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ABSTRACT

In this paper, we present and analyze a number of inter-
connect architectures for reconfigurable systems target-
ing applications in the areas of wireless communication
and multimedia processing. Several interconnect archi-
tectures suitable for heterogeneous elements are pro-
posed and then a methodology to evaluate the
architectures is described. The results indicate that the
hierarchical generalized mesh structure shows the most
promise in terms of energy efficiency, as it can optimize

In the remainder of this paper, we will first introduce the
concept of reconfiguration. Next, various reconfigurable
interconnect schemes and their implementations are pre-
sented. We then introduce the concept of heterogeneity and
its repercussions on the interconnect requirements. The core
of the paper is formed by a detailed comparison of the vari-
ous reconfigurable architectures, based on a well-defined
evaluation methodology. Finally, we draw some conclusions
and discuss future work.

2. RECONFIGURATION

both local and global connections.
The main idea behind (re)configurable computing is to build
a computational engine through a spatially-programmed
connection of processing elements. The interconnect model
Combining flexibility, performance and energy-efficiency is to be supported by such a system is depicted in Fig. 2. Each
an important design aspect of future system-on-a-chip implebar on the time-axis represents a set of inter-module connec-
mentation platforms, targeting applications in the areas ofions that has to be realized simultaneously. Note that a con-
wireless communication and multimedia processing. Reconfiguration period can vary from one single clock cycle, over
figurable systems present an attractive solution, offering botl single duration-limited function, to the entire duration of
high-performance [5] and energy-efficiency [2] in a domain-an application in a multi-function system [6]. The reconfigu-
specific DSP context. The Pleiades architecture [1] (showmation requires the underlying interconnect architecture to
in Figure 1) presents such a reconfigurable solution by comsupport sufficient concurrency within a configuration, while
bining pre-designed computation modules of different pro-allowing for time-sharing of resources across configurations.
gramming granularity (microprocessor, ASIC, FPGA, An efficient network hence must have sufficient flexibility to
embedded memory) through a reconfigurable network. Theupport the required interconnect patterns, while still main-
interconnect network is the key component for providingtaining good performance and efficiency for each configura-
flexibility in such reconfigurable systems. Yet, the hightion.
energy consumption of interconnect in related implementa-
tions (e.g. FPGA architectures [7]) reminds us that flexibility
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Having in mind the reconfiguration paradigm presented in
| the previous section, we now study and extend some existing
interconnect architectures for heterogeneous systems. We
classify the architectures under investigation into two broad
categories. The architectures in the first categaiphal
interconnect networRsprovide routes with identical costs
for all connections between any pair of modules. Many
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FIGURE 1. An Architectural template for reconfigurable DSPs



(DSP) algorithms however display locality and regularity in
the required interconnect patterns. In order to take advan-
tage of the spatial locality of the connections, we also inves-
tigate architectures that can optimize the costs of local
connections. We classify these architecturesoaal inter-
connect networks

3.1 Global Interconnect Networks
3.1.1 Crossbar
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FIGURE 3. Conceptual crossbar network
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A crossbar interconnect network allows simultaneous con-
nections from any input port to any output port. Figure 3
shows a conceptual view of such a netwotke possible
implementation of the crossbar network is to assign a global
bus to each input, and each of these busses can be connecte
to any outputs through a switch. Observe that such a net-
work requires only one switching stage, that is, every input
and output pair is connected through a single switching ele-
ment. This architecture provides full connection flexibility,
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FIGURE 4. Multiple-bus network
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any time over all required configurations. An example of
such an NxBxM “multiple-bus” interconnect network is
depicted in Fig. 4.

3.1.4 Summary and Comparison of Global Intercon-
nect Networks

Table 1 summarizes the features of the three presented glo-
bal interconnection networks. We use an NxN Omega net-
work [9] as an example of a multistage interconnect
network.

Table 1: Comparison of Global Interconnect Networks

Multistage iple-
Crossbari g Multiple
(Omega:N=M=5) Bus
Total No. of | N*M 2*N*k B(N+M)
switches
No. of buseg N N B
Loads per M 2%k N+M
connection

but suffers from a large area overhead (wasting wire
resources) and a high energy consumption (due to the lon

global buses and the large number of switches). 9The first two rows correspond to the hardware cost of each

architecture. The “loads per connection” (3rd row) is
defined as the total number of switches connected to each
bus Overall, global interconnection networks tend to
To reduce the number of switches while still providing the present a major hardware and energy cost for systems with
full connection flexibility, a variety of multistage intercon- large N and M.

