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Reconfigurable computing architectures are commonly used for accelerating applications and/or for
achieving energy savings. However, most reconfigurable computing architectures suffer from computa-
tionally demanding placement and routing (P&R) steps. This problem may disable their use in systems
requiring dynamic compilation (e.g., to guarantee application portability in embedded systems). Bearing
in mind the simplification of P&R steps, this paper presents and analyzes a coarse-grained reconfigurable
array (CGRA) extended with global multistage interconnect networks, specifically Omega Networks. We
show that integrating one or two Omega Networks in a CGRA permits to simplify the P&R stage resulting
in both low hardware resource overhead and low performance degradation (18% for an 8 � 8 array). We
compare the proposed CGRA, which integrates one or two Omega Networks, with a CGRA based on a grid
of processing elements with reach neighbor interconnections and with a torus topology. The execution time
needed to perform the P&R stage for the two array architectures shows that the array using two Omega Net-
works needs a far simpler and faster P&R. The P&R stage in our approach completed on average in about 16�
less time for the 17 benchmarks used. Similar fast approaches needed CGRAs with more complex intercon-
nect resources in order to allow most of the benchmarks used to be successfully placed and routed.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Reconfigurable computing architectures are becoming increas-
ingly important in embedded and high-performance computing
systems [1–3]. The dominant reconfigurable fabrics are the
Field-Programmable Gate Arrays (FPGAs) [4], well-known by their
flexibility to prototype digital circuits and entire systems, and to
implement from application-specific architectures to common
microprocessors (e.g., as softcores). Contemporary FPGAs provide
fine-grained hardware resources, arithmetic units, and distributed
memories [5]. Recently, FPGAs have been thought as a technology
avenue for implementing a myriad of different architectures such
as traditional microprocessors, VLIW-based architectures [6], sys-
tolic arrays [7], and coarse-grained reconfigurable arrays (CGRAs)
[8,9]. In fact, FPGAs promise to reshape the computer architecture
landscape by providing hardware resources that can be used to
employ the best architecture for a section of an application, a par-
ticular application, or even a specific domain.

CGRAs are valuable extensions to microprocessors for many
applications. They can be used to accelerate applications or to
ll rights reserved.
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reduce overall energy consumption [10]. There have been several
proposed CGRAs, both in academia [11–14] and in industry [15].
CGRAs are mainly based on a matrix of processing elements (PEs)
seconded by routing resources.

Besides the manufacturing of a reconfigurable fabric with a
CGRA architecture [16] or the manufacturing of a System-On-a-
Chip (SoC) including a CGRA as a system component [17], CGRAs
can be also used as softcores implemented by the fine-grained
hardware resources of FPGAs. This kind of implementation has
demonstrated to be an efficient option as it can be able to achieve
speedups over embedded microprocessors and also over desktop
microprocessors running at high-frequencies. As an evidence of
this, e.g., the work in [9] presents speedups for a number of appli-
cations ranging from 115 to 298 and from 7 to 16 over an embed-
ded processor and over a desktop processor, respectively. Another
advantage of using CGRAs is the fact that they allow a mesh-based
interconnect programmable layer on top of the FPGA, with regular
structure, with placement and routing pre-optimized, and without
requiring subsequent modifications. Based on this, one can achieve
comparable performance for the implementations obtained by
mapping well-known digital signal processing algorithms (most
regular) into this layer (i.e., the one provided by the CGRA struc-
tures on top of the FPGA resources) when compared to implemen-
tations obtained by high-level synthesis [18]. Note that the
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application-specific architectures generated by high-level synthe-
sis tools, at a first glance would be expected to achieve higher per-
formance, may suffer from non-optimal P&R and from long
interconnections and irregular structures [19].

The possibility to efficiently and dynamically map computa-
tions on FPGAs in general, and CGRAs in particular, is foreseen as
a feature needed for the acceptance and success of those architec-
tures in the embedded computing domain. In most embedded sys-
tems, applications’ portability is very important and is commonly
ensured by virtual machines, just-in-time (JIT) compilers, and dy-
namic binary translation. However, typical CGRAs (e.g., ADRES
[14], XPP [15]) need computationally demanding P&R steps (albeit
being simpler than the P&R steps of FPGAs). Those steps make dif-
ficult the use of reconfigurable computing architectures in JIT com-
pilation environments. Thus, in order to dynamically compile
segments of an application to CGRAs, the P&R steps need to be sim-
plified. To be successful, we believe, this simplification needs to
rely in both architectural support and algorithm simplification.
One of the hypothetical possibilities would be to extend a CGRA
with routing resources that allow to directly connect every two
PEs. In this case, placement can be reduced to the assignment of
instructions to the PEs (without location awareness) supporting
the operations involved, and routing is also simplified. However,
this reach interconnect possibility is inefficient and impractical
for CGRAs with many PEs.

In this paper we propose a novel solution that includes a CGRA
architecture with local interconnections between neighborhood
PEs and global interconnections allowed by multistage intercon-
nect networks [20], specifically Omega Networks [21]. Our ap-
proach, as most CGRAs, relies on a compile/mapping time step to
generate the configurations that define the placement of operations
and the routing between PEs. During execution of the computations
in a configuration, data flow through the routing paths ‘‘statically’’
defined by the mapping. Thus, we are not addressing CGRAs with
the capability to do dynamic routing. A first version of the architec-
ture has been presented in [22]. Our proposed architecture allows a
fast P&R, with polynomial computing complexity and memory
usage efficiency. It permits to achieve light dynamic P&R steps
and permits a dynamic dispatch approach possibly without analyz-
ing large instruction windows to achieve efficient results. The main
contributions and results presented in this paper are:

� A novel CGRA using Omega Networks to achieve a low-cost glo-
bal network is proposed. An analysis and study of the perfor-
mance and the hardware resources overhead are presented for
this novel CGRA.
� A simplified P&R algorithm, with polynomial complexity, is pre-

sented for the CGRA proposed. The simplified P&R and the novel
CGRA topology allowed, on average, the mapping of dataflow
graphs in 16� less execution time than using a grid-based CGRA
with a reach interconnect topology.

This paper is organized as follows. Section 2 introduces the
main concepts related to CGRAs and multistage interconnect net-
works, and the motivation behind our work. Section 3 describes
our approach using CGRAs with Omega Networks and presents
the P&R algorithm for the proposed CGRA. Section 4 presents
experimental results and Section 5 describes related work. Finally,
Section 6 draws some conclusions.
PE PE PE PE

Fig. 1. A 2-D Grid-based CGRA with PEs with four inputs and four outputs, and
considering neighborhood and torus connections (not all shown).
2. Background and motivation

Before introducing our approach, we briefly present in this sec-
tion the main properties of coarse-grained reconfigurable arrays
(CGRAs) and of multistage interconnection networks (MINs).
2.1. Coarse-grained reconfigurable architectures

CGRAs mainly consist of a set of processing elements (PEs) con-
nected with a certain interconnect topology. Each PE is associated
with one or more functional units (FUs) which are responsible for
performing a number of operations (including arithmetic, logic,
and special operations to deal with conditional branches). CGRAs
support both spatial and temporal computations and fulfill high
degrees of parallelism (e.g., from operation- to task-level).

