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Abstract

We consider how Fibre Channel switches can be cascaded
to form a Fibre Channel fabric. We begin with an analytical
model of topology performance that provides a theoretical
upper bound on fabric performance and a method for the
practical evaluation of fabric topologies. We then consider
the prevention of buffer-cycle deadlock in Fibre Channel net-
works. We show that though some topologies implicitly do
not deadlock, these topologies have inferior throughput, and
we present a technique for optimizng performance that takes
into account both deadlock and traffic balancing.

1 Introduction

The Fibre Channel standard provides a mechanism for in-
terconnecti ng heterogenous systems containing peripheral de-
vices and computer systems through optica fiber media. In
this paper, we consider how Fibre Channel switches can be
cascaded to form a Fibre Channel fabric with the maximum
throughput. Much work has been done on asymptotic limits
on large networks. Our concern, instead, is how to obtain
the highest performance from a network consisting of asmall
number of switches.

Each switch has a fixed number of ports. Each trunk link
connecting two switches requirestwo ports. We shall assume
that each port is connected to either atrunk link or aterminal
port. Thetask isto buildanetwork with themaximum number
of terminal nodes, minimum number of switches, and highest
throughput.

Fibre Channel switches have certain characteristics that
affect the problem.

o The switches tend to be relatively large and expensive,
unlike single-chip routing nodes used in MPPs. Thus, it
isimportant to minimize the number of switches.

e Theroutingisoblivious; it isdone with lookup tablesin
each switch; every source and destination pair can use
a different route, but every source and destination pair
always use precisdly the same route. Thus, thereis a
neglible cost (other than wiring complexity) to using an
irregular topology rather than a symmetrical topology.

o Finally, all packets are either delivered or else notifica
tion is sent to the sender that the packet could not be
delivered. This distinguishesFibre Channel from ATM,
where a certain (low) packet loss is considered an ac-
ceptable solution to congestion control and deadlock.

The paper contains two major parts. The first part deals
with Fabric topol ogiesand their throughput, ignoring the pos-
sibility of deadlock. The second part discusses deadlock and
its ramifications on Fibre Channel Fabrics.

In thefirst section, we present methods for analyzing and
comparing topologies, the results of a computer search for
good topologies, and an anaytic model that fits the results
well and that can be used to predict the Fabric performance.

The analytical model proposed in this paper does not de-
pend on any specific characteristics of Fibre Channel and can
be applied to many other types of networks. It provides a
bound on the traffic throughput supported by any topology
given specific parameters, and is useful for quickly exploring
design alternatives or evaluating a specific topology against
what might be achievable.

Over the past few decades, many hundreds of papers
have been published on various specific interconnect topol o-
gies [AK89, ODH94, SS88, Sen89]. Some work has at-
tempted abroad characterization and comparison of their per-
formance [AJ75].

We evaluated and compared both specific symmetrical and
general irregular topologiesfor networks of up to twenty-five
switches. We found that the irregular topologies generally
performed better than the more regular, symmetrical topolo-
gies. Theresult of thiswork isatopol ogy database which can
answer the following questions, among others:

e What is the best known topology with .S switches each
with ¢ portsto support N termina nodes?

e What is the minimal number of switches necessary to
connect NV termina nodes and to support ¢ traffic in a
fabric, and what is the corresponding topol ogy?

¢ What arethe best known topol ogiesthat have N terminal
nodes, expressed as a two-dimensional graph showing
the number of switches versus the supportable through-
put?



The second part of the paper discusses deadlock. Fibre
Channel fabrics are particularly vulnerable to buffer-cycle
deadlock. Only a small subset of topologies based of tree
structureor complete graphsareinnately freefrom deadlocks.
Most optimal and high-performance fabric topologies will
deadlock if not routed intelligently.

The only well-known deadl ock-avoidance technique for
arbitrary topologiesis up*/down* [OK92], which has a sub-
stantial negative impact on the performance of some Fabric
topologies [OK92]. Deadlock is prevented by restricting
the set of paths that can be used between certain sources and
destinations. The performance impact is highly topology de-
pendent; some Fabric topologies are subject to a tremendous
loss in performance; others suffer no loss.

A specific deadlock-free routing usually introduces inbal -
ance in link utilization, so the traffic must be carefully as-
signed given a particular deadlock-free routing. Thisistrue
of routings ignoring the possibility of deadlock as well, but
the restricted paths of a deadl ock-free routing makes it even
more essential.

Inthispaper we present atechniquefor finding a deadl ock-
free routing for an irregular topology that yields better
throughput than up*/down*. We call the combination of this
technique with traffic balancing “Smart Routing”; for most
networks, there exists a smart routing that has very nearly
the throughput of the unrestricted routing. The static routing
tables in Fibre Channel switches allow simple static traffic-
balancing.

