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VM or not

● If you are not using VM:

https://github.com/towoe/heichips-circt-lab



About Me

Professor at Hochschule München University of Applied Sciences
Computer Architecture, Computer Engineering, Positions available!

Vice-Chair of the RISC-V Board of Directors
Community individuals representative, strategy and events

Director at Free and Open Source Silicon Foundation
Advocacy, community support, events



What I want to show you today

● Goal: Give you a rough overview of a decent starting point for building EDA 
tools on various levels of abstraction

● Built on existing materials and point you to good starting points
○ Mike Urbach, Applying Circuit IR Compilers and Tools (CIRCT) to ML Applications
○ Andrew Lenharth and Chris Lattner,

CIRCT: Lifting hardware development out of the 20th century
○ John Demme, Charting CIRCT



Open Source Silicon

Open Source 
Design IP

Open Source
PDK

Open Source 
EDA Tools



Open Source EDA Tools (digital view)

● Frontend: Logic Synthesis, Technology-independent
● Backend: Mapping, P&R, Technology-dependent
● But also:

○ Design-for-Test
○ Verification
○ High-level synthesis
○ Domain-specific languages
○ Integration and flows
○ Non-functional
○ Productivity tools
○ Your small tool that transforms a netlist
○ …



Abstract View on Design Flow

Frank K.
Gürkaynak,

RISC-V Summit
Europe 2024



Typical EDA Tool (illustrative)
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How is that relevant for you?

● Surge of open source tools, but still gaps

● Your point tool that analyzes/inserts/patches something on the netlist

● New, more efficient design entries

● Productivity improvements/mixing with other design flows







How is that relevant for you?

● Surge of open source tools, but still gaps

● Your point tool that analyzes/inserts/patches something on the netlist

● New, more efficient design entries

● Productivity improvements/mixing with other design flows

→ Various needs to transform, anlayze, optimize and manipulate

● One format to another

● One netlist to another netlist



Isn’t this similar to a compiler?

Yes!

Rough concept of a compiler

Input Language A

Input Language B

Input Language C

Input Language D

Input Language E

Output Language 1

Output Language 2

Output Language 3

Output Language 4

…

…

transform

optimize



Intermediate Representations

● Data structure to represent source in generic way

● Purposes:
○ Abstraction: Still independent from output format
○ Modularity: Divide-and-conquer
○ Portability: Only add input language, output language, or transforms
○ Optimizations: Generic implementation of output-independent optimizations

● Example in software: static single assignment (SSA) form (e.g. LLVM)

● IR for hardware is a major challenge
○ Verilog is not a great IR: A lot of intent gets lost



CIRCT: Circuit IR Compilers and Tools 



MLIR

● Grown as LLVM
project

● Generalization
framework



Fundamentals of MLIR
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How MLIR and CIRCT Fit In

CPU, etc. GPU, etc. TPU, NPU, etc. FPGA, CPLD, etc. ASIC

Fixed processor

Custom processor
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CIRCT: Dialects, Transforms, Passes

Fodor’s list of must-see places (Rick Steves mostly agrees)

[{ Overview photo of CIRCT taken from Mars }]



Compiler Stack

Standard (CFG)

System Verilog

      MLIR dialects

      CIRCT dialects

TensorFlow PyTorch TOSA

Linalg Affine

Vector

● Start from ML frameworks
● Use MLIR for as much as possible
● Get down to common MLIR layers
● Translate those into CIRCT
● Lower to CIRCT core dialects
● Translate those to exit dialects
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High-level dialects: TensorFlow, PyTorch, TOSA
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func @matmul(%lhs: tensor<5x10xf32>, %rhs: tensor<10x10xf32>) -> (tensor<5x10xf32>) {

  %0 = "tf.BatchMatMulV2"(%lhs, %rhs) : (tensor<5x10xf32>, tensor<10x10xf32>) ->

                                         tensor<5x10xf32>

  return %0 : tensor<5x10xf32>

}
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Mid-level dialects: Linalg
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func @matmul(%A: tensor<5x10xf32>, %B: tensor<10x10xf32>,

             %C: tensor<10x10xf32>) -> tensor<10x10xf32> {

  %0 = linalg.matmul ins(%A, %B: tensor<5x10xf32>, tensor<10x10xf32>)

                     outs(%C: tensor<10x10xf32>) -> tensor<10x10xf32>

  return %0: tensor<10x10xf32>

}

https://mlir.llvm.org/docs/Dialects/Linalg/

● Builds on lots of prior art
● A handful of generic operations
● Named operations (like above) 

that map to generic operations
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Mid-level dialects: Affine
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func @matmul(%A: memref<5x10xf32>, %B: memref<10x10xf32>,