Different interconnect topologies have been proposed for
CGRAs [1,14,15,23]. For instance, grid topologies form a 2-D array
of PEs with neighborhood connections between them (as illus-
trated in Fig. 1). Each PE includes hardware structures to allow
the connection of each input port to an operand of the FU and each
output of the FU to an output port of the PE. More complex PEs may
also include interconnect resources to route inputs directly to the
outputs without passing through the FU [14].

An example of a 2-D Grid is depicted in Fig. 1. It uses 4/4 (uni-
directional inputs/outputs) PEs and a torus topology. Each PE re-
ceives as inputs the signals from north (N), east (E), west (W)
and south (S). These inputs are connected to the FU using a multi-
plexer for each FU operand, and the FU result is connected to the PE
outputs directly or passing through multiplexers. In the presence
of PEs which consider all the routing possibilities, four multiplex-
ers are needed as shown in Fig. 2(a). These multiplexers ensure
that the output of the FU and the inputs of the PE are able to reach
each of the PE outputs. A simpler option, depicted in Fig. 2(b), re-
duces the number of output multiplexers by only allowing that
the PE outputs come from the output of the FU. In this latter case,
the connection between an input to an output of the PE is achieved
by a bypassing operation in the FU. In this case, however, the PE re-
sources are solely used for routing and without the possibility for
being used for both, i.e., routing and operation. In addition, when
using this limited routing internal structure only a single PE input
can be connected to the PE outputs. There are, however, other pos-
sibilities between the two PE internal routing structures illustrated
in Fig. 2(a and b). Also note that each PE usually has its outputs
registered.

In practice, 2-D CGRAs have been enriched by more neighborhood
and non-neighborhood interconnections. Previous work has shown
that PEs with eight inputs and eight outputs, and interconnect topol-
ogies using 1-hop (interconnect resources able to connect directly
one PE to non-neighborhood PEs), achieve the best placement and
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Fig. 2. PEs with four inputs and four outputs: (a) interconnect resources to connect the PE to other PEs (e.g., the neighbors in the grid) and to permit the routing of inputs
directly to one or more of the outputs; (b) a simpler PE without including routing of inputs to outputs, unless they pass through the FU.
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routing (P&R) results [14,23]. However, when a 1-hop routing PE
with eight-inputs/eight-outputs is considered, the associated cost
might be too high, e.g., requiring ten 8:1 multiplexers per PE.

The use of the internal routing resources in each PE of the CGRA
(illustrated with the two examples in Fig. 2) affects its maximum
clock frequency and the hardware resources used. Fig. 3 shows re-
sults when mapping PEs with different number of input/outputs.
We show normalized results to the maximum clock frequency
and to the number of LUTs used by the FU itself. The target for this
study was a Xilinx Virtex-5 FPGA. This study shows that it is not a
good approach to increase too much the number of input/outputs
for maintaining the possibility to route internally the inputs to the
outputs of the PE, e.g., for a 4/4 PE and for an 8/8 PE we may need
1.7� and 2.6� more hardware resources between the simpler and
the more complex PE of Fig. 2, respectively.

At a certain point, one needs to make a trade-off between the
overhead needed by richer interconnect resources and the com-
plexity of the P&R stage. An ideal routing topology would make
Fig. 3. The effect of the number of input/outputs of the PE in the hardware
resources needed and in the maximum clock frequency achieved (normalized
values).
possible that each PE could directly connect with zero or low-cost
overhead to any other PE in the CGRA. This routing topology would
make an easy and fast P&R stage. However, such rich interconnect
topologies have in practice high and usually unacceptable costs.
For instance, a full crossbar has a high connectivity and could be
one such option, but its area cost of O(N2) prevents its use for typ-
ical CGRA sizes. In another extreme of the spectrum of interconnect
resources is the bus. Buses have been used in many CGRAs [1] and
augment the interconnect resources with lines that can connect
one source PE (from multiple PEs) to one or more destination
PEs. Note, however, that the use of buses in typical PEs is defined
during the placement and routing and there are not time-multi-
plexed routing paths during the same configuration (bitstream),
i.e., in each configuration each bus is defined to perform an inter-
connect pattern. To simplify the mapping and the execution pro-
cess, most CGRAs are configured to execute the current
application without generically considering the time-multiplexing
of hardware resources such as buses. Thus, some architectures
need to use several buses to maintain routing capacity at high lev-
els. As long lines can be expensive resources (especially when tar-
geting to FPGAs), segmented lines are usually used because they
allow a lower cost solution. We propose in this paper an interme-
diate solution, which takes advantage of multistage interconnec-
tion networks.

Although one can think about CGRAs where the routing paths
are defined and adapted dynamically, our approach addresses
CGRAs with all the operations on the PEs and the routing paths de-
fined during the mapping and programmed by each configuration.

2.2. Multistage interconnection networks

A realistic possibility, proposed and analyzed in this paper, is to
diminish the number of possible interconnections by using multi-
stage interconnection networks (MINs) [20]. MINs offer a good
cost/connectivity balance and are an intermediate solution for glo-
bal routing, much cheaper than crossbars. They consist of a number
of input/output terminals and stages of switches (also called inter-
change boxes). Each stage contributes to the global routing of the
inputs to the output terminals.

MINs are networks with N inputs and N outputs and composed
by M switch stages (see Fig. 4(b)). The more common switches are
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Fig. 4. Examples of Omega MINs: (a) 4 � 4 and (b) 8 � 8.

Fig. 5. 2 � 2 Interchange boxes (switches) and the possible connections: straight,
crossover, upper broadcast, and lower broadcast.
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the 2 � 2 switches shown in Fig. 5. The MINs using these switches
are usually known as radix-2 MINs. In this case, and being N de
number of inputs of the network, MINs have a hardware resource
cost of O(N � Log2(N)). Most MINs consider for N, power of two val-
ues, with M ranging from Log2(N) to 2 � Log2(N) [24–26]. MINs in-
clude N/2 switches per stage resulting in a total of switches from
S = N/2 � Log2(N) to S = N � Log2(N). Note that it is possible to build
MINs with larger switches, such as 4 � 4 switches (i.e., radix-4
switches). In this case the number of stages decreases, but the
complexity of each switch is higher.

Although the 2S possible permutations and N! possible allowed
connections1 for a number of stages equal to M = Log2(N) and S = N/
2 �M switches, the MIN connectivity is restricted. According to the
connections to route, path and output port contentions/conflicts may
exist. These MINs are classified as blocking networks, and some in-
put/output permutations are not possible to co-exist. In these block-
ing networks, each input/output connection has a unique path [4]
and the intermediate switches can be shared by paths.

