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Abstract—Dynamically scheduled high-level synthesis (HLS) is
an approach to HLS that maps programs into dataflow circuits.
These circuits use distributed control for communication and
therefore can be automatically pipelined. However, pipelined
function call is challenging due to the absence of centralized
control, thus general software programs cannot be well-supported
by the HLS tools. Traditional solutions to this problem impose
restrictions on pipelining when accessing the shared functions. We
present PipeLink, a modular synthesis method that decomposes
the synthesis into compilation stage and linking stage, which
enables the fully-pipelined access to shared functions in dataflow
circuits. We develop a complete HLS engine using this approach
and use asynchronous circuits as the target implementation. Our
engine supports pipelined access to shared function units, as well
as pipelined memory access in a unified fashion. Compared to
existing HLS tools, PipeLink results in 20X reduction in energy
and 1.56X improvement in throughput.

I. INTRODUCTION

High-level synthesis (HLS) is a design methodology that
automatically maps software programs (e.g., C/C++) into
a hardware description language that implements the same
functionality. It has received a lot of interests in hardware
accelerator design [26], [34] since it can reduce design time
and is more accessible to software developers. There are two
major categories of HLS: statically scheduled HLS (static
HLS) and dynamically scheduled HLS. Statically scheduled
HLS [17], [27] converts a program into a datapath that
contains all the operators from the program and a global state
machine that enforces centralized control for these operators.
To synthesize the state machine, the static HLS tool needs
accurate delay information (in terms of clock cycles) for all
operators at synthesis time and uses this information to com-
pute an optimized schedule. This early scheduling may lead
to sub-optimal performance, but the central scheduler design
makes it good at coordinating different circuit components and
managing resource access conflicts.

Dynamically scheduled HLS [14], [23], [24], [28], [33],
[38], on the other hand, maps programs into dataflow circuits
consisting of concurrent, independent dataflow elements. The
dataflow elements communicate with each other through local
control (i.e., handshake or ready/valid protocols), so they can
be automatically pipelined without requiring global control.
However, the lack of global control makes it hard to coordinate
the actions of different dataflow elements.
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In this work, we argue that currently both static HLS and
dynamically scheduled HLS have limitations when faced with
the combination of pipelined design and general hardware
resource sharing. To address this issue, we propose the mod-
ular synthesis methodology, which decomposes the synthesis
into compilation and linking stages, each of which captures
different aspects of program structures. We show how this
approach enables the pipelined resource sharing in dataflow
circuits, and permits additional decoupling between control
flow and data flow in the hardware, overcoming the limitations
of previous approaches.

We implement our proposed techniques in PipeLink, an
HLS engine that enables pipelined resource sharing in dataflow
circuits. PipeLink makes a number of contributions to the dy-
namically scheduled HLS: (i) it proposes a modular method for
synthesizing dataflow circuits, which enables fully-pipelined
resource sharing in dataflow circuits; (ii) it supports both
pipelined function calls and pipelined memory accesses in a
unified design; (iii) it directly synthesizes efficient circuits on
unmodified programs (i.e., without requiring pragmas being
inserted by users). We evaluate our HLS approach against both
academic and commercial HLS tools. Overall, PipeLink pro-
vides significant improvement in energy, some improvement
in latency and throughput while paying some area penalty.

The remaining paper is organized as follows: Section II
introduces the dataflow circuits as well as the requirements
and challenges for sharing the resources at circuit level. It
also discusses various options of sharing the resources and
the pros and cons of existing techniques. Section III introduces
PipeLink and how it leverages the modular synthesis method
to enable pipelined resource sharing that is not available
previously. Section IV shows the evaluation results.

II. BACKGROUND
A. Dataflow circuits

Dataflow circuits consist of concurrent, independent
dataflow elements. Each dataflow element communicates with
the predecessors and successors through local handshake pro-
tocols, thus it does not require global control. A dataflow
element remains idle until it receives input tokens from its
predecessors [18]. This is different from static HLS tools,
where all the building blocks require a global state machine
to coordinate.

