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Abstract— We propose a new communication proto-
col for gigabit networks, which we call the virtual circuit
deflection (abbreviated VCD) protocol, that combines some
of the individual characteristics of virtual circuit switch-
ing and deflection routing. Its advantage over previous
deflection routing schemes is that deflections in the VCD
protocol occur on a per session basis, instead of on a per
packet basis, making packet resequencing at the destina-
tion considerably easier to accomplish. The VCD protocol
exploits the storage arising from the high bandwidth-delay
product of optical fibers, and it provides lossless communica-
tion with minimal buffering at the switches and without the
need for advance reservations. The VCD protocol appears to
be particularly suitable for networks that use optical switch-
ing, where buffers are expensive to implement with current
optical technology. Indeed; the VCD protocol requires only
limited buffering, which can be implemented using a minimal
number of optical delay lines. We analyze the performance
of the VCD protocol for the MS network topology by using
new analytical models.

I. INTRODUCTION

The VCD protocol is a virtual circuit switching protocol
of the tell-and-go variety (see [VaS95]), where data starts be-
ing transmitted shortly after the set-up packet of the session
is sent. A preferred path is selected at the source, and a set-
up packet is sent on that path to establish the connection,
followed after a short delay (much shorter than the end-to-
end round-trip delay required by wait-for-reservation type of
protocols [ACG90], [Ci(G88]) by the data packets, avoiding
in this way the pre-transmission delay associated with end-
to-end reservations. If the capacity available at a preferred
intermediate link is insufficient to accommodate the session,
the set-up packet and the data packets that follow it may
have to be routed over a different, longer path; we then say
that the session is deflected. As long as the total outgoing
link capacity is (greater than or) equal to the total incoming
link capacity of a node, we will see that adequate capacity
can always be made available on the outgoing links of an
intermediate node to accommodate a new incoming session.
This, however, may happen at the expense of interrupting
{preempting) existing sessions that originate at that node,
and/or splitting the new session into smaller subsessions,
each of which follows a different path.

An important advantage of the proposed VCD protocol
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over previous deflection routing protocols (such as packet-
by-packet [Max90] and loop deflection schemes [HaC90]) is
that it significantly reduces the need for packet resequencing
at the destination. This is because deflections in the former
occur on a session-by-session basis while in the latter they
occur on a packet-by-packet basis. Consequently, message
reassemnbly at the destination, which is one of the main prob-
lems of deflection schemes [Max90], is easier with the VCD
protocol. When a session is split, blocks of data have to be
resequenced, instead of individual packets. This is impor-
tant for multigigabit networks, where a session may involve
the transfer of millions of packets. Moreover, in the VCD
protocol, data packets are routed through a switch without
involving the processor, based on the virtual circuit identi-
fier (VCI) they carry and the routing tables established by
the set-up packet. By contrast, in the deflection protocols
proposed to date, routing decisions are made individually for
each data packet, making the switch processor a potential
bottleneck of the design.

Traffic in high-speed networks can be switched either
optically, or electronically. Optical switching is generally
considered incompatible with packet switching because ef-
ficient packet switching requires substantial packet storage,
which is difficult to achieve with current optical technology.
The VCD protocol provides lossless communication for data
streams that are nearly uniform with minimal buffer space at
the intermediate nodes. A particular implementation of the
VCD protocol for networks using optical switching, which
employs a small number of optical delay lines to perform
the buffering function, is presented in [VaL96].

We analyze analytically and through simulation the per-
formance of the VCD protocol for the Manhattan Street
(MS) network topology, under the assumption that all ses-
sions have equal rates, and their source and destination
nodes are uniformly distributed over all nodes of the net-
work. We obtain results on the throughput and the average
number of deflections, as a function of the network load, the
size of the network, and the link capacities. Deflection rout-
ing protocols have previously been analyzed by several re-
searchers, under a variety of assumptions on the underlying
network topology (see [GrG88], [GrH92], [Max89], [Max90],
[Bra91], and [HaC90]). Our model, analysis, and results
are considerably different than those presented in previous
works, where only packet-by-packet (datagram) deflections,
instead of session (virtual circuit) deflections, were consid-
ered. As a result, session durations and rates played no role



in these works, and packet arrivals at a node and their des-
tinations could be assumed to be independent. This is very
different from our model, where we focus on sessions (virtual
circuits) instead of packets (datagrams), and the previous
assumptions are no longer valid.

II. THE VirTuaL CirculT DEFLECTION PrROTOCOL

In this section, we describe the VCD protocol and show
how it can be combined with other techniques to meet its
objectives.

