SYNCHRONOUS BANDWIDTH ALLOCATION IN
FDDI NETWORKS

Qin Zheng and Kang G. Shin

Real-Time Computing L aboratory
Department of Electrical Engineering and Computer Science
The University of Michigan
Ann Arbor, Michigan 48109-2122
E-mail: {zheng,kgshin} @eecs.umich.edu

Abstract

It is well-known that the FDDI guarantees a bounded
access delay and an average bandwidth for synchronous
traffic. However, thisfact alone cannot effectively support
many real -time applicationsthat require thetimely delivery
of each critical message. We solve this problem by devel-
oping a synchronous bandwidth allocation (SBA) scheme
which cal cul ates the synchronous bandwidth necessary for
each application to satisfy its message-delivery delay re-
quirement. The result obtained in thispaper is complemen-
tary to the SBA protocol in the FDDI station management
standard SMT 7.2, and is essential for effective use of the
FDDI’s capacity of supporting synchronous traffic.

1 Introduction

The Fiber Distributed Data Interface (FDDI) is a pro-
posed ANSI standard for a 100 Mbps token ring network
using afiber-optic medium [7, 10, 2, 1]. Thankstoitshigh
transmission speed, the FDDI all eviatesthe bandwidth satu-
ration problem of the current 10 Mbps Ethernet and the 4 or

*Thework reported in this paper was supportedin part by the Office of
Naval Research under Grants No. N00014-92-3-1080 and the National
Science Foundation under Grant No. M1P-9203895. Any opinions, find-
ings, and recommendations expressed in this publication are those of the
authors, and do not necessarily reflect the views of the funding agencies.

T Thefirst author of the paper is currently with Mitsubishi Electric Re-
search Laboratories, Cambridge Research Center, 201 Broadway, Cam-
bridge, MA 02139.

16 Mbps|EEE 802.5 Token Rings. The synchronoustrans-
mission capacity of the FDDI also makes it ideal for real-
time applicationslike digital video/audio transmissions.

However, beforeusingthe FDDI effectively for real-time
applications, one must develop a synchronous bandwidth
allocation (SBA) scheme which determines how much of
synchronous bandwidth should be allocated for each ap-
plication. Assigning an application too much bandwidth
reduces the network’s ability of supporting other real-time
traffic, and assigning too littlemay not satisfy the real-time
requirements of the application.

FDDI networks guarantee a bounded access delay and
a minimum average bandwidth for synchronous traffic.
Specifically, if the target token rotation time of an FDDI
network is set to 77" RT and the high-priority token hold-
ing time of node 7 is h;, then the time node : needs to wait
for achance to transmit its synchronous packetsis bounded
by 2 x TTRT, and on the average, it is guaranteed to
have a bandwidth of h;/TTRT x 100 Mbps to transmit
its synchronous packets. These two properties make FDDI
networks capable of supporting synchronous traffic, but
they do not directly yield an SBA scheme.

Allocating an average synchronous bandwidth (i.e.,
h; /TTRT x 100 Mbps) equal to the average signd rate
is obviously not enough since the peak traffic rate could
be much higher than the average traffic rate. A more seri-
ous problem is that allocation of a synchronous bandwidth
equal tothe peak signal rateis till not enough as discussed
below. Notethat for most real-time applications, each crit-
ical message is required to be delivered to its destination
within a pre-specified delay bound. Consider real-time
video transmissions as an example. Suppose node : wants
to establish a real-time video channel with the following
features:

e The source of the channel generates a video frame



every 7' units of time. For full motion video, 7' =
33ms.

e The time needed to transmit a maximum-size video
frame at a 100 Mbps transmission rate isC,, 44 -

e For a smooth real-time video at the destination, each
frame is required to be delivered to the destination
within d units of time after its generation.

