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Abstract—The use of FPGAs as compute accelerators has been
demonstrated by numerous researchers as an effective solution
to meet the performance requirement across many application
domains. However, the design productivity of developing FPGA
accelerators remains much lower compared to the use of a
typical software development flow. Although the use of the
high-level design tools may partly alleviate this shortcoming,
the lengthy low-level FPGA implementation process including
synthesis, placing and routing still dramatically limits the number
of compile-debug-edit cycles per day and hinders the widespread
adoption of FPGAs.

To address this design productivity problem, we have devel-
oped a rapid FPGA loop accelerator generation framework called
QuickDough. By utilizing a soft coarse-grained reconfigurable
array (SCGRA) overlay built on top of off-the-shelf FPGAs, it
compiles a high-level loop to the overlay through a rapid oper-
ation scheduling first and then generates the FPGA accelerator
bitstream through a rapid integration of the scheduling result
and a pre-built overlay bitstream. According to the experiments,
QuickDough is able to produce accelerators in the order of
seconds while achieving up to 9X performance speedup over the
execution of the same software running on a hard ARM processor.

I. INTRODUCTION

Recent years have witnessed a tremendous growth in
the use of accelerators in computer systems to improve the
systems’ performance and power-efficiency. Among these ac-
celerators, GPUs and the Xeon Phi accelerators have stood out
as two of the most popular choices in spite of their relatively
short history as accelerators — 5 of the top 10 systems on the
top500 list take advantage of them. On the other hand, despite
the long and successful track record of FPGA accelerators
[1]-[3], the use of FPGA accelerators in main-stream systems
remains limited and has yet to receive widespread adoption
beyond highly skilled hardware engineers.

We argue that there are 3 major challenges faced by the
software developers when using FPGAs as accelerators: (1)
the unfamiliar hardware development methodology with low-
level hardware description languages; (2) the lack of hardware-
software support during run-time and compile-time; and (3) the
lack of efficient implementation and debugging facilities.

To address challenge 1, recent advances in the high-level
synthesis tools have significantly raised the abstraction level
of the FPGA design, allowing users to effectively express
hardware designs using familiar software languages such as
C/C++, Java, Python and Scala [4], [5]. At the same time, to
address challenge 2, researchers have also explored various
facilities to support mixed hardware-software designs in a
unified language [6], [7] and run-time environment [8]-[10].
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Challenge 3, however, remains a major productivity hurdle
to most software developers. Unlike compiling software pro-
grams, implementing a hardware design on to an FPGA using
standard hardware design tools can take upward of days with
some of the largest designs. This disproportionally long run
time greatly limits the number of compile-debug-edit cycles
per day and hinders the designer’s productivity.

The focus of this work is therefore to address challenge
3. In particular, we are interested in significantly improving
the speed of generating hardware accelerators on FPGAs for
compute intensive loops expressed in high-level languages,
while maintaining a competitive overall performance for the
resulting system.

To that end, we have developed QuickDough, a design
framework that rapidly generates loop accelerators and their
associated software-hardware communication interfaces. By
using a soft coarse-grain reconfigurable array (SCGRA) over-
lay as an intermediate architecture implemented on top of
the physical FPGAs, QuickDough partitions the complex ac-
celerator development flow into two paths. Along the rapid
and common path, QuickDough generates loop accelerators
by selecting an overlay configuration from a library of par-
tially implemented FPGA bitstream, schedules the compute
operations from the user-provided loop onto the overlay, and
finally updates the bitstream configuring the target FPGA.
By employing different configuration selection algorithms,
QuickDough allows users to perform tradeoff between per-
formance and compilation time. At the end of the selection
process, optimized communication interfaces will be produced
accordingly. Meanwhile, QuickDough also includes a rela-
tively slow yet less frequent path which pre-build an overlay
based accelerator library targeting a group of applications. To
expedite the library generation process, a small representative
set of accelerator configurations are chosen as the library and
generated automatically using a template based system.

Experiments show that QuickDough is able to implement
the entire hardware-software accelerator system in the order
of seconds, a speed compatible with the expectation of most
software designers. Yet despite this fast compilation process,
the resulting accelerators produced remain competitive in per-
formance, offering up to 9 x speedup over the baseline software
implementations in our benchmark applications.

