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Field-programmable gate arrays (FPGAs) require a much longer compilation cycle than conventional com-

puting platforms such as CPUs. In this article, we shorten the overall compilation time by co-optimizing the

HLS compilation (C-to-RTL) and the back-end physical implementation (RTL-to-bitstream). We propose a

split compilation approach based on the pipelining flexibility at the HLS level, which allows us to partition

designs for parallel placement and routing. We outline a number of technical challenges and address them by

breaking the conventional boundaries between different stages of the traditional FPGA tool flow and reorga-

nizing them to achieve a fast end-to-end compilation.

Our research produces RapidStream, a parallelized and physical-integrated compilation framework that

takes in a latency-insensitive program in C/C++ and generates a fully placed and routed implementation. We

present two approaches. The first approach (RapidStream 1.0) resolves inter-partition routing conflicts at the

end when separate partitions are stitched together. When tested on the Xilinx U250 FPGA with a set of realistic

HLS designs, RapidStream achieves a 5 to 7× reduction in compile time and up to 1.3× increase in frequency

when compared with a commercial off-the-shelf toolchain. In addition, we provide preliminary results using

a customized open-source router to reduce the compile time up to an order of magnitude in cases with lower

performance requirements. The second approach (RapidStream 2.0) prevents routing conflicts using virtual

pins. Testing on Xilinx U280 FPGA, we observed 5 to 7× compile time reduction and 1.3× frequency increase.

This work is partially supported by the CRISP Program, the CDSC Industrial Partnership Program, and the Xilinx Adaptive

Compute Clusters Program.

Authors’ addresses: L. Guo, J. Lau, W. Qiao, Y. Chi, L. Song, and J. Cong, University of California Los Angeles, 468A Engineer-

ing VI, UCLA, Los Angeles, CA 90095, USA; emails: {lcguo, lau}@cs.ucla.edu, wkqiao2015@ucla.edu, {chiyuze, linghaosong,

cong}@cs.ucla.edu; P. Maidee, Y. Zhou, E. Hung, W. Li, and A. Kaviani, AMD, Inc., 2100 Logic Dr, San Jose, CA 95124, USA;

emails: {pongstorn.maidee, eddie.hung, wuxi.li, alireza.kaviani}@amd.com, Yun.Zhou@ugent.be; C. Lavin, AMD, Inc., 3100

Logic Dr, Longmont, CO 80503; email: chris.lavin@amd.com; Y. Xiao, University of Pennsylvania, Levine Hall, 3330 Wal-

nut St, Philadelphia, PA 19104, USA; email: ylxiao@seas.upenn.edu; Z. Zhang, Cornell University, Ithaca, New York, USA;

email: zhiruz@cornell.edu.
Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee

provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and

the full citation on the first page. Copyrights for third-party components of this work must be honored. For all other uses,

contact the owner/author(s).

© 2023 Copyright held by the owner/author(s).

1936-7406/2023/09-ART59 $15.00

https://doi.org/10.1145/3593025

ACM Transactions on Reconfigurable Technology and Systems, Vol. 16, No. 4, Article 59. Pub. date: September 2023.

https://orcid.org/0000-0002-0705-9510
https://orcid.org/0000-0001-5838-1772
https://orcid.org/0000-0001-5879-6142
https://orcid.org/0000-0002-8091-0973
https://orcid.org/0000-0001-7670-116X
https://orcid.org/0000-0002-9887-5109
https://orcid.org/0000-0003-0751-8227
https://orcid.org/0000-0003-1946-2021
https://orcid.org/0000-0002-5885-0425
https://orcid.org/0000-0002-7450-2842
https://orcid.org/0000-0002-3749-2729
https://orcid.org/0000-0003-2229-4911
https://orcid.org/0000-0002-0778-0308
https://orcid.org/0000-0003-2887-6963
https://doi.org/10.1145/3593025
http://crossmark.crossref.org/dialog/?doi=10.1145%2F3593025&domain=pdf&date_stamp=2023-09-01


59:2 L. Guo et al.

CCS Concepts: • Hardware → Hardware accelerators; Reconfigurable logic applications; Partition-

ing and floorplanning; • Computer systems organization→Dataflow architectures; High-level lan-

guage architectures; Reconfigurable computing;

Additional Key Words and Phrases: Multi-die FPGA, high-level synthesis, hardware acceleration, floorplan-

ning, frequency optimization, HBM optimization

ACM Reference format:

Licheng Guo, Pongstorn Maidee, Yun Zhou, Chris Lavin, Eddie Hung, Wuxi Li, Jason Lau, Weikang Qiao, Yuze

Chi, Linghao Song, Yuanlong Xiao, Alireza Kaviani, Zhiru Zhang, and Jason Cong. 2023. RapidStream 2.0:

Automated Parallel Implementation of Latency–Insensitive FPGA Designs Through Partial Reconfiguration.

ACM Trans. Reconfig. Technol. Syst. 16, 4, Article 59 (September 2023), 30 pages.

https://doi.org/10.1145/3593025

1 INTRODUCTION

Field-programmable gate array (FPGA) compilation techniques have traditionally been adopted
from the electronic design automation (EDA) industry, where designers have a higher tolerance
for a long turnaround time. However, this significantly impedes the adoption of FPGAs by the com-
puting industry, where software programmers are used to a much shorter compile cycle [15, 41].

One general approach to speeding up FPGA compilation is to utilize multi-core CPUs or GPUs
to parallelize the computer-aided design (CAD) algorithms, such as logic synthesis [20, 21], place-
ment [1, 17, 22, 45–47], and routing [28, 29, 33, 60, 63, 66, 90]. However, many important algorithms
used in the FPGA CAD toolflow are inherently sequential. Moreover, the slowest steps of the FPGA
physical compilation extensively involve timing optimizations. Since optimizing timing typically
requires global knowledge of the designs, it further increases the difficulty of parallelization. In
Figure 1, we profile the CPU utilization of a 14-hour FPGA compilation task by the commercial
Xilinx Vivado tool suite. As the figure shows, Vivado only uses 2.1 cores on average when attempt-
ing to close timing.

Another approach to fast FPGA compilation is to partition the application and then compile
different parts in parallel. A new challenge naturally arises here — how to achieve timing closure
with many inter-partition nets that connect different partitions? Given an RTL design or a netlist,
it is relatively easy to partition the design and achieve timing closure within each partition, but
it is difficult to achieve good timing on the inter-partition nets. Either we perform global cross-
partition optimizations iteratively at the cost of high runtime overhead or we reduce the runtime
at the cost of the timing quality of inter-partition nets.

Our prior work, RapidStream 1.0 [32], proposes an end-to-end split compilation flow for FPGAs
that utilizes an architecture-level, latency-insensitive approach to address the timing closure chal-
lenges. Instead of targeting an arbitrary design, we focus on latency-insensitive designs where
modules communicate through latency-insensitive protocols such as the AXI protocol or normal
First In, First Out (FIFO). The motivating fact we have observed is that real-world large-scale de-
signs are, in general, highly modularized and hierarchical, but existing CAD tools fail to utilize the
architecture-level information of the input design. We instead propose that, if we partition the de-
sign only at the latency-insensitive boundaries, we can add extra pipelining to the boundary nets
for timing closure without affecting the functionality of the design. Note that the proposed method
requires “latency-insensitive” communication units but does not necessarily make the whole de-
sign latency-insensitive. In our previous work, AutoBridge [30], we have shown that this approach
only adds about 10 to 20 clock cycles in the end-to-end latency for a set of convolutional neural
network (CNN) accelerators and has less than 0.1% overhead on the total execution time.
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Fig. 1. The top figure shows the number of active CPU cores when implementing a CNN benchmark by

Vivado (8 threads) on a 56-core server. The total implementation process takes about 14 hours, with an

average CPU utilization of 2.1 cores. The bottom figure displays the runtime as we increase the number of

threads.

