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Abstract— Many embedded applications process large amounts
of data using regular computational kernels, amenable to accel-
eration by specialized hardware coprocessors. To reduce the
significant design effort, the dedicated hardware may be automat-
ically generated, usually starting from the application’s source
or binary code. This paper presents a moduloscheduled loop
accelerator capable of executing multiple loops and a supporting
toolchain. A generation/scheduling procedure, which fully relies
on MicroBlaze instruction traces, produces accelerator instances,
customized in terms of functional units and interconnections.
The accelerators support integer and single-precision floating-
point arithmetic, and exploit instruction-level parallelism, loop
pipelining, and memory access parallelism via two read/write
ports. A complete implementation of the proposed architecture
is evaluated in a Virtex-7 device. Augmenting a MicroBlaze
processor with a tailored accelerator achieves a geometric mean
speedup, over software-only execution, of 6.61× for 13 floating-
point kernels from the Livermore Loops set, and of 4.08×
for 11 integer kernels from Texas Instruments’ IMGLIB. The
proposed customized accelerators are compared with ALU-based
ones. The average specialized accelerator requires only 0.47× the
number of field-programmable gate array slices of an accelerator
with four ALUs. A geometric mean speedup of 1.78× over
a four-issue very long instruction word (without floating-point
support) was obtained for the integer kernels.

Index Terms— Binary acceleration, coprocessor, field-
programmable gate array (FPGA), loop accelerator, modulo-
scheduling, very long instruction word (VLIW).

I. INTRODUCTION

MODERN embedded systems must meet increasingly
stringent requirements on performance and functional-

ity integration. Often, a single embedded system must be able
to efficiently perform a heterogeneous set of tasks, limiting
the applicability of conventional application-specific circuits.
Technology scaling has been the traditional answer to these
challenges, but further downscaling faces significant reliability
issues and rising fabrication costs. This has driven the adoption
of different computing architectures, such as multicore
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processors, together with the improvements of compiler
technology.

For single-threaded tasks, the main solution is to exploit
instruction-level parallelism (ILP), either by using superscalar
or very long instruction word (VLIW) architectures. Larger
performance improvements can be achieved by custom circuits
that execute very well-defined tasks (such as audio filters
and image processing), as only some portions of the target
application are critical to performance. However, even for
field-programmable gate arrays (FPGAs), custom hardware
design is a lengthy process, which is unfamiliar to many
embedded application developers and does not easily accom-
modate rapidly changing application requirements or revi-
sions. An approach capable of autonomously adjusting the
capabilities of the hardware to the needs of the currently
executing application, on a per-case basis, would combine
performance enhancement with reduced development effort,
while adapting naturally to different models of the underlying
platform. Several such approaches have relied on compilation
flow extensions, proposed new hardware architectures, or both.

One way to create customized circuits is to directly translate
the source code of computationally demanding functions to
hardware via high-level synthesis [1]. This approach enables
a large set of optimizations, but the associated complexity
restricts it to offline use. In addition, source code must often
be adapted and runtime information remains unexploited by
the customization process.

An alternative approach is to use only binary code informa-
tion. Some approaches detect frequent instruction sequences
in order to generate custom instructions that augment the
host processor [2]. Others map these instruction sequences
onto coprocessors such as coarse grain reconfigurable arrays.
All these approaches offer varying degrees of programmabil-
ity and require specialized architecture-dependent tools, such
as resource-constrained schedulers with connectivity aware-
ness [3], [4]. In most cases, changes to the compilation
toolchain are required, and application or binary compatibility
with nonaugmented systems is compromised.

An attractive solution is to offload all customization to on-
chip hardware [5], [6]. This avoids interfering with mature
compilation flows, ensures binary compatibility, and eases the
adoption of the technology. However, this approach requires
the platform to be able to repurpose on-chip hardware at
runtime, making high-performance FPGAs a natural choice.
In our vision, such a system can be based on acquiring profil-
ing information at runtime, and then using it to drive the gen-
eration of customized, coarse-grained modules. The modules

1063-8210 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: b-on: UNIVERSIDADE DO PORTO. Downloaded on May 05,2023 at 09:27:08 UTC from IEEE Xplore.  Restrictions apply. 



22 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 25, NO. 1, JANUARY 2017

are later instantiated into a host accelerator, so that further
execution of the application is transparently sped up. Such a
system exploits exclusively runtime binary information. Our
previous work [7]–[9] has explored steps toward this realiza-
tion of this dynamic hardware/software codesign concept.

Currently, we automate the hardware design effort by
detecting frequently executed instruction sequences called
Megablocks [10] (typically corresponding to heavily used
single paths through inner loops) via an offline simulation step
and generating customized accelerators. The resulting runtime
reconfigurable accelerators can speed up multiple loops from
one or more applications, and are used transparently without
any changes to the application binaries.

Although the possibility of performing extensive analysis
of the source code is lost, this approach has the following
advantages.

1) It is a postcompilation approach, so no specialized
compilers or source-code modifications are required.

2) The application binary remains unmodified and can be
used on several target devices, some of which may have
no accelerator. Alternatively, in a system with multiple
processors and one time-multiplexed accelerator, this
would allow the system to fall back to software-only
execution if the appropriate accelerator is unavailable.

3) No manual hardware design or intrusive host processor
modifications are required.

4) Only performance-relevant portions of the computation
are targeted (automatic hardware/software partitioning).

This paper is based on this approach, and focuses on a new
accelerator architecture, and on jointly scheduling Megablocks
to generate customized reconfigurable instances that efficiently
support loop pipelining. One or more control and dataflow
graph (CDFG) representations of the instruction sequences
are moduloscheduled [11] according to an architecture tem-
plate, creating a specific reconfigurable accelerator instance.
The resulting accelerator implements the calculations of the
CDFGs, exploiting operation parallelism and loop pipelin-
ing. We experimentally investigate the potential speedups
attainable by the architecture and the resources required for
deploying it on FPGAs. Preliminary results of an earlier
implementation of this approach are briefly presented in [12].
The main contributions of this paper are as follows.

1) A loop accelerator architecture that supports loop
pipelining and is built up from pipelined and/or mul-
ticycle functional units (FUs) corresponding to native
instructions (including integer and single-precision
floating-point arithmetic).

2) A scheduler that, given a set of control and dataflow
graphs (CDFGs), generates a customized accelerator
instance by moduloscheduling operations on pipelined
or multicycle FUs.

3) Experimental evaluation of speedup for accelerator-
supported execution over software-only execution for a
set of floating-point and integer kernels using a fully
operational hardware prototype.

4) Performance comparisons between the proposed appro-
ach and: a) fixed-resource, ALU-based accelerators;
b) VLIW architectures of varying issue widths; and

Fig. 1. System architecture overview.

c) the ρ-VEX Very Long Instruction Word (VLIW)
processor [13].