In next section, we will elaborate on the FPGA loop
accelerator design framework — QuickDough. Then we will
present the experimental results in Section III. Finally, we will
compare QuickDough with related works in Section IV and
conclude in Section V.
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Fig. 1. QuickDough: FPGA loop accelerator design framework using SCGRA
overlay. The compute intensive loop kernel of an application is compiled to
the SCGRA overlay based FPGA accelerator while the rest is compiled to the
host processor.
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II. QUICKDOUGH FRAMEWORK
QuickDough is an FPGA loop accelerator generation
framework. It generates FPGA accelerators for compute in-
tensive loop kernels in the order of seconds through the
use of an SCGRA overlay. It also generates the drivers of
the accelerators automatically, integrating both software and
hardware generation in a unified framework.

A. QuickDough Overview

Figure 1 illustrates the proposed FPGA loop accelerator
design framework named QuickDough. It targets a hybrid
CPU-FPGA computing system and assumes a conventional
routine to compile the overall software application to the
host processor. It mainly focuses on compiling high-level loop
kernels to corresponding FPGA accelerators, which roughly
consists of a fast and common FPGA loop accelerator gener-
ation path and a slow yet rare accelerator library update path.

The fast path of QuickDough is a rapid and common
route for loop accelerator generation. To begin, the compute
intensive loop kernel is statically transformed to the cor-
responding data flow graph (DFG) with user-specified loop
unrolling factor. Then the accelerator selection process selects
an accelerator from a pre-built accelerator library based on
the scheduling performance and the communication cost. The
scheduling performance is obtained from the SCGRA schedul-
ing process which schedules the generated DFG to the SCGRA
overlay included in the selected accelerator while the commu-
nication cost is obtained through a CPU-FPGA communication
estimation model. After the accelerator selection process, the
accelerator drivers can be generated accordingly based on the
on-chip buffer size of the selected accelerator. Meanwhile,
the selected empty pre-built accelerator bitstream and the
corresponding scheduling result are integrated to create the
final FPGA accelerator configuration bitstream. This bitstream,
in combination with the binary code created in the software
compilation process, forms the final application that will be
executed on the target CPU-FPGA system.

The slow path of QuickDough is to update the accelerator
library upon users’ request and users may simply provide
the hardware resource budget. Then target operations to be
supported will be decided automatically by analyzing the
DFGs produced by the DFG generator. With the resource
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Fig. 4. QuickDough ALU supporting up to 16 pipelined 3-input operations.

budget and the supported operation set, a set of representative
accelerator HDL models will be generated by utilizing the
overlay based accelerator template. Finally, the accelerator
HDL models are implemented on the target FPGA platform
and further added to the accelerator library.

B. SCGRA overlay based FPGA accelerator

The QuickDough overlay consists of an array of homo-
geneous simple processing elements (PEs) connected by a
direct network executing synchronously as shown in Figure 2.
Each PE computes and forwards data in lock steps, allowing
deterministic multi-hop data communication that overlaps with
computations. The action of each PE in each cycle is controlled
by an instruction ROM that is populated with instructions
generated by the design framework. Communication between
the accelerator and the host processor is carried through a pair
of input/output buffers. Accesses to these I/O buffers from
the SCGRA array take place in lock step with the rest of the
system. The exact buffer location to be accessed is controlled
by the AddrIBuf and AddrOBuf blocks. Both of them are
ROM populated with address information generated from the
QuickDough compiler.

1) PE template: Figure 3 shows the current implementa-
tion of a QuickDough PE template that features an optional
load/store path. At the heart of the PE is an ALU, which
is supported by a multi-port data memory and an instruction
memory. Three of the data memory’s read ports are connected
to the ALU as inputs, while the remaining ports are sent to the
output multiplexers for connection to neighboring PEs and the
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Fig. 5. Loop execution on an SCGRA overlay based FPGA accelerator

optional store path to OBuf external to the PE. At the same
time, this data memory takes input from the ALU output, data
arriving from neighboring PEs, as well as from the optional
IBuf loading path. The action of the PE is controlled by the
AddrCtrl unit that reads from the instruction memory. Finally,
a global signal from the AccCtrl block controls the start/stop
of all PEs in the array.

