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Abstract

Constraint-driven Communication Synthesis enables the automatic design of the communication architecture of a complex system
from a library of pre-defined Intellectual Property (IP) components. The key communication parameters that govern all the point-to-
point interactions among system modules are captured as a set ebnstraintin the communication constraint grapsimilarly, the
communication features offered by each of the components available in the IP communication library are captured adeatsee of
resourcesogether with its cost figures. Then, every communication architecture that can be built using the available components while
satisfying all constraints is implicitly considered (as smplementation grapimatching the constraint graph) to derive the optimum
design solution with respect to the desired cost figure. The corresponding constrained optimization problem is efficiently solved by a
novel algorithm that is presented here together with its rigorous theoretical foundations.

1 Introduction

In this work we propose a novel approach to design the communication architecture for a system of computational modules wha
interaction is specified from an abstract point of view as a collection of communication requirements on a set of point-to-point uni
directional “virtual” channels. By abstracting away the specific functionality of each module, we can focus on exploring the variou:
communication topologies that can be built composing a set of library elements that include “passive elements” (links) as well as acti
ones (repeaters, switches), each of them coming with a fixed cost function that captures an application-specific optimality criterion. T
proposed approach lies on top of a mathematical model that allows us to fully separate computational issues from communication or
While each computational module acts on the data streams that travel within the system (reading from input channels and writing n:
data onto the output channels according to its functionality) the communication elements limit themselves to transfer the data betwe
two points (the links), two receive and re-transmit the same data (repeaters) or to route in the proper direction (the switches). This cl
task division allows us to focus on the complete exploration of all the possible communication architecture topologies that can be bu
composing these primitive building blocks.

In fact, we limit ourselves to three main composition types to physically implement the virtual channels: the segmentation o
long channels by inserting repeaters between shorter links, the duplication of bandwitdh-challenged channels by adding extra parza
links together with a pair of mux/demux switches, and the merging of distinct channels (which generally involves segmentation ar
duplication). Different from previous approaches to the problem of communication synthesis, we rely on the definition of a fine
grain library whose elements are combined to derive a communication topology that tightly match the system structure. The propos
algorithm discards all the sub-optimal local solutions, while generating a core set of candidate channel implementations from which
picks the optimum-cost subset based on the library cost functions. By composing this subset the algorithm returns the detailed topolc
of the final optimum-cost architecture that is guaranteed to satisfy all the original requirements.

1.1 Related Work

Among the several releted papers published in recent years, the authors of [4] split the development of the communication archit
ture in two steps: channel binding and channel mapping. The former binds virtual communication units to high-level communicatio
channels, while the latter associates to each unit a tree of alternative physical implementations from a library. Then a depth-first sea
strategy is used to derive an optimal solution. In [8] and [9] the design of the communication architecture is done with an exploration «
different solutions validated by a fast performance simulation that is based on a detailed characterization of the library components T
focus of [13] is on interface synthesis among processing elements that communicate on a bus-based architecture. The authors of
assume that the network topology is given and find an efficient physical implementation that allows to achieve very high performance



Figure 1: Abstract model of communication requirements.

sending control signals and deadlines on the delivery of the message in advance to the corresponding data. The approach of [2] is sin
to the one of the present work altough specialized to ATM networks: the problem is to select the topology of a network composed
links specified in a library with their speed and cost. Different from our approach this paper assumes that the location of the intermedic
communication nodes is fixed and the optimization is limited to link selection.

2 Communication Constraint Graphs

The abstract model to specify a communication system is represented in Figure 1 and consists of a set of computational modt
communicating through point-to-point unidirectional communication “virtual” channels that are connected to the modules by mear
of input/output ports. A module may communicate with another module through multiple unidirectional channels (in both directions)
For each entering (leaving) channel connected to the module there is a corresponding dedicated input (output) port. Communicat
requirements are specified for each channel as a set of two parameters: the distance to be covered and the required bandwidth.
intent is to use this model as a basic common starting point to define the communication specifications of various kinds of systen
such as a “System-on-Chip”, a multi-chip multi-processor system, or a local area network (LAN). Naturally, the basic model will be
appropriately extended/refined for each particular application. For instance, in case of a “System-on-Chip”, a channel could repres
the set of wires implementing the address bus that a processor uses to access a cache memory and a certain required channel banc
could be specified in gigabyte per second. Furthermore, for each port of every computational module on the chip a certain location co
be specified, thus making it possible to compute the Manhattan distance between any two communicating ports. On the other hanc
we are studying how to implement a LAN and we want to evaluate whether to realize it as a fiber-optic network or a wireless networl
(or a combination of the two), the set of channels could just capture all the specified links among the clients and the servers. Here
Euclidean distance among all these components could be sufficient, while for each channel, the bandwidth is usually specified in gige
per second.

