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not be easily incorporated with a new design flow [3], and
developers must migrate their applications, consuming
the time and effort. Second, some compilers use dialects
of standard language or their own annotations [2][1]. In
addition, many critical kernels are often written in
assembly. Furthermore, assuming future scenarios like
network reconfiguration [5], the developer does not have
the detail specification of underlying hardware, and the
amount of available resource in reconfigurable hardware
can vary dynamically for multi-threaded applications [6].
It is therefore desirable to translate the binary onto
reconfigurable architectures. One of drawbacks in binary
translation is that the code could be less optimized due to
a lack of high-level information. In particular, memory
access optimization for hardware synthesis is the key to
achieve pipeline parallelism, but the loss of high-level
information usually results in inefficient pipelines.
To overcome the limitation of memory access
optimization in the binary translation, we introduce a
dynamic binary translation exploiting pipeline parallelism
for the platform composed of an ARM processor and a
reconfigurable architecture. To achieve fast dynamic
optimization, our binary translator consists of a static
binary translator and a dynamic binary translator. The
static translator generates most of the netlists for the
execution and a small amount of partial netlists which can
be configured at runtime according to the result of
dynamic memory access analysis. The dynamic translator
performs the analysis at runtime and configures the
hardware partially with the partial netlists.

Abstract
Recently,
reconfigurable
architectures,
which
outperform DSP processors, have become important.
Although many compilers have been developed on a
source-level, there are several practical benefits to
translating the binary targeted to popular processors
onto reconfigurable architectures. However, the
translated code could be less optimized. In particular, it
is difficult to optimize memory accesses on a binary to
exploit pipeline parallelism. This paper introduces
dynamic binary translation and memory access
optimization to overcome the limitations of static binary
translation for reconfigurable architecture. The
experimental results show a promising speedup up to
3.02 compared with the code whose memory accesses is
not optimized in the pipeline fashion.
Keywords: reconfigurable architecture, binary translation,
dynamic optimization, memory access optimization

1. Introduction
Recently, binary translation is becoming popular in
general-purpose architecture. In binary translation, the
developer produces a standard binary without considering
the underlying hardware, and then the virtual machine or
binary translator on the hardware runs or translates the
binary. Binary translation enables platform-independent
design in which the application development is easy and
fast, and single binary runs on heterogeneous hardware
over the network.
In reconfigurable architectures, binary translation is
not yet popular. Conventional design tools work on highlevel source code or require the developer to write the
netlist for high performance. However, binary translation
is attractive for both practical and commercial reasons.
First, reconfigurable architectures have different
respective design flows. A company's existing tools may
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2. Related Works
Some recent researchers have already studied memory
access optimization and binary translation for
reconfigurable architectures. Yajun Ha et al [5] focused
on a platform-independent development framework for
reconfigurable systems. In their framework, the
application developer designs a functional model, and
partitions it into a software part and a hardware part. The
software part is compiled into a software bytecode for a
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software virtual machine. The hardware part is
transformed into hardware bytecode on the abstract
FPGA model. They introduced the concept of binary
translation in the client, but they did not describe the
process of compilation.
Greg Sitt et al [3][4] proposed dynamic binary-level
hardware/software partitioning on the platform composed
of a MIPS processor and their own reconfigurable logic
chip. Their tool includes a dynamic binary translator in
which the MIPS binary is disassembled and then
synthesized into the netlist. Although they achieved a
promising speedup, their reconfigurable hardware is
simpler than commercial platforms so that they can
synthesize loops which have a body implemented in a
single cycle. In addition, their binary translator
dynamically transforms the binary, but they did not focus
on dynamic optimization and memory access optimization.
Mihai Budiu et al [9] presented memory access
optimization techniques for hardware synthesis. Their
techniques achieved a high degree of parallelism,
exploiting the pipeline parallelism. However, their tool
synthesizes the pipeline from C code with additional
annotations to reveal memory dependences among
pointers.
The contributions of this paper are as follows. We
present the dynamic binary translator which exploits the
pipeline parallelism on the binary. Our memory access
optimization technique makes use of runtime information
to overcome the limitation of static memory analysis on
the binary; in addition, our techniques can be used in
high-level language compilers instead of sophisticated
static pointer analysis.