Based on the well-known fact about the worst-case to-
kenrotationtime of the FDDI, thetarget token rotationtime
(TTRT) must be set to no larger than d/2 in order to sat-
isfy the frame-delay requirement. Suppose TTRT is set to
d /2. Assigning asynchronousbandwidth equal to the peak
signal rate means h; /TTRT = Cypqax /T, thusresulting in
hi = Crmaed/(2T). Then, for applications which require
d < 2T, we get h; < Cppar. From the MAC protocol
of the FDDI, h; is the maximum time node ¢ is allowed
to have for transmitting synchronous packets once it gets
thetoken. Thus, h; < C,,4. impliesthat a maximum-size
video frame would take more than one token’s visit to get
transmitted. If the TTRT is set to d/2, the token rotation
timecould be aslarge asd, so amaximum-size framewould
not be transmitted withina delay bound d inthe worst-case.

One would then raise a question: “if alocation of a
synchronous bandwidth equal to the peak traffic rate still
cannot satisfy the requested delay bound, how much of
synchronous bandwidth should we allocate for a given ap-
plication? ” The station management standard SMT 7.2
of the FDDI describes a synchronous bandwidth alloca-
tion (SBA) protocol [1], which specifies how synchronous
bandwidth is allocated to a node, but it does not indicate
how much of synchronous bandwidth needs to be assigned
for a specific application. Clearly, the FDDI's capacity of
supporting synchronous traffic cannot be effectively used
without a proper SBA scheme.

Agrawal et al. [3] proposed a normalized proportional
SBA scheme which has the foll owing features and/or prob-
lems.

1. The scheme can be used for applications where the
requested message-delay bound d always equals the
message generation period 7'. In other words, each
synchronous message isrequired to be delivered to its
destination before the generation of the next message.

2. Using this scheme, an FDDI network is proven to
be able to support any set of synchronous channels
with atotal peak signal rate less than 33% of thering
bandwidth. This percentage was claimed to be the
highest to date.

3. This scheme is not optimal in the sense that a set
of synchronous channels which cannot be established

withthenormalized proportional SBA scheme may be
established with some other scheme.

4. It is a global SBA scheme in that the aloca
tion/deall ocation of synchronous bandwidth to a node
would require to change the synchronous bandwidths
previously assigned to all other nodes.

Therequirement of d = 7' limitsthetypeof applications
that can be supported and the non-optimality of the scheme
does not fully utilize the network’s ability of accommo-
dating synchronous traffic. Use of a global SBA scheme
also complicates the SBA protocol, making it difficult to
implement.

As an improvement of the scheme in [3], Chen et al.
proposed an optimal SBA scheme in a recent paper [4].
However, it till suffers the limitation of ¢ = 7" and isa
global scheme. Besides, it uses an iterative algorithm for
the calculation of the optimal bandwidths which may, in
theory, need an infinite number of steps to converge.

Inthispaper we proposean SBA scheme which does not
required = T and isoptimal whend < T+ TTRT. The
calculation of the optimal bandwidths can be done in just
one step. Further, allocation/deallocation of synchronous
bandwidth to one node does not require to change the syn-
chronous bandwi dths assigned to other nodes, thus making
the SBA protocol easy to implement.

This paper is organized as follows. Section 2 reviews
the MAC protocol of the FDDI and its relevant properties.
A new SBA scheme is proposed in Section 3 and analyzed
in Section 4. The paper concludes with Section 5. Due to
space limit, proofs of some results are omitted. Readers
arereferred to [14] for more details.

2 Prdiminaries

For convenience of discussion, we review the FDDI’s
MAC protocol and some of its properties in this section.
The FDDI’'s MAC protocol [2] is summarized below.

Protocol 2.1 .

P1: Supposethere are N active nodesin aring which are
numbered from 0 to N — 1. As part of the FDDI
ring initialization process, each node declares a Target
Token Rotation Time (TTRT). The smallest among
them isselected asthering’s TTRT. Each node which
supportssynchronoustraffic isthen assigned a portion
of the TTRT to transmit its synchronous packets. Let
h;, caled the high-priority token holding time, denote
the portionof TTRT that node ¢ isassigned to transmit
its synchronous packets.