2) ALU template: At the heart of the proposed PE is the
ALU and it can easily be customized to support different
operations specifically for any given user applications. Figure 4
shows the ALU template used in the QuickDough overlay.
These operators in the ALU may execute concurrently in a
pipelined fashion and must complete in a deterministic number
of cycles. Given the deterministic nature of the operators, the
QuickDough scheduler will ensure that there is no conflict at
the output multiplexer.

C. Loop execution on the accelerator

The loop kernels are mostly partially unrolled, transformed
to DFGs and scheduled to the SCGRA overlays of the
accelerators. A straightforward way to perform the whole
loop computation on the overlay is to repeat the same DFG
computation until the end of the loop. Nevertheless, this may
require data transfer between host processor and I/O buffer for
each DFG computation. As a result, the communication cost
increases dramatically especially when the amount of each data
transfer is small. Worse still, input data of the consecutive
DFGs may be reused and the straightforward data transfer
strategy may greatly increase the total amount of data transfer
through out the loop computation.

To alleviate this problem, we have proposed to batch data
transfers for multiple executions of the same DFG into groups
as shown in Figure 5. Specifically, after the loop is unrolled U
times, G of them are grouped together for each data transfer.
This group strategy helps to amortize the initial communication
cost between host processor and the accelerator. In addition, it
allows input data to be reused for different DFG computation
in the same group and the group size is mainly limited by the
I/O buffer depth. Meanwhile, the accelerator communicates
with host processor for each group execution, and thus the
accelerator driver that handles the communication depends on
the I/O buffer depth as well. Clearly, accelerator with larger
I/O buffer is preferable when the rest part of the accelerator
configuration fulfills the requirements.

D. FPGA loop accelerator generation
The FPGA loop accelerator generation path is a common
path and is critical for QuickDough to produce FPGA loop

accelerator rapidly. The major processes on the path are
detailed in this section.

1) DFG generation: In order to produce an FPGA loop
accelerator using SCGRA overlay, DFGs are extracted from
the kernel that is often expressed as inner loop body. The users
may further unroll the loops multiple times to increase the
amount of operation parallelism in the generated DFG. In this
work, we have developed a C++ library to help automate the
DFG generation with specified loop unrolling factor.

2) Accelerator selection: Accelerator selection process se-
lects an accelerator from the accelerator library based on the
performance of the resulting accelerator which mainly depends
on the computation latency and communication latency. The
computation latency of the loop kernel can be calculated using
Equation 1. DF'G_Lat stands for the number of cycles needed
to complete the SCGRA scheduling and mostly depends on the
SCGRA overlay size while F'req stands for the pre-built accel-
erator implementation frequency. The communication latency
can be calculated using (2) where T'rans() represents the data
transfer latency function of the target platform and GpIn and
GpOut represent the amount of data transfer of a group which
is limited by the capacity of the I/O buffers.

CompLat = DFG_per_Loop x DFG_Lat/Freq (1)
CommLat = Gp_per_Loop x (Trans(GpIn) + Trans(GpOut)) (2)

In summary, the performance of the accelerator can be
estimated with analytical models when the scheduling per-
formance is obtained through the DFG scheduling while the
scheduling performance is mostly determined by the SC-
GRA overlay size. The analytical estimation is fast while the
scheduling process is relatively slow. Therefore, the accelerator
selection process essentially centers the SCGRA overlay size
selection and then explores all the accelerator configurations
with the same SCGRA overlay size.

To compromise the loop accelerator generation time and
performance, three different levels of accelerator selection
optimization levels are provided in this framework namely OO,
Ol and O2 centering the SCGRA overlay size selection. O0
doesn’t provide any optimization, and it selects an accelerator
with the smallest SCGRA overlay. O1 estimates three typical
accelerators with the smallest SCGRA overlay, a medium one
and the largest SCGRA overlay. Then the one that provides
the best performance will be adopted. O3 explores all the
accelerators in the library and searches for the best accelerator
configuration. With the increase of the optimization level, the
accelerator selection process spends more efforts in searching
the accelerator library for better performance and thus results
in longer acceleration generation time.

