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Abstract

A token ring protocol which resiricts the transmis-
ston rights to the station possessing the token is not
a good candidate for driving a gigabit network. As
the network’s transmission rate becomes higher, the
impact of the token transition time (which is idle) be-
comes more pronounced and the effective throughput
of the network becomes a smaller and smaller fraction
of the nominal channel capacity. We present a fam-
ily of token passing protocols for ring networks which
are devoid of this unpleasant property. The protocols
are simple and inezpensive, yet they possess a number
of advantageous properties as high capacity (similar to
METARING and independent of the propagation length
of the ring), fairness, and natural accommodation of
synchronous and isochronous traffic.

1 Introduction

To focus our discussion on the logical aspects of
the investigated protocols, we will use the normalized
propagation delay (expressed in bits) to measure time,
distance, and packet length [9]. We also abstract from
coding issues, which may otherwise obscure the dis-
cussion, and assume that signals transmitted through
the ring consist of bits. In particular, an FDDI symbol
(encoded using the 4B5B code—{6, 7]) is composed of
4 bits, not 5.

Let L denote the round-trip propagation delay of
the ring (expressed in bits) and I, be the average
length of a packet transmitted through the network.
The ratio L/l, is commonly denoted by a. A large
value of L, and consequently a, may result from a very
high transmission rate of the network, a very long ge-
ographic length of the ring, or a combination of these
two properties. The performance of many protocols
(not only ring protocols) deteriorates when a becomes
significantly bigger than one. For example, consider
the following simple formula expressing the maximum
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throughput of FDDI:

YTHT )
YXTHT+ L (1)

where X THT represents the sum of the token holding
times at all stations (and can be viewed as a repre-
sentative of the packet length {,). Although one may
naively try to increase the maximum throughput of
FDDI by increasing ETHT, this approach has obvi-
ous limitations: it assumes that each station has suf-
ficiently many ready packets to fill its token holding
window; moreover, it increases the average ring access
time.

Ideally, the formula expressing the maximum
throughput of a ring network should be independent
of L (or at least its value should not be inversely
proportional to L). Protocols with this property are
called capacity-1 protocols: they are able to utilize
a fixed portion of the channel bandwidth, irrespec-
tive of the propagation length of the network. To
demonstrate that designing protocols with this prop-
erty is not trivial let us consider METARING [2] which
is one of the best protocols for ring networks known to
the authors. The maximum normalized throughput of
“pure” METARING (without the SAT mechanism) does
not depend on L. Assuming a uniform distribution of
traffic, this throughput is equal to 8 (4 per each of the
two rings), which is the upper bound on the through-
put of any network based on two counter-rotating
rings. Unfortunately, in its pure version, METARING
is starvation prone.

To eliminate starvation in METARING, a special
mechanism (SAT) is introduced imposing a limit k
on the number of packets that a station can transmit
before it is obliged to yield the bandwidth to other
backlogged stations. With this mechanism, the maxi-
mum throughput of METARING is given by:

k
TuMETA = Min (?L, 8)

Trppr =

> &)

where N is the number of stations in the network



and k is the above-mentioned limit. Clearly, this for-
mula depends on L in the “unpleasant” way. Although
one may observe that by increasing k, the impact of
L can be formally eliminated, the protocol’s fairness
and its ability to respond to varying load patterns is
impaired in direct proportion to k. When k = oo,
the SAT mechanism is turned off and the network be-
comes starvation-prone. On the other hand, any crit-
icism of METARING in this respect should be put into
a proper perspective: at the level of throughput that
its main competitors (today) can handle, METARING
guarantees a fair and starvation-free access to the me-
dia; however, it happens at a much greater hardware
expense per station. It would be nice to be able to pro-
duce a formula for this tradeoff, but in the fast-pace
world of electronics, it is totally impossible.

The above example is rather typical. The trade-
off between fairness and maximum effective through-
put (and, implicitly, cost) becomes clearly visible
for higher values of L. Intuitively, fairness is often
achieved by a direct or indirect form of negotiating
medium access across the network. Such negotiations
incur access delays proportional to L. If stations are
not allowed to use the bandwidth before it has been
negotiated, the maximum effective throughput must
deteriorate with increasing L. On the other hand,
stations trying to take advantage of idle negotiation
periods—to improve throughput—run the risk of pre-
empting other needy stations in an uncontrolled (un-
negotiated) way.