2 Optimal Interconnect Topologies

Thefirst considerationin cascading Fibre Channel switches
to form fabrics is the topology to use. This section presents
both atheoretical upper bound on fabric performance over the
range of topologiesand a practical evaluation of most current
popular interconnect topol ogies.

We define the following fixed parameters:

e S isthe number of switchesin the network.
e N isthetotal number of nodesin the network.

e cisthe number of portson each switch. For simplicity,
we assume the switches are al the same.

Our god is to build a network with N nodes out of S
switches with ¢ ports. We shall assume uniform traffic from
each node. We determine a lower bound on the number of
switches required to construct such a network without reduc-
ing the bandwidth available from each node to every other
node.

We a so define the following variables:

o L isthe number of trunk linksin the fabric.

¢ p isthe average path length between termina nodes in
hops. (Each trunk link traversed is one “hop”; the path
length between a pair of terminal nodes connected to the
same switch is considered to be zero.)

® Dmae 1S the maximum over the minimum path length
from one node to any other node.

e ¢ isthe amount of traffic generated by each node as a
fraction of the port bandwidth.

The relationship between the number of termina nodes
and the number of trunk linksis expressed by

2L+ N =¢S
2.1 Analysisof aParticular Topology

The throughput ¢ of a particular topology is a function of
that topology and the switch parameters. This section defines
how that throughput is cal cul ated.

We assume that each terminal port generates traffic for ev-
ery other terminal port in a uniform manner. We a so assume
that each switch has enough buffering capacity and routing
speed so that the main bottleneck is the bandwidth of the
trunk links. With these assumptions, the maximum terminal
port flow can be stated as a set of linear inequalities express-
ing a multicommodity flow problem. One set of inequalities
constrains the amount of traffic on trunk links to lie below
the trunk link capacity. Another set of inequalities reflects
the traffic injected into and gjected from the fabric, for each
particular destination. The resulting set of inequalities can
then be solved by a linear programing solver in polynomial
time. The resulting maximum concurrent throughput is what
we report as the throughput of the topology. Thisvalueisa
theoretical upper bound on the traffic supported assuming a
uniform randomtraffic flow and infinitebuffering. Where en-
gineering compromises in the switch decrease performance,
the slowdown can be measured against the optimal value.

In general, throughout this paper we concentrate on 16-
port switches, since thisisthe size of the switch we are most
concerned with. The techniques and analysis should apply
equally well to other sizes of switch. We focused on topol o-
gies with twenty-five or fewer switches, for local clusters of
computers.

2.2 Regular Topologies

Weinitialy considered ring networks, star networks, com-
plete graphs, two and three dimensional mesh networks,
chorda ring networks, and afew specia -purpose graphs such
as Petersen, the 13-node mesh, and the E3 hexagona mesh.
We alowed trunk linksto have arbitrary multiplicity. We also
considered simple algebraic operations on graphs, including
the Cartesian product of two graphs and induced graphs.



Figure 1: Petersen graph (on left) and a2 x 5 wrapped mesh.

Given the range of parameters above, even with thissmall
subset of relatively symmetrical topol ogiesthere exists thou-
sands of topologiesto consider.

We define a network graph ' to be better than another
network graph G' if e = ¢/, S < ', N > N',and g > ¢,
and at least one of the inequalitiesis strict.

For instance, the Petersen graph, pictured in Figure 1, sup-
ports 130 termina nodes at a traffic rate of 15.4% with an
average path length of 1.5, using ten switches. The 2 x 5
wrapped mesh, shown next to it, also supports 130 terminal
nodes with ten switches, but only at 12.8% and with an aver-
age path length of 1.7. Thus, the Petersen graph is better than
the 2 x 5 wrapped mesh.

The result of our consideration of the regular, symmetrical
topol ogieswas a database of topol ogies, each one appropriate
for a particular number of switches, number of nodes, and
trafficrate. Using thesechartsit iseasy to determinethe*best”
network of the set that, for instance, supports 100 terminal
nodes at a traffic rate of 30% with the smallest number of
16-port switches. In this case, aten-switch Petersen network
with doubled trunk links would be the best; it would support
a maximum of 100 nodes at a traffic rate of 40% and an
average path length of 1.5 hops. If only nine switches could
be used, but 100 terminal nodes were definitely required, the
best traffic rate would be 25%, supplied by athree by three
wrapped mesh with single links in al four directions; the
average path length would then be 1.33 hops. If we could
only afford nine switches but were unwilling to compromise
on the traffic rate, then the best network would be the same
three by three network, but populated to only 90 terminal
nodes.

