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Dataflow architectures have gained renewed interest due to their balance between energy efficiency and
performance. In (spatial) dataflow architectures, a program is represented as a set of entirely distributed and
dynamically scheduled dataflow operators that communicate through asynchronous channels, which greatly
improves data locality and parallelism. However, compiling to dataflow architectures remains an error-prone
process, due to the difficulty of maintaining determinacy while enabling pipelining. Determinacy means that
the result of a dataflow program is deterministic and independent of the schedule of operator execution, and
pipelining is an important optimization in spatial dataflow that enables parallelism across loop iterations.

In this work, we present Wavelet, the first effort to formally verify a compiler for asynchronous dataflow.
We use a mix of techniques to achieve this goal. Our frontend uses a novel capability type system with
fences to synchronize conflicting memory accesses and enable pipelining. We then verify a Lean formalization
of two core compiler passes that translate elaborated programs from the type checker to dataflow graphs,
proving important properties of forward simulation and determinacy. Notably, our formalization semantically
propagates the soundness guarantees of the frontend type system, ensuring modularity between simulation and
determinacy proofs. In our evaluation, we show that dataflow graphs compiled by Wavelet have comparable
quality to those produced by unverified dataflow compilers from RipTide and LLVM CIRCT.
CCS Concepts: • Theory of computation→ Program verification; • Software and its engineering→
Compilers; • Computer systems organization → Architectures.
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1 Introduction
Challenges in decreasing transistor size, memory access bottlenecks, and balancing power and
cooling all hinder processor efficiency. Application domains that demand extreme power efficiency,
e.g., from ultra-low-power edge computing [15] to high-performance machine learning [42], require
hardware designers to look beyond traditional “von Neumann” architecture designs. One attractive
alternative is the spatial dataflow architecture, which has seen a recent resurgence in interest [1, 11,
14, 16, 20, 42, 45], due to its outstanding balance of power efficiency and performance.

Unlike a traditional von Neumann architecture, where instructions are fetched and executed
seemingly according to program order, in spatial dataflow architectures, instructions in a program
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are compiled to a set of entirely distributed dataflow operators connected with asynchronous
channels. At the hardware level, these dataflow operators are mapped to a physical array of
“processing elements” (PEs), each serving as an operator (e.g., an arithmetic operation, a memory
access operation, or a control-flow operation). These PEs communicate through an on-chip, low-
latency network, enabling direct dataflow between operators and significantly reducing data
movement and false serialization points compared to traditional von Neumann architectures.

Historically, dataflow computing has seen challenges in maintaining programmability [4, 48, 53],
only mapping small fragments of kernels, or being implemented in brittle, fixed-function circuits.
Recent work on RipTide [16] has enabled general-purpose programming while retaining efficiency,
greatly increasing the viability of dataflow computing. Unfortunately, while the architecture thus
supports general-purpose and efficient computing, actually developing the language and compiler
infrastructure to realize this potential remains challenging. Since a dataflow program executes
as a distributed network of operators, extreme care must be taken to avoid bugs like racing
parallel accesses to shared memory, or deadlocks due to a set of operators each waiting on the
others to produce the data needed to execute. Indeed, because programming at the low level of
dataflow graphs is difficult and unintuitive, in the standard existing workflow, programmers write
applications in imperative, sequential languages like C, relying on a compiler to translate their
traditional sequential program to the distributed, parallel dataflow program. While such a workflow
improves programmability, the dataflow compiler is left with the complex task of ensuring memory
consistency and equivalence, requiring layers of static analyses to ostensibly convert the original
imperative program to an equivalent distributed one, particularly one that remains efficient.

Thus, correct compiler design is an integral, foundational topic in the (re-)emerging area of
dataflow architectures. In particular, an ideal compiler for dataflow architectures should produce
determinate and pipelined dataflow graphs: determinacy means that the result of a dataflow graph
is deterministic and independent of the schedule of operator execution, precluding the possibility
of data races. Meanwhile, pipelining is one of the most important optimizations that utilizes the
parallelism in spatial dataflow, where computation of future loop iterations can start before the
previous iteration has finished. In essence, pipelining requires removal of unnecessary dependencies
between operations, but doing so risks introducing data races and violating determinacy.

We argue that formal verification is a crucial step in developing dataflow compilers that generate
correct and efficient programs. Rather than relying on more obviously correct but overly conserva-
tive compiler behavior, we should design compilers that are mathematically guaranteed to generate
dataflow programs that preserve the intended behavior of the sequential application written by the
programmer, while not restricting desired parallelism unless needed for correctness.

To that end, we present Wavelet, the first formally verified compiler for asynchronous dataflow.
To approach the challenges of determinacy and pipelining, we use a combination of typing and
compiler verification techniques. Our core compiler passes that translate from an intermediate
sequential language Llet to a dataflow calculus Lflow are formally verified in the Lean 4 theorem
prover [40], guaranteeing forward simulation and deadlock-freedom. To enable pipelining, our
frontend language is equipped with a novel capability type system with fences to ensure consistent
usage of shared memory while not over-synchronizing memory operations. The two layers of
the compiler work together to achieve determinacy: the type system elaborates memory synchro-
nization with affine permission tokens, and our compiler proofs propagate the typing guarantees
through simulation proofs, proving the determinacy of the final dataflow program.

Our compiler proofs are designed to be modular and extensible. By interpreting Llet and Lflow
programs in a common semantic framework, we modularly verify the compilation of a single
function and then extend the proof to whole programs using a separate proof for linking dataflow
graphs. By formulating the soundness condition of affine permission tokens as label restrictions,
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Fig. 1. Overview of key dataflow operators and an example dataflow graph with its pipelined schedule.

we carry the typing guarantees through multiple simulation passes without modifying them, and
then prove determinacy independently from forward simulations.

In summary, our main contributions are:
• A capability-based type system with fences to ensure race-freedom and facilitate pipelining.
• Formally verified core parallelization passes of a dataflow compiler in Lean, guaranteeing

forward simulation and determinacy.
• A novel technique of semantic affine permissions to propagate the frontend typing soundness

guarantees throughout simulation and determinacy proofs, greatly improving modularity.

2 Background & Motivation
We explain the basics of compilation for dataflow architectures and the challenges of maintaining
correct yet efficient execution, motivating the design of our verified compilation framework.
Dataflow Operators. A dataflow compiler translates code written in a sequential language to a
dataflow program. These programs are represented as dataflow graphs, where the nodes of the graph
are operators and the edges are communication channels by which data flows between operators. The
set of available operators essentially forms the ISA of a particular dataflow architecture. We show
representative operators in Fig. 1, based on the RipTide ISA [16]. A pure OP (arithmetic/logic: +, <,
etc.) consumes inputs from channels 𝑎 and 𝑏 and outputs the operation’s result (e.g., 𝑎 +𝑏). Memory
operators like load (LD) and store (ST) may modify main memory state. Both take a base address 𝐴,
an index 𝑖 , and an optional control signal 𝑠 . When all inputs arrive, LD outputs the value at 𝐴[𝑖]; ST
stores input 𝑣 at 𝐴[𝑖] and optionally outputs a Done control signal, which is critical for enforcing
memory ordering. Because operators fire once inputs are ready, (conflicting) memory operations
might execute out-of-order. To prevent this, compilers connect the Done signal of a preceding ST to
the signal input 𝑠 of a subsequent LD or ST. This explicit data dependency prevents the subsequent
operation from firing prematurely, transforming implicit sequential memory ordering into explicit
dataflow. Finally, control flow is implemented by routing values conditionally. A steer operator
(T) acts as a branch filter: given decider 𝑑 and input 𝑎, it forwards 𝑎 if 𝑑 is true, and discards it
otherwise. A carry operator (C) acts as a loop variable: it initially forwards its left input 𝑎 (the
loop’s initial value), then on subsequent iterations forwards whichever input decider 𝑑 selects.
Dataflow Programs. We now step through an example dataflow program (right side of Fig. 1)
which increments each element of an array 𝐴 and stores the result in 𝐵. We show the loop header
and body subgraphs in separate columns (a) and (b) for clarity. The loop header in column (a) is
responsible for generating a stream of values 0, . . . , 𝑛 − 1 for the loop variable 𝑖 . It starts by emitting
the initial value 0 from the carry operator, which is then passed to the comparison operator to
check the loop condition 𝑖 < 𝑛. If this check passes, the steer operator then allows the value of 𝑖 to
flow to both the add operator and the rest of the loop body. The add operator increments 𝑖 and
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Fig. 2. Compiler pipeline of Wavelet. The compilation transforms the frontend language L∗let through the
elaborated IR Llet to the dataflow calculus Lflow .

feeds the new value back to the carry through a back-edge, and the same process repeats until the
loop condition fails. Meanwhile, the loop body in column (b) takes a stream of values for 𝑖 from the
loop header, and performs the load of 𝐴[𝑖], the increment 𝐴[𝑖] + 1, and the store to 𝐵 [𝑖] for each 𝑖 .

Notice that the graph edges in column (a) form a cycle; 𝑖 has a loop-carried dependence, requiring
its updated value to be passed back to the carry operator on each loop iteration. On the other
hand, depending on whether 𝐴 and 𝐵 are disjoint, the loop body may have no such dependencies,
indicating that iterations of the body can be parallelized, as we explain next.
Pipelining and Determinacy. Pipelining is a key optimization in dataflow architectures that
enables more parallelism. In Fig. 1(b), the grayed-out subgraph introduces a back-edge from the
store to the load. If we do not have this back-edge, the dataflow graph is pipeline-able, i.e., the load
in iteration 𝑖 +1 does not have to wait for the store in iteration 𝑖 to finish. More specifically, consider
the schedule of loop body operators in column (c). The horizontal axis represents the three operators
in the loop body (LD, +, and ST), and the vertical axis represents abstract time steps. Assume that
the loop header can stream one value of 𝑖 out per time step, with the load of iteration 0 occurring
at time 𝑡0. At time 𝑡1, the load of iteration 1 can run in parallel with the add of iteration 0; by time
𝑡3, the three operators in the loop body are simultaneously carrying out computation from three
different iterations. At the hardware level, this ideal situation is complicated by the actual timing of
each operator, but at the compiler level, we want to maximize such abstract pipelining by not adding
unnecessary data dependencies such as the gray part in column (b). A pipelined dataflow graph
carries a higher risk of losing determinacy, however. For example, the loop body is reading from 𝐴
and writing to 𝐵. If 𝐴 and 𝐵 might alias, then the schedule in column (c) could cause data races
and non-deterministic results (e.g., if the store of 𝐵 [0] and load of 𝐴[2] at time 𝑡2 are accessing the
same location). In this case, the gray back-edge becomes necessary to avoid data races and preserve
the original memory dependency in the source sequential program. Therefore, a key challenge in
Wavelet is to enable pipelining by eliminating unnecessary memory dependencies through a type
system, while preserving correctness and determinacy with formalized and mechanized proofs.

