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Abstract

The token protocolsin FDDI and FDDI-M support syndronous and
asyndironous trac.  Howewer, FDDI su ers from a token-lateness
problem, and FDDI-M may starve asyndironoustrac. To remove
these two weaknesseswe propose the timely-token protocol. The

main feature of this protocol is the addition of information to the to-

ken sothat ead station may determine the reasonof an early token
arrival. Using this information, ead station limits its asyndironous
transmission to ensurethat the token is not late at subsequen sta-

tions. In addition, we present a synchronousallocation schemefor this

protocol. Finally, a comparisonis made against FDDI and FDDI-M.

Keyw ords: FDDI, FDDI-M, local-area-netvorks, quality-of-service.

1 Intro duction

In this paper, we presem an enhancemento the timed-token protocol pro-
posedby Grow [1]. This protocol has been incorporated into the Fiber
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Distributed Data Interface (FDDI), and its purposeis to support a mix-
ture of syndironousand asyndironoustra c in a token-ring network. Syn-
chronous messagesre transmitted periodically and have a deadline, while
asyndironous messagesre transmitted on a best-e ort basis.

During initialization, a protocol parameter, called Target Token Rota-
tion Time (TTRT), is chosen,and it indicates the expected time of eah
token rotation. Ead station i is assigneda portion S; of the TTRT. This
is the maximum time station i is allowed to transmit syndironous trac
upon receivingpthe token. The remaining portion of the TTRT, A , where
A =TTRT i S, is the time available to transmit asyndironousmessages
during ead token rotation.

Giventhe valueof TTRT, a SynchonousAllocation (SA) schemeassigns
a value of S; to ead station i. Seweral SA shemeshave been proposedfor
FDDI [2, 4, 5].

In FDDI, the rotation time of the token may exceedT TRT. Dueto this
latenessof the token, an FDDI ring can use at most half of its bandwidth
to transmit syndironoustrac [6]. To alleviate this de ciency, Shin et al.
proposedthe FDDI-M token protocol [6]. In FDDI-M, the token is newer
late. This allows FDDI-M to support syndironoustra c with alargerrange
of deadlineconstrairts than FDDI.

Howewer, FDDI-M has someweaknesses.First, in some cases,FDDI-
M may not be able to transmit asyndironoustra c, although intuitiv ely it
should. That is, there are scenarioswhere the portion A of the TTRT s
non-zero,yet asyndironoustra ¢ is starved. In addition, the analysisof SA
shemesfor FDDI-M is quite unintuitiv e and unmanageableand does not
leadto closedform expressions.Therefore,although there is a large number
of SA sthemesfor FDDI, sud asPA [7], FLA [7], MCA [2], EMCA [5], ELA
[8] and EGA [9] (an overview of most of the above SA shemesand more may
be found in [10]and [11]), no SA schemeshave beendesignedspeci cally for
FDDI-M.

In this paper, we presen the timely-token protocol. In this protocol, the
token is newer late. In addition, at every token rotation, A time units are
available for asyndironoustrac. Furthermore, the protocol is simple and
yields a straightforward SA stheme.

The paper is organizedas follows. The network and trac models are
introducedin Section2. FDDI and FDDI-M, along with their weaknesses,
are descrited in Section3. The timely-token is describked in Section4. An
SA schemefor the timely-token is given in Section5. Section 6 compares
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Figure 1: Token-ring network.

the timely-token againstFDDI and FDDI-M. In Section7, we shov how the
timely-token can be implemerted with ead repeater storing only a coupleof
bits. Finally, concludingremarksare givenin Section8.

2 Token Proto cols and Trac Mo del

The token protocolsin this paper operate on a ring consistingof N stations.
Ead station hasa unique number in the range0::N 1. In addition, eat
station is connectedto two others by a unidirectional medium that forms a
single closedpath (seeFigure 1). For ead station i, the next station along
the unidirectional medium is station (i + 1) mod N.

A small messagecalledtoken, circulateswhenall stationsareidle. Before
a station cantransmit, it must rst graspthe token. After transmitting, the
station releaseghe token.

During ead token rotation, there is a constart amourt of time, denoted
by , that is unusablefor transmission. The value of includesthe propaga-
tion delay around the ring, and a few bits of store-and-forvard delay at eat
station. Note that the de nition of A givenin the introduction needsto be
modi ed slightly asfollows:

X
A =TTRT S



A synchionousstream is descrited by a triple, (P;D;C), whereP is the
inter-arrival time of messagefrom the stream, D is an upper bound on mes-
sagedelay, and C is the maximum time neededto transmit a messagef the
stream. Although most SA sthemesassumeD = P, we do not make this
assumption. Howewer, we do assumeD  P. Also, messagesnay be frag-
merted into smaller padkets, and padet transmissioncannot be preempted.

Agrawal et al. [7] shoved how a token-ring network having multiple syn-
chronousstreamsper station could be transformedinto a logically-equinalert
network with one syndironousstream per (logical) station. Therefore, with-
out lossof generality, we assumea single syndironous stream per station.

A synchonous stream set consistsof one syndironous messagestream
per station. The syndironous stream of station i is denoted by the triple
(Pi; Di; Gj).

3 Previous Token Proto cols

In this section, we provide an overview of the token protocols of FDDI and
FDDI-M. In addition, we descrike weaknessem eadt of them. Theseweak-
nessesre overcomeby the timely-token protocol given in the next section.

3.1 FDDI Token Proto col

We next descrite the tokenprotocol usedin FDDI . During ring initialization,
ead station i supporting syndironoustra c is assigneda xed portion S; of
the TTRT. During ead token rotation, station i cantransmit syndironous
padets for at most S; time units.

