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Abstract

Processing structures based on arrays of computational el-
ements form an important class of architectures, which in-
cludes field programmable gate arrays (FPGAs), systolic ar-
rays, and various forms of multicore processors. A wide va-
riety of design methods and tools have been targeted to reg-
ular processing arrays involving homogeneous processing el-
ements. In this paper, we introduce the concept of field pro-
grammable X arrays (FPXAs) as an abstract model for de-
sign and implementation of heterogeneous multiprocessor ar-
rays for signal processing systems. FPXAs are abstract struc-
tures that can be targeted for implementation on application-
specific integrated circuits, FPGAs, or other kinds of recon-
figurable processors. FPXAs can also be mapped onto multi-
core processors for flexible emulation. We discuss the use of
dataflow models as an integrated application representation
and intermediate representation for efficient specification and
mapping of signal processing systems on FPXAs. We demon-
strate our proposed models and techniques with a case study
involving the embedding of an application-specific FPXA sys-
tem on an off-the-shelf FPGA device.

1 Introduction
FPGA technology is widely used in the implementation

of signal processing systems. This technology has evolved
rapidly to incorporate hard and soft processor cores, em-
bedded memory structures, and specialized hardware subsys-
tems [13]. A variety of useful design tools and mapping
techniques have been developed for mapping signal process-
ing applications into efficient FPGA implementations (e.g.,
see [11, 8]).

However, the application and exploitation of heteroge-
neous hardware structures in the context of FPGA system de-
sign remains largely ad hoc, and the usability of commercial

tools in this area is limited, with a lack of rigorous integration
between high level abstract modeling, and back-end simula-
tion and synthesis.

In [12], a design methodology called dynamic hard-
ware/software partitioning is proposed for a heterogeneous
system that is composed of an FPGA and a microprocessor.
In this approach, the FPGA is employed as a coprocessor
to speed up computationally intensive loops, and the config-
urable logic fabric in the FPGA is used to support combina-
tional circuits. In [9, 4], another kind of heterogeneous plat-
form is targeted. This type of platform consists of a proces-
sor, bit-level reconfigurable part (FPGA), and word-level re-
configurable part, called Field Programmable Function Array
(FPFA) tiles. FPFAs are build from FPFA tiles to acceler-
ate intensive computations such as linear interpolation or fast
Fourier transforms. Each FPFA tile is composed of ALUs and
lookup tables.

We are concerned in this paper with a class of hetero-
geneous multiprocessor architectures, which we refer to as
field programmable X arrays, (FPXAs). Like FPGAs, FPXAs
can be viewed as arrays of configurable processing elements;
however, in FPXAs the elements themselves can be arbitrary
(typically coarse-grain) structures. Thus, the X in “FPXA”
represents an arbitrary, possibly heterogeneous, collection of
processing elements and memory subsystems, which are se-
lected during the definition of a given FPXA architecture

2 FPXA Architecture
As discussed, an FPXA architecture is a collection of (pos-

sibly heterogeneous) processing elements (PEs), arranged in a
grid and interconnected with a hardware-programmable rout-
ing network to provide post-fabrication flexibility. FPXAs
will use the Globally Asynchronous, Locally Synchronous
(GALS) model for design simplicity; inter-clock synchroniza-
tion occurs only where a PE interfaces with the routing net-
work. The communication network itself is a configurable
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grid of horizontal and vertical circuit-switched (i.e., FPGA-
like [1, 7]) routing; the amount of routing is implementation-
dependent, guided by structure vectors, which are discussed
below. Unlike FPGAs, data is routed as complete words
on bundles of wires rather than individual bits on individual
wires.

PEs in an FPXA communicate with the routing network
through first-in-first-out (FIFO) buffers, to match the dataflow
design paradigm. Each FIFO supports dual-clocks and pro-
vides synchronization to match the GALS design paradigm.
An individual PE may have several FIFOs, some used for in-
puts, others for outputs. The “outside” of the FIFOs will con-
nect to the wire bundles of the routing network through pro-
grammable multiplexers (for PE input FIFOs) or demultiplex-
ers (for PE output FIFOs). Each wire bundle has an associated
set of handshaking signals to indicate data availability and
optionally, to provide backpressure for explicit buffer over-
flow prevention. For subsystems in which dataflow behav-
ior is predictable, we will apply techniques for compile-time
buffer analysis and self-timed, synchronization optimization
to minimize the use of point-to-point backpressure synchro-
nization [5, 10].