3 System Overview
We present an overview of Wavelet’s compilation pipeline in Fig. 2. At a high level, Wavelet takes
in a sequential program on the left side, decorated with capability types (#[A: uniq@{0..N}])
for accessing arrays and user-inserted fences (fence!()) indicating synchronization points, and
translates it into a lower-level dataflow program on the right side that is guaranteed to be data-race-
and deadlock-free, while still allowing pipelining. Wavelet uses the following five main passes: (1)
capability type checking, to ensure that the source program correctly uses fences to mark conflicting
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memory accesses; (2) elaboration, to lower fences to explicit manipulation of affine memory
permissions using the jnsplt(. . . ) operator; (3) control flow conversion, to convert sequential
control flow to dataflow; (4) linking, to modularly connect individually compiled functions into
a single dataflow graph; and (5) operator selection and optimization, to lower the graph to an
optimized, architecture-specific representation. The soundness of the frontend passes (1) and (2) is
certified with translation validation implemented in Rust, while the core control flow conversion
and linking passes (3) and (4) are formally verified in Lean. The last operator selection/optimization
pass is currently unverified, but can draw on orthogonal work in verifying graph rewrite passes [18].

The Frontend: Capability Type Checking and Elaboration. A programmer using Wavelet writes
their application in a sequential language, L∗let , which is implemented as a DSL embedded in Rust.
The goal of the frontend design is to give the core compiler hooks for safely determining when
operations can proceed in parallel and when they must be sequentialized to remain sound, without
the programmer reasoning about details of dataflow execution. To that end, we design: (1) a system
of capability types and fences that ensure a program only type checks if potentially racing accesses
are in separate fenced regions (§4.1), and (2) an elaboration pass that lowers fences into explicit
permission tokens that the backend uses to provably preserve the typing guarantee (§4.2).

The main idea of the capability types is that the user can type an array region 𝑅 as uniq for
exclusive write access, or shrd for shared read access. Crucially, these types are index-dependent—
the region 𝑅 need not be the entire array but instead a fine-grained slice, allowing the same array to
be accessed in both exclusive and shared patterns. This allows the compiler to identify operations
on disjoint array indices and prove that they can execute in parallel, enabling safe pipelining, a
key goal of Wavelet. When the array access patterns are inherently sequential (e.g., sequential
reads/writes to the same address), Wavelet asks the programmer to insert fences to express ordering
constraints explicitly. Once a program decorated with capabilities and fences type-checks, it is
guaranteed to execute without data races, assuming the fences are respected.

Since fences are not directly supported by the backend dataflow architecture, which enforces
ordering through explicit control signals, we lower L∗let programs with fences to an intermediate
representation Llet , equipped with the explicit synchronization operator jnsplt. Wavelet elaborates
the abstract fences in L∗let programs into manipulation of ghost permission variables in Llet (§4.2),
reifying the fence’s ordering constraints as explicit data dependencies between ghost variables,
similar to control signals in the underlying architecture. To ensure that the lowering process
is sound, we adopt a translation validation approach, where we validate that permission tokens
present in the lowered Llet program reflect the original typing constraints and satisfy the soundness
property assumed by Wavelet’s backend (§4.3).

The Backend: Verified Control Flow Conversion and Linking. The elaborated Llet program still
uses sequential control flow. As the next step, Wavelet performs two formally verified core passes
(the right half of Fig. 2) to compile an Llet program to the dataflow calculus Lflow .

The first is control flow conversion (§5.2), which individually compiles each function in the
elaborated Llet program to an Lflow process by translating sequential control-flow constructs
(e.g., branching and tail-recursion) into pure dataflow operators (e.g., steer and carry in Fig. 1).
While this pass is standard in dataflow compilers dating back to TTDA [4], it is particularly error-
prone and challenging to verify. The core difficulty stems from the mismatched semantics of
variables in a sequential program and channels in a dataflow program. Unlike a sequential program,
when a “variable” in dataflow is used in, e.g., both branches of a conditional, each use requires a
fresh communication channel to receive the value. Thus, to formally relate variables to channels,
our simulation proofs need to carefully track unused variables and the current path condition.
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permission checking on the base semantics (§5.4).

Additionally, for a dataflow graph to be safely invoked multiple times, Wavelet ensures that all
unused values are properly consumed at the end of execution to avoid deadlocks.

The second verified core pass is linking (§5.3), which connects individually compiled dataflow
graphs into a single graph representing the entire program. Function calls in dataflow pose unique
challenges for linking. Unlike sequential programs with an explicit call stack, dataflow graphs
distribute local variables across channel buffers that may hold values from multiple concurrent
function invocations. To tackle these challenges, we place static restrictions (§4.3) on L∗let to facilitate
linking, and use a modular linking semantics inspired by interaction semantics [47].

To aid formal verification, we implement these core passes in Lean. This implementation is
parametric in an abstract set of operators, making our compiler framework applicable to dataflow
architectures with different instruction sets. We then prove the following final correctness results:
(a) forward simulation: the output dataflow graph has at least one deadlock-free schedule with
the same behavior as the input sequential program; and (b) determinacy: given a terminating Llet
program that satisfies our type system’s soundness property, the output Lflow process is confluent
and strongly normalizing, producing the same result regardless of execution schedule.

Fig. 3 gives an overview of the proof structure of our compiler, showing how different guarantees
of each component connect to establish our final correctness results. In particular, we design the
mechanized portion of the proofs to be modular in a few key ways to improve maintainability. First,
we separate the simulation proofs for control flow conversion and linking, simplifying both and
enabling modular replacement and verification of functions with optimized dataflow graphs. We
then propagate our type system’s soundness property as label restrictions on the labeled transition
systems of Llet and Lflow , and prove determinacy independently from the core simulation proofs.
Final Operator Selection and Optimizations. At this point, we have constructed a dataflow graph
in Lflow that simulates the input Llet program and is determinate. To interface with actual backend
hardware (e.g., CGRAs [35] or FPGAs), we lower certain pseudo-operators to architecture-specific
operators (instruction selection), and perform unverified optimizations to improve the quality of
the dataflow graph. We define these transformations as term rewrites in Lflow (§5.5). Combined
with the memory ordering strategy in the type checker/elaborator and the core control-flow passes
of the compiler, we show in §6 that we can produce dataflow graphs with comparable quality to
existing unverified dataflow compilers in RipTide [16] and LLVM CIRCT [36].

4 Frontend: Capability Types and Fences
In this section, we present the design of Wavelet’s frontend, which consists of a capability type
system for our source language L∗let (§4.1), an elaboration pass to an intermediate language Llet
(§4.2) with a translation validation phase to ensure that the produced Llet program satisfies the
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Op op ::= add | sub |mul | ld | st | · · · Value 𝑣 ::= 𝑛 | true | false | ()
Expr 𝐸 ::= ret( #»𝑥 ) | tail( #»𝑥 ) | let #»𝑦 = op( #»𝑥 ); 𝐸 Type 𝜏 ::= bool | unit | [𝜏 ; N]

| let #»𝑦 = 𝑓 ( #»𝑥 ); 𝐸 | let 𝑦 = 𝑣 ; 𝐸 | u8 | u16 | u32 | · · ·
| if 𝑥 then 𝐸1 else 𝐸2 | — 𝐸 Cap. 𝐶 ::= uniq@𝑅 | shrd@𝑅 |𝐶1 ·𝐶2

Defn 𝐷 ::= def 𝑓 ( #     »𝑥 : 𝜏)⟨ #       »
𝐴 : 𝐶 ⟩ → #»𝜏𝑜 = 𝐸 R-expr 𝑟 ::= 𝑛 | 𝑥 | 𝑟 + 𝑟 | 𝑟 − 𝑟 | 𝑟 ∗ 𝑟

Program 𝑃 ::= #»
𝐷 Region 𝑅 ::= 𝑟 ..𝑟

Fig. 4. Syntax of L∗let .

soundness property assumed by later verified compiler passes (§4.3). While both L∗let and Llet are
sequential languages and do not need memory synchronization by themselves, the goal of the type
system and elaboration is to soundly make implicit memory dependencies explicit, so that we can
guarantee the determinacy of the dataflow graph produced by the core verified passes.

4.1 L∗let with Capability Types and Fences
This section defines L∗let , which is a first-order sequential language with capability types and a
construct called a fence to explicitly annotate memory dependencies.
Syntax. Fig. 4 shows the syntax of L∗let . A top-level L∗let program 𝑃 is made up of a list of function
definitions, and the body of each function is an expression consisting of let bindings, conditional
expressions, returns, and tail calls. A key feature of L∗let is that every expression can be optionally
preceded by a fence (—), intuitively denoting memory dependencies from operations after the
fence to operations before it. To help the type system infer suitable capabilities, each L∗let function
is annotated with two lists of typed parameters: (1) ordinary variables #     »𝑥 : 𝜏 , and (2) capability-
annotated array inputs #       »

𝐴 : 𝐶 (assumed to be disjoint from #»𝑥 ). A capability type𝐶 describes allowed
access permissions to a precise region of the annotated array. Syntactically, this permission can be
shared shrd@{𝑅} or unique uniq@{𝑅}, where 𝑅 is a range [𝑟1..𝑟2) of indices.

Load
Γ(𝑖) = int Φ ⊨ shrd@{𝑖} ≤ Δ[𝐴]

Π; Γ[𝑦 ↦→ int];Δ[𝐴 ↦→ Δ[𝐴] \ shrd@{𝑖}] ⊢𝑓 ,Φ 𝐸 : 𝜏
Π; Γ;Δ ⊢𝑓 ,Φ let 𝑦 = ld(𝐴, 𝑖); 𝐸 : 𝜏

Fence
Π(𝑓 ) = def 𝑓 ( #        »𝑥𝑖 : 𝜏𝑖 )⟨

#       »
𝐴 : 𝐶 ⟩ → #»𝜏𝑜

Π; Γ; #       »
𝐴 : 𝐶 ⊢𝑓 ,Φ 𝐸 : 𝜏

Π; Γ;Δ ⊢𝑓 ,Φ — 𝐸 : 𝜏

Store
Γ(𝑖) = int Γ ⊢ 𝑣 : int Φ ⊨ uniq@{𝑖} ≤ Δ[𝐴]
Π; Γ;Δ[𝐴 ↦→ Δ[𝐴] \ uniq@{𝑖}] ⊢𝑓 ,Φ 𝐸 : 𝜏

Π; Γ;Δ ⊢𝑓 ,Φ let () = st(𝐴, 𝑖, 𝑣); 𝐸 : 𝜏

Tail-Call
Π(𝑓 ) = def 𝑓 ( #        »𝑥𝑖 : 𝜏𝑖 )⟨

#       »
𝐴 : 𝐶 ⟩ → #»𝜏𝑜

Γ( #»
𝑖 ) = #»𝜏𝑖 Φ ⊨ ∀𝑎 ∈ #»

𝐴 .𝐶 [ #    »

𝑖/𝑥𝑖 ] ≤ Δ[𝑎]
Π; Γ;Δ ⊢𝑓 ,Φ tail( #»

𝑖 ) : #»𝜏𝑜

Fig. 5. Selected typing rules for L∗let .