Ead station i has a token-rotation timer, TRT;. This timer always in-
creases.Howewer, it may be resetto zero. The purposeof this timer is to
measurethe time betweentoken arrivals.

If TRT, reachesa value of at least TTRT beforethe token arrivesat the
station, then TRT; is resetto zero, and the token is marked as \late" by
incremerting the station's late court L; by one.

Eadh station i has an asyndironous-limit variable, A;. In this variable,
station i storesthe amourt of time it may transmit asyndironous messages.

1This description diers from the typical description in the literature. Howewer, it is
equivalent. We presen this alternativ e de nition for clarity and easeof comparisonwith
the timely-tok en.



Contrary to Sj, the value of A; may vary ead time the token is receiwed.
When a station receivesthe token, it performsthe following steps:

1. IfL; > 0,setlL; ;= L; landA;:= 0. Otherwise,A; ;= TTRT TRT,
and TRT; := 0.

2. If the station has syndironous padkets, it transmits them for a time
period of up to S; time units, or until all the syndironous padets are
transmitted, whichewer occurs rst.

3. If station i has asyntironous padkets, it transmits them for a time
period of up to A; time units, or until all the asyndironouspadkets are
transmitted, whichewer occurs rst.

4. Station i passeghe tokento station (i + 1) mod N.

To initialize all timers, no padets are allowed to be transmitted during
the rst tokenrotation. Also, all late courts L; are initialized to zero.

3.2 Late Token in FDDI

Considera ring network with four stations, as shavn in Figure 1. Assume
thereisnotrac (either syndironousor asyndironous)in the previoustoken
rotation beforethe token arrivesto station zero. The ring parametersare as
follows: TTRT = 100, and for ead i, S; = 20. For simplicity, = 0.

When station zero receiwes the token, TRTg = 0 and A = TTRT
TRTy = TTRT. Assumestation zero has asyntironous padkets, but it has
no syndironous padkets. Also assumethat immediately after the station
transmit its rst asyndironous padet, it generatesa syndironous message.
Station zerothen transmits asyndironouspadkets for TTRT time units, and
releaseghe tokento station one.

After this, assumeall stations have plenty of syndironous and asyn-
chronous padkets. Then, stations one, two, and three transmit their syn-
chronouspadkets for 20 time units eat (becauseS; = S, = Sz = 20). Thus,
the token rotation time of stations one, two, and three is 100, 120, and 140,
respectively, all of which are at least TTRT. Thesestations receie a late
token, and cannot transmit asyndironous padets.

When the token regchesstation zerofor a secondtime, the tokenrotation
time will be TTRT + 2, S; = 160. This is greaterthan the TTRT, which
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equals100. The TTRT is consideredo be the expectedtoken rotation time,
but from this examplewe seethat the token rotation time may signi cantly
exceedthe TTRT.

Note that as the token rotation time grows, the ability to satisfy a set
of syndironous streams diminishes. Thus, the direct e ect of late tokens
is the reducedability to schedule syndironoustrac. In this example,the
syndironous messagearriving at station zero experiencesa waiting time of
160time units. For its deadlineto be satis ed, it must be greaterthan 160.

When station zero transmits asyndironoustrac for TTRT time units,
it takesadvantage of unusedsyndironousbandwidth of other stations. How-
ewer, ead station is allowed to transmit S; time units of syndironoustra c
at everyrotation. Thus, at the next rotation, the other stations transmit
their allotted S; time units of syndironous bandwidth, causingthe token to
arrive late at station zero. From this obsenation, we concludethat the late-
nessof the tokenis dueto a station taking advantageof unusel synchionous
bandwidth of other stations. This obsenation plays a signi cant role in the
designof the timely-token of Section4.

3.3 FDDI-M Token Proto col

We next overview the token protocol of FDDI-M 2. Similar to FDDI, during

ring initialization, ead station i supporting syndironoustrac is assigned
a xed portion S; of the TTRT. During ead token rotation, station i can
transmit at mostS; time units of syndironouspadkets. Also similar to FDDI,

ead station i hasan asyndironous-limit variable, A;j, and a token-rotation
timer TRT,. Toinitialize the token-rotation timers, no padets are transmit-

ted during the rst token rotation.

When station i receivesthe token, it performsthe following steps:

P
1. A= TTRT (TRT,;+ ;S)=A + TRT.

2. If station i has syndironous padets, it transmits them for a time pe-
riod of up to S time units, or until all the syndironous padets are
transmitted, whichewer occurs rst.

3. TRT; == 0.

2Again, this description di ers from the typical description in the literature. However,
it is equivalent. We presert this alternativ e de nition for clarity and easeof comparison
with the timely-tok en.



4. If station i has asyndironous padets, it transmits them for a time
period of up to A; time units, or until all the asyndronouspadkets are
transmitted, whichewer occurs rst.

5. Station i passeghe tokento station (i + 1) mod N.

3.4 Starv ation of Async hronous Trac in FDDI-M

We next presen an examplewhereasyndironoustra ¢ is starvedin FDDI-
M, ewven though not all of the TTRT has been allocated to syndironous
trac. The exampleis similar to the onein Section3.2.

Considerfour stations, as shavn in Figure 1. Let TTRT_= 100, and for
eah i, S = 20. For simplicity, = 0. Thus,A = TTRT S = 20.

