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In this report, we present a new concept for modeling of intercon-
nection networks in the field of massively parallel processor embedded
architectures. The main focus of the report is on two interconnection
concepts, namelynterconnect-wrappeand DyRIBoxdefinitions of re-
configurable interconnection networks. We compare both interconnec-
tion concepts against each other and formally prove their equality. Both
concepts allow to model many different reconfigurable inter-processor
networks efficiently. Furthermore, we point out how to define the inter-
connect using an architecture description language for massively parallel
processor architectures callstRML. Finally, we demonstrate the perti-
nence of our approach by modeling and evaluation of different reconfig-
urable interconnect topologies.

1 Introduction

The desire for more mobility and the enthusiasm for ubiquitous electronic gadgets on
the one hand side and the unbowed progress in semiconductor industry on the other
hand are driving forces in the market of embedded digital systems. These application
specific systems have to fulfil different performance, cost, and power requirements.
In addition, changing standards or add-ons as unique selling point of a product de-
mand for more flexible solutions. Thus, generic highly parameterizable architecture
templates in terms of IP-cores (intellectual property) have become more and more
important when building such so-called Systems-on-a-Chip (SoC).

In the domain of application specific instruction set processors (ASIP), there exist
some holistic design methodologies which consider the simultaneous development
of architectures, simulators, and compilers. Central link between the different design
aspects are Architecture Description Languages (ADL). In the following we only re-
fer a few of the most known ADLs. At the ACES laboratory of the University of
California, Irvine, for example, the architecture description language EXPRESSION
[6] has been developed. From an EXPRESSION description of an architecture, the
retargetable compiler EXPRESS and the cycle-accurate simulator SIMPRESS can
be automatically generated. The Trimaran systédhlias been designed to generate
efficient VLIW code. Itis based on a fixed basic architecture (HPL-PD) being param-
eterizable in the number of registers, the number of functional units, and operation la-
tencies. Parameters of the machine are specified in the description language HMDES.
The ADL LISA [14] is the basis for a retargetable compiled approach aiming at the
generation of fast simulators for microprocessors even with complex pipeline struc-
tures. Finally, we refer to the language MAML which has been developed in the
BUILDABONG project [5]. MAML is used for the efficient architecture/compiler
co-generation of ASIPs and VLIW processor architectures.



Beside the classical usage of DSPs for dataflow dominant digital signal process-
ing several architectures based on massively parallel processor arrays are emerging.
Many academic coarse-grained reconfigurable arrays have been deveippad,[
since a while, more and more commercial ones are being developed like the D-
Fabrix [3], the DRP from NEC [3], the PACT XPP ], or Bresca from Silicon
Hive (Philips) [L5]. All of the above described ADLs only target at the design of
ASIPs and VLIW processors. Only very few approaches are known that consider
also coarse-grained processor arrays. For instance, DRAJAY{ a generic recon-
figurable architecture template which can represent a wide range of coarse-grained
reconfigurable arrays or the Adrels’] reconfigurable architecture template which is
described by an architecture description in XML. Furthermoré_ i [], the authors
use their ADL in order to explore different interconnect topologies. In this context
the contributions of our technical report can be summarized as follows:

1. We introduce two generic reconfigurable interconnect methodologies for par-
allel processor architectures (Secti@®n

2. By graph and formal languages theory we proof the equivalence of the two
models (Sectio.3),

3. We extend our ADL MAML in order to model the two interconnect concepts
(Section3d),

4. We perform a case-study for different well-known interconnect topologies and
evaluate the cost for the flexibility being able to switch from one topology to
another by dynamic reconfiguration (Sect@n

2 Modeling of Interconnection Networks

Since design time and cost are critical aspects during the design of processor archi-
tectures it is important to provide efficient modeling techniques in order to evaluate
architecture prototypes without actually designing them. In the scope of the method-
ology presented here, we are looking for a flexible reconfigurable interconnect archi-
tecture in order to find out trade-offs between different interconnect topologies for a
given set of applications.