Capability Type System. We equip L∗let with a capability type system to ensure that user-provided
capability annotations correctly describe the program’s actual memory access patterns and that the
fences in the program soundly overapproximate all memory dependencies. Information inferred
from this type system facilitates the translation of L∗let to Llet (§4.2), which has a more explicit
representation of capabilities and is more compatible with later compilation passes. There are two
key challenges that our type system must address to be precise enough for the purpose of pipelining
(§2): (1) it needs to distinguish between read and write accesses since reads can be done safely in
parallel, but writes (to the same location) need to be synchronized; and (2) it needs to distinguish
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𝕃𝒍𝒆𝒕∗  Program

def move(i, N, A, B)
⟨A: u@ 𝑖..𝑁 , B: u@ 𝑖..𝑁 ⟩ =
1  let c = i < N;
2 if c then:
// s@ 𝑖 ≤ Δ% 𝐴  ✓
3  let v = ld(A, i);
// u@ 𝑖 ≤ Δ&(𝐵) ✓ 
4  let () = st(B, i, v);
5
6  let () = st(A, i, 0);
7  let j = i + 1;
// u@ 𝑖..𝑁 ∖ 𝑗 ≤ Δ'(𝐴) ✓
// u@ 𝑖..𝑁 ≤ Δ'(𝐵) ✓
8      tail(j, N, A, B)
9  else ret()

(a) 𝕃𝒍𝒆𝒕∗  example with its typing contexts (b) Elaboration and permission contexts

𝚫𝟎

𝑨 𝑩

u@ 𝑖..𝑁 u@ 𝑖..𝑁

𝚫𝟑
u@ 𝑖..𝑁 \	𝑖 	
· s@ 𝑖 “

𝚫𝟒 “ u@ 𝑖..𝑁 \	𝑖

𝚫𝟓 u@ 𝑖..𝑁 u@ 𝑖..𝑁

𝚫𝟔 u@ 𝑖..𝑁 \	𝑖

f

“

def move(i, N, A, B, 𝑝-, 𝑝.)  = 
1  let c = i < N;
2  if c then:
3  let 𝑝/, 𝑝-/ = jnsplt(𝑝-); 
4  let v, 𝑝0 = ld(A, i, 𝑝/);
5  let 𝑝&, 𝑝-0 = jnsplt(𝑝-/); 
6  let (), 𝑝1 = st(B, i, v, 𝑝&);
7 // fence in 𝕃𝒍𝒆𝒕∗  
8  let 𝑝2, 𝑝-& = jnsplt(𝑝-0, 𝑝0, 𝑝1); 
9  let (), 𝑝' = st(A, i, 0, 𝑝2);
10  let j = i + 1;
11  let 𝑝-2, 𝑝-1 = jnsplt(𝑝-&); 
12  let 𝑝./, 𝑝% = jnsplt(𝑝., 𝑝', 𝑝-1);
13  tail(j, N, A, B, 𝑝-2, 𝑝./)   …

Elaborated 𝕃𝒍𝒆𝒕 Program

[𝑝!]
[𝑝!"]

[𝑝!#]

[𝑝!$]

[𝑝%][	]
“
“
“
“

“

[𝑝#]

[𝑝#, 𝑝&]
“

“
“

Ψ!"#$⇜	Ψ%&#'
“

“
“

[	]
[𝑝*]
“

“
“

“ “ “

[𝑝!&]
[	] [	] [	]

Ψ!"#$	Ψ&'()	Ψ*+(,	

Ψ%&#'⇝Ψ()*+

Fig. 6. An example program move in L∗let , along with its typing contexts, elaborated Llet program, and the
permission contexts during elaboration. Permissions for arrays 𝐴 and 𝐵 are highlighted. u@{. . . } and
s@{. . . } are abbreviations for uniq@{. . . } and shrd@{. . . }, respectively.

accesses to different regions of an array to avoid over-synchronization. As a result, each capability
𝐶 has two components: a shrd/uniq component for distinguishing read/write accesses, and a region
𝑅 component for specifying the precise indices.

We now sketch the design of our type system, where the main typing judgment has the form
Π; Γ;Δ ⊢𝑓 ,Φ 𝐸 : 𝜏 . Here, 𝑓 denotes the current function, Π maps function names to their signatures,
Γ is the typing context for ordinary variables, 𝐸 is the expression being checked, and 𝜏 is its final
type. Additionally, two important contexts that we need to include in the type judgment are the
capability context Δ, which is a map from array names to capabilities 𝐶 , and the propositional
context Φ, which is a collection of logical facts from branches or let bindings that overapproximate
the state of ordinary variables. In particular, both Δ and Φ can mention ordinary variables in Γ.

Fig. 5 presents selected key rules, and the full formulation can be found in our appendix [33]. To
explain the intuition behind these rules, we use the concrete example in Fig. 6 (a), which is an L∗let
function that copies the contents of array A to B, and then clears A to zero. When loading from
or storing to an array, we need to check that the current capability context Δ contains suitable
permissions for accessing the target array (shrd for load and uniq for store) at the specific index
being accessed. These checks are described by the Load and Store rules in Fig. 5. This is not a
purely syntactic check since our capabilities are dependent on ordinary variables (e.g., to track
indices), and as a result, premises such as Φ ⊨ shrd@{𝑖} ≤ Δ[𝐴] involve SMT queries to check
whether we have suitable capabilities under the current propositional context Φ (where we order
shrd ≤ uniq and the ranges are ordered by set inclusion). These SMT queries are represented in
green comments in our example in Fig. 6 (a). After the load (resp. store), the suitable permission
for the read (resp. written) index is consumed and removed from the capability context Δ when
type checking the rest of the expression. One subtlety in removing capabilities is that, to allow
parallel loads, we have shrd \ shrd = shrd and uniq \ shrd = shrd. In our example, consider
the load on line 3. Before the load, we have Δ0 [𝐴] = uniq@{𝑖 ..𝑁 }, and after the load, we have
Δ3 [𝐴] = uniq@{𝑖 ..𝑁 \ 𝑖} · shrd@{𝑖}, where · denotes the union of capabilities.

In order to write to 𝑖 again on line 6, the L∗let program must insert a fence to indicate a memory
dependency. A fenced expression — 𝐸 in L∗let intuitively “resets” the capability context to the initial
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function context, as formally described by rule Fence. In our example, the fence on line 5 resets
the next capability context to Δ5 = Δ0 before type checking the rest.

Finally, when calling another function or doing a tail call, the Tail-Call rule is used to check that
suitable capabilities required by the callee function are present in the current capability context.

4.2 Ghost Permissions Inference and Fence-Removal
The languageL∗let only requires light annotations to soundly overapproximate memory dependencies
in the program, but dataflow architectures do not have a fence primitive. Instead, each LD and ST
operator takes an additional argument (a control signal) that indicates when the operation can
safely proceed (§2). Therefore, to bridge this gap, Wavelet lowers L∗let to an intermediate language
called Llet with more explicit forms of memory dependencies.

We demonstrate the lowering using the same example in Fig. 6 (b), which is the lowered Llet
program from Fig. 6 (a). There are several differences in this intermediate representation (highlighted
in the figure). First, Llet removes all capability types and fences, but extends L∗let with two “ghost”
constructs: ghost variables representing affine permission tokens and the ghost operator jnsplt,
which is used to join input permission tokens and then split them in a suitable way. Semantically,
let 𝑝′, 𝑝′′ = jnsplt(𝑝1, . . . , 𝑝𝑛) combines 𝑛 permission variables and splits the result into two fresh
permissions, representing the needed permission for the operation immediately after this jnsplt and
the remaining permissions for subsequent operations. Another main difference is that operators and
functions now accept and return explicit permission variables. For example, memory operations
now consume and produce one additional permission variable, and functions accept two additional
permission arguments 𝑝sync and 𝑝garb (abbreviated as 𝑝𝑠 and 𝑝𝑔, respectively, in Fig. 6 (b)).

While the detailed lowering definition can be found in our appendix [33], we highlight some key
aspects. To guide the lowering process, we maintain a permission context Ψ = (Ψsync,Ψpend,Ψgarb).
Ψsync is initialized with 𝑝sync , which holds synchronized permissions available for immediate use—
they are inherited from capability types, and are therefore guaranteed sufficient up to the next
fence point (or the end of the function if there is no fence). Ψgarb is initialized with 𝑝garb, which is
needed to “garbage collect” permissions that are no longer needed and can be returned to the caller,
enabling permission reuse in subsequent operations. Finally, Ψpend tracks permissions from issued
operations awaiting synchronization (moving to Ψsync at fences) or garbage collection (moving to
Ψgarb at tail calls and returns). Together, these contexts let the lowering soundly materialize the
capabilities and fences from L∗let while avoiding unnecessary memory dependencies in the resulting
Llet program, which is crucial for safe pipelining in the final Lflow program.

To see how these contexts are used and how synthesized permissions reflect the original typing
constraints, consider lines 3-9 in Fig. 6 (b). When translating a ld/st, we synthesize a jnsplt that
splits Ψsync into a permission for the ld/st and remaining permissions. The returned permission
from the ld/st moves into Ψpend , and the lowering process continues with the remaining permissions
in Ψsync until the next fence, which shifts all pending permissions back into Ψsync . Operationally,
these permission variables enforce sound memory synchronization. For example, the ld on line 4
and the st on line 6 depend on disjoint permissions and can be executed in parallel, while the st on
line 9 needs to wait for the ld on line 4 to produce the permission 𝑝2 . Function calls are similar to
ld/st except that we synthesize two jnsplts for 𝑝sync and 𝑝garb, respectively (lines 11-12).

4.3 Backend Assumptions
The capability type checking (§4.1) and fence-removal (§4.2) passes of our frontend ensure that
implicit memory dependencies (implied by the control flow in L∗let ) are explicitly converted to
data dependencies on ghost permission variables. Since these passes are currently not formally
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verified in Lean, we discuss two important assumptions that our verified backend (§5) places on
the frontend to ensure compilation correctness, as well as how they are currently validated.

Soundness of Ghost Permissions. While the ghost permission lowering pass intuitively material-
izes the memory access guarantees established by L∗let ’s type system (§4.1), how do we know that
the synthesized permissions indeed preclude any conflicting memory accesses once further lowered
to Lflow? For example, a buggy lowering pass might ignore capabilities entirely and synthesize a
jnsplt that produces more permissions than it consumes. This would allow parallel writes to the
same memory location, introducing data races in the final Lflow program. To address this, our fron-
tend uses translation validation to certify the soundness of the inferred permission tokens, which
our verified backend ultimately relies on to ensure determinacy (§5.4). Note that the translation
validator itself is not formally verified, and it serves as an additional safeguard for the frontend.