An example of an FPXA in shown Figure 1(a). This ex-
ample illustrates that FPXAs can have non-uniform spacing
between successive rows and columns (e.g., to accommo-
date heterogeneous-sized processing structures across differ-
ent parts of the array).

Figure 1(b) shows an example of an FPXA architecture
with hierarchical structures for cells and routing channels.
This allows for FPXA-based design and analysis techniques
to be incorporated within individual FPXA cells (i.e., to pro-
vide similarly structured interconnections of smaller scale
processing resources).

To define a two-dimensional FPXA architecture precisely,
four structure vectors are defined to compactly represent the
architecture of an FPXA: XPE , YPE , Xchannel and Ychannel .
The vectors XPE and YPE define the sizes (i.e., lengths and
widths) of the PEs and define the number of PEs for the target
FPXA architecture. The vectors Xchannel and Ychannel define
the capacities of the routing channels and indicate the num-
bers of switches associated with connections between PEs and
the routing network. The X and Y structure vectors corre-
spond to the horizontal and vertical axes, respectively, for the
layout of PEs. Vector indices within structure vectors are used
to identify specific rows and columns of the associated FPXA.
For example, assuming the capacity of all channels is uniform
at one unit, a possible structure vector representation for the
FPXA architecture shown in Figure 1(a) is given below.

XPE = (1, 1, 2.5, 1, 1, 1.5, 2)

YPE = (1, 1, 1.5, 1, 1, 1, 2, 1)

Xchannel = (1, 1, 1, 1, 1, 1)

Ychannel = (1, 1, 1, 1, 1, 1, 1)

In this example, the length and width of the PE located at
coordinates (3, 7) can be retrieved from XPE [3] and YPE[7],

and the size of the PE can be derived as (2.5 × 2 = 5).
We define the norm of the structure vector, ‖XPE‖, as the

number of elements in the vector. Using this notation, the
total number of the PEs in our example can be represented as

‖XPE‖ × ‖YPE‖ = 7 × 8 = 56. (1)

Furthermore, the total size of all PEs can be derived as
the sum of the elements in the matrix that is generated by
the cross product (XPE

T × YPE ). This can be expressed as
sum(XPE

T ×YPE ), where the sum operator here represents
the sum of all elements in a given matrix.

The Xchannel and Ychannel vectors can be used in simi-
lar ways to extract information about the routing channels.
For example, the size of the switch that connects the four
PEs located at (1, 6), (1, 7), (2, 6), and (2, 7) is defined by
Xchannel [6] and Ychannel [1], and the total number of switches
in the FPXA is

‖Xchannel‖ × ‖Ychannel‖ = 6 × 7 = 42. (2)

The total size of all switches can be computed as
sum(Xchannel

T × Ychannel ). To determine the sizes of
the routing channels, we compute the sizes of the verti-
cal and horizontal routing channels separately. For the
vertical routing channels, this size can be computed as
sum(Xchannel )×(sum(YPE )+sum(Ychannel )); for the hor-
izontal routing channels, the size can be computed similarly
as sum(Ychannel ) × (sum(XPE ) + sum(Xchannel)).

If structure vectors are determined beforehand, then the
relative placement of PEs within an FPXA is determined
based on these vectors. The mapping of PEs to actual compo-
nent types (processor cores or memory subsystems) and the
specific types of routing components that are used are then
constrained by the dimensions of the associated coarse grain
“cells” within the FPXA. Based on the concept of cell-based
design flow, specific components are selected and bound to
FPXA cells from pre-defined libraries of FPXA PEs and rout-
ing modules.

On the other hand, an FPXA designer or synthesis flow
may first determine the desired collection of processing, stor-
age, and routing components and their placement within the
targeted FPXA. The structure vectors are then be determined
by this placement, and used to help annotate application map-
ping and other follow-on design processes.

Figure 2 illustrates an overall design flow for FPXA-based
design. The dashed line indicates considerations that need
to be take into account jointly, and the feedback arrows indi-
cate iterative refinement of the FPXA architecture. To support
such a design flow and exploit the structure of FPXA designs,
we describe in Section 3 an approach to FPXA modeling that
can be used as a basis for functional simulation, performance,
analysis, and modeling of alternative application-architecture
mappings.