3) DFG Scheduling: When a DFG is extracted from the
loop kernel, it can be then scheduled to execute on the
SCGRA overlay of the accelerator. Since the target DFGs
typically include thousands of nodes, a classical list scheduling
algorithm [11] was adopted. A scheduling metric as presented
in [12], considering both load balancing and communication
cost was adopted in our current implementation.

4) Accelerator bitstream generation: The final step of the
accelerator generation is to generate the instructions for each
PE and the address sequences for the I/O buffers based on
the scheduling result, which will subsequently be incorporated
into the configuration bitstream of the overlay produced from
previous steps. Then we take advantage of the reconfigurability
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of SRAM based FPGAs and store the cycle-by-cycle configu-
ration words using on-chip ROMs. The content of the ROMs
are embedded in the bitstream and the data2mem tool from
Xilinx [13] is used to update the ROM content of the pre-
built bitstream directly. To complete the bitstream integration,
BMM file that describes the organization and placements of the
ROMs in the overlay is extracted from XDL file corresponding
to the overlay implementation [14]. This bitstream integration
process costs only a few seconds of the compilation time.

E. Accelerator library update

Accelerator library consists of a number of pre-built SC-
GRA overlay based accelerators with different configurations.
It is the basis for the proposed rapid FPGA loop accelerator
generation framework. In this section, we will illustrate how
the accelerator library is updated given the hardware resource
budget and target loop kernels.

Accelerator library update is essentially to pre-implement
a group of SCGRA overlay based FPGA accelerators upon
users’ request, which may either target a specified application
or a domain of applications. As QuickDough aims to enhance
the designers’ productivity and make FPGA accelerator design
accessible to high-level application designers, the library up-
date which involves low-level circuit design and optimization
is thus automated so that it will not become a new barrier to
the application developers.

Figure 6 presents the proposed automatic accelerator li-
brary update flow. It roughly consists of four steps i.e. DFG
generation, common operation analysis, minimum accelerator
configuration set analysis, and accelerator HDL model gen-
eration and implementation. Since DFG generation has been
discussed in previous section, we will mainly detail the rest
three steps in this section.

1) Common operation analysis: In this framework, the
operations used to construct the DFG is up to the DFG

generation process and the common operation analysis step
mainly decides the minimum operation set that is needed to
support the target applications. It is possible to co-optimize
the DFG generation and common operation set analysis, but
it is beyond the discussion of this work. Currently, we just
perform a union of the operation types included in the DFGs.
It is trivial, but the minimum operation set can be decided
automatically and rapidly.

2) Minimum accelerator configuration set analysis: Al-
though the library can be implemented off-line, it does take
a long time to complete. Therefore, we try to find out the
minimum set of accelerator configurations that need to be
pre-implemented as the library and maintain the application
coverage of the library at the same time.

The proposed SCGRA overlay based FPGA accelerator
utilizes block RAM to implement the instruction memory,
data memory, on-chip buffer as well as the address buffer,
and block RAM is the hardware resource bottleneck. As a
result, the library basically depends on how the block RAM
budget is allocated to different components of the accelerators.
Therefore, the minimum library can be obtained using equation
Equation 3. Row and Col stand for the SCGRA overlay size
and they are integers. IM, DM, AIOB and DIOB stand
for the instruction memory capacity, data memory capacity,
address IO buffer capacity and IO buffer capacity. In addition,
they can only increase with the granularity of a primitive block
RAM. B stands for the user specified block RAM budget.

Row x Col x (IM + DM) + AIOB + IOB < B 3)

Moreover, empirical settings such as limiting data memory
in each PE to a single primitive block RAM (i.e. DM =
1), constraining the difference between SCGRA row size and
column size (i.e. Col < Row < (Col + Gap), Gap is an
integer) and setting AIOB = IOB are employed to further
reduce the number of accelerators pre-built in the library.