To formalize the concept of permissions, we rely on partial commutative monoids (PCMs) [22],
which provide a mathematical framework for reasoning about resource sharing and disjointness. For
our frontend, we use the PCM instance of fractional permissions [8]: resources are associated with
a fraction 𝑓 ∈ [0, 1], where 𝑓 = 1 means exclusive access, and any fraction 0 < 𝑓 < 1 represents
shared access. We define dependent permission specifications for each operator and function in
Llet , each of which includes a precondition pre (mapping input values to required permissions)
and a postcondition post (mapping input and output values to returned permissions). For example,
the store operator st has prest (𝐴, 𝑖) = 1@A{i} and postst (𝐴, 𝑖, 𝑣) = 1@A{i} (i.e., exclusive access to
𝐴[𝑖]). For jnsplt, we specify that the PCM sum of the input and output permissions must be equal,
ensuring that it does not create or destroy permissions.

The guarded semantics later defined in §5.4 dynamically checks that the permission specification
above is satisfied and gets stuck otherwise. Hence, the exact soundness property validated in this
pass (assumed later in Theorem 5.7) is the progress of the Llet program under the guarded semantics.

Static Restrictions on L∗let . The dataflow model that we target in this work uses FIFO queues as
channels and requires a static dataflow graph topology. These architectural constraints complicate
the compilation of function calls: when a function has multiple (parallel) callers, the compiler must
merge their input arguments and route return values to the correct caller. A static topology requires
these routing decisions to be fixed ahead of time, while FIFO channels make arbitrary interleavings
of parallel calls difficult because operators must process their inputs in order.

While there are multiple (unverified) solutions to this challenge (§7), we adopt an approach
similar to RipTide [16], where the control flow of Llet is assumed to satisfy two static restrictions:
(1) a function can be statically called at most once outside its definition, but multiple tail-recursive
calls within the function definition are allowed; and (2) no mutual recursion is allowed. These
restrictions are validated by the backend when parsing the input Llet program from the frontend.

Requirement (1) allows a function to tail-call itself multiple times, such as def 𝑓 (𝑥) = if 𝑥 ≤
1 then ret(𝑥) else (if 𝑥%2 = 0 then tail(𝑥/2) else tail(3𝑥 + 1)). However, outside its own definition,
there can be at most one static call site to 𝑓 . Requirement (2) forbids mutual recursion. In most
dataflow architectures, FIFO channels have bounded buffers, and they block the sender if they are
full (i.e., backpressure). As a result, non-tail mutual recursion such as def 𝑓 (𝑥) = 𝑔(𝑥)+1; def 𝑔(𝑥) =
𝑓 (𝑥) + 1 causes a deadlock, because it induces an unbounded “stack.”

These restrictions do not limit the expressiveness of Llet and L∗let , since any structured control
flow (i.e., with branching and loops) can be transformed to satisfy these restrictions: branching is
built-in, and loops can be transformed to tail-recursive calls.

They do, however, reduce the ergonomics of writing Llet directly, because users must currently
encode control flow in this normalized form. In future work, we plan to automate this process with
desugaring/normalization passes, or to use Llet as an IR for dataflow compilation.
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((def 𝑓 ( #»𝑦 ) = 𝐸), init, 𝜎)
input( #»𝑣 )
−−−−−−−−→ ((def 𝑓 ( #»𝑦 ) = 𝐸), 𝐸, { #»𝑦 ↦→ #»𝑣 })

(𝐷, ret( #»𝑥 ), 𝜎)
output(𝜎 ( #»𝑥 ) )
−−−−−−−−−−−−→ (𝐷, init, ∅)

((def 𝑓 ( #»𝑦 ) = 𝐸), tail( #»𝑥 ), 𝜎) 𝜏−→ ((def 𝑓 ( #»𝑦 ) = 𝐸), 𝐸, { #»𝑦 ↦→ 𝜎 ( #»𝑥 )})

(𝐷, (let #»𝑦 = op( #»𝑥 ); 𝐸), 𝜎)
yield(op,𝜎 ( #»𝑥 ), #»𝑣 )
−−−−−−−−−−−−−−−→ (𝐷, 𝐸, 𝜎 [ #»𝑦 ↦→ #»𝑣 ])

(𝐷, if 𝑥 then 𝐸true else 𝐸false, 𝜎)
𝜏−→ (𝐷, 𝐸𝜎 (𝑥 ) , 𝜎) if 𝜎 (𝑥) ∈ {false, true}

Fig. 7. Small-step operational semantics of an Llet definition 𝐷 , denoted ⟦𝐷⟧ := ((𝐷, init, ∅),→) ∈ LTSLabel𝑂
𝐶 let ,

with the set of configurations 𝐶 let := Defn × (Expr ⊔ {init}) × (Variable ⇀ Value). For a list of variables
#»𝑥 = 𝑥1, . . . , 𝑥𝑛 , we use 𝜎 ( #»𝑥 ) to denote the list of values 𝜎 (𝑥1), . . . , 𝜎 (𝑥𝑛), assuming they are all defined.

Proc 𝜋 ::= op( #»𝑐 ) → #»

𝑑 op ∈ 𝑂

| merges (𝑐1, #»𝑐2, #»𝑐3) →
#»

𝑑 𝑠 ∈ {init, left, right}
| steer𝑓 (𝑐1, #»𝑐2) →

#»

𝑑 𝑓 ∈ {⊥,⊤}
| fork(𝑐) → #»

𝑑 | order( #»𝑐 ) → 𝑑 | sink( #»𝑐 )
| forward( #»𝑐 ) → #»

𝑑 | const𝑣 (𝑐) →
#»

𝑑
| 𝜋1 | | 𝜋2 | 𝜈𝑐. 𝜋

(𝜋, 𝜎)
input( #»𝑣 )
−−−−−−−−→ (𝜋, push( # »𝑐𝑖𝑛,

#»𝑣 , 𝜎))

pop( #    »𝑐𝑜𝑢𝑡 , 𝜎) = ( #»𝑣 , 𝜎′)

(𝜋, 𝜎)
output( #»𝑣 )
−−−−−−−−−→ (𝜋, 𝜎′)

(𝜋1, 𝜎)
𝑙−→ (𝜋 ′1, 𝜎

′)

(𝜋1 | | 𝜋2, 𝜎)
𝑙−→ (𝜋 ′1 | | 𝜋2, 𝜎

′)

pop( #»𝑐 , 𝜎) = ( #  »𝑣𝑖𝑛, 𝜎
′)

(op( #»𝑐 ) → #»

𝑑 , 𝜎)
yield(op, # »𝑣𝑖𝑛,

#    »𝑣𝑜𝑢𝑡 )−−−−−−−−−−−−−−−→ (op( #»𝑐 ) → #»

𝑑 , push( #»

𝑑 , #    »𝑣𝑜𝑢𝑡 , 𝜎
′))

Sync-Op

Fig. 8. Syntax and selected rules of the semantics of Lflow processes. We denote the semantics of a process 𝜋

as ⟦𝜋⟧ # »𝑐𝑖𝑛,
#    »𝑐𝑜𝑢𝑡 := ((𝜋, ∅),→) ∈ LTSLabel𝑂

𝐶flow , with the set of configurations 𝐶flow := Proc × (Channel Name ⇀
Value∗). Here, # »𝑐𝑖𝑛 and #    »𝑐𝑜𝑢𝑡 are distinguished lists of input and output channels. push and pop are auxiliary
functions for pushing and popping values from channel buffers.

5 Compiler Design and Verification
In this section, we detail the design and formal verification of the core compilation passes of
Wavelet, covering the verified portions of our proof structure overview in Fig. 3.

In §5.1, we introduce our dataflow calculus Lflow and the semantics of Llet . In §5.2 and §5.3, we
formally define the two core passes of control flow conversion (cfc) and linking (linksem/linksyn),
and sketch their forward simulation proofs. In §5.4, we define the guarded semantics (guard) and
prove the determinacy of the final dataflow graph. Finally, in §5.5, we briefly cover our optimization
passes as graph rewrites on Lflow processes.

5.1 Dataflow Calculus Lflow and the Semantics of Llet
We first introduce a simple calculus Lflow as our target language. Its syntax can be found in Fig. 8.
In essence, an Lflow process is a parallel composition of atomic processes, where each atomic process
is a recursive process that waits for inputs, performs computation, and produces some outputs.
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We classify atomic processes into two categories: asynchronous and synchronous operators. An
operator is asynchronous if its input/output behavior may depend on its input values and local
state (e.g., steer in §2), whereas a synchronous operator reads and then produces exactly one value
from/to each input/output channel (e.g., arithmetic or memory operators).

Asynchronous operators such as steer and merge are built-in, because our core passes depend
on their semantics to convert control flow and perform optimizations, and we will discuss their
semantics shortly. Besides asynchronous operators, the syntax and semantics of Lflow are parametric
in a customizable set 𝑂 of synchronous operators (previously specialized to Op in Fig. 4). These
operators do not need special treatment in compilation due to their more uniform behavior. This
separation of built-in asynchronous operators and custom synchronous operators allows Wavelet to
easily target dataflow architectures with different instruction sets. Further, the similar interface of
a synchronous operator and a function in Llet also allows Wavelet to treat function calls modularly
as operator calls and perform linking in a separate pass.

Finally, atomic processes in Lflow can be used in parallel composition 𝜋1 | | 𝜋2 and channel
restriction 𝜈𝑐. 𝜋 , with the usual structural congruence rules of commutativity and associativity of
| | , scope extrusion, and alpha renaming.
Semantics of Llet and Lflow . We use labeled transition systems (LTSs) to model the semantics of
both Llet and Lflow . As notation, we use LTS𝐿

𝐶
as a shorthand for the set of relations 𝑅 ⊆ 𝐶 × 𝐿 ×𝐶 ,

with states 𝐶 and labels 𝐿, and a distinguished initial state 𝑐0 ∈ 𝐶 . For any (𝑐0,→) ∈ LTS𝐿
𝐶

, we use
𝑐

ls−→ 𝑐′ to denote zero or more steps from 𝑐 to 𝑐′ with some string ls of labels.
The small-step operational semantics of Llet definitions and Lflow processes are shown in Fig. 7

and Fig. 8. Both LTSs share four types of labels:
Label𝑂 ∋ 𝑙 ::= 𝜏 | input( #»𝑣 ) | output( #»𝑣 ) | yield(op, # »𝑣𝑖𝑛,

#    »𝑣𝑜𝑢𝑡 ) op ∈ O

The silent label 𝜏 denotes an internal step without external effects; an input( #»𝑣 ) label provides
initial input #»𝑣 to the program/process; an output( #»𝑣 ) label denotes final output #»𝑣 produced by
the program/process; and finally, a yield(op, # »𝑣𝑖𝑛,

#    »𝑣𝑜𝑢𝑡 ) label denotes calling either an operator or
function with inputs # »𝑣𝑖𝑛 , and transitioning to a state assuming the outputs to be #    »𝑣𝑜𝑢𝑡 .

The transitions of Llet are mostly straightforward. Initially, a function accepts an input label and
initializes the parameters. A return expression produces an output label with the return values.
A tail call produces a silent label and re-initializes the current function with tail call arguments.
Note, however, that function and operator calls are left uninterpreted in the Llet semantics: they
simply generate yield labels and non-deterministically transition to a state assuming the return
values of the call. This is intended to make our proofs more modular, as we can separately prove
forward simulations of individual function compilation (§5.2) and linking (§5.3). This is also similar
to uninterpreted events in interaction trees [52].

