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Algorithms for an FPGA Switch Module Routing
Problem with Application to Global Routing
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Abstract—We consider a switch module routing problem for vertical channels
symmetrical-array field-programmable gate arrays (FPGA's). P -
This problem was first introduced in [21]. They used it to L L
evaluate the routability properties of switch modules which they I__J HJ_“_, _l_ L_]
proposed. Only an approximation algorithm for the problem was
proposed by them. We give an optimal algorithm for the problem
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based on integer linear programming (ILP). Experiments show horizontal !I m ,Tl II—L_I switch
that this formulation leads to fast and efficient solutions to channels / | p i | modules
practical-sized problems. We then propose a precomputation —1 5| 15| ] S|
that eliminates the need to use ILP on-line. We also identify 1 I 1
special cases of this problem that reduce to problems for whom I :ﬂ I
efficient algorithms are known. Thus, the switch module routing L L - logic
problem can be solved in polynomial time for these special cases. Il S_.[ 1‘]_5 L ,_I__S Fl: /,m,du[es
Using our solution to the switch module routing problem, we
propose a new metric to estimate the congestion in each switch T Tl T

module in the FPGA. We demonstrate the use of this metric in . )

a global router. A comparison with a global router guided by Fig- 1. Symmetrical array architecture.

the density of the routing channels shows that our metric leads

to far superior global and detailed routing solutions.

fewer switches in a switch module would reduce routability.
Thus, this presents a problem of designing switch modules
to maximize the routability under area and delay constraints.
[. INTRODUCTION An experimental evaluation of the effect of varying different

N the symmetrical-array FPGA architecture [1], [8], [20]parameters, like switch-module and connection-module flexi-
I routing resources consist of horizontal and vertical channdldities, on the amount of routing resources needed to complete
and their intersecting areas. The layout in such an architectfi@&ting was reported in [3]. This provides an empirical way
is shown in Fig. 1. An intersecting area of horizontal antp choose a routing architecture. In contrast, Ztual. in
vertical channels is referred to as a switch module. A nbt1] presented an algorithm for switch-module design that
can change its routing direction via a switch module, ar@enerated designs, given a distribution for the nets, that
such a direction change requires going through at least dw@vide good routability. They did it for more general switch-
programmable switch inside the switch module. Research&pgdule architectures than [3]. In order to evaluate their
have shown in [2], [18], and [19] that the feasibility of FPGAdesigns, they introduced a switch-module-routing problem,
design is most constrained by routing resources, and circwifiich was the key problem for analyzing the routability of a
performance in FPGA's is most limited by routing delaysswitch module with respect to various routing instances in the
Thus, switch-module design and routing are of significaprovided distribution. This switch-module-routing problem is
importance in the design and use of FPGA's. addressed in this paper.

Due to the area constraints of switch modules and delaylnformally, the switch-module-routing problem is described
constraints of routing, the number of switches which can be pag follows. The input is a switch-module description and a
inside a switch module is usually limited. On the other handextuple specifying the number of nets that have to pass
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> defined formally in the next section. Section IV explores some
4 ! 3 special cases that can be solved efficiently and optimally.
Section V shows how preprocessing can be used to avoid use
A of ILP at run time. Section VI shows the use of this theory
AN b in the development of a global router. Finally, Section VII
I~ A shows the experimental data.
N
T~
1 3 4 II. DEFINITIONS AND PROBLEM SPECIFICATION
2 A switch moduleis a W; x W, rectangular box withiA’;

terminals on the left and right faces atl; terminals on
the top and bottom faces. Within a switch module, various
terminals are interconnected in some manner dependent on the
algorithm, in the worst case, does not run in polynomial timepodule. A switch module can be one of two types, namely, a
experimental results consistently show that our algorithm $svitch matrixor a switch block
very efficient for practical-sized switch modules. For exam- A switch matrixis a rectangular grid ofi¥; horizontal
ple, running times for all the 20« 20 switch modules we tracks andW, vertical tracks. These tracks are electrically
considered averaged about 0.25 s of central processing unatinteracting. The horizontal tracks are numbered top to
(CPU) time. We further improve this approach by proposingl@ttom and the vertical tracks left to right. A switch matrix
method that avoids having to solve the integer programmiggmprises two types of switches, nametypssing switches
problems when actually solving the switch-module-routingnd separating switchesThese switches are utilized in estab-
problem. This is done by performing some preprocessing tshing connections between the tracks. Crossing switches are
the given switch module. We also identify interesting specifdund at the intersection of a horizontal track and a vertical
cases of the switch-module-routing problem which can leack. A crossing switch between a horizontal tracland
solved optimally in polynomial time. This is achieved bya vertical trackj has the following property. When on, it
reducing them to instances of bipartite-matching problems aodnnects tracksand; electrically. When off, these two tracks
network-flow problems. are electrically noninteracting. Separating switches are found
Some previous work on FPGA routing [3], [4] suggestednywhere along a track, subject to the constraint that each
that it was a sensible goal for global routers to baland®rizontal or vertical track has at most one separating switch.
channel densities in all the channels of the FPGA. However, Ahseparating switch on track when off, splits track into two
FPGA'’s, the physical architecture of the switch modules coelectrically noninteracting tracks. When on, tradkecomes a
strains the routing more than channel capacity, as illustratsitigle electrical track. A switch matri¥/ is the specification
by the following example. of the placement of crossing switches and separating switches
Example 1: For the switch module and the net specificatioon a givenW; x W grid. An example switch matrix is shown
in Fig. 2, let us suppose the global route for all four nets usés Fig. 3(b).
the shown switch module. The density of each channel is twoA switch blockis a rectangular box with4; terminals
and hence does not exceed the capacity of the channels. Tloasthe left and right faces andd’; on the top and bottom.
this would be a valid global route if one were concerned aboBbme pairs of terminals on different faces of the box may
channel density only. Nevertheless, given this global route, thave programmable electrical links, i.e., these pairs can be
switches available in the switch module do not permit a valiglogrammed to be connected or disconnected. Moreover,
detailed route of all the nets. The thick lines show a feasiblkese links are electrically noninteracting, unless they share
detailed route for three of the nets, which is the largest possilalderminal. The specification of the switch block gives a list
number of nets that can be routed through this switch modut#.such terminal pairs. An example switch block is shown in
Based on our optimal solution for the switch-module-routingig. 3(a).
problem, we give a way of estimating congestion at individual Henceforth, aconnectionis an electrical path in the switch
switch modules in an FPGA. We propose a novel metric fonodule between two terminals on different faces of the switch
qguantifying the congestion level at each switch module imodule. Connections can be of six types as shown in Fig. 3(c).
the FPGA. This can be used to generate global-routing pafftse connection labeled, 1 < ¢ < 6, in Fig. 3(c) is said
which avoid heavily congested switch modules. We developgal be of Typei. Type 1 and Type 2 connections are called
a global router based on this congestion metric. The router waigight connections and Types 3, 4, 5, and 6 are caliedt
able to route benchmark circuits, consistently using smalleonnections. For a switch matrix, it is additionally required that
routing resources as compared to a channel-density-guidgdnost one switch be found on the electrical path comprising
global router (22% less channel width required for routinthe connection. Thus, only straight connections can use a
completion on an average using Xilinx XC4000-like switclseparating switch. For a switch block, connections have to
modules on the CGE [4] and SEGA [14] benchmarks). be chosen from the programmable links specified.
The rest of the paper is organized as follows. In Section A routing requirement vector(rrv) n is a sextuple
II, we introduce the notation we shall use. Section Il give§,na,ns,n4,ns,n6) Where0 < ny < Wy, 0 < ny < Wy,
an ILP-based solution to the switch-module-routing probleamd 0 < n3,n4,n5,n6 < min{Wi, W5}. For a given switch

