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Abstract. In this paper, we present a new concept for modeling of intercon-
nection networks in the field of massively parallel processor embedded architec-
tures. The main focus of the paper is on two interconnection concepts, namely,
interconnect-wrapper and DyRIBox definitions of reconfigurable interconnection
networks. We compare both interconnection concepts against each other and for-
mally prove their equality. Both concepts allow to model many different recon-
figurable inter-processor networks efficiently. Furthermore, we point out how to
define the interconnect using an architecture description language for massively
parallel processor architectures called MAML. Finally, we demonstrate the per-
tinence of our approach by modeling and evaluation of different reconfigurable
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 demand 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 as-
pects are Architecture Description Languages (ADL). In the following we only refer
a few of the most known ADLs. At the ACES laboratory of the University of Califor-
nia, Irvine, for example, the architecture description language EXPRESSION [6] has
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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 system [16] has been designed to generate efficient VLIW
code. It is based on a fixed basic architecture (HPL-PD) being parameterizable in the
number of registers, the number of functional units, and operation latencies. 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 simula-
tors for microprocessors even with complex pipeline structures. 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 pro-
cessor architectures.

Beside the classical usage of DSPs for dataflow dominant digital signal processing
several architectures based on massively parallel processor arrays are emerging. Many
academic coarse-grained reconfigurable arrays have been developed [7] and, since a
while, more and more commercial ones are being developed like the D-Fabrix [3], the
DRP from NEC [13], the PACT XPP [2], or Bresca from Silicon Hive (Philips) [15]. 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 ar-
rays. For instance, DRAA [11] is a generic reconfigurable architecture template which
can represent a wide range of coarse-grained reconfigurable arrays or the Adres [12] re-
configurable architecture template which is described by an architecture description in
XML. Furthermore in [1,12], the authors use their ADL in order to explore different in-
terconnect topologies. In this context the contributions of our paper can be summarized
as follows:

1. We introduce two generic reconfigurable interconnect methodologies for parallel
processor architectures (Section 2),

2. By graph and formal languages theory we proof the equivalence of the two models
(Section 2.3),

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

4. We perform a case-study for different well-known interconnect topologies and eval-
uate the cost for the flexibility being able to switch from one topology to another
by dynamic reconfiguration (Section 4).

2 Modeling of Interconnection Networks

Since design time and cost are critical aspects during the design of processor architec-
tures it is important to provide efficient modeling techniques in order to evaluate archi-
tecture prototypes without actually designing them. In the scope of the methodology
presented here, we are looking for a flexible reconfigurable interconnect architecture 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 elements P =‖ pi j ‖, i = [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
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Fig. 1. In (a), a structure of parallel processor architecture with interconnect modeled by the use
of interconnect-wrappers (IW). In (b), a configuration of an IW - interconnect adjacency matrix.

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 inter-
connect. Whereas, a decentralized approach may be more reasonable in case of homo-
geneous architectures. In the following, we present a modeling concept for distributed
reconfigurable interconnect, compare it to the classical approach, and formally prove
their equality. This will show an ability of the decentralized approach to model an
arbitrary dynamically reconfigurable interconnect topology. But first, we introduce a
decentralized concept for modeling reconfigurable interconnection based on so-called
interconnect-wrappers and a classical centralized interconnection approach called
DyRIBox.

2.1 Modeling of Interconnection Network Using Interconnect-Wrappers

In order to model and specify a reconfigurable interconnect topology, a PE interconnect-
wrapper (IW) [9, 10] concept is introduced. An interconnect-wrapper describes the in-
going and outgoing signal ports of a processing element. Each interconnect wrapper
has a constant number of inputs and outputs on each of its sides which are connected
to the inputs and outputs of neighbor IW instances. An arbitrary massively parallel pro-
cessor array can be defined as a tuple A = (P, IW ) with an array of PEs P =‖ pi j ‖ and
an array of interconnect-wrappers IW =‖ iwi j ‖, i = [1,M], j = [1,N]. Each process-
ing element is represented by the sets of ingoing and outgoing ports p = (pin, pout),
where pin = {pin