3) Accelerator HDL model generation and implementa-
tion: With the proposed SCGRA overlay template and the
accelerator configurations to be pre-built in the library, corre-
sponding HDL models of the SCGRA overlay based FPGA
accelerators are generated with a python script. Then the
library can be implemented using the conventional hardware
implementation tools. The lengthy implementations can be
done in parallel. Moreover, the regular tiling structure even
allows the implementations to be accelerated using macro
based implementation techniques as presented in [15], which
can be up to 20X faster than a standard HDL implementa-
tion with negligible timing and overhead penalty. After the
implementation, implementation frequency is added to the
corresponding accelerator configuration, which completes the
whole library update process.

III. EXPERIMENTS

With an objective to improve designers’ productivity in
developing FPGA accelerators, the key goal of QuickDough
is to reduce FPGA loop accelerator development time for a
hybrid CPU-FPGA system. By using four typical loop kernels
as the benchmark, we have evaluated the FPGA accelerator
generation time with QuickDough. Meanwhile, to warrant the
merit of such framework, the performance of the generated
acceleration system should remain competitive. For that pur-
pose, the performance is then compared against to that of
software executed on an ARM processor. Finally, the pre-built



accelerator library that affects both the design productivity and
overhead of the resulting accelerators is also discussed.

A. Benchmark

Four applications were used as benchmark in this work,
namely, a matrix-matrix multiplication (MM), a finite impulse
response (FIR) filter, a K-mean clustering algorithm (KM)
and a Sobel edge detector (SE). The basic parameters and
configurations of the benchmark are illustrated in Table L.

TABLE 1. DETAILED CONFIGURATIONS OF THE BENCHMARK
MM FIR SE KM
Matrix Size # of Input/ # of Vert'ical Pixe}s/ # ‘of ques/Centroids/
# of Taps+1 # of Horizontal Pixels Dimension
100 10000/50 128/128 500074/2
1000 100000/50 1024/1024 50000/4/2

B. Experiment Setup

The Xilinx implementation tools were run on a computer
with Intel Core i5-3230M CPU and 8 GB of RAM. The
resulting HW-SW Co-design was targeted at Zedboard with
both a hard ARM processor and an XC7Z020 FPGA. Software
runtime was obtained from the ARM processor with -O3
compiling option. The accelerators were implemented on the
FPGA of Zedboard. ISE 14.7 was used to implement the
overlay based FPGA accelerators.

The acceleration system handles the input data loading, ac-
celerator computation and output data storing sequentially. The
performance of the accelerators is calculated using Equation 1
and Equation 2 in Section II. The data transfer latency used
in Equation 2 is estimated based on Zedboard DMA between
main memory and FPGA on-chip buffer through AXI high-
performance port. The transfer latency is detailed in Table II.
When the transfer size is not included in the table, a simple
linear model is used to estimate its latency. Fmax and the
number of cycles were extracted from the ISE14.7 and SCGRA
scheduler respectively.

Loop unrolling is a critical design input parameter for
FPGA loop accelerators developed using QuickDough. It deter-
mines the parallelism that are exposed to the overlay architec-
ture and influences the accelerator selection. While tuning the
major accelerator design parameters together helps to achieve
an optimized loop accelerator design, it requires more design
efforts as detailed in [16] and it can be a complement to this
work. Table III shows the loop unrolling factors that are used
for the loop accelerator generation.

C. Accelerator library update

To ensure a rapid FPGA accelerator generation, we have
implemented a group of SCGRAs based accelerators as the
pre-built library by using the SCGRA overlay template. The
library is developed to support all the four loop kernels, and it

TABLE II. DMA TRANSFER LATENCY ON ZEDBOARD THROUGH AXI
HIGH PERFORMANCE PORT
transfer
size (word, 32bit) >512 256 128 64 32 16 <8
Latency per 1008 | 1128 | 1332 | 1518 | 2145 | 3624 | 63
word (ns)
TABLE III. QUICKDOUGH UNROLLING SETUP
MM FIR SE KM
Unrolling | 1 x 5 x 100 50 X 50 16 X 16 X 3 X 3 125 X 4 x 2
DFG size | 750 2500 9720 5768
Full Loop | 100 x 100 x 100 | 10000 x 50 | 128 x 128 X 3 x 3 | 5000 X 4 x 2

TABLE IV. OPERATION SET. IT COVERS ALL THE FOUR APPLICATIONS

USED IN THE EXPERIMENTS.

