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1 Introduction

In recent years, FPGAs have seen surging interest as datacenter accelerators, marked by major industry moves such as
AMD’s acquisition of Xilinx [2] and Intel’s investment in Altera [1].

Hyperscale cloud providers have deployed FPGAs at scale to speed up diverse workloads—from machine learning to
network processing—and offer FPGA-based instances to customers [3]. Despite this momentum, significant challenges
remain as FPGA development is still quite complex. With larger designs, the underlying hardware design presents
non-trivial challenges to handle from a software perspective.
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High Level Synthesis (HLS) tools evaluate the accelerator program as a monolithic control-state based on the inferred
sequential semantics of consuming and producing data on the off-chip memory - resulting in kernels that ingest data
from the off-chip memory, compute it as defined by the designer, and push the output back onto the off-chip memory,
while the host runs the drivers to interact with the off-chip memory. In contrast, current state-of-the-art frameworks
like TAPA [14, 23] and PASTA [16, 17] offer models for Task Parallel Systems (TPS) where the design is compiled as
multiple (HLS) tasks running independently, interfacing via FIFO streams and/or buffer channels. These frameworks
implement a model wherein producer tasks and consumer tasks are connected by latency-insensitive communication
channels. To address timing closure issues in multi-die FPGAs, these tools involve a coarse-grained floorplanning stage
to place the tasks in local FPGA regions, followed by a pipelining step to add pipeline registers between tasks and their
communication channels.

It is challenging for HLS tools to outperform designs implemented by hardware engineers working directly with
RTL. A major reason for this is the opacity of these tools, wherein the user is responsible only for the high-level code.
Alternatively, working with RTL flows is quite complex, which limits the scope of applications that can be designed by
the front-end programmer. When building FPGA applications, a designer has to work not just on the accelerator kernel
itself but also the application-specific data transfer to and from its interfaces. They need to consider the interaction
of all tasks, individually optimizing each for the intermediary dataflow. This makes incremental improvement quite
tedious and error-prone even at the level of an unoptimized proof-of-concept, because the addition of a new task or
feature may require rewriting several other tasks, adding new communication channels between all existing tasks
participating with the new one.

While these tools provide commendable automatic optimizations, especially considering the convenient high-level
programming abstractions they support, there are specific challenges that show up only during implementation of an
application. These challenges span the entire stack of the FPGA design cycle - from the superficial level of behavioral
design to the on-fabric placement optimizations towards optimal floorplans. Existing HLS tools hinder the development
of complex task arrangements on hardware, mainly due to their rigidity of the underlying channels. They work on an
explicit single-producer single-consumer (SPSC) model with point-to-point FIFO or buffer channels, which means that
there can be at most one producer and one consumer connected to these channels. For example, if an on-chip memory
needs to be accessed by two consumers, they should be wrapped in a parent task boundary so that the memory sees
only one consumer. This constraint is obvious to a hardware designer because inputs to an on-chip element cannot have
multiple drivers and outputs must have well-defined loads. But, this also means that all inter-task interaction involving
memory has to be explicitly programmed on a one-to-one basis. Although this limitation seems rather harmless at
first glance, the issue is the design complexity faced by the programmer because no three tasks ever share the same
view of on-chip memory. Without a common view of on-chip memory, dataflow can be coordinated only between
two tasks, not more. Such a limitation, however obvious, exist on hardware and is opaque to the software designer
using a high-level language like C/C++. As such, the overall paradigm of Accelerator-Rich Architectures (ARAs),
which contains multiple tasks with complex inter-task communication, depends not only on TPS models for concurrent
execution of the compositional tasks, but also on a robust Multi-Producer-Multi-Consumer (MPMC) communication
interface to a shared buffer that provides a common view of (on-chip) memory.

To this end, we present the PoCo framework to offer a standardized on-chip memory view and make its connected
tasks appear as plug-and-play IPs in an MPMC model connected to a high-performance datapath. PoCo takes a TPS
program and buffer configuration as input and generates an MPMC buffer design with floorplan-aware optimizations.
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Introducing MPMC models brings several challenges. First, enabling dataflow between multiple producers and
consumers introduces complexity of intermediary connectivity and coordination of several producer-consumer relation-
ships at once. Second, a common view of memory is needed to standardize a buffer implementation that supports arrays
with different partitioning schemes such as block, cyclic, and complete as these are essential for dataflow optimizations
in HLS designs. Third, an increasing complexity of the buffer implementation makes efficient data movement a challenge
to and from the on-chip memory. Fourth, the underlying logic of accessing large buffer arrangements may lead to
layout and timing issues with fabric-implementations. We discuss all these challenges in detail in Sec 2.

These challenges introduced by MPMC models have been addressed at different levels of the FPGA design stack.
First, we provide a shared-buffer abstraction for TPS frameworks which defines a standardized channel on which a
producer/consumer shall transact data in an MPMC model. Second, the abstraction is appended with an allocator that
assigns indices to memory regions inside the MPMC-buffer. We then leverage the PASTA framework [16] to design the
memory backend of the shared-buffer such that it can support different dimensions and partitioning schemes. Third, to
saturate data movement to and from dual-port memories, we provide a RTL module that provides better throughput
from memory cores (BRAMs/URAMs) in ping-pong setups. Fourth, we modify the floorplanner so that it may generate
suitable constraints to alleviate local congestion in the floorplan. Finally, to support different configurations, we provide
a buffer generator that automatically stitches the user’s tasks with the buffer pipeline. With these solutions, we create a
TPS-based internal buffer pipeline to handle memory requests between different user tasks while still keeping them
sufficiently dissociated with the underlying challenges of doing so.

Our frontend consists of a programming interface where users can specify the data-type, buffer depth, partitioning
scheme, memory core type, the number of blocks, and (optionally) the number of pages using C++ template types. To
provide ease of use in the frontend, PoCo also provides convenient APIs for declaration and usage of MPMC-buffers,
followed by a source-to-source transformation to hide the latency effects of the buffer pipeline.

We first test the backend buffer optimizations on a few benchmarks from the Rodinia-HLS [10] suite and show
that we achieve similar frequency as PASTA [16] on AMD-Xilinx’s Alveo U50 and Alveo U280 boards while using
lesser on-chip memory resources. We also show that for memory-bandwidth constrained designs that involve BRAM
duplication, our buffer optimizations lead to up to 50% reduction of memory resources without any loss in frequency.
Finally, we perform three case studies to demonstrate that designs built with our PoCo framework can achieve up
to 1.5× frequency improvement over prior work such as AutoBridge [15] and PASTA [16], while greatly simplifying
programming efforts.

In summary, this work makes the following contributions:

1). Analysis and design of an MPMC buffer abstraction with dynamic buffer management for task-parallel systems.
2). Hardware optimization of dual-port memory channels so as to extract maximum available bandwidth.
3). PoCo, a framework to support MPMC models, providing convenient APIs along with frontend and backend opti-

mizations.
4). Experiments and case studies to demonstrate functional and performance enhancements using PoCo.

The rest of the paper is organized as follows. In Sec 2, we first introduce existing work in this area. Next, we use an
example design to describe the challenges encountered when implementing MPMC designs and aim to understand
the concerns from the perspective of the frontend programmer. In pursuit of an easy-to-use framework, we propose
a dynamic shared buffer abstraction for MPMC models in Sec 3. Then, we detail the architecture and discuss its
implementation in Sec 4.
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Fig. 1. Overview of the PASTA [16, 17] framework - (a) buffer channel, (b) slot placement, (c) schematic device overview

In Sec 5, we describe the overall toolflow and discuss the frontend and backend optimizations. In Sec 6, we conduct
experiments through two setups to showcase the efficiency and scalability of our MPMC buffer design.

In Sec 6.4, we conduct three case studies to demonstrate the effectiveness of using MPMC buffers in real-world
applications. We discuss related work in Sec 7, and conclude in Sec 8.

2 Background and Motivation

2.1 Overview of Existing TPS Frameworks

Task-Parallel Systems (TPS) are suitable for spatial architectures with heterogeneous Processing Elements (PEs). They
expect an explicit dictation of tasks, each having its own separate FSM (Finite State Machine), driven by the availability
of data on its interfaces [6]. Frameworks like TAPA [14, 23] and PASTA [16, 17] offer TPS models where the design is
compiled as multiple independent tasks, interfacing via latency-insensitive FIFO streams and/or buffer channels. This
gives the flexibility of fragmenting the design into multiple sub-components and eases the physical layout of the design.

The stream interfaces described in TAPA and buffer channels described in PASTA are point-to-point connections that
exist between a producer task and a consumer task. Stream interfaces are essentially point-to-point FIFOs. PASTA buffer
channels contain dual port memory-core(s) and two FIFOs for tokenization, as shown in Fig. 1a. For the remainder of
this paper, we use the term memory-core to denote a unit of on-chip memory (composed of BRAM/URAM cells) and
the term buffer to denote a memory abstraction from the perspective of a user task. The buffer may be made of one
or more units of one type of memory-core. The producer and consumer tasks connects with each memory core via
one of its ports. The two FIFOs connect the producer and consumer directly, with the Free Sections (FS) FIFO sending
tokens from consumer to producer, while the Occupied Sections (OS) FIFO sends tokens from producer to consumer. To
support ping-pong buffering, each memory-core includes multiple sections, allowing the producer to write the next
data tile into one of the free sections while the consumer reads one of the occupied (i.e., previously written) sections.
The FS FIFO contains tokens of all the sections that do not contain any valid data and are ready to be written to by the
producer task. The OS FIFO contains all sections that contain valid data and are ready to be read by the consumer task.
Tokens are unique indices of the sections present in the memory-core.

To perform a memory access, the producer reads a token from the FS FIFO and accesses the corresponding section
from the memory cores. After writing the data, the producer writes the token back into the OS FIFO. The consumer
reads available tokens from the OS FIFO, and accesses the valid data that the producer has already written. Once a read
is done, the token is written back to the FS FIFO, so that it may be rewritten by the producer.

On modern multi-die FPGAs, large monolith designs often suffer from poor timing closure during the Placement
and Routing (PNR) phase due to complex state machines and combinational paths that may stretch between the entire
Manuscript submitted to ACM
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span of the monolith. This issue is more pronounced with die-crossing - connections between two dies or Super Logic
Regions (SLRs), since they incur significant timing penalty. Since TPS frameworks implement the accelerator as multiple
independent tasks, each can be constrained inside a slot, which are Pblocks defined inside an SLR. For example, Fig. 1c
shows the schematic layout of the Alveo U50 FPGA, which has 2 SLRs, each divided into 2 slots. Constraining tasks to
slots minimizes long combinational nets by preventing the associated cells from overspilling the slot boundary. The
only nets between the slots are, therefore, either FIFO channels or PASTA buffer channels. Both of these channels can
be modified by adding pipeline registers in between, which improve timing closure at the expense of extra latency.
Consequently, the producer and consumer can be placed in different slots with a pipelined communicational channel in
between, resulting in high-frequency designs.