Generally, a massively parallel processor architecture is defined by an array of pro-
cessing element® =|| p;; ||, = [1, M], j = [1, N] and its interconnect as shown in
Fig. 1 (a). Usually, a centralized approach is a classical and convenient way to model
the interconnection of the processing elements (PE). In this case, the processors are
connected to one or more central switch-nodes, which provide the reconfigurable in-
terconnect. Whereas, a decentralized approach may be more reasonable in case of
homogeneous architectures. In the following, we present a modeling concept for
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Figure 1:In (a), a structure of parallel processor architecture with interconnect mod-
eled by the use of interconnect-wrappers (IW). In (b), a configuration of an
IW - interconnect adjacency matrix.

distributed reconfigurable interconnect, compare it to the classical approach, and for-
mally prove the ability of the decentralized approach to model any arbitrary dynam-
ically reconfigurable interconnect topology. But first, we introduce a decentralized
concept for modeling reconfigurable interconnection based on so-aatibedonnect-
wrappersand a classical centralized interconnection approach cay&iBox

2.1 Modeling of Interconnection Network using
Interconnect-Wrappers

In order to model and specify a reconfigurable interconnect topologyjr&Eonnect-
wrapper(IW) [10, 9] concept is introduced. An interconnect-wrapper describes the
ingoing and outgoing signal ports of a processing element. Each interconnect wrap-
per has a constant number of inputs and outputs on each of its sides which are con-
nected to the inputs and outputs of neighbor IW instances. An arbitrary massively
parallel processor array can be defined as a tdple (P, IW) with an array of

PEsSP =| p;; || and an array of interconnect-wrappé€i$” =|| iw;; ||, i = [1, M],

j = [1, N]. Each processing element is represented by the sets of ingoing and out-
going portsp = (p™, p”*), wherep™ = {p{",... p{"}, p* = {pf*, ..., p3"}. An
interconnect wrapper is represented as a rectangle around a PE and consists of the



input and output ports on the northern, eastern, southern, and western side of it as
shown in Fig.1 (a). However, we require the input ports and the output ports on
the opposite sides of an IW (i.e., northern inputs and southern outputs) to have equal
bitwidths. Also, the number of them must be the same. Introduction of this condition
proves the correct interconnection between neighbor IW instances. The condition can
be completely satisfied by the introductiondifected interconnect channel&ach
directed interconnect channel represents a pair of one input and one output port on
the opposite sides of the interconnect wrapper with a certain common bitwidth. The
direction of the channel is determined by the position of the output port. For ex-
ample, if we consider a pair aforthern inputand southern outputW ports, then

the direction of corresponding interconnect channel is southward. The interconnec-
tion between all interconnect-wrappers of the processor array is correct if and only
if each IW has equivalently directed interconnect channels. An interconnect-wrapper
is defined by a quintupléew = (CS,CN,CE,CW,(C) with southward channels

CS ={csy,...,css}, northward channel§'N = {cn,, ..., cn,}, eastward channels

CE = {cey,...,ce.}, and westward channeGW = {cw,...,cw,}. The con-
figuration of an interconnect-wrapper is defined®@y=|| ¢;; ||. C' is the so-called
interconnect adjacency matr(xAM) (see Fig.1 (b)). By theconfiguration of an IV

the definition of the mapping of the possible connections between the ports of an in-
terconnect wrapper and a processor element is meant. Therefore, the particular ports
of an IW should be considered instead of interconnect channels (the pair of ports).
The rows of IAM represent the input ports of an IW, except the last few rows (de-
pendent on the number of the PEs output ports) which represent the output ports of
the PE. The columns represent the output ports of an IW, except the last few columns
(dependent on the number of the PEs input ports) which represent the input ports of
the PE. The matrix contains the valugswhich are equal to "1” if there exists a pos-
sible connection between input and output ports and equal to "0” otherwise. The last
rows and columns of IAM represent the port mapping between PE and IW ports. The
positions of input PE ports are interchanged with the positions of the output PE ports
in the IAM. This allows to avoid the configuration of such incorrect connections as
a connection between IW input and PE output or a connection between PE input and
IW output. If many input signals are allowed to drive a single output sigmalh
tiplexer (see Definition2.1) with appropriate number of input signals is generated.