As illustrated in Figure 3, RapidStream 1.0 includes three major phases. During the partitioning
phase, we organize the FPGA device as a mesh of disjoint islands and floorplan a latency-insensitive
design into the islands. We then utilize the pipeline flexibility to insert pipeline registers into
the inter-island nets, which we call anchor registers. The anchor registers provide crucial timing
isolation between islands to enable parallel implementation. Finally, we stitch together the layout
results of each island to generate the complete implementation. The key technical contributions
of RapidStream 1.0 are summarized as follows:

• To the best of our knowledge, we are the first to propose an automated, parallelized, and
physically integrated flow to map a latency-insensitive design into a fully placed and routed
FPGA implementation while achieving fast timing closure.
• We identify and address several technical challenges for a practical split compilation flow.

Specifically, we propose new and effective methods for (1) inserting pipeline registers and op-
timizing their placement at the latency-tolerant borders of partitions, (2) clock management
in parallel routing, and (3) efficient island stitching and routing of inter-island nets.
• Our evaluation shows that the proposed approach significantly increases the degree of paral-

lelism of FPGA-targeted split compilation. RapidStream uses ∼26 cores on average, whereas
a commercial CAD tool only utilizes about two cores on average. As a result, we achieve
an end-to-end speedup of 5 to 7× over the commercial tool. Additionally, we achieve an
improvement in frequency by up to 1.3×.

The major limitation of RapidStream 1.0 is that it involves a global routing step after assembling
the islands together because we need to address the routing conflicts between islands. Since a
general-purpose router requires a lengthy initialization process, nearly half of the total compila-
tion time is consumed by this step, even though only 5% of the nets need minor adjustments. To
address this issue, in RapidStream 1.0, we proposed to adopt an open-source router, RWRoute,
that specializes in quick initialization and fixing local routing conflicts. While RWRoute can
finish the routing task quickly and efficiently compared with Vivado, the open-source router
lacks an accurate hold time model and final results contain some hold violations. Therefore, in
RapidStream 1.0, we still rely on the Vivado router to produce a fully legal solution and bear the
overhead in router initialization.
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In this extension article, we present RapidStream 2.0, which adopts a different approach to ad-
dress the bottleneck in the routing step. Compared with our prior methods, we propose to first
partially route the inter-island nets. The partial routes will connect the anchor register to a vir-
tual pin inside the island. Although partial routing of anchor nets will also be performed globally,
we propose methods to speed up the process by using a skeleton design instead of the full de-
sign. In our skeleton design, the majority of the inner-island elements are pruned away and only
source/sink connections annotated with virtual pins to the anchor registers are preserved. By con-
necting to virtual pins, the global routing problem is decomposed into a local one and allows us to
safely route each island independently. Since the virtual pins of boundary nets are all placed inside
the island, we eliminate conflicts outside the island region. In this way, we do not need a separate
global routing step at the end and can generate the bitstream of each island directly. These partial
bitstreams will make a whole design when they are loaded onto the device.

Another major improvement in RapidStream 2.0 is that we have supported partial implementa-
tion, where part of the design is allowed to be pre-placed and pre-routed in an offline process. One
notable application of this new feature is the integration with the AMD/Xilinx Vitis framework.
The Vitis framework provides an efficient way to set up host–device communication. To do so,
the Vitis framework provides a fixed shell, consisting of a group of pre-built IPs, including DMA,
PCIe, DDR, HBM subsystem, and so on. In a Vitis development flow, the shell is pre-implemented
in the boundary area of the chip and the user logic can use the remaining unoccupied area of
the FPGA. By integrating support for pre-built shells, RapidStream 2.0 can support CPU-FPGA
communication through Vitis.

We build a prototype of RapidStream 2.0 with the AMD/Xilinx Alveo U280 HBM boards and
achieve 5 to 7X end-to-end speedup compared with a normal implementation process. Notably, our
generated bitstream is fully functional and has passed onboard tests. Compared with RapidStream
1.0, we observe as much as 2× speedup in RapidStream 2.0.

This article is organized as follows. We first present the background information and the
overview of our workflow in Section 2. Then, we present the major steps that are shared between
versions 1.0 and 2.0: design partitioning (Section 3), parallel placement (Section 4), and clock man-
agement (Section 5). Next, we present the routing solutions of RapidStream 1.0 and 2.0. For Rapid-
Stream 1.0, we discuss island stitching and inter-island routing (Section 6). We present our efforts
to further accelerate the inter-island routing step for RapidStream 1.0 (Section 7). Next, for Rapid-
Stream 2.0, we present how to set up the partial reconfiguration environment to enable parallel
routing (Section 8). We also show our work-in-progress to speed up the construction of a partial
reconfiguration environment through RWRoute. As for implementation, we first show experiment
results of RapidStream 1.0 in Section 10, and then we evaluate RapidStream 2.0 in Section 11. We
also compare our work with related works in Section 12.

2 PRELIMINARIES

2.1 Problem Scope

RapidStream focuses on latency-insensitive FPGA designs. By our definition, a latency-insensitive
design consists of (1) a collection of processing elements (PEs) working in parallel and (2) a set of
FIFOs that connect the communicating PEs. Each PE can be arbitrarily complex internally, but it
must send or receive data through FIFO interfaces.

2.2 Organization of the FPGA Fabric

To facilitate the split compilation, we divide the FPGA fabric into two types of regions. As illus-
trated in Figure 5, these regions include (1) large disjoint islands (in blue) that are approximately
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Fig. 2. An overview of our RapidStream workflow. We use [*] to denote a parallelized step.

Fig. 3. Illustration of results obtained in different phases. In the final output, the orange part shows the

anchor registers and the cyan part shows the implemented partitions.

Fig. 4. Flow of RapidStream 2.0.

equal-sized and (2) thin columns/rows of anchor regions (in green) between adjacent islands. Here,
we define an island as a square-shaped region reserved for (a subset of) the user logic; we further
require that different islands are non-overlapping. The anchor regions are reserved to place the
anchor registers (in orange) needed for inter-island communications; each inter-island connection
is equipped with one anchor register, which isolates the inter-island timing paths.

Note that we need to distinguish the anchor regions located at die boundaries. The Xilinx multi-
die FPGAs have discrete channels for die-crossing signals. To facilitate timing closure, the anchor
registers will be placed in the die-crossing channels to bridge the islands that are on different sides
of the die boundary (see Figure 5).

2.3 Flow Overview

Figure 3 shows the input and output of each phase of our proposed workflow. In Phase 1, we take
in an HLS dataflow design and floorplan it to the disjoint islands (steps S1 and S2 in Figure 2). We
take advantage of the elasticity of dataflow designs to ensure that every inter-island connection is
pipelined with an anchor register (S3 and S4). This provides timing isolation that is crucial in the
later parallel placement and routing.

Phase 2 performs parallel placement and routing of the disjoint islands and inserts the anchor
registers. In the placement step (S7–S9), we propose to iteratively co-optimize the placement of
anchors and islands since they are interdependent. In the routing step (S10–S11), we propose a
clock management scheme to ensure that the clock skew is consistent when the islands are routed
and later stitched together. Without this step, we will run into hold violations after stitching.