3. Binary Translation Framework
3.1. Overview
First, we describe the overview of our binary translation
framework as shown in Figure 1. The design flow is
divided into the side of the application developer and the
side of the reconfigurable system similar to the network
reconfiguration platform [5]. In the side of the application
developer, the developer produces an executable binary
and the result of the partitioning. The partitioning phase
partitions the program roughly because the specification
of client is unknown. The result of partitioning has the list
of program counters pointing to program parts which the
developer wants to execute on the hardware. We call an
instruction stream chosen for the hardware execution a
hardware region.
The side of a reconfigurable system contains a static
binary translator and a dynamic binary translator. We will
call them static translator and dynamic translator,
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Figure 1 Overview of proposed binary translation
respectively, for the rest of paper. The static translator is
executed once right after the binary is downloaded to the
reconfigurable system. The static translator has two major
roles: netlist generation and code generation for the
dynamic translator. The netlist generation phase performs
several steps from preprocessing to place and route.
During the netlist generation steps, memory access
analysis is a step to recover and analyze memory access
patterns to discover memory dependences. Removing
redundant memory dependences is essential to increase
the amount of parallelism in the synthesized pipeline. To
discover memory access patterns accurately, the analysis
utilizes runtime information. The memory analysis
statistically analyzes memory dependences as much as
possible and then generates a small amount of code
fragments to analyze memory dependences at runtime.
These code fragments are called dependence test code.
The result of netlist generation contains two netlists: a
template netlist and partial netlist. All configurations in
the template netlist must be configured for the execution,
while the partial netlist depends on the result of
dependence test codes. The amount of the partial netlist is
small for fast partial reconfiguration.
The code generation generates native instructions for
stub code and dependence test code. The stub code is a
small code fragment which transfers a control from the
software execution to the dynamic translator. All code
fragments and the dynamic translator are embedded into
the binary.
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techniques to recover the control flow such as basic
blocks and loops. Figures 3-(a)(b)(c) show a data
processing code from TI’s DSP library, native
instructions of the loop compiled by a GNU C compiler,
and machine-independent RTLs transformed from the
instructions, respectively.
After machine-independent RTLs are generated,
optimizations phases transform them to increase the
amount of parallelism. One of them is to eliminate stack
accesses. RTLs have stack access to load and store local
variables in high-level languages. These stack access can
be replaced with symbolic registers. It is important to
eliminate stack accesses because stack accesses increase
the number of memory operations. These symbolic
registers are initialized with values in a stack by the
dynamic translator.
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Figure 2 The flow of control
Figure 2 illustrates the flow of control during the
program execution, assuming that the template netlist is
configured at the first execution time. Right after the
dynamic translator is called, it first saves a snapshot of
the program context, such as machine registers and stack
environment. It then calls dependence test codes to
discover memory dependencies and configure the
hardware with the partial netlist if needed. After the
hardware execution finishes, values in the saved context
are modified according to the result of hardware
execution, and then the context is restored.

3.3. Dataflow
Synchronization

3.2. Preprocessing
Preprocessing is the process of decoding instructions
to a machine-independent form and some code transforms.
Decoding converts the instructions of hardware region
into a collection of machine-independent register transfer
lists (RTLs) with a hierarchical control flow graph
(HCFG). Machine-independent RTLs and the HCFG
make other phases of preprocessing retargetable, and they
are converted to a dataflow graph in the next step. We
applied traditional decompilation and loop detection
void DSP_mult32
(int*x, int* y, int* r, int nx) {
{
for (int i = 0; i < nx; i++) {
short
a_hi, b_hi;
unsigned short a_lo, b_lo;
int
hihi, lohi, hilo, hllh;
a_hi = (short)(x[i] >> 16);
b_hi = (short)(y[i] >> 16);
a_lo = (unsigned short)x[i];
b_lo = (unsigned short)y[i];
hilo = a_hi * b_lo;
lohi = a_lo * b_hi;
hllh = (hilo + (long)lohi)>>16;
r[i] = hihi + hllh;
}}
(a) Example code
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Figure 3 Example binary and dataflow
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Memory