Section II gives a general overview of our transparent
binary acceleration approach. Section III contains a description
of the accelerator architecture template and an explanation
of its execution model. A description of the scheduling
process and the resulting hardware is presented in Section IV.
Section V presents and discusses the experimental results,
while Section VI compares this paper with other related work.
Finally, Section VII concludes this paper.

II. GENERAL OVERVIEW

The overall architecture and the tool flow are summarized
briefly in this section. They follow the general approach
of [7]–[9], with the necessary adaptations for the new sched-
uler and accelerator architecture.

A. System Architecture

Fig. 1 shows a complete system with a MicroBlaze general
purpose processor (GPP) and our accelerator coupled as a
coprocessor. Code and data are stored in a dual-port Block
RAM (BRAM). The accelerator is connected to the processor
by a point-to-point fast simplex link (FSL). Two bus mul-
tiplexers allow the local memory to be shared between the
GPP and the accelerator. The injector module monitors the
instruction address bus of the general purpose processor (GPP)
and triggers the transparent migration of the execution from
General Purpose Processor (GPP) to accelerator. This module
can be disabled, which causes the unmodified binary to execute
normally on the processor. The accelerator is composed of: two
load/store units, which are present for every instantiation; FUs,
whose number and type vary per instance; a set of registers,
whose number and connectivity also vary per instance; and
local distributed memory holding configuration words.

B. Tool Flow for Offline Generation of Accelerators

The present implementation generates accelerator instances
offline from instruction traces obtained by simulation.
An overview of the complete process is shown in Fig. 2.
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Fig. 2. Toolflow for the generation of customized loop accelerators.

The Megablock Extractor tool [14] performs a cycle-accurate
MicroBlaze simulation using the binary file of the appli-
cation and extracts frequently executed single-path instruc-
tion sequences called Megablocks [10]. These are further
transformed into Control and Dataflow Graphs (CDFGs),
exposing the latent ILP. From the selection of candidate
CDFGs, the translation toolchain customizes the accelerator
template, shown in Section III, according to the process
explained in Section IV. Another output of this process
are the communication routines (CRs) to be added to the
application code, so that GPP and accelerator can com-
municate. The CRs are generated directly in MicroBlaze
assembly code. They are linked into the application binary.
No source-code modification is necessary at this stage either.

C. Transparent Migration at Runtime

Translated loops are accelerated at runtime by the following
process. The injector monitors the instruction address bus
of the GPP. When the address matches the starting address
of one of the accelerated Megablocks, the injector replaces
the fetched instruction with an absolute branch to the cor-
responding CR. By executing the Communication Routine
(CR), the MicroBlaze sends operands from its register file to
the accelerator. After receiving a known number of operands,
the accelerator takes control of the local memory’s ports
using the bus multiplexers. The MicroBlaze becomes idle by
executing a blocking FSL get instruction, which waits for the
accelerator results. Thus, it is unaffected by being disconnected
from the memory. Execution continues on the accelerator.
When an exit condition is triggered, the accelerator relin-
quishes the control of the memory ports and the MicroBlaze
resumes execution. The rest of the CR reads the results into the
MicroBlaze’s register file. The end of the routine contains a
jump back to the point where the injector interfered. Execution
resumes with the last iteration of the loop being executed by
the GPP.

Fig. 3. Accelerator template, showing a variable row of FUs and a possible
register pool structure to feedback results to the input multiplexers.

III. CUSTOMIZED LOOP ACCELERATOR

The proposed architecture was designed with the
acceleration of data-intensive loop kernels in mind. Due
to the single-path nature of the Megablocks, the most
appropriate loop bodies are the ones with little conditional
control flow. The architecture exploits instruction level
parallelism (ILP) (intraiteration parallelism), and pipelines
loop iterations (interiteration parallelism).

Generating fully customized accelerators has two notable
advantages: 1) the amount of required resources (e.g.
Functional Units (FUs), interconnects) is reduced to the
minimum necessary to execute the chosen loops with the
desired initiation interval (II) and 2) moduloscheduling loops
onto an architecture with no fixed-resource or interconnect
limitations ensure that the minimum II is always achievable.
In our case, the only structural limitation is the availability
of two memory ports.

A. Accelerator Architecture

The accelerator architecture template is shown in Fig. 3.
It includes: input and output registers; a set of 32-bit FUs;
two load/store ports present in every accelerator instance;
multiplexers to route FU inputs; a register pool of 32-bit
registers to hold operands/results; and a configuration memory.

Specialization of this template involves determining: the
number of input and output registers, the number and type
of FUs, the number of pool registers, and multiplexer con-
nectivity. In addition, the appropriate configuration words are
generated.

The input and output registers hold data exchanged with the
host processor. Input registers are filled during CR execution,
are read only, and can all be fed into any FUs. They hold values
valid for the first iteration and values that remain constant
throughout all iterations. In a given configuration, each output
register is fed by a single FU.

Since moduloscheduling overlaps loop iterations, an FU
may produce several values corresponding to the same CDFG
node before an iteration is complete. To address this, each
output register is preceded by a custom-depth first-input–first-
output (FIFO).

For the same reason, each FU drives a chain of registers,
which hold the output values of the CDFG operations, and the
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FU executes. The chain length is determined during scheduling
by computing how long each value needs to live until it is
used in all downstream operations. This is exemplified by FU1
in Fig. 3, where results produced by CDFG nodes a and b for
iterations i + 1 and i are stored in the register pool.

The inputs to the multiplexers are determined on the basis
of which pool register holds each computed value at every
clock cycle. This is deterministic, since the schedule is static.
The required values for each FU input are fetched from
the appropriate pool register (shown in dark gray in Fig. 3)
according to the CDFG operations to be executed. Multiplexer
inputs may also be connected to any input register or to
constant values specified at customization time.

The accelerator supports integer and single-precision
floating-point arithmetic, comparison operations, and bitwise
logical operations. Other operations include conversion from
floating point to integer and vice-versa, and a set of units
to evaluate termination conditions. Each FU implements one
operation, except one which implements both floating-point
addition and subtraction. All FUs are pipelined, except for
nonconstant integer division and floating-point division.
Supporting pipelined FUs avoids the need to raise the
initiation interval (II) by effectively increasing resource
availability. All integer units have a latency of 1 clock cycle,
except the division FU (35 clock cycles). A specialized integer
division module provides division by a constant with a latency
of 3 clock cycles (via reciprocal multiplication). Like the
MicroBlaze processor, the floating-point units (FPUs) do not
support denormalized operands or issue denormalized results.
The floating-point addition, multiplication, and division units
have the latencies of 4, 3, and 32 clock cycles, respectively.

Memory access patterns can be arbitrary, since the loop
operations that generate access addresses are also executed on
the accelerator. For this implementation, the scheduler consid-
ers that the load/store units have a memory access latency of
2 clock cycles, since on-chip memories (BRAMs) are used.
In the general case of variable access latency, the accelerator
would stall if an access exceeded the expected time. The
accelerator design and scheduling allow for pipelining accesses
without halting execution.