Definition 2.1 (Multiplexer) A multiplexer f is a boolean function wher¢ :
B"*™ — B with inputs/; = {x¢...x,-1} and control signalsS; = {s¢...Sm_1}
(withm = [logo(n)] andn inputs): f(zo ... Tn-1,50 ... Sm—1) = Tu(so...sm_1) » WheETE
u(so ... sm_1) is the interpretation of the positive binary numbgr. . . s,,,_;.

The inputs of a multiplexer are connected to the corresponding IW input signals and
the output to the corresponding IW output signal. The control signals for such gener-
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Figure 2:Representation of parallel processor architecture netlist. In (a), a netlist of
IW iw; j, and in (b), its netgraph representation.

ated multiplexers are stored in configuration registers and can therefore be changed
dynamically. By changing the values of the configuration registers in an interconnect-
wrapper component, different interconnect topologies can be implemented and changed
dynamically at run-time. Configuration registers and reconfiguration mechanisms are
not in the scope of this paper.

In order to be able to compare the interconnect-wrapper concept to others, a par-
allel processor architecture with IW-based interconnect is represented as a directed
graphG™" (V. E). Initially, the processor architecture is given byetlist (see, Def-
inition 2.2).

Definition 2.2 (Netlist) A netlist N = (V, F') is a setV of logic elements and a
setF' of nets interconnecting the elements V with each other. It defines a circuit
in terms of basic logic elements. A unidirectiohaét f € F, which interconnects
n+m elements will be represented throuib= ({v1,...,v,}, {us, ..., un}), where
vy,...,v, €V are source nodes ang, . .., u,, € V are target nodes of net.

In Fig. 2 (a), a netlist of interconnect-wrappav; ; is shown. For example, ng} is
given by fo = ({p“*}, {mo, m1}). Nodes nameg?“* denote output ports of process-
ing elements whereas nodes nameddenote the multiplexer elements.

A netlist can be seen as a hypergraph, where the elements and nets are vertices
and edges, respectively. This hypergraph can be transformed into a graph by the
introduction of anetgraphconcept.

Definition 2.3 (Netgraph) A netgraphG'" = (V. E), E C V x V is a directed
graph containing two disjoint sets of vertices = V,, U V,,, representing the pro-
cessing elements or processor output pdfigsand multiplexer elementg;,, of a

LA bidirectional net can be modeled by two unidirectional nets.



given netlistV = (V, F'). Netlist interconnections are represented by directed edges
e = (v,v9) € E.

In Fig. 2, an IW netlist and its netgrap&’"V' = (V, E) are shown. The subset

of multiplexer element$/,, = {mg, m1,...} is shown as circles and the subset of
processing elements, = {p; ;} is represented by rectangles. In order to transform

a given netlistV into a netgraplt> all elements of the netlist must be analyzed first
and, according to the element’s type (processing element or multiplexer), they are
either included in the subséf, or in the subset/,,. All of the nets are represented

as directed edges € E of a netgraphG!"V'. In case when a net containsia m
connection, it is transformed intox m directed edges of the netgraph, (in R2da),

for f, the case of & : 2 connection is represented which is transformed into edges
(pst, my) and(ps¥t, my) of the graphG" in Fig. 2 (b)).

2.2 Modeling of Interconnection Network using DyRIBoxes

The second methodology to model reconfigurable parallel processor networks is used
to permit the centralized description of dynamically reconfigurable processors. In this
purpose, the interconnections have to be flexible (to be able to modify the connections
"on the fly”), parameterizable in reconfiguration time and size. In this section, we
give a brief description of theDynamicallyReconfigurabld nterconnection8ox”
(DyRIBox) concept which assumes all these constraints.

The basic elements of a DyRIBox are multiplexers (see DefinRidhconnected
in a way that any input can be connected to the desired output.