We generate a dataflow graph from RTLs, using
Pegasus, which is the well-defined dataflow intermediate
representation [11]. Pegasus is self-contained, enabling a
complete synthesis of the circuits, without requiring
further information. Figure 3-(d) gives a dataflow graph
generated from the RTLs.
Pegasus provides control-flow operations, mu, eta, and
a multiplexer to transform control-flow on RTLs into
data-flow. In Figure 3-(d), mu and eta are triangular
shaped and inverse-triangular shaped, respectively.
Multiplexers are not necessary in the example code. Mu
and multiplexer correspond to Static-Single Assignment φ
functions, and eta is introduced in Gated-Single
Assignment [8].
Memory operations need additional dependence edges
because they have side-effects through memory. Such
edges represent may-dependence between memory
operations. Memory dependences are represented by

L1:
r1 = M32[r6 + lr << 2];
r2 = M32[r5 + lr << 2];
r3 = r1 << 16;
r12 = r2 >>’ 16;
r3 = r3 >> 16;
r0 = r12 * r3;
r2 = r2 << 16;
r1 = r1 >>’ 16;
r2 = r2 >> 16;
r3 = r0 + r1 * r2;
r3 = r3 >>’ 16;
r2 = r12 * r1 + r3;
M32[r4 + lr << 2];
lr = lr + 1
lr < r7 ? jmp L1;

(b) native instructions

and

M[]=

(d) Generated dataflow

>=
p1

synchronization tokens in Pegasus. A token is a single
value information. Memory operations wait for the token
before executing. In Figure 3-(d), dashed lines indicate
token flow, and the operator V combines tokens. Load
and store operations in the figure have dependence across
different loop iterations by token edges, which stalls the
computation pipeline as many cycles as the length of
pipeline when assuming all operations have single cycle
latency. In contrast, when token edges between a load and
store operations are eliminated, the load operations feed
the pipeline every cycle. Since the length of pipeline is 7,
accurate memory dependence analysis allows a potential
speedup of up to 7.
It is a difficult task to analyze memory accesses
statically because the binary doesn't have high-level
information, such as array, loop constructor, type, etc. In
addition, some values are specified at runtime, for
example, the size of image, the address of dynamically
allocated object, etc. To overcome the problem mentioned
above, we applied dynamic memory access analysis. As
mentioned in Section 3.1, the static translator generates
dependence test codes to analyze memory dependences at
runtime. The dynamic translator gives runtime values to
dependence test codes, and then they return memory
access patterns. According to the result access patterns,
the dynamic translator configures required token edges to
synchronize dependent memory accesses. Section 4
describes the memory access analysis in detail.
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Figure 4 Dynamic binary translator framework
iterations. Therefore, the reconfiguration occurs only at
the first execution in most kernels.

4. Memory Access Analysis
To prove that memory accesses in dataflow do not
have loop-carried dependences, we must discover
memory access regions accessed by memory operations.
A memory access region is a set of memory locations
accessed by a memory operation during the execution of a
hardware region. In the example code of Figure 3–(a),
access patterns are regular and monotonic; however, we
do not have enough compile-time information to discover
where the access region begins and ends in the memory
space.
To cope with discovering memory access regions in
the memory space, we make use of runtime values. In the
example code, important values such as the base address
of memory accesses and loop iteration count are constant
during the loop execution, although those values are
known at runtime. Values which remain constant in the
certain region of code are called runtime constants.