Consider the if example in Fig. 1 and the synthesized
dataflow circuit. In the true branch, x is conditionally used
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Fig. 1: dataflow circuit example

1 y0 = £(x0);

2 ... 1 y0 = £(x0);

3 vyl = f£(x1); 2 vyl = f£(x1);
a) two invocations to f b) sequential code

1 y0 = £(x0); 1 y0 = £(x0);

2 if (c) | 2 do {

3 yl = f£(x1); 3 yl = f£(x1);
4 } 4 } while (c);
¢) conditional code d) loop code

Fig. 2: Example code for function call

and y is redefined. In the false branch, nothing happens. After
the ¢f statement, y is used. The synthesized circuit has two
types of operators: MERGE and spLIT for circuit control.
MERGE receives multiple inputs and sends one of them to
the output port. SPLIT receives one input and sends it to one
of the multiple output ports. The selection is controlled by
the token received from the control port. For both operators,
the left (right) port is selected under the false (true) condition.
A complete set of dataflow components also includes token
source, token sink, copy, function computation component, and
an initial token buffer [36].

As pointed out by existing works [14], [16], [23], [28], [36],
[38], dataflow circuits can be automatically pipelined. In this
example, x is sent to the correct FUNC based on ¢, and the
FUuNc will send its result to the M ERGE immediately when the
computation is done; the whole process is data-driven, without
requiring centralized (global) control.

B. Resource sharing problem for HLS

In software programs, function calls and memory accesses
(from explicitly declared arrays and dynamically allocated
memories) are pervasive, and the corresponding functions and
memories are shared among different callers. An HLS tool has
the choice of inlining functions at each call site, or having a a
single hardware block for the function that is shared by the call
sites, or some combination. However, memory banks/global
memory has to be viewed as a shared resource.

For the purposes of studying the resource sharing problem,
a memory can be viewed in the same way as a function.
A memory has input ports for address, read/write command,
and data (used for write operations), and an output port that
produces data (used for read operations), so we can treat
memory access as a special type of function call where the
function cannot be inlined/replicated. In this paper, we use
“function” to denote both regular functions and memory banks,
and our system supports both in a unified way. Note that
the “function” refers to the regular software function, not
necessarily the combinational function unit.

We are not arguing that resource sharing is the optimal
solution to handle function calls and memory accesses; instead,
other options such as function inlining can be used as well.
However, this work focuses on pipelined resource sharing
problem, so we illustrate the resource sharing design for
function calls and memory accesses. It is an open question
about the right balance between resource sharing and function
inlining, which is out of the scope of this paper.

To start with, Fig. 2(a) shows a program segment where
f is invoked twice. Suppose f is a single input, single
output function, and it has two callers y0 and y1. Let’s
annotate the two invocations to £ as fO and f' respectively.
Furthermore, let’s assume f is not inlined. £ is synthesized
as an independent hardware block, and its in/output ports as
well as x0, x1, y0 and y1 are synthesized as dangling ports,
as illustrated in Fig. 3(a). The HLS tool needs to synthesize
a resource sharing system to send x0 and x1 to f and
propagates the result from f to yO and y1 respectively.

The access order to £ is important. Each invocation could
have side-effects: £ could modify memory (Fig. 4(a)), or
update static variables (Fig. 4(b)). To guarantee correctness,
it is important to make sure f is accessed in the same order
as the original software program.

Furthermore, the number of accesses to £ for each invoca-
tion is unknown during static synthesis stage. Instead, it needs
to be dynamically computed based on runtime conditions. For
example, Fig. 2(a) shows a code segment of two invocations
to £. For sequential invocation (Fig. 2(b)), f° and f! each
access £ once. For conditional invocation (Fig. 2(c)) where
c is false during a specific run, f! should not access f. For
iterative invocation (Fig. 2(d)) where the loop has N iterations
during a specific run, f! should access f N times before the
next invocation of f.

To summarize, the resource sharing system needs to:

1) enforce the access order to f to be the same as specified
by the programs; for example, x0 should be sent to £
before x1 (Fig. 4(a));

2) count the number of accesses to £ for each invocation,
and starts the next invocation only when the current one
has finished using f;

Note that because the original software program is sequential,
all of the information necessary to determine the ordering
and access count is available at run-time; the challenge is to
compute it using dataflow operators.

C. Resource sharing options

The general resource sharing problem is illustrated
in Fig. 3(a), where f is shared at two independent call sites.
We assume f is a single-in-single-out resource block, zy and
x1 are the input tokens at two call sites, and yo and y; are the
receivers to collect the results at each call site. Current HLS
tools are mainly optimized for efficient synthesis of a single
function, but they fall short in handling generic function calls
in software programs.
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Fig. 3: Different resource sharing options

1 int A[M]; 1 int f(int i) {

2 int f(int 1) { 2 static int count = 0;
3 Ali]++; 3 count++;

4 4

50} 5}

a) modify memory b) update static variable

Fig. 4: Side effects of the function invocation

1) Replication

If £ is inlined, then the resource sharing problem is au-
tomatically solved by replicating the resources of £ at each
call site, as shown in Fig. 3(b). This is the default options for
the commercial HLS tools [5], [9], [10] as well as academic
HLS tools [15], [30], [32]. This solution can dramatically
increase the circuit cost if the shared functions are expensive.
Furthermore, this approach cannot be used for memories that
are accessed from more than one program location. Some
commercial tools allow users to encapsulate functions as
operators and then decide how many of these to instantiate,
which controls the amount of parallelism to be extracted.
However, this option is not feasible when the functions have
side-effects as shown in Fig. 4.