2.2.1 The DyRIBox formal description based on multiplexer formal
description.

A DyRIBox is a one level switching network of multiplexers. A DyRIB@&X (see
Fig. 3 (a)) can be described as an oriented acyclic grRpk (V, E), whereV is
a number of nodes anfl C V' x V' is a number of oriented edges (see Hdb)).
The set of node®” contains a set of inputs(D), a set of output® (D), and a set of
multiplexersM (D):

e deg~(v) =0, deg™(v) >0, whenv € Z(D)
e deg~(v) =1,deg"(v) =0, whenv € O(D)
e deg—(v) =|Z(D)|, deg™(v) = 1, whenv € M(D),

wheredeg™ anddeg™ are input and output degrees of a node, respectively.
Each edge € E which comes in a multiplexer nodec M (D) is an input,(e) €
{0,...deg~(v) — 1}. A configuration of a DyRIBox is the following representation
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Figure 3:DyRIBox with multiplexer and
node view. Figure 4.Example of a heterogeneous ar-

chitecture using DyRIBoxes for
interconnect modeling.

x : M(D) — N, with for all multiplexer nodes € M (D) : 0 < x(v) < deg~(v) —1
andy(v) is a configuration fop.

A route taken across a DyRIBaR = (V, E) is described as an oriented route
R = (vo,eq...0€r,0.41) In the graph(V, E) with v; € V ande;, € E where
vo € I(D),v,41 € O(D) and fori = {1...r} isv; € M(D). The length of

R is define ad(R) “/ 1. The source of the rout& is defined asS(R) = wo

and the destination a®(R) = wv,,;. The routeR is defined on a DyRIBox as
soon as a exist with: Vi = {1...7} S(x(v;)) = v;-1 andv,1 = succ(v,). The
predecessor af; through the input of(v;) is v;_;. The configurationk’y from the
route R is defined as all configurations from the DyRIB®X This providesR to

be configurable omD. It is also possible to configure two rout& and R, on one
DyRIBox D using two separate multiplexer nodes wWih = (vg, €g . . . Uy, €, Uy s1)
andR; = (vy, e ... v, e, v, ). By andR, are compatible when the two nodes are
completely disconnected; # v; (Vi € {1...r} andVj € {1...s}).

A massively parallel processor array can be described as an oriented acyclic graph
A = (D, P, E), whereE is the set of oriented edge® is the set of DyRIBoxes
used, andP is the set of PEs wittD = ||D,||(n € N*) andP = ||P;| (Vi €
{1...M} and¥j € {1...N}). Considering DyRIBox inputg (D), DyRIBox out-
puts O(D),PE inputsZ(P), and PE output®(P), all the following connections
are feasible (in Fig4): ¢ = (v € O(D),v € Z(D)), e = (v € O(D),v € Z(P)),
e=(veO(P),veI(D)),ande = (v e O(P),v € Z(P)) withe € E.
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Figure 5:Parallel processor architecture general case representatlon In (a), an ex-
ample of a static direct connector is shown, in (b) the general case of
interconnect-wrapper interconnection is presented.

2.3 Comparison of Interconnect-Wrapper and DyRIBox
Concepts

In the following, we compare both interconnection concepts. In fact, the DyRIBox
concept allows for modeling of all possible interconnect topologies ranging from lin-
ear arrays, meshes, multistage hierarchical networks, butterflies, trees, etc. A special
case of a DyRIBox network is a full crossbar, when the number of DyRIBox inputs
and outputs is equal. In this section, we prove that interconnect-wrapper and DyRI-
Box interconnect definitions are equivalent.

In order to generalize the parallel processor architecture with configurable inter-
connect and to separate the dynamically reconfigurable interconnection from static
connections we introduce an interconnect object caifatic direct connectofSDC).

Definition 2.4 (Static Direct Connector) A static direct connectgfSDC) S =
(S, S°ut) is an interconnection black-box or a tuple with an infinite set of input ports
S = {iy,...i,} and infinite set of output portS°“* = {0y, ...0,}, Wwherep — oo,
q — oo. The input ports are statically connected to the output ports inside of SDC.