On the Lflow side (Fig. 8), we show selected rules for inputs/outputs, parallel composition, and
synchronous operators, and describe the semantics of built-in operators in the text below. The
steer𝑓 (𝑐1,

#»𝑐2) →
#»

𝑑 operator reads a Boolean value from the “decider” channel 𝑐1 and input values
from #»𝑐2 . If the decider equals the filter 𝑓 , the input values are forwarded to #»

𝑑 ; otherwise, the input
values are discarded. The merge𝑠 (𝑐1,

#»𝑐2,
#»𝑐3) → #»

𝑑 operator has three states. At the initial state
𝑠 = init, it reads the decider value from 𝑐1. If the decider is true, it transitions to left, and otherwise
it transitions to right. Then, at state left (resp. right), it forwards the input from #»𝑐2 (resp. #»𝑐3) to #»

𝑑 ,
and then transitions back to init. The carry operator in Fig. 1 for representing loop variables is
exactly mergeleft. The fork operator duplicates its input to multiple outputs. The order operator is
a low-level synchronization primitive that waits for all its inputs to be ready and then forwards the
first input. The sink operator consumes its input without any output. The forward operator simply
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forwards its input to its output. Finally, const𝑣 (𝑐) pushes the constant 𝑣 to the output whenever it
receives any value from the input 𝑐 .

To conclude our semantics setup, we define a notion of simulation ≲ for LTSs with label set
Label𝑂 . Intuitively, this says that if the LTS (𝑐0,→) can perform one step, then a related state in
(𝑐′0,→′) can also make multiple steps to reach another related state, with some restrictions such
as no silent steps before an input label. This definition is stricter than the usual notion of weak
simulation [43], due to technical reasons in the simulation proofs of linking.

Definition 5.1 (IO-Restricted Weak Simulation). Given two transition systems (𝑐0,→) ∈ LTSLabel𝑂
𝐶

and (𝑐′0,→′) ∈ LTSLabel𝑂
𝐶′ , a relation 𝑅 ⊆ 𝐶 ×𝐶′ is an IO-restricted weak simulation if (𝑐0, 𝑐

′
0) ∈ 𝑅;

and for every (𝑐, 𝑐′) ∈ 𝑅 and 𝑙 ∈ Label𝑂 with 𝑐
𝑙−→ 𝑐1, there exists 𝑐′1 with (𝑐1, 𝑐

′
1) ∈ 𝑅 such that: (1)

if 𝑙 = 𝜏 , then 𝑐′
𝜏∗−→ 𝑐′1; (2) if 𝑙 = input( #»𝑣 ), then 𝑐′

𝑙𝜏∗−−→ 𝑐′1; (3) if 𝑙 = output( #»𝑣 ), then 𝑐′
𝜏∗𝑙−−→ 𝑐′1; (4) if

𝑙 = yield(op, # »𝑣𝑖𝑛,
#    »𝑣𝑜𝑢𝑡 ), then 𝑐′

𝑙−→ 𝑐′1. If there exists such a relation 𝑅, we say that (𝑐0,→) ≲ (𝑐′0,→′).

5.2 Control Flow Conversion
In this section, we describe the core control flow conversion (CFC) pass of Wavelet, which, in
essence, eliminates all control flow in the input Llet function, and produces an Lflow process with
only dataflow. We first define the compilation of each Llet construct, and then sketch a proof of its
forward simulation. Throughout, we assume that we are compiling a single Llet function, parametric
in the operator set 𝑂 (which can contain base operators or other Llet function symbols).

Compiling a Function Definition. The compiled Lflow process of an Llet definition 𝐷 , denoted
cfc(𝐷, #»𝑐 ,

#»

𝑑 ), is defined below, where #»𝑐 (resp. #»

𝑑 ) are free channels in cfc(𝐷, #»𝑐 ,
#»

𝑑 ) to represent
input (resp. output) channels of the entire process, and bound names in 𝜈 are distinct and fresh.

cfc(def 𝑓 ( #»𝑥 ) = 𝐸, #»𝑐 ,
#»

𝑑 ) := 𝜈 #»𝑐 ′,
#»

𝑑 ′, 𝑡, #»𝑟 , #»𝑟 ′ . mergeleft (𝑡, #»𝑐 , #»𝑟 ) → #»𝑐 ′ | | (Merge inputs/tail call)

cfc(𝐸, { #»𝑥 ↦→ #»𝑐 ′}, 𝑡, #»

𝑑 ′, #»𝑟 ′) | | (Compile body)

steer⊥ (𝑡,
#»

𝑑 ′) → #»

𝑑 | | steer⊤ (𝑡, #»𝑟 ′) → #»𝑟 (Route outputs)

The definition consists of three parts, where the first and last lines are for initialization and
cleanup. The compilation of the function body 𝐸 in the middle is denoted cfc(𝐸, Σ, 𝑡, #»

𝑑 , #»𝑟 ), where
Σ is a map from unused Llet variables to channel names; 𝑡 is a channel name used for sending a
Boolean flag indicating whether the expression ends with a return or a tail call, which we will call
the tail condition below; #»

𝑑 are channels used for sending return values; and #»𝑟 are channels used
for sending tail call arguments.

The trickiness of compilation comes from determining the correct input and output channel
routing, which depends on the different ways a function is called and terminates. Recall that an
Llet function can receive (non-recursive) external calls or tail-recursive calls within the function
body (a design choice due to the difficulty with dataflow function calls discussed in §3). To produce
a dataflow graph that handles both cases, we need a merge operator at the beginning to combine
call arguments from both situations. The initial state of the merge is set to left, so that initially,
the function will directly forward the input arguments to the function body, without requiring a
decider value. In turn, to handle outputs, Wavelet must suitably route the output channels #»

𝑑 ′ and
#»𝑟 ′ based on the tail condition 𝑡 : if 𝑡 is true (i.e., tail call), then the tail arguments #»𝑟 ′ are routed to
the initial merge for recursion and #»

𝑑 ′ are discarded via a steer; if 𝑡 is false (i.e., return), then #»

𝑑 ′

are routed to the final outputs #»

𝑑 , and #»𝑟 ′ are discarded by the second steer.
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Compiling an Operator Call. Handling operator (or function) calls is comparatively simple; an
Llet operator is mapped to the corresponding atomic process in Lflow , and suitable output channels
are added to the context, where Σ( #»𝑥 ) ≡ Σ(𝑥1), . . . , Σ(𝑥𝑛) (assuming all defined) for #»𝑥 ≡ 𝑥1, . . . , 𝑥𝑛 .

cfc((let #»𝑦 = op( #»𝑥 ); 𝐸), Σ, 𝑡, #»

𝑑 , #»𝑟 ) := 𝜈
#»

𝑑 ′ .op(Σ( #»𝑥 )) → #»

𝑑 ′ | | cfc(𝐸, Σ[ #»𝑦 ↦→ #»

𝑑 ′], 𝑡, #»

𝑑 , #»𝑟 )
Note that if op is a function, the static restrictions we put on L∗let (§4.3) force this case to be a

non-recursive call, and it is subsequently handled in the linking stage by essentially substituting in
the subgraph compiled from the body of op.
Compiling Branching. Dataflow operators execute whenever their inputs are available, so Wavelet
needs to ensure that the body of either branch does not directly use the channels from outside the
branch. Otherwise, an operator in the “wrong” branch may be triggered. Therefore, Wavelet inserts
steer operators as gates between live variables outside the branch and their uses inside each branch,
so that the variables only flow to the path triggered by the branch condition. Naturally, after the
steers and branch bodies, the compiler needs to combine the sets of outputs from both branches,
which is done by three merge operators, one for each output channel. Formally, the definition is as
follows, where #»

Σ means treating Σ as a list of channels indexed by live variables, and # »
Σ1,

# »
Σ2 are

two lists of fresh channel names for each variable in Σ:
cfc(if 𝑥 then 𝐸1 else 𝐸2, Σ, 𝑡,

#»

𝑑 , #»𝑟 ) := 𝜈
# »
Σ1,

# »
Σ2, 𝑡1, 𝑡2,

#»

𝑑1,
#»

𝑑2,
#»𝑟1,

#»𝑟2 .
steer⊤ (Σ(𝑥),

#»
Σ ) → # »

Σ1 | | steer⊥ (Σ(𝑥),
#»
Σ ) → # »

Σ2 | | (Steer live variables)
cfc(𝐸1, Σ1, 𝑡1,

#»

𝑑1,
#»𝑟1) | | cfc(𝐸2, Σ2, 𝑡2,

#»

𝑑2,
#»𝑟2) | | (Compile branch bodies)

mergeinit (Σ(𝑥), 𝑡1, 𝑡2) → 𝑡 | | (Merge tail condition)
mergeinit (Σ(𝑥),

#»

𝑑1,
#»

𝑑2) →
#»

𝑑 | | mergeinit (Σ(𝑥), #»𝑟1,
#»𝑟2) → #»𝑟 (Merge return and tail call)

Compiling a Return or Tail Recursion. Returning in Lflow means sending values to the output
channels ( #»

𝑑 ), while a tail call means sending the tail call arguments back to the arguments of the
current function through back edges ( #»𝑟 ). Additionally, these processes should set the tail condition
𝑡 , and send dummy values to the unused channels ( #»𝑟 in the case of return, and #»

𝑑 in the case of a
tail call) so that merge operators compiled from any branching proceed correctly. In other words:

cfc(ret( #»𝑥 ), Σ, 𝑡, #»

𝑑 , #»𝑟 ) := const⊥ → 𝑡 | | constunit → #»𝑟 | | forward(Σ( #»𝑥 )) → #»

𝑑 | | sink( #»
Σ \ #»𝑥 )

cfc(tail( #»𝑥 ), Σ, 𝑡, #»

𝑑 , #»𝑟 ) := const⊤ → 𝑡 | | constunit →
#»

𝑑 | | forward(Σ( #»𝑥 )) → #»𝑟 | | sink( #»
Σ \ #»𝑥 )

Unlike the case of a normal non-recursive function call (cfc(let #»𝑦 = op( #»𝑥 ); 𝐸)), our static
restrictions (§4.3) do not prevent multiple tail calls in the same function. This is acceptable because
if we have multiple tail calls in different branches of a function, the tail call arguments will eventually
be merged by the merge gates compiled in the branching case above, and routed back to the start
of the body with back edges.

This also alludes to the reason why we put the static restrictions in L∗let in the first place. Within
the same function body, the condition for merging arguments to a function is exactly the tail
condition 𝑡 , since the arguments can either come from an external caller, or from any of the tail
calls within the function. However, if we do allow multiple external call sites to a function, the
conditions for merging these external sets of arguments are not local, and we must sacrifice the
compositionality of the compiler definition to perform more complex global analyses.
Forward Simulation. We now sketch our proof of forward simulation of the CFC pass (the full
version has been formalized in Lean), which intuitively means that the output dataflow graph has
at least one schedule that behaves the same as the input Llet function.