However, a MIN with 2 � Log2(N) stages can be a rearrangeable
non-blocking, and in this case it is possible to rearrange some con-
nections to solve the routing conflicts. For instance, a Benes net-
work [27,28] is an example of a rearrangeable non-blocking
network. An intermediate solution is to extend a MIN with K addi-
tional switch stages. In this case, the network has Log2(N) + K
stages, where 0 6 K 6 Log2(N) [26]. When K = 0, the MIN has a min-
imum cost and delay, but it is still a blocking network. When
K = Log2(N), the area cost and the delay/latency double, but the
connectivity is significantly higher. An acceptable trade-off can
be obtained using low values of K.

MINs have been extensively explored over the past years [29].
They have been used in many application domains such as SIMD
and MIMD parallel machines, ATM switches, and more recently
new reconfigurable fabrics [30], and large cluster-based supercom-
puters [31]. Although it is clear that MINs can be efficiently imple-
mented at layout level [32], their efficiency when implemented by
FPGA resources was not clear. We also analyze in this paper this
efficiency.
1 Note that for N terminals we have NN possible connections.
MINs are bit permutation networks, where the connections be-
tween two stages are based on bit operations. MINs differ in the
interconnect pattern used between stages. There are various exam-
ples of MINs [20]: Baseline, Banyan, Benes, etc. A particular case of
MINs using a Perfect Shuffle interconnect pattern and using
switches with only straight and crossover operations (see Fig. 5)
are the Omega Networks [21]. Examples of 4 � 4 and 8 � 8 Omega
Networks are illustrated in Fig. 4. An Omega Network uses a
circular rotate-left for the bit permutation, e.g., the line 5 (1 0 1)
in the output of stage i is connected to line 3 (0 1 1) of the input
stage i + 1.

An important characteristic of the MINs is the fact that routing
can be accomplished with algorithms with complexity N � log2(N)
[33,34]. Another important characteristic of most blocking MINs is
their self-routing property, i.e., the local routing decision in each
cell is done only based on the binary representation of the address
of the target output port. Omega MINs exhibit these characteristics
and permit a very easy routing scheme based on SHIFTs by pre-de-
fined constants and AND operators. This is an important aspect for
CGRAs, because we can include specific hardware for dynamically
routing through the MIN. Note, however, that although this is one
of the properties that strained us to select the Omega as the MIN
for our CGRAs, extending MINs with hardware to support dynamic
routing is out of the scope of this paper. Even thought that MINs
such as Baseline and Butterfly have been considered topologically
and functionally equivalent [35] and could be used in our approach
as well, their routing scheme involves bit insertion operators.

Omega Networks are blocking. Thus, it may be impossible to
connect two different input/output pairs at the same time. Con-
sider a 4 � 4 Omega Network and three connections needing rout-
ing: 3 ? 1, 0 ? 2 and 2 ? 3, as shown in Fig. 6(a). After
successfully routing 3 ? 1 and 0 ? 2, one can see that the routing
of connection 2 ? 3 needs to use resources already used by the
routing of connection 0 ? 2, thus producing a conflict. Using this
Omega Network we are only able to route at the same time the
connection 0 ? 2 or the 2 ? 3 and not both. Fig. 6(b) shows how
an extra stage (K = 1) resolves the conflict illustrated in Fig. 6(a)
and allows the routing of the three connections.

The calculation of the routing capacity of a MIN with extra
stages (K > 0) is a complex problem [36]. As the number of possible
permutations grows faster (N!), we study here the routing capaci-
ties of Omega MINs by using sets of sample permutations. Fig. 7
shows the percentage of successfully routed connections (i.e.,
without conflicts) over a sample of 108 permutations considering
Omega MINs with N terminals (N inputs and N outputs). We pres-
ent percentages of successfully routed connections for different
Omega MINs considering the inclusion of 1, 2 and 4 extra stages
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Fig. 6. Congestion in a 4 � 4 Omega, multistage interconnect network (MIN): (a) with two stages and a routing congestion; (b) with three stages without the previous routing
congestion.
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(i.e., K = 1,2,4), and the individual percentages achieved when con-
sidering a maximum of 108 possible connections using 25%, 50%,
75% and 100% of the terminals of the network.

As expected, the routability increases as K increases and as the
number of possible connections decreases. The inclusion of an
additional Omega MIN and extra stages (1, 2 and 4) greatly in-
creases the connections successfully routed. As an example, for
an Omega MIN of 64 terminals (64 � 64) and considering 50% of
terminals used (32), we increase from 57% to 92% the percentage
of connections routed by using two 64 � 64 Omega MINs with
one extra stage in each one (seven stages) instead of using only
one 64 � 64 Omega MIN with 10 stages. An important conclusion
of these results is the fact that with two Omega MINs with two ex-
tra stages each one, and considering the use of half of the terminals
at the maximum, we obtain high percentages of successful routing
connections, even for Omega MINs very large (256 terminals). For
solutions requiring less than 30% of the Omega MIN terminals, this
approach guarantees almost 100% of routability. As the results pre-
sented will show (cf. experimental results), this 30% is enough for
the benchmarks we have evaluated.

The work presented in this paper extends CGRAs with global
MINs, in particular Omega Networks, in order to reduce the P&R
complexity. Although MINs can be used in the context of dynamic
routing, the work presented in this paper considers that the MINs
are used to implement a set of routing paths in a configuration and
this set does not change during the use (execution) of the configu-
ration. Thus, the blocking property of the Omega Networks may
prevent some routing paths, but this is dealt during compilation,
more specifically, during placement and routing. The congestions
that have been referred are considered during placement and rout-
ing performed prior to the generation of the bitstreams that will be
part of a particular configuration.

To the best of our knowledge, this is the first work analyzing
both the use of global Omega Networks in 2-D CGRAs in terms of
area and delay overhead and in terms of the complexity of the
P&R. The following section presents the proposed CGRA.
3. Coarse-grained reconfigurable array plus Omega Networks

As already referred, previous work on CGRAs proposed the use
of global buses, line and/or column buses, inter-cluster or crossbar
networks [5], as routing resources to achieve successful routing on
2-D arrays. Buses have inherently low cost, but to solve congestion
problems may require time-sharing of resources and scheduling.
To reduce the complexity of the type of interconnect resources
needed, to enrich the routing possibilities and the associated P&R
algorithms, we propose a hybrid solution with only two types of
resources for local and global interconnects, respectively.
3.1. Architecture

While most previous CGRAs addressed PEs with routing re-
sources (see, e.g., [14,23,28]), our proposed CGRA simplifies the
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PE. By using MIN structures for achieving global connections be-
tween PEs, we do not need, regarding routing local support, the
PE complexity exhibited in Fig. 2(a). In fact, our approach allows
the use of PEs as the one presented in Fig. 2(b), which represent
the extremity of the spectrum regarding the internal routing com-
plexity of the PE. This type of PE uses only two FU multiplexers,
and no bypass routing is included (i.e., direct routing from inputs
to outputs of the PE). By doing so, we achieve PEs faster and with
less hardware resources.

The use of MINs as depicted in Fig. 8(a) gives to the CGRA a rich
interconnect structure by allowing connections between PEs
through the MINs. Specifically, non-local routing (i.e., routing be-
tween non-adjacent PEs) is performed through the MINs. Note,
however, that the use of MINs does not prevent CGRAs to use
e.g., 1-hop connections (this may minimize the use of MINs).