In this paper, we propose a family of protocols
for ring networks which come close to possessing all
the properties of an ideal protocol. We focus on the
capacity-1 property, fairness, and accommodation of
synchronous traffic. These properties are most impor-
tant from the viewpoint of gigabit applications. The
proposed protocols are also simple, flexible, and pre-
dictable.

2 Multiple weak tokens

2.1 Protocol rules

Imagine a ring network operating in a slotted man-
ner. The slots are inserted into the ring upon initial-
ization and since then they circulate indefinitely. The
slot header includes two special bits. The full bit in-
dicates whether the slot carries a packet! (the full bit
is 1) or is empty and can be used to insert a packet

1Following the terminology of DQDB [5], we will call it a
segment.
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(full= 0). The other bit is used to pass the token.
Normally, the token bit is set to 1 by the by the sta-
tion releasing the slot, unless the station decides to
pass the token to its successor, in which case it clears
the token bit.

There are multiple tokens circulating in the ring.
The protocol family is called MWT, for Multiple Weak
Tokens. The tokens are weak because, in contrast to
Strong Token protocols (e.g., FDDI), token possession
is not a necessary condition for transmission.

If each token is always held for the same amount
of time at every station, the distance between the to-
kens (measured in slots) is fixed. If this distance is
small, it may happen that a station holding a token
receives another token. The second token is then held
by the station independently of the first one—by the
prescribed amount of time, so that the two tokens de-
part from the station separated by the same interval
of slots as upon their arrival. Note that it is not ab-
solutely necessary that all stations hold all tokens by
the same amount of time. Different stations may use
different token holding intervals as long as the same
interval is applied to all tokens held by a given sta-
tion. For simplicity, we will assume that all stations
observe the same holding time; it should be clear how
this assumption can be relaxed.

A station holding the token is responsible for clean-
ing, i.e., stripping all segments arriving from up-
stream. This is done by unconditionally clearing the
full bits in the headers of all incoming slots.

Every station counts the time (in slots) elapsed
since the moment the station last released a token.
To accomplish this, the station maintains a counter
called T'T;, where i is the station index. This counter
is set to zero at the moment when the station passes
the token (at the beginning of the slot in which the
token is passed) and then incremented by 1 whenever
the station receives a new slot. There is only one sim-
ple transmission rule. A station i ready to transmit
waits for the moment when the following condition is
satisfied:

T; >(D-1)x THT 3)

where D is the number of forward “hops” separating
the recipient station from the sender.? Starting from
this moment, the station transmits the segment in the
first free slot. Condition (3) ensures that the transmit-
ted segment will not be absorbed by a token holding
station, before it has reached the destination.
Assume that a station has a segment to transmit to
a destination located D hops down the ring. The sta-
tion waits until condition (3) is fulfilled. This requires

2Immediate neighbors are separated by one hop.



a gap of at least (D~ 1) x THT slots between the last
token departure from the station and the departure
of the next token. Note that possession of a token is
neither a sufficient nor a necessary condition for trans-
mission. Consider a dual counter-rotating ring config-
uration with N stations. The maximum number of
hops to be traveled by a segment is Dyqr = [N/2].
The two rings are independent and following the sim-
ple ring selection operation, the fate of a segment is
confined to the selected ring.3 In fact, the sole purpose
of the other ring (besides providing additional band-
width) is to reduce Dmqz. The minimum condition to
make such a network operable is the existence of at
least one pair of adjacent tokens separated by at least
(Dmaz — 1) x THT slots. Otherwise, it would never
be possible to send a segment to the most distant des-
tination.

Although a station holding a token may not be able
to transmit a packet to a distant receiver, it still enjoys
the privilege of acquiring empty slots for transmission.
This, however, brings the issue of fairness, which we
will define here in the following way: a medium access
strategy is fair, if it does not discriminate against any
destinations.*

The idea behind the multiple tokens is to provide
a mechanism for spatial reuse: segments should be re-
moved before they reach their senders, preferably, im-
mediately after they have reached their destinations.
This brings us to the following postulates:

o The maximum space between two consecutive to-
kens should not be greater than (Dpar — 1) X
THT. Larger token spacing brings no new trans-
mission opportunities, but reduces the number
of tokens which has a detrimental impact on the
maximum throughput achievable by the network
(see below).

e To maximize throughput, a station with sev-
eral segments awaiting transmission should select
a segment addressed to the farthest destination
reachable at the current moment. This way, the
amount of bandwidth wasted by the segment af-
ter is has passed its recipient will be minimized.
Ideally, if each station has a variety of segments
to choose from, the protocol may emulate desti-
nation cleaning without buffering the segments at
the destinations.

e Under heavy traffic (all stations constantly back-

3In contrast to METARING, where backward feedback infor-
mation for one ring travels along the opposite ring.