The main difficulty of establishing a simulation relation for this translation is that a single use of
a variable in Llet can explode into a tree of channels in Lflow . This is largely due to steering in a
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dataflow graph, where any live variable needs to be routed to the correct branch, and the results
of both branches need to be merged at the end. As an example, consider the simple conditional
expression below: the variable 𝑧 has three uses, but the compiled dataflow graph has at least 12
channels (those named 𝑐𝑧𝑖 ) that receive the value of 𝑧 at some point in the execution!

𝐸 ≡ let 𝑧 = op(𝑥,𝑦); if 𝑧 then ret(𝑥, 𝑧) else ret(𝑦, 𝑧)

cfc(𝐸, ∅, 𝑡, #»

𝑑 , #»𝑟 ) = op(𝑐𝑥 , 𝑐𝑦) → 𝑐𝑧1 | | fork(𝑐𝑧1 ) → 𝑐𝑧2 . . . 𝑐𝑧10 | | (Run op and copy 𝑧)
steer⊤ (𝑐𝑧2 , 𝑐𝑥 ) → 𝑐𝑥 ′ | | steer⊤ (𝑐𝑧3 , 𝑐𝑧4 ) → 𝑐𝑧11 | | (Route to true branch)
steer⊥ (𝑐𝑧5 , 𝑐𝑦) → 𝑐𝑦′ | | steer⊥ (𝑐𝑧6 , 𝑐𝑧7 ) → 𝑐𝑧12 | | . . . | | (Route to false branch)

merge(𝑐𝑧8 , . . . ) →
#»

𝑑 | | merge(𝑐𝑧9 , . . . ) → #»𝑟 | | merge(𝑐𝑧10 , . . . ) → 𝑡 (Merge outputs)

To alleviate the issue and make the simulation proof tractable, we make two important design
decisions. First, we enforce affinity (i.e., no re-use) of variables and require no shadowing of
variable names (§4), essentially requiring Llet programs to be in an “affine” SSA form [2]. This
“well-formedness” restriction greatly reduces the complexity of tracking the liveness of a variable.

Given this restriction, the second part of the solution is to use a consistent naming scheme in
the compiler definition, so that each use of a variable 𝑥 in the source program corresponds to a
unique channel name that in essence tracks provenance.

Following is a snippet of our Lean definition of channel names.
inductive ChanName X where | var (base : X) (pathConds : List (Bool x ChanName X))

| steer_cond (chan : ChanName X) -- Other 10 cases omitted

The parameter X is the type of variable names in the source program, and after CFC, all variables in
the compiled Lflow process have type ChanName X. The most common case of channel names is the
var case, where base is the original variable name, and pathConds keeps track of the sequence
of branching decisions required to reach the program point at which the variable occurs. Path
conditions can in turn inductively contain ChanName, because the branching conditions themselves
may be “gated” by other branching conditions. Other cases such as steer_cond are used when the
variable is the decider of a steer, merge, etc. In total, we use 12 cases of ChanName to disambiguate
all channel names in the produced dataflow graph.

With the SSA form and channel naming scheme, the rest of the simulation proof is relatively
standard. The simulation relation keeps track of the current path condition (a list of branching
conditions used and their Boolean value) and of the key correspondence between the local variable
store of ⟦Llet⟧ and channel buffers of ⟦Lflow⟧. The simulation proof shows that this relation is
preserved after one step of the input Llet function ⟦𝐷⟧ and potentially multiple steps of ⟦cfc(𝐷)⟧.

Theorem 5.2. For a well-formed Llet definition 𝐷 , ⟦𝐷⟧ ≲ ⟦cfc(𝐷)⟧. Furthermore, the initial state
of ⟦𝐷⟧ is only related to the initial state of ⟦cfc(𝐷)⟧ in the simulation.

The second part of the statement guarantees that after 𝐷 returns, cfc(𝐷) restores to its initial
state, which ensures deadlock-freedom even when the function is called multiple times.

5.3 Linking
We can now lower a sequential Llet function to a parallel Lflow process that is guaranteed to simulate
the source semantics. However, the compiler still has not handled calls to other functions, and
instead treats them as uninterpreted synchronous operators. This intentional design decision
drastically improves proof modularity; if Wavelet performs linking as a part of CFC, the final
simulation relation has to relate the entire call stack of an Llet program to the channel buffers of
Lflow , which complicates the already involved channel naming scheme in §5.2. Instead, by splitting
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𝑐0
𝑙−→0 𝑐

′
0 𝑙 ∈ {yield(op, #  »𝑣𝑖𝑛,

#    »𝑣𝑜𝑢𝑡 ) | op ∈ 𝑂} ∪ {input( #»𝑣 ), output( #»𝑣 ), 𝜏}

(0, 𝑐0, 𝑐1, . . . , 𝑐𝑛)
𝑙−→ (0, 𝑐′0, 𝑐1, . . . , 𝑐𝑛)

Base

𝑐0
yield(𝑓𝑖 , # »𝑣𝑖𝑛,

#    »𝑣𝑜𝑢𝑡 )−−−−−−−−−−−−−−→0 𝑐
′
0 𝑐𝑖

input( # »𝑣𝑖𝑛 )−−−−−−−−−→𝑖 𝑐
′
𝑖

(0, 𝑐0, . . . , 𝑐𝑖 , . . . )
𝜏−→ (𝑖, 𝑐0, . . . , 𝑐

′
𝑖 , . . . )

Spawn
𝑐0

yield(𝑓𝑖 , # »𝑣𝑖𝑛,
#    »𝑣𝑜𝑢𝑡 )−−−−−−−−−−−−−−→0 𝑐

′
0 𝑐𝑖

output( #    »𝑣𝑜𝑢𝑡 )−−−−−−−−−−−→𝑖 𝑐
′
𝑖

(𝑖, 𝑐0, . . . , 𝑐𝑖 , . . . )
𝜏−→ (0, 𝑐′0, . . . , 𝑐

′
𝑖 , . . . )

Ret

Fig. 9. Selected transition rules of linksem (𝑆, 𝑆1, . . . , 𝑆𝑛) for linking a base 𝑆 ∈ LTS
Label𝑂⊔{𝑓1,...,𝑓𝑛 }
𝐶

, and depen-

dent LTSs {𝑆𝑖 ∈ LTSLabel𝑂
𝐶𝑖

}𝑛
𝑖=1. Note that only the base LTS can “call” the dependent LTSs. The configuration

of the linked LTS is N ×𝐶 ×𝐶1 × · · · ×𝐶𝑛 , with the first index denoting the currently active LTS.

the two phases, the proofs in §5.2 only need to focus on a single call frame and the corresponding
dataflow subgraph, leaving linking as a separate reasoning layer, which we explain now.

To compile the whole program, we must reason about function linking in both Llet and Lflow , in
a way that provably connects their semantics. Thus, Wavelet uses two notions of linking for this
pass: (1) semantic linking linksem, which gives semantics to function calls in Llet ; and (2) syntactic
linking linksyn, which “stitches” compiled Lflow processes together into a single Lflow process.
Semantic Linking. The high-level idea of semantic linking is to take the semantics (i.e., LTS) of
each individual function definition (with uninterpreted function symbols), and construct a single
LTS in which each component function can call one another. We leverage the fact that we enforce
an acyclic call graph in Llet programs (§3) to have a (relatively) simple definition where a base
LTS can make calls to a list of dependent LTSs without mutual recursion. We show a snippet
of our definition in Fig. 9, which is partially inspired by interaction semantics in compositional
CompCert [47], though more relaxed due to our call graph restrictions.

The definition revolves around a base LTS 𝑆 that can call operators in 𝑂 as well as function
symbols 𝑓1, . . . , 𝑓𝑛 , which correspond to dependent LTSs {𝑆𝑖 }𝑛𝑖=1 that only call operators in 𝑂 . The
linked LTS, denoted linksem (𝑆, 𝑆1, . . . , 𝑆𝑛), is then an LTS that only calls operators in𝑂 , with function
calls “internalized” as silent steps. This linked LTS has its own transition relation. Intuitively, this
relation treats all LTSs as parallel threads, with the current active thread indicated by the first index
in the state. If a thread produces a label that does not involve interaction between the threads,
the label is simply passed through. However, if the base LTS has a potential transition to produce
yield(𝑓𝑖 , # »𝑣𝑖𝑛, . . . ), and a dependent LTS 𝑆𝑖 can accept an input( # »𝑣𝑖𝑛) label, then they synchronize and
the active thread switches to 𝑆𝑖 (Spawn). Once 𝑆𝑖 finishes execution and produces an output( #    »𝑣𝑜𝑢𝑡 )
label, the base LTS resumes execution (Ret). One point to note is that no component LTS ever
resets to its initial state init𝑖 . While the state of a function “resetting” after returning makes sense
in the sequential Llet setting, this is not generally true in the Lflow semantics (even though it is
satisfied by a process produced by CFC). Therefore, we define the linked semantics this way to
avoid dependency on the simulation proof of CFC and preserve modularity.

As an example of semantic linking, suppose we have the following two simple functions
def 𝑓 (𝑥) = 𝑔(𝑥) + 1; def 𝑔(𝑥) = 𝑥 + 1

The LTS ⟦𝑓 ⟧ can have labels yield(𝑔, # »𝑣in,
#   »𝑣out) and yield(+, # »𝑣in,

#   »𝑣out), while the LTS ⟦𝑔⟧ can only
generate yield(+, # »𝑣in,

#   »𝑣out) (besides input/output/silent labels). Then linksem (⟦𝑓 ⟧, ⟦𝑔⟧) would act
like the parallel composition of the two LTSs that interact when a call happens: whenever ⟦𝑓 ⟧
yields to (calls) 𝑔, an input label will be sent to ⟦𝑔⟧; whenever ⟦𝑔⟧ returns, the return values are
passed back to ⟦𝑓 ⟧ through the yield label yield(𝑔, # »𝑣in,

#   »𝑣out) and the execution of 𝑓 continues.
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In this semantic version of linking, we prove a congruence lemma of linksem with respect to ≲.

Lemma 5.3. Given two sets of LTSs 𝑆0, . . . , 𝑆𝑛 and 𝑆 ′0, . . . , 𝑆
′
𝑛 such that 𝑆𝑖 ≲ 𝑆 ′𝑖 for all 𝑖 = 0, . . . , 𝑛,

linksem (𝑆0, . . . , 𝑆𝑛) ≲ linksem (𝑆 ′0, . . . , 𝑆 ′𝑛).