3.4. Dynamic Binary Translator
The dynamic translator controls the reconfigurable
hardware and test memory dependences by using
dependence test codes given by the static translator.
Figure 4 gives a block-view of the dynamic translator,
which has a netlist cache to store netlists for hardware
regions.
There are two kinds of overhead in dynamic
translation: dependence test and token edge
reconfiguration. Every time the dynamic translator
executes the hardware region, it runs the dependence test
code because it depends on runtime values. However, the
test code is small such that it just computes few integer
inequality equations and it is amortized by the loop
execution. This overhead can also be reduced by running
the hardware speculatively when input and output streams
are allocated to different memory banks, respectively.
The overhead of token edge reconfiguration occurs when
the test code find out dependent memory accesses during
the execution. In most kernels, dependences between
memory accesses are fixed statically. For example, the
input accesses and output access in mult32 code are
always independent, and two accesses in fir code always
have loop-carried dependence between immediate loop

4.1 Computing Runtime Constants
Computing runtime constants is similar to traditional
constant propagation and runtime constant propagation on
SSA [13]. It computes derived runtime constants for each
operation of dataflow, propagating the initial set of
runtime constants through the dataflow. The initial set
contains symbolic values which represent values stored in
registers and in the stack right before the entry of the
hardware region. The derived runtime constant is an
expression composed of constants, runtime constants, and
data operators.
The dataflow in Figure 3-(d) has three derived runtime
constants from the initial values of r7, r4, and r5. They
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are represented as c(r4), c(r5), and c(r7) and correspond
to the values of pointers and the loop count, respectively.
In the rest of paper, both runtime constants and compiletime constants are called constants.

A memory access region has a tuple to represent its
access range in the linear memory space. Given an
address expression, t1 + t2 + … + tn where ti is a term in
equation (1), an access range is defined to be a tuple of
lower bound and upper bound:

4.2. Recovering Memory Access Region
Compilers analyzing the memory access pattern in the
source level use loop constructors and closed-form
address expressions composed of induction variables and
loop invariants. After the high-level code is compiled into
the binary, such high-level information is spread on
multiple instructions, but still remains without a
significant loss of information. Accordingly, we can
recover memory access patterns by using traditional
analysis techniques, such as induction variable analysis,
variable range analysis, and access pattern analysis.
To analyze induction variables, we applied Wolfe's
analysis [14] and monotonic evolution [7]. The result of
induction variable analysis produces the tuples of
induction variables, each of which is defined to be {IV,
EV, STEP}. Elements in the tuple are expression defined
in constants, representing an initial value, an exit value,
and an increasing or decreasing step, respectively. While
the initial value is usually computed by constant
propagation, the exit value is computed by range analysis.
Range analysis performed on induction variables can be
used to find the loop count. The range analysis propagates
range information, focusing on branch instructions
because induction variables as loop indices are bound by
constant expressions at branch instructions. The exit
value has the value IV + STEP * loop count.
By applying runtime constant propagation and
induction variable analysis, we can obtain symbolic
address expressions for memory accesses and convert
each address expression into a sum-of-products form:

addr =

∑

m =1

f m ( i1 , i 2 ,..., i n ) + ∑ Expr C

n

n

k =1

k =1

(∑ min(t k ), ∑ max(t k ))

(2)

where min(tk) and max(tk) are computed by initial values
and exit values of induction variables.

4.3. Memory Access Cluster
In high-level languages, array references, each of
which accesses a distinct array, are not always dependent
on each other. Similarly, we classify memory accesses
into several clusters. A cluster is defined as a set of
memory accesses whose access ranges significantly
overlap. In other words, memory accesses in a clusters
access a common memory segment. The memory access
region of a cluster is computed joining all memory access
regions in the cluster. The access range of a cluster
containing n memory accesses is

∀k ∈ 0..n (min(LBk ), max(UBk )) (3)
where LBk and UBk are lower bound and upper bound for
kth memory access in the cluster. We classify memory
accesses which have the same base expression
symbolically into a cluster. Clustering begins by
partitioning terms in equation (2) into two parts: [base] +
[offset]. Our partition strategy in this paper is simple such
that the terms of runtime constant expressions and fk are
classified into the base expression, and only compile-time
constant expressions remain in the offset expression. This
lr

tk0

(1)
c0
c(r4)

