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Abstract

Hardware design languages at the register transfer level have seen a
resurgence in research popularity. Despite the tremendous amounts
of work put into both traditional HDLs and modern alternatives,
none offer a development velocity that can match software’s. We be-
lieve that the root cause of this slowdown is the latency in designer
feedback: hardware languages and their tools are not interactive.

We argue that hardware design languages could have develop-
ment velocities matching those of software if they take advantage of
interactive REPL-based development. But why leave the language
itself as the only interactive component? We further argue that
in addition to the language being interactive, so should the build
system, the testing of the designed hardware with simulators, and
the debugging of the hardware simulation.

1 Introduction

There has been significant progress in Register-Transfer Level (RTL)
hardware design languages (HDLs) from both academia and in-
dustry, yet hardware development remains a slow and arduous
process relative to software. Chisel [5] is an Embedded Domain
Specific Language (eDSL) that tackled this problem by allowing
users to easily write type-safe reusable hardware generators. Al-
ternatively some companies are eschewing traditional and modern
HDLs and High-Level Synthesis (HLS) in favor of developing their
own solution. Google’s XLS [7] can lower a design all the way from
a software-like specification with behavioral/structural specifica-
tions to a statically-scheduled Verilog design under ideal-timing
constraints.

We believe part of hardware design’s slowdown comes down
to the inability to quickly test ideas in a low-stakes environment.
Software has had a tool for this exact task for eons, the REPL (Read-
Evaluate-Print Loop). Software developers are familiar with using
a REPL to quickly test an idea before committing to it in a file.
REPLs allow users to hack away at ideas, completely ignoring
build systems, compilation ordering, etc. The notebook system
popularized by Python and Jupyter Notebooks [12] is the modern
graphical interpretation of a REPL.

eDSL hardware languages happen to include a REPL by virtue
of being embedded in a software language that has a REPL, but do
not focus on the REPL or leverage its features. C𝜆ash (Clash) [3, 4],
Amaranth [1], and Kratos [18] all behave this way. While all of
these languages are impressive efforts in their own rights, none
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were designed with interactivity in mind. We believe that designing
an HDL and its surrounding tooling with interactivity in mind will:

• Shorten iteration time by testing ideas quickly.
• Allow designing new tests without large infrastructure.
• Enable interactive and time-travel debugging.
• Offer deep cross-referencing capabilities between designs,
tests, and simulation outputs.

We have been developing a brand new hardware design ecosys-
tem designed from the ground-up for seamless hardware-software
interaction and tight REPL development called Chil. Chil is an
all-encompassing project whose lofty vision includes several goals:
an embedded domain-specific HDL in Common Lisp, a build system
that treats compilation and elaboration artifacts as records in a data-
base and provides a query language to work with it, a compilation
driver tool to make complex tasks declarative, and a debugging
simulator.

The overarching theme of this vision is that tightly-integrated
interactive development for hardware will give hardware designers
greater flexibility to quickly experiment with and iterate on ideas,
akin to their software brethren.

2 REPLs

REPLs do exactly what they sound like; they allow the user to type
away at a command-line (or over a socket/pipe from your favorite
editor) and submit code to evaluate.When evaluation completes, the
REPL prints the result, if there is any. This short turnaround devel-
opment cycle encourages and epitomizes the iterative development
cycle; the “save-compile-run” cycle turns into a single press of the
Enter key, allowing ideas to be tested in a self-contained environ-
ment, without needing to interact with a build system whatsoever.
Interactive notebooks take this cycle to the next level, allowing
complex visualization to be done with just a keypress.

Language REPLs often leverage the language’s compiler, but
sacrifice code optimization for interaction speed, and usually inter-
prets either a bytecode or the AST/IR directly. REPLs are common in
many modern languages today, including: Lisps/Schemes, Python,
Scala, Swift, Haskell, and JavaScript. Python’s REPL allows machine
learning engineers to experiment with complex GPU code rapidly.

2.1 Deeply-Integrated Software REPLs

That being said, not all REPLs are built the same. Some are merely
thin wrappers over the language’s interpreter itself, e.g. Python [13].
On the flip side, Lisp REPLs showcase the capabilities of a deeply-
integrated REPL-based interactive development environment.When
Common Lisp encounters an unhandled runtime error (REPL or

pre-compiled), an interactive debugging prompt stops the program
with all the information that led up to the error available. This
debugger can inspect and modify all aspects of the program, al-
lowing the user to change values, evaluate arbitrary expressions,
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re-execute the failing step, redefine functions and variables, and even
rewind the callstack and start again elsewhere!

Some of the deeper powers of Lisp REPLs are hidden away by
default. Knowledgeable text editors can launch these REPLs with ad-
ditional flags to open more information flows to gain deeper insight
about the program(s) at hand, effectively making them full-fledged
IDEs. These additional flows give Lisp REPLs similar project-level
navigation as LSP (Language Server Protocol) implementations [9],
including introspective online documentation, go-to definitions,
go-to uses, and even auto-completion suggestions, all without re-
quiring a separate program, configuration, or setup.