B. Execution Model

The accelerator is idle until it receives one command word
from the injector. The command determines which configura-
tion words to read, which FU will drive each output FIFO,
and how many operands to expect from the GPP.

Configuration words define the accelerator’s operation for
a single cycle: which FUs are active, the multiplexer con-
trols, which pool and output registers will be written to, and
when execution is concluded. The length of a configuration
word varies per instance, depending on the number of FUs,
multiplexer widths, and number of pool registers. One word
corresponds to one time step of the respective moduloschedule.

Unlike a VLIW, executing operations in multicycle FUs,
such as the division unit, does not halt execution of the other
units. For instance, for the nonpipelined integer division with
a latency of 31 clock cycles, configuration words continue to
be read while that FU is busy. The static schedule considers

the FU latency to determine when the result is ready. If the
FUs are also pipelined, (e.g., the floating-point adder), both
aspects are exploited: the FU can be enabled every cycle and
the scheduler knows in which step each result is produced.

In general, operations from the same iteration and without
control or data dependences are issued in the same clock
cycle (ILP). It is also possible to simultaneously issue opera-
tions from two or more successive iterations, depending on the
data and control dependences between them (loop pipelining).
In this way, a new iteration is initiated (and simultaneously
one iteration is completed) in a number of clock cycles lower
than the critical path length of the respective CDFG.

The number of iterations is needed neither at synthesis time
nor prior to the start of execution. The termination conditions
of the executing loop (i.e., loop exits) are evaluated in every
iteration. Whenever an iteration triggers an exit, the iteration
is discarded. No new iterations are initiated, and the previous
ongoing iterations are completed. The output registers contain
a full set of values, which correspond to MicroBlaze register
file contents. The GPP executes the remainder of the CR to
retrieve them.

IV. ACCELERATOR CUSTOMIZATION

AND LOOP SCHEDULING

When performing moduloscheduling [11] for fixed
architectures, there are resource and temporal restrictions
to consider: 1) given all types of operations in a loop, the
target architecture must contain at least one FU capable of
implementing each one and 2) operation parallelism and
Initiation Interval (II) still depend on the spatial and temporal
availability of FUs, which determine performance. In these
situations, when a moduloscheduler cannot schedule a loop
with a given (minimum) II, the II is increased until scheduling
becomes feasible. Increasing the II makes it possible to
schedule a loop onto the minimum set of resources, but leads
to decreased performance, especially when the minimum
possible II is low (e.g., increasing the II from 1 clock cycle
to 2 approximately halves the performance). Since the loops
we have found typically have low IIs, we instead add the
required FUs to the accelerator during scheduling.

A. Scheduling and FU Allocation

Fig. 4 shows an example of the type of CDFG that our
scheduler processes to generate a custom accelerator. The
nodes represent the GPP instructions, edges represent the data
flow between nodes, and the inputs (top) and outputs (bottom)
represent the GPP registers. Dotted edges represent the input
register values that are read only in the first iteration.
The graph itself represents one iteration of the respective
Megablock.

The first step of scheduling is to find the II, which can
be determined by backward data edges (i.e., data flow across
iterations), by resource restrictions (in our case, the two mem-
ory ports) or control edges. It is necessary to consider control
edges, since the number of iterations to execute is arbitrary.
That is, a new iteration can only begin after all exit conditions
of the current one are evaluated to false. For this example,
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Fig. 4. Example CDFG, showing operations and a cyclical control depen-
dence, which determines the II.

Fig. 5. Modulo schedule for an example loop CDFG.

the bge node sets an II of three clock cycles, since all nodes
are implemented by a single-cycle FU.

At the start of the process, no accelerator architectural
aspects are defined except the two memory ports. As nodes
are scheduled, FUs are added if necessary. Connectivity is
assumed to be unlimited. A schedule is composed of prolog,
steady state, and epilog. Fig. 5 shows the complete schedule
for the nodes of Fig. 4, placed temporally along the vertical
axis and spatially along the horizontal axis.

Nodes are list scheduled individually in topological order.
For every node n, the earliest (ec) and the latest (lc) possible
schedule times are computed. The calculation of ec is based
on its predecessor nodes (or input registers), while the lc is
typically unbound. A bounded lc is only relevant for nodes
with outgoing backward edges, since scheduling them too late
relative to the predecessor nodes in the cycle would violate
the II. In this example, nodes 3, 7, and 8 have no slack;
nodes, 6, 0, 4, 1, and 2 can be delayed indefinitely; node 9
can be delayed no later than t6 + 3, where t6 is the scheduled
time for node 6; and node 5 cannot be scheduled past node 2.
All nodes are scheduled as early as possible.

Fig. 6. (a) Operation assignments and register connections for one loop
schedule and (b) actual generated datapath for two (similar) CDFGs.

In Fig. 5, node 6 was scheduled first at the earliest possible
time, t = 1. Since the II is 3, all time slots i for which i mod
II = 1 are occupied by future executions of node 6 (shown
in gray). When scheduling node 3, an add FU is added, and
node 3 is scheduled at the earliest time which does not violate
the II, t = 1. Nodes 5 and 9 can also execute on this FU,
since both can be delayed until t = 3 at most. If there was
another add node and it could not be delayed to a later time,
a new FU would have to be added.

The steady state of the schedule has II time steps. It starts
at a time ts , where ts mod II = 1, and contains the time step
when the first iteration, started in the prolog, completes. In this
case, this happens after only one repetition of the scheduled
nodes at t = 5. All previous time steps (1–3) belong to the
prolog, and time steps after this window belong (7 and 8) to
the epilog. The time steps in the epilog only contain operations
of outstanding iterations initiated in the steady state.

Additional CDFGs could now be scheduled onto the existing
array. As more loops are scheduled, less FUs are added to
the accelerator, since FU availability increases. However, there
may be an associated increase in the size of the input multi-
plexers, which depends on the connections between operations.
When there is more than one available FU to place a new
node, the scheduler attempts to reduce resource consumption
by choosing the FU, which will result in the least added
inter-FU connectivity (based on the nodes of previously
scheduled graphs).

B. Architecture Specification

The later processing stages are concerned with the definition
of the register pool, input multiplexers, output FIFOs, and
configuration words.

First, the scheduler computes when each value is produced
and for how long it must be stored. This information is used
to define one chain of registers per FU output. A register
is added to the chain whenever a node produces a value
before the preceding value is consumed. When the new value
is produced, the existing values are shifted down the chain.
However, a value in the middle of a chain may be consumed
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before the values produced at previous time steps. By having
an individual write-enable per register, it is possible to shift
data only up until the first expired (i.e., consumed) datum,
which allows for shortening the chain lengths. The (simplified)
accelerator generated for the CDFG in Fig. 4 according to the
schedule in Fig. 5 is shown in Fig. 6(a). The iadd FU requires
four registers to hold results, as most will only be read in the
following iteration. The bll FU requires two, because the or
node will consume a value from the input register for the first
iteration, and only afterward, it fetches the values produced
by the bll node. In this case, two registers are required to
synchronize the data across iterations.

