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Abstract
The rise of large-scale machine learning applications neces-
sitates throughput-oriented machines. Dataflow computing
has thus regained traction due to its ability to capitalize
on fine-grained parallelism in both the vector and pipeline
dimensions. Modern reconfigurable dataflow accelerators
(RDAs) in particular support expressing highly customizable
memory orderings, enabling algorithm developers to explore
specialized synchronization schemes tailored to each applica-
tion. Unfortunately, a generalized framework for reasoning
about memory orderings that accounts for the unique con-
straints of RDAs, like strict pipeline timing, is lacking. Such
a framework can provide stronger correctness guarantees by
making the programming model more amenable to formal
verification. In this talk, we will describe the shortcomings
of analogous CPU-based frameworks and propose a new
approach for RDAs, called Tags, based on a generalized no-
tion of the token-credit system. We also outline potential
research directions towards integrating Tags into new lan-
guages and compilers and exploring relationships between
Tags and session types.

1 Motivation
The recent revival of dataflow computing in the form of re-
configurable dataflow accelerators (RDAs) [14], and their
growing proliferation [13], poses a new set of challenges for
programming language and compiler designers [21]. Specifi-
cally, we call to attention the importance of reasoning about
event ordering, namely events related to memory opera-
tions. Current programming models for RDAs lack a formal
foundation, and thus a principled framework, for rigorously
reasoning about memory ordering. Traditional CPU-centric
programming models define memory ordering behaviors
by a hardware memory consistency model (i.e. x86-TSO,
ARM, PowerPC) and a language memory model (C++, Java,
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Go). Thus, existing generalized memory modeling frame-
works assume a processor-centric view of shared-memory
[1–3, 11, 15, 17, 19]. However, RDAs exhibit several impor-
tant distinctions: hundreds of incoherent memory scopes
which feature explicit memory ordering semantics, hundreds
of PEs which locally enforce program order for a handful
of memory operations, pairwise FIFOs which enforce im-
plicit memory ordering semantics, and a desire to sometimes
bound reordering of memory accesses rather than disallow
them entirely. Unfortunately, due to the discrepancies be-
tween RDAs and processor-like architectures, existing mem-
ory modeling frameworks do not provide the desired set of
properties for RDAs, summarized below.
Fine-grained Dataflow. RDAs are characterized by a sea

of simple software-reconfigurable compute units (CUs) and
memory units (MUs) connected by an on-chip network. In
processor-based architectures, there is a clear separation of
ordering concerns between hardware and software. This is
not true in RDAs, where the task of ensuring application
correctness is almost exclusively offloaded to software. For
example, as shown in fig. 1a, CPU-based memory models
are concerned with sequences of instructions in program
order and when their effects to memory are visible to each
other. Most CPUs today have hardware-defined coherence
protocols that guarantee same-address accesses follow pro-
gram order, while different-address access often require addi-
tional software-defined synchronization. For a typical RDA,
each CU executes its configured operations sequentially, but
between multiple CUs, the hardware can only guarantee
FIFO ordering in per-link buffers between each pair of CUs.
Larger memories that do not fit in these buffers must go
through an MU, at which point any orderings guarantees
must be enforced by software. This can be seen as an ex-
treme version of scoped memory with hundreds of small
reconfigurable regions that can be independently configured.
For a compiler to effectively maximize performance on such
a machine, a flexible framework is needed to allow users
to easily communicate minimal ordering requirements that
maximize performance.
Bounded Desynchronization.While many programs have

a strict notion of correctness, stochastic and iterative al-
gorithms such as stochastic gradient descent, matrix com-
pletion, and graph cuts have far looser requirements [16].
Instead, these applications only require that reads and writes
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Figure 1.Differences between CPUmemory model and RDA
memory model. A CPU-based model shown in fig. 1a reasons
about when the effects of instructions are visible by other
instructions. Typically, the hardware will preserve same-
address program order (po-loc), whereas different-address
program order (po) is not always guaranteed. For RDAs
shown in fig. 1b, hardware typically provides small buffers
between CUs that follow hardware-defined FIFO-ordering,
whereas larger intermediate data must be communicated
through an MU with software-defined ordering.

execute mostly in program order for the application-level
result to eventually converge. Existing memory models do
not provide a way of bounding the staleness of accesses, and
rely entirely on ad hoc software that is inflexible to changes.
We will expound further on this point in section 2.2.

