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Abstract—Application-specific or embedded systems with
less than 16 processing cores are too small to useme
kind of network on chip (NoC) for interconnection. On
the other hand, a crossbar and related circuitry (ebiters,
memory elements) are too expensive in terms of chigyea.
As only few pair-wise and collective communication
patterns are mostly used in specific applicationswe
explore an interconnection network that can supporonly
selected communication patterns and no others. Thaain
contribution of the paper is designing of such netarks
without routers or arbiters, in a form of programmable
combinational logic, with limited crossbar functiorality.
The interconnection network can be implemented by
multiplexers or block RAMs on the FPGA chip at a vey
low cost. A functional decomposition of the related
multiple-output Boolean function into a cascade oblock
RAM devices is aided by multi-terminal binary decison
diagrams and is illustrated on examples.
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|. INTRODUCTION

Multiprocesor systems-on-chip (MPSoC) consist o
multiple, usually heterogenous, processing elements
(PEs) with local memory, and I/O components. They
are usually targeted for embedded applications asch
multimedia, telecommunication architecture, network
In the implementation o
MPSoC, an on-chip network comes to the forefront

security, and the like.

because of its impact on the performance of theesys

Design of MPSoC relies at present mostly on pant-t

point connections rather than on shared buses.sBuse
are not scalable beyond some limit and may not
provide required performance because the available
communication bandwidth is shared among all thésuni
connected to the bus. Scalability and reusabiligren

two features that led to the network on chip (NoC)

paradigm for on-chip communication [1].

The topologies of choice for NoCs have been ring,

mesh, fat tree, crossbar and spidergon [2]. Pedno@
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of these networks in pair-wise as well as in coNec
communications is well understood. The lower bounds
for time complexity of collective communicationsear
known and can be reached in some cases by optimum
scheduling of communications [3].

Communication operations can be either point-to-
point, with one source and one destination, or
collective, with more than two participating proses.
Collective communications (CCs) are invoked by
nodes to distribute, gather, and exchange dataeSom
embedded parallel applications, like network or iaed
processors, are characterized by independent data
streams or by a small amount of inter-process
communications [1]. However, many special-purpose
parallel applications display a bulk synchronous
processing (BSP) behavior: the processing nodes
access the network according to a global, strudture
communication pattern.

A collective operation is usually defined in terofs
a group of processes. The operation is executeth whe
all processes in the group call the communication
routine with matching parameters. We classify
collective operations into three types accordinghtr

¢ purpose: CCs (One-to-All, OA, All-to-One, AO, Al

All, AA), global computation (reduction AOR or AAR
and scan) and synchronization (barrier). The C@s ar
most important, as other collective operations are
closely related to them. In a broadcast (OAB), one

§ process sends the same message to every group

member, whereas in a scatter (OAS), one process sen

a different message to each member. Gather (AOG) is
the dual operation of scatter, in that one process
receives a message from each group member. These
basic operations can be combined to form more
complex operations. In all-to-all broadcast (AAB),
every process sends a message to every other group
member. In complete exchange, also referred tdl-as a
to-all scatter-gather (AAS), every group memberdsen

a different message to every other group member.
Permutations, and partial permutations (i.e.,
permutations in which some source to destinatiarspa
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are missing) are important CCs that can be used a8SP model described above. In the following Section

building blocks to create more complex all-to@@s.
Since complexities of some communications are amil
(AOG ~ OAS, AOR ~ OAB, AAR ~ AAB), we will
focus only on 4 basic types (OAB, OAS, AAB, AAS).
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Figure 1. BSP algorithm with five supersteps exedutn five

processors

I, we map the state of the art in application-sfiec
interconnects and formulate the problem to be dealt
with. The main results are in Sections Ill. We tfirs
consider complexity of different implementations af
crossbar network and arrive at its low-cost, agpidn-
specific version in Section IllA, and then presiegic
design of a programmable interconnect on a small
example in Section IlIB. Synthesis of the applicati
specific NoC for multiple communication patterns is
done on a small set of patterns in Section IV. The
presented technique is assessed in Conclusions.