Assumethereisnotrac beforethe tokenreahesstation zeroin the rst
rotation. When the token reades station zero again, let there be plerty of
both syndironous and asyndironoustrac at all stations. Then, TRTy =
0,and Ag = A TRTy, = A = 20. That is, station zero can transmit
asyndironous padets up to the total ring asyndironousallocation A , and
alsoits own syndironousallocation S;. For the following stations, the values
of TRT are 40, 60 and 80, respectively. Becausethesevaluesare all greater
than A , thesestations cannot transmit any asyndironous padkets.

When the token reates station zerofor the third time, again, let there
be plenty of syndironous and asyndironoustrac at all stations. Recall
that in FDDI-M, TRT; is resetto zero after transmitting the sygdwronous
trac. Thus,whenthe tokenreturnsto station zero,TRTy = Ag+ 2, S =
20+ 60 = 80, which is larger than A . Therefore, station zerois unable to
transmit asyndironoustrac. Nonetheless,station zero does transmit its
syndironoustra c.  For the following stations, the valueof TRT;, 1 i 3,
is 60 (courting all syndironous bandwidth used by other stations). This,
howewer, is larger than A . Thus, no asyndironoustra c is transmitted in
this rotation ewven though there are asyndironous padkets at every station.
Evenworse,the situation cortinuesaslong asthere are plenty of syndironous
padets in ead station during the following rotations.

In FDDI-M, thetokenisnewerlate. That is, TRT, TTRT S whenewr
station i receivesthe token. Although not mertioned in [6], we beliewe the
reasonthe token is newer late is asfollows. Recall our earlier argumern that
a late token in FDDI is causedby a station taking advantage of unused
syndironousbandwidth from other stations. In FDDI-M this is not possible,



asfollows. FDDI-M makesthe pessimistic assumptionthat no syndironous
padets were transmitted during the last rotation. Therefore,to prevent a
late token, the station doesnot take advantage of any syndironousbandwidth
from any station. To ensurethis, ;S is addedto TRT; when calculating
Ai.

4 Timely-T oken Proto col

In this section, we presen the timely-token protocol. This protocol over-
comesthe two weaknessesertioned in the previoussection.

4.1 Insight

In FDDI, tokensarrive late becausea station may take advantage of unused
syndironous bandwidth during the token rotation. In FDDI-M, to prevent
late tokens, no station takes advantage of unused syndironous bandwidth.
Howeer, ead station is unaware of how much syndironous bandwidth was
usedduring the token rotation. Thus, the worst-caseis assumed. That is,
it is assumedthat no syndironous bandwidth was used. To avoid taking
advantage of this unused bandwidth, a total of ;S is addedto TRT; in
the calculation of A;. Howeer, in doing so, asyn¢ironous bandwidth may
be starved.

The above discussionimplies that if a station becomesaware of how
much syndironous bandwidth was left unused by other stations, it could
accuratelydeterminehow much to add to TRT; asopposedto the worst case
assumptionof ; S;. To adiewve this, an integer u is added to the token,
whereu represets the sum of unusedsyndironousbandwidth of all stations
during the previoustoken-rotation. When the token arrivesto station i, u
should also include the unused syndironous bandwidth of station i in the
previoustoken-rotation.

We next presem an outline of the timely-token?.

3We presened an earlier version of this protocol in [3]. Howewer, in [3], it is possible
for a station to use A time units of asyncironous bandwidth at every token rotation,
and starve other stations of asynchronoustrac. The protocol we presert below doesnot
su er from this drawbadk.



4.2 Outline

As in the previousprotocols,ead station i hasa token-rotation timer, TRT;,
an asyndironous-limit variable, A;, and a constart portion S; of the TTRT.
In addition, station i maintains a variable s;, whereit storesthe time units
of syndironousbandwidth it usedin the previoustoken-rotation.

When station i receivesthe token, it performsthe following steps:

1. A= (TTRT u TRT)*
2. TRT, =0

.u=u (§ s)

4

. If station i has syndironous padkets, it transmits them for a time pe-
riod of up to S time units, or until all its syndironous padets are
transmitted, whichewer occurs rst.

5. s; is assignedthe number of time units of syndironous transmission
usedin step 4.

6. Uu=u+ (S s)

7. If station i has asyndironous padkets, it transmits them for a time
period of up to A; time units, or until all its asyndironous padcets are
transmitted, whichewer occurs rst.

8. Station i passeghe tokento station (i + 1) mod N.

During the rst tokenrotation, to initialize timers, no station is aligowed
to transmit any padets. In addition, s; is setto zerofor all i, andu= " ; §;.
Note that A; is initially the sameasin FDDI-M.

We next presen an exampleshaving how syndironousand asyndironous
bandwidth are managedusingthe timely-token. It is the sameexamplegiven
in Section3.2 that causedthe token to be late in FDDI.

Consider a ring network with four stations, as showvn in Figure 1. As-
sumethereis notrac (either syndronousor asyndironous)in the previous
rotation beforethe token arrivesto station zero. The ring parametersare as
follows: TTRT = 1%O,and for ead i, S; = 20. For simplicity, = 0. Note
that A = TTRT i S = 20.



When station zero receiwes the token, TRT, = 0, u = PiSi = 80
(since no syndironous padets were transmitted in the rst rotation), and
Ap=TTRT (TRTy+ u) = 20= A . Therefore,the station can transmit
asyndironous padkets for the ertire asyndironousallocation A .

Assumestation zerohasasyndironouspadkets to transmit, but it hasno
syndironous padets. Immediately after the station beginsto transmit its
rst asyndironouspadket, a syndironousmessagearrivesat the station. The
station then transmits asyn¢ironouspadkets for Ag (i.e., A ) time units, and
releaseghe token to station one. The value of u in the token remains 80,
sincestation zerodid not transmit syndironous padkets.