In Phase 3, we implement a stitcher using the RapidWright framework [42] to stitch the physical
netlists of post-routing islands together (S12, S13). Although the nets inside each island remain legal
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Fig. 5. Organization of the FPGA device.

after stitching, conflicts may arise among the inter-island anchor nets. This is a routing problem
unique to our flow, and we propose a lightweight method to resolve the potential routing conflicts
(S14). Compared with the full-fledged commercial router, we achieve a 4× speedup on average
while retaining nearly the same setup slacks.

3 PARTITIONING

This section describes steps S1 to S5 of the partitioning phase of RapidStream, as shown in Figure 2.

3.1 Problem Description

In this phase, we exploit the pipelining flexibility of HLS to transform the design into a
parallelization-friendly structure. We first discuss what features are needed in later phases that
parallelize the physical implementation of islands.
Objective 1: Non-overlapping partitioning – Since we aim to parallelize the physical implemen-
tations of different islands, each island is required to host a unique and non-overlapping partition
of the original design.
Objective 2: Pipelined inter-island connections – To facilitate the timing closure on the inter-
island nets, we want each inter-island connection to be pipelined with an anchor register.
Objective 3: Direct neighbor connections – We further enforce that each island only has direct
connections with adjacent islands. This property is key to parallelizing the placement and routing
process.

3.2 Approaches

Next, we introduce how RapidStream partitions and transforms the original dataflow design to
satisfy the above-mentioned objectives.

Mapping PEs to Islands (S2). To achieve objective 1, we exclusively assign each PE to one island.
The assignment problem is formulated as follows:

The input dataflow design is represented as a graphG (V ,E), where each vertexv ∈ V represents
one PE; each edge ei j ∈ E represents an inter-PE FIFO connection between vi and vj . Given an
array of islands that has N rows and M columns, the goal is to map each v ∈ V to one unique
island such that the resource of each island is not overused and the total wirelength is minimized.
We use the weighted Manhattan distance to calculate the total wirelength:

∑

ei j ∈E

ei j .width × ( |vi .row −vj .row | + |vi .col −vj .col |), (1)
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Fig. 6. (A) Three potential routes for a connection. (B) Each anchor region (in green) only has 5 Flip-Flops,

so that the two connections (both of width 4) cannot go through the same anchor region.

where ei j .width is the bitwidth of the FIFO betweenvi andvj and eachv is assigned to thev .col-th
column and the v .row-th row.

The rationale behind the formulation is that a shorter wirelength results in a lower latency
overhead. Our problem is typically small in size since an HLS design usually only instantiates up
to a few thousand PEs. Hence, we use integer linear programming (ILP) to formulate and solve
a top-down partitioning-based placement problem iteratively. Notably, the placement problem is
similar to the ones described in several prior works [2, 24, 30, 50].

Global Planing and Pipelining Inter-island Connections (S3). Before we pipeline the
connections between non-adjacent islands, we need to first determine which intermediate islands
the connections will go through. Essentially, we need to first solve a routing problem at the
island level. Next, we insert pipeline registers in the islands that the connection passes through.
As an example, Figure 6(A) shows the potential routes (P1, P2, P3) for a connection between two
non-adjacent islands.

The main constraint in this routing problem is the number of available flip-flops (FFs) in the
anchor regions. Recall in Figure 5 that we reserve a thin region between islands to hold the anchor
registers for inter-island nets and each inter-island net has an anchor register. Therefore, when
routing the connections at the island level, we must ensure that the participating anchor regions
have sufficient FFs for pipelining all the nets passing through, as illustrated in Figure 6(B).

Since the number of islands being mapped to is typically small, we again formulate the problem
in ILP. For each connection, we generate all potential routes with the shortest Manhattan distance
that have at most two bends. For each anchor region between a pair of adjacent islands, we add a
constraint to ensure that the number of passing-through nets is no greater than the available FFs.
We also assign a cost to each route based on the average resource utilization of the passing islands.
The ILP is set up to minimize the total cost in this path selection problem.

Inserting Anchor Registers (S4). To facilitate timing closure and inter-island routing, each island
will register all input/output signals. Figure 7 shows how we insert anchor registers into the inter-
island nets between adjacent islands. We leverage an almost-full FIFO, which asserts the full signal
before the FIFO is actually full. This signal increases tolerance of the round-trip latency between
adjacent islands, which allows us to add a pipeline register without causing an overflow.

Note that we choose to use the ILP formulations because they are sufficiently fast and scalable
for today’s HLS designs and FPGA devices. This is validated by our experiments in Section 10.
For future FPGA designs that may become much larger, we can incorporate other well-known
techniques, such as multi-level placement [6] and hierarchical routing [78], to handle the increased
complexity.
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Fig. 7. Inserting anchor registers.

Fig. 8. Demonstration of the iterative placement.

4 PARALLEL PLACEMENT

Phase 1 produces an optimized version of the RTL that is floorplanned to the island regions and
anchor regions (see Figure 5). In step S2, we determine which PEs are assigned to each island region;
in step S3, we compute which anchor registers each anchor region accommodates. In Phase 2, we
first synthesize the RTL of each island into the netlist representation (S6). As all islands are non-
overlapping, we are able to run logic synthesis for all islands in parallel. Next, we place all island
regions and anchor regions in parallel based on the previous floorplanning (S7–S9).

4.1 Iterative Placement of Anchors and Islands

Compared with logic synthesis, it is more challenging to parallelize the placement step. Two neigh-
bor islands that are independently placed should have their interface properly aligned. This re-
quires the separate placer processes to properly synchronize on inter-island connections.

We adopt an iterative approach to gradually align the interfaces of separately placed islands by
utilizing the anchor regions between islands. Figure 8 sketches the main ideas of our approach. The
intuition is that we lock the placement of all islands and then incrementally re-place the anchor
regions, then alternate their roles in the next iteration.

Iteration 1 (S7). In the first iteration, we determine an initial placement of the islands. To place an
island by itself, the placer needs the locations of all anchors around the island, which are unknown
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at the time. Thus, we only impose a partial constraint that each anchor should be within the anchor
region on its corresponding side of the island.

Iteration 2 (S8). With the initial placement of each island, we compute the exact locations of
the anchors between the islands to connect the inter-island nets. This step is also carried out by
parallel placer processes. Each process handles a pair of adjacent islands and places the anchors
in between to best connect both sides. We further elaborate this step in Section 4.2.

Iteration 3 (S9). We fine-tune the placement of islands based on the exact anchor locations. Since
the resulting anchor locations from the first two iterations may differ, iteration 3 further refines
the placements of the islands to best match the latest anchor locations from iteration 2.

Through the three iterations, all islands are placed in a parallel manner. It is possible to repeat
iteration 2 (S8) and iteration 3 (S9) to further improve the overall timing quality. However, our
experiments indicate that applying them just once is enough to achieve around 400 MHz based on
post-placement estimation.

4.2 Anchor Placement by Min-Cost Matching

Motivation. While we use the standard placer for iterations 1 and 3, we formulate the anchor
placement problem (iteration 2) as a min-cost matching problem. Iteration 2 places the anchors
based on the placement of the islands on the two sides. First, since the anchor region is very thin,1

it is effectively a 1-D placement problem and the solution space tends to be small. Second, using the
standard placer would incur unnecessary overhead in compile time, as it is optimized for general
situations. Finally, we need control in a finer granularity to make sure that all anchors are exactly
inside the feasible regions.

