic
gap covered in
one pass

LLHD-Sim

jit

Aims for full SV-spec. support

Verilator

HW + Comb + Seq

Firtool
SystemVerilog

Verilator

Clang

Two complicated, high-level
languages as IRs

Arcilator

HW + Comb + Seq

4 IR stages | Arcilator

opt + llc

Only support CIRCT Core
dialects, aim for performance
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Four new intermediate levels

CIRCT Core Dialects: HW + Comb + Seq
Arc Data-Flow + Comb

Arc Deferred-Control-Flow + Comb

Arc Control-Flow + Comb

Arc Allocated + Arith

| crcsues e
$

S T
$

I
$

L cemmsen
$

L ememen

$ $

LLVM IR C API Gen.: EmitC + SystemC

Simulation Binary « Testbench
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Running Example - Sum of Fibonacci Numbers

T
I 1mn
RS

n-2 n-1 1=0

25



CIRCT Core Representation

hw.module @SumOfFibonacci(

%c0_1i32 =
%c12_i32 =

in %clock :

Iseq.clock,

in %rst @ i1,
in %en @ i1,

out out :

%0 =

%r

%fib.out,
clock: %clock:

%1
%2
%3

eg

->

%4 =
hw.output %reg : 132

i32)

hw.constant 12 :

hw.constant @ : i32
i32

comb.mux %rst, %c0_i32, %4 :

= seq.compreg %0, %clock :
hw.instance "fib" @Fibonacci(

%fib.count =

(out: 132, count: i32)

comb.icmp ult %fib.count, %c12_i32 :

comb.and %en, %1 : il

comb.add %reg, %fib.out :

comb.mux %2, %3, %reg :

lseq.clock, rst: %rst:

i32
i32

i32

Instantiation

, en: %2: il)

i32

Combinational
logic

hw.module privat
in %clock :

e @Fibonacci(
Iseq.clock,

in %rst @ i1,

in %en : i1,
out out : i3
out count :

%cl_i32 = hw.c
%Cc0_i32 = hw.c
%0 = comb.mux
%reg_0 = seq.c
%1 = comb.mux
%reg_1 = seq.c
%2 = comb.mux
%counter = seq.
%3 = comb.mux
%4 = comb.add
%5 = comb.mux
%6 = comb.add
%7 = comb.mux
hw.output %reg

2,
i32)

onstant 1 : 132

onstant © : 132

%rst, %c@_i32, %5 :
ompreg %0, %clock " 132
%rst, %cl_i32, %3 : i32
ompreg %1, %clock : i32
%rst, %c@_i32, %7 i32

Registers

compreg %2, /clock 1132
%en, %reg 0, %reg 1 : 132

%reg_0, %reg 1 : 132
%en, %4, %reg_© : 132
%counter, %cl_i32 : i32
%en, %6, %counter : 132
1, %counter : 132, 132

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
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Block Diagram of CIRCT Core Representation

hw.module @SumOfFibonacci

hw.module @Fibonacci CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
en
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Arc Data-Flow representation

hw.module @SumOfFibonacci

Arc A (latency=1)

Arc B (latency=1)

Arc C
(latency=1)

en

Arc D (latency=1)

Arc E
(latency=0)

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
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Arc Deduplication

hw.module @SumOfFibonacci

Arc A (latency=1)

I Arc B (latency=1)

Equivalent
(modulo constants)

Arc C
(latency=1)

en

Arc D (latency=1)

Arc E
(latency=0)

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
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Arc Deduplication

hw.module @SumOfFibonacci

State V of Arc A (latency=1, I State W of Arc B

(latency=1)

State Y of Arc C
(latency=1)

en

Equivalent
(modulo constants)

state X of Arc D (latency=1)

State Z of Arc E
(latency=0)

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
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Arc Deduplication

hw.module @SumOfFibonacci

State V of Arc A (latency=1, I State W of Arc B

(latency=1)

State Y of Arc A
(latency=1)

en

Equivalent
(modulo constants)

state X of Arc A (latency=1)

State Z of Arc E
(latency=0)