Assumenext that all stations have syndironousand asyndironous pack-
ets. At station one, TRT; = 20and u = 80. Thus, A; = 0, and no
asyndironous padets are transmitted. Howeer, station one does transmit
S; = 20 time units of syndironoustrac. It then forwards the token to
station two, with an updated u value equalto 60, becausestation one used
its ertire syndironousallocation.

At station two, TRT, = 40 and u = 60. Thus, A, = 0, and no asyn-
chronous padkets are transmitted. Station two transmits S, = 20 time units
of syndironoustrac. It then forwards the token to station three, with an
updated u value equalto 40, becausestation two usedits ertire syndironous
allocation.

The scenarioat station three is similar. It forwards the token to station
zero,with an updated u value equalto 20.

When the token reades station zero again, TRTy = 80 (includes the
asyndironoustra ¢ of station zeroand the syndironoustrac of the other
stations) and u = 20. Thus, Ag = 0, and it may not transmit asyndironous
trac. Note, howewer, that sinceTRT, = 80, the syndironous messagehat
originated in the previousrotation may now be transmitted, and its delay is
only 80, as opposedto 160in FDDI. Thus, assumestation zero transmits
S; = 20time units of syndironoustra c, and forwards the token to station
onewith u= 0.

Note that at station one, TRT; = 80andu = 0. Thus, A; = 20= A .
This allows station oneto transmit asyndironoustra c, if desired. Similarly,
if station onedoesnot transmit asyndronoustra c, stationstwo and three
may do so.

By cortinuing this example,we seethat syndironous and asyndironous
bandwidth can both be usedif ewery station hasunlimited syndronousand
asynaironouspadkets. Also, even though the bandwidth is fully utilized, the
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tokenis newer late. We formalize this below.

4.3 Performance Bounds

We next formalize some bounds on the behavior of the timely-token. In
particular, we shav that the token is newer late, and the transmission of
asyndironoustra c is guararteed.

For the results of this section and the next, the following constrairts
must be satis ed. We therefore consideronly those syndironous stream sets
satisfying theseconstrairts.

De nition 1 The protocol constraints of the timely-token are as follows.

The required transmissiontime of a messagemust be at most the dead-
line of this message.

(8i; G Di P)

The messagdransmissiontime must be at most the available portion
of the TTRT.

(8i: C; TTRT )

The sum of the synchionousallocations to all stations must be at most
the availableportion of the TTRT.

S TTRT

In order to reasonabout valuesthat changeover time, we enhanceour
notation to include rounds, that is, token rotations.

De nition 2

R"™: round m of station i, i.e., time interval [t; t9, wheet is the time when
station i receivesthe token for the mth time, and t°is the time when
station i receivesthe token for the (m + 1)th time.
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AJ™: value assigne to A; during R"™. In particular, A{™ is the value as-
signal to A; whenthe tokenis received at the beginning of R"™

TRTJ-“’“: value of TRT; whenstation j receivesthe token during R*™. In par-

ticular, TRT'™ is the value of TRT; whenthe tokenis received at the
beginning of R'™

. duration of asynchonoustransmissionof station j during R"™. Note
that af™  AI™.

. duration of synchonous transmission of station j during R'™. Note
thats™  §.

Before preseting the theorems,we require the following two lemmas.

Lemma 1 For everyi and m, whenstation i receivesthe token at the end
of R"™, the value of u in the token correspndsto the unuseal synchionous
time of all stations during R"™.

Pro of: The proof is by induction on the number of stations visited by the
token. For the basecase,considerthe ring after initialization. l\g) padets
are transmitted at the rst token rotation, and furthermore,u=; §; and
s; = Ofor all j. This satis es the lemma.

For the induction step, considera station i, and assumethe lemmaholds
for the previous station k. When the token arrivesat i, for u to have the
correct value, the unused syndironous time of k from the previous round
must be removed from u, and the unused syndironoustime of k from this
round must be addedto u. Thesestepsare performedby station k according
to the outline of the timely-token. Hence,the lemma holds when station i
receiesthe token. |

Lemma 2 For everyi; j; m,
0 1,

Am = @a T d™ YA
i

Pro of: From the de nition of the asyndironouslimit variable,

Ai™ = (TTRT u TRT™M)*
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From Lemmal, X X

From the de nition of TRT"™,

. X . X .
TRTil,m - S}'(m 1) + a]!,(m 1) +

i i

Therefore,
0 0 1 0 11,
- X X . X X .
Al™ = @TTRT @ § sM DA @ gMmYVse™ gDy AA
j j j j
0 1,
X . X
= @TTRT MY 5 A
j j
0 1,

= @A X a]i;(m DA
i
|

Theorem 1 (T oken is never late) For everystation i, upon tokenarrival,
TRT;, TTRT.

Pro of: Considerround R"™. From Lemma 2, we have A};(m VoA for
all j. Furthermore, if station j transmits a};(m Y time units of asyndironous
trac during R*™ D then for any station k after j and beforei, A;™
decreaseby &' ™ Y. This isbecauser RT, ™  increasedy a'™ . There-

fore,
a]!2(m 1) A (1)
j
Furthermore,

x

.. . X Ny
TRT™ = g™ V" MYy
j

S VLA 4

X_.

S +A +
i
= TTRT
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Theorem 2 (Async hronous trac guarantee) For eachi andm, atotal
of A time units becomeavailablefor asynchonoustransmissionduring R"™ .