Independently from the specific application, we follow the principle of orthogonalization of concerns [1, 7] and we uniquely derive
from the network @ommunication constraint graghat allows us to focus on the design of the communication architecture while disre-
garding the functionality of each computational module in the system. Working with the constraint graph, we definsttiaént-driven
communication synthesis problexs the task of finding the communication architecture which satisfies all the constraints specified as
communication requirements on the channels, while minimizing a predefined cost function that captures an optimality criterion whic
must be defined for the specific application.

Definition 2.1 A communication constraint grapbr simplyconstraint graphG = G(V,A) is a directed graph, where each vertex v
is associated to a port of computational module of the system and each directed arc a (also called,ceingbigjnt arcrepresents
a point-to-point communication channel between two modules. A positigrispassigned to each vertexaV, while the following
quantities are associated to each directed are &u,v) and referred to agrc properties

e d(a) : arc length(or, distancg between vertex u and vertex v.
e b(a) : communication bandwidth on the constrained arc a.

The right-end side of Figure 1 illustrates the communication constraint graph that is derived from the network on the left-end side. Tt
previous definition doesn’t specify whether the position of the vertices should be considered on the plane or in space, nor which type
distance is used to compute the arc length. However, for allatc$u, v) in the graph, the values dffa) must be consistent with the
positionsp(u) andp(v). For instance, in the case of a “System-on-Chip”, the position of veregrresponding to a module port) will

be given by its coordinatas(v) = (xy,Yy) and the length of the a@= (u,v) may be computed using the Manhattan distance between
the coordinates of its two nodes= |x, — Xv| + [Yu — /. In the sequel, we will rely on the notion of geometric natm(u) — p(v)|| to

identify the generic distance between two vertiogse G.



The set of all arc properties (lengths and bandwidths) represent the set of design constraints that need to be satisfied while derivir
communication architecture that implements all point-to-point communication channels of the system. As discussed in the introductic
we assume that this communication architecture is realized by putting together elements taken from a communication library.
particular, the library may contain several kinds of communication links, repeaters, and switches. For instance, a communication li
guarantees that a certain flow of information can be transferred with up to a specified bandwidth between two ports as long as they
within a specified distance. Examples of communication links are optical fiber connections, wireless links, or metal lines on a chip th
can sustain up to a certain bandwidth given a certain distance. A repeater is used to connect to links (that are able to sustain a cel
bandwidth) to cover a distance that they would not to be able to cover stand-alone. A switch, while being able to act as a repeat
enables the connection of multiple links that share a specified bandwidth. A multiplexer is a switch that takes multiple incoming link
and “merges” them into one outgoing link whose bandwidth is larger than the sum of the incoming one. A de-multiplexer does th
inverse function. In the sequel we define more formally the notion of communication library and we show how putting together thes
basic elements and defining a few simple operation to combine them we are able to build a rich set of heterogeneous communicat
architectures having various topologies and bandwidth characteristics.

Definition 2.2 A communication libraryz = LUN is a collection of communication links and communication nodes. Each érk |
in the library is characterized by a set lbfik properties

e d(l) : the linklength(or, distancé corresponds to the length of the longest communication channel that can be realized by this
link.

e b(l) : the link bandwidthcorresponds to the bandwidth of the fastest communication channel that can be realized by this link.

e c(l) : the link costis a figure (the lower the better) defined with respect to the other links in the library based on an optimality
criterion that may vary with the type of application.

Also, each communication nodesriL has a cost ().

The realization of a communication architecture that satisfies the requirements specified by a constraint graph can be modeled
set of graph transformations (including the addition of new arcs and vertices). This leads us to define a new graph, called implementat
graph whose set of vertices is an extension of the set of vertices of the constraint graph. In particular, each vertex in the implementat
graph is either a “computational vertex” (corresponding to a vertex in the original constraint, i.e. a port of a computational module c
the original system) or a newly added “communication vertex”, corresponding to an instance of a communication node from the librar
Also, every arc in the graph is mapped to a library link.