To decrease routing conflicts and thus making possible to P&R
as many as possible kernels with a simple P&R algorithm, we pro-
pose to use more than one MIN, each one with extra stages.
Fig. 8(b) illustrates the use of two MINs and their connections to
the PEs of a CGRA. Although MINs only allow a subset of all the
possible connections given N inputs and Noutputs, they do not pre-
vent us to map complex kernels as we demonstrate in the experi-
mental results section of this paper. This is explained by the fact
that most DFG edges represent local connections and the MINs
are only used for routing a small number of DFG connections.
The experiments done so far show us that usually the number of
terminals used for each MIN in the architecture is less than 30%
of the total number of its terminals.

As referred, Omega is a non-rearrangeable MIN with simple and
self-routing properties well suited for our purposes. In addition,
the use of rearrangeable MINs would require at least
2 � log2(N) � 1 stages instead of the log2(N) + K stages used by
Omega MINs with K extra stages. This is very important, especially
given the small values of K needed (see Fig. 7), because of the lower
delay and hardware cost of the Omega Network compared to a
rearrangeable one. Based on the reasons already presented, we
use Omega MINs and the results presented consider Omega MINs
using 2 � 2 switches. For simplicity we use a CGRA architecture
without torus interconnections.

The use of MINs in the context of CGRAs has also another posi-
tive impact. It is well known that the routing on a MIN requires a
polynomial solution (see the routing algorithms presented in [24–
26,28]), while the routing on a 2-D Grid is NP-complete. This is
very important, especially if the addition of MINs to a CGRA allows
the reduction of the complexity of the P&R algorithm. Specifically,
the architecture proposed permits to use a polynomial P&R algo-
rithm as the one proposed and detailed in the next section.
3.2. Placement and Routing

As mentioned before, the P&R on a 2-D array is an NP-complete
problem [37]. To simplify, P&R is usually solved in a two step
approach: first the placement is performed, and then a routing
algorithm is applied. Placement has been traditionally based on
meta-heuristics [37], such as genetic and simulated annealing
algorithms. The routing step is usually based on pathfinder [38]
and similar algorithms [14,37]. Although such approaches achieve
a trade-off between P&R results and execution time, they continue
to be time consuming tasks, a fact that hampers their use when
runtime P&R is required.

We consider that each part of the application to be mapped to
the CGRA is represented as a dataflow graph (DFG). The DFG,
G = (V, E), consists of a set of nodes V representing operations,
and a set of edges E connecting operations. We assume that each
operation in the DFG requires a distinct PE of the CGRA. The CGRA
is also represented as a directed graph with nodes representing PEs
and edges representing the interconnect resources.

Based on the interconnect topology of the CGRA previously ex-
plained, our approach performs P&R simultaneously by using a one
step graph traversal. Given a DFG, our approach tries to assign local
routing resources in the CGRA for the edges of the DFG. Naturally,
after this step, there might be unrouted DFG edges. Those unrouted
remaining edges are then considered for routing using MIN inter-
connect resources.

The first stage of the P&R algorithm, illustrated in Fig. 9, is based
on the depth-first search, over the input DFG, previously presented
in [39]. This first stage is applied for each node m in V. A depth-first
traversal starts in a node m and traverses the DFG until reaches an
end node. Then the nodes in the path from m to the end node are
sequentially placed on the CGRA. At the same time, neighborhood
PE connections are assigned to the edges between nodes in the
path. Edges without neighborhood PE connections are maintained
in a set of unrouted edges to be considered by the second phase of
the algorithm. The depth-first continues until all nodes and edges
are visited. As referred before, this P&R approach has polynomial
complexity and thus can be an interesting solution for runtime
P&R.



Fig. 9. Placement and local (neighborhood connections) routing algorithm.
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Suppose the DFG and the 2-D CGRA both depicted in Fig. 10(a
and b). A trace table for the P&R algorithm is shown in Fig. 11.
Let us consider the node n1 as the DFG start node and pe1 the first
PE from the CGRA. Several paths are created during a depth-first
traversal. A path is represented by a list of connected DFG nodes.
Lines 1–2 and 8 of the P&R algorithm (shown in Fig. 9) perform a
recursive depth first search on one descendent of each source node
to build a path. Let us consider the path built for the nodes n1 to n8
shown in the trace table (lines 1–5). When an end node is found, as
is the case with node n8, the MapToGrid function is called to place
all nodes in the path (i.e., n1, n3, n5, n7, and n8), as shown in
Fig. 10(c). The function MapToGrid performs a depth-first on the
graph representing the CGRA, while the DepthFirstPR performs a
depth-first on the DFG to be mapped. When the function returns
from the recursive call, lines 9–15 in the P&R algorithm (Fig. 9), a
depth first traversal is performed for the remaining unplaced
DFG nodes. For the current path, only the node n1 has more than
one descendent, and the depth first traversal will continue on node
n4, as shown in the trace table. The depth first on CGRA graph
should be synchronized to the DFG, so the firstPE will be the pe2
which is adjacent to pe1, where the node n1 has been placed (line
12). A new path will be created (line 13), to place node in the pe2,
selected in line 12. The placement is shown in Fig. 10(d). Finally, all
nodes from n1 have been placed, and the depth-first continues on
nodes n2 to n6, as shown in Fig. 10(e).
As this example illustrates, all DFG edges are visited just once.
For each visited edge of the DFG, the algorithm tries to associate
an interconnect resource in the CGRA. Considering |E| the number
of edges in the DFG, and |V| the number of nodes, the computa-
tional complexity of the proposed algorithm is O(|E| + |V|), or
O(|V|2) considering |E| 6 |V|2.

However, as the proposed architecture has limited routing re-
sources, it is unlikely that the routing step is completed using this
simple P&R. In the example illustrated in Fig. 10, the depth-first
P&R algorithm completes with three unrouted DFG edges (see
the edges n2 ? n4, n6 ? n7, and n4 ? n8 in Fig. 10(a) and
Fig. 10(e), respectively). Here comes the next step that tries to
route those remaining DFG edges using the interconnect resources
given by the MIN(s) included in the CGRA, i.e., after the depth-first
traversal previously explained, a second routing phase is per-
formed. This latter routing stage is responsible to route DFG edges
using the routing resources provided by the MIN(s). Fig. 12 shows
the algorithm for this second routing phase. The routing algorithm
scans the MIN network lines from the input to the output to verify
if all lines are free and the routing is feasible. The algorithm is
called for each unrouted connection in the previous P&R phase.

Before continuing with the example illustrated in Fig. 10, we ex-
plain through two examples how the routing is performed for the
Omega MINs. For simplicity, we assume here a 4 � 4 Omega MIN
without extra levels. First, the binary representations of the input
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Fig. 10. First placement and routing stage: (a) input dataflow graph (DFG); (b) target CGRA example; (c) 1st depth-first path; (d) 2nd depth-first path; and (e) last depth-first
path.