3 Pervasive Deeply-Integrated REPLs for

Hardware

We are designing Chil’s language from scratch rather than build-
ing on top of already-existing hardware eDSLs because we were
interested in seeing how a hardware language designed around and
for REPL interactivity changes the language’s designs and goals.
Further, we want REPL interactions to be pervasive throughout the
Chil ecosystem; from the language itself, to the language’s build
system, to the simulators that test the design, all the way to the
debuggers used on the simulators. There is nothing technical pre-
venting an already-existing hardware eDSL in software languages
with REPLs from providing the kind of hardware REPL we envi-
sion, although the difficulty depends on the eDSL’s implementation.
Chisel makes this more difficult because it is both a DSL library and
a Scala compiler plugin. Whereas Amaranth (or any hardware eDSL
written in Python that provides its DSL constructs as a “regular
library”) would lend itself to such an extension, particularly with
Python’s strong runtime reflection features.

Providing a language with deeply-integrated interactivity would
be powerful, but that is only the beginning. REPLs integrate the
programming language and its tools into a single environment;
Lisp REPLs allow one to not only write code, but also debug it,
compile it, and systematically deploy it all without leaving the REPL.
Importantly, they an explore a problem and potential solutions
before taking one as “the solution”.

A significant amount of designer energy goes into optimizing
non-functional aspects of a design; optimizing frequency, pipelining
a design, reusing hardware subcomponents, etc. all of which require
exploring solutions. Such optimizations require careful understand-
ing of the implementation at hand.We envision the language’s REPL
allowing designers to quickly experiment with different module
implementations while the simulator’s hot-reload and debugging
(§3.2) capabilities would provide immediate feedback. An interest-
ing feedback possibility opens up when the REPL is the main driver;
designers can interactively query design characteristics, such as
timing or resource estimation, while iterating on their design!

3.1 Build System

When connecting to the build system, we do not mean that the
REPL is just “able to invoke make”. We mean that the build system
(and by extension the compiler) are visible to the REPL and able
to be modified interactively as well. Not only could the designer
start a build, but the build system could also offer feedback, or

the designer could add a custom phase to compilation without
permanently committing to it.

In our vision, the build system and compiler become a database-
backed daemon allowing designers to query the project and com-
piler instead of writing separate tools. This is not a new idea; Mon-
tana’s CodeStore [8, 17] provided a database that enabled devel-
opers to directly interact with the C++ compiler and its internal
artifacts. Montana leveraged this to offer code formatting sugges-
tions based on the code’s AST. More recently, rust-analyzer has this
same feature and uses Salsa [14] for their database and queries. The
database-structured approach would allow for developers to write
declarative queries to perform analyses on the code the compiler
sees, without needing to use intermediate files and external tools.
This is immediately useful for driving automated “on-save” opera-
tions, such as formatting, linting, or running tests only for the tree
of modules that have changed.

3.2 Simulations

In our vision, defining a hardware module is analogous to defining a
software function. The natural thing to do after defining a function
is to test it, particularly in an interactive REPL. This is often where
the illusion of “hardware is software” falls apart, because unless
the hardware module is purely combinational, the notion of time
immediately bleeds through. To help alleviate this, we envision a
REPL-friendly simulation-focused DSL that can composably build
complex test harnesses, allowing designers to drive simulations,
manually tick the simulator, reset simulations, etc.

This space of reducing simulation turnaround time has seen
many approaches. Cascade [15] is one such approach that reduced
the turnaround time to starting simulations of designs that are put
on FPGAs. Cascade performs JIT (Just-In-Time) synthesis of de-
signs, running them through traditional software simulation while
synthesizing in the background, eventually seamlessly transferring
the simulation to the FPGA. Their goal was to reduce the amount
of time required for the designer to see the effect of their HDL
on an FPGA. We currently do not have plans to work with FP-
GAs, nor accelerating design simulation with FPGAs, but their state
snapshotting approach could prove useful.

3.3 Debugging and Time-Travel

We want to enable users to interactively run their simulations; but
this is not enough for us. We believe users really want a way to
interactively debug their interactive simulation. Calyx [10] recog-
nized this exact situation and built Cider [6] to meet Calyx’s needs.
One of our end-goals for interactive debugging is time-travel de-
bugging, allowing users to freely jump both forward and backward
through the simulation.

Tying simulators and debuggers together through the REPL pro-
duces a tight feedback loop. Minor errors can be corrected quickly
without performing a full recompile and run cycle, while more
insidious faults can be interactively investigated to find their root
cause. Once the error is identified, a REPL-focused workflow would
allow for hot-reloading of hardware modules, hopefully while the
simulation is running!

We show a mockup of our vision of the debugging simulator
and its ability to perform operations in a REPL with the simulator
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in Listing 1. The example starts by running a simulation until an
assertion is violated, at which point the simulation is stopped so
that users can debug the simulation and/or the design. The user can
then ask for the history of events seen by the simulator, time-travel
to a different event (analogous to a clock tick), and ask for a trace
of what happened during that cycle. With this information, the
designer can edit the design’s source, fixing the bug, reload the
design into the simulator, and then restart the simulation.