             %C: memref<10x10xf32>) -> memref<10x10xf32> {

  affine.for %arg3 = 0 to 5 {

    affine.for %arg4 = 0 to 10 {

      affine.for %arg5 = 0 to 10 { … }

    }

  }

  return %0 : memref<10x10xf32>

}

https://mlir.llvm.org/docs/Dialects/Affine/

● Polyhedral compilation toolbox
● Affine expressions, maps, and 

integer sets
● Affine loops and transformations
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Mid-level dialects: Affine
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             %C: memref<10x10xf32>) -> memref<10x10xf32> {

  affine.for %arg3 = 0 to 5 {

    affine.for %arg4 = 0 to 10 {

      affine.for %arg5 = 0 to 10 { … }

    }

  }

  return %0 : memref<10x10xf32>
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● Polyhedral compilation toolbox
● Affine expressions, maps, and 

integer sets
● Affine loops and transformations
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Low-level dialects: Vector
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func @transpose(%arg0: vector<3x7xf32>) -> vector<7x3xf32> {

  %0 = vector.transpose %arg0, [1, 0] : vector<3x7xf32> to vector<7x3xf32>

  return %0 : vector<7x3xf32>

}

https://mlir.llvm.org/docs/Dialects/Vector/

● Virtual n-D vectors and 
transformations on them

● Hardware vectors that match a 
specific processor’s ISA
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Low-level dialects: Vector
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● Virtual n-D vectors and 
transformations on them

● Hardware vectors that match a 
specific processor’s ISA
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Low-level dialects: Standard control-flow graph
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func @simple_loop() {

^bb0:

  br ^bb1

^bb1:   // pred: ^bb0                                                                                                                                                                                              

  %c1 = constant 1 : index

  %c42 = constant 42 : index

  br ^bb2(%c1 : index)

^bb2(%0: index):        // 2 preds: ^bb1, ^bb3                                                                                                                                                                     

  %1 = cmpi slt, %0, %c42 : index

  cond_br %1, ^bb3, ^bb4

https://mlir.llvm.org/docs/Dialects/Standard/

● MLIR’s standard dialect
● Basic blocks and branches
● Evolution of LLVM IR
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High-level dialects
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High-level dialects: Handshake
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handshake.func @fork(%arg0: none, %arg1: none) -> (none, none, none) {

  %0:2 = "handshake.fork"(%arg0) {control = true} : (none) -> (none, none)

  %1 = "handshake.join"(%0#0, %0#1) {control = true}: (none, none) -> none

  handshake.return %1, %arg1 : none, none, none

}

https://circt.llvm.org/docs/Dialects/Handshake/

● Composable set of control flow 
operators like fork and join

● Rooted in Kahn Process Networks 
and Petri Nets

● Efficient hardware implementation
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High-level dialects: HIR
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hir.func @mac at %t (%a :i32, %b :i32, %c :i32) -> (i32 delay 3) {

  %1 = hir.constant 1

  %2 = hir.constant 2

  %m = hir.call @mult_3stage (%a,%b) at %t : (i32, i32) -> (i32 delay 3)

  %c2= hir.delay %c by %2 at %t : i32 -> i32

  %res = hir.add (%m,%c2) : (i32, i32) -> (i32)

  %res1 = hir.delay %res by %1 at %t offset %2 : i32 -> i32

  hir.return (%res1) : (i32)

}

HIR: An MLIR-based IR for Hardware Accelerator Description

● Zero cost abstractions
● Represents finite state machines 

in a high-level way
● Supports banked memories
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High-level dialects: Elastic Silicon Interconnect (ESI)
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rtl.module @esi(%clock: i1, %reset: i1) {

  %esiChannel, %0 = rtl.instance "sender" @Sender (%clock) : (i1) -> (!esi.channel<i4>, i8)

  %bufferedChannel = esi.buffer %clock, %reset, %esiChannel { stages = 4 } : i4

  rtl.instance "receiver" @Reciever (%bufferedChannel, %clock) : (!esi.channel<i4>, i1) -> ()

}

https://circt.llvm.org/docs/Dialects/ESI/

● Type system for channels in hardware
● Connect on-chip and off-chip 

components
● Generates elastic connector circuits
● Supports cosimulation
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Mid-level dialects: FIRRTL
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firrtl.module @bundle0(%a : !firrtl.bundle<f1: uint<1>, f2: flip<sint<1>>>,