A path with adequate residual capacity is first computed
at the source based on the topology and link utilization infor-
mation available at the source at that time. A set-up packet
is then transmitted over the path to set the routing tables,
followed after a short delay by the data packets. If the set-up
packet is successful in reserving capacity on all of the links
on the path to the destination, the VCD protocol looks like
the usual reservation protocols, with the difference that the
reservation (set-up) phase and the transmission phase over-
lap in time. If the residual capacity on a link is not sufficient
to accommodate the new session, the session may have to be
deflected and/or split into smaller subsessions, as described
below.

We focus on a particular intermediate node, where a set-
up packet arrives requesting rate r. We let R, F', GG, be the
total capacity occupied by transit, terminating, and initiat-
ing sessions, respectively, at that node that are in progress
when the set-up packet arrives. We also let A and B be
the total unused capacity on the outgoing and the incoming
links of the node, respectively. Since the total incoming ca-
pacity is equal to the total outgoing capacity of a node, we
have Cyptai =r+ R+ B+ F = R+ A+ (G, which implies

A+G>F4+r>r. (1)

Therefore, a set-up packet that arrives at an intermediate
node requesting rate r, can always find capacity equal to r
to reserve on the outgoing links of the node. This may, how-
ever, require the interruption (preemption) of one or more of
the existing sessions that initiate at that node. It is possible
that the outgoing capacity that is available, or that may be-
come available through the preemption of existing sessions
originating at a node, may not all belong to the same out-
going link of the node. In that case the session may have to
be split into two or more subsessions of smaller rates, each
of which is routed over a different path to the destination.
Sessions that are interrupted may resume transmission when
the session that preempted them ends (either because it is
completed, or because a control packet is sent to its source
requesting it to pause). When a session is split into a total
of, say, k subsessions, packets belonging to different subses-
sions may arrive at the destination out of order; packets,
however, belonging to the same subsession will always ar-
rive in the correct order. Resequencing k blocks of packets
(each of which is ordered) at the destination is much easier
to accomplish than resequencing individual packets. This
is one of the main advantages of the VCD protocol over
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other deflection protocols, where packets are deflected inde-
pendently of each other, and the order of the packets in a
session may be completely destroyed.

The VCD protocol is designed to provide lossless commu-
nication for sessions that have constant rate, or sessions that
have certain smoothness properties (see [Gol91]), or sessions
that have variable rate but can tolerate the delay induced
when transforming them into smooth sessions through the
use of input flow control. Constant-rate sessions can clearly
be switched with minimal buffer space at the nodes. If more
burstiness is allowed, additional buffer space, which depends
on the degree of burstiness, is required to provide lossless
communication. It can be shown that the VCD protocol
can be combined with stop-and-go queueing (see [Gol91])
to provide lossless communication with minimal buffer re-
quirements for sessions that have some particular smooth-
ness properties (see [VaL96]).

ITI. ANALYSIS FOR THE MANHATTAN STREET NETWORK

We will assume that the underlying topology is a square
Manhattan Street (abbreviated MS) network, with X =
Y = \/N nodes along each dimension. External session
(connection) requests are generated at each node over an
infinite time horizon according to a Poisson process of rate
A, and their destinations are uniformly distributed over all
nodes of the network. All sessions have rate equal to one
unit, and their holding times are independent and exponen-
tially distributed with mean 1/y. The capacity of each link
is taken to be equal to m units. Since the session rates are
equal to one unit and the uncommitted capacity on a link is
always an integer number of units, sessions do not have to be
split, and all packets of a session arrive at their destination
in the correct order. It is still possible, however, for sessions
to be deflected and/or preempted.

A session using a given link [ is called an originating

sesston if [ is the first link on the session’s path, and a transit
sesston if [ is an intermediate link. A session that reaches
its destination over link [ is called a terminating sesston for
link {. When both of the outgoing links of a node lie on a
shortest path to the destination, then the node is called a
don’t care node for that destination; otherwise it is called
a preference node. A set-up packet selects a preferred link
according to the following rule:
Persistent rule: If the current node is a “don’t care” node,
one of the links is chosen with equal probability as the pre-
ferred one. If the current node is a “preference” node, the
preferred link is the one that lies on the shortest path.

A transit set-up packet attempts to reserve capacity on its
preferred link, preempting if necessary a session originating
at that link. If this is not possible, the session is routed over
the other link of the node, preempting if necessary some
session originating on that link. An originating session is
accepted only if there is capacity available on its preferred
link to accommodate it; that is, sessions are never deflected
on their first hop. An originating session that is not accepted
is said to be blocked. Sessions that are preempted or blocked



are randomly mixed back into the input queues so that the
combined process of exogenous and retrial set-up attempts
can be approximated by a Poisson process.