2.3 Irregular Topologies

The set of optimal symmetrical topologieswe considered
left our topology database somewhat sparse, with gaps be-
tween topol ogies and large jumpsin terminal node count and
throughput, shown by thejagged linein Figure 2. To improve
this, and to answer the question of how good the symmetrical
topologies are, we performed a computer search for high-
performance irregular topol ogies.

We were able to use exhaustive search to find the best per-
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Figure 2: Symmetrical and irregular topologies.

forming topologieson al graphswith 11 or fewer nodes. For
between 12 and 25 nodes, we performed a non-exhaustive
computer search. Figure 2 shows how much the set of irreg-
ular topologies improved our results. The resulting curve is
surprisingly smooth.

With the topology database extended to the irregular
topologies, we generate different answers for the topology
guestions presented in the previous section. The best network
that supports 100 terminal nodes at 30% isan irregular topol-
ogy requiring 9 switches that yields a throughput of 32.6%.
The best 10-switch network that supports 100 terminal nodes
supplies a throughput of 50% at an average path length of
1.2 hops, an improvement of 25% over the result supplied by
symmetrical topologies.

24 Analytic Model

The smoothness of the curvein Figure 2 seemingly implies
that the throughput of the optima topology might fit some
mathematical model. Inthissection, we present thederivation
of such an anaytical model.

Let usimagine what the best possibletopology lookslike.
Such atopology will have the maximum attai nable through-
put, minimum average path length, and maximum number of
nodes.

Consider bandwidth requirements. The total bandwidth
for link traffic on a switch must be the average path length p-
times the traffic rate ¢ times the number of nodes generating
traffic. Each link carries traffic in both directions, so overall
it carries twice the port bandwidth in traffic, yielding this
minimum number of links:

If the network is connected, then

L>N-1



The aboveequation underscorestheimportance of theaverage
path length. It is obvious that the average path length is
closely tied to theaverage packet latency; this equation shows
that the average path length is aso directly related to the
attainablethroughput. In particular, astheaverage path length
increases, so does the number of ports per switch that need
to be assigned to trunk links rather than terminal nodes, so
the cost for switches per terminal node rises with the average
path length.

25 Limitson Average Path Length

We next explore alower bound on p. Consider amatrix D
such that D;; isthe distance in hops between nodes ¢ and j.
D;; isdways zero, and D;; is1if and only if thereis at least
one trunk link between nodesi and j. All other values of D
must be greater than or equal to 2.

For our bound on p, we shall assume that each trunk link
connects adifferent pair of switches, and that L < (3).

Another matrix P contains the number of terminal nodes
on each switch. P must satisfy the following equations:

2L= Y (c—P)

0<i<§

The average path length for the topology is

_ 1
P=xz D DiyPP
0<i,j<S

The matrix D contains N zeros and 2. ones. The average
path length is minimized if al other values are 2, that is,
if pmae = 2. A violaion of this would only increase p,
loosening our bound. Nonethel essitisenlighteningto explore
how redlistic thisassumption is.

Thisassumptionisvalid for S < ¢ 4+ 1 and for any L that
allows a connected topology. We simply use S — 1 edgesto
connect the nodes in a broad single-level tree, and then add
the additional nodes any way we wish.

Similarly, a graph formed by the Cartesian product of two
compl ete graphs each with n nodes forms a graph with maxi-
mum pathlength2, ¢ > 2n — 2,5 = n?,and L = n?(n — 1).
Other constructionsyield other points.

On the other hand, it is never possible to build a topology
with S > ¢ + 1 switches with p,,.. < 2, Since a& most ¢
switches are reachable in one hop and ¢(¢ — 1) in two.

As we shal show, assuming p,,.. < 2 leadsto a fairly
accurate value for p for most small optimal fabric topologies
with less than afew dozen switches.

Since the only values in the D matrix are 0, 1, and 2, we

can express p (assuming prq. < 2) as

-1
P= 53 Yo |lp Y. PR
0<p<2 0<i,j <5
Dij=p
It is easiest to work with the values of 7 and j for which
the path length is 0 and 1, since these represent the identity
function and adjacency matrix, respectively:

p_I 2—% 2 Z PZ'P]' + Z PZ'P]'

The first sum can be simplified by remembering that D;; = 0
onlyifi = j.