Pro of: ConsiderA:;(m”). From Lemma 2,
0 1,
i;(m+1) X im
Ai’ = @A a1 A
j
We therefore have that X
i'm
8
J
time units have beenused,and thereforebecameavailable, for asyndironous
transmissionduring R;.,. The remaining time units, if any, are assigned
to Aj ™ Therefore, a total of A time units becomeavailable for asyn-
chronoustransmissionduring every round of every station. ]

From the above theorems,we seethat the maximum token rotation time
is upper-boundedby TTRT (the tokenis newer late), and this boundis tight.
Furthermore, asyndironous bandwidth is always available to the stations at
ead rotation (provided A > 0). In particular, if the timely-token is used
in the scenariosof Sections3.2 and 3.4, the token is newer late, and the
asyndironoustra c is not starved.

5 Synchronous Bandwidth Allo cation Scheme

There are two approadiesto con gure a token protocol to support a syn-
chronousstreamset. First, the TTRT is given,and eat S; valueis chosento
support the syndironousstreams. This approad is known asa Synchionous
Allocation (SA) sheme. In this section, we presert a SA stheme for the
timely-token. The secondapproad consistsof choosinga TTRT value given
the syndironous stream set. We considerthis approad in Section6.

Before presering our SA sdheme, we measurehow much syndironous
transmissiontime is available at a station beforethe deadlineexpires. This
measurewas introducedin [5], and is de ned asfollows.

De nition 3 Given any interval of sizeD;, X; is the minimum amount of
time during which station i can transmit synchionouspacketsin this interval.

14



Figure 2. SA sthemeaillustration

Theorem 3 For the timely-token,
Xi=m S+(S )
where m; and ; are as follows.

m; = bDi:TTRTC
i=(m+1) TTRT D,

Pro of:  Figure 2 illustrates the valuesof m; and ; usedin our SA stheme
(m; = 2 in the gure). Our objective is to obtain the worst casescenario,
that is, station i is ableto transmit the leastpossibleamourt of syndironous
tra c.

At time to, i.e., at the beginningof the interval of sizeD;, station i either
forwards the token or beginstransmitting asyndironous padkets. Note that
at this time the station will not transmit syndironouspadetsuntil it receives
the token again. Let t;, be the time the token arrivesagain at station i.

The largest value of t;  tg is as follows. From Equation (1), the total
asynaronousbandwidth usedbetweent; and ty, including that of station i,
is at most A . Therefore, sinceall stations can transmit their allocation of
syndironousbandwidth, t;  tg is at most

A + X Sj +
i6i
Therefore,t, to TTRT. In this way, station i receivesthe token ewery
TTRT time units during the interval of sizeD;. From Theorem 1, this is the
worst casesincethe tokenis newer late.
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slope = m;

<— slope= (m; + 1)

0 i Si

Figure 3: X; asa function of §;.

Thus, station i will be able to useits full S; time units of syndironous
transmissionfor a total of m; times. During the last token arrival, it will
only be ableto transmit S; i time units of syndironouspadkets beforethe
end of the interval.

| |

We baseour SA sthemeon Theorem 3 above. Our objective is to nd
valuesof eat S; that ensurethat ead syndironous messageof station i is
transmitted within D; time units. That is, we require X;  C;. Howewer, S
should be as small as possible. This ensuresthat the largest possibleset of
syndironous streamsis supported. To minimize S;, we chooseS; sud that
Xi = Ci.

Assumefor the momen that for all i, D; TTRT. Figure 3 shaws X;
asa function of S;. To determinethe value of S; sud that X; = C;, we must
considertwo cases.First, C; m; ;. In this case,C; = S; m;, and thus,

[}

Si =
m

Second,m; ;> C;. In this case,

G = (S i) (mi+ 1)+ (m; )

16



Therefore,
_ G+
' m; + 1
Considernow the remaining casewhereD; < TTRT for somei. In this
case,m; = 0, and thus, X; = 0. To avoid this situation, we must force the
token to rotate faster. This is doneby introducing a ctitious station g, and
choosing Sy as follows.

Above, D, is the minimum messagealeadline.

A speci c station in the ring is assignedthe duties of station g. In par-
ticular, sinceg newer transmits tra c, this station ensuresthat S, is always
included in u. Note that in this manner, no other station can usethe syn-
chronous allocation Sy to transmit asyndironous padkets. Therefore, eat
token rotation will beat most TTRT S, i.e., at most D mn .

To computethe allocation of the remaining stations, let TTRT%= D py.
We assignto ead S; the samevalue as computedearlier, but we useTTRT?®
in placeof TTRT.

In summary the SA shemeof the timely-token is as follows:

Case 1: ifforalli, D; TTRT, then
ifCc m
let S = Ci=m,
otherwise,
let S = (Ci+ )=(m; + 1)
Case 2: |if thereisani, sud that D; < TTRT, then
let Sg= TTRT Dnin, for a ctitious station g.
let S; be computedasin casel forall j, | 6 g,
exceptthat TTRTCis usedinstead of TTRT,
whereTTRT?= Dy, .

The above SA schemeensuresall messageare transmitted by their dead-
lines. This is formalizedin the following theorem.

Theorem 4 The SA schemefor the timely-token ensuees that the set of
synchionous streams is schelulable, i.e., no messagedeadline is violated.
This is providal the protocol constraints hold.