Fig. 2. An infeasible FPGA routing instance.
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k lll. NTEGER PROGRAMMING FORMULATION

_$| \ In this section we solve the RDP using an ILP. The solution

e \;ff;?cr}?ﬁng to the RSP is obtained from the solution to the ILP. We

show our formulations for switch matrices and switch blocks
T— separately.

(b) A. Switch Matrix

2 Consider the RDP with theruv(ng,---,ng) and switch
f } ‘ matrix A/. We formulate this problem as an ILP. In the
resultant ILP, there are two main sets of constraints. The first
set contains at most two constraints for each horizontal or
vertical track. For each horizontal track one constraint ensures
that the segment of the track to the left of the separating switch,
' 1 ’ if any, is part of at most one connection. The other constraint
ensures this for the segment to the right of the separating
© switch. Similarly, at most two constraints are generated for
Fig. 3. Models for switch module. (a) Switch Block. (b) Switch Matrix. (c)each vertical track. Note that if a track does not contain a
Six types of connections. separating switch, then only one constraint is generated for
this track. A set of constraints and an objective function are

module andrrv, arouting is a set of connections which are .o 2o 1o ensure that a maximum number of connections
electrically noninteracting such that there atg of Type ¢

. .~ gpecified by the-rv are routed in the solution of the ILP. We
connections, foi € {1,---,6}. Note that a set of connections P y hery

: . ) . . introduce some notation to succinctly describe the ILP.
are electrically noninteracting only if the terminals on any two

paths are distinct. In case of the switch matrices, for the SetfgflLoevt/séjl’ 52,5, and Sy be fourconstantmatrices defined as
connections to be electrically noninteracting, it is additionally '
required that the paths be disjoint, that is, no two paths share
parts of a track. For switch matrices, notice the following role

of separating switches. By setting the separating switch on
the horizontal track to off, the track to the left is electrically (s,
disconnected from the track to the right. Therefore, these two
segments can be part of two different connections in any
routing. Anrrv n is said to beroutableon a switch module

S, if there exists a routing fon. on S. i=1,--- ,Wi,j=1,---,Ws. S, is similarly constructed as

Example 2:In Fig. 4 a switch matrix and the routing foran indicator matrix of the crossing switches to the right of
the rrv(1,1,1,0,0,1) on this switch matrix are shown. Theseparating switches in the horizontal tracks. Likewi$g(S.)
rrv(0,0,2,0,0,0) is not routable on the same switch matrix ag an indicator matrix of the crossing switches above (below)
only the two crossing switches on vertical track 2 can be usgtk separating switches in the vertical tracks.
for a Type 3 routing, and both cannot be used simultaneously Four W, x W, variable matrices are as follows:

We consider the following problems.

Routing Decision Problem (RDP)Given a switch module
S (either a switch matrix or a switch block) and arw n, is
n routable onS?

Routing Solution Problem (RSP)Given a switch module
S (either a switch matrix or a switch block) and anv n,
determine a routing fon on S, if any. k=3,4,56,4=1,---,W,5 =1,---,W,. Variable (z);;

For convenience, we often refer to these problems as simpdyan indicator variable that indicates if the switch between
RDP with n or RSP withn, omitting the inputs. horizontal track and vertical tracl is utilized in a connection

1, if a crossing switch is found between
horizontal tracki and vertical trackj such
o that a separating switch, if any, in this
N horizontal track is to the right of this
crossing switch
0, otherwise

(xr)ij, If M has a crossing switch between
horizontal tracki and vertical tracky
(Xi)ijr= and this can be used to achieve a
connection of Type:
0, otherwise
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Problem ILP1.

6
max e{r—f—egc—f—é e{Xkez

k=3
6
(51®ZX.‘)62+T < e 1
i=3
6
(52®ZX.')82+7‘ < e (2
i=3
6
(Ss®Y Xi)Ter+e < e 3)
=3
6
(Sa@>_ Xi)Ter+c < e (4)
i=3
efr < ny (5)
egc < ng (6)
eTXpey < my, k=3,...,6 (1)
re {0, 11" ce {0, 11", Xp € {0,113, k=3,...,6
Fig. 5. ILP formulation for switch matrix.
of Type k. Note that not every switch can be used for every 1 2 3
type of connection. For example, if a crossing switch is above
a separating switch for that column, then the switch cannot 1
be used to realize a connection of Type 6. In Fig. 3(b), the
crossing switch in row 2, column 1 can only route connections 2—
of the Types 3 and 4 and not of Types 5 and 6. The one in 3
row 4, column 1 can route connections of Types 5 and 6 and
not of Types 3 and 4.

_Define _thg bipary_operat(@ on matrices as the component-Fig_ 6. Switch matrix.
wise multiplication, i.e.(A®B),; = A;;B;;. Thus, each entry
in A® B is the product of the corresponding entriesdrand
B. value of the objective function i$ °_ n;. This will be
Define avariable column vectorr of dimensionW; as shown in Theorem 1. The number of variables W; +
Wy + 4 (number of switches < 4W W, + W + W, and
the number of constraints 2(W; + Wy) + 6+ Wy + Wo +
4 (number of switches< 4W1W» + 3(W1 + Wa) + 6.
Theorem 1: The problem ILP1 has a solution with objective
for i = 1,---,W,. value "% n; if and only if the rru(ny, - -, ne) is routable
Define avariable column vectore of dimensionW¥, as on M.
) . ] ) ) Proof Sketch:If ILP1 has a solution with objective value
1, if vertical track is used in a connection of 5~ ;. then constraints (5)—(7) are satisfied with equality.
¢ = Type 2 Since the problem has a solution, the “on” variables give a
0, otherwise way to route(ng,---,ng) using the convention established
for j = 1, Wa. before for naming variables. Constraints (1)-(4) ensure that