Given the register chains, it is known where each value
resides at every time step. This information is used to specify
the input multiplexers that route the required values from
the appropriate registers. For simplicity, the connectivity is
represented by the numbered boxes in Fig. 6(a). If a given FU
input receives data from only one pool register, no multiplexer
is used. Literal constant inputs are omitted for clarity.

Despite the appearance of a horizontal type layout, the
dedicated connectivity between FUs effectively implements
circuits with distinct structures. The example in Fig. 6 was
generated from two graphs: one shown in Fig. 4 and a second
very similar graph. In Fig. 6(b), most of the structure is used
for either loop, but some instantiated components are only
required for one of them (shown in gray). Registers with a
bold outline feed the output registers of the accelerator.

The last step is the generation of configuration words.
A configuration word contains FU enable bits, hot-bit encoded
multiplexer control bits, and register write-enable bits.

One word is generated for each scheduled time step. The
word generation process is simplified by considering only the
execution of the first iteration (i.e., the solid black nodes in
Fig. 5). The process iterates through every FU, starting from
time step t = 1 up until when the initial iteration ends, t = 5
for this example. If there is a scheduled node, the enable bit
is set and the multiplexer bits are set based on the required
inputs. The write-enable bits in the respective pool registers
are set later according to the FU latency. The resulting set
of words, which represents a single iteration, can be used to
generate the full configuration word sequence from prolog to
epilog by repeating it every II time steps.

Each word also has an address update value used to cycle
through the words that belong to the steady-state phase. When
an exit condition is triggered, this field is ignored and execu-
tion continues through the epilog. The configuration memory
holds one sequence of configuration words per scheduled loop.

V. EXPERIMENTAL EVALUATION

A fully working hardware prototype of the system was
used to perform an experimental evaluation of performance
improvements and resource requirements of the customized
loop accelerators produced using the proposed approach.

A. Experimental Setup

The proposed accelerator architecture was evaluated with
both floating-point and integer kernels. The floating-point

kernels are a subset of the Livermore Loops [15]. The integer
kernels are from the IMGLIB library [16]. The selected kernels
were those with little control flow in the innermost loops. The
Livermore Loops kernels operate on single-precision floating-
point data. The kernels from IMGLIB operate on integer data
with 8, 16, or 32 bit widths.

1) Hardware Setup: Section II described the architecture
of the prototype used for the experimental evaluation. There
is an additional timer/counter module for execution time
measurements and a serial port module, both attached to the
MicroBlaze’s peripheral bus. The test bed was a Xilinx VC707
board equipped with a Virtex-7 xc7vx485 FPGA. We used
ISE Design Suite 14.7 for synthesis and bitstream generation.
The synthesis effort policy was set to speed, and the placement
and routing effort was set to high. All measurements were run
at 110 MHz for both GPP and accelerators.

2) Software Setup: Each kernel from the Livermore Loops
and IMGLIB sets is enclosed within a function call. To easily
compile, execute, and measure execution times of each, we
developed a test harness which can be compiled along with a
single C file containing all kernels. The harness’ structure is
a significantly modified version of the CoreMark code for the
Livermore Loops.

The desktop version of the harness accepts parameters
that determine which kernels to call, the amount of data to
process (N), and the number of times to repeat the kernel
code (L). The input data to be processed are generated at
runtime by a pseudorandom generator and placed into arrays
allocated on the heap. The generator seed is also a variable
parameter. Although this implementation is limited to local
memories, it is still viable depending on the application,
considering that the high-end devices of the Virtex-7 family
contain up to 8.46 MB of internal memory [17]. The heap
used in these experiments had a total size of 10.5 kB.

The purpose of executing the harness on a desktop
machine is to generate reference results for the benchmarks.
A checksum of the results is compiled into the harness when
targeting the MicroBlaze, to verify the correct functionality
of the generated accelerators. The reference data include the
used call parameters, so that the embedded versions call the
same kernels with the same parameters. The MicroBlaze
version reads the execution time (and other information) of
the loop accelerator, checks the results, and prints the time
measurements.

3) Experimental Procedure: To extract loop traces, we com-
piled a MicroBlaze version of the harness which executed all
kernels. We used mb-gcc 4.6.4 and enabled the use of floating-
point, integer multiplication and division, barrel shifter, and
pattern-compare operations. Processing the resulting binary
file with the Megablock Extractor produced the traces and
CDFGs for all kernels.

We then measured the speedups obtained by customized
loop accelerators versus a single MicroBlaze (Section V-B),
evaluated the cost of a multiloop accelerator versus
individual loop accelerators (Section V-C), studied the
performance and resource cost of fixed-resource, ALU-based,
accelerators (Section V-D), and compared our architecture
with several VLIW models (Section V-E).
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TABLE I

ACCELERATOR CHARACTERISTICS AND ACHIEVED SPEEDUPS

B. Customized Loop Accelerator
Versus MicroBlaze Processor

Table I shows the characteristics of the accelerators and the
corresponding kernel speedups. The results for the floating-
point set are on the top half and the ones for the integer
kernels on the bottom half. The last two integer kernels
(innerprod and matmul) are direct conversions of the cor-
responding floating-point versions, and not from IMGLIB.
The averages shown are geometric for speedup and arithmetic
for the remaining metrics. The third column shows the II
of the schedules. For the benchmarks that have more than
one accelerated loop, the average II is given. The fourth
column shows the average executed instructions per clock
cycle (IPC), which measures the parallelism exploited by the
accelerator.

The next two columns show the number of FUs and the
number of registers in the register pool. They are the indicative
of the complexity of the accelerator. The last two columns
show the speedups obtained when executing each kernel
L = 1000 times for two different amounts of data (N = 1024
and N = 4096). All speedup results include the overhead of
sending data from the MicroBlaze processor to the accelerator
and retrieving the results. Benchmarks f5, f6, and f11 were
run only for N = 1024, because the system does not have
sufficient on-chip memory to support the N = 4096 case.

We used the speedup values for N = 1024 as a worst case
estimate for the N = 4096 case.

1) Speedup: As shown in Table I, we extracted for each
kernel only one viable loop trace for acceleration, except
for f5, f9, and f11. On average, there are 34 instructions in
each trace. The floating-point kernels have on average less
instructions than the integer ones: 26 versus 45. However, the
average of the integer kernels is inflated by i8 and i9, which
have 142 instructions each, the maximum value for all CDFGs.
The CDFGs of the floating-point kernels have an average
of 7.2 floating-point instructions (27.6% of the total).