When a FIFO channel with depth 𝐷 is modified by inserting 𝑋 pipeline registers, the FIFO logic is also modified to
assert the full signal earlier - when the FIFO has 𝐷 −𝑋 values available. This is necessary since the full signal (generated
at the FIFO’s output) requires 𝑋 cycles to be registered at the FIFO’s input. In a purely streaming design - that is, a
design with only FIFO interfaces between the tasks, an increase in latency does not have any significant effect since the
throughput remains the same. The buffer channel includes 2 FIFOs and 2 memory ports, so its pipelining is handled
differently. Pipelining the path between the producer and memory has no effect on the producer because the data to be
written is latched along with the address. However, pipelining the path between the consumer and memory increases
the latency of each read operation, since the memory latches the read-data after reading the address. If 𝑋 registers are
inserted on the consumer-memory path, the read operations suffer a latency of 2𝑋 (𝑋 cycles for the address to be sent
and 𝑋 cycles for the read-data to be received). In most cases, the compiler can hide this latency by either overlapping
read operations or scheduling them earlier. However, if the task is such that the read-data influences the loop Initiation
Interval (II), adding pipeline registers impact the performance of the design negatively. When two large tasks connected
via a buffer channel need to be placed in separate slots, PASTA framework packs the consumer and its associated
memory-cores together, as shown in Fig. 1b. The FS and OS FIFOs are pipelined normally on the input side. When
PASTA detects that the producer may also perform some reads, it packs the producer as well in the same FPGA slot.

The communication model of existing TPS frameworks follow a strictly single-producer single-consumer (SPSC)
model, wherein all inter-task communication is explicitly implemented as point-to-point channels. FIFO streams do
not connect the tasks to any on-chip resource, so they are by nature an implementation of SPSC communication.
However, buffers involve connections with on-chip memory, which often needs to be accessed through multiple
producers and consumers depending on the application. When on-chip memory (OCM) needs to be accessed by multiple
producers and/or multiple consumers, typical HLS flows and TPS frameworks encounter several key challenges during
implementation. Interestingly, most of these challenges show up as poor performance and/or routing failures only
during actual implementation of MPMC designs. To illustrate these better, we take the example of the Shuffle workload.
In the context of a Map-Reduce application, the Shuffle stage gathers every key–value pair generated by the map tasks,
partitions them by different keys, streams each partition to the reducer responsible for the key, and locally orders the
data so each reducer receives a contiguous run of values it can process sequentially. This heavy data-movement phase
re-aligns scattered fragments into sorted, co-located blocks, and sets both the latency-floor and bandwidth-ceiling for the
entire Map-Reduce job. In the following text, we use the shuffle kernel as an example design to describe the challenges
encountered when implementing MPMC designs, understand the programmers’ expectation from an automation
framework that supports MPMC models, and discuss considerations to be made when implementing such a framework.
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Table 1. Description of terminology in the context of task-parallel systems with buffer support

Term Description
SPSC Single Producer Single Consumer
MPMC Multiple Producer Multiple Consumer
Memory-core A unit of on-chip memory composed either of BRAM cells or URAM cells
Buffer A memory abstraction from the perspective of a user task
Slot A region on FPGA fabric composed of several Pblocks
Task A processing element with an independent FSM, connected to other

tasks only via standardised FIFO or PASTA buffer channels

On-Chip
Memory

Consumer
Task (T2)

Buffer
Consumer

MPMC Buffer
Ports

Data
FIFOs

a) Schematic of Shuffle kernel

HBM
Bank PASTA Buffer MPMC BufferAXI

Channel
Producer
Task (T1)

b) Naive PASTA implementation. Simple
connectivity but poor performance.

c) Advanced PASTA implementation. Consumers
communicate with 4 buffer-consumers through 16

data FIFOs.

Poor Timing Closure

d) Our implementation. Simple
connectivity model with optimal

performance.

Buffer
Producer

Fig. 2. Shuffle kernel - (a) Workload schematic; (b) A naive PASTA implementation wraps the buffers with one producer and consumer
task; (c) Advanced PASTA implementation requires 4 extra buffer consumers and 16 data FIFOs; (d) Our implementation simplifies
MPMC communication scheme.

2.2 Challenges towards Implementing MPMCModels

Table 1 lists the terminology we use in the context of buffer applications on task-parallel systems. Fig. 2a shows the
schematic of a Shuffle kernel, with four instances of task T1, four buffers, and two instances of task T2. T1 (producer
task) reads data from the HBM and produces key-value pairs in its respective buffer. T2 (consumer task) accumulates all
values of a specific key from each buffer and streams it sequentially into the HBM. Each instance of T1 sinks into its
respective buffer, while each instance of T2 requires a connection to all buffers.

2.2.1 Connectivity and Access Scheduling. When an on-chip memory (OCM) resource is accessed by multiple
consumers, HLS tools insert demultiplexers (deMUXs) between multiple consumers and the shared resource, switching
the deMUXs based on the inferred schedule between the consumers. This means that the deMUXs’ selection signal is
driven by the FSM of all consumers accessing this resource, inferring combinational nets between them. Similarly, when
a resource is accessed by multiple producers, HLS tools insert multiplexers (MUXs), generating a selection logic based
on the inferred schedule. This method of binding multiple tasks together using combinational nets creates monolithic
designs that may have large combinational nets. Separating these large tasks across a slot invites timing penalty. Fig. 2b
shows the combinational nets inferred to implement sharing of OCM between the 2 instances of T2. The boundary of
the inseparable monolith is shown as a dashed red-line.

Existing TPS frameworks offer no method to arbitrate a resource between multiple producers and/or consumers.
Consequently, no two producers or consumers sharing the same OCM element can exist as independent FSMs and
the compiler must infer combinational paths between them to arbitrate their access. With a naive implementation
model (Fig. 2b), the designer will want to combine the memory elements and T2 tasks into a single wrapper task (red
dashed line). For such designs, HLS tools will evaluate static dependencies and employ time-division multiplexing
Manuscript submitted to ACM
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(TDM) to provide access to the buffers because the access-pattern cannot be inferred at compile time. For example, the
two user-consumers can make requests to different locations in the same OCM at the same time, for which the access
will have to be statically time-multiplexed, possibly inflating the initiation interval (II) for each access. This solution
is acceptable only when all consumers access the common memory element at the same rate. In case one consumer
accesses the memory more frequently than another, they are still assigned the same bandwidth due to the static TDM.
In addition, this strategy constrains the buffer-consumer and all the common on-chip resource within the same task
boundary and creates a large unified task instead of several smaller ones, effects of which are observed either as hotspot
congestion, over-utilization of resources in a slot, or poor clock-frequency due to die-crossings in later PNR stages. This
severely hampers the development of multi-producer multi-consumer (MPMC) models on task parallel systems.

When following the advanced PASTA implementation (Fig. 2c), the designer will first need to create intermediary
consumer tasks for each buffer to satisfy the SPSC model, and then connect each T2 task with the buffer-consumer
tasks. Furthermore, each buffer-consumer must handle multiple requests from T2 tasks, read from the buffer, and send
a response to the appropriate T2 task. Fig. 2c shows the data FIFOs involved for this communication in blue. Note that
each arrow is double-headed, meaning that there are a total of 16 new FIFOs (2 between each buffer-T2 pair) that carry
requests to the buffer-consumer task and responses back from them.

The performance of the implementation described in Fig. 2c will largely depend on how the buffer-consumer task
is designed. If this task simply arbiters over each request, the resulting static schedule will only ever utilize half of
the total bandwidth available, since there are two instances of T2. Moreover, different instances of T2 might perform
different number of total reads. In such a case, when a task finishes its accesses sooner than the other, the other task
should ideally receive a higher bandwidth. However, due to the static schedule, the pending task communicates on its
usual routine and cycles are wasted arbitrating access to an idle task that will never perform any more reads. If the
buffer-consumer implements a priority of requests, one instance of T2 will be backpressured until the other instance
has completed its accesses. For optimal performance, the buffer-consumer has to be carefully designed such that they
can recognize the idle state of a connected task and divert the remaining bandwidth to the active tasks, with switching
priorities or other advanced logic suited to the application at hand. These optimizations are arduous to implement
because adding just one new instance of either T1 or T2 in the design requires the re-profiling of all other tasks and
interfaces. This hinders portability, impedes reuse of existing work, and makes incremental work challenging.

With these considerations, the first expectation from the perspective of the designer would be a simple and standard-
ized connectivity between tasks and shared resources. This connectivity should abstract the dynamic scheduling of
access requests between different tasks. This is essential not just in the interest of performance, but more importantly
for preserving the design philosophy of independent tasks in TPS. For MPMC models, there is not much use to the
distinction between the producer and consumer functionality of a task, so it is prospicient to have an MPMC model not
differentiate between a producer and a consumer at the interface level, since that will only put more restrictions on the
user to explicitly select the nature of the task. Instead, we assume that any task may have the requirement to produce
and consume. For the remainder of this paper, we will use the term transactor to refer to a task that accesses (either
produce or consume) a shared resource. For example, the shuffle kernel in Fig. 2 has 6 transactors.

2.2.2 Control Coordination and Resource Reuse. In many designs, tasks often deviate from their maximum
allocated resource budgets. In the shuffle workload, an instance of T1 generates key-value pairs and stores them in
its corresponding buffer. The number of such key-value pairs generated will be dependent on input data and the key.
Naturally, different instances of T1 have differing workloads and hence differing usages of the buffer, i.e., one instance
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of T1 might not make use of the full depth of its corresponding buffer, while another instance might require more depth
to store all values of a key. As another example, in applications involving graphs, different parent nodes might refer to
different numbers of child nodes at different times in the overall execution, utilizing a variable size in the buffer. Hence,
as the number of producers and consumers grows in an MPMC model, it is not advisable to make static allocations of
constant-size buffers for all individual tasks because all tasks combined do not utilize the full address-space of the buffer
at the same time. Moreover, if buffers are assigned statically to PEs, the buffer-size will have to hold the largest piece of
data that a PE may produce during overall execution, which will inflate OCM utilization quickly. With an increasing
number of independent tasks, the opportunity of buffer reuse also grows, and a framework supporting MPMC models
should also provide each transactor the flexibility to use OCM judiciously and enable buffer reuse. However, sharing
and reuse of buffers is not straightforward. Producers in MPMC models should not inadvertently overwrite each other’s
data, which requires that the producers should be connected to all other producers to track each others’ resource usage.