Il. STATE OF THEART AND THE PROBLEM
STATEMENT

In the context of application-specific MPSoCs,
communication architecture, more often than notsdoe
not have to suppodll pair-wise communications and
efficient implementation ofall collective communi-
cations such as broadcast, multicast, gatherescatid
others. Quite a few applications running on MPSoCs
use only a limited set of deterministic communicati
patterns and a general NoC infrastructure suitédrle
general-purpose computing is not needed. By taking
advantage of the known application communication
behavior, special-purpose networks may be designed
for well-behaved communication requirements,

The distributed-memory BSP model proposed by resulting in networks that are more resource/
Valiant is essgntlal to our discussion. _It comise performance effective. We will therefore try to piify
computer architecture, a class of algorithms, and athe interconnection network by providing a supast

function for charging costs to algorithms [6]. A BS
computer consists of a collection of processorshea

for the required communication patterns.
The application-specific optimization of intercon-

with private memory, and a communication network nection network with respect to performance andgyow
that allows processors to access memories of othelzonsumption can be obtained by removal of somes link
processors. A BSP algorithm consists of a sequehce For example, the spidergon topology is openedifonhs

super-steps, which contain a number of either gptimization [4]. A design methodology using a

computation steps or communication steps, follotwed
the global barrier synchronization. In a computatio

recursive bisection technique for generating optmu
topology for applications with  well-behaved

super-step, each processor performs a sequence Qiommunication patterns has been introduced inlfg].
operations on local data. In a communication SUPer-contrast, our approach treats the interconnection a
step, each processor sends and receives a number @ombinational logic and thus covers not only thels

messages (Figurel).

instance of a problem, but a wide class of apptoat

The time, or cost, of a communication super-step is jth limited number of CPU cores and with limited

Teonm = hg + 1,

communication needs. The starting point is a non-
blocking crossbar, which is the ideal on-chip
interconnect, but it is prohibitively expensive farger

where each processor sends/receives to/from otheppsoCs.

processorsh or less data wordg,is the time needed to

Beside static networks, it may also be of intetest

transfer one data word under the continuous messag@jiow the network to be reconfigurable, at run-time

traffic, and | is a fixed overhead (latency) of

communication and of global synchronization.

Further on we will assume that application-specifi
systems of interest in this paper are compatibtb thie
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For example, reconfigurable computing paradigms
(e.g., FPGASs) have increasingly become more plctic
alternatives recently. Field-programmable inter@mn

devices (FPIDs), acting as SRAM-based switching
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matrices, can be reconfigured dynamically, in thee broadcast from any node, multicast, and also skvera
way as standard SRAM-based FPGAs — by means ofnon-conflicting parallel multicasts. Whereas a seur
SRAM cells controlling switching elements (pass PE can send up messages to all piers in pardtiel, t
transistors or transmission gates). Reconfigurationtarget can receive only a single message. Multiple
times are therefore much too long and prevent dimam messages targeted for a single PE are filteredoput
reconfiguration before each communication pattern. arbiters.

The problem to be addressed in this paper is tb fin

as simple message-passing communication structure a
possible for MPSoC with a small number6) of PEs E] r} ’J_}z
and with a set of deterministic communication pate PEQJ| PE E%g PE

customized for a specific application. Unidirectign
one bit wide links will be assumed.
£ R

Il . MAIN RESULTS N %g %g ]

We will focus on interconnect programmable in o8 o S
run-time, with performance comparable to a crossbar
For the fastest operation, the control of a o e s
programmable intercon-nection network must come g: gﬁ
from inside the chip, e.g. from the master PE. Soeh 3= |3 =
system reconfiguration can achieve some of the -5 w S

flexibility of software with the performance of
dedicated hardward his idea is elaborated further on Figure 2. The example ok4 X-bar with four processors

in two following sub-sections. L .
9 The above limitation determines the number of

A. Crosshar |mplementation communication steps needed for typical collective
communications. Broadcast and multicasts need @nly
single step, gather (and reduction operations)irequ
log, N communicationsteps. All-to-all communica-
tions such as broadcast or scatter are implemeaged
a sequence adf-1 permutations.