nection networks have been proposed in the literature [9]. In

general, the number of switches can be reduced tDQN?)
to O(NlogN), while the number of buses is stiD(N). o _ _
Implementing such a multi-stage network on a chip is not Mo_re energy-efficient arch|te_:ctures can be conce|ve_d by
straightforward, as these networks require intricate intercon- @King advantage of the locality of most of the connections.
nect patterns between the switches. One possible solution idn the multi-processor world, a plethora of network topolo-
to provide a single, centralized multi-stage switch box with 9i€s [9] have been proposed that provide point-to-point links
its inputs and outputs connected to the respective ports ofo€tween neighboring network nodes at the expense of con-
the modules. This certainly results in a global interconnect N€ctions between distant nodes. Examples are the ring, the

network, and the routing between switchbox and modules 2-D mesh, the generalized hypercube, and the torus. The
becomes prohibitively expensive and difficult. mesh structure of the interconnect network utilized in most

contemporary FPGAs, is an example of how these network
3.1.3 Multiple-Bus Network concepts can be applied to the single-chip reconfigurable
interconnect problem. Fig. 5 shows a simple FPGA inter-
Another way to improve upon the crossbar network is to connect architecture. It consists of switch matrices with lim-
reduce the number of buses to the maximum number ofited connectivity (also called switch-boxes) connected by
interconnections B that has to be concurrently supported atwiring channels. C(onnection)-boxes provide the connec-

3.1.2 Multi-stage Interconnect Networks

3.2 Generalized Mesh



tions become slow and expensive since a large number of
CBox SBox Channel . . .
(et -- Ve programmable switching elements (proportional to the
i i Manhattan distance between the source and the destination)

have to be traversed.
LLLH cosic L wosic LI
This leads to the concept of the hierarchical interconnect
Eéa Eéa : network, which continues to exploit locality while reducing
! the cost of the global connections. In this section, we will
I I_ Logic _I I_ Logic _I I first introducg two homoggneous_hier_archical interconnect
network architectures. A hierarchical interconnect network

r _EEQ]EEE_ 1 for heterogeneous systems will then be derived.
[aa= == ===

3.3.1 Hierarchical Segmented Interconnect Network
FIGURE 5. Simple FPGA switchbox mesh structure
Fig. 7 demonstrates the concept of segmentation hierarchy.

tions to the ports of the computational elements. The meshyy i 5 traditional mesh is segmented with a granularity of
network has the advantage that local interconnections ar€single cell, a larger granularity of segmentation can be eas-

implemented efficiently due to the segmented nature qf the"y envisioned with channel segments spanning more than
network: only the segments really necessary to provide a o logic block (and hence requiring less switching ele-

connection are activated. ments per connection). For instance, Figure 7 shows both a
single and a double-segmented mesh structure overlaid on

While attractive due to its simplicity, the mesh network is 1,56 each other. Based on the required connectivity, nets
not directly applicable to reconfigurable systems in the style .5, pe routed using various channel segments to enhance

of Figure 1. Since the system is composed of heterogeneous, o, the energy efficiency and resource utilization. The Xil-
modules of different shapes and sizes, no regular 2-D grid in;,, 4000-series FPGAs [11] present a typical example of

the style_ of Figure 5 can be found. We therefore Propose€ ag ch a hierarchical segmented interconnect network.
“generalized mesh” structure, shown conceptually in Fig. 6.

Given a placement of the modules, wiring channels are cre- Double

ated along the sides of each module. Wherever channels Segmentation
meet or cross, a switchbox is provided. The design parame- ——.
ters of such a network are the number of buses in each chan- | |
nel, which can be optimized individually according to the

connectivity requirements, and the connectivity provided by | |

the S-boxes.

3.3 Hierarchical Interconnect Networks

While being very effective for local interconnections, the —1

mesh network has the disadvantage that distant communica-
FIGURE 7. Segmented hierarchical mesh structure

Module 3.3.2 Fat-Tree Interconnect Network
] —®— An alternative to the segmented hierarchical mesh is pre-
sented by the “fat tree”, which is a network based on a com-
|:| plete (binary) tree (see Fig. 8). Logic blocks are located at

_:_ the leaves of the network tree. The number of buses per
channel increases as going up the tree. An example of such a
network can be found in the CM-5 supercomputer [8] and
the Hierarchical Synchronous Reconfigurable Array used in
the BRASS project [4].

3.3.3 Hierarchical Generalized Mesh

FIGURE 6. Generalized mesh structure Due to the irregularity of the placement and the different



heterogeneous modules to minimize the chip area, the loca-
tion of the cluster interface ports, and the routing of the glo-
bal mesh network.