— 1
P=2-+512 Z P? + Z P,P;
0<i< S 0<i,j <5

Next, wewish to separate our path length bound intotwo parts,
one that is independent of and one that is dependent on the
distribution of valuesin P. We define a new matrix P’ such
that P, = P/ + r, wherer = N/S; that is, r is the average
number of terminal ports per switch, and P’ represents the
difference between a regular topology and the hypothetical
“optimal” topology. The P’ matrix satisfies

0= Z Pl
0<i< S

Let usfirst consider the summation concerning the zero hop
paths. This expandsto

2( Z 242 Z rP! + Z PZ»/Z).

0<i< s 0<i<S 0<i<S

Thefirst termissimply Sr2. The middleterm iszero. So the
term for the zero-length paths sums to

2 (Srz—i— S sz) .

0<i<§

Next we work with the final term representing the distance
one pairs. Thisexpandsto

> S tars Y rr
0<i,j<S 0<i,j<S 0<i j<5

ij= ij= ij=

The first term sumsto 2L+2. The second term is symmetrical
and can be rewritten
270 Z PZ'/

0<i,j<S

5=



If each trunk link connects a different pair of switches, then
thereare ¢ — P; values of j for which D;; = 1, so the above
equation becomes

2r Z (c— PP}

0<i<§

Replacing the P; with P/ + r yields

2r Z (c—r— PP/
0<i< S
Since the sum of the entries of the P’ matrix is zero, this
simplifiesto
—2r Z PZ»/2
0<i< S

For the last term, expand ab = (a? + 6% — (a — b)?)/2:

NI =

/2 /2 ’ "2
> P+ > PE— > (P -P)
0<i j<5 0<i j<5 0<i j<5

ii= ij= ij=

The first two are symmetrical, and for each there are ¢ — F;
values of the index for which D;; = 1

1
D (e—r=P)F’—5 > (B F)?
0<i< S 0<i,j<S

5=

Adding the terms results in the following expression for pin
teemsof S, L, ¢, 7, D, N,and P":

_ 1
P=2- 55 (2577 + 2 STopPyon?-2r Y PP
0<i< s 0<i<S

1

+ E (C—T—Pz'/)Pz’/Z—é (P = P})?)
0<i<s 0<i,j<S
Di;=1

Only thelast term mentions D. Sincewe areworkingwiththe
optimal topology, we assume we can choose D tofit P insuch
away that thisterm is minimized; we do this by connecting
nodes with the same number of terminal nodes, as much as
possible, perhaps by switching edges. By doing so we make
the last term negligible. In addition, since we are calculating
alower boundfor p, and thisterm can only increase p, at most
we sacrifice some tightness. Note that for regular topologies
thislast term is aways zero.
Collecting the remaining terms yields

— 2 2L 1 2
P>22-5 -+ Z(3r—|—PZ/—c—2)PZ/
S8 N 0<i< S

Inthisequation, thefirst (anal ytic) termsrepresent the* contin-
uous’ portionof p and thelast term representsthe quanti zation

effects. Typicaly thisterm isvery smal. For many topolo-
gies of interest, such as those for which 2r > ¢ (most ports
in the network are connected to termina nodes rather than
trunk links), theterm is aways positive and thusjust tightens
our bound on p. A simple useful lower bound just uses the
continuous portion; a more accurate but more complex lower
bound includes the quantization effects for atighter match.

If L > (2) the above bound is not tight because we
can build a complete graph (all nodes connected to all other
nodes) and till have edges left over. Thisis not a problem
for throughput estimation because the cut bound (presented
below) will subsume the p limitin thisinterval.

Given alower bound on p, we can convert thisto an upper
bound on ¢ because

X
Using the continuous value for alimit on p, thisgives us

< (eS — N)S?
> N@s2— 2+ S+ N)

It turnsout that just the continuous portionisaremarkably
tight match to the empirical results.

2.6 Cut SzelLimits

Another limit on the performance of a particul ar topology
is the size of cuts. A cut is a set of edges whose removal
partitions the graph.

If atopology has a cut of size s that partitions the graph

into two parts, one with » termina nodes and the other with
(N — n) terminal nodes, this means that all traffic between
these two sets of nodes must flow through the edges of the
cut. Thisyieldsa performance bound on ¢ based on this cut
of < sN
7= n(N —n)’
One required cut that often leads to tighter bound on the
topology throughput is that of the node with the smallest
degree. A graphwith S switchesand L trunk linksmust have
at least one switch of degree m = |2|. Thiscut leadsto a
performance bound of

N (e [5])

[F1V=T15D

which is tighter than the p limit on performance for some
valuesof S, ¢, and N.