Method. We propose a simple yet effective distance-driven placement formulation specifically for
iteration 2 (S8) that can achieve a similar timing quality compared with a standard placer but with
a much shorter runtime. Given an anchor, we assign a heuristic value for each FF in the anchor
region representing the cost to place the anchor onto that FF. Then, we minimize the total cost
of placing all anchors. This formulation is a min-cost matching problem that can be solved in
polynomial time [7]. Specifically, we formulate the problem in linear programming (LP), which in
this case guarantees integer solutions because the constraint matrix is totally unimodular [37].

We use a heuristic method to determine the cost function. To place an anchor onto an FF, the
cost consists of two parts: (1) the total wirelength from the anchor to the source and sink cells;
and (2) the wirelength difference between the longest and the shortest net of the anchor. We sum
the two parts with empirical weights. This distance-based heuristic will push the anchors close to
their source and sink cells and avoid being too close to one cell but far away from the other.

Consider the example in Figure 9, where we need to place two anchors to four potential FFs (A,
B, C, and D) between the islands. Since the source and sink of anchor 1 are at the top, A has a
smaller cost than the others. Likewise, D has the smallest cost for anchor 2.

Our LP placement scheme for the anchors is on average 20× faster than the commercial placer
and the timing quality is similar.

5 CLOCK ROUTING

5.1 Problem Description

After we finalize the placement of the islands and anchors, we next aim to route the islands in
parallel. Since all inter-island connections are anchored, we only need to route each island to

1Typically, an anchor region requires 1 to 3 FF columns, about 1/25 the width of an island.

ACM Transactions on Reconfigurable Technology and Systems, Vol. 16, No. 4, Article 59. Pub. date: September 2023.



59:10 L. Guo et al.

Fig. 9. Illustration of the anchor placement formulation.

Fig. 10. Route different segments of the clock separately and maintain a stable clock skew in one pass. Step

1: Route the clock trunk. Step 2: Lock the delay level of the clock buffers for anchors. Step 3: Route each

island and merge with the clock trunk.

connect to its surrounding anchors. However, we need to take special care of the clock signal
because it is a global net that fans out to all islands.

5.2 Challenges and Previous Approaches

Clock routing and data signal routing are interdependent. In a general non-split routing process,
the router will first generate an initial clock tree and then route all the data signals. Later, the
router may adjust the clock tree for timing optimization.

However, when we route standalone islands separately, the router is unaware of the final clock
tree for the entire design. If the island is routed under a different clock tree compared with the final
clock tree, the variation in the clock skew will cause timing degradation as well as hold violations.
Consider a simple example where the clock signal may enter an island either from the left side
or the right side. If the island is routed assuming the clock is from the left, but the actual clock
signal arrives from the right in the final stitched design, then the variation in clock skew will cause
timing degradation.

A common solution is to first route each island using estimated clock delays and skews; after
all islands are combined, the router will globally finalize the clock and re-route the islands to deal
with clock skew variations [75]. However, this approach requires an additional global routing step
that compromises the compile time.

To address this challenge, we propose dedicated clock management steps to ensure a consistent
clock skew before and after the stitching process. Our clock routing flow consists of three steps,
which are elaborated in the following subsections. Figure 10 visualizes the key concepts in our
clock management scheme.

5.3 Routing the Clock Trunk (S10)

The goal of this step is to route from the clock source to the clock entry points of each island. We
refer to this route segment as the clock trunk. Here, we aim to minimize the clock skew among
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Fig. 11. By introducing an artificial clock delay of 0.5 ns to FF-2, the critical path is reduced from 3 ns to 2.5 ns.

those entry points. To do so, we first route the clock signal from the clock source to the geometry
center of all islands. From there, we fan out the clock to reach all islands while minimizing the
skew. The obtained clock trunk will be used to constrain the clock routing of each island.

5.4 Locking the Clock Buffers for Anchors (S10)

With the clock trunk, we have determined the clock entry points for each island. Since two adjacent
islands will route to the same set of anchors in between, we need to disable the time-borrowing op-
timization [23, 25, 79] on the anchor registers to prevent clock skew variations of inter-island paths.

In modern FPGAs, the clock network is equipped with buffers that have configurable delay
levels to fine-tune the clock skews [39, 76]. The time-borrowing optimization can utilize the
configurable buffers to redistribute the timing slack between consecutive pipeline stages, as
demonstrated by Figure 11.

In our flow, we separately route two adjacent islands that connect to the anchors between them.
The two independent router processes may result in different time-borrowing schemes and, thus,
different clock buffer configurations for the shared anchors. Such potential inconsistency in the
clock delay levels for the shared anchors will cause unpredictable timing degradation when the
islands are stitched together in the final phase.

To prevent this potential issue, we lock the delay level to the default value for all clock buffers
associated with anchor registers.2 To mitigate the negative impact of this disabled optimization,
two aforementioned techniques are beneficial: (1) the source and sink of each anchor net are
both pipelined; and (2) the local placement optimization is performed after fixing the anchor
locations (S8).

5.5 Routing and Merging the Local Clocks (S11)

With the setup from the previous steps, we are ready to route each island (S11). We enforce the
constraint that the local clock net starts from the predetermined entry point and prevent the clock
buffers for anchors from being adjusted. A routed island will contain a complete clock route, in-
cluding the clock trunk. During the final island stitching, redundant clock trunks are unified (S13).

Summary. The clock management steps (S10, S11) ensure that the clock skew remains consistent
before/after we stitch the islands together. Since the clock entry points within an island are the
same before and after the stitching, the clock skew for intra-island timing paths will remain un-
changed. In addition, since we lock the delay level for the anchor registers, the clock skew for
inter-island timing paths is also stable. Section 10 shows that without the clock management, we
will run into severe hold violations; meanwhile, the measured impact of this method on the achiev-
able frequency is negligible.

2In Vivado, this can be achieved by setting the FIXED_ROUTE property of the clock net.
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Fig. 12. Detailed view of anchor region. Only one switch box is shown.

6 STITCHING AND INTER-ISLAND ROUTING

6.1 Island Merging (S12, S13)

In the previous sections, we present how to place and route the islands in parallel. As a result,
we will obtain separate post-routing checkpoints, each for one island. Next, we need to assemble
them together into the complete physical implementation. While this step is conceptually simple,
it is not supported by the off-the-shelf commercial tools. We utilize the open-source RapidWright
framework [42] to edit the netlists and assemble the physical information of the island checkpoints.

The checkpoint of each island also includes its surrounding anchor registers. Thus, when we
stitch the netlists together, we need to unify (or merge) the duplicated anchor registers, as the
same anchor is included in the checkpoints of both islands on its two sides. Since the physical
information of the duplicated anchors is consistent after the parallel placement (Section 4), we
can safely merge them without causing conflicts in anchor locations. Further, our clock routing
scheme (Section 5) ensures that different islands are routed under the same clock trunk; thus, the
clock net can also be merged without conflicts (S13).

6.2 Inter-island Routing (S14)

After the individual checkpoints are assembled together, we need to resolve the routing conflicts
in the anchor regions. This is the last step of the RapidStream flow.

Problem Description: Figure 12 shows the low-level routing resources in the anchor region and
why routing conflicts may arise. Since the switch boxes in the anchor region are shared, the two
router processes may both exploit the same physical wire segments when they separately route
islands 1 and 2. According to our profiling, the conflicting nets in the anchor region amount to 5%
to 10% of all the nets. Those conflicts will be exposed after we glue the post-routing checkpoints
of islands together.

One potential solution is to resolve the inter-island conflicts pair by pair. Figure 13 illustrates
why this will not work. In Figure 13, we could try to separately reroute the conflict nets between
islands (1, 2) and between islands (2, 3). However, while pairwise rerouting resolves the anchor
region conflicts, it will lead to new conflicts within the islands. In Figure 13, assume the black and
the yellow nets are separately routed by two router processes; conflicts may show up inside the
islands (the red segment).