P2: Eachnodehastwointerna timers: thetoken—rotation—
timer (TRT) and the token—holding—timer (THT). The
TRT aways counts up and a node’'s THT counts
up only when the node is transmitting asynchronous
packets. If anode’'s TRT reachesthe TTRT beforethe
token arrives at the node, the TRT isreset to 0 and the
tokenismarked aslate by incrementing thenode’slate
count L. by one. To initialize the timers at different
nodes, no packets are allowed to be transmitted during
the first token rotation after the ring initialization and
L./ saresettoO.

P3: Only the nodethat has thetokeniseligibleto transmit
packets. The packet-transmission time is controlled
by the node’s timers, but an in-progress packet trans-
mission will not be interrupted until its completion.
When node : receives the token, it does the following:

P31 If L. >0, set L, = L. —1andTHT =
TTRI. Otherwise, set THT = TRT and
TRT :=0.

P3.2: If node ¢ has synchronous packets to transmit,
it transmits them for a time period up to h; or
until all the synchronouspackets are transmitted,
whichever occurs first.

P3.3: If node has asynchronous packets to transmit,
it transmits them until the THT counts up to
the TTRT or all of its asynchronous packets are
transmitted, whichever occursfirst.

P3.4: Node passes thetokento the next node (i + 1)
mod N. ]

Let 7.;,, denote a ring’s latency which is the time
needed to circulate the token around the ring once with-
out transmitting any packet, and 7,, denote the time needed
to transmit a maximum-size asynchronous packet. Then,
the parameters of the FDDI's MAC protocol must satisfy
the following protocol constraint:

N-1
> hi STTRT = Tying — T,,. (1)
1=0
The physical meaning of the above inequality isthat the
summation of the assigned synchronous bandwidths over
the nodes in the network should not exceed the effective
ring bandwidth. Violation of thisconstraint would makethe
ring unstable and oscillate between “claiming” and “ oper-
ationa” [1]. Under this protocol constraint, a well-known
fact about the FDDI is that the worst-case token rotation
timeisbounded by 2 x TT'RT, and the average token ro-
tation timeisbounded by TTRT [8]. A more general result
was obtained by Agrawal et al. in a recent paper [3] as
stated below.

Lemma21 .

Under theprotocol constraint (1), thetimeelapsed between
any n consecutive token’s visits to a node : is bounded by
nx TTRIT — h;.

Once node ;i gets the token, it is given up to h; units of
time to transmit its synchronous packets. The following
lemma gives a lower bound of time that node 7 is allowed
to transmit its synchronous packets during a time period ¢

3.

Lemma22 .

Under the protocol constraint (1) of the FDDI, node : has
at least [t/TTRT — 1| - h; units of time to transmit its
synchronous packets during a time period ¢. This lower
boundisreached when [t/TTRT — 1] - TTRT —t > h;.

Lemmas 2.1 and 2.2 are the best published synchronous
propertiesof the FDDI to date. Wewill improveLemma?2.2
and derive anew SBA scheme in the next section.

3 A New SBA Scheme

Asdiscussed in the Introduction, an important feature of
real-time communication is that each message must be de-
livered to itsdestinationwithin a pre-specified delay bound.
Dueto thelimited network transmission bandwidth, thisre-
guirement cannot be satisfied without some informationon
message generation characteristics.

We use two parameters, 7' and (', to describe a mes-
sage generation pattern, where 7' is the minimum mes-
sage inter-generation timeand C' is the maximum message-
transmission time (i.e., the time needed to transmit a
maximum-size message). It is reasonable to assume prior
knowledge of these parameters for many real-time applica-
tions, such asinteractive voice/video transmission and real -
time control/monitoring. For applications where the traffic
patternisless predictable, the estimated values of 7' and C'
could be used. A source node may exceed its pre-specified
maximum message size and/or message generation rate at
the risk that these messages may not be delivered within
the pre-specified delay bound, but this particular node will
not affect the guarantees of other applications.

Together with the requested message-delivery delay
bound d and the address of the source node S, we use
the concept of areal-time channel [5] for real-time com-
munication. A real-time channel is described by a 4-tuple
T = (T,C,d, s) and guarantees each message generated
at the source node s to be delivered sequentially to one or
more destination nodes in a time period < d, as long as
the message inter-generation timeis> 7" and the message
transmissiontimeis < (.