2 Envisioned Approach: Tags

Tag (id: Nat):

outlet:

publish : 𝑂𝑢𝑡𝑆𝑡𝑎𝑡𝑒 → 𝑆𝑖𝑔𝑛𝑎𝑙𝑇𝑦𝑝𝑒

inlet:

ready: 𝑆𝑖𝑔𝑛𝑎𝑙𝑇𝑦𝑝𝑒 → 𝐼𝑛𝑆𝑡𝑎𝑡𝑒 → Bool
update: 𝑆𝑖𝑔𝑛𝑎𝑙𝑇𝑦𝑝𝑒 → 𝐼𝑛𝑆𝑡𝑎𝑡𝑒 → Bool → 𝐼𝑛𝑆𝑡𝑎𝑡𝑒

We propose Tags, a general programming framework for
specifying distributed event ordering based on distributed lo-
cal state and targeted communications. The design of Tags is
inspired by early work on Synchronous Dataflow [10], which
models dataflow computation as a set of actors communicat-
ing through tokens to signal inter-node dependencies. Tags
can be seen as a generalization of this token system.

2.1 Specification
A Tag is a user-specified dependency between multiple dis-
tributed operations, each with local state invisible to the
others. Each Tag is uniquely identified with an integer id,
where outlets and inlets under the same Tag id communi-
cate with each other. For a unique Tag id, a node can either
contain an outlet or an inlet. An outlet represents a pro-
ducer of some kind, where the publish function is set to
trigger whenever the body of the node finishes an iteration
of computation. The outlet function views some prescribed
state of the producer node, with polymorphic type Φ, signals
an update of polymorphic type Δ over the “wire”. Nodes

with associated inlets evaluate the ready function upon
receiving such an update signal from an outlet with the same
id. The ready function uses the update signal received of
type Δ, in combination with some polymorphic local state
of type Ψ, to determine whether the associated actions of
the node are ready to be scheduled, denoted with type Bool.
Lastly, the update signal, the consumer node’s local state,
and the current readiness trigger an update to its local state
in the update function.

2.2 Discussion: Bounded Desynchronization
One application of Tags is to easily describe the notion of
bounded desynchronization: when an algorithm might toler-
ate slight incoherence to reduce synchronization overheads
within a reasonable limit. Prior works like HOGWILD![16] have
analyzed the benefits of asynchronous stochastic gradient de-
scent (SGD) without locks. While HOGWILD!achieves speedups
by decreasing the execution time of each iteration through re-
duced communication overhead, analysis has found that the
convergence rate suffers as data staleness increases [5, 16].
Tags offer to balance the staleness-synchronization trade-off
by allowing the user to easily describe a bound on data stal-
eness by communicating current iteration counts between
the nodes. One potential scheme for staleness-aware asyn-
chronous SGD is described by Zhang et al. [20] which lever-
ages MPI to achieve the desired effects. However, MPI is a
processor-centric model that is more appropriate for data
centers than RDAs.

3 Future Work
We are currently exploring these three directions:

Constraints. To satisfy hardware plausibility and prevent
catastrophic failures, there must be a well-founded set of
constraints on what the prescribed functions can do. For
example, ready is monotonically non-decreasing with re-
spect to the InState. This means that if a previous call to
ready returns true, “increasing” the InState should not re-
sult in a false enable signal, which would lead to unprocessed
elements and potential deadlock.
Language Design. Tags can potentially play a crucial role

in designing verifiable high-performance HLS languages
for RDA. To this end, we are currently working towards
integrating Tags into a formally verified HLS language for
programming RDAs based on an interactive proof assistant.

Correspondence to Session Types. Session types are promis-
ing directions in formally reasoning about concurrent pro-
grams, but a lower-level IR is needed to realize them on hard-
ware [6, 7, 18]. A potential correspondence exists between
Tags and session types which we are currently working to
concretize. Such a correspondence, once established, can
enable the wealth of knowledge accrued in session types
to transfer to a system that is more friendly to low-level
implementation [4, 8, 9, 12].
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