Therefore, we have to do a global routing pass to fix the inter-island conflicts. We present two
solutions for this routing task. One set of experiments uses the Vivado router in order to maintain
the best performance. The other solution relies on a customized open-source routing solution for
the best compile time.

Commercial routers can resolve the inter-island conflicts at the expense of some runtime over-
head because they are optimized for general-purpose routing. The Vivado router spends about 1/4
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Fig. 13. Pairwise inter-island routing will not work because it may cause conflicts inside the island.

Fig. 14. Required long routing detours outside of the initial net bounding box.

of the time for initialization, 1/4 of the time for the actual routing and timing closure, and 1/2 of
the time looping through a set of optimization steps even after timing closure.

However, our routing problem has two unique features. First, 90% to 95% of the nets (intra-island)
are fully routed and have been well optimized for timing. Second, the conflicts are clustered in the
anchor region between islands. In this case, we can potentially utilize the special properties of the
problem for further speedup.

7 ACCELERATE ROUTING WITH CUSTOMIZED PARTIAL ROUTER (RAPIDSTREAM

1.0)

For this unique problem, we build a lightweight partial router that only rips up and reroutes the con-
flicting nets from/to the anchor regions. The partial router preserves other fully routed nets, that
is, masking the routing resources used by those nets and skipping any processing on those nets.

One challenge of preserving the non-conflicting nets is how to determine suitable sizes for the
bounding boxes. During the routing process, the bounding boxes restrict the accessible routing
resources for the net. Usually, their sizes are determined based on the pin locations of a net. A
large bounding box allows more flexibility for the net but will incur extra runtime, whereas a small
bounding box limits the routability but also reduces the route time. In a typical routing process with
no preserved nets, the effective bounding boxes for all nets could be determined in advance and will
remain fixed during routing [29, 33, 48, 66, 90]. However, the conventional approach does not work
in our situation due to the reduced routing flexibility after we preserve all the intra-island nets.

Figure 14 shows a case in which a net needs long horizontal routing detours outside of its bound-
ing box. This is because there is resource blockage within the initial bounding box resulting from
the preserved nets. Without expanding the bounding box, the net cannot be routed. There are
also cases in which vertical long routing detours are needed for successful routing. Therefore, it is
difficult to determine suitable bounding boxes for all the target nets before routing.

To address this issue, we use a simple heuristic to start with small bounding boxes and incremen-
tally increase the box size. Starting from the second iteration, our router expands the four sides of
the bounding box for each net that will be ripped up and rerouted.
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Fig. 15. Anchors triggered on negative clock edges.

We achieve the goal by customizing an open-source router called RWRoute [89]. We upgrade
its partial routing function to be timing driven and enable the tool to expand bounding boxes at
runtime. With a single thread, our customized router achieves a 4× speedup compared with the
Vivado router.

As of now, RWRoute relies on an open-timing model [51] to achieve timing-driven routing.
However, this model provides only the slow path delay estimation of routing resources. As a result,
RWRoute could not resolve hold violations, which require the fast path delay estimation of the
routing resources. We present a temporary workaround in the next section to eliminate hold time
requirements at the expense of some performance.

Workaround for Hold Violation in Solution 2: Since the customized RWRoute will only route
the nets to/from the anchor registers, we make all anchor registers to be triggered by the negative
clock edge, for example, in Figure 7, and modify the registers in the green box to be triggered by
the negative clock edge while keeping everything else triggered by the positive clock edge.

Figure 15 depicts the idea of when the anchor is the signal sink. The same reasoning applies
when the anchor is the signal source. Assuming a zero clock skew, the source FF is triggered at
t0 and the anchor FF is triggered at t0 + tper iod/2 to transfer Signal i . The signal will arrive at the
anchor at t0+tdelay . For Signal i to be properly captured at the anchor FF while still not interfering
with the capturing of Signal i − 1, both Equations (2) and (3) must be satisfied:

t0 + tslow_delay < t0 + tper iod/2 − tsetup (2)

t0 + tf ast_delay > t0 − tper iod/2 + thold . (3)

Equations (2) and (3) can be reduced to (4) and (5):

tper iod > 2(tsetup + tslow_delay ) (4)

tper iod > 2(thold − tf ast_delay ). (5)

Therefore, with negatively-triggered anchors, we can always increase the clock period to satisfy
the conditions and, thus, avoid any setup/hold violation on the anchor nets when RWRoute re-
routes them to fix conflicts in the anchor region. Meanwhile, the intra-island nets are routed by
Vivado and are free of hold violation.

Note that this technique of clock phase shifting is a temporary measure, which will no longer
be needed if an open fast-path timing model is provided. This experiment shows us the potential
for the best runtime and advantages of an open-source partial router.

8 PRE-PARTIAL-ROUTING OF INTER-ISLAND NETS (RAPIDSTREAM 2.0)

The divide-and-conquer approach used in Rapidstream 1.0 requires a combining phase, which is
time-consuming. Since the RWRoute approach in the previous section does not yet support hold-
time modeling, we have to rely on a standard router for the combining phase, which becomes
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Fig. 16. Partial routing of the inter-island nets using a skeleton design. We first do a complete routing of

the nets from the anchor registers to the source/sink cells inside the island, then we use RapidWright to

prune away most routing nodes inside the island and leave the net in an antenna state. The endpoints of the

inter-island nets are viewed as virtual partition pins. Later when we route the island, the router will connect

the island cells to those partition pins.

a compile-time bottleneck. In this section, we present a different approach to accelerate routing
that generates fully legal routing results. Instead of fixing routing conflicts in the anchor region
after routing the island, we partially route the anchor nets with the assistance of the RapidWright
framework [42]. Figure 16 shows the process.

Figure 16(A) shows the pre-built shell that includes the PCIe, DMA, and HBM subsystem IPs.
Then, in Figure 16(B), we partition the unused (white) area into the anchor regions (light red)
and disjoint island regions (white). To route the inter-island nets efficiently, we prune away the
majority of the logic elements in the island region and only preserve the source and sink nodes
for the anchor registers. This significantly speeds up the routing of the inter-partition nets.

Instead of preserving the full route of the inter-partition nets, we trim away the majority of the
routing of each inter-island net and only preserve the part between the anchor register and a virtual
partition pin inside the island, as shown in Figure 16(C). In this way, we can later route each island
independently and connect the inner-island logic to the virtual partition pins without causing a
conflict in the anchor region. The routing of each individual island could be further accelerated
using the abstract shells shown in Figure 16(D), which prunes away all irrelevant elements and
only preserves the cells that directly connect to an island.

8.1 Avoid Routing Conflicts

Now that we are partially routing the inter-island nets using a skeleton design, the router will not
consider the routability of other placed elements inside the island. Therefore, it is possible that
the routing results with the skeleton design will not be compatible with the full island because
the routes of the anchor nets may block the only way to reach certain resources. Specifically for
AMD/Xilinx FPGAs, certain routing nodes have several outputs, which we refer to as multi-fanout

nodes. If we use such a routing node between the anchor register and the virtual partition pin, the
logic elements at the other outputs of the node will be blocked and become unroutable. We present
how we use the RapidWright framework [42] to eliminate such situations.