2) Blocking sharing

As shown in Fig. 3(c), the HLS engine should synthesize a
collection circuit to collect and select the arguments to £ from
all callers, as well as a delivery circuit to deliver the results
back to the appropriate caller. In the blocking approach, there
is a lack of explicit control to coordinate the access order to
£; hence, access to f is granted on a first-come first-served
basis. However, the order in which access to f is requested
must match the software program order whenever f has side-
effects (e.g., Fig. 4). This means that if the underlying HLS
implementation has any pipelining, extra logic is needed to
guarantee that this access ordering is preserved. This applies
to both accesses from different call sites, as well as repeated
accesses from a fixed call site. Without extra logic, this would
violate the requirements for accessing the shared resource.

To handle both these issues, existing solutions require that
f is shared in a blocking fashion, i.e., x1 cannot be generated
and sent to £ until £ receives x0 and produces y0. An alter-
nate approach is to only have blocking on the collection logic
end, and generate a control token in the collection logic that
is used to route the results to the appropriate invocation [23].

For example, if x0 is selected, then a control token O can be
generated by the collection circuit and routed to the delivery
logic, which then can route the result to y0; the ARBITER
dataflow element can be used for this purpose. However,
access to the collection circuit is still blocking. In particular, in
the pipelined context, the next x0 invocation must block until
all possible future invocations from the current execution have
been considered. Furthermore, using an ARBITER means that
slack elasticity is no longer guaranteed, and hence the slack
elascity feature of the circuits cannot be guaranteed.

3) Pipelined sharing

Fig. 3(d) shows the pipelined resource sharing system for f,
which explicitly calculates the ctr/ tokens required. The benefit
of this approach is that the control generation is decoupled
from the data tokens, and often can be computed earlier since
it only depends on the control flow of the program.

Static HLS solution. Static HLS generates a global state
machine to provide central control to all operations in the
circuits, so it can easily generate the desired ctrl tokens for
the resource sharing system. However, in order to generate a
pipelined hardware block for f, it is essential to decide the
initial interval (II) for £ during static synthesis stage. To do
that, it is often required to inline the sub-functions and unroll
all the loops inside £ [1], [6], [10], which can result in high
circuit overhead. In addition, static HLS approaches do not
optimize for two common cases: (1) Conditional executions
in f. Static HLS has to consider the worst-case scenario
for synthesizing f. If £ has nested, unbalanced if/switch
statements, this problem gets worse. (2) Early-return in f:
Sometimes a function will return in the middle of the function
body for fast computation. However, the static HLS has to
consider the whole function body when calculating the II,
completely ignoring this shortcut.

In practice, pipelined resource sharing in static HLS is
only enabled under user’s discretion (typically via #pragma
directives in C/C++) due to its potential high overhead.

Dynamically scheduled HLS solution. The dynamically
scheduled HLS does not synthesize the global state machine
to schedule each operator in cycles, which makes it very hard
to generate the desired ctrl tokens to coordinate the access to
the shared resource blocks. To handle this problem, we argue
that the circuit synthesis should be decoupled into two stages.
In the first compilation stage, each software function should be
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mapped into circuits independently, leaving the function calls
and memory accesses unprocessed; in the second linking stage,
the complete function call graph structure is analyzed, and
the corresponding linking circuit is synthesized to connect the
shared resources to the call sites. To our knowledge, we present
the first solution to the problem of fully pipelined resource
sharing for dataflow circuits that are generated from programs.
Our solution results in a purely deterministic dataflow circuit
implementation, ensuring slack elasticity. As a result, our
approach addresses the control token generation problem in
the general case [12] and supports pipelined resource sharing
for dynamically scheduled HLS.