1 , . . . , pin
f }, pout = {pout

1 , . . . , pout
o }. An interconnect wrapper is repre-

sented 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 interconnec-
tion between neighbor IW instances. The condition can be completely satisfied by the
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introduction of directed interconnect channels. Each directed interconnect channel rep-
resents 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 example, if we consider a pair of northern input
and southern output IW ports, then the direction of corresponding interconnect channel
is southward. The interconnection between all interconnect-wrappers of the processor
array is correct if and only if each IW has equivalently directed interconnect chan-
nels. An interconnect-wrapper is defined by a quintuple iw = (CS,CN,CE,CW,C) with
southward channels CS = {cs1, . . . ,css}, northward channels CN = {cn1, . . . ,cnn}, east-
ward channels CE = {ce1, . . . ,cee}, and westward channels CW = {cw1, . . . ,cww}. The
configuration of an interconnect-wrapper is defined by C =‖ ci j ‖. C is the so-called
interconnect adjacency matrix (IAM) (see Fig. 1 (b)). By the configuration of an IW,
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 (dependent
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 ma-
trix contains the values ci j which are equal to ”1” if there exists a possible 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 signal a multiplexer (see Definition 1) with
appropriate number of input signals is generated.

Definition 1 (Multiplexer). A multiplexer f is a boolean function where f : B
n+m → B

with inputs I f = {x0 . . .xn−1} and control signals S f = {s0 . . . sm−1} (with m = �log2(n)�
and n inputs): f (x0 . . .xn−1,s0 . . . sm−1) = xu(s0...sm−1) , where u(s0 . . . sm−1) is the inter-
pretation of the positive binary number s0 . . . sm−1.

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 generated
multiplexers are stored in configuration registers and can therefore be changed dynam-
ically. By changing the values of the configuration registers in an interconnect-wrapper
component, different interconnect topologies can be implemented and changed dynam-
ically 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 parallel
processor architecture with IW-based interconnect is represented as a directed graph
GIW (V,E). Initially, the processor architecture is given by a netlist (see, Definition 2).

Definition 2 (Netlist). A netlist N = (V,F) is a set V of logic elements and a set F of
nets interconnecting the elements v ∈ V with each other. It defines a circuit in terms of
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Fig. 2. Representation of parallel processor architecture netlist. In (a), a netlist of IW iwi, j, and in
(b), its netgraph representation.

basic logic elements. A unidirectional1 net f ∈ F, which interconnects n + m elements
will be represented through f = ({v1, . . . ,vn},{u1, . . . ,um}), where v1, . . . ,vn ∈ V are
source nodes and u1, . . . ,um ∈ V are target nodes of net f .

In Fig. 2 (a), a netlist of interconnect-wrapper iwi, j is shown. For example, net f0 is
given by f0 = ({pout

1 },{m0,m1}). Nodes named pout
i denote output ports of processing

elements whereas nodes named mi denote 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 a netgraph concept.

Definition 3 (Netgraph). A netgraph GIW = (V,E), E ⊆V ×V is a directed graph con-
taining two disjoint sets of vertices V = Vp ∪Vm, representing the processing elements
or processor output ports Vp and multiplexer elements Vm of a given netlist N = (V,F).
Netlist interconnections are represented by directed edges e = (v1,v2) ∈ E.

In Fig. 2, an IW netlist and its netgraph GIW = (V,E) are shown. The subset of mul-
tiplexer elements Vm = {m0,m1, . . .} is shown as circles and the subset of processing
elements Vp = {pi, j} is represented by rectangles. In order to transform a given netlist
N into a netgraph G 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
subset Vp or in the subset Vm. All of the nets are represented as directed edges e ∈ E of
a netgraph GIW . In case when a net contains a n : m connection, it is transformed into
n×m directed edges of the netgraph, (in Fig. 2 (a), for f0 the case of a 1 : 2 connection
is represented which is transformed into edges (pout

1 ,m0) and (pout
1 ,m1) of the graph

GIW in Fig. 2 (b)).

1 A bidirectional net can be modeled by two unidirectional nets.
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Fig. 3. DyRIBox with multiplexer and node view
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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 the ”Dynamically Reconfigurable Interconnections Box” (DyRI-
Box) concept which assumes all these constraints.

The basic elements of a DyRIBox are multiplexers (see Definition 1) connected in a
way that any input can be connected to the desired output.