Figure 17 shows an example. To route from the source FF to the sink FF, three routing nodes are
used. However, node 2 is a multi-output node that has one input and two outputs. If node 2 is used
for the net, then the net connecting to the blocked FF (shown in red) cannot be routed without
causing conflicts. Worse, if node 2 is the first node that spans into the island region, then it will
always be preserved in the partition pin selection process. In a normal flow in which the router
has full knowledge of the design placement, the router will avoid using such nodes. But in our
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Fig. 17. Example of a route with a multi-output node. The red FF is made unreachable by other nets since

routing node 2 has been occupied.

Fig. 18. Enforcing a gap at the island boundaries to prevent routing conflicts. In (b), the special multi-output

node will directly connect to end cells, thus, blocking certain locations. In (c), since the sink cell is forced

to be away from the island boundary, multiple routing nodes (blue, green, red) are used to reach the sink

cell. Multi-output nodes (red) will only be used for the final connection to the end cell. Other single-output

routing nodes (blue and green) will not block other cells. In (d), we prune the routes and only preserve an

entry point to the island as the partition pin.

situation, we prune away the majority of the island logic to speed up the routing of inter-island
nets; thus, the router has no knowledge of whether a multi-output node will cause conflicts.

To address the issue, our solution is to reassign the partition pin with RapidWright and at the
same time leave a gap of one column or row between the anchor region and the island region.
Figure 18 explains our approach. For routing structures of the AMD/Xilinx FPGAs, such multi-
output nodes are used for nets to reach the end cells. In other words, such nodes will only appear
towards the sink of a net (Figure 18(a)). If the sink cell is very close to the island boundary, then
very likely such a multi-output node will be the first node that reaches the island region from the
anchor region. Therefore, we have no other choice but to select this node as the partition pin (Fig-
ure 18(b)). As a result, the cells at the other outputs of the node will be blocked. However, if the end
cell is constrained to be deeper inside the island, then we can guarantee that the first node reaching
the island region will be a single-output node (the blue node in Figure 18(c)). Thanks to the Rapid-
Wright framework, we are able to locate the first routing node inside the island region and select
it as the partition pin, which is not possible in the standard Vivado (Figure 18(d)). Since a single-
output node will not directly connect to a cell, we ensure that the partition pin blocks no cells.

Another situation is shown in Figure 19. The Super Long Logic (SLL) nodes for die boundary
crossing are shared among multiple connections. If a net occupies the SLL node in its routing, then
certain Laguna FFs will be unreachable. Therefore, we adopt a similar approach to enforce a gap
around the Laguna columns.
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Fig. 19. Example of a route with an SLL node. The red FFs are made unreachable since the SLL node is the

only input/output connection to them.

Problems like this will not occur in a conventional routing process in which the router has full
knowledge of all placed elements and the router will prevent a route to block other elements as
the first priority. However, in our flow, the routing of inter-island nets is performed out of the
placement context; thus, we must add extra constraints to prevent such problems. In the actual
routing process, multi-output nodes are mostly used to connect the endpoints to the switch boxes.
Thus, we enforce a gap of one row of resources between the island region and the anchor region
during placement. Meanwhile, we will pre-collect all the SLL nodes occupied by the static shell
using RapidWright [42] and mark the corresponding Laguna registers as prohibited in placement.

9 COMPARISON OF RAPIDSTREAM 1.0 AND 2.0

The core difference between the two versions is the order between routing intra-island nets and
routing inter-island nets. From an algorithmic perspective, there is not much of a difference and
both methods should work. The major reason that pushes us for the change is whether the split-
compilation flow could be efficiently supported by existing tools. As we do not have a router
that could quickly fix the local routing conflicts (RWRoute can, but it does not support hold-time
modeling yet), we explore and pivot to the 2.0 fashion that utilizes a standard router in a much
more efficient way to achieve our goal.

Another practical advantage of RapidStream 2.0 is that we can enable more reuse of robust
components of a standard FPGA CAD flow. As we switch to routing the inter-island nets first,
RapidStream 2.0 could be built on top of the AMD/Xilinx Partial Reconfiguration flow, which is
now branded as Dynamic Function eXchange (DFX). The anchor region will become the static
region and each island will become a dynamic region in the DFX flow. The PCIe and HMSS parts
are also part of the static region, and we utilize the nested DFX feature to create multiple layers
of static regions. The DFX flow will ensure the isolation of the static and the dynamic region and
performs clock management as an inherent step, which makes our flow more robust. Moreover,
Rapidstream 2.0 uses the abstract shell feature of DFX to quickly setup a customized routing envi-
ronment for each island and prunes away irrelevant logic elements that are not directly connected
to the island. As a result, routing an island in an abstract shell is significantly faster than routing in
a full shell. It is through the DFX environment that we are able to integrate RapidStream 2.0 with
the AMD/Xilinx Vitis accelerator workflow so that we can reuse the host–device communication
infrastructure to execute our generated bitstream on a real FPGA board.
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10 EVALUATION OF RAPIDSTREAM 1.0

10.1 Implementation Details

We implement the key modules of RapidStream 1.0 in Python with approximately 8K lines of code
(LoC). We evaluate RapidStream using four servers, each with the 56-core Intel Xeon E5-2680 v4
CPU at 2.40 GHz and 128 GB of memory. All servers use the Ubuntu 18.04 operating system. In
our experiments, we target the Xilinx UltraScale+ U250 FPGA, which consists of four dies that are
stacked vertically. The target frequency is 400 MHz (i.e., a clock period of 2.5 ns). The CAD tools
used in the RapidStream flow are summarized as follows.

Phase 1: We use Vivado HLS 2020.1 to generate the initial RTL, then RapidStream floorplans the
HLS dataflow design (S1, S2). Based on the floorplanning results, RapidStream post-processes the
RTL generated by Vivado HLS to insert the inter-island pipelines (anchor registers) and rebuilds
the RTL hierarchy for each island (S3–S5).

Phase 2: We use Vivado 2021.1 to synthesize each island (S6). During placement, we first use
Vivado (place_design) to get the initial island placement (iteration 1, S7). Then, we use our
ILP-based method to place the anchors (iteration 2, S8). Finally, we switch back to Vivado
(phys_opt_design) to incrementally optimize the placement of islands (iteration 3, S9). In is-
land routing (S10, S11), we pre-build the clock trunk and lock the clock buffer (set_property
FIXED_ROUTE)3 for anchors (S10), which are passed as constraints to the Vivado router (S11). We use
the “Explore” directive in Vivado so that the tool will spend more time in the optimization process.

Phase 3: We build a stitcher based on RapidWright to edit the netlist of islands and put them
together (S12, S13). We then use Vivado for inter-island routing (S14). We separately compare Vivado
and our timing-driven partial router RWRoute on S14.

Island Organization: We currently employ an empirical scheme to organize the U250 FPGA fabric
as 32 islands in eight rows (four islands per row), where each island has a uniform height of 120
CLBs.4 Between adjacent islands, we reserve 3 empty columns (or 10 rows for vertically adjacent
islands) of CLBs as the anchor region to accommodate the anchor registers. The width of the anchor
region is approximately 1/25 that of an island. At die boundaries, we use all Laguna columns as
the anchor region (see Figure 5).

Two-Level Stitching: Specifically for Xilinx UltraScale+ devices, we employ a two-level method
in Phase 3. We first stitch the island-level checkpoints into die-level checkpoints and route the inter-
island nets; we then stitch together all the die-level checkpoints into the final checkpoint. Note
that in the second stitching step, the die-level checkpoints can be readily assembled without any
rerouting. As shown in Figure 5, the anchor regions at the die boundary of the Xilinx UltraScale+
FPGAs are different, where the islands on the two sides of the die boundary rely on the dedicated
Laguna channels for cross-die signals. Since the actual wires within the channel are point-to-point
and separated from each other [74], there are no conflicts when die-level checkpoints are merged.