Definition 2.3 A path g= (vi,a1,V2,a,...,Vo-1,80-1,Vo) Of a graph G= G(V, A) is an alternating sequence of distinct vertices and
arcs in G, with Mg, G) and A(q,G) denoting respectively the set of vertices and arcs touched by q. Furthermore, we desinle-trath
of p up to vertex ye V(q,G) as sulfqg,vj) = (v1,a1,V2,az,...,aj—1,Vj). As for an arc we can define the followipgth properties

o (length): da) = 525" d(a).

e (cost): dq) = ziQ:_Olc(ai).
wherec(g;) denotes the cost of an arc as it specified in the following definition.
Definition 2.4 Given a constraint grapl; = G(V,A) and a communication library. = LUN, animplementation graplg’ (G, L) =
G(V'UN',A) is a directed (possibly multi-)graph s.t.:

e for each vertex inV there is a corresponding vertex irakd vice versa (and they have the same positions), i.e. there is a bijective
mapping functiory : V — V' s.t. W eV, 3V e V/(V = X(V) Av=X"1(V) A p(v) = p(V)).

o for each vertex in Nthere is a corresponding communication node in N, i.e. there is a surjective mapping fuhctidn— N
s.t.vn e N';3ne N(n=y(n')).

e for each arc in Athere is a corresponding communication link in L and they share the values of their properties, i.e. there is a
surjective mapping functiop: A' — L s.t.va' e A Jl e L(I = @(@) Ad(@) =d(I) Ab(a) = b(I) Ac(d) = c(l).

e for each arc a= (u,v) in the constraint graph there is a set of patf$a) in the implementation graph connectiggu) to x(v)
without passing through any other computational vertex (but only, possibly, through communication vertices) that together satisi
the bandwidth constraint(a) as the sum of the bandwidtlid) of each path ¢ 2. Formally,va= (u,v) € G,3P(a) € G’ s.t.
vVg=(M,...,nQ) € P:

1. m=xu)Ang=Xx(V)A¥Yme [2,Q—1](nme N').



a=(10,30)

O O
O L @ O
Segmentation _=(10.19)
a=(20,30)
O O

&
et

Duplication+Segmentation

Figure 2: Examples of arc segmentation and duplication.

2. ba) < 3 gepb(q).
The set of path®(a) is called theconstraint arc implementatiofor, simply, arc implementatiohand its cost is CP(a)) =

Y qer ()
Definition 2.5 Thecostof an implementation graplj’ is defined as:
C(g)= Y o)+ 3 cfd) )
neN’ a'eN

where ¢n’) = c(p(n')) and qr') are as of definition 2.4.

Generally, for a given library there are many possible implementation graphs that satisfy the requirements expressed by the constr
graph while having different costs. In particular, one implementation graph, called the optimum point-to-point implementation graph, |
guaranteed to exist and it is derived by implementing a single arc constraint independently from all the others present in the constre
graph.

Definition 2.6 Given a constraint grapli; = G(V, A) and a communication library, = LUN, aoptimum point-to-point implementa-
tion graphG’(G, £) = G(V'UN’,A') is an implementation graph such thég; € G, P(a;) has the minimum cost(@(a)) while being
subject to the constraint that:

ﬂ P(a) =0,
aecG
i.e. its arc implementations are disjoint.
The following definition gives a characterization of all possible structures for the arc implementations in an optimum point-to-poin
implementation graph (see also figure 2).
Definition 2.7 Given a constraint grapl; = G(V,A) a communication library. = LUN, and animplementation graply’ (G, L) =
G(V'UN', A) the arc implementatio?(a) of a(u,v) € A is called:
e anarc matching iffP(a) = {p = (x(u),x(v))}, i.e. the implementation corresponds to exactly one library link.

e a K-way arc segmentation if’(a) = {p = (X(u),n,...,Nk—1,X(V))},vk € [L,K — 1](nx € N'), i.e. the implementation corre-
sponds to the concatenation of K library links.

e aK-way arc duplication iffP(a) = {p1 = (X(u),X(V)),..., Pk = (X(u),Xx(v))}, i.e. the implementation corresponds to placing K
library links in parallel.

Clearly, the optimum point-to-point implementation graph can be seen as the representation of a communication architecture tha
built considering sequentially the implementation of each constraird asca stand-alone task, performed according to the following
steps:

INote that the “computational vertices” ¥hare not part of the cost equation, they may be though as having null cost.