The DyRIBox formal description based on multiplexer formal description. A DyRI-
Box is a one level switching network of multiplexers. A DyRIBox D (see Fig. 3 (a)) can
be described as an oriented acyclic graph D = (V,E), where V is a number of nodes and
E ⊂ V ×V is a number of oriented edges (see Fig. 3 (b)). The set of nodes V contains a
set of inputs I(D), a set of outputs O(D), and a set of multiplexers M(D):

– deg−(v) = 0, deg+(v) > 0 , when v ∈ I(D)
– deg−(v) = 1, deg+(v) = 0 , when v ∈ O(D)
– deg−(v) = |I(D)|, deg+(v) = 1 , when v ∈ M(D),

where deg− and deg+ are input and output degrees of a node, respectively.
Each edge e ∈ E which comes in a multiplexer node v ∈ M(D) is an input iv(e) ∈

{0, . . .deg−(v)− 1}. A configuration of a DyRIBox is the following representation χ :
M(D) → N, with for all multiplexer nodes v ∈ M(D) : 0 ≤ χ(v) ≤ deg−(v)− 1 and
χ(v) is a configuration for v.

A route taken across a DyRIBox D = (V,E) is described as an oriented route R =
(v0,e0 . . .vr,er,vr+1) in the graph (V,E) with vi ∈ V and ei ∈ E where v0 ∈ I(D),vr+1 ∈
O(D) and for i = {1 . . .r} is vi ∈ M(D). The length of R is define as l(R)

de f
= r. The

source of the route R is defined as S(R) = v0 and the destination as D(R) = vr+1. The
route R is defined on a DyRIBox as soon as a χ exist with: ∀i = {1 . . .r} S(χ(vi)) = vi−1

and vr+1 = succ(vr). The predecessor of vi through the input of χ(vi) is vi−1. The
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Fig. 5. Parallel processor architecture general case representation. In (a), an example of a static
direct connector is shown, in (b) the general case of interconnect-wrapper interconnection is
presented.

configuration KR from the route R is defined as all configurations from the DyRI-
Box D. This provides R to be configurable on D. It is also possible to configure two
routes R1 and R2 on one DyRIBox D using two separate multiplexer nodes with R1 =
(v0,e0 . . .vr,er,vr+1) and R2 = (v′0,e

′
0 . . .v′s,e

′
s,v

′
s+1). R1 and R2 are compatible when

the two nodes are completely disconnected: vi = v′j (∀i ∈ {1 . . .r} and ∀ j ∈ {1 . . .s}).
A massively parallel processor array can be described as an oriented acyclic graph

A = (D,P,E), where E is the set of oriented edges, D is the set of DyRIBoxes used,
and P is the set of PEs with D = ‖Dn‖(n ∈ N

+) and P = ‖Pi j‖ (∀i ∈ {1 . . .M} and
∀ j ∈ {1 . . .N}). Considering DyRIBox inputs I(D), DyRIBox outputs O(D),PE inputs
I(P), and PE outputs O(P), all the following connections are feasible (in Fig. 4):
e = (v ∈ O(D),v ∈ I(D)), e = (v ∈ O(D),v ∈ I(P)), e = (v ∈ O(P),v ∈ I(D)), and
e = (v ∈ O(P),v ∈ I(P)) with e ∈ E .

2.3 Comparison of Interconnect-Wrapper and DyRIBox Concepts

In the following, we compare both interconnection concepts. In fact, the DyRIBox con-
cept allows for modeling of all possible interconnect topologies ranging from linear ar-
rays, 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 DyRIBox interconnect
definitions are equivalent.

In order to generalize the parallel processor architecture with configurable intercon-
nect and to separate the dynamically reconfigurable interconnection from static connec-
tions we introduce an interconnect object called static direct connector (SDC).

Definition 4 (Static Direct Connector). A static direct connector (SDC) S = (Sin,Sout)
is an interconnection black-box or a tuple with an infinite set of input ports Sin =
{i1, ...ip} and infinite set of output ports Sout = {o1, ...oq}, where p → ∞, q → ∞.
The input ports are statically connected to the output ports inside of SDC.
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Fig. 7. Representation of general case interconnect as formal language. In (a), a definition of
formal language LIW (GIW ) for IW is shown, in (b), a definition of formal language LDB(GDB)
for DyRIBox is presented.