Let ¢; ande, be two constant column vectors of dimensionghe _rogtlng t_hus generated_ is valid. .
W, and W,, respectively, with all components one. The Similarly, if (ny, - -,ne) is routable, then there exists an
integer programming formulation is shown in Fig. 7. In Fig. 5ass_|g_nment fo variables such t_hat th_e const@nts (1)—(4) are
inequality (1) ensures that the track to the left of the separatiﬁé“sned and (.5)_(.7) are S.at'sf'e?; with equality. Hence, the
switch on each row, if any, are part of at most one connectio\ﬁ.Iue of tlhe (?bjeCtIy; funhcnon '.Erirl i D
Inequality (2) does the same for the track to the right of th%Examp € 3.fC_onS| er the swm; 'T‘a”r'lx in Fig. 6. F'g' /
separating switch. Similarly, inequalities (3) and (4) ensufaiows a set of important constraints in the corresponding ILP.
that the tracks above and below the separating switch on
each column, if any, are part of at most one connection. The SWitch Block
objective function, together with the last three inequalities, Consider an RDP withrv(nq,- - -, ng) and switch blockB.
guarantees that the-v(ny, - - -, ng) is routable if the maximum We write an ILP for the corresponding RDP. We have two sets

1, if horizontal tracki is used in a connection of
Ty = Type 1
0, otherwise
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(z3)12 + (a)12 + (z5)12 + (e)12+ 11 < 1 ri+ra+r3<m
(z3)22 + (zg)az+7r2 < 1 c1+eatez<ny
(z4)23+ (z5)23 + 12 <1 (z3)12 + (23)22 < n3
(z5)31 + (z6)a1 +r3 < 1 (z4)12 + (24)23 < ng
(z5)31+ (z6)ar +e1 < 1 (#5)12 + (25)23 + (25)31 < 15
(z3)12 + (xa)12 + (z5)12 + (z6)12 + (23)2z + (z6)22 + 2 < 1 (z6)12 + (z6)22 + (26)31 < 16
(za)oa+ (z5)2a +ea < 1

Fig. 7. Example of ILP1 (important constraints).

Problem ILP2.

max Z T4}

{ijlenN
Zx{.‘,j} < 1, foreachi=1,...,2(W; + W,) (8)

J

{i.4}
Z Ty < om (9)

{ij}eN i€t j€ta
Z Thiy S ma (10)

{i.j}eNi€tajety
> T £ oma (11)

{i,j}eNiet,) j€l
Z THj) S Ma (12)

{i.j}€N i€tz,j€1s
> s < oms (13)

{ij}eNigts,jets
Z iy < ms (14)

{i,j}EN,i€ts,jELs
zi;3 €4{0,1} {i,j}eN

Fig. 8. ILP formulation for switch block.

of inequalities. One set of inequalities is used to ensure thafTheorem 2: The problem ILP2 has a solution with objective
every terminal is used at most once. A set of six inequalitieslue E(;:lm if and only if the rrv(ny, -+ -, ng) is routable
with the objective function are used to ensure that the routiog B.
generated by the solution to the ILP routes as many of the Proof Sketch:If ILP2 has a solution with objective value
connections specified by the-w. Zle n;, then constraints (9)—(14), shown in Fig. 8, are sat-
Label the terminals a$,2,---,2(W; + W) starting from isfied with equality. Since the problem has a solution, the
the lower most terminal on the left face and proceedirign” variables give a way to routén,---,ng) using the
clockwise. The programmable links are specified $8ts convention established before for naming variables. The first
containing pairs of the terminals they connect. The terminatenstraint ensures that the routing thus generated is valid, i.e.,
of a given connection come from different faces, as statedch terminal is used in at most one connection.
before. LetN = {{¢,j}| there exists a programmable link Similarly, if (n1,---,n¢) is routable, then there exists an
between terminalgé, j}}. Let &7 = {1,2,---, Wi}, to = assignment to variables such that the first constraint is satisfied
{Wi41, - Wi+ Wo}, tg = {W+Wo+1,--- 2W + W5}, and (9)-(14) are satisfied with equality. Hence, the value of
andts = {2W1 + Wy + 1,---,2(W1 + W3)}. These sets the objective function iileni. O
identify the terminals of each of the four faces of the switch Example 4: A switch block and the corresponding set of
block. Define a variablery; ;, for each programmable link important constraints are shown in Figs. 9 and 10, respectively.
{¢,5} € N. This is a decision variable that is chosen to be
one, if the corresponding connection is chosen for the routing,
else it is zero. The integer linear program is shown in Fig. 14.
The number of variables= |N| and number of constraints Since the integer-programming problem is NP-complete [7],
= |N| 4+ 2(W; + W) + 6. polynomial time algorithms are not known for RDP and RSP

IV. SPECIAL CASES
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4 5 6 Lemma 1: RDP with (0,0,%,0,0,0) = RDP with
|| | (*,%,%,0,0,0).
NG Proof: Consider the instance of RDP of{ with
3— //\/ ~ \L —7 7’7’1}(711,712,713,0,0, 0) If ni+ns > W orng+ns > W the
22— /J/ 8 problem is trivially infeasible. Otherwisény,ns,ns,0,0,0)
I v T is routable onM if and only if (0,0,n3,0,0,0) is routable
A 4 on M. This is because, given a routing f@, 0, n3,0,0,0),
11 | we can generate a routing fon;, no,n3,0,0,0) by utilizing
12 11 10 ny horizontal tracks andhs vertical tracks disjoint from the
connections in the routing do, 0, 73,0, 0,0). O

Fig. 9. Switch block. . .
Lemma 2: RDP with (x,%,%,0,0,0) = RDP with

(*7 *7 *7 *7 *7 *)'

T{25) + 226} <1 z{a,11) + Z{6,10} < N2 Proof: We claim that rrv(ni,na, ns, na,ns,ne) IS
routable on a switch matrixd if rruv(ng,na,ns + na +
T{an} + 248} <1 Tasy+Tiae; < na ns + ng,0,0,0) is routable. We observe that any connection

from left to top, in the absence of separating switches, renders
the corresponding horizontal and vertical tracks unusable for
further connections. Indeed this observation holds for all

bent connections. Therefore, a left to top connection can be

Ti62) + T(6,00p <1 Zyg 4} < N4

ziga4} + %812} <1 z{7,11} + T(s8,12} < N5

Z{10,1} + Z{10,6) < 1 z{10,1} < Ms replaced by any other bent connection without causing any
conflicts with the other connections in routing. In particular,
za,a+H2mn <1 if n3 + n4 + nz + ng of Type 3 connections are possible

then we can always replace these withconnections of Type
1,1 = 3,---,6. Therefore, if(TLl, N2, N3+ n4s+ns+ng, 0,0, 0)

is routable, so ign,n2,n3,n4, 15, N6). O
using the approach in Section llI. In this section we identify Lemma 3: RDP with (0,0, %, 0,0,0) < bipartite-matching
several interesting classes of switch modules for which ROoblem.

and RSP can be solved in polynomial time. Proof: Consider the instance of RDP  with

Again, for convenience, the cases of switch blocks anav(0,0,73,0,0,0). We construct a bipartite graph as
switch matrices are considered separately. In what follows, @lows. Let V' = U U W be the vertex set wher& has
consider solving the RDP. The solutions to the correspondiagvertex for each terminal on the left face of the switch
RSP’s are directly obtained from the proposed solutions to theodule andW one for each terminal on the top. Thus,
RDP. Ul = Wi,|W| = W,. For everyu; € U,w; € W let

Define a generic v to be a sextuple in which each(u;,w;) € E if and only if there is a crossing switch between
component is either a number or a special symbal Any the horizontal tracki and vertical trackj. Then, we claim
genericrrv represents the class of altv’s which differ only that, G = (V, E) has a bipartite matching of size; if and
in the components markedk.” only if the rrv(0,0,n3,0,0,0) is routable.