As an example, Fig. 3 shows a sample application with 2 producer PEs and 2 consumer PEs, each accessing two
buffers through a PASTA buffer channel. The maximum allocated resource budget for a single PE is 5 units, with both
PEs combined using 7 units in total. The utilization of the buffers varies dynamically. When the buffers are merged
such that they can be shared, a dynamic offset is required for PE-2 to prevent corrupting data written by PE-1. Hence,
there exists a requirement of automatically managing ownership between transactors while still keeping it transparent
enough for the designer to drive the reuse of underutilized buffers. The transactors know the size of data only at
runtime, so the designer should be able to leverage the benefits of an MPMC model without having to explicitly plan the
intricate management of ownership and reuse. To prevent address conflicts, a centralized mechanism of book-keeping
the dynamic allocation of resources is required. This is essentially a control-level problem, and should ideally create
minimal interference on any ongoing data transfer.

Because a buffer may be produced by as many tasks and consumed by as many tasks as are present in the MPMC
model, the target framework should also provide convenient APIs that are able to perform I/O requests and optionally
acquire a read/write mutex over a resource, so that it becomes locked either for reading or for writing. As an example,
write requests from T1 must be stalled until all instances of T2 have finished generating read requests to prevent data
hazards. There should exist some mechanism between the individual modules to signal that a resource has been written
so that the read can resume and vice versa. To keep the usage simple for the designer, the transactor should only be
responsible for signalling the mutex, its maintenance should be opaque. To the transactors, the framework should
provide the same global view of shared on-chip memory with unique addresses for all locations available in the global
Manuscript submitted to ACM
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shared pool. Transactors should be able to request the allocation and deallocation of resources dynamically. With this
feature, once a piece of data has been produced, it is immediately available to any other transactor by sharing just the
address, much like sharing a pointer in a typical software programming context.

2.2.3 Bandwidth Under-utilization in Imbalanced Pipelines. According to the SPSC model, each task must have
well-defined interface channels (FIFO channels [14] or buffer channels [16]) and there must only ever be one producer
and one consumer connected to this channel.

When splitting the producer-consumer pair connected via buffer channels into two regions, the tool allocates one
memory-port each for the producer and consumer. But this is an inefficient implementation. Typically, when a ping-pong
is set up for balanced producer and consumer tasks, both buffer ports are fully utilized - the producer writes through the
first port, and the consumer reads from the second port. However, for cases like loading of sparse data, the time taken to
produce the data is more than the time taken to consume it [24, 25]. For imbalanced pipelines where the consumer (or
producer) has finished accessing all the required contents and the second port is not being utilized, the corresponding
producer (or consumer) is still accessing data through a single port (Fig. 4). In such cases, the buffer interface often
works at 50% of the available bandwidth. When an MPMC model scales the number of transactors, there are many
more permutations of how different transactors can produce and consume data at arbitrary events, which increases the
probability of having imbalanced pipelines and the complexity of profiling them.

The framework should provide buffer channels that are able to utilize the full bandwidth of the underlying dual-port
memory at all times - providing single-port bandwidth to each if both the producer and consumer are accessing the
buffer, while also providing dual-port bandwidth in case only one of them is active. This optimization lies at the crux of
how dual-port memory channels are interfaced at the RTL level, and therefore must be kept opaque to the designer.

2.2.4 Layout and Floorplanning. There are several considerations for layout and floorplanning when targeting
modern multi-die FPGAs, which contain multiple Super Logic Regions (SLRs) that are connected via silicon interposers.
For example, AMD-Xilinx Alveo U50 consists of two SLRs connected via LAGUNA crossing registers, which can connect
combinational nets between two SLRs, albeit at a higher timing penalty. When implementing the shuffle design in Fig.
2b, PASTA wraps the buffer-consumer and the buffers as a single monolith, packing them all in the same SLR. This will
result in a layout as shown in Fig. 5a. When either the consumers or buffers are scaled up, the monolith scales up, and
the floorplanning algorithm infers a large task that may easily overspill a slot. Assume that in the shuffle design, scaling
up the buffers leads to over-utilization of an FPGA slot. For such a case, the floorplanner will map some cells into a
different slot, creating a legal floorplan, but sharply degrading frequency. Even with plenty of resources at disposal in
the second slot, it becomes difficult to achieve high-frequency designs owing to long net delays on a few die-crossings.
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c) Ideal floorplanning requires an extra buffer-
consumer task and extra FIFOs to interface existing

buffer-consumer task.
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a) PASTA floorplanning. Consumers and buffers are
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Fig. 5. MPMC systems face several layout constraints. Coarse-grained floorplanning may introduce latency-sensitive paths (purple).
Ideal floorplanning requires addition of extra buffer-consumer and FIFOs (dotted figures). Moreover, original buffer-consumer needs
relevant changes to perform access for buffer 4 specifically through the extra FIFOs.

Manual floorplanning efforts may try to move a buffer (or consumer) to a different slot. However, it comes with
quirks of introducing latency sensitive paths. As described in Fig. 5b, moving even one buffer outside the parent
wrapper introduces latency sensitive paths, analysis of which becomes complex when considering the previous
considerations of automatic control coordination and access scheduling. The expert designer will plan the floorplan
ahead of implementation, introduce an extra PASTA buffer channel in the design, and depend on the movement of the
buffer along with its respective consumer to alleviate over-utilization. However, this also requires a redesign of the
existing buffer-consumer task, since requests to the moved buffer will require forwarding to separate FIFO channels,
including compensating for the introduced latency.

As such, there is no programmatic way of distributing shared resources among different slots. Floorplan effects are
only seen in the backend PNR phase and caused primarily due to the nature of the underlying MPMC buffer. Therefore,
the framework should devise a way to distribute buffers on the entire available fabric and keep these floorplanning
optimizations completely opaque to the frontend designer.

2.2.5 Summary. To summarize, there are four key challenges in pursuit of MPMC models.

1). Complexity of connectivity and orchestration of large task-level parallel systems
2). Preventing address conflicts and managing buffer reuse in shared scenarios
3). Under-utilization of buffer bandwidths in imbalanced pipelines
4). Layout and timing issues with fabric implementations

The expected resolutions to these challenges span a wide stack and, to the frontend programmer, should provide:

1). Templates and convenient APIs that reduce the complexity of orchestrating an MPMC TPS
2). Automatic inference and management of the underlying control coordination
3). Deeply optimized data movement at the RTL level
4). Automatic floorplanning optimizations to provide high clock-frequency implementations
Manuscript submitted to ACM
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3 MPMC Buffer Abstraction

In this section, we introduce the MPMC buffer abstraction according to the expectations of a designer described in the
previous section. Gradually, we build the shuffle kernel application as shown in Fig. 6a. The application includes four
instances of task T1 that read data vectors from the HBM and write it into the MPMC buffer using one MPMC-buffer
port (Fig. 6b) each, which are then read by 2 instances of task T2 using 2 MPMC-buffer ports each, processed accordingly,
and written out to HBM. The kernel includes four design-specific communication FIFOs, used to share only the index of
the allocated page to the corresponding consumer, which have been omitted in the figure.

3.1 Reducing Orchestration Complexity

Based on the considerations discussed in Sec 2.2.1, each transactor shall connect to an MPMC buffer through a defined
number of MPMC-buffer ports. Shown in Fig. 6b, each MPMC-buffer port is a pair of FIFOs that transfer control and
data requests to and from the MPMC buffer. The control field is at maximum 24-bit wide and contains three fields.

1). xcxr : 8-bit index to denote the target accessor-pair (and block-reservoir).
2). page: 8-bit index to denote the target page within the block-reservoir.
3). opcode: 4-bit command bits + 4-bit status bits to denote different types of requests and responses.

The actual sizes of the fields ultimately depend on the user’s buffer configuration, but an upper bound of 24-bits stems
from the fixed size of internal registers and counters. The xcxr and page fields together create a (maximum) 16-bit
global address, which can index more memory-cores (units of on-chip memory composed of BRAM/URAM cells) than
what are available in total on modern FPGAs. The index of the individual words and the data to be written or read is
stored in the addr and data fields of the MPMC buffer port.

Essentially, the port is composed of two FIFOs - one for transmitting requests and another for receiving responses.
The number of MPMC-buffer ports define the maximum bandwidth that can be allotted to a transactor while exposing
the entire pool of shared memory in the buffer. This keeps the transactors simple and independent. Addition of more
transactors to the MPMC model or increasing the size of the MPMC buffer do not interfere with the existing transactors
and require no extra coordination or data FIFOs from the user. The only additional connections required are the optional,
design-specific, point-to-point connections between the transactors used to share a specific address.
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Fig. 7. Proposed on-chip-memory backend of the MPMC buffer

3.2 Automatic Management of Coordination

The problem of automatically managing coordination can be split into three sub-problems. First, a well-defined hierarchy
of access should be introduced that will serve as the global memory layout visible to each transactor. Second, a mutex
scheme should be implemented based on the proposed access-hierarchy such that the transactors may express a
read/write lock over a resource. This shall help the transactors prevent dependence and anti-dependence data hazards,
by consuming only after the data is produced and producing new data only after the previous data is consumed. Third,
a centralized book-keeping of dynamic de/allocations must be maintained. This shall help the transactors prevent
inadvertent writes over each other’s address when sharing a resource, without having to track each transactor’s accesses.

3.2.1 Memory Layout. The MPMC buffer is arranged as multiple block-reservoirs, each containing multiple pages. Each
page has one or more partitions and contains a number of words (depth) defined in the buffer declaration. This layout
of a block-reservoir (or simply, block) is described in Fig. 7a. The MPMC buffer has four dimensions - blocks (𝑁 ), pages
(𝑀), partitions (𝑃 ), and depth (𝐷). Each page has a unique index to generate the address of the individual words in the
global context. Each block is interfaced using a pair of producer-consumer tasks shown in Fig. 7b. For the remainder of
this paper, these producer-consumer tasks of a block will be termed accessors for distinction. All write requests to the
block are handled by the producer, while all the read requests are handled by the consumer. Essentially, the accessors
become the backend of the MPMC buffer architecture which serve the requests of the transactors.