An SDC provides a formal description of a static, i.e. not configurable, interconnection
network. A graphical representation of an SDC is shown in Fig. 5 (a).

As shown in Section 2.1, a generic massively parallel processor architecture with
IW-based interconnect structure can be represented as a netgraph GIW = (V,E) (see
Definition 3). Due to Definition 4, all edges E of this directed graph can be represented
as an SDC. Therefore, a generic parallel processor architecture with IW-based inter-
connect topology can be considered as shown in Fig. 5 (b). There are only few types
of routes or signal paths through the interconnect-wrappers {iw1,1, . . . , iwM,N} possible.
All of them are shown in Fig. 5 (b): (i), a direct route through the processing 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 inside of the IW not pass-
ing the processing element through (this is the case, when IW input ports are directly
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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).

Section 2.2 shows that a generic massively parallel processor architecture with
DyRIBox-based interconnect structure can be represented as a netgraph D = (V,E).
Therefore, in the same manner as for the interconnect-wrapper-based concept, an archi-
tecture 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 pro-
cessing element, (ii), a direct route through the set of multiplexers which compound
a DyRIBox (in case of only one DyRIBox input and output, this route is transformed
into a direct connection). In order to describe the generalized interconnect concepts for-
mally, we make the following assumptions: Let si, so be the input and output ports of
the static direct connector, respectively. Let a be a direct connection, let p be a route
through the PE, and let m be a route through the multiplexer.

Let GIW and GDB be formal grammars [8]. Now, the definitions of IW and DyRIBox
interconnect can be considered as two formal languages LIW (GIW ) and LDB(GDB), re-
spectively [8]. The definition of the formal languages is given in Fig. 7. The grammar
GIW for language LIW is defined by the finite set {S,A,M} of nonterminal symbols,
by the alphabet of terminal symbols {si,so,a, p,m}, and by the set PIW of production
rules with start symbol S. The nonterminals S, A, and M represent the possible signal
paths through the interconnect-wrapper. The grammar GDB for language LDB is de-
fined by the finite set {D,E,F} of nonterminal symbols, by the alphabet of terminal
symbols {si,so,a, p,m}, and by the set PDB of production rules with start symbol D.
The nonterminals D, E , and F represent the possible signal paths through the DiRI-
Box. An ε in both grammars denotes the empty string, i.e., the string of length 0 such
that ε /∈ LIW ∧ ε /∈ LDB. The grammars GIW and GDB 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 symbols
{si,so,a, p,m}. Therefore, we will prove the equivalence of modeling power of both
concepts by proving language equivalence.

Theorem 1. The PE interconnection networks based on IW are equivalent to the PE
interconnection networks based on DyRIBox: LIW (GIW ) ≡ LDB(GDB).

Proof. Two formal languages are equivalent if their grammars are equivalent. The
equivalence of the grammars must be shown in both directions LDB(GDB)⊆ LIW (GIW )∧
LIW (GIW ) ⊆ LDB(GDB) in order to prove the equivalence of the languages.

First, the relation LDB(GDB) ⊆ LIW (GIW ) will be shown. Obviously, the following
production rules are similar: M → m ∼ F → m, A → a ∼ E → a, A → aMa ∼ E → aFa,
S → ε ∼ D → ε , and S → soAsiS ∼ D → soEsiD. The similarity of production rules
S → soApAsiS and F → p remains questionable. Consider the production rule S →
soApAsiS. After applying of a rule A → aMa on it, the derivation S → soaMapaMasiS
occurs. Let’s introduce the equivalent transformation T IW : a � asisoa. This transfor-
mation is equivalent because it physically means just a splitting of a direct connection
a into two direct connections which are connected through the input (si) and output
(so) ports of an SDC (see Fig. 8). Applying the transformation T IW on the terminals
a staying next to the terminal symbol p, the following production rule is obtained:
S′ = T IW (S → soaMapaMasiS) : S′ → soaMasisoapasisoaMasiS. The subsequence of
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Fig. 8. The equivalent transformations T IW : a � asisoa and T DB : asisoa � a are presented

symbols soaMasi in S′ occurs twice and corresponds to the rule S → soAsiS which is a
start symbol of GIW . Therefore, LIW will not be changed by the elimination of this sub-
sequence. Thus, S′ takes the following form: S′ → soapasiS. We get the following set of
production rules: {S → soAsiS,A → a,A → aMa,M → m,S → ε,S′ → soapasiS}. After
integration of S′ into S the set of production rules can be rewritten: {S′ → soA′siS′,A′ →
a,A′ → aM′a,M′ → m,M′ → p,S′ → ε} � PDB. Thus, LDB(GDB) ⊆ LIW (GIW ).