Example 5: The vector(x, 0,0, 0,0, x) is a generie-rv. The If the 7rv is routable thems crossing switches have been
vector(x,0,0,0,0,*), represents the class containingratl’s  used in the routing. Choose the corresponding edgés fo
which have zeros in components 2-5. They may have ze@ise a matching of sizei3. Routability criterion ensure that
in components 1 and 6 but that is not necessary. Exampleghofrow or column is used more than once.
rrv's in this class includ€10, 0,0, 0,0, 6) and(0, 0,0, 0, 0, 6). If there is a bipartite matching of size; in G then choose

In what follows, RDP (or RSP) with genericvv stands the switches corresponding to the edges in the matching to
for the problem of RDP on anyrv in the class ofrrv’s route nz connections from the left to the top in the switch

Fig. 10. Example of ILP2 (important constraints).

represented by. module.
To prove the reduction in the other direction, given a
A. Switch Matrix bipartite graphG = (V, E),V = UUW, UNnW = ¢, construct

. . . a|U]| x |W| switching matrix as follows: place a crossing
Case A—No Separating SwitcheSuppose that the given switch between horizontal trackand vertical trackj if and

SW'tC.h matrix M conta}lns no separatlng SW'tCheS' We ChaBnly if (u;,w;) € E. We claim thatG has a matching of size
acterize the complexity of routing odf in terms of the

if ly if therr i I . Th
complexity of thebipartite-matchingproblem. The bipartite- k if and only if therrv(0,0, £,0,0,0) is routable on/. The

) ; oo . o Rroof is along the lines sketched above; it is omitted hére.
matching problem is to determine if a given bipartite grap Example 6: A switch matrix with the bipartite graph in
has a matching of sizé [12].

.. the transformation of RDP witl0, 0, *,0,0,0) is shown in
Let 71 and P2 be two pmb'em?- we def“’@l = P2if Fig. 11. For any integelk, the rrv(0,0,%,0,0,0) can be
P2 reduces toP1, that is, an efficient algorithm for problem

P1 yields an efficient algorithm foP2.1 to an instance of proble®1 in time O(W; + W> +|T|) whereT is the set
of crossing switches id/, and M is the switch matrix in one of the problems
1 Formally, we sayP1 = P2 if an instance of probler®2 can be reduced P1 or P2.
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@ Fig. 12. Noninterfering network.
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5 Case B—Without Separating Switches in Horizontal or Ver-
5 tical Tracks: Consider RDP or RSP with(x, 0, x, %, %, ).
Assume that in the switch matrix for these problems, the hor-
e 6 . . . . L
izontal tracks do not contain any separating switches. Similar
(b) results hold for the case where vertical tracks do not have sepa-

Fig. 11. No separating switches. (a) Switch matrix. (b) Bipartite graph. rating switches. Under this condition, it is easy to see using the
technique in the proof of Lemma 2 thét;,0, ns, n4, 75, 1)

routed on the switch matrix in Fig. 11(a) if and only if thds routable if and only if(n1,0,n3 + n4,0,0,n5 + ne) is

graph in Fig. 11(b) has a matching of sizelt is easy to see routable. The RDP with generie-v(x, 0, x, 0,0, ) is known

that anyk < 3 yields a routablerv. to be solvable using unit-capacity network flows [21]. It
Now we are ready to prove the following theorem. follows that under the given condition, RDP or RSP with
Theorem 3:RDP  with (x,%,%,%,%,%) <« bipartite- (n1,0,73 +n4,0,0,n5 + ne) is solvable as well, using unit-
matching problem. network capacity network flows.

Proof: Trivially, RDP with (x, %, %, %, %, %) = RDP with Case C—cClass of Problems Solvable by Network Flows:
(*,%,%,0,0,0) = RDP with (0,0, x,0,0,0). Combined with Consider the following problem which we call thninter-
Lemmas 1, 2, and 3, this yields the theorem. O fering network-flowproblem, shown in Fig. 12.

The bipartite-matching problem can be solved in time Consider a directed network with four blocks of nodes,
O(\/W|E|) for a bipartite grapiG(V, E) [12]. From Theo- namely,A, B, C, and D. In addition there exist special nodes
rem 3, it follows that RDP for a switch matrix/ with no sep- s1,s2 andti, ¢z, respectively, the pair of source nodes and
arating switches can be solved in timmm), the pair of sink nodes. Arcs between nodes in the blocks, if
where|T’| is the number of crossing switches M. In fact, any, exist between nodes in blockand C' or A and D, or
Theorem 3 implies something stronger: any algorithm for soletween nodes in block and D. In particular, there are no
ing RDP onM which is faster than timQ(\/m|T|) arcs between nodes in the same block. The sosrggs) is
immediately yields an algorithm for the bipartite-matchingonnected to each node i (B). Every node inC' (D) is
problem which is faster thaO(,/|V]|E|). Note that the connected to the sink (¢). Each arc has capacity one. The
existence of such an algorithm for the bipartite-matchingoninterfering network-flow problerns the following. Given
problem is a long-standing open problem. Therefore, inguch a network, and integefs, f», and f3, does there exist
proving the time bound oO(\/(W; + W>)|T]), for routing @ feasible flow such that soureg supplies a flow off; + f2,
on M with no separating switches, is an extremely hargPurcess supplies a flow offs, sinkt; receives a flow off;,
problem. and sinkts receives a flow off; + f3? It is easy to see that

Let M; be a switch matrix without separating switchesuch a flow exists if and only if there is a matching between
such that the corresponding bipartite graph (see proof b€ vertex setstuB andCUD such that there exist exactfy
Lemma 3) has a perfect matching. Lt be any other switch arcs between nodes iftandC, exactly f» arcs between nodes
matrix without separating switches. The following corollary of? 4 and D, and exactlyfs; arcs between nodes il and D.