Type Opcode
MULADD 0001
MULSUB 0010
ADDADD 0011
ADDSUB 0100
SUBSUB 0101

Expression

Dst = (SrcO x Srcl) + Src2
Dst = (SrcO x Srcl) - Src2
Dst = (SrcO + Srcl) + Src2
Dst = (SrcO + Srcl) - Src2

Dst = (Src0 - Srcl) - Src2

PHI 0110 Dst = Src0 ? Srcl : Src2
RSFAND 0111 Dst = (SrcO > Srcl) & Src2
LSFADD 1000 Dst = (Src0 < Srcl) + Src2
ABS 1001 Dst = abs(Src0)
GT 1010 Dst = (SrcO > Srcl) 2 1: 0
LET 1011 Dst = (SrcO < Srcl) 2 1:0
ANDAND 1100 Dst = (SrcO & Srcl) & Src2
TABLE V. SCGRA CONFIGURATION
Instruction 1/0 Data 1/0 Addr
SCGRA Topology | nrernory Widih | D22 Memory | per \Width | Buffer Width
Torus 72 bits 256 x 32 bits 32 bits 18 bits
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Fig. 7. Accelerator library size and implementation time given different
BRAM budgets.

includes 12 3-source-1-destination operations as presented in
Table IV. In addition, the pre-built accelerators share the same
basic configurations as listed in Table V.

In addition, empirical settings are adopted to reduce the
number of accelerators to be built in library. Input and output
buffer depth are set to be the same. The depth of the address
buffers are set to be twice with that of the I/O buffer depth. The
data memory in each PE consumes only one primitive block
RAM. Instruction memory depth and I/O buffer depth are set to
be 2"K (n = 0,1,2,...). The SCGRA overlay adopts a torus
topology, and the row size is set to be equal to the column
size or larger by one for the sake of performance. Eventually,
different accelerator configurations mainly differ on the on-
chip I/O buffer depth, SCGRA size and instruction memory
depth when the data width is determined.

To explore the library update process efficiency, we have
evaluated the number of accelerators included in the acceler-
ator library and the time consumed to implement the library
when different block RAM budgets ranging from 70, 140, 210,
280 to 350 (Note that there are 140 RAMB36 on Zedboard
FPGA) are provided. As presented in Figure 7, when the
BRAM budget increases, the number of accelerators in the
library and the library implementation time increase almost
linearly. With a single computer, the accelerator library im-
plementation time ranges from 164 minutes to 3035 minutes.
However, with a cluster, the time cost of the highly parallel
library implementation can decrease by an order of magnitude
easily.

D. Accelerator generation time

In this section, the loop accelerator generation time of
QuickDough is evaluated. It is used as an indicator on the
designer’s productivity as it greatly limits the number of
compile-debug-edit cycles achievable per day.



TABLE VI. ACCELERATORS GENERATED USING QUICKDOUGH

OPL Resulting MM FIR SE KM
option Config.
SCGRA size 2 X2 2 X2 2 X 2 2 X 2
00 Inst. Mem depth | 4K 4K 4K 4K
1/0 buffer depth 4K 4K 4K 4K
Grouping factor 50x5x100 2500x50 128x64x3x3 1250x4x2
SCGRA size 3 %3 3 X3 3 x3 5X5
01 Inst. Mem depth 2K 2K 4K 1K
1/0 buffer depth 2K 2K 1K 2K
Grouping factor 25x5x100 1250x50 64x32x3x3 1000x4x2
SCGRA size 3 X3 4 x4 4 x4 5x5
02 Inst. Mem depth 2K 1K 2K 1K
1/0 buffer depth 2K 8K 1K 2K
Grouping factor 25x5x100 | 5000x50 | 64x32x3x3 1000x4x2

In order to evaluate the loop accelerator generation time,
we took the FPGA resource on Zedboard as the resource
budget and pre-built the accelerator library. Then FPGA loop
accelerators were generated for each application in the bench-
mark using the three different accelerator selection options i.e.
00, O1 and O2. Table VI shows the configurations of the
resulting FPGA accelerators as well as corresponding grouping
factors.