Figure 3 shows the two components, both the path length
limit and the cut bound, to the analytica performance bound
for § = 7and S = 15 and ¢ = 16 for different values of
N. (Notethat the jaggedness in the cut size bound is unre-
lated to the jaggednessin the empirical symmetrical topology
throughput in Figure 2.) The overal anaytic bound is the
minimum of these two. For S = 7, both components are

g <



The Two Components of the Lower Bound on Throughput
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Figure 3: The two components of the analytical performance
boundfor S = 7and S = 15.
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Figure 4: The analytical performance bound versus the best-
known irregular topology for S = 7and S = 15.

essential; for S = 15, the path length bound is usually the
tighter one.

Figure 4 shows how close actual irregular topologies ap-
proach the bounds. For S = 7, thereare only afew values of
N for which thereisany discernable difference. For 5 = 15,
theactual irregular topol ogiesareextremely closefor g > 0.2;
topol ogieswith throughput less than 20% are probably of lit-
tle interest anyway. In addition, since we did not perform
exhaustive search for S = 15 because of the sheer number of
topol ogies with that many switches, we cannot be sure that
irregular topol ogies with higher throughput do not exist.

3 Deadlock

When choosing a topology for cascading Fibre Channel
switches, another critical aspect to consider is deadlock.
To illustrate the deadlock problem and its possible solu-

Figure 5: The envel ope configuration

tion, consider the envelope topology shown in Figure 5. By
deadlock we mean the situation when some cycle of trunk
link buffers are filled with packets that need to be transferred
forward in the cycle. Since al buffers are full, no individ-
ual packet can be forwarded, causing deadlock. If the paths
between nodes 1, 2, 3, and 4 are routed in a clockwise di-
rection, the envelope topology can deadlock. In simulation
experiments, wefind that even when using completely random
traffic streams, deadlock occurs very rapidly.

Thissituation can be corrected by using a different routing
scheme. If we change the routing so that all the packets with
destinations 2 hops away are routed viacentra switch 5, then
the routing scheme is deadlock free. Unfortunately, thisrout-
ing also tends to concentrate traffic in the links connected to
switch 5, sothey becomethebottleneck prematurely; thus, this
is an unbalanced routing. It is possible to derive a deadl ock-
free, balanced routingfor thistopol ogy; wecall such arouting
scheme “Smart Routing”. It turns out that, for most optimal
network topologies, it is possibleto find a routing scheme that
generates very nearly the performance of the best routing that
ignores the possibility of deadlock.

In Fibre Channel switches, buffers are associated with in-
put ports, and thus can be considered to be associated with
directed edges between the switches connected switches. Itis
acycle of these buffers that cause deadlock in Fibre Channel
switches; thisisin contrast to other types of networks, where
acentralized buffer pool causes adifferent set of deadlocksto
occur.

We do not consider deadl ock-avoiding strategies based on
buffer classes [Gun81] or virtual channels[DS87] since Fibre
Channel supports neither.

A routing is a set of paths, such that thereis at least one
path between each source and destination node. The complete
routing contains every path that includes a node no more
than once. The distance between two nodes in a routing
is the length of the shortest path between those nodes that
is in the routing. A minimal routing has each component
path of the minimal length between its particular source and
destination; it is non-minimal if some path is longer. The
complete minimal routing contains every minimal path and
no other paths.

A routingimposes dependencies between input buffersand
thus directed links; there is a dependency between two input
buffersif some path contains the two input buffersin succes-



General, Tree, and Non-Deadlocking Topologies for S=12
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Figure 6: The throughput of the best possible tree, non-
deadlocking, and optimal topologies.

sion.

Input buffersconnected toterminal ports(injection buffers)
can never participate in deadlock because no other Fabric
buffer can be waiting on these buffers; thus we can ignore
these buffers when considering deadl ock.

If the dependency graph on input buffers that is imposed
by aparticular routing is cycle-freg, that routing is said to be
deadl ock-free.

One-hop paths can never contribute to deadlock because
they never introduce buffer dependencies; thus, al topolo-
gies for which the maximum path length is one (complete
topol ogies) have a deadlock-free minimal routing.

The throughput of a topology under arouting is the max-
imum throughput supported by that topology when the paths
are restricted to the given routing.

3.1 Avoiding Deadlocking Topologies

Many topologies smply do not deadlock under “reason-
able’ routings. Tree topologies can never deadlock, since
paths are restricted to never visit the same node twice, and
thus there is no way to construct a cycle of paths. Thus, one
possible solution to the deadlock problem isto only consider
tree topologies.

Unfortunately, treetopol ogi eshave much | ower throughput
than general topologies. The leftmost line in Figure 6 shows
the throughput of the optimal tree topologies as well as the
throughput of the optimal general topologiesfor S = 12.