An SDC provides a formal description of a static, i.e. not configurable, intercon-
nection network. A graphical representation of an SDC is shown in5Hia).

As shown in Sectior2.1, a generic massively parallel processor architecture with
IW-based interconnect structure can be represented as a nefgfféph (V, E) (see
Definition2.3). Due to Definition2.4, all edges¥ of this directed graph can be repre-
sented as an SDC. Therefore, a generic parallel processor architecture with IW-based
interconnect topology can be considered as shown ing+). There are only few
types of routes or signal paths through the interconnect-wragpers, . . . , iwy n }
possible. All of them are shown in Fi§.(b): (i), a direct route through the process-

10
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ing element inside of the IW, (ii), a route through the multiplexer directly connected
to one of the PE inputs (this is the case, when more than one line are connected to the
input of the PE), (iii), a route through the PE inside of the IW, where one of the PE
outputs is directly connected to the multiplexer (this is the case, when more than one
line are connected to one of the IW output ports), (iv), a route through the multiplexer
directly connected to one of the PE inputs, where one of the PE outputs is directly
connected to another multiplexer, and (v), a direct route through the multiplexer in-
side of the IW not passing the processing element through (this is the case, when IW
input ports are directly connected to IW output port; this route is transformed into
direct connection without passing through the multiplexer, when only one IW input
port is involved).

Section2.2 shows that a generic massively parallel processor architecture with
DyRIBox-based interconnect structure can be represented as a nefyeagh’, £).
Therefore, in the same manner as for the interconnect-wrapper-based concept, an
architecture with DyRIBox definition can be represented with an SDC as shown in
Fig. 6. The following signal paths are shown in this case: (i), a direct route through
the processing element, (ii), a direct route through the set of multiplexers which com-
pound a DyRIBox (in case of only one DyRIBox input and output, this route is trans-
formed into a direct connection). In order to describe the generalized interconnect
concepts formally, we make the following assumptions: 4;et, be the input and
output ports of the static direct connector, respectively.dle¢ a direct connection,
let p be a route through the PE, and tetbe a route through the multiplexer.

Let G'" and GPP be formal grammarsg]. Now, the definitions of IW and
DyRIBox interconnect can be considered as two formal languag&sG‘"") and
LPB(GPP), respectively §]. The definition of the formal languages is given in Fig.

The grammatz’" for language .’V is defined by the finite s€tS, A, M} of nonter-
minal symbols, by the alphabet of terminal symbfis s,, a, p, m}, and by the set

11



(a) b
LIW (GIW) LDB(GDB)

GIW = ( {8,A,M},{si,50,a,p,m}, PIW,S)  GPE  =( {D,E,F},{s;50,a,p,m}, PPE, D)
PIW =1 S 5,As;8, PPB  —={ D —s,Es;D,

S — s0ApAs; S, E — a,

A—a, E — aFa,

A — aMa, F—m,

M — m, F — p,

S — e} D — e}

Figure 7:Representation of general case interconnect as formal language. In (a), a
definition of formal languagé " (G") for IW is shown, in (b), a defini-
tion of formal languagd.”?(GP?) for DyRIBox is presented.

PIW of production rules with start symb@l. The nonterminals, A, andM repre-

sent the possible signal paths through the interconnect-wrapper. The grémiar

for languagelL.P? is defined by the finite s€tD, £, F'} of nonterminal symbols, by

the alphabet of terminal symbofs;, s, a, p, m}, and by the seP?? of production
rules with start symboD. The nonterminald), E, and F' represent the possible
signal paths through the DiRIBox. Anin both grammars denotes the empty string,
i.e., the string of length 0 such that¢ L™ A e ¢ LPB. The grammarg&:’" and

GPPB are context-free grammars, as the left hand sides of a their production rules are
formed by only a single non-terminal symbol. Moreover, both of the grammars have
the same alphabet of terminal symbéis, s,, a, p, m}. Therefore, we will prove the
equivalence of modeling power of both concepts by proving language equivalence.