We focus on sessions with destination (0,0), and let
D(i, ) [or D(i, j)] be the average number of additional links
that will be used by a transit [or originating, respectively]
set-up packet currently located at node (7, ), whose des-
tination is node (0,0). We let p be the probability that an
arriving transit set-up packet fails to reserve the required ca-
pacity on its preferred outgoing link (therefore, such a set-up
packet is deflected if the current node is a preference node).
We then have

3[D(ir, 51) + Dliz, 4o,
if (,7) is a don’t care node;

D(i.j) = 14 § (1= p)D(i1, 1) + pD(iz, ja), (2)
if (i, j) is a preference node, and
(i1, j1) is the preferred next node,
and
LID(iy, j1) + D(iz, j2)],
__if (4,7) is a don’t care node;

if (1, j) is a preference node, and
(i1, j1) is the preferred next node,

where (71, j1) and (3, j2) are the outgoing neighbors of (4, 7).
Also, we clearly have D(0,0) = D(0,0) = 0. If the deflection
probability p is known, the preceding equations can be ap-
plied iteratively on the MS network to calculate D(z, ) and
D(i, 7) for all nodes (i, j). The total average number of links
used by a session can then be obtained as

1
D= —— .7
T L D (4)
(4,3)#(0,0)

Transit set-up packets that arrive on a horizontal (or ver-
tical) link and select according to the persistent rule the
horizontal (or vertical) link as their preferred outgoing link
are called straight-through set-up packets. We let (i, j) be
the average number of additional nodes at which a transit
set-up packet currently at node (i,j) will have a straight-
through horizontal preference until it reaches its destination
node (0, 0). Using the symmetry of the MS network, we have

L1+ 0(i1, j1) + 0(j2, i2)],
if (4,7) is a don’t care node;
14+ (1-p)d (11,11)+p9(12»tz) (5)
_if (41,71) is the preferred next node;
pO(ir, j1) + (1 = p)0(jz, i2),
if (i, j2) is the preferred next node,

a(i, j) =

where (i1,j1) and (is, j2) are the horizontal and vertical
neighbors of (i,j), respectively. Also, we clearly have
6(0,0) = 0. The average probability of a straight-through
preference is

1
b= s 2 060,
N-1)(D-1
( s ) 6.55%00.0)
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where
%[g(il,h) +0(j2, 12)]
o if {(i,7) is a don’t care node;
.. 8(1y.7
9(1’]) — (hy]l) (6)

if (1, j1) is the preferred next node;

_ i@
(]2 12)7
(

if (i3, j2) is the preferred next node,

where (i1,71) and (i3, j2) are the horizontal and vertical
neighbors of (¢, j), respectively.

We denote by B the probability that a new session is
blocked, and by E the probability that a session is inter-
rupted (preempted) before it is completed. We assume that
the retransmissions of sessions that are blocked or preempted
are sufficiently randomized so that the total arrival rate of
originating sessions requesting a particular outgoing link of
a node is a Poisson process with rate '

A

Al = . 7

L7 2(1-B)(1-E) (™)

Since the average number of intermediate links used by a

session is equal to D — 1, the average rate with which transit
set-up packets are emitted on a link is

AMD—-1)

A =A(1-B)D-1)= T

(8)
Also, the average rate with which terminating set-up packets
arrive at a node is Az = Aq.

We will say that a node is in state X =
(Xa, X, Xe, Xa, Xaby Xads Xeb, Xed), if there are X, (or X.)
sessions terminating over its horizontal (vertical, respec-
tively) incoming link, X, (or Xg) sessions originating on
its horizontal (vertical, respectively) outgoing link, X, (or
X.q) transit sessions arriving over the horizontal (or vertical)
incoming link and leaving over the horizontal (or vertical, re-
spectively) outgoing link, and Xg4 (or X.s) transit sessions
arriving over the horizontal (or vertical) incoming link and
leaving over the vertical (or horizontal, respectively) outgo-
ing link. We also let 7(X) be the steady-state probability
that a node is in state X, and we will approximate 7(X) as
the stationary distribution of an auxiliary system Q.

We also ask that the rate Ay at which transit set-up pack-
ets are emitted on a link of the MS network is the same as

the rate at which transit customers are accepted in system
Q. For this to hold, we should have

Az
1—Pr(X : Xg+4 Xap + Xaa =m)

Ay =

Furthermore, we ask that the rate at which terminating
packets are received at an incoming link of the MS network
is the same with the rate at which terminating customers
are accepted in system Q. This happens when )} is defined
as

. _ A3
T1=Pr(X: Xo+ Xop+ Xaa=m)’
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The blocking probability for the first hop is

D

X: Xo+Xao+Xop=m

B= #(X). (9)

Assuming that an arriving transit set-up packet finds a node
in a typical state, except for states where X, + Xop + Xaa =
m, the deflection probability p is given by