Pro of:  Given our initial assumptionof D; P, for all i, note that eadh
syndironous messageof station i needsto be transmitted beforethe arrival
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of the next syncdhronous message Therefore,if X;  C;, this is su cient for
eath messageo be transmitted by its deadline. Above, we have shovn that
Xi = C; for all cases.Thus, eatc messagewill be transmitted no later than
its deadline. [ ]

We concludethis sectionby applying the SA sdhemeto a couple of ex-
amples.

First, let TTRT = 100, N = 4, and, for eath i, C; = 20 and D; =
100. For simplicity, assume = 0. This implies that for eah i, m; = 1

and ; = 100. Therefore,m; ; > C, and S, = Ci=m, = 20. We need
Eo chek, howewer, if the protocol constrairnts are satis ed. In particular,
S = 80< TTRT = 100. Sincethe protocol constrairts are satis ed,

the syndironous stream set is sthedulable.
Next, consideranother syndhronous stream set as above, with the excep-
tion that, for eat i, D; = 150and C; = 60. This implies that, for ead i,

m; = 1, ; = 50. Thereforeem; ;< Cj,andS§ = (Ci+ j)=(m;+ 1) =
E60 + 50)=2 = 55. When we chedk the protocol constrairts we obtain:
S = 220> TTRT = 100. Thus, this syndironous messageset is

not schedulablethrough our SA scheme.

6 Comparison Against FDDI and FDDI-M

In this section, we comparethe timely-token againstthe FDDI and FDDI-
M. Our comparisonfocuseson the ability of theseprotocolsto support syn-
chronoustra c.

We begin by comparing the timely-token against FDDI. We base our
comparisonon the value of X; in theseprotocols, becausethis value directly
re ects the ability of the protocol to provide serviceto a syndironousstream
i. The value of X; in FDDI, howeer, is dependent on how often a station is
able to transmit syndironoustra c. This notion is represeted by function
| [5], whosede nition follows.

De nition 4 For any positive integer n, 1 (n) is an upper bound on the
maximum possibletime that may elapsebefore any station i with synchionous
messagesisesn S; time units of synchionoustransmission.

Note that function | is independent of the station number. This is true
for both the timely-token and FDDI, aswe will seebelow.
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From the above de nition, considera time interval
[t; t+ 1(n)]

for somet. Ead station i is allowed to transmit n S; time units of syn-
chronoustra ¢ during this interval. This can be usedto derive the value of
Xi, asfollows [5]. Consideran integer n;, sud that

I(ni 1) Di<I1(m)

Considernow the interval
[t; T+ D,]

for somet. From above, station i is able to transmit syndironous tra c
for at least (n; 1) S; time units during this interval. This is because
I(ni 1) D;. Furthermore, station i may be able to transmit a portion of
the next S; syndironoustime units. In the worst case,these S; time units
are given to station i starting at time t + 1 (n;) S;. This implies that an
additional

Di  (I(n) S)

syndironoustime units are available to station i beforethe end of the interval
of sizeD;. Thus, X; is asfollows.

Xi=(n 1) S+ max0,D; I(n)+ §] (2)

Note that Equation (2) is alsovalid for the timely-token. That is, the
equationwasobtainedwithout beingspeci ¢ about the tokenprotocol. There-
fore, we may comparethe timely-token against FDDI simply by comparing
their | functions.

To distinguish betweenfunction | in FDDI and in the timely-token, the
latter is denotedby | and the latter is denotedby ;.

Theorem 5 For the timely-token protocol,

n
N+1

li(n) = n TTRT 3)

Pro of: We needto construct a scenariowherethe interval of time from the
longestscenariobeforea station cantransmit n  S; syndironousunits. From
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Theorem 2, the syndironoustransmissionsdo not a ect asyndironoustrans-
missions. This implies that in our scenarioall stations must have unlimited
amourts of syndironousdata to transmit.

For easeof presemation we considerstation zero. The scenariocan be
reproducedfor any other station.

Consider round R®™. Recall that ead station transmits syndironous
bandwidth beforetransmitting asyndironous bandwidth. Thus, the longest
interval beforestation zerotransmits n Sy units of syndironous bandwidth
beginsimmediately after station zero transmits its syndironous bandwidth
in round R%M | and endsafter transmitting Sy syndironousunits at the be-
ginning of round R%™* " Thus, the interval of time is

[start(R%™) + Sy; start(R®™*") + Sy]

where start(R%™) denotesthe starting time of round R%™. Note that the
interval is of the samelength as

[start(R%™); start(R%™*M)]

Thus, we considerthe duration gf rounds R%M up to and including R®m*" 1,
During the aboverounds,n = }\_; Sy, units of syncdronousdata are trans-
mitted. We next focuson the asyndironousdata.
Considerthe duration of the asyndironoustransmissionsof every station
in the above n rounds. That is, considerthe sequence

ag™;ad™: Ak ™ Al N e

From Theorem 2, any value in this sequenceplus the previousN values
add to at most A . That is, any subsequencef length N + 1 can add to
at most A . We therefore break this sequencento segmets with N + 1
elemetts. If lessthan N + 1 elemens remain thesemay add to at most A .
Hence,the total asyndironoustransmissioncan add up to at most

n N

A
N+1

The above is equalto




Combining the syndironousand asyndironoustransmission,this addsto

X g A N
n + N
g N+ 1

A

To obtain the sizeof the desiredinterval, we needto addn  sinceead of
the n rounds hasan overheadof . This, plusthe de nition of TTRT, gives
usthe nal result.

| = TTRT
t(n)=n N+ 1

Notice that we deweloped our earlier SA scheme under the assumption
that the token will visit eat station during every TTRT seconds,.e., un-
der the assumptionthat I¢(n) n TTRT. With the tighter I(n) bound
proven above we can provide a better (although more complex) SA stheme,
asdiscussedn the appendix.