Theorem 2.1 The PE interconnection networks based on IW are equivalent to the
PE interconnection networks based on DyRIB&XY (G'V) = LPB(GP?).

Proof 2.1 Two formal languages are equivalent if their grammars are equivalent.
The equivalence of the grammars must be shown in both directiBf$GP?) C
L'W(GIWY A L'W(GTW) C LPB(GPB) in order to prove the equivalence of the
languages.

First, the relation LP5(GPB) C LW (G!W) will be shown. Obviously, the fol-
lowing production rules are similarAf — m ~ F — m, A — a ~ E — a,
A— aMa~FE — alFa, S —e~D — ¢,andS — s,As5,S ~ D — s,Es;D.
The similarity of production rules — s,ApAs;S and ' — p remains questionable.
Consider the production rulé — s,ApAs;S. After applying of a ruleA — aMa
on it, the derivationS — s,aMapaMas;S occurs. Let's introduce the equivalent
transformationT’VV' : a ~ as;s,a. This transformation is equivalent because it
physically means just a splitting of a direct connectiomto two direct connec-
tions which are connected through the inpsf) (@nd output §,) ports of an SDC
(see Fig.8). Applying the transformatiofi”"" on the terminals: staying next to
the terminal symbop, the following production rule is obtaineds’” = T'W (S —

12
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Figure 8:The equivalent transformation¥" : a ~ as;s,a andTP? : as;s,a ~ a
are presented.

seaMapaMas;S) : S" — s,aMas;s,apas;s,aMas;S. The subsequence of symbols
so,aMas; in S" occurs twice and corresponds to the nile— s, As;S which is a start
symbol ofG'"W. Therefore, L’V will not be changed by the elimination of this sub-
sequence. Thus, takes the following formS” — s,apas;S. We get the following
set of production rules{S — s,As;S,A — a,A — aMa,M — m,S — ¢,5 —
seapas;S}. After integration ofS” into S the set of production rules can be rewritten:
{S" — 5,485 A — a, A" — aM'a, M — m,M' — p,S" — e} ~ PPB_ Thus,
LPB(GPB) C LIW(GIW),

Now, the relationL”" (G™) C LPB(GP?B) will be shown. Obviously, the fol-
lowing production rules are similari* — m ~ M — m, E — a ~ A — a,
EF — aFa~A— aMaD — e~ S — ¢,andD — s,Es;,D ~ S — s,As;S.
The similarity of production ruleg’ — p andS — s,ApAs;S remains questionable.
Let’s include the production rul® — s,E's;s,Es;s,Es;D in PPB. LanguagelL”?
is not changed by this operation because— s,FEs;s,Es;s,Es;D = D — s,Es;D.
This is an obvious derivation after three times applying the recursive production rule
D — s,Es;D. After applying the rule” — aFa on the new included production
rule, we obtainD — s,aFas;s,aFas;s,aFas;D. Let's introduce the equivalent
transformation™”? : as;s,a ~ a. This transformation is equivalent because it phys-
ically means replacing of a connection through the inpy} &nd output §,) ports
of SDC with a direct connection (see Fig.8). Applying the transformatiofi’??
on the subsequences of terminalss,a, the following production rule is obtained:
D' = TPB(D — s,aFas;s,aFas;s,aFas;D) : D' — s,aFaFaFas;D. The sub-
sequence of symboidd’a can be replaced by the nonterminal symiébusing the
production ruleE — aFa: D' — s,EFFEs;D. Applying the rulef’ — p, D’
can be rewritten:D’ — s,EpEs;D. We get the following set of production rules:
{D — s,Es;D,E — a,E — aFa,F — m,F — p,D — ¢, D' — s,EpEs;D}.
After integration ofD’ into D the set of production rules can be rewrittefD’ —
soF's;D',E' — a,E' — aF'a,F" — m,D" — s,E'pE's;D',D' — ¢} ~ P,

13



Thus,L!W (GI) € LPB(GPE). O

According to Theoren?.1, the set of interconnection networks that can be ex-
pressed using the interconnect-wrapper definition (distributed interconnection con-
cept) is equivalent to those that can be modeled using the DyRIBox definition (cen-
tralized interconnection concept).