Logic block

4. EVALUATIONS OF RECONFIGURABLE
INTERCONNECT ARCHITECTURES

Switchbo

The generalized mesh and hierarchical generalized mesh
networks seem to show some promise for heterogeneous
reconfigurable systems. To evaluate their potential, we will

compare them with a global interconnect architecture, being
the multiple-bus network. Global interconnect structures are

attractive because of their simplicity and easy of program-

FIGURE 8. Fat-tree interconnect network ming. Domain-specific architectures exploiting locality

. . . have to yield dramatic improvements in performance with
interface connectivity of the modules, itis hard to apply the eqpect to these generic structures to be of interest. Incre-

concepts of segmented hierarchy and fat-tree directly to het- o hia) gains in either energy or speed are not worth the loss

erogeneous reconfigurable systems. To effectively utilize ;, flexibility and the more complex design process.
this approach requires a knowledge of the application

domain and its associated benchmark sets. Based on interrn order to compare these three architectures, a bottom-up

connect .rgquirements extrgcted from thesg applications, oN&, 4 uation methodology is developed based on a combina-
can partition the modules into clusters of tightly-connected 4o of accurate physical models with an architecture-inde-
components (Fig. 9). Within each cluster, a generalized pendent router.

mesh network provides the intra-cluster connections. A sec-
ond larger-granularity mesh is superimposed on top of this
local network to provide energy-efficient and high-perfor-

mance inter-cluster connections. Obviously, this architec- girst we derive analytical models for both the energy-con-
ture can be extended with more levels of hierarchy if g,mption and network-delay for every architecture under

Channels

4.1 Energy and Delay Model

needed. evaluation.
An universal energy model for the interconnect network is
CI.Ier . easily derived (assuming that the wires are switching from
rail-to-rail):
clupter
| | | E = [C(wire) + C(switche3] V>
= Ky e L+Kgy® Wgw* Ngy
l . where K (PJ/mm) is the energy per unit wire length, and
cluster Ksw (PJ/um) is the energy per unit switch-width S\ rep-
resents the switch width, and g}y, is the number of
switches.

FIGURE 9. Hierarchical generalized mesh .
We use the Elmore model to estimate the delays. For the

multiple-bus network, we assume that the switches are
Compared with the global interconnection networks pre- evenly distributed along the wire:
sented earlier, this approach trades off flexibility for energy-
efficiency. One major challenge in the design of the hierar- to(multibug = r(in)Cygq + 0.5x r(Wire)Cyypy
chical network is that the interface points between the dif-

ferent hierarchy levels are prone to introduce connectivity where r(in) is the resistance of the input switchy,Gis the

bottlenecks. The clustering process is hence one of the mosE . . . Lo
) i . . otal capacitance due to wire and switches, and r(wire) is the
crucial steps in the design of such a network. Other imple- wire resistance

mentation issues to be considered are the placement of the



For the generalized mesh or hierarchical mesh structureswe need to know the loads-per-connection (from an input to

the Elmore delay model results in the following equation,
tp(mesh) = r(d)Ciyia + z {r(w;)«[0.5C(W,) + C(i)]
i=1

+r(SW)C(i)} +1(r)

where the symbols are explained in Fig. 10.

an output) and the wire length of each global connection.
The loads per connection can be easily analyzed and are
shown in row three of Table 1. For the Maia chip, N=24,
M=30 and B=14. The main difficulty to evaluate the inter-
connect energy consumption is to estimate the wire length,
which is dependent on many factors such as module sizes,
bus routing, bus width and number of buses. But by intu-
ition, one can surmise that the global-bus length is propor-

r(sz)

r(SW) tional to the chip diameter, or at least ©(./N ). To

f(Wl)_,:I_ W) — produce a more accurate estimate of the bus length, a chip
VA R A AT B "I> floorplan assuming a multiple bus-network was drawn.
r(d) TC W —_|_C(W) 1(r) Next, the switches were carefully sized to meet the timing
T (W) T constraints.
r(d): resistance of the driver 4.2.2 Local interconnect networks
r(W;): resistance of the ith wire segment
C(W,): capacitance of the ith wire segment The mesh and hierarchical mesh architectures were imple-
r(SW): resistance of the ith switch mented based on the concepts introduced in Section 3.2 and
C(i): subtotal capacitance after the ith switch Section 3.3.3.

1(r): delay of the receiver

FIGURE 10. Wire model of interconnect with switching element

Using the analytical models presented above, parameterized
energy and delay models as a function of switch size, wire
length, and number of switches are derived for each of the
architectures of interest.

4.2 Evaluation Methodology

To evaluate the interconnect architectures, we use the Maia
chip, currently under development at UC Berkeley, as a case
study. Maia, one instance of the Pleiades architectures, is
targeted towards the baseband voice coding domain, and
combines the following modules: 2 MACs, 8 memories and
address generators, 2 ALUs, 4 1/0O Ports, an embedded
FPGA, and an ARM microprocessor. The chip is imple-
mented using the SGS-Thomson 02% 6-metal CMOS
process. Over-the-cell routing is not considered to simplify
the wire-length estimation (and is of limited use anyhow for
most of the modules).