1. if it exists, the minimum cost linkin the library that satisfies the constraind) > d(a) Ab(I) > b(a); if such a link exists an
arc matching is the desired arc implementafion

2. ifd(l) < d(a) for all library links| (while b(l) > b(a) is satisfied by som@, then arc segmentation will lead to an implementation.
3. conversely, ib(l) < b(a) for all library links| (while d(I) > d(a) for somel), then arc duplication will lead to an implementation.

4. in case both constraints can not be satisfied by any link in the library, then a combination of arc segmentation and arc duplicati
will lead to an implementation..

Lemma 2.1 For all constraint graphsg = G(V, A) and all communication librarie€ = LUN, there exists anptimum point-to-point
implementation graply’(G,£) = G(V'UN,A) and Q G') = Syen C() + S aea €(@) = T acaC(P(a)).

On the other hand, by analyzing the definition of implementation graph it is clear that some of its arc implementations may sha
paths (i.e. links and/or communication nodes). In fact, in general the cost of an implementation graph is smaller than the sum of t
costs of its arc implementations, i.e., re-considering equation 1, we have:

C(g') = ZN/C(n’)Jr A/C(a') < ;C(T(a)) )

As a consequence, we are forced to analyze the interactions between point-to-point constraint arc implementations and the tas
finding the optimum implementation graph becomes more challenging.

Definition 2.8 Given a constraint grapl; = G(V,A) a communication library. = LUN, and animplementation graplg’ (G, L) =
G(V'UN’,A), the union of Ke [2, |A|] arc implementations(ay), ..., P(ax ) is called a kway arc mergingvhen3g* s.t. N5, P(ax) =
g*. The path g is called thecommon pattof the merging transformation.

It becomes natural to define a constrained optimization problem aimed to find that implementation graph whose cost (expressec
the sum of the cost of all its components mapped to a library element) is minimum.

Problem 2.1

Given: a constraint graply = G(V,A) and a communication librarg = LUN
Minimize: the cosC(G’)
Over all: implementation graphg’(G,£) = (V'UN',A) of G.

Clearly, this problem can be seen as a special case of 0-1 integer linear programming (ILP).
In the sequel, we will present an exact algorithm to find the solution of this constrained optimization problem when the following
assumption holds:

Assumption 2.1 Given a constraint graplg = G(V,A) and a communication libraryz = LUN, for each constraint arc & (u,v),
C(#(a)) > 0and for all pairs of arcs a= (u,v),a = (U,V) € A and for all corresponding minimum-cost constraint arc implementations
P(a), P(d):

((d(a) < d(a) Ab(a) < b(@)) « (C(P(a) < C(P())) @)

This assumption is justified from a practical point in most application domains: for instance an optical fiber supporting a given bandwitc
is priced per meter; similarly, for radio link covering a fixed distance the higher is the desired bandwith the more expensive is the co
of the equipment.

3 Solving the Constrained Optimization Problem

To solve exactly the constrained optimization problem defined in the previous section we developed an algorithm that is based ol
sequence of two steps, namédgal solution generatiomndglobal solution derivation

1. We efficiently generate the sétof all those alternative distinct implementations of each arc in the constraint graph that are not
“dominated” by other less expensive implementations. TheSsetludes all|A| arc implementations in the optimum point-
to-point implementation graph (see 2.6) together with a minimal set of arcs implementations that are built dpplgingrc
mergings k € [2,|A]]) (possibly combined with some arc segmentation/duplication). The elemefi@refsaid “local” since they
generally provide an implementation only for a subset of the constraint arcs, and, in the kas@?dfway mergings (where all
arcs are implemented), the implementation may only represent a locally-minimum in the search of the solution space.

2See also the assumption 2.1 defined below.



Figure 3: Example of splitin a k-way merge

2. After computing the cost of each elementspfve solve an instance of the weighted Unate Covering Problem(8l@®jind that
subset ofs providing the minimum cost global implementation for all arcs of the constraing graph.