The MicroBlaze executes 0.38 instructions per clock
cycle (IPC) for the floating-point set and 0.66 IPC for the
integer set. Table I shows that the accelerators achieve
significantly higher values of IPC, confirming this approach
is able to exploit the latent Instruction Level Parallelism
(ILP). Note that the average speedup for the integer kernels
is lower than that of the floating-point set, although the
relationship between IPC values is reversed. The reason for
this behavior is that the MicroBlaze requires more cycles to
execute floating-point instructions. As an example, consider
the matmul kernel, which contains 15 binary instructions in
both integer and floating-point cases. One iteration of the
integer kernel requires 25 clock cycles on the MicroBlaze,
but the floating-point version requires 33 cycles. However,
both benchmarks execute on accelerators with the same II,
resulting in better speedup for the floating-point version.
Execution on the accelerator effectively mitigates the latency
of floating-point operations due to the fully pipelined
FPUs.

An additional factor that affects speedup is the overhead
introduced by the call to the accelerator. If the number of
iterations performed per call is low, the fixed (per call) extra
time required for communication between host processor and
accelerator may offset the acceleration gains. The impact of
this factor can be seen by comparing the geometric mean
speedup for the two values of N . For some benchmarks,
(e.g., i7 and i4), the speedup increases with N , because the
constant call overhead is amortized over a larger number
of iterations. For other benchmarks (e.g., f 9, f 12, f 13, i5,
and i6), the effect of increasing the value of N is negligible,
because the communication time is small compared with the
processing time ( f 9, f 12, and f 13) or because the commu-
nication time also scales with N (i5 and i6).

In the latter cases, the accelerated loops always perform
16 iterations per call. For these two cases, scaling N does not
decrease overhead, since the inner loop processes only 16 data
items at a time. The accelerator will be invoked more times
with the same overhead per call. This shows a limitation of
the proposed approach. A given loop path may be the most
frequently executed portion of an application, but, despite a
very high number of iterations, it might not be a good target
for acceleration in our implementation, if each loop occurrence
iterates a small number of times.

The highest overheads occur for f3, i5, and i6. The over-
heads are 17% for the former case and 51% for the latter two
(for N = 4096). For f3, each accelerator call performs an
average of 63 iterations; for i5 and i6, only 15 iterations are
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Fig. 7. Resource usage for complete generated systems and accelerator clock frequency reported by the synthesis tool.

executed per call. In contrast, the average overhead is 8% and
the average number of iterations per call is 1430.

2) Resources and Operating Frequency: The scheduling
approach discussed here favors performance, since it does not
impose resource limitations on the architecture beyond the
restriction to two memory ports. This choice has impact on
the FPGA resource requirements due to more FUs and larger
configuration words. Fig. 7 shows the FPGA resources used
by each system (after placement and routing). The stacked
bars represent the resources used by each accelerator (upper
half) and by the remaining system components (lower half).
The clock frequency of the accelerator reported after logical
synthesis is also shown. In addition, the system uses 32 Block
RAMs (BRAMs) of 36 kb each for program code and data,
totaling 128 kB.

Using the resource requirements of a MicroBlaze processor
(without caches or memory management unit but with an FPU)
as a measurement unit, we can say that the average accelerator
requires approximately 1.13× more lookup tables (LUTs) and
1.83× more flip-flops (FFs). The average number of required
LUTs and Flip Flops (FFs) for the entire system, accelerator
included, is 7013 and 5840, respectively.

As a general rule, the accelerators for the integer loops
require less resources and also achieve higher operat-
ing frequencies than the ones with floating-point support.
For instance, the accelerators for the integer and floating-
point versions of innerprod require 1259 and 2021 Lookup
Tables (LUTs), respectively. The average number of FUs
required for the floating-point and integer sets is 9.8 and 10.6,
respectively. The average size of the register pool is similar,
approximately 33 registers.

The increased complexity of the FPUs justifies the lower
synthesis clock frequency for the floating-point set, whose
average is 164 MHz, which is significantly lower than the
average clock frequency of 290 MHz for the integer-only
accelerators. In all cases, the critical path in the accelera-
tors with floating-point operations includes the fadd FU; the
sole exception is benchmark fp3, where the critical path is
determined by the fmul unit (since there are no floating-
point additions). Floating-point FUs make up 24% of all FUs
per accelerator. For the integer set, the lower frequencies for
i2, i4, and i11 are due to critical paths between the instruc-
tion memory, multiplexers, and integer multiplication FU.
Systems i1, i3, and i10 also contain an integer multiplier,
but do not suffer the same decrease in frequency, since
the inputs of the multiplication FU receive operands only

from one other FU each and, therefore, have no input
multiplexer.

3) Speedup for Maximum Operating Frequency Scenario:
We determined that for our test platform, the maximum oper-
ating frequency of a system containing a single MicroBlaze
(with an FPU) and local instruction memories is 200 MHz.
The instantiation of the accelerator and additional hardware
required to support the migration approach leads to the
decrease in operating frequency, which depends on the bench-
mark. We determined the maximum operating frequency of
each single benchmark: the average is 158.4 MHz for the
floating-point set, and 165.1 MHz for the integer set.

Given this, the geometric mean speedup is 5.22× for the
former case and 3.81× for the latter case, when comparing
software-only execution and accelerated execution, each at
their respective maximum operating frequencies.

This paper presents speedups based on the same operating
frequency for both systems, since we aim to demonstrate the
performance improvements that can be attained by a joint
architecture specification and operation scheduling approach
that allows for the thorough exploitation of parallelism.
Moreover, the decrease in operating frequency does not occur
due to the accelerator instance, but instead due to the injector
module. In all implementations, the critical path is between
the MicroBlaze’s instruction port and the local memory.
An improvement of this single aspect would address the
reduction of operating frequency which occurs for all cases.

4) Power Consumption: We determined the power con-
sumption of the accelerator-based system by retrieving actual
power measurements from our evaluation board using Texas
Instruments’ Fusion Digital Power Designer [18]. We executed
the kernels from the floating-point set, with N = 1024 and
L = 10 000. Setting L to this value increases the runtime, thus
capturing more data points and filtering measurement noise.

Measuring the current of the 1 V-rail that powers the
FPGA core, we find that the average power consumption for
a system containing only a MicroBlaze, local memories, and
other required modules was 0.45 W. For the accelerator-based
system, the average power consumption was 0.57 W. However,
due to the reduced execution time, the total energy required to
execute each kernel was, on average, 8.24 J, while the energy
required by a MicroBlaze-only system was 31.44 J.

C. Performance and Cost of Multiloop Support

Multiloop accelerators can enhance the execution of several
loops (from the same application or from a set of related
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TABLE II

MULTILOOP ACCELERATOR CHARACTERISTICS

Fig. 8. Resource requirements for multiloop accelerators versus sum of
resources for individual loop accelerators.

applications) and also result in resource savings when com-
pared with a group of individual single-loop accelerators.
In the results analyzed in Section V-B, there are already three
systems with accelerators that support more than one loop
(f5, f9, and f11). To further evaluate multiloop support, we
chose the combinations of kernels and generated systems with
accelerators targeting them. Loop combinations were chosen
based on the similarity of calculations performed as well as
number of instructions (e.g., creating a single accelerator for
dilate and erode). Table II shows the accelerator characteristics
for these cases. Since the II of each CDFG remains the same
as in the single-loop case, so does the individual speedup.