The implementation parameters (such as the number of bus-
ses) were optimized against the flexibility requirement using
a set of benchmark examples representing one specific
application domain. In this case study, the benchmarks rep-
resented various computational kernels occurring in speech-
coding applications, such as the dot_product, IIR, vector
sum with scalar multiply, etc. [10].

4.2.1 Multiple bus network

To estimate the performance and energy of the architecture,

cluster

[ lower-level switchbox ® hierarchical switchbox
(b) Hierarchical 2-level generalized mesh architecture

FIGURE 11. Maia chip floorplan with interconnect network



Fig. 11(a) shows an implementation of the generalized mesh
interconnect network for the Maia chip. The number of
buses per channel is set to meet the routing requirements of | = e e e
all the computation kernels to be supported (4 in this case). '

Fig. 12(b) shows an implementation of the hierarchical 2- 10|

level generalized mesh interconnect network. Four clusters g,
of tightly connected modules are formed according to the il ;
kernel benchmark set to minimize the global connections. ¥ AT
Each cluster has a local mesh (with 2 buses per channel) for a
intra-cluster connections, and some interface ports for inter- o i
cluster connections. The interface ports are implemented as B T
hierarchical switchboxes which can provide connectivity i ' P
within each mesh and across two different layers of meshes.
On top of local meshes, a second larger-granularity mesh W w5 w = wm o= = o\ W
(appears in bold in the graph) which also has 2 buses per
channel connects the hierarchical switchboxes together.

FIGURE 12. Module-to-module energy of different architectures.

Some important implementation steps (such as placingfeature, a reference module is first picked and the rest of the
modules, clustering, and locating cluster interface ports) modules are numbered according to their manhattan dis-
were done manually, and a detailed methodology of optimi- tances from the reference module. In this context, a node
zation will be outlined in future work. All the implementa-  with a lower number represents a “local” connection and
tion parameters are optimized iteratively with the help of a vice versa. For each module, the energy of the shortest route
graph-based router which can route each net on the underlyfrom the reference module (assuming independence
ing network architecture to predict the energy and delay between every route) is calculated and plotted. This module
data. In the router, each interconnect network is described agso module cost delineates the lower bound on the cost of
a graph, G, with the vertices representing the ports andeach connection and the results are plotted in Fig. 12 for all
switches and edges presenting feasible connections. Findingnodules. As expected, the hierarchical mesh network per-
an optimal route between two ports is formulated as finding forms the best for both global and local interconnections. At
the minimum Steiner tree on the graph and a heuristic algo-the best case, the energy of a net in the hierarchical mesh is
rithm proposed by [3] is employed to solve this NP-com- about one tenth of the net cost in the multiple bus network;
plete problem. The model obtained in section 4.1 is used toat the worst case, the cost only goes up to about one half of
compute the weights for each connection. The final cost of athe multiple bus cost.

net is computed as the total cost of the segments on the
route. 4.3.2 Benchmark results

4.3 Results The module-to-module metric presents an evaluation of the
optimal performance of each net. However, this optimal
The results of the architecture evaluation are presented jnModule-to-module cost cannot be guaranteed because there
two ways. The first method credits the architectures that &€ Mmany other factors such as the different physical map-
optimize both local and global connections by looking at the PiNgs of each kernel and the routability due to channel con-
statistics of energy consumption of all the module-to-mod- 9€stion, etc.. Therefore, we have also evaluated the
ule connections. The second method shows how each archigrchltectures over the given benchmark set. For each bench-

tecture performs for the set of benchmarks defined above™ark, many physical bindings were considered. For the
(Section 4.2.2). To ensure a fair energy comparison, a tim- multiple-bus network, the same energy data is obtained for

ing constraint of 10 nsec is set on the worst-case module-to-&!l the bindings because it does not exploit the locality of
module delay for all the interconnect networks. The connections. For local interconnect networks, the ‘best’

switches are sized according to this timing constraint and Pinding (as used in Table 2) should possess more local con-
then used in the energy model. nections and the ‘worst’ bindings contains many global con-

nections. Fig. 13 shows an example of the best and worst
4.3.1 Module-to-module metric bindings for the dot_product kernel.

A good interconnect network should provide low-cost con- The results for some of the benchmarks are shown in
nections for modules close to each other while keeping the Table 2 and they show the same tendency as in Fig. 12 with
cost of global connections to a minimum. To quantify this the module-to-module metri@ the hierarchical intercon-



Future work is to investigate other hierarchical interconnect
architectures which make better utilization of opportunities

offered by the available metal layers. Further efforts with

respect to the analytical modeling of hierarchical and heter-
ogeneous networks are also necessary.
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