3 Modeling of Interconnect Structures within
MAML

In order to allow the specification of reconfigurable interconnect topologies in mas-
sively parallel processor architectures we useMidehine Markup Languag@AML)

[4, 10]. MAML is based on the XML notation and is used for describing architecture
parameters required by possible mapping methods such as partitioning, scheduling,
functional unit and register allocation. Moreover, the parameters extracted from a
MAML architectural description can be used for interactive visualization and simu-
lation of the given processor architecture. For the MAML description of interconnect-
wrappers we refer tol), 9].

3.0.1 MAML description of DyRIBox and DyRIBox domain.

The structure of the DyRIBOX element description is shown in Bigin MAML,

a DyRIBox is represented by tk@’ElnterconnectDyRIBox> element. It con-
tains the attribut@ame which specifies the name of the DyRIBox which is going to
be described. It also contains the following set of subelemei®sconfigurationTime>
<DBPorts> , and<PElementsPorts> . The subelemenrtReconfigurationTime>
specifies the number of cycles needed to dynamically reconfigure the complete DyRI-
Box. This subelement is initialized by giving a value to ttyele parameter. The
subelemenkDBPorts> specifies the number of ports directly connected to others
DyRIBoxes. The number dhputs , Outputs and theirbitwidth  are specified

by the attributes. The subelemesffElementsPorts>  specifies the number of
ports directly connected to the ports of processing elements. The nunibputs
Outputs and theirbitwidth  are specified by the attributes.

The DyRIBox domain description A DyRIBox domain<DBDomain> is typ-

ically used for describing the interconnections of heterogeneous architectures. The
structure of the DyRIBOX domain description is shown in Fif). The element
<DBDomain> is followed by the attribuhame which specifies the name of the
DyRIBox domain which is going to be described. It also contains a set of subele-
ments:

e <|nterconnect>

14



PEInterconne_ctw name

Inputs

ReconfigurationTime Y cycle

PElementsPorts

Inputs

number number number number
bitwidth| |bitwidth| bitwidth| |bitwidth|

Figure 9:The <PEInterconnectDyRIBax elements.

¢ <ElementsPolytopeRange>

<Interconnect> specifies how the interconnections are going to be described
by giving atype . Thetype can bemanual when all connections are explic-

itly described, ormesh or honeycomb or tree when the connections are au-
tomatically generated as a mesh form or honey comb form or tree form. In case
that<Interconnect> is amanual type , the subelementinstantiation>

specifies which DyRIBox is being used and follows the subelerlert¢rnalConnections>
which describe the internal interconnections of the domain ports by ports one after
the other.<ElementsPolytopeRange> specifies a range of PEs in shape of a
given polytope which belong to the domain which is going to be described. Concern-
ing the interconnections with external resources of the DyRIBox domain, an element
<PortMapping> is given at the end of theProcessorArray>  description. In
Fig.12, a DyRIBox example using MAML is given. This example implements four
processor elements and one DyRIBox (see Fij.
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Figure 11:MAML example with
the use of the DyRI-
Box concept.

IWsg

-

E1e1nentsl"o]ytopeRange\

D22

shd

Figure 10:The <DBDomain> elements.