We call all topologiesthat do not deadlock under the com-
plete minimal routing non-deadl ocking topologies. Note that
non-minimal routings exist for which these topol ogies dead-
lock. The topologiesfor which the complete minimal routing
does not deadl ock can be characterized by thefact that they do
not contain any chord-free cycles with four or more switches.
A chord-free cycle is a connected cycle of nodes such that

Figure 7: An example of a non-deadlocking cyclic topology.

every edge in the original topology that connects two of the
nodes in the cycle lies on the cycle. A proof of thistheorem
is based on the idea that a deadlocking cycle in a minimal
routing requires a non-chorded cycle of length four or more
in the network topology; we omit the proof for brevity. An
exampl e of a non-deadl ocking topology isshownin Figure 7.

Non-deadl ocking topologiesare al so restricted in through-
put, athough not so badly as trees. The middle line in
Figure 6 shows the throughput attained by the best possi-
ble non-deadlocking topologies; it is clear that they are sig-
nificantly better than trees, athough still much worse than
genera topologies. As an example, using 12 switches and
100 termina nodes, the best tree topology supports only
25% throughput; the best non-deadl ocking topol ogy supports
57% throughput, and the best general topol ogy supports 77%
throughput.

In addition to performance, there are several reasons why
we cannot simply restrict the class of topologies. First, the
routing algorithm may not be able to specify how a network
iswired; rather, it may be required to function correctly and
as good as possible given an arbitrary connection between
switches. Second, even if the origina network topology is
restricted, switch and link failures can yield a topology that
deadlocks. Thus, an agorithm that takes an arbitrary irregu-
lar topology and finds a deadlock-free routing with the best
throughput is important.

Two additional classes of topologies are worthy of note.
One classisthe set of topol ogiesthat has some minimal rout-
ing that is deadlock free. The ring of four switches (4-cycle)
(or any unwrapped n-dimensional mesh) isan exampl eof such
a topology; the classic dimension-ordered or e-cube [SB77]
routings are minimal and deadlock-free. Other topologies
have no minimal routing that is deadlock free; for instance,
the 5-cycle (or any wrapped n-dimensiona mesh, where the
sizeof some dimensionisfiveor greater) hasno deadlock-free
minimal routing; for these graphs, every deadl ock-free rout-
ing has alarger average path length than the origina graph.

Every topology has some deadlock-free routing. One way
to find such a routing is to remove edges until the resulting
graph is a tree or deadl ock-free topology; then, construct a
routing using only those edges.

Finding a deadlock-free routing with the maximum
throughput for an irregular topology is a difficult problem,



because the number of deadlock-free routings is astronomi-
cal, evenfor areatively small graph. Inthe next two sections
we discuss techniques to find a good deadlock-free routing
for an arbitrary irregular topology. Our contribution is such
a technique that works much better than the best technique
knownin theliterature.

3.2 Up*/down* routing

Up*/down* routing [OK92] is the only genera tech-
niquein the literature for finding a deadl ock-free routing for
switches with edge buffers on genera irregular topologies.
The procedure is straightforward. A root node is chosen at
random. Edges that go closer to the root node are marked as
“up” edges; edgesthat go farther away are marked as* down”
edges. Edgesthat remain the same distance fromtheroot note
are ordered by arandomly assigned node ID.

The routing consists of al paths that use zero or more
“up” edges followed by zero or more “down” edges; that is,
all pathsthat can be described by the regular expression up*
down*. The proof that the routing includes a path between
all nodes and that the resulting buffer dependency graph is
acyclic is straightforward and omitted here.

This technique has some good properties. Every length
one path islegal. The maximum distance between any two
nodes in the resulting routing is equal to twice the maximum
distance from the root node to its farthest node. Finaly,
calculating an up*/down* routing reguires time proportional
to the number of edgesin the original topology; balancing the
resulting routing dominates the sol ution time.

Up*/down* is a randomized algorithm, both in the initial
selection of the root node and the ‘tie-breaker’ by arbitrarily
assigned node IDs. Thus, it can be run multiple times, and
the routing with the maximum throughput retained.

Unfortunately, up*/down* routing tends to concentrate
traffic in the node chosen as the root. For most topologies,
each nodemust handletrafficit receivesand generates, aswell
as “trangit” traffic through the node. In up*/down* routing, a
node at distance & from the root can handle no transit traffic
that comes from and is destined for nodes at |esser distances.
Thisusually makes it difficult to balance traffic well.