A real-time channel is a convenient way to achieve real-
time communication. Users can set up channels with ade-
guate bandwidths and delay bounds for their applications.
Thisisin sharp contrast to the conventional circuit-switched
transmission where users have few choices on the band-
width and quality of the circuits. We will in this paper deal
with theimplementation of real-timechannelsin FDDI net-
works only. Readers are referred to [5, 6, 15, 12, 11, 13]
for discussionson real-time channel sin poi nt—to—point net-
works.

A set of real-time channels is said to be establishable
over an FDDI network if the requested message-delivery
delay bound of each channel can be guaranteed by prop-
erly setting the parameters of the FDDI's MAC protocol.
From Protocol 2.1, the user-adjustable parameters are the
TTRT and the high-priority token holding time h;’s. The
TTRT is usually set at the network initialization time and
does not change frequently. It determines the minimum
message-delay bound, d,,;, = 2 x TTRT, that the net-
work can guarantee. Any channel request with a delay
bound smaller than d,,,;,, will be rgjected. With a given
TTRT, the synchronous bandwidth allocated to node : is
determined by the value of h;. Thus, an SBA scheme de-
terminesthevalues of h;’sto accommodate real -time chan-
nels. An SBA scheme is said to be feasible with respect to
aset of real-time channels if it can guarantee the requested
delay bounds of al the channels. An SBA scheme issaid
to be optimal if it is aways feasible whenever there exists
afeasible SBA scheme. The advantage of an optimal SBA
scheme is the full-utilization of the FDDI’s synchronous
transmission capacity since a set of real-time channels re-
jected by an optimal SBA scheme cannot be established
with any other SBA schemes.

We derive in this section the conditionsfor establishing
rea-time channels over an FDDI network. From these
conditions, a new SBA scheme will be developed which
has many advantages over the SBA schemes of [3, 4].

Let ['(¢) denote thetime that a node in the worst-caseis
allowed to transmit its synchronous packets during a time
period ¢t. Lemma 2.2 gives alower bound of I"(¢) for node
1. We improve Lemma 2.2 by calculating the exact value
of I'(¢) asfollows.

Lemma3.1l .
Under the protocol constraint (1) of the FDDI, node : in
the worst-case has

(1) = [t/TTRT — 1|h; + 8(1)

units of time to transmit its synchronous packets during
a time period ¢, where é(¢) is calculated as é(¢) = O if
[t/TTRT|TTRT —t > h; or t < TTRT, and 6(t) =
t — ([t/TTRT|TTRT — h;) otherwise.
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Figure 1. Worst-case synchronous transmis-
siontime ().

Proof: I'(t) is plottedin Fig. 1. Its correctness can be
seen fromLemma2.1. Intheworst-case, node: wouldfirst
wait 2 x TTRT — h; unitsof timeto get the token. Once
it gets thetoken, it has h; units of time to transmit its syn-
chronous packets. This proves the correctness of I"'(¢) for
t < 2x TTRT. From Lemma 2.1, the following worst-
case token inter-arrival time at node ¢ would be TTRT.
This proves the correctness of I'(¢) for ¢ > 2I'TRT. O

Suppose no two real-time channels have the same source
node and the synchronous transmission time of a node
is used for real-time channel messages only. Then from
Lemma 3.1, we have the following necessary and sufficient
condition for the establishment of areal-time channel over
an FDDI network.

Theorem 3.1 .

A real-time channel = = (7, C,d, s) can be established
over an FDDI network under the protocol constraint (1) if
and only if

Vt>0, [(t—d)/T]TC <T(1), )

where I(¢) is calculated from Lemma 3.1 with ¢ = s, and
[t =nifn—-1<2z<n,n=12 --,and[z]t =0
for z < 0.