Syntactic Linking. We can use Lemma 5.3 to prove forward simulation of semantically linked
processes, i.e., linksem (⟦𝐷1⟧, . . . , ⟦𝐷𝑛⟧) ≲ linksem (⟦cfc(𝐷1)⟧, . . . , ⟦cfc(𝐷𝑛)⟧). This result has a
crucial gap, however, as the final compilation result of a function should be a single dataflow
graph, not a collection of function graphs. Therefore, we define a syntactic linking operation for
Lflow processes, denoted linksyn (𝜋, 𝜋1, . . . , 𝜋𝑛), that replaces any operator call to 𝑓𝑖 in 𝜋 with the
corresponding process 𝜋𝑖 . This is defined inductively on an Lflow process, and we show the key
rule below, where 𝜋𝑖 ( #»𝑐 ) → #»

𝑑 denotes replacing the free input (output) channels of 𝜋𝑖 with #»𝑐 ( #»

𝑑 ).

linksyn ((op( #»𝑐 ) → #»

𝑑 ), 𝜋1, . . . , 𝜋𝑛) :=
{
𝜋𝑖 ( #»𝑐 ) → #»

𝑑 if op = 𝑓𝑖

op( #»𝑐 ) → #»

𝑑 otherwise

To connect the semantic and syntactic notions of linking, we prove the following lemma saying
that a syntactically linked Lflow process includes the behavior of semantically linking the processes.

Lemma 5.4 (Linking Simulation). linksem (⟦𝜋⟧, ⟦𝜋1⟧, . . . , ⟦𝜋𝑛⟧) ≲ ⟦linksyn (𝜋, 𝜋1, . . . , 𝜋𝑛)⟧

Final Simulation. By connecting Theorem 5.2 and Lemmas 5.3 and 5.4, we can now state our final
forward simulation theorem from Llet programs to Lflow processes, which shows that the combined
passes of CFC and linking produce a dataflow graph that includes the behavior of the Llet program.

For an Llet program 𝑃 = 𝐷1, . . . , 𝐷𝑛 , we say that it is well-formed if each definition 𝐷𝑖 is well-
formed (i.e., affine variable usage and no shadowing of variable names), and 𝑃 satisfies the static
restrictions in §4.3. We denote the semantics of 𝑃 as ⟦𝑃⟧ := linksem (⟦𝐷1⟧, . . . , ⟦𝐷𝑛⟧) and the final
compilation pass comp(𝑃) := linksyn (cfc(𝐷1), . . . , cfc(𝐷𝑛)).

Theorem 5.5 (Compiler Forward Simulation). For a well-formed program 𝑃 , ⟦𝑃⟧ ≲ ⟦comp(𝑃)⟧.

5.4 Guarded Semantics and Determinacy
The final forward simulation (Theorem 5.5) shows that the produced dataflow graph will have
at least one schedule that behaves the same as the source Llet program. However, due to the non-
deterministic execution of Lflow processes and shared memory between operators, execution may
diverge from this “good” schedule and produce different results or termination behaviors.

In other words, we need to prove determinacy: assuming termination, the compiled program pro-
duces the same result regardless of the schedule. To establish this, we re-introduce ghost permission
tokens from §4.2. We add a permission-checking layer to both Llet and Lflow semantics that verifies
that operators are called with correct permissions, getting stuck on violations. This approach
enables us to prove two key properties: (1) if one “good” terminating trace of an Lflow process is
found satisfying the permission specification, then the Lflow process is strongly normalizing in all
schedules; (2) compilation preserves permission-satisfying, terminating traces, so that it is sufficient
to check the permissions at the Llet level (§4).
Guarded Semantics. Given a permission specification for all operators (§4.2), we want to have
a semantic “permission checker” that checks whether each operator call satisfies the permission
specification and gets stuck otherwise. As a first step, we need a “hook” to reason about permissions
within our semantics, so we slightly augment our operator set 𝑂 to create an extended set ext(𝑂).
The key difference of ext(𝑂) is that each operator is given an additional input and output channel
specifically for ghost permission tokens (mirroring Llet ’s structure in §4.2), so that permission
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𝑡pre = pre(op, #  »𝑣𝑖𝑛) 𝑡post = post(op, #  »𝑣𝑖𝑛,
#    »𝑣𝑜𝑢𝑡 )

yield(op, ( #  »𝑣𝑖𝑛, 𝑡pre), ( #    »𝑣𝑜𝑢𝑡 , 𝑡post )) ⊲spec yield(op, #  »𝑣𝑖𝑛,
#    »𝑣𝑜𝑢𝑡 )

Guard-Yield

𝑓 ( #»𝑣 ) · 𝑡 ′ = 𝑡1 · 𝑡2 · · · · · 𝑡𝑘
yield(jnsplt𝑘,𝑓 , (𝑡1, . . . , 𝑡𝑘 , #»𝑣 ), (𝑓 ( #»𝑣 ), 𝑡 ′)) ⊲spec 𝜏

Guard-Join
𝑙 ∈ {input( #»𝑣 ), output( #»𝑣 ), 𝜏}

𝑙 ⊲spec 𝑙
Other

Fig. 10. Semantic guard for interpreting ext(𝑂) with respect to a specification spec = (pre, post). This relation
interprets the extended operator set ext(𝑂) as operations in the base operator set 𝑂 .

tokens will be included in the yield labels produced by both Llet and Lflow semantics. Additionally,
ext(𝑂) contains the ghost operator jnsplt in §4.2, which is used to split and join permission tokens.

Now that we have a semantics with permission tokens threaded through, we can create a checker
to make sure that any operator call satisfies the permission spec. To do so, we define a notion of a
guarded semantics, which is in essence an LTS with a restricted and translated label set.

Definition 5.6 (Guarded Semantics). Given a relation 𝐺 ⊆ Label𝑂 ′ × Label𝑂 which we call guard,
and an 𝑆 = (init,→) ∈ LTSLabel𝑂′

𝐶
, guard𝐺 (𝑆) = (init𝐺 ,→𝐺 ) ∈ LTSLabel𝑂

𝐶
is another LTS such that

init𝐺 := init, and for any 𝑐, 𝑐′ ∈ 𝐶 , 𝑐 𝑙−→𝐺 𝑐′ iff there exists 𝑙 ′ such that 𝑐 𝑙 ′−→ 𝑐′ and (𝑙 ′, 𝑙) ∈ 𝐺 .
We now define a guard relation guardspec (𝑆) in Fig. 10 for checking the operator calls (yield(. . . ))

against the permission specification. In the Guard-Yield rule, we check that the additional permis-
sion token input and output of the operator op satisfy the permission specification, and translate
the label back to the base operator set 𝑂 . In the Guard-Join rule, we take the sum of the input
permissions and then split it as specified by the jnsplt𝑘,𝑓 operator, where 𝑘 is the number of input
permissions, and 𝑓 determines how the two output permissions should be split, potentially depend-
ing on input values #»𝑣 . Since this is a ghost operator, it produces no external yields and emits a 𝜏
label. Finally, in the Other rule, we pass through any other labels unchanged.

To reason about the base unguarded semantics, we also define a trivial guard guardtriv (omitted
for space), which is similar to guardspec but skips all permission checks.
Strong Normalization. With our permission checker, we can prove properties about how the
guarded semantics of Lflow processes relate to the unguarded semantics. Namely, if we can find a
trace in the guarded semantics that leads to a final state in both semantics, then even without the
guards, any execution trace in the unguarded semantics will be “eventually consistent” with the
same final state. Furthermore, the unguarded semantics in this case will be strongly normalizing,
as all traces will be bounded by the length of the terminating, guarded trace.

Theorem 5.7 (Guarded Weak Normalization Implies Unguarded Strong Normalization).
Let 𝑐 ∈ 𝐶flow be an Lflow configuration, and let →spec and →triv be the guarded/unguarded semantics

of Lflow , respectively. If there exists a trace 𝑐
𝜏𝑘−−→spec 𝑐⊥ (of 𝑘 steps) such that 𝑐⊥ is final with respect to

→triv, then for any trace 𝑐
𝜏𝑘1
−−→triv 𝑐

′ in the unguarded semantics, there exists a trace 𝑐′
𝜏𝑘2
−−→triv 𝑐⊥ in

the unguarded semantics to the same final state 𝑐⊥, and 𝑘1 + 𝑘2 = 𝑘 .

Note that the statement only considers 𝜏 labels. This is because in a step omitted from the paper
for brevity, we concretely interpret all previously uninterpreted operator calls, so the resulting
semantics only generates input/output/silent labels but no yield labels.
Connecting with Forward Simulation. We have now established good properties at two ends of
the compilation pipeline: (1) via the type system in §4, we know that well-typed L∗let programs can
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be elaborated to Llet programs that will satisfy the permission checker; (2) via Theorem 5.7, we know
that if the compiled Lflow process satisfies the permission checker and has a “good” terminating
trace, then it is strongly normalizing. To bridge the gap between (1) and (2), we use the following
key congruence lemma that preserves the modularity between forward simulation and determinacy.

Lemma 5.8. For any guard relation 𝐺 and LTSs 𝑆 and 𝑆 ′, 𝑆 ≲ 𝑆 ′ implies guard𝐺 (𝑆) ≲ guard𝐺 (𝑆 ′).
Therefore, by carrying a terminating, guarded trace of Llet programs (guaranteed by the type

system) through the forward simulation proofs and applying Theorem 5.7, we can prove the
following determinacy result, which says that the compiled Lflow process comp(𝑃) is strongly
normalizing and, in particular, produces the same output values #    »𝑣𝑜𝑢𝑡 as the input Llet program 𝑃 .

Theorem 5.9 (Compiler Determinacy). Let 𝑃 be a well-formed Llet program and comp(𝑃) its
compiled Lflow process. Suppose that there is a terminating trace in the guarded Llet semantics:

init(𝑃)
input( # »𝑣𝑖𝑛 )−−−−−−−−→spec 𝑐1

𝜏𝑘−−→spec 𝑐2
output( #    »𝑣𝑜𝑢𝑡 )−−−−−−−−−−→spec 𝑐⊥

Then there exists 𝑘 ′ ∈ N, such that: for any 𝑐′2 with init(comp(𝑃))
input( # »𝑣𝑖𝑛 ) 𝜏𝑘1
−−−−−−−−−−−→triv 𝑐′2, we have

𝑐′2
𝜏𝑘2 output( #    »𝑣𝑜𝑢𝑡 )−−−−−−−−−−−−−→triv 𝑐

′
⊥ with 𝑘1 + 𝑘2 + 2 = 𝑘 ′ and 𝑐⊥ and 𝑐′⊥ have the same final memory state.

5.5 Operator Selection and Optimization
As the final step in Wavelet, we implement a term rewriter on the produced Lflow process to lower
“pseudo-operators” to actual hardware operators and optimize for a smaller graph size. In particular,
any ghost permission tokens become simple control signals, and a jnsplt is lowered to an order
operator and a fork operator, which together wait for all inputs and then output two control signals.

In total, we have 54 rewrite rules, and they are currently unverified. The formal verification of
these rewrites is an interesting problem on its own (§7). For instance, we have the rewrite rule
merge(𝑐0, 𝑐1, 𝑐2) → 𝑑 | | steer⊤ (𝑐0, 𝑑) → 𝑑 ′ ⇒ forward(𝑐2) → 𝑑 ′, i.e., if a merge and a steer have
the same decider (𝑐0), then 𝑐2 can be directly forwarded to the final output 𝑑 ′. This rewrite may
not preserve the original behavior if, for example, 𝑐2 is ready, but the decider 𝑐0 is always empty.
Hence, the correctness of this rule relies on the liveness property that any value will eventually
be consumed, which is implied by the termination assumption (Theorem 5.7) and our simulation
relation that enforces empty channels in the final dataflow configuration.