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
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Arc Data-Flow Representation

arc.define @LFSR_arc(%argo: , %argl: , %arg2: , %arg3: ) {
%c0_132 = hw.constant ©
%0 = comb.add %argd, %argl
%1 = comb.mux %arg2, %0, %arge
%2 = comb.mux %arg3, %ce_i32, %1
arc.output %2

¥

arc.define @LFSR_arc_0(%argo: , %argl: , %arg2: , %arg3: ) {
%cl_i32 = hw.constant 1 Arc Data-Flow
%0 = comb.mux %arg®, %argl, %arg2 Comb

%1 = comb.mux %arg3, %cl_i32, %0
arc.output %1
}
arc.define @SumOfFibonacci_arc_o(%arge: , %argl: ) {
%c12_i32 = hw.constant 12
%0 = comb.icmp ult %arge, %cl2_i32
%1 = comb.and %argl, %0
arc.output %1
}
hw.module @SumOfFibonacci(in %clock , in %reset , in %enabled , out out ) {
%cl_i32 = hw.constant 1
%0 = arc.state @LFSR_arc(%0, %1, %4, %reset) clock %clock latency 1
%1 = arc.state @LFSR_arc_0(%4, %0, %1, %reset) clock %clock latency 1
%2 = arc.state @LFSR_arc(%2, %cl_i32, %4, %reset) clock %clock latency 1
%3 = arc.state @LFSR_arc(%3, %1, %4, %reset) clock %clock latency 1
%4 = arc.state @SumOfFibonacci_arc_0(%2, %enabled) latency ©
hw.output %3
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Arc Data-Flow Optimizations

Dedup

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
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Arc Data-Flow Optimizations

Dedup

Lookup tables

%»res = comb.and %0, %1 : il

\ £

%idx = comb.concat %c@ _i2, %0, %1 :

%tbl = hw.constant 0b1000 :

%res = comb.shr %tbl, %idx :

i4
i4

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
i2, i1, i1l Comb

Arc Allocated
Arith

LLVM IR
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Arc Data-Flow Optimizations

Dedup
Lookup tables

Register/latency retiming

State X
latency =1

State Y
latency =0

State X
latency = 0

State Y
latency =1

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
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Arc Data-Flow Optimizations

Dedup

Lookup tables

Register/latency retiming

Loop re-rolling

%1 = scf.for %i = %cO to %c4 step %cl iter_args(%argd = %0) {

}

%1
%2
%3
%4

%2 = comb.mul %arg@, 2
scf.yield %2

comb.mul %0, 2
comb.mul %1, 2
comb.mul %2, 2
comb.mul %3, 2

\ 4

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
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Arc Data-Flow Optimizations

Dedup
LOOkUp tables CIRCT Core Dialects
Register/latency retiming Arc Data-Flow

Comb
Loop re-rolling

Arc Deferred-CF

. . Comb
Arc vectorization

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
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Arc Data-Flow Representation

hw.module @SumOfFibonacci

State V of Arc A (latency=1)

State W of Arc B
(latency=1)

State Y of Arc A
(latency=1)

en

State X of Arc A (latency=1)

State Z of Arc E
(latency=0)

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
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Arc Data-Flow Representation

hw.module @SumOfFibonacci

L

State V State W

(latency=1) (latency=1)

State X
(latency=1)

State Y
(latency=1)

State Z
(latency=0)

en

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
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Arc Deferred-Control-Flow Representation

Cycle 1 Cycle 2

Allocate states: en, a, b, c, out

Sa(5) Sa(3) La=5 CIRCT Core Dialects

Lb

State W
(latoncy=0) Sa La (latency=0) Arc l():(a)tnii)Flow
Lout
State _X Sout
Lb (latency=0) Arc Deferred-CF
Comb

Arc Control-Flow

State Y Comb
(latency=0)
Arc Allocated
Lc — State Z Arith
Len (latency=0)
La...Load from state a LLVM IR

Sa...Store to state a
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Arc Deferred-Control-Flow Optimizations

Convert muxes to conditional branches

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF

Comb
%0 = scf.if %cond {
%then = comb.and ... Arc Control-Flow
%»then = comb.and ... scf.yield %then Comb
%»else = comb.add ... } else {
%0 = comb.mux %cond, %then, Z%else %else = comb.add ... Am;ﬂgfmed
scf.yield %else
}
LLVM IR
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Arc Deferred-Control-Flow Optimizations