Proof of the necessary condition: Suppose node s does
not have any message of channel  at timet = 0. Then,
Yt > 0 a necessary condition for no messages to miss
their deadlines in [0, ¢] is that the amount of time, r(¢),
needed to transmit all those messages generated during
[0, ] by channel = with deadlines < ¢ is not greater than
I(¢), the time that node s in the worst-case is allowed
to transmit its synchronous packets. Since the minimal
message inter-generationtimeof channel 7 isT, thereare at
most [(t—d)/ Tt messages generated by channel ~ during
[0, t] withdeadlines< ¢, whichneedat most [(t—d) /Tt C
unitsof timeto transmit. Thus, the maximum value of 7 (¢)
s[(t —d)/T*C. Thisproves the necessary condition.




Proof of the sufficient condition: We prove this by con-
tradiction. Suppose a message misses its deadline at time
t1, meaning that at least one message with deadline < ¢;
has not been transmitted by ¢;. Then there must exist
t" < 11 such that during the time period [¢, ¢1], node ¢
uses all of its allowed synchronous transmission time for
channel 7's packets. Let tg be the smallest such ¢/, then
there are no messages with deadlines < ¢; queued at the
link at time ¢;. Thus, in the time period [to, ¢1], node
1 uses all its synchronous transmission time transmitting
only those packets of channel = which are generated dur-
ing [to, t1] with deadlines < ¢;. Based on the same rea-
soning as the proof of the necessary condition, the max-
imum amount of time needed to transmit these messages
isT(ty —to) = . q[(t1 —to — d)/T]+C. Since one
message misses its deadline at ¢4, this 7(¢1 — to) must be
larger than I"(¢1 — to), that is,

[(t1—to—d)/T1TC > T(t1 — to).

By lettingt = t; — to, the above inequality contradictsthe
conditionthat V¢ > 0, [(t —d)/T]TC < T(1). O

Sincetheleft-hand side of Eq. (2) changesonly at points
t = d;+kT withthevalue [((d;+kT)—d;)/T|TC = (k+
1)C, we have the following corollary from Theorem 3.1.

Corollary 3.1 .

A real-time channel = = (7, C,d, s) can be established
over an FDDI ring under the protocol constraint (1) if and
onlyif h, is set such that

hs > a;C (©)

wherea, = max{(k+1)/(T(d-+kT)/h): k=0,1,---}.

Then, we have thefollowing SBA scheme for the estab-
lishment of a real-time channel.

Algorithm 3.1 .

Suppose n — 1 real-time channels r, = (73, Ci, d;, s;),
1 = 1,---,n — 1 have already been established over an
FDDI ring. Then a new channel 7, = (7,,Cy, dn, 5n)
can be established with the following steps.

Step 1: Calculate «,, from Corollary 3.1 and A, =
o, Ch.

Step 2: If the protocol constraint (1) is satisfied, set the
high-priority token holding time of s,, to be A, and
establish channel 7,,. Otherwise, the channel estab-
lishment request is rejected. |

i J
Gn: 1/[X]
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Figure 2: Calculation of «,.

Algorithm 3.1 givesan optimal SBA schemesinceit uses
the sufficient and necessary channel establishment condi-
tionof Corollary 3.1. Inother words, if areal-time channel
cannot be established with Algorithm 3.1, so cannot with
any other SBA schemes. However, one problem with Al-
gorithm 3.1 isthe calculation of «,,. The definition of o,
in Corollary 3.1 isnot givenin closed-form. Thus, we need
the following theorem for the calculation of «,, .

Theorem 3.2 .
Letz = d,/TTRT — 1landy = T, /TTRT. Then,
_ ] Y] ify> 2] >1
@n = 1/y ify<landz > 2
and
o <] 1+@2-0))y ify<landl<wz<?2
n 1/|y] ifl<y<|z].

The values of «,, in different regions of the z—y plane
are plotted in Fig. 2. We need not consider the case of
r < lsinceitmeansd, < 2 x TTRI = d,,;, and the
channel cannot be established. In most cases, theinequality
d, < T, + TTRT issdatisfied, meaning that y > |=]. So,
the exact value ow,, = 1/|z| = 1/|d,,/TTRT — 1| can
be obtained and an optimal SBA scheme is redized via
Algorithm 3.1. For regions on the z—y plane where the
exact value of «,, cannot be obtained, one can use an upper
bound of «,, instead, with little loss of accuracy, because
thedifference between the upper bound and the actual value
of «,, isalways smaller than 1.