The resource requirements for the multiloop accelerators are
compared with the sum of resources of individual accelerators
for the same loops in Fig. 8. Each accelerator requires on
average only 76% and 63% of the sum of LUTs and FFs of
the individual accelerators, respectively.

The average synthesis frequency of the multiloop cases is
only 6% lower than the worst case of the respective single-loop
accelerators. As an example of the frequency decrease due to
increased connectivity, consider system f_7_10. The resource
requirements of f_7_10 are slightly superior to those of f10, the
largest of the two single-loop accelerators. However, the lowest
synthesis frequency occurs for f7, due to a path between a pool
register and the input of an fadd FU. The same path is found
in the accelerator f_7_10, but now, it also includes a 3-to-1
multiplexer, leading to a slight decrease in clock frequency.

D. Comparison With Fixed-Resource Scenarios

So far, we presented the results for fully customized
accelerators with single-operation FUs. In our approach, this
maximized performance, by allowing execution at the lowest
possible II. This section compares this approach, referred
herein as a1, with three other scenarios shown in Table III
(b1, b2, and b3) based on scheduling loops onto an accelerator

TABLE III

ACCELERATOR GENERATION SCENARIOS

with a fixed number of units. We adjusted the scheduler,
so that new FUs are not allocated. Instead, as in typical
moduloscheduling approaches, the II is increased until
scheduling is possible.

The ALUs used in the evaluation are built from most of
the individual integer FUs with the required additional con-
trol logic. Supported operations include all integer arithmetic
(except division and multiplication), logic, and comparison
operations. In order to prevent the logic synthesis tools from
optimizing the ALU logic on a per-instance basis (due to
constant propagation of the configuration bits or inputs feeding
each ALU), we generated a black box instance for the ALU.
Each ALU has a fixed cost of 641 LUTs.

The hardware for the new scenarios has a single branch
unit (which evaluates all types of exit conditions) and a single
integer multiplier, also instantiated as black boxes. For the
benchmarks of the Livermore Loops, a single fully fledged
FPU is also added, which can execute all floating-point arith-
metic operations, comparisons, and float/integer conversions.
The ALU has a latency of 1 clock cycle, and the latency
of the FPU depends on the issued operation, but it is still
possible to pipeline operations. The Floating-Point Unit (FPU)
has 1455 LUTs and 526 FFs. Although the number of units is
fixed, the interconnections between them are still specialized
by the scheduler based on the flow of data between operations.

Fig. 9 shows the speedups for these scenarios. Note that
the speedups for the accelerators in scenario b3 equal those
of scenario a1 for all integer cases. The CDFGs detected by
our approach can be executed at the minimum possible II with
eight ALUs. In most cases, four ALUs are enough, meaning
our fully customized accelerators perform equivalently to gen-
eralized accelerators with four to eight ALUs. Only between
b1 and b2 is there a noticeable difference: the average IIs are
19.6 and 10.3, respectively. Even so, an accelerator with two
ALUs achieves a geometric mean speedup of 2.08× for the
integer benchmarks.

However, the accelerators in these scenarios contain only
one FPU. This means that the speedup decreases for loops
with floating-point operations. However, the effect is not
uniform. For 6 out of the 13 floating-point benchmarks, the
speedup decreases approximately by half (on average); for the
other kernels, the decrease is marginal. The average II for b1,
b2, and b3 increases to about 17 (more than doubling the II
of 7.2 of scenario a1). The largest speedup decrease occurs
for f12. This benchmark has 16 floating-point operations,
which are scheduled onto four single-operation floating-
point FUs in scenario a1. Using only one FPU predictably
decreases the achieved speedup by approximately four times,
from 18.9× to 4.8× regardless of the number of ALUs.
Although the accelerator for f5 contains five floating-point

Authorized licensed use limited to: b-on: UNIVERSIDADE DO PORTO. Downloaded on May 05,2023 at 09:27:08 UTC from IEEE Xplore.  Restrictions apply. 



30 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 25, NO. 1, JANUARY 2017

Fig. 9. Kernel speedups using several types of accelerators, versus a single MicroBlaze processor.

TABLE IV

AVERAGE COST OF ACCELERATORS PER SCENARIO

FUs in scenario a1, the speedup only decreases by half for
all other scenarios. This is because the accelerator for this
case supports three CDFGs, only one of which uses all five
floating-point FUs.

In scenario a1, an average of 2.3 floating-point FUs is
instantiated to achieve minimum II. This means that for a
fixed-resource accelerator, at least two fully fledged FPUs
would be required to avoid increasing the II in most cases.
An accelerator with four ALUs and two FPUs would need
approximately 7700 LUTs and 3700 FFs. In comparison, for
scenario a1, the accelerators of the floating-point set require
an average of 2829 LUTs and 2863 FFs (36.7% and 77.4%
less, respectively).

Table IV shows the average required resources for all
scenarios, normalized to the resource requirements of a single
MicroBlaze. Assuming that the number of slices is a good
measure of area on the device, the accelerators in scenario a1
are roughly 0.62×, 0.47×, and 0.32× smaller than those of
cases b1, b2, and b3. The number of required FFs varies little,
as the same amount of data needs to be moved between FUs
regardless of their type. For the floating-point benchmarks, the
reduction in the number of LUTs is more pronounced due to
the higher cost of each FPU.

In general, the proposed customized accelerators with
single-function units perform no worse than the largest
ALU/FPU-based accelerators (which still have customized
interconnect), while being significantly smaller. They signifi-
cantly outperform fixed-resource accelerators while requiring
fewer resources.

E. Comparison With VLIW Execution

The MicroBlaze processor is a single-issue processor, and
therefore, it is not surprising that considerable speedups can be
obtained by exploiting, even if only partially, any latent ILP.

However, the FPGA hardware resources may also be used
to implement a VLIW processor. This section compares the
proposed approach with the well-known embedded VLIW
architecture VEX [19] and with ρ-VEX, an implementation
(and expansion) of that architecture for FPGAs [13].

The VEX tool suite is a compilation chain, which targets a
generic VLIW processor architecture. Architecture parameters
include: issue width, the number of processing units, and their
latency and type. This is used to generate compiled code
simulators that run on a desktop machine.

The ρ-VEX architecture is a synthesis-time parameterizable
VLIW processor, which implements the VEX instruction set.
We used release 3.3 of ρ-VEX, which includes the open-source
ρ-VEX processor itself and also a build of the gcc toolchain.
It is also possible to use the VEX compiler for compilation
and the ρ-VEX gcc toolchain for assembly and linking.

We used these tools to measure benchmark performance
in two situations: 1) simulated execution on three different
variants of the VEX architecture model and 2) simulated
execution of a four-issue version of the ρ-VEX processor
in ModelSim (a Hardware Description Language simulator).
Since the VEX architecture has no native support for floating-
point operations, the comparisons include only the integer
benchmarks.