4This is not the only way to define fairness; see [4]. Note that
in our case “source” fairness is guaranteed by token circulation.
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logged), all transmissions are done by token hold-
ing stations. To avoid starvation, we postulate
the following informal condition (which will sub-
sequently be formalized):

For each D, 1 < D < Dpp4z, and some
positive constant K, there should ex-
ist exactly K tokens Tp such that the
maximum transmission distance for a

station holding a token Tp is exactly
D.

If this condition is not fulfilled, then, when the
traffic is heavy, packets to some destinations may
be starved. The requirement that there are ex-
actly K tokens of each given reach is meant to
ensure fairness; it is unlikely that it can be met
completely (since L and N are given in advance),
so we settle for a slightly weaker requirement:
the number of situations in which a station can
reach a destination located D hops down the ring
should be approximately the same for all D,
1< D < Dz

The maximum throughput of MWT is very simple
to calculate. Under heavy load, all transmissions are
performed by token holding stations. Assuming that
every station has a constant backlog of segments to
transmit, every station transmits through its entire
THT interval, and only then. Thus, the maximum
throughput of MWT is given by the following formula:

TRT - L

Tuwr = M X TRT

4)
where M is the combined number of tokens in both
counter-rotating rings. Although the second factor
decreases with increasing L (this part describes the
throughput of a strong token protocol), we will shortly
see that the number of tokens M (constrained by our
postulates) is proportional to L. Thus, MWT is a
capacity—1 protocol.

2.2 Token allocation

We assume that we are given three parameters: the
ring length L in slots, the number of stations N, and
the value of THT (token holding time) per station
and per token. The last parameter can be flexible,
however, in most cases its value is constrained by the
application profile. It is always reasonable to keep the
token holding time small. Based on these parameters
we would like to determine the sequence Vp, ..., Vasr.q
of integer numbers describing the configuration of to-
kens to be inserted into the ring upon initialization.



V; is the interval (in slots) between a pair of adjacent
tokens. We have:
M-1
S Vi=TRT=L+Nx THT
=0

(%)

The problem of determining the best configuration
of tokens for a particular network can be solved in
two steps. First, we determine the collection of val-
ues Vg, ..., Var— treated as a set, i.e., without assum-
ing any specific ordering of these values. Note that
from the point of view of fairness under heavy load,
the permutation of tokens is irrelevant. The only im-
portant point is that all distances to destinations are
included in the collection of token intervals in approx-
imately the same multitude. By permuting the token
intervals we influence the medium access time for light
load; this is a separate problem.

Assume that the load is heavy and a station S just
receives a token 7T;. Let the interval between T;_,
(the previous token seen by S) and T; be V;. Since
the traffic is heavy, S can only transmit while it holds
the token—for THT slots. To be able to transmit to
a station located at distance D, the number of slots
elapsed since the departure of 7;_; must be at least
(D —1) x THT (see condition (3)). Thus, in the first
slot of its token holding interval, S can transmit at
distance D;(0) = [%—TJ + 1. In general, during
the j-th slot of the token holding interval, the maxi-
mum distance at which S can transmit is given by the
following formula:

o Vi— THT +j
Di(j) = l‘i““ﬁﬁ‘“

While holding token T;, station S may transmit THT
slots. These slots can be grouped in sets based on the
distance they will travel before reaching token T;_;.
Let Kp(V;) be defined as the set of all slots that will
travel a distance D before reaching token T;_,, for
1< D < Dy Thus,

I1+1

Kp(V;) ={j €0, THT - 1] : Di(j) = D}

Note that Kp(V;) is empty if D never happens to be
the maximum transmission distance while the station
is holding token T;. If THT = 1, there is exactly one
nonempty set Kp for a given V;.