In this paper, we develop FPXA concepts in the context
of two-dimensional integrated circuit technology. However,
FPXA concepts can be extended readily to three-dimensional
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Figure 2. A design flow for FPXA development.

design. For implementation in 3D technology, we can extend
the structure vectors with two additional vectors — ZPE and
Zchannel — to capture the added spatial dimension. Explo-
ration of FPXA architectures and design techniques for 3D
technology is an interesting direction for further investigation.

3 FPXA Modeling
In this section, we develop a model called the FPXA graph

to represent the mapping of an application onto an FPXA
architecture. The original application model is assumed to
be based on dataflow semantics, which are widely used in
the design and implementation of signal processing systems
(e.g., see [2]). The FPXA graph is also formulated in terms
of dataflow principles, and thus the FPXA graph provides a
formal representation that captures relevant characteristics of
application-architecture interactions in a candidate FPXA im-
plementation.

In this discussion, we refer to the dataflow representa-
tion of the signal processing application to be implemented
as the application graph. Examples of a simple application
graph and an FPXA architecture, along with associated FPXA
graphs are shown in Figure 3(a). A wide variety of efficient
techniques for analyzing and optimizing signal processing
dataflow graphs have been developed, and the FPXA graph

provides a framework by which some of these techniques can
be adapted for FPXA implementation.

The vertices (actors) in an FPXA graph correspond to ac-
tors in the corresponding application graph. When construct-
ing an FPXA graph, it is assumed that each actor from the
application graph has been mapped to a specific PE in the
target FPXA. The location of the corresponding PE is anno-
tated along with each actor in the FPXA graph, as shown in
Figure 3(b), and Figure 3(c). In addition, for each pair of
application graph actors that is connected by an edge in the
application graph, communication costs can be annotated on
corresponding FPXA graph edges. Similarly, attributes such
as timing and power consumption characteristics can be anno-
tated on FPXA actors to link such actors to relevant dataflow
graph analyses.

The FPXA graph allows more than one actor to be mapped
onto the same PE if the target PE has sufficient resources to
accommodate all of those actors. For example, Figure 3(c)
illustrates an FPXA graph where actors B and C are mapped
to the same PE.

4 Experiments
We demonstrate a prototype of an FPXA architecture in-

stance on an FPGA (Xilinx Virtex-5 XC5VLX330FF1760-
1) with the Viterbi decoder application. We use the Xilinx
PlanAhead [14] tool and the associated Pblock feature as cen-
tral part of this prototyping process. A Pblock in the Xil-
inx PlanAhead tool can be viewed as a design construct that
allows one to partition an FPGA design into “smaller, more
manageable physical blocks.”

In our design context, each Pblock is configured to be
empty or to accommodate a single PE. Each PE in turn
is implemented as a collection of configurable logic blocks
(CLBs). For simplicity, we normalize the length and width
of the FPGA such that sum(XPE ) and sum(YPE ) are both
equal to 1. Also, we fix Xchannel and Ychannel since the
channel capacities and switches in targeted FPGA are fixed
already. The structure vectors are defined as
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To demonstrate the use of this FPXA substrate, we map a
Viterbi decoder to the architecture. The application is mod-
eled using VSDF (Synchronous Data Flow for VLSI) seman-
tics [6]. The application model is illustrated in Figure 4,
where actor bm computes and normalizes the branch metric;
actor b acs chooses the survivor path; and actor reg ex stores
the outcome.

5X

Y 1

2

3

4

FPXA

bm reg_ex

Viterbi decoder

b_acs

1 2 3 4

Figure 4. Viterbi decoder and targeted FPXA
architecture.

We consider two constraints when mapping the Viterbi de-
coder onto the targeted FPXA architecture: 100% PE utiliza-
tion, and a timing constraint of 100 MHz. We consider three
FPXA floorplans, as shown in Table 1. Here, each floorplan
specifies the location of actors bm , b acs , and reg ex in the
format (x, y), which is in terms of the structure vector nota-
tion introduced in Section 2.

From the results of synthesis, we can quickly check
whether or not the PE utilization constraint is satisfied. For
floorplan fp1, the LUT, FD LD, SLICEL and SLICEM uti-
lizations of actor reg ex are 154%, 151%, 184% and 184%,
respectively. Following the design flow shown in Figure 2, we
try fp2 due to the violation of the utilization constraint in fp1,
and in deriving fp2 we map actor reg ex to a lager PE.