Distributed Execution: Each step of RapidStream is launched as soon as its input is ready. For
example, the placer process for an island will start immediately after the corresponding synthesis
process has finished, and no synchronization is needed to wait for all synthesis processes to com-
plete. Likewise, the process to optimize the island placement will start as soon as the dependent
anchor placement processes have exited and all surrounding anchors have been placed.

3Please refer to our code for more details.
4Each CLB in Xilinx FPGAs contains 16 FFs. Note that the width of islands may vary slightly based on clock region

boundaries.
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Table 1. Benchmarks

Name # V # E Topology DSP % BRAM % FF % LUT %

MM 463 854 2-D Mesh 62 23 34 69
CNN 439 813 2-D Mesh 59 33 32 50
LU 1691 4483 Triangular 20 41 26 66
MTTKRP 360 760 2-D Mesh 66 33 30 48
2-D Stencil 266 1562 Irregular DAG 52 21 27 45
3-D Stencil 1314 2866 Irregular DAG 64 39 35 53

Fig. 20. Comparison of the runtime and achievable frequency between RapidStream and Vivado.

10.2 Benchmarks

To evaluate RapidStream, we use six large-scale dataflow designs, listed in Table 1. We denote the
number of PEs as “#V” and the number of FIFO connections between PEs as “#E”. The matrix mul-
tiplication (MM), CNN, L/U decomposition (LU), and MTTKRP are from the AutoSA project [67];
the 2-D and 3-D stencil accelerators are from the SODA project [11].

The benchmarks are mapped onto the target U250 FPGA, which contains 5,376 BRAMs, 12,288
DSPs, 3,456K FFs, and 1,728K LUTs. The mapped designs consume 60% to 70% of the available
resources.

10.3 Runtime Reduction

Figure 20 shows the comparison of runtime and the achievable frequency between the vanilla
Vivado flow and RapidStream. Since RapidStream will insert additional pipelining to the RTL, we
consider two Vivado baselines: (1) the original RTL generated by HLS and (2) the version that has
been pipelined by RapidStream.

By default, we use Vivado for inter-island routing (S13) to pursue the best timing quality. In this
case, we achieve a 5 to 7× speedup and reduce the otherwise >10-hour compile time to around
2 hours.

In terms of frequency, we achieve better results than both baselines. Since each island is much
smaller than the entire design, Vivado can better optimize the timing of each island. The only
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Fig. 21. CPU and memory usage of the RapidStream run on the CNN design. No reroute needed after die-

level stitching (Section 10.1).

Fig. 22. Number of active jobs in Phase 2.

exception is the LU benchmark, which has many division operations that become the critical paths
in both flows.

Figure 21 shows the CPU and memory utilization when we use RapidStream to compile the
same CNN design as in Figure 1. While Vivado uses 2.1 cores on average and runs for about 14
hours, RapidStream uses 26 cores on average and runs for about 2 hours.

Figure 22 breaks down the parallel compilation process of Phase 2 for the CNN design by plotting
how many islands are active in each step at a given time. For example, after 11 minutes, there are 24
islands in synthesis while 8 islands have started placement. Notably, the asynchronous execution
of RapidStream alleviates the load imbalance issue within each step.

10.4 Fast Inter-island Routing

Figure 21 shows a long tail in compile time during Phase 3, where we use Vivado to resolve the
inter-island routing conflicts. As mentioned in Section 6.2, we customize the open-source RWRoute
to further accelerate this step. Figure 23 shows the comparison between using the customized
RWRoute and using Vivado for S14.

On average, we achieve a 4× speedup over the Vivado router, reducing the conflict resolution
time from about 25 minutes to 6 minutes. The RWRoute flow achieves a lower frequency as it
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Fig. 23. Runtime comparison in conflict resolution.

relies on negatively triggered anchors (see Section 7) to prevent hold violations, which sacrifices
the setup slack. This performance loss can be avoided if a timing model with fast-path delays is
available.

In addition to reducing routing time, we further minimize the unnecessary interactions between
Vivado and RapidWright through reading/writing checkpoints. Since our custom router is also im-
plemented under the RapidWright framework, we can directly pass the stitcher’s output in memory
to RWRoute. This can also alleviate the long tail issue in the compile time of Phase 3. By our pro-
jection, we can reduce the end-to-end time reported in Section 10.3 down to ∼80 minutes, which
is a 7 to 10× speedup over the Vivado flow.

10.5 Anchor Placement

In our three-iteration approach to placing the islands and anchors (S7–S9), we propose a min-cost
matching formulation for the anchor placement (iteration 2, S8). We use the MM benchmark to
compare our lightweight placer with the Vivado placer. With 32 islands, there are 52 island pairs
and we will have 52 placer processes, each of which handles one pair of islands.

In terms of speed, the min-cost matching placer takes less than a minute to place the anchors
between pairs of islands, whereas it takes Vivado 21 minutes on average (including the time to
read the checkpoints). As for the timing quality, both placement schemes can achieve above the
2.5-ns target period after three iterations, as shown in Figure 24. Note that the timing report is
based on placement-level timing estimation by Vivado.

In some cases, our min-cost matching placement even achieves higher setup slacks than Vivado.
This is because our min-cost matching formulation will always place the anchors at die boundaries
onto the die-crossing channels to balance the signal delays on two sides. However, Vivado often
places the anchors outside the die-crossing channels as the timing target is still met.

After we place all the anchors (iteration 2), we will perform local optimization of the island
placement (iteration 3). We measure the setup slack of all nets from/to anchors to check the place-
ment quality of our min-cost matching placement formulation. Based on Vivado’s timing report,
the average setup slack of anchor nets after iteration 2 is 0.55 ns (when targeting 2.5 ns or 400
MHz), while iteration 3 improves the average slack to 0.69 ns.

10.6 Clock Management

Here, we demonstrate the advantages of preserving the clocking trunk using a number of experi-
ments with the MM benchmark. Figure 25 shows the timing degradation when we stitch the islands
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Fig. 24. Post-placement slack between using the Vivado placer or the min-cost matching placer for anchor

placement.

Fig. 25. Timing loss after stitching without clock management.

Fig. 26. Clock preservation reduces timing degradation.

together and route the clock net afterward. In this case, we route each island without preserving
the clock trunk. The router relies on an estimation of the clock skew when routing the data sig-
nals. As a result, the actual clock skew after stitching may be different. As shown by the figure, all
islands run into hold violations after stitching. Notably, the setup/hold slack times deteriorate by
about 0.25 ns for the islands, which will almost always cause hold violations.

Figure 26 shows the setup slack differences when an island is routed with the preserved clock
trunk. This is compared to the reference case used in Figure 25 without any clocking constraints.
The drop in setup slack is at most 0.15 ns, which is much smaller than that in Figure 25. The key
takeaway is that we avoid the setup/hold loss during stitching by keeping the clock consistent.
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Fig. 27. An example shell for RapidStream 2.0 corresponding to Figure 16(C).

11 EVALUATION OF RAPIDSTREAM 2.0

In this section, we describe the implementation and evaluation of RapidStream 2.0.