* (run-simulation example-dut.chil)
...
Assertion violation in example-dut.chil:54.
Amount of data to handle > internal buffer length!
Entering debug REPL.

(debug) [1] * (history)
Clock 80:
180: (recv listen #O<promise>)
181: (recv msg #O<fulfilled-promise> fulfill

(assign amt-remaining -1))
182: (recv msg #O<fulfilled-promise> fulfill

(assign amt-data -1 :hidden 't))
183: (recv msg #O<on-listener> fulfill

(assert (<= amt-data buffer-entries)))

(debug) [1] * (event-debug 180)
NOTE: Entering a sub-REPL.

(debug) [2] * (trace-history)
Clock 74:
174: (next-state writing-done? 'compute-loop-variables)
175: NOTE: Now in compute-loop-variables state
175: (assign amt-remaining (- buffer-size num-elements))
175: (defconstant buffer-entries 8)
163: (assign num-elements 9)
175: (assign amt-remaining (- 8 9))
176: (next-state 't 'fetch1)

;; Edit design in text editor & save
(debug) [2] * (reload-design example.chil)
(debug) [2] * (restart-simulation)
...
Simulation completed successfully in 145 cycles.

Listing 1: A fabricated example interaction with Chil’s debugging

REPL. This highlights the ability to interact with the simulator,

reverse time, reload the design, and restart the simulation.

Hot-reloading a design after a change is a key desired feature
of Chil’s simulator. The amount of time required to hot-reload
the simulator is an important factor, because waiting too long will
break the designer’s flow. LiveSim [16] is a simulator designed with
this latency in mind and hot-reloads modules quickly. In particular,
LiveSim was designed to target and achieved a 2 second turnaround
time between saving the file and the simulation being updated to
reflect the change, even for very large designs. Chil’s simulator
should take notes from LiveSim’s to keep reload times as short as
possible.

4 Current Efforts

The Chil1 project is currently in very early development and ex-
poses itself to Lisp as a collection of libraries. Chil currently has a
very rudimentary hardware eDSL that resembles traditional HDLs
and can generate Verilog module declarations that pass Verilator’s

1https://github.com/chil-hw

linter. The language leverages the tools already available in Com-
mon Lisp, so writing Chil modules can immediately access the
REPL’s rich interactive powers, including completion candidates
and auto-completion, type errors that throw to a debug prompt,
and even altering select components of the module (name, IO, pa-
rameters) without fully redefining the module.

While working on the language, we also started investigating
time-travel debugging.We used rr [11] (which uses GDB internally)
with multiple simulators and several designs. rr allows software
programs to be easily recorded and later replayed/reversed with a
single command, while programs only run slightly slower (10s of
percent). In all of our tests, we found that rr trace sizes were not
affected by simulation level (functional vs. gate-level) nor design
complexity. Table 1 compares the simulated designs, the simulation
level and simulation generator used, and the software run by the
simulations (test cases). Interestingly, a standardized instruction
unit test on Rocket-Chip [2] with Verilator produced an rr trace
that is not significantly larger than the simplest AND-gate with
CVC, despite running for tens of thousands of cycles longer. This
continues to hold true when scaling to Out-of-Order cores with
completely custom crt “firmware” that run larger-scale integration
tests that use multiple-privilege C-style exception handling.

Table 1: rr Trace Sizes remain reasonable across multiple usage

dimensions, including the design’s complexity, the simulator used

and its simulation level (functional vs. gate-level), and the program

run by the simulated hardware.

Design Simulator Test Case Trace Size

2-input AND-gate Verilator All Cases 34 kB
2-input AND-gate CVC All Cases 21 kB
Rocket-Chip Verilator Insn. Unit Test 1.6MB

M68k CVC UART Transfers 35 kB
BOOM Verilator Custom crt test 3MB

Using rr, we were able to interactively debug Verilator simula-
tions both forwards and backwards! The debugging experience was
less than enjoyable, since the simulators are not easily debugged
in general. The main difficulty is connecting the symbol and pack-
age hierarchy from Verilog to the generated software simulator,
which must be done entirely manually. Users must read both the
simulator’s input HDL and the simulator’s generated software and
manually “connect” these two symbols. Even then, the user must be
aware of where in the software’s generated module hierarchy the
symbol lies. Prior work found heuristic solutions that alleviate the
problem of matching simulator symbols to RTL names which gave
acceptable results [18], but was limited to subtrees of the module
hierarchy; it could not identify a single symbol across a whole de-
sign. We believe ergonomic time-travel debugging can be achieved
by co-designing the language, compiler, simulator, and debugger to
cooperate and share information.

Our next steps with the language are to flesh out how we repre-
sent and write module bodies and connect the necessary machinery
to make project-level cross-referencing work. Once this baseline
eDSL is completed, we intend to layer additional DSLs atop. We
have already begun considering a DSL specifically for representing
state machines for example.

https://github.com/chil-hw
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