Theorem 3 is easy to see. Following are two categories of RDP’s which can be solved
Corollary 1: An rrvn is routable onM, only if it can be Uusing a transformation to the noninterfering network-flow
routed onM;. problem. In what follows, the switch matrix is assumed to have

This corollary asserts that a switch matt¥; is the most the following property. Each horizontal and vertical track of
“powerful” in the class of switch matrices without separatin§le matrix has precisely one separating switch.
switches. This means that, givé#,, W,, anyrrv that can be 1) RDP’s with generie-rv in which the components corre-
routed on some switch matrix without separating switches can  sponding to any three bent connections are marked
be routed onl;. Thus, if the number of crossing switches and the remaining components are zero. For example,
is taken as a measure of complexity, then designing a switch RDP with (0,0, %, 0, x, ).
matrix, for which the corresponding bipartite graph does not2) RDP’s withrr+'s in which the components correspond-
have a perfect matching, is, in general, a waste of resource. ing to any two bent connections which do not share
This fact can be used in the design of a good switch matrix a face of the switch matrix are marked,” and the
without separating switches. component of any one straight connection is market “
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4 5 6 networkG(V, E) can be solved in tim@&(|V||E|log|V|) [16].
Therefore, problems in Categories 1 and 2 above can be solved
33— 7 in time O((Wl + W2)|T| IOg(Wl + WQ))
2— 8 B. Switch Block
I 9 The problem of routing in switch blocks is, in some sense,

simpler than that on switch matrices. This is because connec-
tions can interfere with each other if and only if they share a
12 11 10 terminal. In the case of a switch matrix, they could additionally
@ interfere if the connections shared a part of a track.
We show a few special cases of routing on switch blocks
that have polynomial-time algorithms. The explanations are
A C similar to the corresponding switch matrix cases, and we just
\ give brief ideas about the algorithms or reductions.

Case A—Problems Solvable by Flows in Noninterfering Net-
works: The concept of noninterfering networks has been
B D introduced earlier in Section IV-A, Case C. The category of

rrv’s that can be routed on switch blocks using these network-
(b) flow techniques is the same as those enumerated in Section
IV-A, Case C.

The only difference in the transformation is that only arcs
corresponding to relevant programmable links are considered.
For example, for the RDP witf0, 0, 3,0, 75, ng), only arcs
corresponding to left to top, right to bottom, and left to bottom
programmable links are drawn.

Example 8: An illustration of the above transformation is
shown in Fig. 14. The sources and sinks are omitted for clarity.
Fig. 13. Example of a transformation into the noninterfering network-flow Case B—~Problems Solvable by Single Source Network
problem. (a) Switch matrix. (b) Network. (¢) Requirements. Flows: Consider the case in which the nonzero routing
requirements in therv share a common face of the switch
- ck. An example is RDP with generierv(x,0, %, 0,0, *).

The remaining components are zero. For example, R . , .
with (+,0,%,0, %, 0). DP with suchrrv's can be transformed to a smgle source
IR ) . network flow problem. We show how to do this for the

We now skgtch tr_]e transformations from problems listegdpp \yith rrv(ny,0,n3,0,0,n6). There is one node for each
above to noninterfering network-flow problems. terminal. Call the block of nodes corresponding to the left, top,

Consider an ex'ample of a problem in Category 2 above, fﬁéht, and bottom facest, B, C, and D, respectively. There
example, RDP with(0,0,n3,0,75, n¢). We create a node for g four special nodes, a soure@nd three sinks;, t», and
every terminal of the switch matrix. The nodes of the left fac%_ For each node ial, there is an arc to a node i if there
form block 4, those on the right forn#3, those on the top form g 5 nrogrammable link between the corresponding terminals.
C, and those on the bottom ford. For a crossing SWitch gimilarly, there are arcs from the nodes.into those inC
which is found between the horizontal trackand vertical 44 p. There is an arc froms to every node in4 and from
track j, create an edge from the node 4{B) to the one in g5ch node inB,C, and D 10 1,5, andts, respectively. All

C(D) corresponding to the terminalsand j. It is crucial 10 4rc5 have capacity one. The problem now is that given such

note that since each horizontal and vertical track has precisgly,atwork. is there a feasible flow wheresupplies a flow of

one separating switch, a crossing switch can be utilized m+n3+ne andty, to, andt; receive flows ofiy, n3, andng,

precisely one bent connection. It is now easy to observe thakyectively? This can be solved by network-flow algorithms
(0,0,7n3,0,m5,76) is routable if and only if there is a matching;q time O((W + W»)|N|log(W1 + W»)) where N is the set
between the vertex setd U B and C U D such that there of programmable links as in Section IlI-B [16].
exist exactly f; arcs between nodes in and C, exactly /> Example 9: An example of this transformation is shown in
arcs between nodes it and D, and exactlyfs arcs between i 15 The sources and sinks are omitted for clarity.
nodes inB and D. Thus, RDP with(0,0,n3,0,n5,716) IS
transformed to the noninterfering network-flow problem.
Example 7: Fig. 13 gives an example of this transforma-
tion. The sources and sinks are omitted for clarity. For this sectionfix a switch moduleS. Consider solving
A similar construction suffices for transforming a problem ieither RDP or RSP of for variousr++’s. Using our algorithm
Category 2 above to the noninterfering network-flow problenm Section Ill, an instance of integer programming problem is
Using standard techniques for computing the max-flow solved for eachrv. In this section, we describe a precom-
networks [9], the noninterfering network-flow problem on gutation onS so that following this precomputation, either

V. MINIMAL DOMINATING SET
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Fig. 14. Example noninterfering network-flow transformation for switch
block. (a) Switch block. (b) Network. (c) Requirements. ©

Fig. 15. Example of a transformation into single source network-flow prob-

RDP or RSP onS can be solved for any giverrv without tem. (&) Switch block. (b) Network. (c) Requirements.