With the pre-built library, every implementation iterations
in QuickDough involves 3 steps:

e DFG generation: The compute kernel is translated to
corresponding DFG.

e DFG scheduling: Select an accelerator configuration
and schedule the DFG to it through an operation
scheduling.

e Bitstream generation: The scheduling result is em-
bedded into a pre-built accelerator bitstream to pro-
duce the final FPGA bitstream of the compute kernel.

Figure 8 shows loop accelerator generation time of Quick-
Dough. Both DFG generation and bitstream integration are
very fast compared to the DFG scheduling step. The DFG
scheduling is relatively slower, but it usually completes in
a few seconds. Since the DFG scheduling process must be
repeated when QuickDough explores different SCGRA size in
the accelerator library, the time consumption increases accord-
ingly. Typically, the accelerator generation time is relatively
longer for more intensive accelerator selection. With OO0 se-
lection where only a single DFG scheduling process targeting
2x2 SCGRA is needed, the accelerator can be produced in less
than 10 seconds. With Ol selection where three typical size of
SCGRA (i.e. 2x2, 3x3, 5x5) will be evaluated, the accelerator
generation process completes in around half a minute. With the
02 selection where an exhaustive search is performed, there
are 76 accelerator configurations but only 7 different types of
SCGRA size are included in the library. 7 DFG scheduling
processes are needed and the accelerator is generated in one
or two minutes.

Clearly, the designer must spend the time to physically
pre-implement the overlay architecture on the target FPGA,
spending considerable time on the implementation tools. How-
ever, it can be reused by the whole benchmark. Moreover, the
designer may iterate via the above rapid steps during design
and debugging phases using an initial overlay implementation.
Once the functionality is frozen, the designer may then opt to
further optimize performance through more intensive overlay
customization and update the library. We argue that the ability
to separate functionality and optimization concern, and the
possibility of performing rapid debug-edit-implement iterations
in QuickDough are crucial factors that contribute to a high-
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Fig. 9. Benchmark performance speedup over software executed on ARM

processor and execution time decomposition of loop accelerators generated
using QuickDough.

productivity design experience.

E. Performance

While improving designers’ productivity is the primary
goal of QuickDough, the FPGA accelerators it generates must
remain competitive in performance to software executed on
general purposed processors. Therefore, execution time of the
loop kernels executed on ARM processor of Zedboard and
FPGA accelerators generated using QuickDough are com-
pared.

Figure 9 shows the accelerator performance speedup over
software execution on the ARM processor and execution time
decomposition of the 4 benchmark programs. The reported
loop execution time on the accelerators includes time spent
on I/O data communication between FPGA and the ARM
processor as well as FPGA computation.

The results in Figure 9 show that the accelerators generated
using QuickDough are capable to provide up to 9X perfor-
mance speedup over software executed on ARM processor.
For FIR, SE as well as KM which have abundant parallelism
and moderate I/O requirements, the maximum speedup goes up
to 9X, 6X and 6X respectively. Even with simple acceleration
selection and smallest SCGRA size, clear performance speedup
can be observed. MM optimized by simple loop unrolling is
eventually reduced to a matrix-vector multiplication, so the
compute kernel has low compute-to-1O rate and the single port
connection between compute logic and input/output buffers
becomes the bottleneck hindering the performance of the
accelerator.

Accelerators with larger SCGRA overlay size typically
achieve better performance than the ones with smaller overlay
size. However, larger SCGRA overlay will not guarantee better
performance for a few reasons. First of all, accelerators with
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larger overlay size consume more block RAM for instruction
memory leaving less block RAM for I/O buffer. As a result,
the I/O buffer may limit the transfer size between main
memory and FPGA on-chip I/O buffer and reduce the chance
of data reuse between DFGs included in a single group. This
increased number of transfer between main memory and FPGA
significantly limits the overall performance accordingly. Sec-
ondly, accelerator with larger SCGRA overlay may confront
scheduling problem as larger SCGRA overlay requires larger
average cost between PEs and the compute performance may
degrade as well. Finally, larger SCGRA overlay based FPGA
accelerators may result in lower implementation frequency and
degrade the overall performance as well. Optimal accelerators
have the best trade-off on buffering, scheduling and implemen-
tation frequency. According to Figure 9, 3x3 or 4x4 SCGRA
based FPGA accelerator achieve relatively better performance.