As an application example of Algorithm 3.1, we cal-
culate the synchronous bandwidth needed for establish-
ing a video channel in an FDDI network. Suppose the



video frame inter-generation period 7' = 32 ms, the frame-
transmission time is C' ms, and the requested frame delay
bound d = AT'. Also supposethe network’sTTRT isset to
atypica value TT RT = 8 ms.

Since d must be no smaller than 2 x T'T'RT, the above
video channel cannot be established if A < 1/2. For A >
1/2, « is caculated from Theorem 3.2:

_{ 1/]4x—1] if1/2< ) <5/4
“= 1/4 if A\ >5/4

Then, using Algorithm 3.1, the high-priority token hol d-
ing time at the source node s of the video channel should be
setto h, := o, and the video channel can be established
if the protocol constraint (1) is satisfied.

As discussed in Section 1, the synchronous bandwidth
assigned to the video channel equals B, = (h;/TTRT') x
100 Mbps. After normalizing with the signal rate of the
channel B, = (C'/T") x 100 Mbps, we have

B./B, = { ‘1‘/1‘” ~1] if1/2< A <5/4

if A\ >5/4.

From this result, one can see that the video channel
needs four times as much synchronous bandwidth as its
signal bandwidth in order to guarantee aframe delay bound
d = T/2 = 16 ms. However, if the delay bound can be
relaxed to d = 57'/4 = 40 ms, we need only the signal
bandwidth to establish the channel. Further increasing of
d will not help reduce the required bandwidth since the
assigned synchronous bandwidth must be at least as large
as the signal bandwidth.

From the above example, we can aso see that the re-
guested frame-delay bound has a significant impact on the
amount of synchronous bandwidth needed to establish a
video channel. Users should try their best to avoid using
small delay bounds. However, this is not always possi-
blefor interactive video applicationsand/or in cases where
video frames have to traverse several LANSs to reach their
destinations.

Compared with the SBA schemes of [3] and [4],
Algorithm 3.1 has the following advantages.

Generality: The SBA schemes of [3, 4] can establish real-
time channels with d = T" only, while Algorithm 3.1
can establish channels of arbitrary parameters, i.e.,
d < Tord>T. Thisextension is very important in
practice since for many applications, especially those
in real-time control/monitoring systems, the required
delay bound d is usualy smaller than the message
inter-generation period 7. Real-time channels with
d > T are aso useful for multimedia applications.
Thusrestrictingd = 7' wouldgreatly limitanetwork’s
ability and effectiveness of supporting real-time com-
munications.

Optimality: The SBA scheme of [3] is not optimal, even
under the restrictive assumption d = 7". Thus a real-
time channel establishment request may be rejected
even if it can be established using another scheme.
The SBA scheme of [4] is optimal under the restric-
tive assumption of d = 7" and requires complex com-
putations. By contrast, Algorithm 3.1 is optimal for
d < T + TTRT (which subsumes the special case
d = T of [3, 4]) aswell as for some other cases when
the exact value of «,, can be calculated (see Algo-
rithm 3.2), because it is based on the necessary and
sufficient conditions of Theorem 3.1, and the compu-
tation of the optimal bandwidthsissimple and strai ght-
forward. Rejection of achannd establishment request
by Algorithm 3.1 means the violation of the neces-
sary conditions, implying that the channel cannot be
established with any other scheme.

Simplicity: The SBA schemesof [3, 4] areglobal schemes
in the sense that the addition/removal of a channel or
change of the parameters of a channel would require
adjustment of the high-priority token holding times of
all nodesinthenetwork. Thisrequiresacomplex SBA
protocol. By contrast, Algorithm 3.1 needs only local
parameter adjustment, thereby making it far easier to
implement than thosein[3, 4].