3.2.2 Access Hierarchy and Mutexes. Since there are separate accessors for reads and writes, the responsibility of
preventing data-hazards (dependence and anti-dependence) falls on the accessors of a block. Fig. 7b shows the schematic
organization of the hierarchy inside the MPMC buffer. Each block along with its accessor-pair (producer and consumer)
is composed of as many PASTA (SPPC) buffers as the number of pages within the block. To create a block of𝑀 pages,
𝑀 PASTA buffers are used, with𝑀 buffer-producers wrapped in a parent producer, and𝑀 buffer-consumers wrapped
in a parent consumer. These parent wrappers together are referred to as the accessor-pair of a block. Since there are
two FIFOs in each buffer channel, there are 2𝑀 coordination FIFOs installed between the accessor-pair to spin the
tokens for each underlying PASTA buffer. Therefore, each page is accessed based on an independent SPSC model, and
can leverage the PASTA framework to create the backend for a single page, since it already encapsulates the control
scheme required to coordinate the producer-consumer of a single resource. The parent wrappers have some extra logic
to maintain the tokens for multiple pages, which is covered later in Sec 4.1.
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Table 2. Description of new terminology introduced in context of the MPMC buffer on task-parallel systems

Term Description
Transactor A user’s task (either producer or consumer) connected to the MPMC buffer
Accessor Any of the producer or consumer tasks of the SPSC backend of the MPMC buffer
Page The smallest contiguous address-space that may be locked for writing or reading
Block-Reservoir A collection of pages connected to the same pair of producer-consumer accessors

For each page, we keep the number of sections (the number of unique tokens) to 1. This ensures that at any given
time a page can only either be written, or read. Due to this organization, the maximum bandwidth of the MPMC buffer
is directly dependent on the number of blocks. Each block can perform a simultaneous read and write (albeit from
different pages) using the accessor-pair. Each accessor holds the token (mutex) for a page based on the control.page
field in the request received from the transactor. Only when the transactor signals that the mutex not be retained after
performing the current request does the accessor spin the token. This keeps the transactors disjoint from the mutex
operation, while still providing control over it.

3.2.3 Dynamic Memory Management. With SPSC models, transferring data tiles on FPGA memory is essentially a copy
operation, requiring memory duplication. In an MPMC model sharing the same global view of memory, indexing data
becomes simple. Once a tile of data has been produced, it is immediately available to all other transactors, owing to the
shared memory model. As discussed in Sec 2.2.2, MPMC buffer frameworks should leverage buffer reuse by dynamically
allocating memory elements through convenient APIs. The granularity of this allocation is of concern, since it affects
the latency incurred for this management. A survey over typical accelerator designs [10] shows that workloads rarely
use data tiles smaller than 4KiB. This advises that buffers used to coordinate dataflow rarely demand fine-grained
allocations. Hence, we proceed with providing static, coarse-grained allocations at the level of a page, which is the
smallest allocable unit inside a block over which a transactor may express ownership. This functionality makes it
possible for a transactor to request the allocation of a resource and share its address directly with other transactors, as
if exchanging a pointer or reference. Technically, all on-chip memory used on the FPGA has to be statically allocated.
The dynamic allocation is proposed as the dynamic allocation of indexes in a statically allocated pool of memory.

3.3 Example API Usage

1 using my_buffer =
2 mpmcbuffer <
3 uint32_t [D], // word type and block depth
4 partition < // partitioning
5 cyclic <P>>, // strategy and factor
6 memcore <BRAM >, // memcore type (BRAM/URAM)
7 blocks <N>, // number of block -reservoirs
8 pages <M> // optional override
9 >;
10
11 void top (mmap <32> vec_H1 , mmap <32> vec_H2 , mmap <32> vec_H3 ,
12 mmap <32> vec_H4 , mmap <32> vec_H5 , mmap <32> vec_H6 ) {
13 my_buffer mbuf;
14 task().invoke( T1_1 , vec_H1 , mpmc <my_buffer , 1>{mbuf}); // connect 1 MPMC buffer port
15 .invoke( T1_2 , vec_H2 , mpmc <my_buffer , 1>{mbuf});
16 .invoke( T1_3 , vec_H3 , mpmc <my_buffer , 1>{mbuf});
17 .invoke( T1_4 , vec_H4 , mpmc <my_buffer , 1>{mbuf});
18 .invoke( T2_1 , vec_H5 , mpmc <my_buffer , 2>{mbuf}); // connect 2 MPMC buffer ports
19 .invoke( T2_2 , vec_H6 , mpmc <my_buffer , 2>{mbuf});
20 }

Listing 1. MPMC buffer declaration example

Table 2 lists the new terminology introduced by the MPMC buffer abstraction. Superficially, the MPMC buffer is
analogous to a book with multiple chapters (blocks), each containing a number of pages. Each chapter is interfaced
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via two accessors, allowing one read and one write access simultaneously, albeit on different pages. Transactors are
provided allocations at the granularity of pages, which at a given time can only either be read or written to. We introduce
4 convenient APIs to interface the MPMC buffer. do_read, do_write provide features of memory I/O, while allocate and
free provide a method to allocate and de-allocate resources dynamically.

Listing 1 describes the declaration of an MPMC buffer for the example in Fig. 6a. All T1 tasks connect to the MPMC
buffer using 1 port each, while T2 connects using 2 ports. A user can configure the following options in the MPMC
buffer declaration (lines 2-9).

1). Data Type (𝑊 ) sets the type declaration of each element of an array in standard C++ syntax.
2). Number of Partitions (𝑃) & Scheme selects the number of partitions per page and its partitioning strategy (block/-

cyclic/complete), inferred the same way as what they mean in Vitis HLS’ array partitioning.
3). Memory-Core Type selects whether to use BRAMs or URAMs for the implementation of pages.
4). Number of Blocks (𝑁 ) configures the number of ports on the MPMC buffer.
5). Block Depth (𝐷) configures the number of elements in a block. The optimal number of pages is calculated automatically

by the tool based on𝑊 , 𝐷 , and the memory-core type, described later in Sec 4.5. However, the user can enforce a
fixed number of pages to fine tune the implementation.

1 void T1_1 (mmap <32> vec ,
2 mpmc <my_buffer , 1> mbuf , // connect 1 port
3 stream < uint32_t > to_T2 ) {
4 key_t key = KEY_A; uint32_t D = vec[0];
5 uint32_t start_addr = mbuf[0]. allocate(D);
6 to_T2 .write(start_addr);
7 to_T2 .write(D);
8 for(int i = 0; i < D; i++) {
9 value = map(key , vec[i+1]);
10 mbuf[0]. do_write (
11 start_addr + i, // index of data
12 value , // value to be written
13 (i!=D-1)); // whether the write mutex should be held after serving this request
14 }
15 }

Listing 2. MPMC buffer interface example for an instance of T1.

Listing 2 and 3 describe an example usage of the MPMC buffer for the example in Fig. 6a. T1 requests the allocation
of a page, reads data from the HBM, and produces key-value pairs in its respective buffer. Then, T1 shares the index
of the allocated page to T2, which accumulates all values written by T1 and streams it sequentially into the HBM.
Ultimately, T2 requests deallocation of the pages. The frontend parser captures the buffer configuration and generates
1) MPMC-buffer related tasks in C++, and 2) custom backend buffers in RTL that are later merged with the synthesized
RTL. Note that in the shuffle example, we make allocations in the T1 function, and deallocate in T2.

Using the MPMC buffer abstraction, we propose PoCo - a framework that extends task parallel HLS programs to
support multi-producer multi-consumer designs by using a shared MPMC buffer.

4 MPMC Buffer Implementation

A top-level schematic of PoCo is shown in Fig. 8, which is composed of multiple free-running tasks that help create
the internal datapath. The fundamental tasks required to implement the MPMC-buffer abstraction are detailed further.
Throughout all diagrams, the arrows in yellow represent the write datapath, those in blue represent the read datapath,
green represents the control path, and red represents the SPSC buffer channels. The variables N and T refer to the
number of blocks and transactors respectively.
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1 void T2_1 (mmap <32> vec ,
2 mpmc <my_buffer , 2> mbuf , // connect 2 ports
3 stream < uint32_t , 2> from_T1 ){
4 // init variables
5 key_t keys[NUM_KEYS] = {...};
6 uint32_t keys_counter[NUM_KEYS] = {0};
7 // wait for T1 to share allocated indexes and size
8 uint32_t start_addr_a = from_T1 [0].read(); uint32_t start_addr_b = from_T1 [1].read();
9 uint32_t D_a = from_T1 [0].read(); uint32_t D_b = from_T1 [1].read();
10
11 for(int i = addr; i < min(D_a , D_b); i++) {
12 // get the outputs written by mapper T1_1
13 keyvalue_a = mbuf[0]. do_read (
14 start_addr_a + i, // index
15 (i!=D_a -1)); // whether the read mutex should be held
16 // get the outputs written by mapper T1_2
17 keyvalue_b = mbuf[1]. do_read (
18 start_addr_b + i, // index
19 (i!=D_b -1)); // whether the read mutex should be held
20
21 key_a = get_key(keyvalue_a);
22 key_b = get_key(keyvalue_b);
23 for(int k = 0; k < NUM_KEYS; k++) { // compare against all local keys and aggregate
24 #pragma HLS unroll
25 if(key_a == key_b) { // merge both values if the keys are the same
26 if(key_a == keys[k]) keys_counter[k] += get_value(keyvalue_a) + get_value(keyvalue_b);
27 } else { // update separately
28 if(key_a == keys[k]) keys_counter[k] += get_value(keyvalue_a);
29 if(key_b == keys[k]) keys_counter[k] += get_value(keyvalue_b);
30 }
31 }
32 }
33
34 for(int i = addr; i < (D_a - min(D_a , D_b)); i++) { // read any remaining mappings by T1_1
35 keyvalue_a = mbuf[0]. do_read (start_addr_a + i, (i!=D_a -1));
36 key_a = get_key(keyvalue_a);
37 for(int k = 0; k < NUM_KEYS; k++) {
38 #pragma HLS unroll
39 if(key_a == keys[k])
40 keys_counter[k] += get_value(keyvalue_a);
41 }
42 }
43
44 ... // read any remaining mappings by T1_2
45
46 mbuf[0].free(start_addr_a); // free pages
47 mbuf[1].free(start_addr_b);
48 for(int k = 0; k < NUM_KEYS; k++) { // write to HBM
49 vec[k] = keys_counter[k];
50 }
51 }

Listing 3. MPMC buffer interface example for an instance of T2.

Response
Generator

Output
Handler 1

Input
Handler 1 IHD 2

LBB 1 LBB 2

IHD N

LBB N

OHD 2
port_1.rx
port_2.rx
port_N.rx

MPMC Buffer

Control
Request
Parser

Page
ManagerRead Path

Write Path

Control Path
Lane-Switching
Buffer Channels

OHD N
port_1.tx
port_2.tx
port_N.tx

Ω-MIN

Ω-MIN

Ω-MIN

Ω-MIN

Data
Request
Parser

Request
Router... ...

