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ABSTRACT
Hardware designmakes heavy use of modules that can be composed
with each other to enable standardization and reuse. Safely compos-
ing hardwaremodules typically requires passing data between them,
which can impose a significant challenge - traditional hardware
description languages (HDLs) leave the specific inter-component
interfaces up to designers. This requires reasoning about the timing
constraints of both input and output signals for each module, often
without explicit timing information.

In this work, we propose using techniques from distributed sys-
tems to define inter-component communication patterns on a global
level. One such distributed programming paradigm, choreographic
programming, allows programmers to write a single program spec-
ification for an entire system, while obtaining safe per-node imple-
mentations without additional effort. When mapped to hardware
design, choreographic programming enables the safe composition
of distinct hardware modules. This allows hardware designers to
write a single multi-component specification without explicit, inter-
component interfaces or timing specifications.

1 INTRODUCTION
With the end of Moore’s Law, hardware researchers can no longer
expect steady improvements in single-core compute performance.
As a result of this slowdown, there has been an increased demand
for highly parallel systems. New high performance systems have
embraced trends in both multicore and distributed systems research,
with a special focus on heterogeneous hardware architectures and
accelerators. When creating new hardware platforms, designers
want high modularity, reusability, and the ability to rapidly iterate
on their designs.

Mainstream hardware description languages (HDLs) typically
lack the safety and reusability features that are a common part
of most software languages. In particular, mainstream HDLs lack
standardized inter-component interfaces, leaving it up to individual
designers to implement signaling between components correctly.
Figure 1 shows how inter-component interfaces can be obscured,
especially when reusing a third party’s design that lacks the original
source code or clear documentation.

Newer HDLs like Chisel [1] include standardized ready-valid
constructors, coupled with syntactic sugar (fire in Chisel) to make
it easier for designers to check multiple readiness signals during
data movement. Filament [5] takes this a step further by embedding
signal lifetime information into the type system, which is then
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Figure 1: An example of a producer component moving data
to consumer components, with signals that producer has to
read/write highlighted in red. Consumer 1 has defined in-
put/output signals ("V" for "valid" , "D" for "data", and "R" for
"ready"), while consumer 2 does not have control signaling
that is visible to the producer component.

checked during a compiler pass. While these represent important
advances, Chisel’s approach does not guarantee timing safety, as
it still relies on the designer to check the wire states to determine
readiness. Furthermore, while Filament can detect such timing
hazards, the compiler cannot automatically determine what the
appropriate lifetime of each signal should be.

These issues of timing safety and communication are readily
apparent in distributed systems, where diverse clusters of process-
ing elements or full systems are linked together over a network.
Choreographic programming [4] is a paradigm for programming
distributed systems by defining the behavior of a distributed system
on a global level, rather than defining how each node within the
system behaves. This global specification is then mapped onto the
individual nodes through a technique called endpoint projection,
which ensures that each node implementation remains free of both
deadlocks and race conditions. In general, this allows for greater
safety in a distributed system, and reduces the burden on program-
mers by presenting a simple, high level specification of how nodes
exchange data. This paradigm has been particularly useful in web
programming, where client-server interactions across multiple user
sessions can be expressed using a choreographic model.

A choreographic HDL could solve both the interface structure
and timing problems. First, it would present a standardized set of
communication patterns for moving data between components, us-
ing the comm and broadcast operations from choreographies. Sec-
ond, these choreographic operations can hide timing constraints by
leaving the actual communication protocols between components
as an implementation detail of the language or library, rather than
having designers or programmers explicitly reason about them. Fi-
nally, choreographies could enable better module composition and
verification by allowing designers to write a single, global specifi-
cation, rather than reason about data handoffs on a per-component
basis.

In this paper, we:
• Provide a framework for using choreographic programming
in hardware design by modeling multi-component designs
as distributed systems
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• Develop an implementation of choreographic programming
targeting hardware that can be usedwithin a general purpose
programming language

• Show that constraints, operations, and techniques from dis-
tributed systems correspond to hardware platforms, and that
we can mirror the network topologies of distributed systems
with on-chip networks

2 APPROACH
Most implementations of choreographic programming are typically
written as domain specific languages (DSLs). This presents a sig-
nificant obstacle for hardware designers - not only are common
hardware constructs (e.g. registers, wire connections) unavailable,
but there is also no safe or verifiable way to lower a choreographic
specification written in a choreographic DSL into a potentially
synthesizable hardware description.

While a choreographic DSL would be difficult to adapt for hard-
ware construction, there are multiple implementations of chore-
ographies as a library module within a general purpose language.
HasChor [7] embeds choreographies in Haskell, while ChoRus [2]
does the same for Rust. Rust presents another opportunity for target-
ing hardware - the Calyx [6] hardware intermediate representation
(IR) is written in Rust, and it is possible to build new hardware
components in Calyx by using its builder APIs in Rust. As such, we
chose to implement choreographic hardware design within ChoRus.