where i1, i2, ..., in are induction variables. The function f is
defined on induction variables. ExprC is a constant
expression.
Equation (1) represents the access pattern of address
expression over loop iterations. Many parallelizing
compilers require the subscript of an array reference to be
an affine expression of loop invariants and loop indices
for analysis. In the similar reason, we require the function
f to be an affine expression composed of induction
variables and constants. If the function contains nonconstant elements or it is not an affine expression, we call
the term a complex term. Complex terms usually disturb
analyzing memory access patterns, which decreases the
amount of parallelism in the pipeline.
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Figure 5 Dataflow graph after memory access analysis
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approach generates small-sized clusters containing
memory accesses whose addresses are shifted by compiletime constants, such as a[i] and a[i+1]. Large clusters
require sophisticated array offset analysis, not only to test
intra-cluster dependence, but also to test inter-cluster
dependence.
Clustering reduces the overhead of the dependence test
at runtime because the dynamic translator just tests
whether clusters are dependent or not. For example, the
first loop of the idct code has 16 memory accesses, but
they can be classified into two clusters. Therefore, the
dynamic translator calls the dependence test code just
once.
Figure 5 shows the result of clustering. In contrast to
Figure 3-(d), memory accesses are classified into three
clusters, c0, c1, and c2 since memory accesses in the
example code have distinct base expressions, such as c(6)
+ (lr << 2), c(5) + (lr << 2), and c(4) + (lr << 2). Each
cluster has its own mu and eta operations for parallel
token flows. Intra-cluster token edges are represented by
dashed lines, and inter-cluster token edges are represented
by bold dashed lines.
To test if the three memory access regions for the
clusters are dependent, the static translator generates two
dependence test codes, each of which compares memory
access regions between c0 and c2 and between c1 and c2.
In the example dataflow, the dynamic translator detected
that all clusters are not dependent. Inter-clusters token
edges, therefore, were not configured.
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Figure 7 IPC (Instruction Per Cycle ) for pipelines
operations are one cycle. The multiplier has three result
latencies and one cycle issue latency. The hit latency of
the cache is two cycles. Control operations have latency
proportional to log(number of inputs). Four memory
accesses can be executed in a parallel fashion.
To compare the software execution and the hardware
execution, we used a SimpleScalar-Arm because our
ARM module is not cycle-accurate. The pipeline of
SimpleScalar was configured to be similar to the pipeline
of the ARM processor, and operation latencies are same
as the reconfigurable architecture.

5. Experiment Assessment
5.1. Experimental Setup
Our dynamic binary translator was executed on a
simulator for the platform of an ARM processor and a
reconfigurable architecture.
All benchmarks were
compiled by a GNU C compiler targeted to an ARM
processor. Our simulator was implemented in SystemC to
measure execution cycles on reconfigurable architecture.
The ARM module runs the result binary of the static
translator, and the reconfigurable architecture module
simulates the Pegasus representation with realistic timing
information, just as was done in [11]. The latency of ALU

5.2. Experimental Results
This section reports the preliminary results of the
memory access optimization on benchmark kernels. Table
1 shows the information of benchmark kernels from the
DSPstone benchmark suite [10] and TI DSP/Image
library [12]. They are typical signal processing
applications with abundant parallelism. For idct, we used
the first loop of two large-size loops. The second column
is the number of primitive operations in the loop of
binaries. The loop body of idct has a large number of
operations because many local variables are used to store
the result of computation temporarily, which leads the
compiler to generate many stack access instructions.
Figure 6 shows the speedup of synthesized pipelines
compared with the software execution. The bar labeled
unopt describes the speedup of pipelines when the
memory access optimization is not applied. All kernels

Table 1 Benchmark information
Kernels
wvec
fir
fir2dim
n_complex_update
DSP_mult32_c
img_sobel_c
img_idct_8x8_c

unopt
opt

12

No. of ops
13
11
44
36
27
51
633
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exhibit speedup compared to the software execution times
because they exploit the fain grain parallelism in the
dataflow. The result for idct is particularly interesting.
Although idct contains a lot of operations in the binary, it
shows a remarkable speedup. This is because stack access
operations are eliminated in the preprocessing, and the
computation pipeline has a high degree of parallelism.
The bar labeled opt shows the effectiveness of our
memory access optimization. Speedup to unopt bars
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fir. The speedup of fir is 1.15 because the dynamic
translator detected that two of the three memory access
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