The most accurate value for function I in FDDI has been derived by
Zhang and Burns [5], and is asfollows.

X n
| =
r(nN)=n TTRT + . Sy + N+ 1 TTRT . Sh
From our de nition of A
| =n TTRT X S k 4
F(n)=n +oSt (4)

h=1
Note that a smallervalue of | is desirable,sincethis yields a larger value
for X;, and allows the protocol to schedule a larger number of ows. If we
comparethe expressiongor | in Equations(3) and (4), we nd that, for any
n, I¢(n) < I(n). In consequencefor the sameset of S; values,the timely-
token yields larger valuesfor eat X;. Thus, any set of syndironous ows
whosedeadlinesare satis ed by FDDI are alsosatis ed by the timely-token,
in particular, by usingthe sameS; valuesasFDDI. The corverseis not true,
howewer, as shavn by an examplewhen we discussFDDI-M below.
Another advantage of the timely-token is as follows. In [5], it is shavn
that the following is a requiremen for any syndironousstreamsetin FDDI:
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forevweryi, D; TTRT. Howewer, aswe have seenearlier, the timely-token
is able to support syndironousstream setswhereD; < TTRT for somei.

We next focus our comparisonon FDDI-M. To our knowledge, there is
no SA sdeme for FDDI-M. Howewer, as mertioned above, FDDI-M may
starve asyndironoustra ¢, while the timely-token ensuresA time units are
available for asyndironoustra ¢ per token rotation.

In [6], FDDI and FDDI-M are comparedin their ability to support a
set of homogeneousyndironous streams,i.e., all streamshave the sameD,
C, and P values. In FDDI, TTRT D=2 is required in order to meet
the messagadeadlines. The largest number of streamsare supported when
TTRT = D=2 and S = C. Therefore,a maximum of %, i.e., % streams
can be supported concurrerily. On the other hand, for FDDI-M, we may set
TTRT = D, sincethe token is newer late. Thus, a maximum of % streams
may be supported, i.e., twicethoseof FDDI. Note that for the timely-token,
we may alsoset TTRT = D, and support the samenumber of syndironous
streamsasFDDI-M, and thus support twice the number of streamsasFDDI.

7 Token Implemen tation

For an e cien t implemertation, a station must be ableto quickly determine,
with only a few bits delay, if the incoming frame is a token or not. Further-
more, it must quickly decidewhether it should seizethe token. One bit in
the frame can be usedto distinguish betweendata framesand token frames.
Thus, the remaining issueis to quickly determineif the station should seize
the token. A station with S; > 0 should always seizethe token, sinceit is
allowed to transmit up to S; time units of syndironous padcets. Even if the
station hasno syndironous padets to transmit, seizingthe token and then
releasingit (which takeslessthan S; time units) will not interfere with the
guararteesof other stations.

Assumenow that station i hasS; = 0. If the station has asyntironous
padets to send,it must quickly determineif it should seizethe token. From
the outline of the timely-token, a station can transmit asyndironous padets
foratotal of Aj = TTRT TRT; utime units. Thus,it must look through
all bits of u in the token and its timer TRT; to decideif it should seizethe
token. A way to do this with a delay of only a couple of bits is as follows.
The station keepsin a register the value of TTRT  TRT;. The register
has an initial value of TTRT and courts down only. The station compares
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the register with u (bit by bit) asthe bits are received. The station cannot
transmit asyndironous padets if the register value is lessthan u. On the
other hand, if the registeris greaterthan u, then the station aborts forwarding
the token (and hencethe next station cannot seizethe token sinceit receives
a partial token) and seizeghe token. Note that decidingif u is lessthan or
greaterthan the register can be doneasthe bits of the token are stored and
forwarded, provided the bits of u are received in order of their signi cance.
Hence,the token can either be seizedor allowed to go by with a delay of only
a few bits per station.

8 Conclusion

This paper proposesa new protocol: the timely-token protocol. This proto-
col addsa parameterin the tokenthat allows a station to determinewhether
the early arrival of a token is due to unusedsyndironous bandwidth or un-
usedasyndironous bandwidth. By doing this, it preverts the excessie use
of asyndironoustransmission,and thus it avoids the token latenessproblem
that existsin FDDI. At the sametime, it guararteesthat in ead token
rotation thereis always A time units available for the transmissionof asyn-
chronoustra c. This makesup for the weaknessxisting in FDDI-M, where
asyndironoustrac may be starved.

A simple Syndironous Allo cation schemeis given for the timely-token.
It guararteesthat if a set of syndironous streamssatis es the protocol con-
straints, then syndironous bandwidth is allocatedto ead station sud that
no deadlineis violated. The timely-token was comparedagainst FDDI and
FDDI-M. Finally, a method to e cien tly implemern the seizingof the token
was discussed.

A SA sdhemeS is saidto be optimal [2] for a token-protocoli, for every
other SA schemeS?, and for ewery setof syndironousstreams,if S meetsthe
deadlinesof the stream set, then S° also meetsthe deadlinesof the stream
set.

Finding an optimal SA schemefor FDDI remainsa challenge,sincenone
of the SA sthemesproposedthus far are optimal [12]. Proving that an SA
schemeis optimal is challengingto the point that a coupleof early SA sthemes
were erroneouslybelieved to be optimal.