FE. Implementation frequency and hardware overhead

One advantage of employing a simple and regular over-
lay architecture allows highly pipelined implementations with
much higher frequencies as shown in Figure 10. The increased
running frequency in turns results in higher overall perfor-
mance of the system. Though both larger SCGRA overlay size
and deeper instruction memory may degrade the implementa-
tion frequency, the FMax of the implementations is typically
around 250MHz on Zedboard FPGA which is much higher
than random logic synthesis on Zedboard.

As presented in Figure 11, block RAM is the resource
bottleneck for the SCGRA overlay based FPGA accelerators.
It may result in lower implementation frequency as the high
utilization may cause tight placing and routing. LUT, FF and
DSP48 overhead mainly depends on the SCGRA overlay size
and only a portion of them are utilized.

IV. RELATED WORK

Researchers have approached the challenge of lengthy
hardware implementation tool run time from many angles.
Focusing on the low-level FPGA EDA tools, researchers have
looked improving their run time by making quality-runtime
trade-offs [17] and by parallelizing the tools themselves [18]—
[21]. Other researchers take advantages of the dynamic partial
reconfiguration capabilities of modern FPGAs to shorten run
time by effectively reducing the user design size [22]. Yet
another group of researchers approach the problem from a
higher level, innovating on how these tools are being used

from a design methodology’s point of view. The use of modular
design flow and by using pre-built hard macros [23], [24] have
thus been explored. While these approaches have significantly
reduced the hardware implementation time, they remain at least
2 orders of magnitude slower when compared to a the software
compilation experience.

In recent years, there has been an increased interest in
applying the concept of overlay architectures as a way to
address this productivity challenge. An overlay architecture is
a virtual intermediate architecture that is overlaid on top of
the physical configurable fabric of an FPGA. Overlays with
different granularity ranging from virtual FPGAs [25]-[28],
CGRA overlays [29]-[33] to many-core processor arrays [34]—
[36] and GPU-like overlays [37] have been developed.

Among these overlays, CGRA overlays are particularly
suitable for compute intensive loop acceleration as demon-
strated by numerous prior works [38], [39]. A large number of
CGRAs with different features have been developed and proto-
typed on FPGAs. A VLIW architecture based CGRA overlay
was developed [29], which support dynamic topology cus-
tomization. A heterogeneous CGRA overlay was proposed [30]
that utilized a global multi-stage interconnection to achieve
topology customization to adapt to different applications. A
customized CGRA overlay called QUKU [31] was developed
for DSP algorithms and it supported fast configuration for
similarly to this work applications and slow configuration
for distinct applications. Finally High-speed CGRA overlays
were built in [32] and [33] by using the elastic pipeline
technique and smart DSP reuse respectively to achieve better
performance and higher throughput.

Our proposed fully pipelined synchronous coarse-grained
reconfigurable array overlay continues this trend of exploiting
coarse-grain reconfigurability to improve both design produc-
tivity and the resulting accelerator performance. We particu-
larly focus on using the overlay as the backbone of FPGA
loop accelerators targeting a hybrid CPU-FPGA computing
system. With the pre-built library, the loop accelerator can be
generated in seconds. In addition, QuickDough pays particular
attention to the communication between the host processor and
the accelerator and provides communication optimization au-
tomatically, creating a seamless hardware-software co-design
experience for the user. Finally, our overlay was designed to be
soft from the beginning, featuring a template system to allow
for rapid overlay generation for either a single application or
a domain of applications.

V. CONCLUSIONS

In this work, we have presented the QuickDough compila-
tion framework for high productivity development of FPGA-
based accelerators. QuickDough makes use of a soft coarse-
grained reconfigurable array as an overlay architecture to
greatly improve the designer’s compilation experience. The
QuickDough overlay is simple, regular, deterministic, and is
highly scalable to future devices. Taking advantage of the over-
lay, the lengthy low-level implementation tool flow is reduced
to a rapid operation scheduling problem and the compilation
time of QuickDough is reduced to seconds, which contributes
directly into higher application designers’ productivity. Despite
the use of an additional layer of overlay architecture on the
target FPGA, the overall application performance remains
competitive in many cases.
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