When combined, the two steps correspond to implicitly considering all possible communication sub-architectures that can be genera
by putting togheter communication library components while being compatible with the requirements of the constraint graph. T
be effective, this approach must rely on the ability of generating the smaller possible set of local sgluti@isnust necessarily
be considered to guarantee that the entire solution space is explored as part of the exact search of the global optimum. One c«
naively think to generate all possible solutions and leave the responsability of finding the global optimum to state-of-the-art UC
solvers [3, 6, 10], which provide sophisticated techniques to prune away suboptimal local solutions. In practice, this would turn out
be quite expensive from a computational point-of-view during both steps. Instead, we will present here a set of theoretical results tt
guide us during the first step, enabling the pruning of many useless branches during the search of thé.tightest

Since, the proliferation of alternative arc implementations (on top of those of the optimum point-to-point implementation graph) i
due to the possibility of realizinf-way arc merging implementations, it is natural to focus on defining criteria that establish when a
subset oK arcs can be merged.
Definition 3.1 Let G = G(V,A) be a constraint graph and = L UN a communication library. Alsgk € [2,|A| — 1], let A denote a
subset of A having cardinality\“| = k and \X the vertices connected by the arcs §f Bet GK = G(VK, AX) be the projection of; onto
AK. Ais said to be kway mergeable iffhe union of the arc implementations of the minimum-cost implementation W,L) of
G¥is a k-way merging. The set of sets of k-way mergeable arc is denotff as

The following lemma provides a sufficient conditions to detect when a pair of arcs is not 2-way mergeable. As for all the remainin
results in this section, this condition is valid independently from the characteristics of the chosen communication kbtanyN, as
long as the library satisfies Assumption 2.1.

Lemma 3.1 Let £ = {a,&} C A be a subset of two arcs-a (u,v),a = (U, V) of a constraint graphg = G(V,A). Then,

{d(a) +d(@) < [Ip(u) — p()[| +Ip(v) = P(V)I[)} = A? & M?

Proof. [By contradiction]. Let us assund€ € M2 and prove that this implies thgto(u) — p(u)|| + ||p(v) — p(V)|| < d(a) +d().
For any libraryZ, let G'(G?, £) = G(V UN, A) be the graph implementation corresponding to the generic 2-way merging illustrated in
figure 4, wherd/ = {u,v,u',v'} N = {x,y} andA’ = {(u,x), (y,v), (U,X), (y,V), (X, y)}. Graphg’ has cost:

C(G") =C(2((u,x))) +C(P((U, %)) +C(((y.V))) +C(2((y.V))) + C(2((x.¥)))

Instead, letG*(G2, L) be the optimum point-to-point implementation graph made of the arc implementai@sP(a’) and cost

C(G*) =C(P(a)) +C(P(a)). By definition 3.1 of 2-way mergeabilith? ¢ M? = C(G') < C(G*). Therefore, sinc€(P(x,y)) > 0,
we have that

C(2((u,x))) +C(P((U',x))) +C(P((y:V))) + C(((y,V))) < C(P(a)) +C(P(a))

Recalling Assumption 2.1 on the librasy and considering that the bandwidth constrabiies), b(a’) must be satisfied by both imple-
mentations, the previous inequality on the costs translates on the following inequalities on distances:

d((ux) +d((U,x) +d((y;v) +d((y,V)) < d(a) +d(&)

which, by the triangular inequality of the distance, implies thafu) — p(u)|| +||p(v) — p(V)|] < d(a) +d(&). O
The following lemma can be seen as an extension of the result of the previous lemma to thelcasesdfecause it provides a
sufficient condition that guarantees that they arekaoay mergeable.

3This problem can be seen as a matrix formulation of the MINIMUM COVER problem [5].
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Lemma 3.2 Let & = {a1,...,a} C Abe asubset of k arcg & (u1,v1),...,a = (U, Vk) of a constraint graphg = G(V,A). Then,

k-1
{lewd(ak)led(aa) ;||pu. (U +[P(vi) - (w)}éA%Mk

Proof. [By contradiction]. Let us assur € M and prove that this implies

k-1
((kl)'d(ak)Jf_zid(ai)) ZHPUI P(u)|[+[[P(vi) = p(vi)| 4

Let - = (x,y) be thecommon pattof the k-way merging for the arcs oA, For each constraint a@ = (ui,v) € AKX, a necessary
condition to be part of the-way merging is

d(&) > d((u,x)) +d((y, %)) ®)

Without loss of generality, single out the constraintage= (ux, Vi) € AX. Then, sum both sides of inequality( 5) for all otlker 1 arcs
a,...,a—1. Finally, sumk — 1 times to both sides of the resulting inequality the corresponding sides of inequality( 5) written for arc
ax—1. By applying the triangular inequality to tteg_, pairs of distanced((u;,x)) +d((y,vi)) with respect to the position of the nodes

u andv we obtain inequality 4. O

Theorem 3.1 Let G = G(V, A) be a constraint graph. Then,

{vke [2,|A| - 1], VAT C A\ {a}, (A tu{a} g M)} =
= {vhe [k |A],VA" C A\ {a} (A"U{a} ¢ M*+M)}