ITII. MODULER SYNTHESIS METHODOLOGY

PipeLink decomposes the synthesis into two steps. During
compilation step, each function is synthesized into a distinct
resource block. If there are accesses to the shared resources,
then the input tokens to the shared resources, together with
the receivers to collect results from the shared resources,
are synthesized as dangling ports, as shown in Fig. 3(a).
During the linking step, PipeLink would analyze the program
structure where the function call happens, and generate the
control circuit to connect the dangling ports (synthesized
in the compilation stage) following the program structure.
The control circuit, called Adaptive Control Token Network
(ACTN), is itself a pipelined dataflow circuit that correctly
computes the control tokens needed for pipelined resource
sharing (as shown in Fig. 3(d)).

As mentioned in Section II-B, ACTN needs to count the
number of accesses to f for each call site, and enforce
the access order to the shared resource f as specified in
programs. To achieve these, it captures the control structure
of the program as well as runtime conditions to compute the
control tokens. First, it generates a use-resource sequence for
each invocation to serve as its private control token stream and
resource access counter to count the number of accesses, so
different invocations are decoupled from each other and do not
need to compete for the single shared control token. Second,
it composes different use-resource sequences to control the
access order to the shared function f. It provides additional
decoupling between control flow and data flow, reducing the
chance of them blocking each other.

A. The “use-resource” sequence

A use-resource sequence is generated for each invocation to
f. It encodes the number of accesses to £ for the invocation

b) IF ¢
Fig. 5: Token network template

¢) LOOP_c

during current run. It is a one-bit token stream whose value is
run-length encoded. For example, if the invocation f° accesses
f three times, the use-resource sequence would be 1,1, 1, 0.
Each “1” enables f0 to access £ once, and O represents the
end of accessing £ from the specific call site corresponding to
the use-resource sequence. We now describe how we construct
this sequence from the structure of the program.

B. The base case: a single function call

The base case corresponds to a single function call invoca-
tion. The use-resource sequence for this case is simply 1, O,
meaning this invocation would access f exactly once when
the program reaches this call site.

C. Composing use-resource sequences

ACTN composes use-resource sequences (corresponding
to all call sites of f) together by structural induction on
the program to generate the final use-resource sequence and
control tokens needed for resource sharing. There are three
types: sequential, conditional and iterative.

Sequential composition: SEQ. Consider the example
in Fig. 2(b) where two programs are composed in a sequential
fashion and both include one invocation to f. As shown
in Fig. 5(a), there have two use-resources sequences, tg and %1,
generated for the two invocations. Since we are constructing
this by structural induction, the sequences ty and ¢; have
variable length that in general is only known at run-time.

To compose the two programs: (a) we use MERGE /
SPLIT to route the arguments/results of £ from/to the dataflow
circuits. (b) we compute the final use-resource sequence tgq
from ty and ¢;. (c) we generate a control token sequence dpg;
for the MERGE and spLIT to route the datapath tokens.

SEQ network generates t(; as follows: 1s from ¢, are read
and propagated to the output; when a 0 is encountered, SEQ
switches to ¢; and continues forwarding 1s from t; to the
output until a O is encountered. Then, SEQ forwards the 0 to
the output, and switches back to . If we run the code segment
in Fig. 2(b) once, tgis 1, 0,¢;is 1, 0 and tp1 is 1, 1, 0. dpo1
sequence is generated as follows: for each 1 from %y, a 0 is
generated; for each 1 from ¢4, a 1 is generated. The final dpg;
is 0, 1 for our example.

Conditional composition: IF_c. If £ is called in a conditional
statement where c¢ is the condition, then the use-resource
sequence can be computed using c. Suppose we have the
following program if (c) {S} else {T}, and tg and tr



TABLE I: Normalized Performance (compared to Legup)

PipeLink Commercial 1 Commercial 2
Benchmark | Delay Area Energy Throu. | Delay Area Energy Throu. | Delay Area  Energy Throu.

dfmul 0.51 1.50 0.04 1.99 1.03 0.69 0.70 0.97 1.00 1.23 0.66 1.00
dfdiv 0.53 1.40 0.01 1.89 0.47 0.88 0.39 2.11 0.72 1.93 1.67 1.39
sha 0.61 1.27 0.10 1.63 0.94 0.99 1.08 1.06 1.02 0.98 1.18 0.98
adpcm 0.49 1.29 0.02 2.08 0.86 0.55 0.82 1.17 0.75 1.04 1.16 1.33
diff 091 0.58 0.08 1.10 0.61 0.49 0.41 1.64 1.02 1.42 1.11 0.98

fft 0.74 1.16 0.11 1.39 0.86 0.78 0.63 1.16 0.98 0.93 0.79 1.02

fir 0.88 0.72 0.15 1.13 0.94 0.78 0.90 1.06 1.00 0.93 1.01 1.00
geomean 0.65 1.08 0.05 1.56 0.79 0.72 0.56 1.26 0.92 1.17 1.04 1.09

are the use-resource sequences for the corresponding branches. A. Setup

The final use-resource sequence is ¢; ¢, and the datapath control
token sequence is dp;y.