1) Simulated VLIW Models: The test harness was compiled
with the VEX compiler for three different architecture variants
(r1, r2, and r3). We then determine the number of clock
cycles required to execute the entire kernel function call.
To evaluate execution on the ρ-VEX processor, we generate
one binary file per kernel, and simulate the system with Mod-
elSim [at the register transfer level (RTL)]. These executables
were generated by using the VEX compiler and followed
by the ρ-VEX assembler and linker. When measuring the
execution cycles for the ρ-VEX, cache stall cycles were not
counted, so that the comparison with the systems that use on-
chip BRAM memory is fair.

Table V shows the parameters of each VEX variant. The
parameter values were chosen to match those of the ρ-VEX
architecture, so that we approximately simulate three variants
of the ρ-VEX processor which differ only in issue width
and number of ALUs. These variants are compared with two
versions shown in Section V-D, a1 and b2.

2) Performance Comparison: The speedups for these
scenarios versus a single MicroBlaze are shown in Fig. 10.
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Fig. 10. Kernel speedups for different VLIW models and two of our accelerator scenarios, versus a single MicroBlazer processor.

TABLE V

VEX SIMULATOR MODELS AND ACCELERATOR COMPARISON

Speedups are calculated considering the same operating
frequency for all cases and for the baseline. The kernels
are sorted according to the speedups for a1. The kernels
can be classified in three groups: 1) for i4, i1, i11, i2, i3,
and i7, our approach outperforms VLIW execution; 2) for
i10, i8, and i9, the performance is roughly equivalent; and
3) for i5 and i6, the VLIW processors are more efficient. The
geometric mean speedups over a MicroBlaze processor for r1,
r2, and r3 are 2.22×, 2.58×, and 2.61×, respectively. Under
the same conditions, ρ-VEX execution achieves a geometric
mean speedup of 2.63×. Customized accelerators (a1) are on
average 1.78× faster than a four-issue VLIW processor.

Due to different instruction sets, the IPC cannot be directly
used as a comparative metric to justify performance differ-
ences between our accelerators and the VLIW models on a
per-kernel basis. For instance, for r2, the loops for i8 and i9
contain 38 VEX instructions, and simulation reports an IPC
value of 2.4. That is, a total of 97 VEX operations implement
the computations of each loop. The respective MicroBlaze
loop traces contain 148 instructions, whose execution on the
accelerators has a similar performance to r2, but requires exe-
cuting approximately 6.5 IPC. Instead, the following aspects
are responsible for these performance differences.

First, the VLIW compiler does not perform loop pipelin-
ing, but may perform aggressive loop unrolling to better
exploit ILP. We notice for group 1 that an increase in VLIW
issue width does not lead to an increase in performance. This
means that there is no more ILP to exploit, or the compiler
is unable to do so. In contrast, we aggressively exploit loop
pipelining. For the same kernels, our scheduler reports that the
average number of intraiteration IPC is 1.42. This is similar
to the average IPC of the VLIW processors for the same ker-
nels, 1.50. Combining intraiteration ILP and interiteration ILP,
our accelerators reach 5.96 IPC for this subgroup of kernels.

Second, our approach performs better when the number of
iterations per accelerator call is high, as the communication
overhead is better amortized. Section V-B1 shows that this
is most critical to the i5 and i6 benchmarks (group 3). The
potential value of IPC for these both kernels is 6.50, which is
similar to the third best performing case, i2, whose IPC is 6.40.
However, only 15 iterations are executed per call accelerator
call for i5 and i6, versus an average of 1364 for i2. Execution
on a VLIW processor suffers no such effects and can exploit
loop optimization techniques, resulting in better performance
than the customized accelerators. In these two cases, the VEX
compiler partially unrolls the inner loop. Furthermore, they
may improve the running time of the sections of the kernel
that are not mapped to the accelerators.

In terms of resources, we can compare our approach with
the implementation of the ρ-VEX processor reported in [13].
On a Virtex-6 xc6vlx240t, the four-issue version of ρ-VEX
requires 1046 FFs, 12 899 LUTs, and 16 BRAMs (36 Kb
each). Our specialized accelerators require approximately
half as many LUTs and 5× as many FFs. We do not use
BRAMs for data storage, which justifies this higher register
requirement.

VI. RELATED WORK

The generation of multiloop accelerators for application
specified integrated circuits is considered in [24]. Each loop
accelerator is produced from a source-code loop by targeting
an abstract VLIW-like architecture and first allocating enough
FUs to ensure the desired throughput (a predefined II is
assumed for each accelerator). After moduloscheduling, the
register files of each FU are sized and their connections to
the FUs specified. The data width of each FU is adapted to
the operation. Three approaches using ILP are used to obtain
a single accelerator for multiple functions: 1) instantiation of
several single-function accelerators without resource sharing;
2) successive pairwise merging of single-function accelerators
via either a heuristic or an ILP formulation; and 3) joint
scheduling of all loops via an integer linear programming
formulation of moduloscheduling. Unlike our approach, two or
more individual FUs are combined into a single multipurpose
unit when joining single-function accelerators. The resulting
merged unit drives a single-output FIFO, which likewise
results from the combination or several FIFOs in terms of
width and depth. On a Pentium 4 class processor, the running
times took from 20 min to several hours (for benchmarks
combining up to six accelerators). The third approach only
provided speedup results for five of the ten benchmarks
due to complexity issues. When available, the latter results
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TABLE VI

COMPARISON OF THE PROPOSED APPROACH WITH RELATED WORK

were just slightly better than the results of approach 2) (i.e.,
postschedule ILP-based union of single-function accelerators).
For a 0.18-μm standard cell technology, we determine that
multiple-function accelerators save on average 43% of the
resources required by the sum of individual accelerators.
We target FPGAs, which makes a direct comparison difficult,
but we observed marginally smaller savings for our own
multiloop accelerators.

While [24] focuses on the accelerator, other approaches
consider the complete embedded system. These approaches
differ mostly in the following aspects: whether they are
based on high-level source code or binary code; if based
on binary code, whether it is a static or dynamic analysis;
whether this analysis is done offline or at runtime; the type of
integration of the coprocessor modules to the host; the overall
architecture of the coprocessor; and the type of operations
supported by the coprocessor. Table VI shows the more
relevant related approaches and compares them with this
paper in terms of these aspects.

The acceleration framework of [20] employs a single-cycle,
four-input configurable unit [called the configurable compute
accelerator (CCA)] with feedforward data propagation embed-
ded in the CPU’s datapath. A compilation step identifies the
sequences of instructions for acceleration. The first time the

sequence is executed, a translation engine integrated into the
processor creates a custom instruction for the CCA instance
present in the system. For 22 benchmarks, an average speedup
of 2.21× is reported for domain-specific CCA designs cou-
pled to an ARM processor. While we accelerate cyclical
graphs, this approach targets smaller acyclical graphs. Our
loop acceleration usually attains better results for large graphs
and directly supports more complex operations (including
multicycle operators). The finer grained CCA approach can
accelerate small code regions throughout the entire application,
but requires compile-time modifications of the code to isolate
the sequences.