Current List Path FirstPE

1 n1 n3,n4 n1 pe1

2 n3 n5 n1,n3 pe1
3 n5 n7 n1,n3,n5 pe1

4 n7 n8 n1,n3,n5,n7 pe1

5 n8 - n1,n3,n5,n7,n8 pe1
6 n7 - - pe1

7 n5 - - pe1
8 n3 - - pe1

9 n1 n4 pe1

10 n4 - n4 pe2
11 n2 n6 n2 pe5

12 n6 - n2,n6 pe5

P Node list next MAP

pe1 n1,n3,n5,n7,n8 pe4,pe2 n1

pe4 n3,n5,n7,n8 pe7,pe5 n3
pe7 n5,n7,n8 pe8 n5

pe8 n7,n8 pe9 n7

pe9 n8 pe6 n8

pe2 n4 pe3,pe5 n4

pe5 n2,n6 pe6 n2

pe6 n6 pe8 n6

Fig. 11. Trace of the P&R algorithm for a simple example.
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and output ports of the MIN to perform a specific connection are
concatenated in a single word (w). If we intend to create a 3 ? 1
connection – input 3 (1 1) and output 1 (0 1) – w equals 1 1 0 1
as shown in Fig. 13. The routing path is unique and is formed by
shifting step by step the concatenation word (w) by one bit each
step and by taking z, the Log2(N) (2 in this example) most signifi-
cant bits for an N � N Omega MIN, represented underlined and in
bold in Fig. 13. After each shift (step), z represents the line address
of each intermediate stage. The shifting process is shown in
Fig. 13(a and b) for the connections 3 ? 1 and 0 ? 2. If after these
two connections one intends to add the connection 2 ? 3 a colli-
sion occurs, as shown in Fig. 13(c). After the first step z equals
0 1 (1 0 1 1), which corresponds to a line address already in use
by the connection 0 ? 2.

Adding an extra level to the Omega MIN increases the length of
w, and a connection has more than one option to route the input to
the output. In the case of extra levels, the path is determined by the
input followed by the extra levels and by the output. Let us con-
sider again the connections 3 ? 1, 0 ? 2, and 2 ? 3. Let us suppose
a 4 � 4 Omega MIN again, but now with one extra level as shown
in Fig. 14. The concatenation word w is 1 1 X 0 1 for the connection
3 ? 1, where X is the extra level. There are two options, X = 0 or
X = 1. For the case where X = 0, the path is shown in Fig. 14(a).
Fig. 14(b) displays the path for the connection 0 ? 2 when consid-



Fig. 12. Algorithm to perform routing between PEs using the Omega Network (global connections routing algorithm).
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2 ? 3.
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ering X = 0, and therefore w equals 0 0 0 1 0. The connection 2 ? 3
generates w = 1 0 X 1 1. If X = 0, a collision occurs at stage 1, line 0,
where the concatenation words for 0 ? 2 (w = 0 0 0 1 0) and 2 ? 3
(w = 1 0 0 1 1) need the same line address at stage 1. However, if
we select X = 1 for the connection 2 ? 3, no collision occurs and
this connection is routed, as shown in Fig. 14(c).

Fig. 15 presents the same example of Fig. 10 but now including
the routing through an Omega MIN (for simplicity we do not show
all the connections from/to the PEs to/from the MIN). The first
stage of P&R based on depth-first traversal is applied using the in-
put DFG. The bold lines in Fig. 15(a) show the DFG edges mapped
onto adjacent PEs during the local P&R. Fig. 15(b) shows a 3 � 3
Grid CGRA as well as the local connections (also in bold) assigned
to the edges of the DFG in bold (Fig. 15(a)). The DFG edges n6 ? n7
and n4 ? n8 have not been assigned to CGRA interconnections dur-
ing the first P&R step (see dash lines in Fig. 15(a)). The second P&R
stage previously explained consists on the MIN routing. This sec-
ond stage is able to successfully route the two edges, not routed
using the local interconnect resources of the CGRA, through the
Omega Network interconnect resources.

Given E the set of DFG edges to route through the MIN, the
number of terminals, N, of the MIN, and the number of extra stages,
K, the worst case computational complexity of the MIN routing
stage performed using the algorithm illustrated in Fig. 12 is
O(|E| � 2K � log2(N + K)) and since |E| 6 N, we have O(N � 2K �
log2(N + K)). As we use a small number of extra stages (e.g., K = 2
for the benchmarks we use in the experimental results presented
in this paper) we have O(N � log2(N)) as the worst case computa-
tional complexity for the routing algorithm presented in Fig. 12,
which is the same as the one presented in the literature for the
routing of MINs [33,34].

When considering the two stages of our P&R we have as overall
worst case computational complexity O(|V| + |E| + N � Log2(N)), or
O(|V|2 + N � Log2(N)) considering the worst case where |E| 6 |V|2.
Since N equals the number of PEs of the CGRA and is greater or equal
|V|, the worst case complexity of the two stages of our P&R is O(N2).
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4. Experimental results

In order to evaluate the approach presented in this paper, we
have used two benchmark sets consisting in a total of 27 data-flow
graphs (DFGs). The first set is composed by DFGs representing the
benchmarks previously used in [39]: treefir64, Cplx8, filterRGB,
DCT, fir64, Fir16, filterRGBpaeth, and snn. The second set is com-
posed by 19 DFGs from [40], a repository with DFGs carefully se-
lected from over 1400 DFGs obtained from applications in the
MediaBench benchmark suite. The DFGs used range in complexity
from 11 to 359 nodes, and from 8 to 380 edges (see Table 1).

We evaluated the success of P&R when targeting 2-D Grid
CGRAs, with Torus topology and 8/8 input/outputs per PE, vs.
CGRAs with Omega Networks and with 4/4 input/outputs per PE
with the output of the FU directly connected to every PE output
and to the Omega Networks (referred here as simple Grid). For this
study, we considered CGRAs with size from 16 (4 � 4) to 361
(19 � 19) PEs.

For the P&R to 2-D Grid-based CGRAs we employed the place-
ment algorithm proposed in [39] enhanced with a version of the
pathfinder routing algorithm for the routing stage (referred herein
as ‘‘Depth-First + Pathfinder’’, DFP). For the CGRA with Omega Net-
works, we used the One-Step P&R (OPR) algorithm presented in
this paper.

The DFP is able to successfully place and route all the bench-
marks considered in this paper when targeting a 2-D Grid CGRA,
with Torus topology and at least 8/8 input/outputs per PE. These
CGRA properties, however, lead to a high-cost PE. Using the same



Table 1
OPR P&R results for grid plus MIN architectures for the set of benchmarks used.