6 Evaluation
In this section, we evaluate Wavelet in terms of compilation quality (§6.1), ergonomic/compiler
overhead of L∗let (§6.2), and human effort in verifying Wavelet (§6.3). All evaluations are performed
on a machine with Apple M1 Pro CPU and 32 GiB of RAM.

6.1 CompilationQuality
Wavelet targets CGRAs such as RipTide [16] or FPGAs as a part of a dynamically-scheduled high-
level synthesis (HLS) pipeline [21, 36]. Therefore, we compare the performance and resource usage
of dataflow graphs compiled from Wavelet and two unverified dataflow compilers from RipTide [16]
and LLVM CIRCT [36] (for HLS) on 10 benchmark programs from RipTide.
Comparison with RipTide. The RipTide project [16] features an LLVM-based dataflow compiler
targeting the RipTide CGRA. The output dataflow graphs of Wavelet and the RipTide compiler are
at a similar level of abstraction, so we directly compare their simulation performance and graph
sizes in the first row of Fig. 11. Simulators of Wavelet and RipTide are both not cycle-accurate
(every operator takes one cycle), but their relative performance is still informative.
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Fig. 11. Compilation quality: the first row compares simulation performance and graph size of Wavelet and
RipTide; the second row compares execution time and resource usage of Wavelet and CIRCT in dynamic HLS.

Compared to RipTide, Wavelet’s dataflow graphs are 2.62× slower and 3.04× larger in geometric
mean. Without optimizations in §5.5, Wavelet’s dataflow graphs are 5.79× slower and 8.26× larger.
One advantage of RipTide is that it has a “streamification” optimization to replace a loop header
similar to Fig. 1 (a) with a specialized “stream” operator, which we do not yet support in Wavelet.
With streamification disabled in RipTide for a fairer comparison, Wavelet’s dataflow graphs are
1.69× (3.74× if unoptimized) slower and 2.26× (6.13× if unoptimized) larger.

The main downside of Wavelet is that it produces significantly more control-flow operators (e.g.,
merge, steer, etc.). In the benchmarks, Wavelet-compiled graphs have 78% control-flow operators
on average (93% if unoptimized), compared to 51% in RipTide’s graphs. We attribute this issue to
the memory synchronization strategy in Wavelet. Wavelet passes permission tokens separately
from concrete values, extending all operators with additional permission token inputs/outputs
(§5.4). While this makes the type system more principled—permission variables are affine and do
not interfere with ordinary variables—it introduces many permission variables and larger graphs.

On the other hand, RipTide mixes synchronization signals with values and optimizes away
unnecessary memory ordering when data dependencies already enforce them. However, this
analysis is error-prone and harder to verify compositionally. In fact, in the sort benchmark, we find
that RipTide is missing a memory ordering, causing a data race and incorrect simulation results.

Finally, pipelining in Wavelet does improve performance even with larger graphs. For example, in
benchmarks vadd, norm, and fc, even though Wavelet produces graphs with 2× as many operators
as RipTide (without streamification), the final performance is still similar due to pipelining.

Comparison with CIRCT. CIRCT [36] is an MLIR-based compiler framework for hardware design.
We compare Wavelet against a dynamic HLS pipeline in CIRCT, which compiles MLIR’s structured
control-flow dialect (scf [38]) to dataflow graphs (CIRCT’s handshake dialect [37]). For Wavelet,
we implement an unverified lowering pass from Lflow to the handshake dialect.

We then compile the produced handshake dataflow graphs to SystemVerilog RTL designs via
CIRCT, and use Verilator [51] for simulation. To estimate cycle periods and resource utilization, we
synthesize the designs targeting the Lattice ECP5 FPGA [44] using Yosys [55] and nextpnr [54].

The resulting comparison is shown in the second row of Fig. 11, including relative execution time
and resource utilization of the generated designs from Wavelet and CIRCT. The results show that
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Wavelet’s dataflow graphs, when used in HLS, are comparable with CIRCT’s compilation results
in both performance and area, with some benchmarks even outperforming CIRCT’s output. On
average, Wavelet’s results are 1.2× (2.04× if unoptimized) slower in execution time, and have 0.69×
(1.22× if unoptimized) LUTs and 0.67× (1.27× if unoptimized) FFs compared to CIRCT’s output.

During evaluation, we actually found two issues in CIRCT [30, 31], which further highlight the
challenge of building a correct dataflow compiler.

6.2 L∗let Type System Overhead

Source LoC Compiler Time (s)
Test C DSL Ann TC TV Opt Total
vadd 5 26 2 0.03 0.67 0.02 0.72
norm 5 27 2 0.02 0.33 0.03 0.39
relu 7 30 3 0.02 0.39 0.06 0.47
pool 27 135 5 0.06 1.07 1.31 2.45
fc 16 71 4 0.09 1.76 0.23 2.08
conv 36 179 5 0.11 3.94 2.94 7.00
dmv 9 47 3 0.07 1.64 0.09 1.80
dmm 16 85 4 0.10 2.41 0.55 3.06
dither 19 75 7 0.09 1.26 0.30 1.66
sort 23 117 12 0.04 1.77 1.97 3.79

Fig. 12. Benchmark lines of code (in the C version from Rip-
Tide [16], in Wavelet’s DSL, and for capability Annotations),
along with their compilation time in various passes of Wavelet:
type checking (TC), translation validation (TV), optimization
(Opt). Omitted CFC and linking took less than 10 ms.

To guarantee dataflow determinacy and
to enable modular compiler proofs, our
frontend language L∗let adopts a capabil-
ity type system (§4) and two static re-
strictions (§4.3). In this section, we eval-
uate both the compiler-performance and
ergonomic overhead of the type system.

Fig. 12 shows statistics of our bench-
marks and compiler performance. In
terms of usability, benchmarks written
in our L∗let DSL have on average 4.86×
more lines of code than the original
versions in C. While the ratio is high,
this is primarily due to the lack of au-
tomated desugaring passes in our fron-
tend. Our DSL enforces individual op-
erations in separate statements to aid
compilation (e.g., x = a + b * c is written
as t = b * c; x = a + t), and the two static
restrictions in §4.3 require users to man-
ually convert their control flow to branching and tail recursion.

Our capability types (§4) place a relatively small burden on the programmer. Fig. 12 shows that
users only have to add a few lines of annotations. While precise capabilities and fences do require
careful memory reasoning, this overhead is reasonable given the strong assurance from Wavelet.

Most compilation time is spent on translation validation (§4.3) and dataflow optimizations (§5.5).
For translation validation, some test programs with more complex array index computation can
lead to inefficient non-linear integer arithmetic in the SMT queries. For dataflow optimizations, the
performance issue is largely due to inefficient internal representations of dataflow graphs.

6.3 Verification Effort
In total, the Lean formalization of Wavelet has 797 lines of verified executable code, 1,534 lines of
specifications, and 14,819 lines of proofs, with a proof-to-code/spec ratio of about 6.4:1. The type
checker and permission validator are implemented in 11,546 lines of Rust.

The most difficult proofs of Wavelet are for control flow conversion (∼2 person-months and
6,353 lines of proofs) and determinacy (∼2 person-months and 5,862 lines of proofs). Defining the
channel naming schemes (§5.2) and static restrictions (§4.3) is the main difficulty of control flow
conversion. The determinacy proofs require careful coordination with the frontend in order to
achieve modularity, and the exact formulation of the guarded semantics also took some iterations.
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7 Related and Future Work
The idea of dataflow is ubiquitous, and has been studied in various contexts including dataflow
architectures, stream processing [23, 39], and synchronous data flow [27]. We discuss related formal
verification efforts in these areas and highlight exciting future directions for Wavelet.
Dataflow and HLS. FlowCert [34] targets CGRA compiler correctness and inspired our modular
determinacy proof. The main difference is that FlowCert is entirely a translation validation approach
and does not provide the same level of formal guarantee. Wavelet also improves upon FlowCert
with fine-grained capabilities, enabling more pipelining than FlowCert’s simple permission tokens.

Our type system is inspired by Dahlia [41], but we extend memory capabilities with dependency
on values, which is crucial for pipelining. Vericert [19] is a formally verified HLS compiler in
Rocq [50], although it cannot be directly applied to asynchronous dataflow due to static scheduling.

The Dynamatic [21] framework for dynamically-scheduled HLS also uses asynchronous dataflow
extensively. Law et al. [26] formalize two Dynamatic-inspired dataflow models in Rocq. Their
dataflow calculus Cilan is an alternative to Lflow , but they do not allow shared memory between
dataflow components, which simplifies their determinacy proof. They also do not verify our main
focus of dataflow compilation from a sequential program. Graphiti [18] and ElasticMiter [12] are
two prior efforts on verifying dataflow graph rewrites for Dynamatic, which are complementary to
our work. Connecting the formalizations of Wavelet and Graphiti would be an interesting future
direction, since our proof structure supports future extensions to some extent: rewrites with verified
forward simulation can be added after linking without affecting the determinacy proof (Lemma 5.8).
Synchronous Data Flow. The more restricted model of synchronous data flow [27] has been
extensively studied, with verification efforts including Kind 2 [9], a model checker for Lustre [17],
and Vélus [6, 7], a verified compiler in Rocq from Lustre to CompCert’s Clight [28]. Asynchronous
dataflow in our case presents a different set of challenges, e.g., determinacy and shared memory.
StreamProcessing. Stream processing and functional reactive programming [13] are closely related
paradigms. Recent works such as Flo [23] and stream types [10] share similar goals, including
determinism and liveness, but they target more abstract features like higher-order streams rather
than low-level concerns like shared memory, making them not directly applicable to our challenges.
Affine Types and Ghost Permissions. Affine types and permission-based systems have been
explored in languages such as Rust [49] and Linear Haskell [5], and in various program logics
and verification tools, such as Verus [24, 25], Linear Dafny [29], and Iris [22]. Our capability type
system in L∗let is inspired by these prior works, but tailored specifically for reasoning about memory
access ordering and pipelining in dataflow architectures. Exploring richer capability types and
more powerful program logics for dataflow would be an interesting future direction.
Compiler Verification. We build on ideas from a rich body of work on compositional compiler
verification [46, 47, 56]. Our definition of semantic linking is partially inspired by linking interactive
semantics in compositional CompCert [47] and interaction trees [52].
Handling Complex Control Flow. The dataflow model formalized in this work is also known
as ordered dataflow [16], where channels have the semantics of FIFO queues. Prior (unverified)
work [16, 21] in this model only handles single-function compilation. In our case, the entire L∗let
program with multiple functions can be thought of as a single program in SSA form [3]. Our
approach of using the two static restrictions (§4.3) is inspired by RipTide [16], which normalizes the
input SSA program to a form with nested loops and branching. Another approach [21, 36] is to use
non-deterministic merge operators, but they further complicate the determinacy proof due to the
additional non-determinism [26]. We leave for future work the verification of tagged dataflow [1, 4],
which can support more expressive control flow (e.g., higher-order functions in Id [4]).
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