Algorithm 3.1 can aso be used for real-time channels
with a common source node. Specifically, if two channels
71 and 7 have the same source node s, and = requires
hy, = t1and mp requiresh, = t,. Thensettingh, (= ¢1+1>
will satisfy the requirements of both channels provided
there is a mechanism at the source node to regulate the
transmission times of the packets of 1 and 7 so as not to
exceed t; and ¢, during each token’svisit, respectively.

4 Analysis

In this section, we analyze the SBA scheme derived in
the last section. Specifically, we want to calculate:

1. Atleast how much of synchronous traffic can be sup-
ported in an FDDI network using the proposed SBA
scheme?

2. At most how much of synchronous traffic can be sup-
ported in an FDDI network using the proposed SBA
scheme?

The answer to the first question gives a “saf€” region of
the FDDI’s synchronous capacity. The network is guaran-
teed to support any synchronous traffic within this region.
The answer to the second question gives an upper bound



of the synchronoustraffic that a network can accommodate
with the proposed SBA scheme. Sincethis SBA schemeis
optimal in most cases, answers to the above two questions
give a useful measure of the FDDI’s ability of accommo-
dating synchronous traffic.

We now state the above questions more precisely asfol-
lows. Givenaset of real-timechannelst; = (7;, C;, d;, s;),
1 = 1 -, n, the network utilization by these channels is
definedasU = 7", C;/T;. U, is said to be the worst-
case achievable utilization of a network if it is the largest
value such that the network can accommodate every set of
real-time channels with utilization < U,,. The best-case
achievable utilization U, isdefined asthe highest utilization
of a set of real-time channels that a network can support.
Our problem is then to calculate U,, and U, of an FDDI
network using the SBA scheme given by Algorithm 3.1.

The following theorem calculates U, .

Theorem 4.1 .

Let A = min{d;/T; : i =1,---,n}. Under the condition
that 2 x TTRT < d; < T; + TTRT and ignoring ;. 4
and 7, the worst-case achievable utilization of an FDDI
network using the proposed SBA scheme isU,, = A/3.

Since under the condition that d; < T; + TTRT the
proposed SBA scheme is optimal, the U, given in Theo-
rem 4.1 isthe worst-case achievable utilization of an FDDI
network. In other words, no other SBA scheme can guar-
antee the establishment of a set of real-time channels with
utilization > U,, = A/3. Agrawal et al. [3] proved that
their normalized proportional SBA schemehasaworst-case
achievable utilization of 33% when d; = 7;. Thus, their
scheme, albeit not optimal, reaches the highest worst-case
achievable utilizationwhen d; = T;.

Since increasing d; will not affect the establishment of
areal-time channel, an FDDI network guarantees the suc-
cessful establishment of any set of real-time channelswith
utilization < 33% for d; > T7;. U,, decreases linearly with
the decrease of A < 1. This means that the smaller the
requested delay bounds, the more difficult to establish the
real-time channels.

The following theorem calculates U,

Theorem 4.2 .

Under the conditionthat 2 x TTRT < d; < T; + TTRT
and ignoring 7., and 7}, the best-case achievable uti-
lization of an FDDI network using the proposed SBA
schemeisUy, = max{|d;/TTRT —1|/(T;/TTRT) : i =
1,---,n}.

To see how restrictive U is, let us consider a special
case when all channelsareidentical withd; =7; = 7,7 =
1. ,nand TTRT = T/2. Then, from Theorem 4.2, we
get Uy = 1/2, meaning that in this case an FDDI network

can use at most one half of its transmission bandwidth for
real-time channels.

From Theorems 4.1 and 4.2, one can see that the FDDI'’s
MAC protocol is not very efficient in supporting real-time
communication. The readers are referred to [9, 14] for a
simple modification to the MAC protocol which can sig-
nificantly improve FDDI’s ability of supporting real-time
traffic.

5 Conclusion

This paper addresses the problem of alocating syn-
chronous bandwidths in FDDI networks. We developed a
general, optimal, and simple SBA scheme that can support
a large variety of real-time applications, can fully utilize
the network-transmission bandwidth, and is easy to imple-
ment. We also analyzed the FDDI’s capacity of supporting
synchronoustraffic using the proposed SBA scheme.
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