                       %b : !firrtl.bundle<f1: flip<uint<1>>, f2: sint<1>>) {

  firrtl.connect %b, %a : !firrtl.bundle<f1: flip<uint<1>>, f2: sint<1>>,

                          !firrtl.bundle<f1: uint<1>, f2: flip<sint<1>>>

}

https://circt.llvm.org/docs/Dialects/FIRRTL/

● Core IR from Chisel compiler
● Abstractions that are below 

Chisel but above System Verilog
● Lots of effort to improve on the 

design in CIRCT’s core dialects
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Mid-level dialects: FIRRTL
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firrtl.module @bundle0(%a : !firrtl.bundle<f1: uint<1>, f2: flip<sint<1>>>,

                       %b : !firrtl.bundle<f1: flip<uint<1>>, f2: sint<1>>) {

  firrtl.connect %b, %a : !firrtl.bundle<f1: flip<uint<1>>, f2: sint<1>>,

                          !firrtl.bundle<f1: uint<1>, f2: flip<sint<1>>>

}

https://circt.llvm.org/docs/Dialects/FIRRTL/

● Core IR from Chisel compiler
● Abstractions that are below 

Chisel but above System Verilog
● Lots of effort to improve on the 

design in CIRCT’s core dialects
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Mid-level dialects: RTL, Combinational, Sequential
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rtl.module @test1(%a: i12) -> (i32){

  %b = comb.add %a, %a : i12

  %c = comb.mul %a, %b : i12

  %d = comb.sext %c : (i12) -> i32

  rtl.output %d : i32

}

https://circt.llvm.org/docs/Dialects/RTL/

● Structure (modules and ports)
● Combinational logic (and, or, xor)
● Sequential logic (registers)
● Work in progress
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Low-level dialects: LLHD
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llhd.entity @top (%arg0 : !llhd.sig<i1>) -> (%arg1 : !llhd.sig<i1>) {

  %t = #llhd.time<1ns, 2d, 3e> : !llhd.time

  %0 = llhd.prb %arg0 : !llhd.sig<i1>

  llhd.drv %arg1, %0 after %t : !llhd.sig<i1>

}

https://circt.llvm.org/docs/Dialects/LLHD/

● Low-level, even for hardware
● Supports 9-valued logic
● Encodes time in the type system
● Includes MLIR-based simulator
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Low-level dialects: System Verilog
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rtl.module @sytemverilog(%clock: i1, %reset: i1) {

  %c0 = rtl.constant 0 : i32

  %c42 = rtl.constant 42 : i32

  %reg = sv.reg : !rtl.inout<i32>

  sv.alwaysff(posedge %clock) {

   sv.passign %reg, %c42 : i32

  } (asyncreset : posedge %reset) {

   sv.passign %reg, %c0 : i32

  }

}

https://circt.llvm.org/docs/Dialects/SV/

● Represents System Verilog syntax 
● Designed for export, not transformation
● Readability and other syntactical 

improvements happen here
● Guides towards compatibility, but offers 

escape hatch
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Example: CHISEL Ecosystem

FIRRTL: Supporting Chisel

● FIRRTL is the name of the compiler IR used by the 
Chisel hardware description language (HDL)

● HDLs are DSLs used to describe circuit structure
● In CIRCT we are writing a drop-in replacement for the 

Scala FIRRTL compiler
● FIRRTL IR parser imports to the FIRRTL Dialect
● FIRRTL Dialect lowers to common CIRCT Dialects



Example: Longnail

● RISC-V Instruction Set Extensions

● From DSL to implementation



Core Dialects

● HW: core abstractions
○ Operations like module, instances
○ Standard data types

● Comb: Combinational logic
○ Computational operations
○ All operators etc.

● Seq: Sequential logic
○ Clocked storage elements
○ Sense of timing

Fodor’s list of must-see places (Rick Steves mostly agrees)

[{ Overview photo of CIRCT taken from Mars }]



System Verilog support

● Recently System Verilog support was added
● Use of slang frontend and transforms to dialects



Demo: Toy Example

● Built into the upstream implementation:
○ Renames all wires to foo_<id++>

● Build your own transform: Requires basic compiler knowledge



Our activities: OSVISE

● Open Source Verification of
Instruction Set Extensions

● HM activities
○ Support for linear temporal logic
○ Improve SV frontend
○ Interoperability

■ Yosys<->CIRCT
■ CIRCT->Verilator



Open and Upcoming PhD and Postdoc Positions

● Open Source EDA tooling
○ Netlist-to-netlist transformations
○ Improved integration and orchestration
○ Improved inference of DSP primitives
○ Scalable formal verification framework (with Yosys)
○ Integration of Surfer waveform viewer and Verilator
○ Strongly typed hardware design language and CIRCT

● RISC-V Instruction Set Extensions
○ Integrated safety and security features
○ Focus topic: variable length instructions for better code density
○ Support for DSP workloads



Thank You