Benchmark #Nodes #Edges #Unrouted edges (proposed architecture)

Grid % Grid Grid + one MIN Grid + two MINs

K = 0 K = 2 K = 4 K = 0 K = 2 K = 4

treefir64 193 255 97 38.0 39 17 7 5 0 0
Cplx8 46 60 20 33.3 6 1 0 0 0 0
filterRGB 57 70 16 22.9 1 0 1 0 0 0
DCT 92 124 46 37.1 16 6 4 1 0 0
fir64 193 255 91 35.7 42 17 8 9 0 0
fir16 49 63 22 34.9 7 2 2 0 0 0
filterRGBpaeth 84 106 31 29.2 9 2 1 0 0 0
snn 253 299 80 26.8 31 13 1 8 0 0
fir1 44 43 21 48.8 6 0 0 0 0 0
arf 28 30 10 33.3 2 0 0 0 0 0
jpeg_idct_ifast 170 210 71 33.8 27 13 6 6 0 0
smooth_color_z 197 196 67 34.2 23 6 2 4 0 0
collapse_pyr 72 89 31 34.8 11 4 3 1 0 0
horner_bezier_s 18 16 2 12.5 1 0 0 0 0 0
jpeg_fdct_islow 175 210 69 32.9 22 7 1 6 0 0
matmul 117 124 39 31.5 11 4 1 3 0 0
fir2 40 39 14 35.9 2 0 0 0 0 0
motion_vectors 32 29 10 34.5 2 0 0 0 0 0
cosine1 66 76 32 42.1 7 3 3 0 0 0
idctcol 186 236 78 33.1 31 16 6 2 0 0
interpolate_aux 108 104 44 42.3 13 3 1 3 0 0
feedback_points 54 51 18 35.3 4 0 0 1 0 0
ewf 42 55 16 29.1 3 0 0 0 0 0
write_bmp_header 111 93 25 26.9 6 0 0 0 0 0
h2v2_smooth 54 55 18 32.7 8 1 0 2 0 0
invert_matrix_gen 359 380 109 28.7 39 10 5 6 0 0
hal 11 8 1 12.5 0 0 0 0 0 0
Average 105.6 121.3 39.9 32.3 13.7 4.6 1.9 2.1 0.0 0.0
Total 2851 3276 1078 369 125 52 57 0 0
% Unrouted edges 32.9 11.3 3.8 1.6 1.7 0.0 0.0
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algorithm to target the simple Grid CGRA many connections (edges
in the DFGs) are not routed. This is due to the low connectivity of
the simple Grid and the simplicity of the simple greedy placement
approach used by DFP.

Table 1 shows the P&R results considering the P&R with the
‘‘One-Step P&R’’ (OPR) algorithm. When targeting the simple Grid,
33% of the total DFG edges are not routed by the neighborhood PE
interconnections (see ‘‘Grid’’ column in Table 1). These results are
similar to the ones achieved if we use the DFP approach. However,
when we add an Omega MIN to the 2-D Grid CGRA, the percentage
of unrouted edges decreases from 32.9% to 11%. With extra MIN
stages, the percentage of unrouted DFG edges reduces to 4% and
to 2%, when using two (K = 2) and four (K = 4) extra stages, respec-
tively. Using the Omega MIN with four extra stages, 15 bench-
marks (out of 27) were successfully P&R as shown in Table 1.
Each routing congestion in a MIN has two possible causes. One
happens when at least one switch is busy for all possible routing
paths for an edge. In this case, extra switch levels can be added
to solve the conflict. The second one happens when a node is the
sink for at least two unrouted edges, and therefore it is not possible
to route them because each node receives only one line from the
MIN. When using additional MINs, we are diminishing such treats.
The results for two MINs presented in column ‘‘Grid + Two MINs’’
in Table 1 show that all edges are routed when two MINs each
one with two extra stages (K = 2) are added, and less than 2% of to-
tal edges are not routed when no extra stage is added.

It is important to note that even with MINs allowing rearrange-
able routing, with OPR we still need two MINs to successfully route
all the connections for the DFGs considered in this paper.

We now present execution time results for the P&R approaches
considered in this paper. All the results represent average CPU time
needed after running 100 times the P&R with each benchmark in a
PC with the Ubuntu 9.04 Linux version, an Intel� Core™2 Duo CPU
T7250 @ 2 GHz, with 2048 KB of cache, and 3 GB of system
memory.

Table 2 presents the P&R execution time when using DFP and
OPR and shows the speedups obtained by OPR vs. DFP. The CGRA
considered for DFP is the one previously referred as simple Grid.
The CGRA considered for the OPR is the CGRA with two MINs.
Using the CGRA architecture and the P&R approach proposed in
this paper (OPR), we achieved speedups from about 10.83� to
353.85� (about 88.95� in average) over DFP, an already fast P&R
algorithm. Those speedups are mainly consequence of the fact that
with the CGRA extended with two MINs we are substituting a com-
putationally intensive global routing using pathfinder with a much
simpler routing in the MINs. The execution times achieved and the
simplicity of the P&R algorithm are a strong evidence that the no-
vel CGRA structure proposed in this paper can be an important
support for runtime compilation.

The next experiment compares execution times of OPR and VPR
[41,42] to P&R the benchmarks used in this paper. Note, however,
that these comparisons are just to make strong evidence of the
speed of the solution presented in this paper over well-known
P&R approaches such as the one represented by VPR. It is not our
intention to compare the efficiency of the results achieved by the
two distinct approaches. VPR is not a P&R tool targeting CGRAs,
but mainly island-style FPGAs. Comparisons to P&R tools used for
CGRAs would have been a more interesting approach if tools were
publicly available.

The OPR targeted a CGRA with two Omega MINs and VPR target
an island-style CGRA. The execution times for VPR were measured
for the fastest option (-fast-timing_analysis off). Fig. 16 shows re-
sults that indicate the execution time speedup of OPR over VPR.
On average, VPR was 14.3� slower. The highest speedup was
achieved with jpeg_fdct_islow (32.1�) and the lowest with fir16
(3.2�). Note, however, that VPR was run as an executable while
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Fig. 16. Execution time comparison when performing P&R with the OPR vs. the use of VPR.

Table 2
Execution time comparison when performing P&R with the OPR vs. DFP.

Benchmark CPU execution time (ms) Speedup (OPR vs. DFP)

DFP OPR

MIN routing Local P&R Total

treefir64 1663 15.00 11.00 26.00 63.96
Cplx8 176 0.20 3.65 3.85 45.71
filterRGB 76 0.40 2.65 3.05 24.92
DCT 261 2.40 8.50 10.90 23.94
fir64 1377 4.40 19.30 23.70 58.10
fir16 164 1.15 5.10 6.25 26.24
filterRGBpaeth 126 2.45 2.60 5.05 24.95
snn 1143 6.25 14.40 20.65 55.35
fir1 68 0.10 2.20 2.30 29.57
ari 26 1.90 0.50 2.40 10.83
jpeg_idct_ifast 612 1.55 11.60 13.15 46.54
smooth_color_z 802 13.10 9.75 22.85 35.10
collapse_pyr 77 1.50 2.40 3.90 19.74
horner_bezier_surf 78 0.05 0.25 0.30 260.00
jpeg_fdct_islow 655 2.50 2.80 5.30 123.58
matmul 228 0.45 3.80 4.25 53.65
fir2 34 2.25 0.25 2.50 13.60
motion_vectors 71 0.30 0.35 0.65 109.23
cosine1 153 0.50 1.05 1.55 98.71
idctcol 909 2.20 8.65 10.85 83.78
interpolate_aux 920 0.85 1.75 2.60 353.85
feedback_points 96 0.40 0.95 1.35 71.11
ewf 96 0.70 1.40 2.10 45.71
write_bmp_header 198 1.00 2.75 3.75 52.80
h2v2_smooth 72 0.35 1.50 1.85 38.92
invert_matrix_general 4965 3.05 13.40 16.45 301.82
hal 33 0.05 0.05 0.10 330.00
Average 558.48 2.41 4.91 7.32 88.95
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OPR is a Java implementation run with the JVM. These speedups
make strong evidence of the importance of the proposed CGR plus
the P&R solution.