Now, the relation LIW (GIW ) ⊆ LDB(GDB) will be shown. Obviously, the following
production rules are similar: F → m ∼ M → m, E → a ∼ A → a, E → aFa ∼ A →
aMa,D → ε ∼ S → ε , and D → soEsiD ∼ S → soAsiS. The similarity of production
rules F → p and S → soApAsiS remains questionable. Let’s include the production rule
D → soEsisoEsisoEsiD in PDB. Language LDB is not changed by this operation because
D → soEsisoEsisoEsiD ≡ D → soEsiD. This is an obvious derivation after three times
applying the recursive production rule D → soEsiD. After applying the rule E → aFa
on the new included production rule, we obtain D → soaFasisoaFasisoaFasiD. Let’s
introduce the equivalent transformation T DB : asisoa � a. This transformation is equiv-
alent because it physically means replacing of a connection through the input (si) and
output (so) ports of SDC with a direct connection a (see Fig. 8). Applying the trans-
formation T DB on the subsequences of terminals asisoa, the following production rule
is obtained: D′ = T DB(D → soaFasisoaFasisoaFasiD) : D′ → soaFaFaFasiD. The sub-
sequence of symbols aFa can be replaced by the nonterminal symbol E using the pro-
duction rule E → aFa: D′ → soEFEsiD. Applying the rule F → p, D′ can be rewritten:
D′ → soE pEsiD. We get the following set of production rules: {D → soEsiD,E →
a,E → aFa,F → m,F → p,D → ε,D′ → soE pEsiD}. After integration of D′ into D
the set of production rules can be rewritten: {D′ → soE ′siD′,E ′ → a,E ′ → aF ′a,F ′ →
m,D′ → soE ′pE ′siD′,D′ → ε} � PIW . Thus, LIW (GIW ) ⊆ LDB(GDB). ��
According to Theorem 1, the set of interconnection networks that can be expressed us-
ing the interconnect-wrapper definition (distributed interconnection concept) is
equivalent to those that can be modeled using the DyRIBox definition (centralized in-
terconnection 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 use the MAchine Markup Language (MAML)
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PEInterconnectDyRIBox name

ReconfigurationTime cycle DBPorts PElementsPorts

number
bitwidth bitwidth bitwidth bitwidth

number number number

Inputs InputsOutputs Outputs

Fig. 9. The <PEInterconnectDyRIBox> elements

DBDomain name

Interconnect type ElementsPolytopeRange

Instantiation
name
instanceOf InternalConnections

ElementsPolytopeRange...

Fig. 10. The <DBDomain> elements

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

MAML description of DyRIBox and DyRIBox domain. The structure of the DyRI-
BOX element description is shown in Fig. 9. In MAML, a DyRIBox is represented by
the <PEInterconnectDyRIBox> element. It contains the attribute name which
specifies the name of the DyRIBox which is going to be described. It also contains the
following set of description subelements:<ReconfigurationTime>,<DBPorts>,
and <PElementsPorts>. The subelement <ReconfigurationTime> specifies
the number of cycles needed to dynamically reconfigure the complete DyRIBox. This
subelement is initialized by giving a value to the cycle parameter. The subelement
<DBPorts> specifies the number of ports directly connected to others DyRIBoxes.
The number of Inputs, Outputs and their bitwidth are specified by the at-
tributes. The subelement <PElementsPorts> specifies the number of ports directly
connected to the ports of processing elements. The number of Inputs, Outputs and
their bitwidth are specified by the attributes.
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The DyRIBox domain description. A DyRIBox domain<DBDomain> is typically used
for describing the interconnections of heterogeneous architectures. The structure of the
DyRIBOX domain description is shown in Fig. 10. The element <DBDomain> is fol-
lowed by the attribut name which specifies the name of the DyRIBox domain which is
going to be described. It also contains a set of subelements:

– <Interconnect>
– <ElementsPolytopeRange>

<Interconnect> specifies how the interconnections are going to be described by
giving a type. The type can be manual when all connections are explicitly de-
scribed, or mesh or honeycomb or treewhen the connections are automatically gen-
erated as a mesh form or honey comb form or tree form. In case that <Interconnect>
is a manual type, the subelement <Instantiation> specifies which DyRIBox is
being used and follows the subelement <InternalConnections> 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 poly-

tope which belong to the domain which is going to be described. Concerning the intercon-
nections with external resources of the DyRIBox domain, an element<PortMapping>
is given at the end of the <ProcessorArray> description.