If c is false we propagate 1s from ¢ to ¢;; and produces Os
for dp;; until 0 is encountered. If ¢ is true, we propagate 1s
from tg to t;¢ and produces 1s for dp; ¢ until O is encountered.
In the end, we appends a 0 to the end of #;;.

In Fig. 2(c), £ is invoked twice: f! (Line 3) executed in
a if block 1F_c, and f° (Line 1) and rF_c are executed
sequentially. Fig. 5(b) shows the synthesized circuits. Since f*
is conditionally invoked, M ERGE; and SPLIT; are synthesized
to conditionally send argument x; to £ and collect result
for y;, which are controlled by the 17_c network. In general
IF_c network takes in three inputs: if condition ¢, and two
use-resource tokens for both branches. (Note that we have
omitted the constant “0” use-resource stream as an input to
IF_c, since f is only used in the true branch.)

Iterative composition: LOOP_c. Suppose the use-resource
sequence for the loop body is 404y, and the final use-resource
sequence iS t;o0p. While loop condition is true, the 1s from
thody are propagated to tj.p. When the loop terminates, we
append a 0 to t,0p. The net effect is: ¢;,,, accumulates the
1s from tp,q, in all iterations. Since the loop has a single
body, no MERGE/SPLIT or control token generation is needed.
In Fig. 2(d), £ is invoked twice: f° (Line 1) executed in a
sequential block, and f! (Line 3) executed in a loop block
LOOP¢. Fig. 5(c) shows the synthesized circuits.

D. Summary

ACTN is dynamically constructed based on the induction
of program structures using pre-designed template circuits. It
operates in parallel with the datapath to decouple the control
path and the data path. To reduce stalls in the use-resource
network, FIFO buffers are inserted at the delivery circuit end
(shown as yellow blocks in Fig. 5). As a result, new datapath
control tokens can be generated (thus enabling new invocations
to start) without waiting for the previous invocation to finish.

IV. EVALUATION

We implement PipeLink in LLVM [7]. First, optimized
LLVM IR is generated with clang and existing optimization
passes. Next, we implement the ACTN (Section III) as LLVM
passes [8]. These passes accept optimized LLVM IR as input
and generate optimized dataflow circuit graphs as their output.
They also perform operator clustering optimizations to group
the combinational operators together for logic optimization.
Finally, we build on the asynchronous circuit back-end de-
veloped by [28] to map the optimized dataflow graphs into
asynchronous circuits in a 28nm technology.

Circuit synthesis. Each dataflow graph component is trans-
lated into a unique pipeline stage, and the data transfers
between pipelined stages use the bundled data protocol [29].
The control for each pipelined stage uses micro-pipelines [35].
The control circuits are custom designed asynchronous logic,
and the bundled-data datapath uses combinational logic for
computation that is mapped to a standard cell library.

Simulation methodology. We built a discrete-event simulator
to simulate the synthesized bundled data circuits with 4-phase
handshake for process communication. We use HSPICE to
extract the control circuit performance metrics, and commer-
cial logic synthesis tool to determine delay/power/area of
combinational logic, both under a 28nm process technology.
Synchronous results were obtained using the same cell library
and logic synthesis tool.

Comparison. We use four applications (dfmul, dfdiv, sha,
adpcm) from an HLS benchmark suite [3], [21], and three
widely used benchmarks: a differential equation solver (dif-
ferential) from [31], and fft and fir from [15]. We compare
against an academic HLS tool LegUp v4.0 [15] as well as two
commercial HLS tools Commercial 1 and Commercial 2. We
use default options for all of the HLS tools and do not insert
any pragmas in the benchmarks.

Metrics. We measure Delay (ps), Area (um?), Energy (pJ)
and Throughput (M Hz). We do not show leakage power
results, as they are always proportional to the area. We run
each benchmark twenty times (the input data are provided
by each benchmark, and there are dozens of them to cover
different cases) and use averages across the runs to report
benchmark statistics. We use the same methodology to collect
results for both PipeLink and other HLS tools.