We now analyze the increase in the critical path of the bench-
marks after P&R to the CGRA + MINs. The analysis considers differ-
ent ratios of PE:MIN latencies (1:1 and 1:2) and compares the
increase in the critical path latencies obtained for each example
using a PE:MIN latency ratio of 1:0, which is equivalent to the crit-
ical paths obtained for the DFGs when assuming one clock cycle of
latency for each operation and negligible interconnect delays. In all
of the comparisons we assume the delays of the local interconnec-
tions are part of the PE latency.

We consider for these experiments three versions of the OPR
P&R algorithm described in this paper. The first version is the base
OPR, which does not take into account the critical path of the DFG
when performing P&R. The second version is an extension to OPR
that, during the depth first based approach, prioritizes the place-
ment of the nodes in the critical path and we refer to it as partial
critical path aware P&R (OPR-P). The third option referred to as full
critical path aware P&R (OPR-F) performs placement by consider-
ing first the nodes in the critical path instead of using a depth first
approach.

Fig. 17 illustrates the results obtained considering the previous
conditions and for the three P&R algorithms. For a ratio 1:1 (i.e.,
same latencies for PE and MIN) we obtained on average increase
of the critical path latency by 30% (maximum of 71% and a mini-
mum of 10%), 27% (maximum of 57% and a minimum of 2%) and
16% (maximum of 44% and a minimum of 0%), for the OPR, OPR-
P, and OPR-F, respectively. When considering the ratio 1:2 (i.e.,
MIN with twice the latency of the PE), we obtained on average in-



Fig. 17. Increase of the critical path latency over the critical path of the DFGs considering one clock cycle for each PE and zero-delay neighborhood interconnections for
different MIN latencies (one and two clock cycles).
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crease of the critical path latency by 65% (maximum of 114% and a
minimum of 28.6%), 59% (maximum of 143% and a minimum of 3%)
and 45.8% (maximum of 114% and a minimum of 3%), for the OPR,
OPR-P, and OPR-F, respectively. Note that the reductions in the
critical path latencies achieved by OPR-P and OPR-F over OPR were
on average 2.7 and 12% for 1:1, respectively, and 3.8 and 13.3% for
1:2.

We now consider the IPC (instructions per cycle) obtained for
each CGRA considered in this paper. The main objective is to eval-
uate if the use of CGRA + two MINs and its fast P&R approach con-
ducts to lower IPC than when using simple Grid and a more
computationally intensive P&R. Fig. 18 illustrates the IPCs obtained
for the 27 benchmarks. The maximum IPC was 29.92 (1:0), 22.44
(1:1), 16.32 (1:2) for the CGRA + two MINs (with OPR version),
and 10.26 for the simple Grid. The minimum IPC was 2.13 (1:0),
1.81 (1:1), 1.38 (1:2) for the CGRA + two MINs (with OPR version),
and 1.68 for the simple Grid. On average the IPC was 7.19 (1:0), 5.45
(1:1), 4.38 (1:2) for the CGRA + two MINs (with OPR version), and
4.23 for the simple Grid. These results show that the CGRA + two
MINs achieves on average similar or better performance than the
use of simple Grid. The resultant IPCs are dependent on the ratio
used between PE latency and MIN (PE latency:MIN latency). The
results of the CGRA + two MINs are, however, improved if we use
the OPR-F P&R. In this case, as the nodes in the critical path are
placed firstly and their connections may use neighbor PE intercon-
nect resources, improvements of 10.79% and 15.36% were mea-
sured for 1:1 and 1:2, being the case with 1:0 with similar
results as expected.

A question that may arise at the moment is related to the area
and delay overhead when using Omega Networks. As we are inter-
ested in CGRAs to define a computational layer implemented in
fine-grained reconfigurable fabrics, we show here implementa-
tions of CGRAs in a Xilinx Virtex-5 FPGA (xc5vlx330ff1760-2).
We consider in these experiments PEs with 32-bit FUs implement-
ing arithmetic operations (addition, multiplication, subtraction,
negation, comparisons), shifts, and bitwise operations (AND, OR,
XOR, and NOT). We also consider that all outputs of the PEs are
registered.

Fig. 19 presents the number of FPGA resources (#LUTs) and
maximum delays obtained for different sizes of Omega Networks
dealing with 32-bit input/outputs. The area cost in LUTs is a func-
tion of N � Log2(N). The delay increases by about 0.5 ns for each
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Fig. 19. Results for 32-bit, radix-2, Omega Networks considering different number of terminals (N): (a) area in terms of #LUTs and (b) maximum delay.

Fig. 20. FPGA resources used and maximum frequencies for a number of CGRAs (percentages of used resources are given; for the 8 � 8 arrays the DSP48 resources were not
used).
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additional input/output of the network. Note that even an Omega
Network with 128 input/outputs only uses about 11% of the total
LUTs available in the FPGA considered.

We show in Fig. 20 the number of #LUTs used and the maxi-
mum clock frequencies achieved for simple 2-D Grid-based CGRAs
and for CGRAs with Omega Networks proposed in this paper. The
Grid with simple routing resources (i.e., with PEs with a small
number of neighborhood connections) has a very low cost, but suf-
fers from congestions and may need long P&R execution times. The
Grid plus one MIN has an area cost below the Grid with 4/4 inputs/
outputs PEs with routing resources. With respect to maximum
clock frequencies, they decrease for the CGRA with MIN when
the MIN is not registered (MIN delay adds to the maximum delay
of the PE). In this case, the clock frequency decreases about 12%
and 18% for the 4 � 4 and 8 � 8 CGRA with 1-MIN, respectively,
when compared to the ones obtained for the original CGRA (these
frequencies correspond also to the performance decrease as the
latencies of the applications in the CGRA do not change). When
using MINs with registered outputs, we achieve maximum clock
frequencies similar to the baseline 2-D Grid-based CGRA without
MINs.

In this case, we are including interconnect resources that route
in a clock cycle and thus the latencies may change, especially with
P&R algorithms not aware of the critical path of the DFGs (i.e.,
without assigning local interconnects to edges of the critical path).
In the improbably worst case assumption, this would increase 2�
the latencies of the applications in the CGRA. However, the previ-
ous study presented in Fig. 17 shows that an OPR P&R algorithm
aware of the critical path achieves an average performance de-
crease of about 13%.
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The results presented in this paper show that CGRAs extended
with Omega Networks are promising solutions, especially in sys-
tems where one needs to avoid long P&R runtimes, e.g., in systems
needing runtime P&R.