Proof. LetAk ¢ A\ {a} be an arbitrary set df constrained arcs of that doesn’t contaim = (u,v) nd letAXt* = AU {a}. Let's
consider allk distinct subsets of**1 that contains. For for each of these subset, we apply Lemma 3.2 to write the condition that
excludes itk-way mergeability:

(k—1)-d(a)+d(ap)+---+d(ax) <

<|Ip(u2) = p(W)[ +---+[[p(u) = p(U)[|  +
+HIp(v2) = p(V)II+ -+~ +[Ip(vi) — IO(V)II

(k—1)-d(a)+d(aq)+---+d(ax-1)
< |Ip(ur) = p(U)[[ 4+ +|[P(uk-1) — (W)
+lIp(vi) = pW)[|+- -+ |[P(Vk-1) = P(V) |

4 + IA

By summing the&k — 1 inequalities is:

k-(k—1)-d(@) + (k—1)-d(ag) + -+ (k— 1) -d(a)
< (k=D)llp(ur) = p(u)[[+--- =+ (k= 1) p(uc) — ()|
+(k=1)[[p(ve) = p(V)[| +- -+ (k= 1)[[p(vic) = P(V)|

U + IA

If we divide both sides of the previous inequalityloy 1, a quantity greater than zero, and we recall Lemma 3.2, we obtain the condition
that guarantees thakt! is notk+ 1-way mergeable. Due to the arbitrary choice of theetve have proven that

{VA" CA\{al, (Aku{a} ¢ Mk)}

7



This corresponds to the thesis for the chsek. The corresponding result for dle [k+ 1, |A|] can be obtained by applying recursively
the same procedure . O

Given a constraint grapf = G(V,A) and communication library. = LUN, the following result provides a sufficient condition to
establish that a subsa¥ of A is notk-way mergeable, i.e., formally, thak ¢ ark.

Theorem 3.2 Let A = {a1,...,a} C A be a subset of k arcs & (uy,v1),...,a = (U, V) of a constraint graphg = G(V,A) and
L =LUN be a communication library. Then,

k
{;b(ui,vi) > (TITIEEIi_X{b(U} + ng[ink] {b(uj,vj)}) } = Ak g ark

Proof. Figure 3 helps to understand the proof. By hypothesis, the common path of any poesglylenerging must be decoupled in
at least 2 arce, @ with @(a) = {I1 € L | b(l1) = max¢, {b(l)}}. Without loss of generality, ledy be the arc carrying the minimum
bandwidth costraint withi\, i.e. a; = min; (1 {b(uj,vj)}. We consider two cases:

1. Assume that the inequality is in fact an equation. This means that we can separate the implementation along the tiotted line
as shown in figure 3-(b), and derive an implementation composed by a pattafreource toa; destination that includes,
together with & — 1-way merge for the other constraint arcs. The cost of the implementatianisfgreater or equal than its
point-to-point minimum-cost implementation, because the latter has necessarily a smaller distance to cover while the bandwic
is the same (recall Assumption 2.1). Therefore khgay merge has a cost that is greater than the direct implementation of the
link with the minimum bandwidth plus le— 1-way merge of the other links (Figure 3-(c)).

2. If the hypothesis is an inequality then two situations may occur: the first, trivial, happens when there are no links in the librar
that match thés(a;) and this is the same as the case already discussed. Instead, when tmeascanenplementations sharing
a, we can ideally separate the merge into two implementations along the dottéd Hiemce, we can divide the arcs into two
setsA” andAK " s.t. A" UAKT = AKkandA" N AK" = &, Again, two situations may happen. If the two sets are respectivelyy
mergeable andk — r)-way mergeable, then the implementation of the two sets separately has a cost less or eqlaiterge
of Ak and, by definition, this means thaf is notk-way mergeable. If instead, at least one of the two sets is not mergeable, say
A, this means that the point-to-point implementation of its arcs has a lower cost. Therefore the composition of the implementaic
of AX wiht the (k—r)-way merge ofA* " andr point-to-point implementations of the arcsA¥f has a cost lower than theway
merge ofAk. Hence AX is notk-way mergeable. O

Figure 5 illustrates the algorithm to generate a minimal set of candidate arc implementations that is based on the above resuls. Fi
it is convenient to define two distinct symmetric matrices (the Constrained Distance Sum Mainik the Merging Distance Sum
Matrix A) to capture key quantities related to each pair of arcs in the constraint grapls(V,A). In particular, for any two arcs
a = (uj,vi),a; = (uj,vj), M'(a,a;) =d(a)+d(aj) andA(a,a;) = ||p(u) — p(U)||+||p(v) — p(V)]|. Notice that since the two matrices
are symmetric, we only need to scan the values of their upper diagonal part.