<ProcessorArray name= "processor" version="1.0"> <DyRIBox_out3 = PE[2,2]_in0/>
<PElements name="PE" rows="2" columns="2"/> <PE[1,1]_in0=PE[2,1]_outl/>
<PElInterconnectDyRIBox name="DB"> <PE[1,2]_in0=PE[1,1]_outl/>
<ReconfigurationTime cycle="4"/> <PE[2,1]_in1=PE[2,2]_outl/>
<DBPorts> <PE[2,2]_in1=PE[1,2]_outl/>
<Inputs number="0" bitwidth="8" /> <InternalConnections/>
<Outputs number="0" bitwidth="8" /> </Interconnect>
</DBPorts> <ElementsPolytopeRange>
<PElementsPorts> <MatrixA row = " -1 0"/>
<Inputs number="4" bitwidth="8" /> <MatrixA row = " 1 0"/>
<Outputs number="4" bitwidth="8" /> <MatrixA row = " 0 -1 "/>
</PElementsPorts> <MatrixA row =" 0 1 "/>
</PElInterconnectDyRIBox> <VectorB value = " -1"/>
<DBDomain name="dbd"> <VectorB value = " 2"/>
<Interconnect type="manual"> <VectorB value = " -1 "/>
<Instantiation name="DyRIBox" instanceOf="DB"/> <VectorB value = " 2 "/>
<InternalConnections> <ElementsPolytopeRange/>
<DyRIBox_in0 = PE[1,1]_out0/> </DBDomain>
<DyRIBox_in1 = PE[1,2]_out0/> <PortMapping>
<DyRIBox_in2 = PE[2,1]_out0/> <dbd_DyRIBox_in4 = iwd_IW[3,3]_Eout0/>
<DyRIBox_in3 = PE[2,2]_out0/> <dbd_DyRIBox_out4 = iwd_IW[3,3]_Eoutl/>
<DyRIBox_out0 = PE[1,1]_inl/> </PortMapping>
<DyRIBox_outl = PE[1,2]_inl/> </ProcessorArray>
<DyRIBox_out2 = PE[2,1]_in0/>

Figure 12:MAML description of a DyRIBox-based architecture.
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. ] . . Figure 14:4D Hypercube interconnection
Figure 13:BFT interconnection scheme scheme embedded inta 4 ar-

embedded in d x4 array. ray

4 Case-Study

We implemented a highly parameterizable template for the generation of parallel
processor arrays in VHDLMery High Speed Hardware Description Languagan
exampled x 4 processor array was instantiated and tested Xitiax Virtex-1l Pro™
xc2vplO=PGA. To reduce synthesis and mapping time, a very simple configuration
was chosen for all processing elements in the array. Each WPPE was configured to
contain two adder modules and one module for the transfer of control signals. The
data path width was chosen to bé bit. Different interconnection schemes were
implemented. The logical interconnection scheme fordbehypercubdopology is
depicted in Fig14 and for thebutterfly fat tree (BFT}opology in Fig.13. The re-

sults are shown in Tablke It can be seen from the synthesis results, that starting from
the basic mesh interconnection scheme additional interconnection configurations can
be added at relative little hardware cost of roughfly in the case of thdD hyper-
cubetopology. In the case of the 4D hypercube with the additional butterfly fat tree
topology the hardware cost amounts to rougtiy.
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Table 1:Synthesis results for different interconnection networks 4nxal processor

array.
es. lypercube ypercuobe () ypercuoe

Equivalent Gates 859482 865941 880125 875412
MUXi(lG) 32 32 33 37

MUX 3 (16) 0 0 0 7

Logic LUT 30287 31724 33296 32883
Route-Throughut 302 244 167 140
MemoryLuT 4768 4768 4768 4768

FPGA Resources 50% 51% 52% 52%

5 Conclusions and Future Work

In this report, we introduced a new concept for modeling of interconnection net-
works in the field of massively parallel processor embedded architectures. Two in-
terconnection concepts, nameigterconnect-wrappeand DyRIBoxdefinitions of
reconfigurable interconnection were formally defined and compared against each
other. The equivalence of distributed and centralized interconnection concepts was
formally proved which also proved the ability of tirerconnect-wrapperto effi-
ciently model many possible interconnect topologies. Moreover, we demonstrated
the pertinence of our approach by synthesis of a4eal processor array with dif-
ferent reconfigurable interconnect topologies in a case-study.

In the future, we would like to extend MAML in order to model different trans-
port mechanisms like blocking FIFOs, asynchronous data-driven models, or even
concepts such as routers in Networks-on-a-Chip (NoC). This would allow for archi-
tecture exploration of a vast class of processor arrays.
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