5. Related work

There have been many CGRAs proposed [8–17]. Most CGRAs use
a 2D mesh-based interconnect topology with nearest neighbor
connectivity and include other layers of connectivity as 1-hop or
2-hop. To handle more effectively with irregular communication
patterns, some CGRAs use buses that allow to connect one PE from
a set of possible PEs to one or more PEs (called express lanes in the
MorphoSys [13]). The MorphoSys [13] uses horizontal and vertical
buses besides the local connections between PEs. The XPP [15] uses
horizontal buses between rows of PEs and each bus allows the con-
nection between a source PE and multiple destinations, all in adja-
cent rows. Each PE has specific forward and backward registers to
allow connections over the rows of PEs. The ADRES [14] uses a 2D
mesh-based interconnect topology extended with non-neighbor-
hood interconnect resources (e.g., 1-hop interconnections and
buses). Bouwens et al. [43] presented a study about the impact
on performance, energy, and power for different options for the
ADRES CGRA. They concluded that buses do not give substantial
advantages and they suggested the use of local and 1-hop intercon-
nect resources. All those approaches use interconnect resources
and topologies based on requirements that include the enhance-
ment of routability, energy savings, power dissipation reductions,
and better performance, but without bearing in mind the speedup
of the placement and routing phase. All of them need complex
placement and routing steps that may prevent their acceptance
in the context of dynamic compilation. Note, however, that the
use of small CGRA (e.g., 2 � 2, 4 � 4) diminishes the placement
and routing efforts and in the context of dynamic compilation
may make viable such CGRAs.

The mapping approaches proposed for ADRES [14] and SPR [44]
CGRAs consider loop pipelining when mapping loops. Loop pipelin-
ing using modulo scheduling is performed in a stage tightly cou-
pled to the P&R stages. For instance, in SPR [44] each
unsuccessful routing conducts to another iteration of the mapping.
In each mapping iteration, the II (initiation interval) cycle is in-
creased by one. Iteration over the mapping stages repeats a com-
putationally demanding process and the use of MINs in these
CGRAs may diminish the number of iterations and may allow low-
er IIs conducting to a more efficient mapping process.

The approach presented in this paper complements the local
interconnect resources in a 2D mesh-based CGRA with global inter-
connect resources based on multistage interconnection networks.
During the 90’s, multistage interconnection networks have been
proposed in the context of system emulation platforms consisting
of multiple FPGAs [45–47]. In those approaches, one or more FPGAs
were used as interconnection devices. They used for interconnec-
tion networks: Clos networks [45], Folded-Clos [46], and partial
cross-bars [47].

Recently, a multiprocessors system on a chip implemented in an
FPGA and using an Omega Network has been presented in [48]. The
authors considered up to eight mini-MIPS 32 bits processors, local
instruction caches and shared data caches. The processors and the
shared data caches used an Omega Network as packet-switching
network to communicate data. The Omega Network has been
shown as an interesting approach as it requires a smaller area com-
pared to the area needed for crossbar networks.

Our work differs from those approaches as we are focusing on
CGRA extensions based on multistage interconnection networks
in order to enrich the interconnect possibilities of typical CGRAs.
Most P&R algorithms are based on simulated annealing (SA) for
placement and pathfinder for routing [5]. Albeit the inherent lower
number of resources to manage by P&R when targeting CGRAs, the
P&R execution times for CGRAs are still quite high, e.g., a modulo
scheduling algorithm based on SA [14] spent around 100 s for DFGs
with about 200 nodes. Recently, [49] presented a CGRA based on a
2-D stripe model. However, even using a greedy P&R, the reported
execution times are also in the order of seconds.

Our previous work addressed a polynomial placement algo-
rithm [39] for 2-D Grid-based CGRAs. However, it needs that the
target architecture uses rich local interconnection resources and
1-hop interconnections to achieve successful P&R.

Recently, some authors focused on runtime P&R in the context
of just-in-time (JIT) compilation. The most notorious work is the
one associated with the Warp processors [50]. They simplify P&R
by using a greedy placement algorithm and by reducing the inter-
connect resources of their fine-grained reconfigurable logic array.
However, the P&R execution times reported are in the order of sec-
onds when considering examples with similar complexity as the
ones presented in this paper.

Recognizing that we need both new P&R algorithms and CGRA
specific hardware support to achieve fast P&R (envisioning dy-
namic compilation), we propose the use of global multistage inter-
connect networks (MINs) in 2-D Grid-based CGRAs. Our approach
is different from the previous ones in a number of aspects. The sup-
port given by MINs allows a P&R algorithm with polynomial com-
plexity, flexible, and achieving execution times in the order of
milliseconds, even for large DFGs (around 300 nodes), which give
a speedup about a order of magnitude compared to the execution
times reported in literature. Note, however, that the approach pre-
sented in this paper can be used to extend other CGRAs (e.g.,
ADRES [14] and SPR [44]), especially when large CGRAs are needed.
6. Conclusions

This paper proposed a coarse-grained reconfigurable array
(CGRA) architecture extended with global multistage interconnec-
tion networks. The proposed solution aims at simplifying and mak-
ing faster the placement and routing stage, an important aspect
when envisioning the runtime mapping of parts of applications
to CGRAs acting as hardware accelerators.

The main idea is to augment local routing resources between
neighborhood processing elements with global routing allowed
by multistage interconnection networks. The multistage intercon-
nection networks easier the routing by giving a richer interconnect
topology which permits to connect directly processing elements
independently of their position in the CGRA. By doing so, a simple
and fast placement and routing algorithm can be used as was fully
demonstrated in this paper. One interesting result of this research
is the fact that the CGRA proposed takes advantage of the local con-
nections between PEs and only delegates to the global multistage
interconnect networks the connections not successfully routed lo-
cally (i.e., between neighborhood CGRA processing elements).

The proposed CGRA architecture allows a polynomial place-
ment and routing. This papers presented extensive experiments
to fully evaluate the CGRA and the placement and routing algo-
rithms. The results achieved are very promising. The new architec-
ture leads to a very fast placement and routing (on average in 16�
less time than when using a similar architecture, but without glo-
bal interconnection networks), with acceptable area overhead, and
low performance degradation (less than 18% for an 8 � 8 array).

We showed in this paper that even a placement and routing
algorithm unaware to the critical path may achieve good results.
This is an important aspect, as it allows P&R to be done partially,
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e.g., with a frame of instructions and without building its dataflow
graph.

There are a number of opportunities to continue this work. One
may consider the use of multistage interconnect networks by clus-
ters of PEs and will study how that could affect the complexity of
the P&R and the area and performance of clustered CGRAs. Another
research avenue may be to extend the CGRA with hardware sup-
port for runtime placement and routing. Short term research work
will address retiming and pipelining while performing P&R, an
important aspect when addressing some CGRAs.
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