Convert muxes to conditional branches

Group resets and enables CIRCT Core Diatects
Arc Data-Flow
Comb
. Arc Deferred-CF
scf.if %enable { Comb
store %a scf.if %enable {
scf.yield store %a Arc Control-Flow
} » store %b Comb
scf.if %enable { scf.yield
store %b } Arc Allocated
scf.yield Al

}

LLVM IR
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Arc Deferred-Control-Flow Optimizations

Convert muxes to conditional branches
Group resets and enables

Arc Execution Graph scheduling

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
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Arc Control-Flow representation

Allocate states: en, a, b, c, out, tmp

Lc
Len

State Z

(latency=0)

La
Lb

_) State V
-

Lout

State Y
latency=0)

Sout

Time

Lc
State X

Ltmp — Sa

La
State W 1IN

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
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Arc Control-Flow Optimizations

Memory layout

Stoiex | Ped | SweY | Stz

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
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Arc Allocated

BP —

BP

BP

Time

Ltmp — Sa

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR
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Arc Allocated Optimizations

Split into multiple files for opt+lic parallelism

CIRCT Core Dialects

Arc Data-Flow
Comb

Arc Deferred-CF
Comb

Arc Control-Flow
Comb

Arc Allocated
Arith

LLVM IR

47



LLVM IR

define @SumOfFibonacci_passthrough(
%2 = getelementptr %0, 24
%3 = load %2,
%4 = getelementptr %0, 4
store %3, %4
ret

}

define @SumOfFibonacci_clock(ptr %0) {
%2 = getelementptr %0, 20
%3 = load %2
%4 = getelementptr %0, 2
%5 = load %4
%6 = icmp ult %3, 12
%7 = and %5, %6
%8 = getelementptr %0, 12
%9 = load %8,
%10 = getelementptr %9, 16
%11 = load %10,
%12 = getelementptr %9, 1
%13 = load %12,
%14 = add %9, %11
%15 = select %7, %14, %9

%e) {

%16
%17

store
store

%18
%19
%20
%21
%22

store
store

%23
%24
%25

store

%26
%27
%28
%29
%30
%31

store

ret

select %13, 0,
getelementptr %0,
%9, %17,
%16, %8,
load %17,
select %7, %18,
select %13, 1,
load %10,
getelementptr %0,
%21, %22,
%20, %10,
add %3, 1
select %7, %23,
select %13, 0,
%25, %2,
getelementptr %0,
load %26,
load %22,
add %27, %28
select %7, %29,
select %13, 0,
%31, %26,

%15
32

%11
%19

36

%3
%24

24

%27
%30

LLVM IR
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Benchmarked CPU Designs

1-core
~ 3.84 MiB MLIR file

small >

medium >

large =

1-core w. FPU
4.85 MiB MLIR file

2-core w. FPU
4.99 MiB MLIR file

small >

large “»

BOOM

1-core, 1-wide
11.52 MiB MLIR file

1-core, 3-wide
18.57 MiB MLIR file

49



Arcilator simulates fast

higher is
better

Simulation
Performance
cycles/sec [kHz] Verilator [l Arcilator
500

4.3x
400
300

2.9x
200
2.6x
100
2.3x
1.9x

0 L —

Rocket-small Rocket-medium  Rocket-large BOOM-small BOOM-large
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Arcilator produces small binaries

lower is
better

Simulator Binary

Size [MB] Verilator [l Arcilator
20
1.8x
15
2.2x

10 31

Ax

3.7x
4.0x
| I
'm 'm "B
Rocket-small Rocket-medium  Rocket-large BOOM-small BOOM-large
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Reasonable compile-time, more to come

Compile-time
[sec]

125

0.4x

100

75
lower is
better

50 0.6x
0.7x
25
1.4x 0.9x
, [

Verilator [l Arcilator

Rocket-small Rocket-medium  Rocket-large BOOM-small BOOM-large



Many tools are needed to produce hardware

SIGESS Simulation Formal Verification
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Conclusion

[]
[ Library-based, modular design

-

[ 1]

=+’) > 2x faster than Verilator*

©

gl
+

Cyclic hardware
— DAG of register arcs

Simulate full RISC-V cores
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