2

X Xop+Xep=m,
Xo4Xgp+Xoq#m

DY

X: Xgg+Xcg=m,
Xat+Xqp+Xgq#m

om(X)
2% Xt KantXaastm T(X)

p:

(1-0x(®)
ZY: Xo+Xav+Xaa#m W(X)

The probabilistic rate ¢ at which a particular transit ses-

sion S is preempted due to arrivals of set-up packets at its
source can also be found to be

m(X)

1
- 5'd w
X: Xp+X p+Xcp=m, b ZX Xp#0 ( )
Xa+X,p+Xaq#Em,
Xy #0

")
ZY; Xy 20 m(X)

+ 2

X: Xp4+Xgp+Xp=m,
Xo+Xgp+Xggitm,
Xp#0,
Xog+Xog=m

+ 2
X: Xp+Xgp+Xcp=m,

XX op+Xog#Em,
Xp#0

+ 2

X: Xp+Xqp+Xcp=m,
Xe+Xop+Xcg#m,
Xy 70,

1
};(1—9)

7(X)

1
ey —)—
Xb(l )Zf Xp#0 7I'(X)

1 m(X)
X S w(Y)l ()

Xagt+Xcg=m

The probability E that a session S that has been accepted
is preempted before it is completed can be approximated as
€

G

To calculate the steady-state probabilities m(X) for all
feasible states, we write down the global balance equations
of the Markov chain that corresponds to the auxiliary sys-
tem Q. If the parameters A},A5, A3, and ¢ are known,
then the global balance equations together with the equation
S>m(X) = 1 give the steady-state probabilities. These pa-
rameters, however, depend on the values of the steady-state
probabilities. Equations (2)-(12) together with the global
balance equations give a system of equations that can be

Jjointly solved by using the method of successive approxima-
tions.

(12)

IV. ANALYTICAL AND SIMULATION RESULTS

We define the inefficiency ratio n()) as the ratio

2 = 20

= 5) (13)
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Fig. 1. We illustrate the inefliciency factor n()) and the deflection
probability p, as a function of the external arrival rate per node A,
for a 6 X 6 MS network with capacities m = 1 and m = 2. We also

illustrate the upper bound 7\%"?3—) on n()), and the stability region.

of the average path length D(A) taken by a session for a
given arrival rate A, over the average shortest-path length
D(0) of the MS network topology. In Fig. 1 we illustrate
n(A) and the deflection probability p as a function of the
external arrival rate A per node, for a 6 x 6 MS network,
average session duration 1/ = 1, and different values of the
link capacity m.

A necessary condition for stability can easily be found to
be

2mpu

AD(0)
The dashed lines in Fig. 1a correspond to the upper bounds
on 7(A) given by the right hand side of Eq. (14). The sta-
bility region (equivalently, the maximum value of ) can be
approximately obtained by finding graphically the point at
which the curves n(}) and )\2—51(’(‘)—) intersect.

The inverse of the inefficiency ratio when operating at
maximum load is illustrated in Fig.2 for different values of

n(A) < (14)
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Fig. 2. We illustrate the saturation throughput 1/n(Amas) as a func-
tion of the network size N, for various values of the link capacity m.

the network size N and the link capacity m. One can view
1/m(Amaz) as the maximum fraction of the capacity that can
be effectively utilized by the VCD protocol when new ses-
sions are always available to enter the network (capacity is
not. effectively utilized when it is wasted due to deflections
or stays idle); we refer to 1/n(Amac) as the (normalized) sat-
uration throughput. As shown in Fig.2, 1/n9(Anaz) increases
when the link capacity m increases. Therefore, an increase
in the link capacities does not only increase the available net-
work capacity, but also the efficiency with which this capac-
ity is used (through a reduction in the deflection probability
and the average path length).

V. CONCLUSIONS

The virtual circuit deflection protocol presented in
this paper compares favorably to wait-for-reservation and
backpressure-based protocols, since it can provide lossless
communication with little buffering at the switches and min-
imal pre-transmission delay. The VCD protocol is a hybrid
of virtual circuit switching and deflection routing, and com-
bines some of their important individual advantages. The
VCD protocol alleviates to a large extent the resequencing
problem associated with other deflection routing schemes.
Its small buffer requirements, make 1t particularly appro-
priate for multigigabit networks that use optical switching.
We have presented analytical and simulation results on the
throughput, the average path length, and other performance
parameters of interest for the VCD protocol in a Manhattan
Street (MS) network. We believe that the results obtained
are indicative of the performance of the protocol for other
topologies of interest (provided that they offer a large num-
ber of alternative paths between nodes), and they indicate
that the VCD protocol is a potentially interesting connec-
tion and flow control protocol for multigigabit and general
data networks.
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