Ω-MIN - Omega Multistage Interconnect Network LBB - Laneswitching Buffer Blocks

Fig. 8. MPMC buffer architecture in the PoCo framework to support general MPMC models

Manuscript submitted to ACM



16 Baranwal et al.

control msg
port_t.rx

to DRP

to CRP

de
m

ux

free[t]

alloc[t]

read[t]

write[t]

1

from
transactors 2

T

to CRP

RQR

to DRP

Fig. 9. Request Router (RQR) separates data requests from control requests and routes them to appropriate units

control msg msg indexcontrol

msg indexcontrolcontrol msg
read[t] to Ω-MIN

(IHDs)

to RSG

write[t]

target accessor

transactor index (t)

pkt[t]

read_tracking[t]

to Ω-MIN
(OHDs)

to RSG
target accessor

transactor index (t)

pkt[t]

write_tracking[t]

from
RQR

from
RQR

1

read

fr
om

 R
Q

R

write

2

T

to Ω-MIN (IHD)

to Ω-MIN (OHD)

to RSG

DRP

Fig. 10. Data Request Parser (DRP) parses the data request (read/write) and prepares the packet for internal routing.

4.1 Request Arbitration and Scheduling

4.1.1 RQR (ReQuest Router). All incoming requests are handled by the RQR (Fig. 9). Each request/response is composed
of two parts - the control, and the message, which contains the address and data. RQR parses the requests from each
port based on the control field, forwarding all control requests (de/alloc) to the Control Request Parser (CRP) and data
requests (read/write) to the Data Request Parser (DRP). RQR is made up of T identical units of disjoint tasks that route
their requests independently.

4.1.2 DRP (Data Request Parser). The DRP (Fig. 10) parses the incoming request-type (read or write) and forwards
them towards the accessors. It extracts the index of the target accessor and copies it into the routing tags required
by the Ω-MINs. It also copies the current transactor’s index into the control field so that the accessor may forward
the response back to the correct transactor. For each data request, the DRP also sends some metadata to the RSG to
maintain the order of requests received.

4.1.3 RSG (Response Generator). The RSG (Fig. 11) cleanly closes all transactions in order by collecting responses
from the accessors. For read requests, it sends back the data from the Input Handler (IHD) to the transactor. For write
requests, it forwards the acknowledgment status from the Output Handler (OHD). The RSG completes each type of
request in order. However, it process reads, writes, free, and alloc responses in decreasing order of priority. All pending
reads are responded first, followed by the writes, followed by deallocations, and then allocations. Some designs may
want to keep the read and write requests strictly in order, for which the read_tracking[t] and write_tracking[t]
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Fig. 11. Response Generator (RSG) cleanly closes all requests by sending responses to the corresponding transactor

FIFOs are merged as one FIFO in the DRP as well as the RSG. This is a compile time decision and can be changed by the
designer as a configuration option. The involvement of the alloc and free queues will be explained in Sec 4.3.

4.1.4 I/OHD (Input/Output HanDler). The IHD and OHD are the accessor pair to a common reservoir block which
is the Lane-switching Buffer Block (LBB). LBBs are the backend SPSC buffers described later in Sec 4.4. The function
of IHD and OHD are chiefly similar, except that one processes writes and the other processes reads. The I/OHD (Fig.
12a) parses the request for the address and acquires a mutex on the specific page decoded from the address. When the
design is initialized after reset, the FS FIFO contains only one token. Upon a write request, the OHD reads this token
and holds it until the request (from the transactor) signals a release of the mutex, after which, the token is written into
the OS FIFO. Similarly, the IHD acquires mutex for read requests by reading the token from the OS FIFO and writing it
out to the FS FIFO.

Hence, to process a data request, the I/OHD first selects the target page and then waits for the mutex to be acquired.
This wait period depends on whether the corresponding accessor had held the token, or if the token was available
for immediate consumption. Once the acquisition of the mutex is successful, it reads/writes the memory from/to a
specific index. Similar to DRP, it extracts the transactor index from the control field (which was modified by DRP)
into the routing tags required by the Ω-MINs. It also copies the current accessor’s index into the control field so that
the transactor may recognize the response. The IHD, OHD, and the corresponding block-reservoir are composed of
several PASTA buffers, in that each page is composed of multiple memory-cores to support partitioning, with each
memory-core providing one section of dual-port memory. Each buffer has their own coordination FIFOs spanning
between the accessors.

The datapath between the DRP, I/OHDs, and RSG includes four omega-Multistage Interconnect Networks (Ω-MIN)
[18]. Each Ω-MIN is composed of log2 (𝑁 ) stages of (𝑁 /2) 2×2-switches. The Ω-MIN routes the requests from each
transactor to the relevant accessor based on the routing tags appended by DRP and I/OHDs, as shown in Fig. 12b. This
network achieves a perfect shuffle [26] between adjacent stages, leading to efficient utilization of available bandwidth
[22]. This rids the designer from worrying about the complexity of connections to and from different blocks. However,
the primary inflation in latency is caused by the Ω-MIN, which leads to a latency of ⌈(𝑙𝑜𝑔2 (𝑁 )⌉ for each network,
where 𝑁 is the total number of blocks. RQR, DRP, and RSG add one cycle each to the latency. The end-to-end access
latency between sending a write/read request and receiving a response is called the datapath latency DP_LATENCY and
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Fig. 12. MPMC buffer backend based on SPSC accessors and the intermediary datapath using the Ω-MIN networks (gray)

depends only on the number of transactors (𝑇 ) and accessors (𝑁 ) in the buffer.

𝐷𝑃_𝐿𝐴𝑇𝐸𝑁𝐶𝑌 = 3 + 2⌈(𝑙𝑜𝑔2 (𝑚𝑎𝑥 (𝑇, 𝑁 )))⌉ (1)

However, this latency is incurred only for the first response, after which all responses are received back-to-back in a
pipelined fashion.

This concludes the implementation of the basic datapath (RQR→ DRP→ Ω-MIN→ I/OHDs→ Ω-MIN→ RSG),
which provides the functionality of automatically coordinating and routing data requests, while keeping the transactors
sufficiently separated from the underlying complexity.

4.2 Deadlock Prevention

Since all read/write requests are handled automatically by the internal datapath, it is worthwhile to discuss possible
deadlock scenarios when multiple transactors access multiple shared pages. For a system deadlock to occur, all of the
following Coffman conditions [9] must be met simultaneously.

1). Mutual Exclusion: There is at least one resource (page) that cannot be accessed by two transactors simultaneously.
Note in our design, the mutual exclusion happens at the page granularity.

2). Hold and Wait: At least one transactor holds one or more pages and is waiting for additional pages.
3). No Preemption: Only the transactor holding the page can release it.
4). Circular Wait: There exists a cycle of wait-dependencies, wherein one transactor waits for a page held by the other

transactor in the dependency chain.

To avoid a deadlock, the user programmer should ensure that after accessing a page (and thus acquiring the lock)
for a specific request type, the transactor (task) should release the mutex (i.e., releasing the lock) immediately before
accessing any other pages. The release of the mutex shall be signalled by the transactor that plans to make the last
write/read request to a page before accessing another: our do_read() and do_write() APIs have an argument to tell
whether it should release the mutex. In this way, we break condition 2 (hold and wait) as well as condition 4 (circular
wait), and thus avoid deadlocks.

4.3 Dynamic Memory Management

To enable dynamic buffer allocations and management, two modules are added.
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Fig. 13. Components of the control path - (a) CRP and (b) PGM, that manage the dynamic de/allocation of addresses

4.3.1 CRP (Control Request Parser). The CRP (Fig. 13a) processes two queues to manage de/allocation requests from the
transactors. It always prioritizes deallocation requests over allocations. These requests are communicated to the Page
Manager (PGM), the response from which is parsed and sent back to RSG, which notifies the relevant transactor about
the reference. As mentioned already, the RSG processes any pending data requests on a transactor before responding
with the control requests.

4.3.2 PGM (PaGe Manager). The PGM implements the book-keeping for de/allocating pages. As shown in Fig. 13b,
allocation status of 𝑃 pages is maintained as a (⌈(𝑃/32)⌉)-deep array of 32-bit vectors with a worst-case allocation
latency of (⌈(𝑃/32)⌉ + 2) cycles. Upon receiving a request, (1) the vectors are scanned to find which one is not full by (2)
checking whether the 4-bit comparator input to the priority encoder is non-zero. (3) The byte-value corresponding to
the output from the encoder is indexed in a 256-entry lookup table, which contains the position of the least significant
zero bit in that value. This finds the next allocable page index in each 8-page cluster in O(1) time. (4) The bit position is
then used to find the allocation index, which also (5) updates the original vector value. If all pages are already allocated,
PGM waits for a de-allocation request before sending a response.

This functionality enables the transactors to request unique indexes dynamically. The CRP arbitrates control requests
in a round-robin fashion from all transactors into two queues - one for all allocations and another for all deallocations.
Therefore, the deallocations can be requested by any task, irrespective of who requested the allocation. This allows a
producer task to allocate an index and leave it to the consumers to deallocate it at their own pace, after however many
reads are required. The worst-case end-to-end latency for the control-path (RQR → CRP → PGM → CRP → RSG)
depends only on the number of pages (𝑃 ), and is given by

𝐶𝑃_𝐿𝐴𝑇𝐸𝑁𝐶𝑌 = 5 + ⌈(𝑃/32)⌉ (2)

Typically, a design will see frequent de/allocations either when the global pool is being overutilized, or when the
size of data tiles in the application is too variable. No direct solution can be offered for the former case, as the tasks
must wait for pages to free up before accessing them. For the latter, the frequency of allocations can be reduced by
tuning the page size. Multiple strategies of performing allocations are available in literature. PoCo implements a simple
scheme since the allocations are a fixed constant in size. Should the user wish to change this scheme, changes only to
the PGM module will be required, keeping all other modules as is. Moreover, if an MPMC design works primarily on
deterministic indexes, the CRP and PGM can be entirely removed.
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when buffers are split in two slots; (b) Implementation of Laneswitch module for optimizing bandwidth in imbalanced pipelines.

4.4 Automatic Lane-Switching for Buffer Under-Utilization

When dual port memories are used with a producer and consumer, existing tools allocate one port for each, connecting
the two with FIFOs that spin access-tokens to enable mutual coordination, shown in Fig. 14a. In Sec 2.2.3, we discussed
how standard SPSC buffers are underutilized in imbalanced pipelines. To provide maximum utilization of both ports,
the new abstraction should provide a dynamic switching of the ports to the producer and the consumer.