The latest version of the Warp processor is presented in [5].
It is based on profiling runtime traces to detect frequent loops.
The Warp system augments a MicroBlaze with a loosely
coupled, fine-grained, custom reconfigurable fabric designed
to be a viable target for on-chip synthesis tools. The on-chip
tools run on a second MicroBlaze processor and synthesize
a circuit per detected frequent basic block. The binary is
modified at runtime to switch execution to the generated
circuit. Up to one regular pointer-based memory access is
supported. The proposed reconfigurable fabric was modeled
behaviorally at RTL and evaluated by postlayout simulation.
For six kernels, a geometric mean speedup of approximately
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3.2× is achieved by prototyping on a Virtex-II Pro
FPGA.

The ADEXOR approach is based on instruction set exten-
sion [21]. A reconfigurable FU is coupled to an MIPS proces-
sor pipeline. The accelerator contains 16 elementary FUs, and
has eight inputs and six outputs. Data are propagated in a feed-
forward fashion. The design of the accelerator was determined
by a quantitative analysis of the instruction sequences which
the approach aims to accelerate. They may contain up to four
branch instructions (i.e., multiple exits) as long as these are
not function returns, backward branches, or indirect branches.
In contrast, we support the former two types of branch
instruction, and may support the latter as long as the register
used for the indirect branch remains constant throughout all
the iterations of the loop. The application binaries are profiled
with an instruction set simulator. Each selected sequence is
converted into a custom instruction for the accelerator, which
is inserted in the second compilation step. The architecture was
synthesized for the 0.18-μm technology, and an average arith-
metic speedup of 1.87× was reported for 16 applications of
the MiBench suite over a single-issue MIPS-based processor.

The approach for inner loop acceleration presented in [6]
uses runtime binary profiling by auxiliary hardware that mon-
itors the execution stream for frequent backward branches.
Detected loops are moduloscheduled by on-chip translation
software onto the target accelerator, with support for hazard
detection. The target accelerator is a fixed architecture with
a programmable interconnect, containing 16 FUs (ALUs,
multipliers, and up to two memory units), each with its own
register file. The accelerator is tightly coupled to the main
processor and fetches operands from its register file. The work
builds on the VEX architecture and tools; the binary translation
itself is performed over VEX binaries compiled for a four-
issue version. The proposed runtime moduloscheduling-based
binary translation is evaluated in a cycle-accurate simulator
and compared with offline compilers, which targeted several
VLIW models. A single-issue MIPS processor was used as a
baseline. The scheduling approach outperforms the VLIWs in
terms of exploited parallelism using an accelerator capable
of one memory access only. With two memory accesses,
the average achieved IPC for 11 loops is 7.99. It requires
13 000 LUTs and 23 BRAMs of 36 kb. As a comparison,
our version with eight ALUs requires half as many LUTs and
approximately 2800 FFs, achieving an average IPC of 5.2 for
24 benchmarks.

The ASTRO approach [23] is based on the detection of
MicroBlaze instruction sequences by profiling with a sim-
ulator. ASTRO’s accelerators are one-to-one translations of
CDFGs to pipelined datapaths, where CDFG nodes are instan-
tiated as hardware primitives. Unlike our approach, each
accelerator supports only one loop. For a set of N target
loops, N accelerators are instantiated, which suggests less
scalability than the approach presented in this paper. The
customization effort is focused on maximizing memory access
parallelism, using dynamic memory access analysis to create
a tailored, BRAM-based, multiported cache for use by the
accelerators. In contrast, we provide only two parallel accesses
in a straightforward, yet, in our experience, efficient manner.

The several accelerators are coupled to a GPP and are invoked
by observing the instruction address. The GPP has a data
cache augmented with a selective invalidation mechanism
used to maintain coherency after an accelerator writes to the
shared external data memory. ASTRO detects memory access
hazards, while our trace detection step currently does not.
An average ASTRO accelerator with a multicache network
requires 9786 LUTs, 12 603 FFs, and 26 BRAMs of 36 kb,
on a Virtex-5 device. For ten benchmarks from MiBench
and SPEC2006, the geometric mean speedup versus software-
only execution was 7.06×. For our 24 benchmarks, the aver-
age fully customized accelerator requires 7012 LUTs and
5839 FFs, and the geometric mean speedup is 5.61×.

The accelerator architecture and scheduler described in
Sections III and IV represent a considerable improvement over
our own previous works [9], [25]. Support for floating-point
operations increases applicability and performance, especially
considering that floating-point operations are particularly
penalizing for the MicroBlaze. Fully exploiting loop pipelining
improves both the achieved speedups and the resource
requirements. The implementation in [25] was capable of
partially exploiting loop pipelining: for eight integer kernels,
and the geometric mean speedup was 2.57×. The performance
was hindered mostly by the unoptimized handling of memory
accesses. In contrast, the scheduler and the architecture of the
present implementation allow for a geometric mean speedup of
4.61× for 11 integer kernels. Considering FPGA resources, the
previous implementations had a much higher cost relative to
the present 1-D moduloscheduled accelerator. In [25], an aver-
age of 7760 LUTs and 8500 FFs were required for eight single-
configuration accelerators. In addition, the cost increased
considerable for multiconfiguration cases. The present
implementation allows for more compact multiconfiguration
accelerators by better utilizing FUs both for the execution of
a single loop and across the several supported CDFGs.

VII. CONCLUSION

This paper has presented a transparent binary acceleration
approach for applications in embedded systems. Execution
time of unmodified binaries of regular kernels is significantly
reduced by customized loop accelerators, which rely on loop
pipelining, enhanced by the exploration of data access par-
allelism. Each accelerator instance is generated automatically
from binary execution traces obtained by an offline simulation
step. As a result, the accelerated portions of code are the most
representative in terms of execution time.

The applicability of our approach has greatly increased
due to the support for floating-point operations. The use of
specialized and fully pipelined floating-point Functional Units
versus fully fledged FPUs consumes fewer resources, and the
operations are executed with lower latency compared with the
host processor.

Our study on multiloop accelerators showed that supporting
multiple loops (up to five) does not lead to a significant
resource requirement increase for the proposed architecture.
The specialized accelerators perform on par with generalized
arrays of eight ALUs, and outperform the arrays of four
ALUS, while requiring fewer resources in both cases.
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The proposed architecture achieves a geometric mean
speedup of 6.61× over a single MicroBlaze for a set
of 24 kernels. For the integer kernels, a geometric mean
speedup of 1.78× over a four-issue VLIW was measured,
which we attribute to the data access parallelism we exploit
and the maximization of loop pipelining.

The accelerator architecture implements the equivalent
of the complete MicroBlaze instruction set. A customized
instance of the accelerator is generated from frequently exe-
cuting binary instruction traces by a complete supporting
toolchain. CRs are also produced and seamlessly integrated in
the application to provide fully transparent runtime migration
of the execution flow to the accelerator.
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