However, after synthesis, we find that for fp2, the timing
of the critical path is 10.088 ns, which violates the 100 MHz

(10 ns period) timing constraint. In an effort to satisfy both
of the given constraints, we revise the mapping to the one
represented by fp3.

The synthesis result for this third mapping shows that the
timing for the critical path is 9.05 ns, and all utilization lev-
els are below 100%. The result thus confirms that our FPXA
architecture is capable of accommodating the Viterbi decoder
application under the given constraints, and provides a spe-
cific FPXA configuration that achieves the constraint.

The physical views of the candidate floorplans fp2 and fp3
are illustrated in Figure 5.

Table 1. Analysis of three alternative FPXA
floorplans for the Viterbi decoder.

bm b acs reg ex utilization timing (100 Mhz)
fp1 (5,4) (1,4) (1,1) fail N/A
fp2 (5,4) (1,4) (1,2) pass fail
fp3 (2,4) (1,4) (1,3) pass pass

(a) FPXA floorplan fp2. (b) FPXA floorplan fp3.

Figure 5. Physical views of floorplans.

5 FPXA Design Methods
In this section, we discuss important directions for fur-

ther investigation in applying the FPXA abstraction to de-
velop novel system-level design tools. These directions in-
clude memory system synthesis, dynamic resource binding,
and mapping high level dataflow graphs onto FPXA plat-
forms.
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The memory system is often the most limiting perfor-
mance constraint for embedded computing systems. Insuf-
ficient attention has been paid in the literature to the synthe-
sis of custom memory systems. Building a memory system
out of a library of memory components as in an FPXA is
harder than in the custom SoC case where memory compo-
nents can be designed to more precise specifications. Memory
system synthesis builds a memory subsystem from a collec-
tion of memory and network components. Given the impact
of memory system behavior on performance, a useful direc-
tion for further work is the exploration of FPXA synthesis
methodologies that perform memory system allocation before
scheduling, followed by iterative improvement over the allo-
cation/scheduling procedure.

Dynamic resource binding based on the FPXA abstraction
is another interesting direction for future investigation. When
it is not possible to use true dynamic retargeting of code to
the heterogeneous FPXA components, this behavior can be
approximated using static partitioning and compiling, but dy-
namic binding of computation to resource [3]. We can stat-
ically partition applications, and identify code that is well-
suited to the different resource types. Ideally, this partitioning
will identify code segments that are suitable for implementa-
tion each on multiple FPXA resource types. Each section is
then compiled (at design time) for each resource on which it
may execute. At runtime, an individual system will dynam-
ically choose how to implement the computations, based on
resource availability, resource demand, performance require-
ments, energy concerns, or other criteria. This method also al-
lows applications to be platform-agnostic, provided that each
FPXA on which it will execute contains a resource type able
to execute at least one version of each computation.

A third general area for investigation is the mapping of
high level dataflow representations onto FPXA platforms, us-
ing intermediate representations such as the FPXA graph de-
fined in Section 3. As discussed in Section 3, dataflow graphs
are used extensively in the design and implementation of
signal processing systems, and a wide variety of techniques
have been developed for mapping signal processing dataflow
graphs onto various kinds of platforms (e.g., see [2]). How-
ever, the heterogeneity, coarse grain processing element struc-
ture, and self-time routing network characteristics of FPXAs
present novel challenges and opportunities for dataflow graph
mapping techniques.

6 Conclusions
In this paper, we have developed an abstract model called

field programmable X arrays (FPXAs) for design and imple-
mentation of signal processing applications on heterogeneous
platforms. The FPXA concept defines a broad class of archi-
tectures, where heterogeneous collections of processing re-
sources and self-timed communication channels can be con-
figured and utilized based on the given set of targeted appli-
cations, and implementation constraints. We have also intro-
duced structure vectors and FPXA graphs as ways of repre-
senting FPXA implementations for convenient, compact mod-

eling and connection to dataflow graph analysis, respectively.
Using a Viterbi decoder, we have demonstrated the prototyp-
ing of FPXAs on off-the shelf FPGA devices, and we have
also provided a simple demonstration of iterative, constraint-
driven FPXA design space exploration. Finally, we have mo-
tivated in some detail a number of useful directions for future
work, which include the exploration of FPXA design tools
for memory system synthesis, dynamic resource binding, and
dataflow graph mapping.
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