In the appendix, we presert an enhancedSA sdhemefor the timely-token
that satis es a broader set of syndironous streamsthan the SA sdhemein
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Section5. This SA is added mostly for completenesssince the range of
valuesover which it improvesthe sthemeof Section5 is not practical. We
conjecture that our enhancedSA sdiemeis optimal for the timely-token.
Howewer, given the complexity of proving the optimality of a SA sthheme,we
deferevaluating the optimality of our enhancedSA sthemeto future work.
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App endix

In this appendix, we present a SA schemethat is superior to the one presened in
Section 5. In Section 5, it is assumedthat consecutiwe visits of the token to the
station are separatedby TTRT seconds.That is, it is assumedthat

I(n)=n TTRT

Howewer, as seenin Section 6, | (n) actually hasa smaller value whenn N + 1,
namely,

n
I =n TTRT — A
(M =n T )

Wetake advantage of this lower value of | (n) for our EnhancedSA Stheme(ESAS).
As mertioned in Section6, the value of X; may bederivedfrom | (n;) asfollows.

Xi=(ni 1) S+ max[0D;i I(ni)+ S] (6)
where n; is an integer suc that
I(ni 1) Di<I(n) (7)
In order to meet the deadline of stream i, we must have
Xi Ci (8)

Note that the value of S; neededto satisfy this dependson the value of n;j and
I (nj). In turn, n; and I (nj) depend on S;j, and a circular argumert is created.
Therefore, we cannot simply derive the value of S; from an equation. Instead, we
adopt an iteration method, similar to the one adopted in [7] and [5].

Our generalstrategy is therefore as follows.
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First, we chooseS; = 0 for all i.
Then, we derive n; and | (n;) for ead i.

Next, assumingthat n; and | (n;) remain constart, we compute for ead i a
new value of S; that is the minimum value neededto ensureX; C;.

Sinceead S; hasincreased,we obtain new valuesof n; and I (n;).

Thesenew valuesin turn may require ead value of S; to be increased,and
thus new valuesof n; and | (n;) are needed. Thus, the iteration cortinues.

The above iteration should stop when one of the following hold.
(i) For ead i, the value of S; neednot increaseto satisfy X; C;.
(i) The protocol constraint of De nition 1 is violated.

We next describe the approadc in more detail. First, assumingn; and I (n;)
remain constart, the minimum value neededfor S; follows from Equation 6, and
is as follows.

( . .
AT it o (i 1) G
o (ni 1+ & D otherwise

I(ni) Di

Smin (Ni; 1 (n;); Ci)

Above, ; is the amount of time that the token is unavailable for synchronous
bandwidth during its njth arrival to station i.
We next proceedto give the SA algorithm in more detail.

Enhanced SA Scheme:

. foreah i, let S := 0.
. for eadh i, obtain n; and | (n;) accordingto Equations 5 and 7.

.ifforeadi, S;  Smin (Nj;1(N;); C), then stop, a solution has beenfound.

1

2

3

4. for ead i, let Sj ;= Spin (Ni;1(N;); C).

5. If the protocol constraint is violated, stop, no solution was found.
6

. Goto step 2.

Next we provide a theorem to justify the medanismto compute S; above.
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Theorem 6 Consider a synchronous allocation to every station such that the
deadlines of all synchionous streams are satis ed. Let S° be the synchionous allo-
cation to station i. Assumethe following hold for this synchronous allocation.

j k
1{x) = x TTRT & AP0 forall x
1qn? 1) Di<1qnY for all i

Smin (N%14Nn9;C;)  SPfor all i
Assumethat after step number 2 in the ESAS, for all i,
S s?
Then this continues to hold after step four.

, P .
Pro of. First, notethat if Sj igcreasesthen for any x, | (x) must remain equal
or increase. This is becauseas Sj increases,A d[gcreaseps,and I (x) remains
equal or increases.Therefore, sincewe are giventhat S Sio, then for all x,

1(x)  19x)

We next compare Smin (ni;1(n;); Ci) and Smin (n%1(n9;C;). Note that since
I(x) 19x) for all x, it must be the casethat n; n®.

Assume rst that nj = n®and I (nj) 14n®. In this case,from the de nition
of Smin ,» We have

Smin (Ni;1(Ni);Ci)  Smin (ni0;|0(ni0);ci)

Assumeon the other hand that nj < nio. In this case,again, from the de nition of
Smin , We have
Smin (Ni; 1(Ni);Ci)  Smin (ni0;|0(ni0);ci)
After step four in the algorithm, S;j = Smin (ni;1(n;j); Ci), and we are given
that Smin (N%19Nn9;C;) SPfor all i. Thus, after step four, for all i,

s s
|

Corollary 1 For a given set of synchronous ows and TTRT value, if there ex-
ists a synchronous bandwidth allocation that satis es Equations (5), (6), and (8),

then the ESAS also obtains a synchionous bandwidth allocation that satis es these
equations.
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Pro of: In ESAS, the value of S; newer increasesbeyond the S; value of the
solution that satis es Equations (5), (6), and (8). Thus, since the minimum S;
value always increasesin ESAS, ESAS will convergeto a solution. ]

Note that the corollary restricts itself to those solutions satisfying Equations
(5), (6), and (8). This is becausewe do not claim that the ESAS above is optimal
for the timely-token. Proving that a SA allocation scheme is optimal has been
known to be challenging to the extent that for FDDI no optimal SA scdemeis
known, and earlier SA schemeswere erroneouslyconsideredto be optimal.

The ESAS provide in this appendix is provided primarily for completeness.
The sthemein Section 5 will suce for most cases. ESAS is superior only when
ni N + 1, andsinceN is likely to be large, this would apply only for very large
valuesof Dj.

28