For instance, consider the 4-cycle. The node at distance
two from the root cannot carry any traffic between the two
nodes at distance one; al such traffic must flow through the
root. This restriction means that any up*/down* routing in
the 4-cycle has a maximum of 80% of the throughput of
the complete routing. Figure 8 shows the results of running
up*/down* on our set of optimal 12-node topologies. The
value reported is the maximum of ten trials with up*/down*.
For instance, for 100 terminal nodes, up* /down* yieldsamax-
imum throughput of 67%, compared to the best general topol -
ogy of 77% and the best non-deadl ocking topology throughput
of 57%. Thiswasthebest of tentriasat finding arouting; the
average trial was even worsethan this. Generally, up*/down*
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Figure 8: A comparison of up*/down* and Smart Routing.

routing (with multipletrialsand sel ection of the best solution)
generates better results than using non-deadlocking topol o-
gies, but till significantly worse than if deadlock were not a
problem.

3.3 Smart Routing

Up*/down* routing is fast and simple and guaranteed to
find a deadlock-free routing. However, it tends to concen-
trate traffic at the root node, which restricts the performance.
Since balancing the traffic in an irregul ar topology requires a
relatively expensive solution to a multicommaodity flow prob-
lem, it seems reasonabl e to use amore complex deadl ock-free
routing algorithmthat does not suffer from the root-node con-
gestion problem.

Smart routing is our attempt at this. Rather than break
the buffer cycles by arbitrarily picking a root node and per-
forming a search from that node, we instead build an explicit
buffer dependency graph and search it for cycles. For each
cycle, we break the dependency that minimizes some heuris-
tic cost function. The procedure terminates when the buffer
dependency graph has no cycles. The routing is represented
implicitly by the buffer dependency graph: it is the paths of
connected buffers in the buffer dependency graph that lead
from the source node to the destination node.

Thus, smart routing is a greedy technique guided by a
heuristic function. Ideally, the heuristic cost function would
be the actua topology throughput. Since computing this re-
quires a multicommodity flow solution, putting this in the
inner loop of the routing search would be prohibitively costly.
Instead, we use a much simpler heuristic: the average path
length. A secondary heuristic attempts to distribute the cuts
among the various switches in the topol ogy.
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Because each path in our routing connects adjacent edges,
and each buffer is associated with an edge, there can only
be buffer dependencies of the form (¢, j) depends on (j, k),
where 7, j, and k are switch indices. Since our adjacency
matrix isrelatively dense (in order to get good throughput), we
represent the buffer dependency graph by athree-dimensional
array C(i, j, k) representing the buffer dependency between
(¢,j) and (4, k). If E isthe number of edgesin the topology,
then the number of nodes in the buffer dependency graph is
2F and the number of edgesisinitialy

>

0<i<§

which is bounded by 53 and by Sc?. Searching the buffer
dependency graph for acycle takes, at most, S° time.

We can eliminate many initial cyclesin the buffer depen-
dency graph by simply disallowingany path to usethereverse
edgeimmediately after using a particular edge; that is, weini-
tialize al entries of the form C'(¢, 4, ¢) to CUT. This has no
effect on our average path length or the throughput of the
topol ogy.

Note that a routing has an path length just as a topology
does, and is caculated the same way; the D matrix contains
the lengths of the shortest paths between pairs of nodesthat is
alowed by therouting. Thisp calculation formstheinner loop
in the smart routing algorithm, and thus should be relatively
fast.

Because of our cuts, we can no longer calculate p using
Floyd's or Djikstra's agorithm, since the existence of a path
fromi to j and another from j to £ doesnot imply the existence
of apath from i to & through j. Instead, we need to calculate
the distance from any given sourceto all destinations(or vice
versa) using a breadth-first search, which potentialy takes
an amount of time proportiona to the number of edges in
our buffer dependency graph, which is bounded by S3, but
typically ontheorder of S. Sincewe need totake S such path
lengths for the entire p calculation, the overadl p caculation
takes time bounded by S* but typicaly S2.

We optimize it by caculating p incrementally, given a
particular set of changes to the graph. The only incremental
change we currently support is the cut of an arc in the buffer
dependency graph. Aswe caculate p, we keep track of which
cutsareused for pathsfromwhat sources. Whenwe cut anarc
in the dependency graph, we only recal culate the path length
for those sources that used the particular arc we cut. Since
the number of such necessary cuts is bounded by S?(p — 1),
and since p is usualy less than two for most graphs we are
concerned with, most cutsare not onthecurrent p tree, so most
of thetimep remains unchanged and need not be recal cul ated.
When it doesneed to berecal cul ated, typically only one source
is affected, and then only time bounded by S but typically
proportional to S isrequired.

Each time we find a cycle, we consider all possible cuts
in order, and determine the one that maximizes our heuristic
function. If there are more than one with precisely the same
value for the heuristic function, we choose one at random.