3 IMPLEMENTATION
ChoRus defines a Transport trait, which allows programmers to de-
fine their own wire protocol for interactions between nodes across
a distributed system. Other aspects of managing the choreography,
(e.g. endpoint projection) are abstracted away.

ChoRus provides default Transport implementations for com-
municating via HTTP or between threads on the same system. Both
of these implementations use a blocking queue as a way to buffer
messages between any pair of process nodes within the choreog-
raphy, with each message represented as a serialized JSON string
that is held in the queue.

As part of extending ChoRus to target hardware, we reimple-
mented the queue structure provided in ChoRus as a hardware
module within Calyx. While Calyx includes a Python-based gen-
erator for parameterizable queues [3], we chose to reimplement
this in Rust to best preserve compatibility with other parts of the
library. Each hardware FIFO is coupled with a driver module, both
of which are instantiated for each node in the choreography (as
seen in Figure 2). However, the actual use of these hardware FI-
FOs is hidden from hardware designers. Instead, the Transport
trait handles adding and removing data from each component’s
queue. With this abstraction implemented, hardware designers can
then use the default communication operations in ChoRus (comm,
broadcast). Each use of these operators generates a new set of
wire assignments that push or pop values from the message queue
for each component.

When complete, this choreographic description of the system
abstracts away the per-component interfaces, and the Rust based
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Figure 2: A block diagram of what using a choreography
across hardware modules could look like, with a producer
node sending a value via broadcast. The inter-component
signaling (ready-valid) is hidden from the hardware designer,
and data is pushed into hardware FIFOs to avoid timing haz-
ards.

let data_set = locally(producer, 42);
// 42 is sample data here
let data_get = op.broadcast(producer, &data_set);

op.locally(consumer, |un| {
// on the consumer component
// fetch the value that was sent with op.comm
let msg = un.unwrap(&data_get);
set(data)
// 'consumer' out line is now 42

});

Figure 3: A pseudocode example of what using a choreogra-
phy across hardware modules could look like, in the style of
a ChoRus program specification. Similar to 2, this shows a
broadcast operation.

hardware description just describes data handoffs in terms of com-
munications between components. The choreography is then com-
piled to hardware descriptions in Calyx, which is consequently
lowered to Verilog.

4 APPLICABILITY
Dataflow architectures execute instructions when operands for a
particular computation are available. Choreographies could serve
as a natural way to model data movement between functional
units on a processor using a dataflow architecture. A functional
unit that produces operands could then use a comm or broadcast
operation in the choreography to move the instruction product to
each of the units that depend on that operand. This particularly fits
in with the "dependency injection" technique used by ChoRus to
provide dependent parameters to a node while performing endpoint
projection.

Similarly, choreographies could be used to implement cache
coherence protocols in hardware. Cache lines could store data by
having a producer node use the comm operation. Likewise, invali-
dating outdated data in the cache could be accomplished through
broadcast operation. ChoRus also has enclaves, or specific sets of
nodes that respond to group-specific broadcast operations. These
enclaves could correspond to lines just in the instruction cache,
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allowing a CPU to purge incorrectly fetched instructions while
preserving the state of the data cache.

Choreographies could also be applied to communication in em-
bedded systems. While most of our discussion has been in the
realm of HDLs, this paradigm could also be useful for programming
across reconfigurable hardware clusters. For instance, a UART or
SPI Transport within ChoRus would allow FPGA engineers to
write hardware descriptions running that are projected to multiple
FPGAs, rather than just arbitrating data movement within a single
hardware unit.

5 FUTUREWORK
To fully leverage choreographies within an HDL, we need to en-
hance the FIFO implementation to handle dynamically changing
signals, rather than just constant values. In addition, choreographies
in hardware present potential scheduling challenges - components
would need to be able to react in real time to operands becoming
available from other producing components, which could compli-
cate control flow within each component.

ChoRus’s approach to implementing endpoint projection as de-
pendency injection (EPP as DI) means that the per-node behavior is
implemented by having each node execute a section of the program
specification that corresponds to its particular role in the choreogra-
phy. One challenge in adopting these ideas to hardware is filtering
the specific parts of the choreographic spec that a particular compo-
nent is responsible for implementing - here, we can take advantage
of Calyx’s support for multi-component designs and selectively
schedule operations like in most ChoRus applications.

Finally, we need to certify that choreographies have onlyminimal
impacts on the overall power, performance, and area of the final
hardware design. For simple designs, instantiating hardware queues
to implement communication between hardware components could
incur significant overhead, but larger-scale dataflow processors may
be able to amortize this cost more effectively.
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