B. Experiment results

Comparison. Table I shows the normalized performance num-
bers of PipeLink, Commercial 1 and Commercial 2 com-
pared to Legup. Fig. 6 shows per-benchmark spider plots
of normalized performance (relative to Legup) as well as the
geometric mean of the normalized performance across all HLS
benchmarks. Note that we plot the inverse of the normalized
throughput; hence, for all metrics, lower is better. These spider
plots can better illustrate the trade-off among Delay, Area,
Energy and Throughput.

PipeLink consistently has the best energy per benchmark.
Compared with Legup, the minimum energy saving is 6.67.X
for fir, the maximum saving is 100X for dfdiv and the average
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Fig. 6: Normalized performance: delay (D), area (A), energy
(E), leakage power (L), and throughput-inv (1/T)

saving is 20X. Even compare with Commercial 1, PipeLink
still saves energy by 12X on average. PipeLink synthesizes
asynchronous circuits and only triggers the processes with
input data tokens, which results in significant energy savings.
In most cases, PipeLink has the smallest delay (0.62X
on average) and the highest throughput (1.64X on average).
The improvement comes from two aspects: (i) PipeLink
does extensive operator clustering, which results in lower
latency circuits through logic optimization and specialization;
(i1) when there are (nested-)if statements, the delay/throughput
of asynchronous circuits depends on the activated processes
at run-time while synchronous circuits are limited by the
worse-case scenario. For differential benchmark, Commercial
1 (0.61X) is much faster than PipeLink (0.91.X) because dif-
ferential primarily consists of a loop. PipeLink has to synthe-
size multiple M ERGEs and spPLITs for loop control [28], [36],
and they increase the total delay and lower the throughput.
PipeLink increases the area by 1.61X on average. The
penalty can be attributed to the synthesis of MERGEs and
spriTs for if and loop statements that remain unfused, and the
collection and delivery circuits for accessing shared resources.

In addition, PipeLink does not currently include an operator
scheduling phase, and hence datapath operators that might
be shared by commercial HLS tools would be replicated in
PipeLink.

V. RELATED WORK

Dynamically scheduled HLS. Some synchronous HLS
tools generate dataflow circuits [23], [24], [37]. Lana et al.
have done a series of works on mapping C/C++ programs into
synchronous dataflow circuits, including [22]-[25]. DynSched-
ule [23], GeneralCodeSynthesis [24] and CToDataflow [25]
use the distributed token network design for pipelined memory
access, but the circuit pipelining could be harmed as described
in Section II-C2. Furthermore, they rely on customized out-
of-order LSQ [22] for pipelined memory accesses within the
activated basic block in program’s control flow graph, which
could potentially incur high overhead. Lastly, there is not much
descriptions about how they support general-purpose function
calls in a pipelined manner. PipeLink however, unifies the
pipelined function calls and pipelined memory accesses, and
proposes an adaptive control token network design to im-
prove circuit pipelining over distributed token network design.
FunctionSynthesis [37] synthesizes functional programs into
pipelined dataflow circuits. In functional programming, each
function is ”’stateless”, so their stateless functions can be
shared in a pipelined manner without requiring to enforce
the access order among invocations. Some tools directly map
software programs into asynchronous dataflow circuits. Spatial
computing [14], CASH [38] and Pegasus [13] generates asyn-
chronous circuits which are based on the MicroPipelines [35]
design, and they only support blocking function calls. Au-
toCtrl [20] generates distributed asynchronous control circuits
automatically, but it only supports blocking function calls.

Asynchronous synthesis. Balsa [19] is based on syntax-
directed translation to map message-passing hardware descrip-
tion language (HDL) into an asynchronous circuit, and it
only allows sequential function calls. STF [36] and DataDe-
composition [39] maps high-level circuit description programs
into concurrent hardware modules with restricted support of
pipelined function calls.

Static HLS. Most commercial tools are static HLS tools [1],
[2], [4], [5], [10], and they will do function inlining by default
when doing the synthesis. They also provide directives and
pragmas [1], [6], [11] for users to explicitly specify function
pipelining. However, pipelined resource sharing in statically-
scheduled circuits could be costly for unrolling the loops and
inlining functions ( Section II-C3), so users need to be very
careful before deciding to pipeline a function. The academia
HLS tools [15], [30], [32] also share similar problems.

VI. CONCLUSION
We propose PipeLink, a dynamically scheduled HLS engine
to map programs into asynchronous dataflow circuits. It pro-
poses a modular synthesis methodology to support pipelined
function calls and pipelined memory access uniformly. Results
show that PipeLink can dramatically save energy, and improve
delay and throughput performance.
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