The feature of switching the ports between the producer and consumer is equivalent to switching traffic on two
lanes. A lane is defined as the two ports of a dual-port memory that connect to the producer or the consumer. As shown
in Fig. 14a, we design a RTL module called Lane-Switch (LS), which manages two diversions of a lane across a fork and
acts as a driver for the underlying BRAM/URAM memory-core. The producer and the consumer lanes each connect to
the LS module, which dynamically decides which lane to connect the memory ports to. At a given time, both ports of
the memory must be diverted either to the producer or to the consumer. So, the laneswitched buffer spins just 1 token in
the Free Sections (FS) and Occupied Sections (OS) FIFOs. The LS module monitors the producer/consumer activity from
respective FS/OS FIFOs to preemptively check which task will hold the access-token and switches the memory ports to
the corresponding lane for the next access. First, the read activity on both FIFOs is OR-ed and consequently AND-ed
with its delayed, inverted signal to capture trigger events as a pulse. Next, this pulse drives a toggle flip-flop that selects
the demultiplexer’s output. The latency between capturing the read on either of the OS/FS FIFOs and switching the
lane is 1 cycle. Since the producer/consumer tasks start accessing data one cycle after issuing the read, the LS module
switches the memory ports to the appropriate lane just in time.

PoCo toolflow stitches this RTL block automatically between the tasks and the memories. When requiring cores
with multiple partitions, each partition is stitched with its own LS module, wherein all LS modules inside a buffer
are switched at the same clock cycle. The result is a memory-core abstraction, called the Lane-switching Buffer (LB)
that enables optimal bandwidth utilization of SPSC buffers in imbalanced scenarios (discussed in Sec 2.2.3), while
also ensuring tokenized accesses. We use a LB to implement a page in the MPMC buffer. Multiples of these pages are
contained in a block (Fig. 7a), called the Lane-switching Buffer Block (LBB), which the I/OHDs interface.
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(a) 2 pages, 8192 elements each (237 MHz, 17.8% LUTs) (b) 8 pages, 2048 elements each (305 MHz, 19.5% LUTs)

Fig. 15. Deeper pages with a higher cascade height lead to a worse critical path (white)

4.5 Floorplanning Congeniality

In Sec 2.2.4, we discussed how typical monolith designs create long net delays on fabric, which degrades frequency
even with plenty of fabric resources at disposal. Such issues are observed primarily as a limitation of the underlying
fabric, but also caused by design decisions which disregard the underlying fabric. Therefore, PoCo implements two
features to mitigate its impact on the frequency of the overall design, including the user’s transactors.

4.5.1 Independent Block Floorplanning. For an MPMC buffer with 𝑇 ports (i.e., blocks), the RQR, DRP, and RSG are
schematic abstractions that are made out of 𝑇 identical unit tasks with no combinational nets between the units. So
each 𝑡-th unit can be placed anywhere on fabric irrespective of where the other units are placed. This offers high
sparsity to the MPMC buffer due to the nature of its individual compositional tasks and allows reduction of PoCo
specific constraints in the final placement phase. All inter-task connections except the LBB-to-IHD interfaces are
latency-insensitive and can be interlaced with pipeline registers to meet timing at the cost of increased latency, making
the MPMC buffer compatible with coarse-grained floorplanning. Each accessor, block-reservoir, and compositional
task can be moved independent of the transactors, which in turn allows user-tasks and their associated buffers to scale
independently of each other. For large buffers, the independent blocks with interface channels make it possible to move
the design into different slots without impacting throughput. Even for small buffers which occupy only as much BRAMs
as are available in a slot, the flexibility to move some nets into a different region helps with reducing the interconnect
density. For example, a MPMC buffer design with 4 transactors and 4 accessors using 60% BRAM resources in a slot
routes at 290 MHz (for a 333 MHz target) when the tasks are constrained to be co-located in the same slot. When the
tasks are allowed to be placed independently of each other, the achieved frequency is 305 MHz.

4.5.2 Timing Considerations. The page depth (D) has an effect on the overall frequency of the MPMC buffer. Typical
FPGA architectures place SRAM cells in separate columns, When using BRAMs, increasing the cascade-height parameter
starts impacting the combinational read-paths to the corresponding IHD. PoCo can accommodate the same buffer size
with shallower pages at the expense of marginal LUT overhead. This is equivalent to reducing the height of the page
while instantiating more of them inside a block, leading to a higher number of shallow pages. Fig. 15 shows a design
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with 2 partitions and 4 blocks, with 128 bit data using 40% BRAMs in a slot, which can only achieve 237 MHz. The
second configuration (15b) with 8 shallow pages routes at 305 MHz with 1.7% more LUTs than the first configuration
(15a) with 2 deep pages. This is further evaluated in Sec 6 (see Fig. 18b). Pages implemented with URAM cores are
deeper, but incur a higher latency than those with BRAM cores. For a cascade-height of 𝐻 , PoCo configures the latency
for URAM access to𝐻/2+2. This allows a pipeline on every second URAM, resulting in 1) good timing and 2) placement
flexibility, since not all URAMs need to be placed in the same cascade column [27].

5 Overview of PoCo Framework

5.1 PoCo Toolflow Overview

Fig. 16 shows our complete automation flow which is built based on the PASTA toolflow. The user writes their program
in a task-parallel HLS model. First, the frontend parser extracts all metadata related to the tasks and their interfaces
(FIFOs, SPSC and MPMC buffers) and constructs a task graph. Template tasks and Lane-switching buffers are created
according to the captured MPMC-buffer configuration. For user tasks that participate in the MPMCmodel, the definitions
are modified to interface with the RQR and RSG modules using the port’s TX and RX FIFOs respectively. Then, for all
tasks, the definitions are transformed to generate the appropriate FIFO/buffer interfaces. Second, all tasks are compiled
to RTL via Vitis HLS and further synthesized in Vivado to get accurate resource utilization reports. Third, the reports
are used by a coarse-grained floorplanner (built on top of AutoBridge [15]) to find a mapping of tasks onto FPGA slots
based on the board layout. Interfaces crossing the slots are pipelined in this step. Then, using the resource utilization
reports, a set of constraints for the I/OHD modules and corresponding LBBs are generated. Fourth, the backend memory
employed for the MPMC-buffer is merged with the tasks (in RTL). The final design is packed as a XO file. Finally, Vivado
performs placement and routing on the XO file using the constraints to generate the FPGA bitstream.

5.2 Frontend Optimizations

Listing 1, 2, and 3 already describe the declaration and APIs of an MPMC buffer. Due to the buffer’s internal pipeline,
the response for the reads arrive a few cycles after the request is sent. Listing 4 shows an example call to the do_read
API inside a loop. In each iteration, a distinct output is created using value after it is read. To send and receive the
requests and responses respectively on the individual TX and RX FIFOs of the MPMC buffer-port, a source-to-source
transformation is needed. A naive implementation of the transform is shown in Listing 5. Once the request is sent, the
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Fig. 17. Each MPMC buffer request traverses through a pipe of latency 𝐿 = 𝐷𝑃_𝐷𝐸𝑃𝑇𝐻 (Eq.1) before becoming a response.

variable value is updated only when the response is received from the RX FIFO of the MPMC buffer port, which suffers
the latency of transferring data through the internal pipeline the MPMC buffer.

1 for(int i = addr; i < D; i++) {
2 // blocking request to read one value from buffer
3 sb_rsp_t value = mbuf [0]. do_read(i, (i!=D-1));
4 uint32_t result = process(value);
5 outputstream.write(result);
6 }

Listing 4. Sample read loop

1 sb_req_t gen_read_req(uint32_t addr , bool mutex) {
2 sb_req_t req = {0};
3 req.control = gen_control(addr , mutex); // get the control field based on the address and mutex
4 req.addr = gen_addr(addr); // get the address to be accessed inside the page
5 return req;
6 }
7
8 for(int i = addr; i < D; i++) {
9 mbuf [0].tx.write(gen_read_req(i, (i!=D-1))); // TX FIFO request
10 value = mbuf [0].rx.read(); // RX FIFO response
11 result = process(value);
12 outputstream.write(result);
13 }

Listing 5. Naive transformation incurs a fixed latency for each successive response due to the latency of the internal pipeline

In the interest of performance, tasks cannot afford to wait for the response for each read request before issuing
the next one. Therefore, a source to source transformation is applied to the loops involving do_read APIs such that
the task shall not wait for the response of each request, which converts the code in Listing 4 to that in Listing 6. The
transformation first captures the induction variable and bounds of the loop. Then, it makes two concurrent loops - one
for the TX FIFO and another for RX FIFO with separate induction variables write_idx and read_idx respectively,
bound with the same loop bound 𝐷 . These two loops are independent of each other and synthesize to operate in parallel.
Although the two loops are semantically independent, the TX FIFO loop depends functionally on the RX FIFO loops
through the depth of the internal datapth of the MPMC buffer. If the distance between the write_idx and read_idx

becomes greater than the depth of the internal datapath (1), it simply means that a backpressure is being observed at the
RX port, in which case, the TX FIFO will assert its full signal at some point and backpressure the requests. Fig. 17 shows
how 𝐷 requests and responses are handled in a pipelined fashion after applying the source-to-source transformations.

5.3 Backend Placement Optimizations

To improve the timing closure for task-parallel programs using the MPMC buffer model, we extend the PASTA [17]
backend and discuss only the optimizations specific to the MPMC buffer. As shown in Fig. 16, based on the data extracted
by the fronted, the task-utilization, SLR-crossing information, and BRAM/URAM column arrangement on the board
layout are used to generate constraints for the I/OHD modules. First, custom Pblocks divide the entire fabric into several
partitions with similar BRAMs/URAMs. Second, the synthesis reports are used to find the resource requirements of the
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1 int wr_idx=0, rd_idx =0;
2 for(int wr_idx =0; wr_idx < D;) { // maintain write pointer for transmitted requests
3 if(!mbuf [0].tx.full()) {
4 mbuf [0].tx.write(gen_read_req(wr_idx , (wr_idx !=TILE -1)));
5 wr_idx ++;
6 }
7 }
8 for(int rd_idx =0; (rd_idx < D); ) { // maintain read pointer for received responses
9 if(!mbuf [0].rx.empty()) { // if there are valid values in the pipe
10 value = mbuf [0].rx.read();
11 outputstream.write(process(value)); // process the loop normally
12 rd_idx ++;
13 }
14 }

Listing 6. PoCo’s source-to-source transform of Listing 4
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Fig. 18. Experiments involving PoCo’s backend optimizations

IHD along with its block-reservoir, since they are the only necessary combinational unions - disjoint modules that have
combinational nets in between them. Third, the tool calculates how many Pblocks are required by a combinational
union, and maps one or more unions to one or more Pblocks based on their resource usage. Finally, constraints are
created based on this mapping, effectively distributing the unions across the entire fabric.