Thetimeto find a cycle isbounded by the maximum num-
ber of edges in the dependency graph, which is bounded by
S3; the resulting cycle may have as many as S? buffersinit,
athough typicaly it has fewer than S, and we may have to
repeat the search on the order of 2 times, since often a sub-
stantial fraction of the dependencies must be removed to make
the dependency graph acyclic. Thus, overal, the run-timeis
bounded by .5°, although moretypically itis S4. Empiricaly,
thetimeto solvethe multicommodity flow problemto balance
the routing is an order of magnitude longer than that to find
the deadl ock-free routing.

This procedure is not guaranteed to yield a deadlock-free
routing. In the course of breaking the cycles in the buffer
dependency graph, it ispossibleto have made apoor selection
of cuts such that a cycle is encountered where breaking any
link will cause one node to not be reachable from another
node. In practice thisrarely happens, but when it does, the
algorithm restarts itself in tree mode.

In tree mode, which is normally false, a tree subset of
the original trunk links in the topology is selected as the
“backbone’; al dependencies between connecting trunk links
in the backbone are marked as essential and will never be
broken. This guarantees some path between each pair of
nodes. This backbone is found through breadth-first search
from a randomly chosen root node to make it shalow. In
addition, since the tree can contain no buffer dependency
cycles, every buffer dependency cycle can be broken without
breaking any essential dependencies.

Thisgreedy cycle-breaking techniquetendsto break many
cycles multiple times, and thus at the end some of the de-
pendencies that were removed can be added back in without
introducing cycles. Adding such cuts back in helpsmaximize
thenumber of pathsthat can betaken between nodes, allowing
the topol ogy to be balanced more closdly.

Thus, aseach break ismade, itsexpenseiscalculated asthe
change it made in the heuristic value. After al cycles have
been eliminated, the bresks are considered most expensive
first, and those that do not reintroduce cycles are restored to
the buffer dependency graph.

Since this is a randomized algorithm, it is typically run
severa times and the best solution is taken. Figure 8 shows
the results applied to the set of topologieswith 12 switches;
as can be seen, it generally yields results very close to the
genera throughput, and significantly better than up*/down*.

We compared up*/down* and Smart Routing for our set
of generally optimal topologies with twelve or fewer switch
nodes. Figure 9, shows a compilation of the results for the
topologies we have tried. We tried 248 different topol ogies.
The results for both deadlock-free routing techniques were
compiled and sorted in order of increasing efficiency. (The
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Figure 9: The sorted efficiency ratings of up*/down* and
Smart Routing for 248 generally optimal topologies.

efficiency is the fraction of the general, deadlock-ignoring
routing that the routing obtained.) From this graph we can
easi|y seethat 48% of thetopol ogieshad an efficiency lessthan
90% using up*/down™* routing, whileonly 12% of the topol o-
giesdid for Smart Routing. Similarly, 63% of the topologies
had an efficiency less than 95% with up*/down*, but only
24% did with Smart Routing. Up*/down* averaged 86.8%
efficiency, while Smart Routing averaged 95.1% efficiency.
When examining the cases for 12 switches, up*/down* aver-
aged 79.7% efficiency, while Smart Routing averaged 93.5%
efficiency.

Since Smart Routing attempts to minimize the number of
cuts and their impact, it can also be used in those networks
that allow table-based adaptive routing.

4 Conclusion

In this paper, we present an analytical model to establish
both a theoretical upper bound on fabric performance over
the range of topologiesand to propose a method for practical
evaluation of interconnect topologies. This model allows us
to calculate the number of terminal ports, average path length,
and maximum traffic supported by a given particular network
graph in asimple and straightforward manner. We also pre-
sented the results of a computer search for high-performance
irregular topologies.

We also presented and analyzed an algorithm for find-
ing deadlock-free routingsin arbitrary topologies. We tested
the algorithm on the topol ogies discovered by our computer
search and foundthat, in generdl, it woul d find adeadl ock-free
routingwith athroughput very closeto that of the unrestricted
routing.

There are several ways these results can be extended and
applied. One particularly interesting possibility isto takeinto

account non-uniform traffic patterns. Given either predicted
or measured traffic distribution information, all of the algo-
rithms in this paper can be easily adapted to generate better
topol ogiesand deadl ock-free routingsby simply replacing the
term P; P; in the p definition with some estimate of the actual
traffic. Since Fibre Channedl switches generally accumulate
gtatistics as they run, this information could allow periodic
network routing reconfigurationthat improvesthroughput and
latency. The effect of thison Smart Routing will be that any
deadl ock-preventing cuts will generally be made to paths that
carry littletraffic, thusminimizing the effects of deadl ock-free
routing even further.
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