If only a specific set of pair-wise and collective
communications is needed in a certain BSP applicati
we can simplify the X-bar in Figure 2 a great d&%e
can get rid of arbiters entirely and use switchfesize
Px1, whereP is the number of communication patterns.
All switches have identical control, so that thenmer
of control signals is typically much lower than tthia
ordinaryNxN crossbars,

For multiprocessor SoCs of smaller size, a crossbar
(Xbar) switch is utilized for an efficient on-chip
network solution, Figure 2. Arbiters provided facé
X-bar output select one request from all comingri
set the switch to the appropriate position. Thera i
CAD tool for generation of round-robin arbitratiand
NxM X-bar switch logic for MPSoCs [7] based on user
specifications. To evaluate the hardware complexity
two possible implementations have to be considered.

A crosspoint-based implementation of a squdxsl
crossbar makes use of columns ofN crosspoints
realized by transmission gates, pass transistotsi-or
state inverters. A crosspoint-based crossbar imie
memory element per crosspointN?( elements
altogether) that lets a row signal be propagatedobr

to some column. Contents of memory elements are . . . .
y Multiplexers with 16 to 32 data inputs are quite

determined by (round-robin) arbiters, one per colum common and the number of required communication
A second approach to implement the crossbars is to u qul unicatl

use logic multiplexers. A fulNxN crossbar require patterns may nicely fit into this range.

N-input multiplexers andN arbiters (one per each B [ ogic Design of a Programmable Interconnect
multiplexer). As logN memory elements are required
for each column multiplexer, a total dilog,N
configuration memory elements are needed. This
approach thus leads to a significant reductionhia t
number of memory elements.

log,P < N log,N. (2)

The  programmable interconnect can be
implemented as a network of programmable switches.
The switch itself is a logic device that can corinec
some or all inputs, one-to-one, to some or all oistp

As regards a support for pair-wise and collective Multiplexer and crossbar switches are.building bk)_c
communication, the X-bar in Figure 2 is able to of more complex ~programmable |nter.connect.|0n
implement any permutation of inputs or its subset, networks. E.g., an elementary2 crossbar is used in
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multi-stage interconnection networks that are much

cheaper than crossbars.

We will illustrate logic design of programmable
interconnect in more detail on a class of prograbiena
Bit-Masking and Shifting interconnect devices with
to 8 inputs (BMS4 to BMS8). These units are useful
when implementing multi-way branching in micro-
programmed controllers; they enable efficient
allocation of microcode memory to a cluster of fault
way dispatch tables [8]. For example, the taskhef t
16-way BMS4 is to shift 4 or less active inputs,
selected by a 4-bit mask, to the lowest positidnthe
4-bit output vector and reset the rest of outplitse

output vector then serves as an offset from the bas

address of a dispatch table; this way the dispicles
of various size can be stored in control memorgain
compact form.

Cube specification of BMS units has been generated

automatically. For example, the BMS4 function was
specified by 81 cubes:

0000- - - -
0001---0
0001---1
0010- - 0-
0010--1-

0000
0000
1000
0000
1000

11111011
11110111
11111111
. e

1011
0111
1111

Synthesis of the related combinational logic fog th

Figure 3. MTBDD of the 4-input BMS.

The traditional design of BMS module in a form of
multiplexer network is shown in Figure 4b. Compgrin
both designs, the LUT cascade wins in the area size
devoted to interconnections and in flexibility to
implement other communication patterns. As for the
performance, delays few ns per stage have been
demonstrated for an experimental LUT cascade [10].
Note that the ordering of variables found by HIDET
the same as the optimal ordering of traditionaligtes
in Figure 4b.