The MPMC buffer is generic, since each module can be fine tuned without impacting the overall buffer abstraction.
For example, the LBB can be swapped out for a different abstraction of memory. If the application requires broadcasting,
the RSG can be updated to notify each transactor with the data read from a single accessor. If the dynamic allocations
are not needed, the CRP and PGM can be entirely removed.

6 Experiments and Evaluation

6.1 Lane-Switching Buffer

We use Vitis and Vitis HLS 2023.2, XRT 2023.2, and open-source PASTA version 0.0.20240104.2 for all our experiments.
First, we test the lane-switching buffer (LB) alone to highlight its effectiveness in common SPSC workloads. Three
benchmarks are implemented using both PASTA buffer and our lane-switching buffer: twoworkloads (KMeans, Minimap)
from the Rodinia-HLS benchmark suite [10] and a HiSpMV accelerator [24] with 8 PEs on Alveo U280 FPGA, summarized
in Fig. 18a. As discussed in Sec 2.2.3, bandwidth constrained designs perform BRAM duplications to provide the full
dual-port bandwidth to the consumer task. For KMeans and Minimap, compared to PASTA, the LB implementation
reduces the BRAM utilization by 3% and 13% respectively. HiSpMV uses buffers only for loading dense vectors from the
HBM. Therefore, all its duplicated PASTA buffers can be replaced with LBs, offering a 50% reduction in BRAM utilization
compared to PASTA while achieving similar performance. The resource overhead of the LS modules is proportional to
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Fig. 19. Scaling different dimensions of the MPMC buffer. Data-width = 128 bits. Post-route target frequency = 400 MHz.

the dimensions of the LB, but still negligible. For example, a LB with 8 partitions of 64-bit wide dual-port memories
(1024-bit wide write and read) uses LS blocks worth only 98 LUTs and 33 FFs.

6.2 MPMC Buffer Scalability in PoCo

To verify the utility of the MPMC buffer, we implement a simple kernel which consists of two tasks to test the MPMC
buffer bandwidth (Fig. 22). Task1 reads values from one HBM channel and writes them into the MPMC buffer on all
ports in parallel, Task2 reads all values and writes them out to the HBM, where the host verifies them. This arrangement
ensures minimal impact of non-buffer tasks on utilization. All metrics are post-route on Alveo U50 FPGA. The data-type
of each element is fixed to 128 bits for all tests.

6.2.1 Scaling Number of Pages (𝑀). This configuration uses 4 blocks, 8 partitions per page, summarized in Fig.
19a. Each page is implemented using a fixed arrangement of 2 cascaded 36Kb-BRAM blocks. With a linear increase in
the number of pages, we observe a linear increase in the accessors’ LUT footprint and BRAM usage, and a graceful
degradation in the frequency. The FF utilization averages 1.86% for the entire sweep.

6.2.2 Scaling Number of Partitions (𝑃). This configuration uses 4 blocks, 4 pages per block, summarized in Fig. 19b.
As expected, the BRAM and LUT utilization scales linearly with 𝑃 . By default, the floorplanner divides each SLR into
two segments, inserting pipeline registers for logic between the two segments as it precludes SLR-wide combinational
paths. When 𝑃 increases, the density of BRAM and the possibility of conflicted nets increases. When 𝑃 is large, it creates
the floorplan without segmenting the SLRs. This saves many registers that would otherwise be used in pipelining the
channels in between the segments, which is observed as a drop in FF utilization for P=16.

6.2.3 Scaling Number of Blocks (𝑁 ). This configuration uses 1 page per block. Scaling blocks also scales the number
of ports (concurrency). The buffer-depth (𝐷) is fixed to 1024 to mitigate its impact on resource utilization or routing
effects. We perform three sweeps with different 𝑃 (Fig. 19c). When trying to use many ports with an increased partition
size, the bottleneck to the MPMC model is the limited LAGUNA registers present between the slots. Consider the
implementation with N=64 and P=4. The control signals (opcode, xcxr, page) are 8 + log2 (64) + log2 (0)=14-bits wide,
the address is log2 (𝐷) =10-bits wide, and the data is 128-bits wide for each port. The width of each port is therefore
2 × (128 + 24) × 𝑃 =1216-bits. When accounting for N=64, there are not enough SLR crossings available.

6.2.4 Scaling Buffer Depth (𝐷). This configuration uses 4 blocks, 1 partition per page, summarized in Fig. 18b. This
sweep aims to check how the frequency degrades with an increasing number of RAMs. PoCo automatically chooses
the optimal dimensions of blocks based on the cascade-height calculated from the buffer depth. For example, when
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Fig. 20. Resource-usage breakdown of LUTs and FFs used by the buffer’s compositional tasks. RAX = Read Arbiter Switch-fabric,
WAX = Write Arbiter Switch-fabric. Each arbiter switch-fabric includes 2 Ω-MINs on the corresponding path (refer to Fig. 8).

using 4096 elements, 8×36Kb-BRAMs need to be in cascade. PoCo reconfigures the block-reservoirs into a 4×2 matrix
(4 pages with 2 BRAMs in cascade) at a fourth of the depth at a marginal cost of LUT resources. This provides ≃1.3×
improvement in frequency compared to default cascading.

6.2.5 Scalability of Buffer Tasks. Fig. 20a shows the breakdown of LUT resource usage for the compositional
modules of the datapath. The modules on the control path (CRP and PGM) do not scale with the increase in transactors,
and are hence omitted from this analysis. The trend of the LUT utilization increases linearly (X axis: 𝑙𝑜𝑔2 scale) for all
modules, although the slope differs. The legend also mentions the number of LUTs at the normalized value (4 transactors
and 4 blocks). For example, DRP’s LUT utilization at 64 transactors is ≃ 9× that at 4 transactors. Fig. 20b shows the
relative footprint of each module. RQR and DRP are small modules since they simply parse a field and perform some
bit-manipulations within the request before forwarding it. The priority selection of RSG involves more complexity
in dynamically selecting which input queue (alloc, free, read, write) gets forwarded to the output (refer to Fig. 11),
which inserts several sparsemux instances that are dependent on the width of the data bus. The read and write arbiter
switch fabrics (RAX, WAX) dominate the LUT usage due to the completely generic connectivity they offer between
transactors and accessors. Fig. 20c shows the trend for increasing LUTs and FFs for the entire arbiter fabric combined.
The FF utilization of the RQR, DRP, and RSG are negligible and hence omitted from this analysis. By increasing the
number of partitions and the width of the data bus, the baseline FF utilization increases. Even though the FF utilization
scales much more aggressively than the LUT utilization, it sits at a modest ≃ 1% utilization of the total FF resources.
The real limitation to the scalability of the MPMC buffer on current FPGA architectures is not the FF utilization, rather
the limited die-crossing registers between the SLRs.
6.3 Latency Overhead and Effective Bandwidth under Heavy Workloads

We measure the latency for different request as the number of cycles between latching of the request on the input of
the RQR and that of receiving the response on the output of the RSG.

6.3.1 Latency. The minimum datapath-latency is given by Eq. 1, wherein each Ω-MIN contributes ⌈(𝑙𝑜𝑔2 (𝑚𝑎𝑥 (𝑇, 𝑁 )))⌉
cycles on the path. In actual implementation, the minimum datapath latency may be higher depending on where the
tasks are placed in fabric and howmany extra pipeline registers have been added during the coarse-grained floorplanning
stage. Assuming that free pages are available, the worst-case control-path latency for allocations is given by Eq. 2. In
actual implementations, it is dependent on how many control requests as well as data requests are in flight.
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(a) EB for fixed activity over variable accessors.
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(b) EB for 16 accessors over variable activity rates.

Fig. 21. Decay of Effective Bandwidth (EB) for different accessors and activity factors.

Moreover, unlike the datapath, the control path is affected by data requests too because the RSG prioritizes responding
to pending data requests of a transactor before the control requests.

The overall latency for each packet is quite dynamic, depends on the number of requests in flight, and may overlap
with waiting and arbitration of other requests, making it complex to profile exactly in active scenarios.

6.3.2 Effective Bandwidth. To analyze the effective bandwidth that the fabric can provide, we conduct a new test,
wherein our setup includes a variable number of transactors (𝑇 ), each generating 1024 requests containing random
addresses to the buffer. The setup assumes that all pages are already allocated to prevent control overhead. We introduce
a new factor for scaling the input activity (𝐴), which decides the probability that a transactor will send a packet at a
given cycle. For example, with 𝐴 = 1, each transactor on the network will issue one packet every cycle (i.e., with a
probability of 1), injecting 𝑇 × 1024 packets. With 𝐴 = 0.5, each transactor on the network will issue one packet per
cycle with a probability of 0.5, while still injecting 𝑇 × 1024 packets in total. The effective bandwidth is then calculated
based on the average number of cycles wasted in arbitrating conflicts for each packet. A 50% effective bandwidth
means that during the total transfer, enough conflicts were faced so as to reduce the bandwidth to 𝑇 /2 packets for
each cycle that a new packet was injected. The setup is done in two sweeps - first, over the number of accessor-pairs
(𝑁 blocks) considering 𝐴 = 1, and second, over 𝐴 considering 𝑁 = 16. The Ω-MIN provides only one path between
a pair of end-points (transactor/accessor). Therefore, although it is easier to route, situations where one path (one
transactor-accessor route) is excessively used is bound to see conflicts and limit the performance of other ongoing
transactions. Therefore, 𝐴 = 1 is the worst situation for the fabric, as the general recommendation for such dense access
would be to have a dedicated SPSC channel between that transactor-accessor pair. Fig. 21a shows that even in the worst
case, the effective bandwidth is ≃20% better than static scheduling for the same number of transactors. Fig. 21b shows
that for a fixed number of accessors, decreasing the activity factor improves the effective bandwidth roofline of the
overall network, since the probability of arbitration conflicts reduce. To summarize, Ω-MINs achieve best performance
with moderate activity on all paths, making them a good use-case for dynamic and uncharacterizable traffic.