resorting to the integer programming problem. For a givep ¢ T. In this case there exists @ such thatv € R and
S, a set of routing requirement vectors are identified during ¢ T. SinceT is a dominating set, there existsuae T
the precomputation. This involves solving several integgfa dominates:. SinceR is a dominating set as well, either
programs. Following this computation, RDP or RSP on any ¢ p o for someu € R, u dominatesw. In either case,
givenrrv can be solved fast by comparing it with this set ofere exists amrv in R that dominates. This contradicts the
rrv'S. Both the computation of this set and the comparison Qfssumption thaR is minimal. Similarly it can be shown that
a givenrrv with therrv’s in this set are now described. Firstt r ~ 7 thenT cannot be minimal. O
consider solving RDP. Observe that the set of routabtew’s for S is partially
An  rru(ng,---,ng) s said to dominate another orgered under dominance relation. Anv v is called atop
rro(my, -+, meg) if and only if n; > m;, i = 1,---,6 elementif it is routable and there exists no otherv that
and for somei, n; > m;. It is a simple observation that anydominatesy. The following lemma is the key in computing
rrv m IS routable if anotherrv n is routable onS, and the minimal dominating set fos.
n dominatesm. Intuitively, we wish to compute the set of | emma 5:LetT = {v| v is a top elemen}. Then[ is the
all rrv’s which dominate all the routablerv’'s for S. We  minimal dominating set.
formalize this below. Proof: T"is a dominating set since for amyw which is
A set R of rrv's is called adominating seffor a switch not a top element, there exists a top element that dominates it.
module S, if for an rrv v, v is routable onS if and only Also, if v andw are two top elements; does not dominate
if either v € R, or there exists anrv w € R such thatw q, andw does not dominate. Therefore,I' is minimal. By

dominatesv. A dominating setk for § is calledminimalif Lemma 4,I is the unique minimal dominating set. O
Vv,w € R neitherv dominatesw nor w dominatesv. The  Let W = min{W;, W>}. Let V be the set of-rv's for S.
following property is crucial. Define L(a) = {v € V| ¥ s_, v; = a}. An rrv w is achild

Lemma 4: The minimal dominating set for a switch moduleof rrv v € L(«) if w € L(ow — 1), and if w differs from v
S is unique. in exactly one component. Thew v is called aparentof w.

Proof: Suppose for contradiction thdt, 7" are two dis- For 1 < j < 6, the jth parent ofw is the only parent ofw
tinct minimal dominating sets fof. Consider the case whenthat differs from it in thejth component. Thus, eaeh+ has



THAKUR et al. ALGORITHMS FOR AN FPGA SWITCH MODULE ROUTING PROBLEM 41

Algorithm: Minimal_Dominating_Set(S) VI. GLOBAL ROUTING

Input: S--switch-block specification. We now show how the minimal dominating set, whose
computation has been described in the previous section, can be
used in global routing. In this paper we shall limit ourselves to
switch modules being switch blocks. A similar approach can
be used for switch matrices. Odemonstrativelgorithm will

Output: The minimal dominating set of S.

[y

Insert (0,0,0,0,0,0) in L(0);

2 fori=0toWl+W2-1 closely follow the maze-routing algorithm. A description of the
3 for each v € L(i) maze-routing approach is given in [13]. We shall model the
a found = false; FPGA as a weighted graph. Paths in the graph will represent
5 for j= 1 to 6 routes in the FPGA. The novelty of our approach lies in the
. _ way we compute the weights of the graph edges. For this
6 if /% parent of v is routable we will propose a new metric that makes use of the minimal
7 insert j** parent in L(i+1); dominating set. This metric captures the constraints imposed
8 found = true; by the limited switches available in the switch block. We
9 if (not found) Output v; assume that no jogs are used within switch blocks.

For simplicity, we shall assume that all switch modules
in the FPGA are identical and thd¥; = W, = W. This
Fig. 16. Algorithm for computing the dominating set. is the case with most commercially available FPGA’s. The

techniques to be described can be easily generalized to avoid
up to six parents and up to six children. Note that the’s making these assumptions.
(0,0,0,0,0,0) and (W1, Wa, W, W, W, W) have no children e first introduce two definitions. We define tisavitch-
and no parents respectively. block densityof a switch blockS, denoted byds, as a vector

We describe an algorithm to compute the minimal domina@nl’m%...’mG)’ m; > 0,1 < i < 6, wherem; is the
ing set for a given switch modulg. Our algorithm proceeds nhumber of Type:i connections currently routed through
inlevelsl,--. W1+ W,. Atlevel 8, the set ofrrv’s in L(8)  Let R denote the dominating set of each switch block in the
is considered. In particular, only thosev's in L(3), all of EPGA. We define the set
whose children inL(s — 1) are routable, are considered. For
each suchrrv, using the integer programming approach in Ds = {v € R | v dominatesis}.

Section Ill, it is determined if therv is routable. All the

rrv's that were considered in level — 1, which have the ¢ 1 js the set ofv's in the dominating seR of S which
property that none of their parents in leyelre routable, are jomninate. Since the feasibility condition with respect to a

output as top elements. Note that it is sufficient to stop theiieh plocksS can be characterized by its minimal dominating
algorlthm after Iev_elWl - WQ'_ since in sg_cceedmg Ieve_ls, theset, we can model congestion as a functiodofandDs. The
rru’s satisfy the 'Frlylal infeasibility condition from Section II. global-routing algorithm is based on a graph search technique
From Lemma 5, it is easy tc,) see th.at.the set of t°P element {lided by the congestion information associated with switch
the output of our algorithm is the minimal dominating set. Thio s The router assigns higher costs to route nets through
pseudocode is shown in Algorithm Minimal_Dominating_Sel,ngested areas of the FPGA to balance the net distribution
(see Fig. 16). among routing channels. At the end of global routing, we say

Computing th? minimal (_jomiqating Sa for 5 (.:ompletes. hat a switch blockS in the FPGA isfeasibleif ds is routable
the precomputation. Following this, consider solving RDP wit nes.

rrv v. Clearly, v is routable if and only ifv € R or there

exists somerv in R which dominates. This can be checked )

quickly by successively performing a binary search on tHe Modeling the FPGA

components of the sextuples in a straightforward manner. NoteBefore we can apply the graph search technique to FPGA

in particular that no integer programming problem needs to beuting, we first need to model the FPGA as a graph such

solved. that the graph topology can represent the FPGA architecture.
To solve RSP, we modify the precomputation describd€lg. 17 illustrates the FPGA modeling. As shown in Fig. 17,

above. Along with eachrv v determined to be in the minimal each logic block or connection block is represented by a

dominating setRk, we determine and store the routing far node, each routing channel is modeled as an edge called a

Following this, RSP for any givenrv » can be solved fast. channel edgeand each connection between a logic block and

First determine ifu € R or find an elementw, if any, in R a connection block is modeled as an edge calledrmection

which dominates:. In the second case, it is easily seen thatedge We use six edges and four nodes to model the six

routing foru, if any, can be generated from the routing for possible types of nets routing through a switch block. These

if w exists. Again, no integer programming problem is solvesix edges are referred to awitch edgesSee Fig. 17(b) and

in RSP. (c) for the modeling. Paths in the graph represent global routes
To sum up, by precomputing the minimal dominating sein the FPGA and vice versa. Weights associated with edges

R of S off-line, the need to solve an integer programmingepresent congestion information. Henceforth, we shall denote

problem while solving RDP or RSP on-line is avoided. the graph used to model an FPGAby Gr(V, E). The edge

10 Output each element of L(W; + Wa).
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Fig. 17. The FPGA graph modeling. (a) A symmetrical-array FPGA architecture. (b) The switch-block modeling. (¢) The FPGA modeling.

connection edge

Algorithm: FPGA_Global Routing(F,S,R,N)

Input: F--FPGA architecture.