Parameters of logic design obtained by Xilinx FPGA
synthesis tool for BMSs with 4 to 8 inputs and
parameters of MTBDDs obtained by the HIDET are

input BMS can be done in several ways. The simplestshown in Table 1. The local LUT cascade width

solution would be a single 256 4-bit look-up tables
LUTs (ROM or Block RAM). However, if only smaller

relates logarithmically to the local values of MTBD
width w (x =[log, w1 ) between neighbor LUTs. BMS

LUTs were available, we can decompose the singleynits could be implemented as a cascade of LUTs

LUT into a cascade of two or more smaller LUTs. The
latency will increase, but with possible pipeline
operation the throughput will remain the same. diasi
decompositions are easily found from a Multi-Terahin
BDD (MTBDD) representing the BMS4 function. The
optimal variable ordering of the MTBDD can be found
e.g., by the Heuristic Iterative Decomposition Tool
HIDET [9] and is shown in Figure 3. The suitabld cu
of the MTBDD generates a cascade of two LUTs
(Figure 4a) with the resulting capacity in bitssiésan

a half of the single LUT capacity.

ISBN:978-1-61208-114-4

eliminating messy wiring and reducing chip areatffier
interconnect. The delay of such switch-boxes
adjustable by the cascade length. If we take theeydd
FPGA'’s 4-input LUTs plus wiring delay approximately
equal to cascaded LUTs  delay, we should use not
more LUTs in a cascade than it is given in FPGA
column “levels” for the same or better performance.
Note that communication from PE’s outputs to PE’s
inputs is now supported by regular wiring from
addresses to data outputs of multi-bit memory mesiul
and by external regular wiring among these modules.

is
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Figure 4. Implementation of the 4-input BMS
a) as the 2-LUT cascade b) as a MPX network

TABLE |. PARAMETERS OFFPGA AND MTBDD-BASED

DESIGNS
FPGA MTBDD
#4-LUTs | levels cost width
BMS4 8 3 30 <4
BMS6 20 5 126 <6
BMS7 32 6 254 <7
BMSS8 80 7 447 <8

IV. SYNTHESIS OF APPLICATION-SPECIFIC
NOCs FORMULTIPLE COMMUNICATION
PATTERNS

The N x N multiplexer-basedcrossbar network
without arbiters can also be visualized as a

combinational logic network wittN + Nlog, N inputs
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andN outputs. E.g. foN = 8 we get 32 inputs and 8
outputs. Out of 2 programmable configurations, only

a negligible fraction may be utilized in a certain
MPSoC. The multiplexer-based crossbar as an
interconnection network is thus for many MPSoC a
luxury. A simpler way how to implement a low cost
programmable unidirectional interconnect is to aepl
individual control of M crossbar multiplexers by
identical control. Apparently, the number of
multiplexer inputsP will now be determined by the
number of required communication patterns. For
example, barrel shifters can be implemented as
crosspoint-based crossbars with common diagonal
control [11] or as multiplexer-based crossbars witle
multiplexer per output and a common control [12].

Let us design for illustration the application-sifiec
NoC connecting 8 PEs (labeled 0 to 7) and suppprtin
the following 7 communication patterns (encode@®in
configuration bits):

. Broadcast from node 0

. Cyclic shift from node i to node (i+1)mod 8
. Cyclic shift from node i to node (i+2)mod 8
. Skew (0~ 7, 156, 26 5, 30 4)

. Gatherl (%.6,5-4,3- 2,1 0)

. Gather2 (6-4, 2- 0)

. Gather3 (4. 0).

~NOoO o~ WNRE

A crossbar-like implementation of the above set of
communications without arbiters would require eight
input wide multiplexers and 8 arbiters. The same
network can also be implemented as a regular ROM
(multi-bit LUT) with 8+3 = 11 address bits and &-bi
wide output (single Xilinx BRAM block 2048 8 bit).
The interconnection network is thus embedded in the
regular ROM structure. If 2048 8 bit is too large an
array, and a higher latency is tolerable, we cdit isp
into 2 or more ROMs in a cascade by means of
splitting the related MTBDD; one such decomposition
is shown in Figure 5.

C_onfig.
bits 34 > .
8 .
6 > PE inputs
0,6,2,5,4,3 2 17
PE outputs

Figure 5. Implementation of the specific intercoctien network
as the cascade of two multi-bit LUTs
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