6.4 Case Studies Using PoCo

We discuss three case studies, highlighting benefits of our PoCo framework. Task-graphs and results for all case studies
are summarized in Fig. 22 and Table 3. PoCo’s dynamic allocation of resources is proposed as the dynamic allocation of
indexes in a statically allocated pool of memory. The reported BRAM usage is the static allocation size that is reserved
while implementing a specific MPMC buffer design on fabric. We chose applications that would require the same
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Task MPMC Buffer HBM Bank
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Fig. 22. Task graphs for different evaluations and case studies.

Table 3. Post-implementation results for case studies comparing PoCo framework and other tools.

Application (FPGA) Tool LUTs (%) FFs (%) BRAM (%) URAM (%) DSP (%) Freq (MHz)

Shuffle (U50)
Vitis 2023.2* 25.81 16.76 63.43 0 15.75 failed
TAPA [14] 26.03 18.96 63.50 0 15.75 52
PASTA [17] 26.31 19.38 63.50 0 15.75 144
PoCo 29.10 20.04 63.50 0 15.75 218

GraphTraversal (U280) AutoBridge [15] 25.83 13.07 64.49 2.08 ∼0 168
PoCo 26.16 14.87 64.49 2.08 ∼0 232

Pagerank (U280) ReGraph [7] 44.76 39.30 29.22 93.33 ∼0 214
PoCo 57.92 45.66 32.40 93.33 ∼0 191

* Post-synthesis results.

amount of static memory so that a fair comparison can be made and the frequency improvements for PoCo are not
influenced by a favourable reduction of on-chip memory usage. All case studies run on the actual FPGA boards and all
metrics are post-route.

6.4.1 Shuffle. Shown in Fig. 22, the input contains a set of text strings 𝑆 , partitioned as subsets of strings 𝑆𝑖 into
the 𝑖-th HBM bank connected to the mappers. 𝐾 map tasks for each subset 𝑆𝑖 are implemented. Each mapper works
on a unique 𝑘𝑒𝑦𝑘 where 𝑘 ∈ 𝐾 . For each string 𝑠 𝑗 ∈ 𝑆𝑖 , the 𝑘-th mapper calculates a hash based on the number of
occurrences of 𝑘𝑒𝑦𝑘 in the string, storing the key-value pairs in the shared buffer. We set the depth of the buffers to
16,384, which uses 63.5% of available BRAMs on Alveo U50 FPGA, i.e., 127% BRAM utilization of one SLR. The sorter
tasks read the key-value pairs from the shared buffer, and if the key matches, accumulate and store it in the HBM.
Vitis fails to generate a physical layout for this design. An implementation with TAPA only achieves a frequency of
52 MHz. Without our coarse-grained constraints for MPMC buffers, PASTA (with our MPMC frontend support) only
achieves a frequency of 144 MHz. PoCo distributes the MPMC buffer-blocks to different pblocks, achieving 218 MHz
frequency, 4.2× better than TAPA and 1.5× better than PASTA. The actual speedup compared to PASTA is 1.66× (higher
than the 1.5× frequency improvement), due to the dual-port bandwidth, consuming the buffers faster. Note our PASTA
implementation includes buffer producers that are dynamically scheduled and handle arbitration as well, since we
wanted to keep the designs as behaviourally close as possible.

6.4.2 Graph Traversal. This application performs feature extraction from graph data. It involves multiple PEs that
visit each neighbor of a node sequentially, extracting the data stored in the node structure. When the neighbor-list of a
node exceeds the size that can fit in a page, the PE dynamically requests a new one, and frees it when all nodes on that
page have been processed. The MPMC model has 16 blocks, with 256 pages each, using 64% of BRAMs on Alveo U280.
The routing directive was set to AggressiveExplore and the placement directive was set to EarlyBlockPlacement. The
baseline backend Autobridge [15] does a good job at placement. However, it packs the middle-left slot while trying to
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(a) AutoBridge: 169 MHz (b) PoCo: 232 MHz

Fig. 23. Device view implementation of interconnect density for Graph-traversal application on Alveo U280 using ∼64% BRAMs.
Comparison between (a) Autobridge [15] and (b) PoCo’s extra constraints, which move some I/OHDs to the top-right. LBBs: pink;
IHDs: blue; OHDs: yellow; control path: green.

minimize SLR crossings, increasing the interconnect density (Fig. 23a), leading to a frequency of 169MHz. Our PoCo
framework knows that the accessors are latency insensitive, and the tool is able to move 4 groups of I/OHDs to the
top-right slot without changing any design functionality, albeit increasing the number of slot crossings. This achieves a
frequency of 232MHz and leads to a significant reduction in interconnect density, producing no hotspots (Fig. 23b).

6.4.3 Page Rank. Finally, we use the MPMC buffer to implement similar pipelines as described in ReGraph [7] on
Alveo U280. The data movement between the scatter-gather modules feature a similar design requirement that the
MPMC buffer provides. The scatter PEs are implemented as the transactors that connect to the shared-buffer, while the
data-router and gather PEs are implemented through the DRP-to-OHD datapath. For this application, we omit the CRP
and PGM blocks since the transactors have a fixed location to write to. The transactors send the update tuples to the
OHDs based on the vertices of the graph. The OHDs accumulate it into the connected LBBs. The accumulated data is
then read out into a separate HBM bank. The final implementation utilizes 93% URAMs. The frequency achieved is
193 MHz, 21 MHz below ReGraph [7]. Since the buffer holds a limited number of values at once, the pipeline has to be
looped several times. The latency of transferring ownership of the page can be as long as 12 cycles based on where the
scatter and merger tasks are placed on the fabric. This latency is incurred for every mutex-switch which adds up over
many repetitions of the kernel. However, ReGraph is specialized for graph processing, while PoCo is a generic MPMC
framework for all applications.

6.5 Measurement of Programming Convenience

In Table 4, we share the number of lines of code (LOC) that PoCo uses compared to PASTA, although the exact value
depends on the type of transformations and the succinctness of the original program. We also report another metric,
the number of interfaces that the design needs to create, which more strongly quantifies programmer productivity. The
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Table 4. Comparison of programmer convenience measured through lines of code (LOC) and number of interfaces.

Application PASTA LOC PoCo LOC PASTA #Interfaces PoCo #Interfaces
Bandwidth Testing 1097 160 12 2
Shuffle 1571 649 22 14
GraphTraversal 1364 454 47 15

reduction is due to 1 MPMC port providing access to 𝑁 accessors. The higher the value of 𝑁 , the more the reduction.
Note that vectorized channels (stream/buffer) of the same data type are counted as one interface.

7 Related Work

Standardized Memory Models: A global view of memory has been discussed in CoRAM [8], which suggests that the
architecture should present to the user a common, virtualized appearance of the FPGA memory. The edge-memory is
assumed as one global pool of addressable region that different users may access through coordinated threads. These
threads are managed by a centralized scheduler that directly controls the amount of requests that can be made at a given
time. Extending the scope beyond FPGA fabric, LEAP [13] is an FPGA operating system built around latency-insensitive
communication channels which are inferred at compile time. LEAP provides standardized interfaces and automatic
management of the underlying on-chip memory resources. LEAP scratchpads [4] provide an expandable memory
abstraction which presents a BRAM interface, transparently using the on-chip memory as private caches.

These interesting paradigms expose to the user a unified view of the off-chip memory, which may be able to support
complex multi-producer multi-consumer models. However, the sharing of information between connected users in these
prior studies suffers the latency of off-chip access and the arbitration latency of the centralized scratchpad controller.
To the best of our knowledge, PoCo is the first work that supports MPMC models with on-chip memories for modern
HLS programming models.
Dynamic Memory Allocations: Contributions like HiDMM [21] feature support for dynamic memory allocations.
The tool takes a cross-stack approach, profiling different allocations from source-code into separated heaps. Compared
to PoCo, HiDMM provides a cleaner programming model by using the standard malloc and free calls for the allocations
and deallocations. However, the allocations are performed by profiling the access pattern at compile time, assuming
a static schedule for access to these pointers. Therefore, consumers in MPMC models get mapped to the same heap,
resulting in similar fabric limitations of connectivity in designs as discussed in Sec 2.2.1. Further, the static scheduling
may not be useful when handling sparse data or when expecting latency insensitiveness.
Frequency Optimizations on Multi-die FPGAs: In addition to TAPA and PASTA, Elastic-DF [5] accelerates dataflow
applications by partitioning the design into different dies of an FPGA. FADO [11, 12] extends this idea into non-dataflow
applications as well. It iteratively co-optimizes the directives and floorplan of HLS designs implemented on multi-die
FPGAs and drastically reduces the search time required for a legal physical layout. However, these tools do not have
enough information of the underlying design so as to optimize them at a coarser granularity. Given that PoCo has
a well-defined architecture, there are architecture-specific coarse-grained optimizations that can be leveraged. The
MPMC-buffer appears as a set of movable blocks that can potentially benefit from the integration of novel floorplanners
like AMF-Placer 2.0 [20].
Increasing Programmer Productivity: HeteroCL [19] is a Python-embedded DSL plus compilation flow for program-
ming heterogenous accelerators. It decouples the user-algorithm from three orthogonal hardware customizations –
customization of compute, memory access, and data representations., However, unlike TAPA/PASTA/PoCo, HeteroCL
does not have explicit support for task parallelism and does not support coarse-grained floorplanning optimizations.
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OpenCL-based HLS and recent Vitis HLS have some limited support for task parallelism, where tasks can communicate
with each other via streaming (i.e., FIFO) channels. However, they do not support MPMC buffer channels which PoCo
does, and do not support coarse-grained floorplanning optimizations. CPU and GPU architectures are built with a fixed
memory hierarchy in mind, often with a cache-coherent shared memory model, especially for CPUs. However, FPGA
designers expect excessive customization of compute and memory access. Hardware managed cache-coherency is often
not necessary in most workloads. However, for certain applications with irregular memory accesses, we may consider a
hybrid cache-and-buffer approach.

8 Conclusion

This paper introduces PoCo, an end-to-end automation framework for constructing scalable datapaths for task-parallel
programming models with MPMC buffer support. It offers a generalized on-chip memory view for task-parallel systems,
allowing them to dynamically allocate and exchange memory references. In the frontend, we first design a easy-
to-use shared buffer abstraction that simplifies dataflow management for end users. In the backend, we optimize
dual-port memory accesses for imbalanced pipelines and automate the coarse-grained placement of MPMC buffer
blocks. Compared to state-of-the-art framework PASTA, we achieve an average of 22% (up to 50%) reduction in BRAM
utilization for SPSC buffers. Moreover, three case studies using PoCo on Alveo U50 and U280 FPGAs showcases its
effectiveness in allowing rapid prototyping of MPMC designs while offering considerable frequency improvements
(1.5×) for latency-insensitive dataflows compared to current state-of-the-art tools.
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