11.1 Implementation Details

RapidStream 2.0 takes a TAPA [30] dataflow program as input. Compared with Version 1.0, the
benefit of using a TAPA program as input is that the TAPA compiler will help check whether the
input is a valid dataflow program. It can also take in a pre-built shell that exposes AXI interfaces
to the TAPA dataflow program. In our prototype, we build a shell that uses 4 HBM channels on
the AMD/Xilinx U280 FPGA, shown in Figure 27. The rightmost block is provided by the Vitis
framework, which includes the PCIe and DMA module. The logic surrounding the PCIe block is
the HBM subsystem that instantiates 4 HBM channels. For now, we adopt a fixed device partition
strategy in which the FPGA is divided into 6 islands. We will discuss our plan in the future work
section to make the shell more general. All computation jobs are executed on only one Intel Xeon
server with 16 physical cores and 256 GB of memory.

11.2 Benchmarks

We have evaluated RapidStream 2.0 with two benchmark designs that are compatible with our
prototype shell with 4 HBM channels enabled. The two designs implement accelerators for sten-
cil computation and are generated using the SODA compiler. Due to the different requirements
on DSPs, SODA adopts different topologies for the two designs. Table 2 shows the details of the
two designs. Table 3 shows a detailed comparison of the compile time between RapidStream 2.0
and Vivado. For each benchmark design, we run three groups of experiments: (1) compile by the
vanilla Vivado, (2) compile by Vivado but with the floorplan guidance from AutoBridge [30], and (3)
compile by RapidStream 2.0. The table records the time of each major step and the final frequency.

Compared with the vanilla Vivado flow, RapidStream 2.0 is 7.5× and 5.1× faster on the two
designs while achieving even higher frequency. RapidStream 2.0 could achieve more than 300 MHz,
but in our prototype shell, we only set the clock to 300 MHz. We observe that adding floorplan
hints to Vivado could slightly reduce its optimization time, but RapidStream still achieves 5.7× and
4.3× speedup with the same final frequency.
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Table 2. RapidStream 2.0 Benchmarks

LUT FF DSP BRAM # Task # FIFO

gaussian-int 32% 14% 27% 46% 840 2440
gaussian-float 52% 40% 77% 13% 232 648

Table 3. Detailed Comparison Between RapidStream 2.0 and Vivado

Test\Time (min) Synthesis Placement Routing Total Time MHz
gaussian-int-vivado 74 (6.2×) 131 (6.6×) 243 (4.6×) 455 (5.1×) 268
gaussian-int-vivado-autobridge 80 (6.7×) 93 (4.7×) 143 (2.7×) 386 (4.3×) 300
gaussian-int-rapidstream 12 20 53 89 300
gaussian-float-vivado 196 (9.6×) 236 (6.7×) 454 (7×) 897 (7.5×) 237
gaussian-float-vivado-autobridge 208 (10.4×) 220 (6.3×) 248 (3.8×) 683 (5.7×) 300
gaussian-float-rapidstream 20 35 65 120 300

Fig. 28. Profiling of the CPU and memory usage in RapidStream 2.0 for the gaussian-float benchmark.

Note that the speedup on routing is noticeably smaller than on placement. This is because we
have the extra overhead to route the inter-island nets and create the abstract shells. A more detailed
time breakdown is shown in the next subsection.

11.3 Profiling of RapidStream 2.0 Compilation

Figure 28 shows the CPU and memory usage of the RapidStream 2.0 compilation process. On
average, 10.3 CPU cores are active and the peak memory usage is around 90 GB. The metrics are
different compared with RapidStream 1.0 because the 2.0 prototype only partitions the design into
6 islands.

As we construct a skeleton design for the routing of inter-island nets, the time of this step is
acceptable even with a standard router (about 15 min). We are in the process of updating RWRoute
for this task and our initial profiling shows that we can reduce this step to around 3 minutes.
Currently, the abstract shell generation also takes around 15 minutes. It remains future work to
speed up this step with a customized logic pruning tool based on RapidWright.
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Fig. 29. Comparison between previous works and RapidStream.

Still, the routing overhead in RapidStream 2.0 is significantly lower than in RapidStream 1.0.
We test the gaussian-float design using the RapidStream 1.0 flow. RapidStream 1.0 needs almost 3
hours to fix the inter-island routing conflicts after routing the islands, whereas RapidStream 2.0
routes the inter-island nets first with a skeleton design, which only requires about 15 minutes for
routing and 15 minutes for abstract shell generation. As a result, RapidStream 2.0 is almost 2×
as fast as RapidStream 1.0 for this design. Again, we want to note that such a difference is only
due to practical engineering factors and RapidStream 1.0 could be just as efficient if the router is
optimized to local routing fixes.

12 RELATED WORK

Split Compilation for HLS Designs can exploit the flexibility to introduce additional pipelin-
ing when appropriate, which is in contrast to the split compilation methods for RTL designs (see
Section 1).

Previous efforts on HLS-level split compilation are based on pre-building a fixed static region

to divide the FPGA into islands. The static region includes pre-placed and pre-routed logic that
remains unchanged. Then, a design is divided and mapped onto those disjoint islands. The authors
of [54, 55, 72, 73] pre-build an NoC based on partial reconfiguration [77], as shown in Figure 29.
However, these approaches suffer from the area overhead and the limited NoC bandwidth. Several
recent efforts on FPGA virtualization [81–83] also rely on pre-building a static region to form
disjoint islands.

In DW [69], a static region only consists of a set of partition pins, which are pre-routed wire
segments at the boundary of two adjacent islands. This helps reduce the area overhead. However,
DW needs users to manually change the design and map inter-island nets to the partition pins.
Their following work, HiPR [70, 71], can floorplan all the PR regions automatically with the least
amount of human intervention from C to bitstreams. Nevertheless, the number and distribution
of partition pins are fixed in both DW and HiPR, making timing closure more difficult. While DW
and HiPR are capable of reaching frequencies of up to 187 MHz and 300 MHz, respectively, we can
achieve a significantly higher frequency of nearly 400 MHz.

Soft Cores with NoC. One way to reduce the compile time is to implement a collection of
soft processors on the FPGA [3, 4, 18, 35, 36, 68, 80] and then connect these processors by a
configurable NoC [26, 34, 40, 53, 65]. In comparison, we focus on building high-performance
application-specific accelerators.

Acceleration Based on Hard Macros. Researchers have explored acceleration utilizing pre-
implemented hard macros [19, 27, 43, 49, 52, 84]. Hard macros consist of pre-built circuitry and can
be reused. However, this approach may only cover a very limited portion, if any, of an arbitrary
input design. In addition, the fixed shapes of predetermined macros may result in area waste.
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Co-optimizing HLS and Physical Design. Guo et al. [30] couples floorplanning with HLS
synthesis to pipeline the global data transfer logic. RapidStream (in S2) also adopts the iterative
partitioning floorplan algorithm. AutoBridge and other works that co-optimize the physical design
process and the HLS compilation [16, 31, 64, 85–87] rely on the conventional RTL-to-bitstream
toolchain.

Dataflow Designs. RapidStream targets the dataflow design pattern, which has been well stud-
ied in theory [5, 44] and has been applied in a rich set of application domains, including linear
algebra [61, 62, 67], graph processing [8, 12–14], image processing [11, 88], sorting [56–59] and
many more. Recently, HLS tools with dynamic scheduling [9, 10, 38] are gaining popularity. They
introduce elastic components such as FIFOs to enable a dataflow-style execution, which could
potentially be utilized by RapidStream in the future.

13 CONCLUSION

RapidStream is an automated split compilation flow for HLS dataflow designs. It features tight inte-
gration of HLS-level pipelining and physical design automation to enable split compilation while
maintaining high timing quality. Compared with a commercial toolchain, RapidStream achieves
about a 5 to 7× reduction in compile time and up to a 1.3× increase in frequency for HLS dataflow
designs. In addition, our results show potential for up to an order of magnitude speedup by lever-
aging customized open-source routers.
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