4 Case-Study

We implemented a highly parameterizable template for the generation of parallel pro-
cessor arrays in VHDL (Very High Speed Hardware Description Language). An exam-
ple 4×4 processor array was instantiated and tested on a Xilinx Virtex-II Pro TM xc2vp100
FPGA. 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
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Table 1. Synthesis results for different IW-based interconnection networks in a 4×4 processor
array

Mesh 4D Hypercube BFT & 4D Hypercube

Equivalent Gates 859482 865941 875412
MUX4

1(16) 32 32 37
MUX8

1(16) 0 0 7
Logic LUT 30287 31724 32883
Route-Through LUT 302 244 140
Memory LUT 4768 4768 4768
FPGA Resources 50% 51% 52%

adder modules and one module for the transfer of control signals. The data path width
was chosen to be 16 bit. Different interconnection schemes were implemented using
interconnect-wrappers. The logical interconnection scheme for the 4D hypercube topol-
ogy is depicted in Fig. 12 and for the butterfly fat tree (BFT) topology in Fig. 11. The
results are shown in Table 1. 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 roughly 2% in the case of the 4D hypercube
topology. In the case of the 4D hypercube with the additional butterfly fat tree topology
the hardware cost amounts to roughly 1%.

We also synthesized the same interconnection topologies for a 4×4 processor array
using centralized modeling approach DyRIBox (see Table 2). The logical interconnec-
tion scheme for the 4D hypercube topology is depicted in Fig. 14 and for the butterfly
fat tree (BFT) topology in Fig. 13. In order to analyze only the interconnection network
cost, here a very simple PE architecture was implemented. Each PE contains only the
registers on its input and output ports. In order to compare both approaches the IW
interconnection cost was derived from the results in Table 1. The stand-alone 6-ports
and 4-ports PEs were synthesized and their hardware costs were analyzed. The stand

wppe

wppe wppe

wppe

wppe

wppe wppe

wppe

wppe

wppe wppe

wppe

wppe

wppe wppe

wppe

DyRI

Box

DyRI

Box

DyRI

Box

DyRI

Box
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Table 2. Comparison distributed IW approach against centralized DyRIBox concept

IW (equivalent gates) DyRIBox (equivalent gates)

Mesh 119258 189051
4D Hypercube 125717 45556
BFT & 4D Hypercube 101848 103070
Intuitive - ++
Uniform latency - +
Homogeneous architecture +++ -

alone 6-ports PE consumed 54.599 equivalent gates, whereas 4-ports PE occupied only
46.264 equivalent gates. The PE hardware costs were subtracted from the hardware
costs for the complete designs in Table 1. The DyRIBox interconnection hardware
cost was compared against derived IW interconnection cost. The comparison results
are shown in Table 2.

The centralized approach is a classical and convenient way to model the intercon-
nection of the processing elements. In this case, the processors are connected to one
or more central switch-nodes, which provide the reconfigurable interconnect. Another
advantage of DyRIBox interconnection concept is an uniform latency. Synthesis results
show more efficient DyRIBox implementation for 4D hypercube topology. Whereas, a
decentralized approach may be more reasonable in case of homogeneous architectures
such as meshes or systolic structures.

5 Conclusions and Future Work

In this paper, we introduced a new concept for modeling of interconnection networks in
the field of massively parallel processor embedded architectures. Two interconnection
concepts, namely, intercon-nect-wrapper and DyRIBox definitions of reconfigurable in-
terconnection 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 the interconnect-wrappers to efficiently model many possible in-
terconnect topologies. Moreover, we demonstrated the pertinence of our approach by
synthesis of a real 4×4 processor array with different reconfigurable interconnect topolo-
gies in a case-study.

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