After having saved int@ the optimum point-to-point arc implementation associated to each constraint arc (loop 3-6), the algorithm
proceeds by subsequently considering all posdibdeay mergings for incrementing value bfloop 13-32). Using the result of The-
orem 3.1, as soon as hkeway mergings are possible for an ag the corresponding column (and row) is removed from the matrix
I (line 22). The algorithm leaves the main loop, when the set of columfisbkEfcomes empty (line 27). In general, for any given
k, we iterate through the current set of columnd dfrecall that each of them is associated to an arc that can still be pait-ofagy
merging) and, for each columay, we considerate all possible sets of rolwglso associated to arcs) of cardinalkyogheter with
a; as a potentialljk-way mergeable subs@k. If the pruning condition of Lemma 3.2 (line 16) is not satisfied as well as the one of
Theorem 3.2, as soon as (line 22) is reached, we are forced to include a pkssitemerging ofAX within 5. Instead, if this is not
the case for alA¥, we are allowed to avoid consideriag again. The algorithm terminates returning the $ef candidate arc imple-
mentations, whose exact structure (i.e the exact topology, communication node position, number. of fjikdater obtained solving
a simple linear optimization problem, which computes also the cost. Finally, a unate covering matrix is built by associating to eac
row a constraint arc, to each column a candidate implementation and setting eadh jeiatigne if the implementatiof implements
the arci, to zero otherwise. Each columns has also a weigth corresponding to the implementation cost. Finally, the selection of
optimum global solution correspond to the solution of this instance of weighted Unate Covering Problem (UCP) and can be found t
using state-of-the-art UCP solvers [3, 6, 10].

4 Domain Application Examples
The algorithm presented in the previous section is illustrated here by means of two examples that are taken from different applicati

fields. The first example represents a simple wide-area network (WAN), while the second example shows how the current approach
be adapted to attack the on-chip communication synthesis problem,



. GenerateCandidateArclmplementatiofs, £)
: {Compute se§ of candidate arc implementatiohs
S<0
: {Get optimum point-to-point arc implementatigns
: for all arcae G do
P(a) « findBestPointToPointimplementatigg, L)
S<Suo(P(a)
: end for
: {Find non-dominated candidatewvay merging$
. B« ComputeBandwidthVectdrg)
: ' <« ComputeConstrainedDistance SumMatrix)
. A <= ComputeMergingDistanceSumMatr(i% )
kel
: foundCanditateMapping= TRUE
: while (foundCanditateMappingdo
for all columnj e col(I") do
for all row subset$ = {i1,...,ix} C row(l) do
if $11 401, ] < 31471, ] then
bmin < min {B[]], m|n|e[1k]{B[l]}}
if 3l € £s.t. (b(l)+bmin) < T, B[i] +B[j] then
S < SU findKMerginglmplementatidij, | )
foundCanditateMapping= TRUE
else
col(MN < col(M\{j}
end if
26: end if
27: end for
28:  end for
29: if col(I") = 0 then
30: foundCanditateMapping= FALSE
31  else
32: k<k+1
33 endif
34: end while
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Figure 5: Algorithm to generate all candidate arc implementations.

Figure 6-(a) reports the diagram of a wide-area communication network, where the length of the arcs suggests that the“computatior
nodes A,B,C are fairly close to each other as well as nodes D and E, while the two groups are separated by a distance which is |
atively much larger. We assume that every channel presents the same bandwidth requirement, bty E@ure 6-(b) shows
the corresponding communication constraint graph where only the ports and the channels are retained. In this case, it is reasonab
adopt the approximation that all the ports of a computation node have the same position. The library that is available for implementi
the communication architecture consists of two types of links, whose cost is a function of the supported channel length: a radio lir
Ir = (11Mbps|,$2 x meter, and an optical link, = (1Gbpsl,$4 x meter). Table 1 and Table 2 report respectively the values of the
Constrained Distance Sum Matiixand the Merging Distance Sum Matixexpressed in kilometers.