Xj

S--switch-block specification.

R--the minimal dominating set of S.

ds N--netlist of 2-pin nets.

Output: The set of global routes P for A on F.

Ds — R; dg —(0,0,0,0,0,0); P« 0;
Construct graph Gr to model F;
Assign initial weights to edges in G;
for each net N e N
Find a minimum cost route r for N in G;

P—Pu{r};

Xi

~N O 0 W e

(d)

Fig. 18. Dynamically update congestion information during routing. An ds, and Dg accordingly;

illustration in a two-dimensional plane with axes and ;. (a) The initial . . . . .

stage. (b) and (c) Updatés and Ds. (d) Only one vector remains iDg. 8 exit when there exists an infeasible switch block
(e) The state wheds € R,Dg = ¢. 9  Output P.

Update weights of the switch edges on the route,

Fig. 19. Global-Routing Algorithm.
set E' is partitioned intoC, the set of channel edge4/, the

set of connection edges, add the set of switch edges. . o o )
The whole routing procedure is illustrated in Fig. 18. Given

B. The Global Routing Algorithm an _FPGAF, we first construct the grap_b?F to moc_ieIF.
_ N - Initially, ds = (0,0,0,0,0,0) for every switch blockS in the
The global router is based on a modified Dijkstra’s shortegsbca. The cost of every edge {fir is computed using the
path algorithm [6]. Unlike the traditional global router whichy,nction . above. See Fig. 18(a) for the initial configuration.
is guided by channel density, our FPGA global router is guidegier a net is routedds and Ds need to be updated to reflect
by switch-block density. The main goal is to evenly distributg,e aqgitional congestion resulting from the routing of the
the nets among routing channels so that the channel widfl The weights associated with the edges on the route are
requwed_ to route all nets is m|n|m|ze_d. The algorithm doe}%computed using the updatéd and D and the cost function
the routing net by net. For the net being routed currently, W&oy above. See Fig. 18(b) and (c) for an illustration of the
prejer to route it along uncongest_ed routing regions. F,Oru?)date. In Fig. 18(c), thoserv's which no longer dominate
switch edgee. € S, denote the switch block correspondm%s are removed fromDs during the update. The process
to ¢ by Se. Similarly, for a channel edge € C, denote the ., ines as routing proceeds. Notice that the cardinality of
rout;lng char;nel porre.spondmg toby C;: ides the alobal Dg monotonically decreases during the process. We assign
T. N C.OStd “fﬁc“(;”g : E — 17U {0} that guides the globa a high cost to the switch edges corresponding to the switch
routing Is defined by block S when the sefDg is empty. Essentially, at this stage,
o(e) = MaX,epg, (Zle 1/emi=m)) ce S ds_e_R, and_hence, no m_ore_nets can be routed thratigh
o, ecCUN This is graphically s-hown in Fig. 18(e). The .Iast stgp ensures
that a saturated switch block gets low priority while routing
wherec > 1 is a constant. This cost function is used to weightirther nets. Algorithm FPGA_Global_Routing summarizes
each of edges i7p(V, E). the process (see Fig. 19).
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TABLE |
RUNNING TIMES FOR ILP METHOD
Module name | W | Maximum time | Average time | #Variables | #Constraints | #Nonnuls
module40 20 0.3 0.205 97 70 388
module50 20 0.5 0.220 115 70 460
module80 | 20 1.5 0.258 177 70 708
nm40 20 03 0.217 120 66 480
nmb0 20 0.6 0.236 140 66 560
nm80 20 1.3 0.289 220 66 880
In contrast, the classical channel-density-based router will TABLE I
assign weights to the graph edges based on the following COMPARISON WITH APPROXIMATE ALGORITHM
metric. A description of such a cost function is given in [11]. % of routable vectors
The cost functions : E — R+ U {0} that guides such a
method is defined by Module name | W || Approximate algorithm | Exact algorithm
1 /W —de c module40 20 65 58
Ble) = {O/C > Z E SUN module50 | 20 70 64
’ module80 20 94 82
wherec > 1 is a constant, andc, is the density in the .o 20 99 76
channelC,, corresponding to the channel edgef the FPGA. 50 9 % 83
The overall strategy is quite similar to the one in Algorithm "™
FPGA_Global_Routing. The difference is that update steps™m80 20 99 90
need to update the values df_ for each channel edge Average 20 87.7 75.5
along the newly routed path.
VII. EXPERIMENTAL RESULTS Il. All experiments used 100+’s on the switch modules.

Our experimental results fall into two parts. In Section VIIThe extent of overestimation that results from an approximate

A, we demonstrate the improvement in solutions to the RDPgorithm justifies the use of our algorithms. The approximate
and RSP. In Section VII-B, we show the effects of the twalgorithm was off by about 16%, on an average.

metrics  and 3 on routing. We tested the technique mentioned in Section V. We ob-
served a dramatically small search-space size, i.e., the car-
A. Results of Using Exact Solutions for RDP and RSP dinality of the minimal dominating set. For example, it was

_ _ observed that for a 1& 10 switch-matrix design the cardi-
We wrote programs that take in routing problems ar"rqlality of the minimal dominating set was 1254 which is just

switch-module des_criptic_)ns a”‘?' generate integer programm'@gz% of the possible £Qossiblerrv’s. For a 15x 15 switch
problems as described in Sections |IIl-A and I1I-B. We used Block of the type to be used in the routing in the next section,

popular integer linear programming code'callpg.solvetha}t he cardinality of the dominating set was 1368. As explained
uses branch-and-bound techniques combined with the sim ore, a binary search could be used on this set of vectors to

algorithm for linear programming to generate integersolution@St for the routability of a specified-v
We ran the program on a Sun Sparc 1 workstation. We tested '

the sizes of the problems and running times for both switch- .
matrix and switch-block models. The results are tabulated fh Routing Results
Table | where the second column gives the size of the switchTo explore the effects of the two congestion meticand
module W = W, = W5), the third gives maximum observeds on routing, we implemented the global-routing algorithms
running time, and the fourth column gives the average runnidgscribed earlier and then integrated them into the CGE [4]
time over 100 experiments. The last three columns give and SEGA [14] detailed routers.
idea about the size of the ILP. In all cases the RDP was being/lVe tested the performance of the metrics on 14 indus-
solved. The fast running time of our algorithms makes owmial benchmark circuits used in [4] and [14]. As mentioned
approach an attractive one to use in practice for evaluatiegrlier, the new metricx uses switch-block capacity as a
designs of switch modules as well as for the application tmngestion control parameter while the traditional meffic
global routing. is based on channel density. All benchmark circuits were
We also compared the routabilities of several switch modirst routed by the two global routers, one based on the
ules as computed by our exact algorithm with those obtainetktrics « and the other on3, using the same net ordering
by the approximate algorithm in [21]. This is shown in Tabléo obtain respective global routes. The global routes were
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TABLE 11l
COMPARISON OF THEEFFECTS OF THETWO METRICS @ AND 3 ON RouTING UsING THE CGE RouTER AND CIRcuITS. FROM LEFT TO RIGHT: NAMES OF CIRCUITS,
Sizes oF FPGA (NUMBERS OF LogiC MoDULES IN THE FPGA's), NUMBERS OF NETS IN THE CIRCUITS, NUMBERS OF EQUIVALENT 2-P-I-N CONNECTIONS, CHANNEL
WIDTHS REQUIRED FORGLOBALLY ROUTING ALL NETS KEEPING ALL SWITCH BLOCKS FEASIBLE USING THE GLOBAL-ROUTING ALGORITHMS PRESENTED EARLIER
(GLoBAL RoUTING), AND CHANNEL WIDTHS REQUIRED FORROUTING CoMPLETION UsING THE CGE DeTAILED ROUTER (DETAILED ROUTING)

CGE Global routing (W) || Detailed routing (W)
circuits | # Logic blocks | # Nets | # Connections || Metric a | Metric 8 || a B
BNRE 22 x 21 352 1257 11 13 12 13
BUSC 13 x 12 151 392 9 11 10 11
DFSM 23 x 22 420 1422 11 14 12 15
DMA 18 x 16 213 771 10 15 11 15
Z03 27 x 26 608 2135 13 16 16 17
Total 54 69 61 71
I | We evaluated a metric based on the channel wilith
/N A7 %7&:[\ | required for global- and detailed-routing completion by using
Y Vi E the metric. Since smallé#’ implies the capability of routing a
<> -% s S larger circuit on a given FPGA, a metric leading to a smaller
A { Yok W requirement for routing is desirable. As defined before,
A\ 74 —é\I\X\L/ZI—_ at the end of global routing, a switch block is feasible if
1 ds is routable onsS, i.e., if ds € R, or if there exists a
(a) (b) v € R such thaty dominatesis. The columns “Global routing
Fig. 20. (a) The switch-block architecturf = 3). (b) The corresponding (W)” in Tables Il and IV list the channel W'dths required for
switch-block model. routing all the nets based on the metricor 5 such that
all switch blocks are feasible. The columns “Detailed routing
switch  connection block (W) give the channel widths required for routing completion,
using the global routes generated from the corresponding
metric. The results show that better global-routing topologies,
logic logic in general, lead to better detailed-routing solutions, and the
block block new metrica has better area performance than the traditional
metric 3. An average of 22% channel-width reductions on the
N A 14 CGE/SEGA benchmarks is achieved. Fig. 22 shows the
routing tracks detailed-routing solution for the circuit example 2 with the
_ _ _ o parameterd¥ = 13, I's = 3, and Fc = 13, using the SEGA
Fig. 21. The connection-block architectutg( = W, W' = 3). detailed router and the global routes generated by our new
metric c.

then fed into the CGE/SEGA detailed routers to determine
final routing solutions. Notice that the most important concern
in the experiment shall be the investigation of the effects In this paper, we described an integer programming ap-
of the two metrics. For the purpose of fair comparison, wgroach to solving a routing problem on switch modules. The
kept our experimental factors simple. For instance, we usprbblem was originally proposed in [21] as an important part of
the shortest path-based algorithm to explore the effects, ahdir approach to switch-module design. Experimental results
no optimization such as rip-up and reroute was incorpgensistently showed that our algorithm was very efficient for
rated. practical-size switch modules. We also identified in this paper
For FPGA’s, the capacity of a channel is the size of theeveral special cases of the problem which reduce to well-
corresponding side of a switch blocl/. In our experiments, known problems and to which polynomial-time algorithms are
we used the parameter= 2. The FPGA architectures usedknown.
in the routing based on the two metrics were identical. The The techniques proposed provide an efficient way of es-
switch block used was similar to that of Xilinx XC4000 serietimating congestion at switch modules which can be used in
FPGA's [20]. We refer to thelexibility of a switch block computing good global routes. We demonstrated the success of
S, denoted byFs, as the number of programmable linkghis scheme by showing that a substantial reduction of channel
connected to a terminal if and that of a connection block,widths are required as compared to methods guided by channel
F, as the number of tracks that a logic-block pin can connezapacity alone. We propose to extend this method to more
to [15]. For the architecture we usdds = 3, and Fi = W. general FPGA routing architectures, e.g., the one proposed in
Figs. 20 and 21 illustrate the respective switch-block ardiO] and other global-routing approaches, e.g., the Steiner-tree
connection-block architectures for the cdée= 3. formulation.

VIIl. CONCLUSIONS AND FUTURE WORK
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TABLE IV
COMPARISON OF THEEFFECTS OF THETWO METRICS v AND /3 ON ROUTING UsING THE SEGA RouTER AND CIRCUITS.
FROM LEFT TO RIGHT: SAME AS IN TABLE I, EXCEPT THAT THE SEGA ROUTER WAS USED FORDETAILED ROUTING

SEGA Global routing (W) || Detailed routing (W)
circuits # Logic blocks | # Nets | # Connections || Metric « | Metric 8 || « 8
9symml 11x 10 79 259 8 9 9 9
alu2 15x 13 153 512 9 12 10 13
alud 19 x 17 255 852 12 17 14 18
apex7 12 x 10 115 301 11 14 11 14
example2 14 x 12 205 445 13 15 13 17
k2 22 x 20 404 1257 17 23 20 28
terml 10x9 88 203 9 11 10 12
too_large 14 x 14 186 520 11 15 12 15
vda 17 x 16 225 723 15 16 15 17
Total 105 132 114 143
Circuit: example2-s, Wh=13 Wv=13, Fs=3, Fc=13 P=7 Sun Dec 31 02:04:45 1995
22 D ﬂ
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Fig. 22. The routing solution for the circuit example 2 with the paramet®rs= 13, Fs = 3, and F = 13, using the SEGA detailed router and
the global routes generated by metric
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The integer programming package we used was gener~! Shashidhar Thakur (S'94-M'96) received the

and we did not attempt to customize it to make use of tt BTech. degree from the Indian Institute  of
ifi t f th roblem matrix. As can be seen fro h Technology, Bombay, India, in 1990 and the
Speciiic nature or the p e A = _ - M.S. and Ph.D. degrees from the University of
Table I, the problem matrix is quite sparse. Exploiting thi e M Texas, Austin, in 1993 and 1996, respectively, all
would further speed up the solution process. Also, wheth = n ﬁgmvs’;ste; SRCéE;gZ?éh Assistant in the Department
the routing problem RDP is NP-complete is still open. - _ of Computer Sciences, University of Texas, Austin,
y from 1992 to 1996. During the summers of 1991
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several topics in the paper and specifically on the formulation
in Section 1lI-B.
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