By running the algorithm reported in Figure 5, it is easy to determine thaigascnot mergeable with any other arc and, therefore,
will have to be implemented as a minimum-cost point-to-point link. Due to its distance, this links turns out to be the radio link. The
algorithm also determines that aag cannot be involved in any 4-way arc merging (nor, therefore, inkasway mergings wittk > 4).
Besides the 8 optimum-cost point-to-point implementations, thg senhtains thirteen 2-way, twentyone 3-way, sixteen 4-way, and five
5-way candidate arc mergings. For each candidate implementation the following minimization problem is solved to derive its cost :
well as the position of its communication nodes. implementation:

Minimize: the cosC(X)
Subjectto: K-x=d

The K matrix is derived by writing the equation forcing that the sum of the lengths al@mgly axes must be equal to the difference
in position between source and destination points. Finally, after solving the weighted UCP, we learn that the minimum cost solution
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Figure 6: Simple WAN and its Constraint Graph

[ [Ta] af a] a_| 3 | a | a7 | ag |
10.38 | 14.05 | 102.02 | 105.18 | 103.61 8.60 8.60
14.44 | 102.40 | 105.56 | 104.00 8.99 8.99
106.07 | 109.23 | 107.67 12.66 12.66
197.20 | 195.63 | 100.62 | 100.62
198.79 | 103.78 | 103.78
102.22 | 102.22
7.21

FreeLeL

Table 1: Constrained Distance Sum Matrixwith I (g, a;) = d(&) +d(a;).

obtained by merging the areg with as andag in an optical link and implementing each of the other arcs with a dedicated radio link.
The result is shown in Figure 7 where the dash-dot lines indicate a radio link and the solid line indicates an optical link.

If we change the application domain by moving to the problem of deriving an architecture for an on-chip communication network
the characteristics of the constraints and the cost function are quite different. Still the proposed approach can be used to find
instance the minimum number of repeaters (stateless buffers) that it is necessary to insert on a metal line while performing an optim
segmentation using the notion of critical lengthi() as defined in [12]. For this application, a first-cut libratycan be considered as
composed by only one link (a metal wire of lengiht that is only dependent on the technology process) and three communication nodes
(an inverter, a multiplexer and a de-multiplexer, all optimally sized). By using the Manhattan distance as the appropriate measure 1
the length of the links, the cost of each arc in the implementation graph is givem®y- xu| + |y — Yul) /lerit |- Figure 8-(a) illustrates
an example of this application, where we have studied the most critical channels on a multi-processor MPEG 4 decoder implemen
in a 0.18u technology. The final communication architecture, reported in figure 8-(b), has a total number of 55 required repeaters (wit
lerit = 0.6mm). It is important to notice that this result is valid as long as the assumption that all links on the chip have a delay smalle
than the clock period. Naturally, with the advent of deep sub-micron (DSM) process technaltbgyd0d below), this will be true for
fewer wires. Still the approach presented in this work can be combined with the recently proposed latency-insensitive methodology [.
after making sure to define a cost function centered on the minimization of both stateless (buffers) and stateful (latches) repeaters.

5 Conclusions

This paper introduces a novel algorithm for the automatic synthesis of a communication architecture among a set of computatiol
blocks once their relative positions and required pairwise communication bandwidth is provided. The algorithm is the result of
new way of modeling the problem (embodied by the notion of communication costraint graph) and it is based on a series of theoretic
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[ Ta] a&] a] a | a | as | a

[ 3 |

EN 9.05 | 14.05 | 102.02 97.02 | 102.40 | 200.09 | 200.17
a 5 | 103.61 98.61 | 104.00 | 201.69 | 201.58
az 98.61 | 103.61 | 107.67 | 198.61 | 198.42
ay 5 9.05 | 100.00 | 100.63
as 5.38 | 103.07 | 103.78
as 101.40 | 102.22
ay 7.21
ag

Table 2: Merging Distance Sum Matrlx, with A(a;,a;) = ||p(u) — p(W)|| + || p(v) — p(V)]|.
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Figure 7: Example 1: Implementation Graph

results that give simple conditions to detect when a possible merging between point-to-point communication channels should be avoic
because it is guaranteed to be part of a suboptimal solution.

Future work includes the extension to the case of statistical routing as well as to the case of shared use of resources. In the f
case a channel use probability could be specified for each distinct point-to-point communications. The algorithm should be modifie
to consider their merging in case the available link bandwitdh is not fully exploited. The second case includes considering limitatior

in the number of library elements that can be deployed and/or their features (e.g. a switch that can not drive all its outgoing channi
simultaneously).
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