Considering all the tokens,

M-1
rp= Y Kp(Vi)
=0

gives the total number of slots during which a token
holding station can transmit at the maximum distance
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D. We define the unfairness of a given token allocation
scheme as:
1< A4,B< Dpax (6)
The problem of ensuring fairness is equivalent to
minimizing U. Although this integer optimization
problem is hard to solve by a closed formula (due to
its discrete nature), it can be successfully attacked by
approximate methods. We have devised a genetic al-
gorithm for finding solutions with small U, which op-
erates along the lines described below.
A starting configuration of token intervals is built
according to the following scheme (described in C):

U = max|rq —rgl,

D = Dpur; i = 0; left = TRT;
while (left #0) {
Vi=(D-1)x THT + |THT /2],
it (V; < THT) V; = THT,
it (Vi>left || left =V, < THT) V; = left;
left = left — V;;
i=i+ 1
D=D-1,
it (D ==0) D = Dpaq;
}

M =1z,

The initialization procedure continues until the en-
tire TRT interval is exhausted (see equation §). In
each turn, it services one distance between 1 and
Dpnaz: 1t tries to build a token interval for which the
given distance is the longest transmission distance in
the middle slot of the token holding interval. All dis-
tances are served cyclically, starting from D,y,,, down
to 1, then again proceeding from D45, and so on.

Then, the algorithm calculates the unfairness of the
initial configuration and performs a number of iter-
ations trying to improve this unfairness by adjust-
ing boundaries between adjacent intervals. The in-
tervals are permuted in a randomized way by group-
ing together the intervals whose adjustments resulted
in the biggest improvement. The algorithm may de-
cide to add a new interval (by inserting a token in
the middle of an existing interval) or to combine two
intervals into one. In all cases, the resulting number
of tokens M ends up very close to the initial num-
ber produced by the initialization procedure listed
above. To estimate this number, note that the av-
erage length of a token interval after initialization is
of order (Dynaz/2 — 1) x THT + THT /2 which trans-
lates into (N — 2) x THT /4, assuming the number of
stations N is even. The total number of tokens can be
estimated by dividing TRT = L+ N x THT by the



average length of a token interval which yields:

4L N 4L

MN N <xTAT TN—3 > TRT L

+ +1(7)
In combination with formula 4 and assuming two sym-
metric counter-rotating rings, this gives us the follow-
ing estimate on the maximum throughput achieved by
MWT:

Tuwr > [+ IRT-L

(8)
L

Somewhat paradoxically, and contrary to most
medium access protocols, the maximum throughput
of MWT tends to improve with increasing L. Asymp-
totically, it approaches 8 which equals the throughput
of pure, dual-ring, buffer-insertion METARING without
SAT. MWT achieves this throughput without explicit
destination cleaning and without buffering segments
at intermediate stations. Moreover, MWT is fair and
starvation-free without sacrificing any portion of the
bandwidth to implement this feature. It is also well
synchronized (tokens arrive at stations at very regular
intervals) which makes it well suited for synchronous
and isochronous applications.

Let us now devote some attention to the medium
access delay under light traffic conditions. Suppose we
are given an allocation of token intervals Vj, ..., Vas_;.
This time the ordering of these intervals is important
so we assume that the tokens circulate in the ring in
the listed order. Consider a random station S and the
slots that visit S between two consecutive arrivals of
a token (say, Tp) to S. There are TRT such slots; let
them be numbered from 0 to TRT —1, according to the
order in which they visit S. Consider a given distance
D, 1< D < Dy Let tP, .. .,tf\),o_l be the ordered
sequence of slot numbers, induced by V;,..., Vasr_,,
identifying the slots within which a transmission at
distance D is possible. These are all the slots satisfy-
ing condition (3). Assume that the network is idle and
S gets a segment addressed D stations down the ring.
The probability that the packet arrives at S while the
station is between slots t” and 7, is given by the
following formula:

pD — th —tf
! TRT
To avoid discussing the special case when S is between
t,l?,D_1 and t§, we put t!l\)/p = t? 4+ TRT. Then, the
expected waiting time is (t2; — t?)/2. Consequently,
the expected access delay for transmission at distance
D is:

et (1B, - 1Py
A — 1 1
D=2 2TRT

=0
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If all destinations are equally likely, the expected
global access delay under light load is obtained by av-
eraging Ap over all D, i.e.:

Dmax
— ZD=1 AD

Do ©)

Amwr =
For a biased distribution of destinations, the contribu-
tion of particular Ap’s in formula 9 should be weighted
properly.

The problem of minimizing the access delay under
light load boils down to finding the permutation of the
token intervals Vg, ..., Vjy_; that minimizes Appr.
Again, we are generally able to find good solutions to
this problem with a genetic algorithm that locates at
random permutations with a “reasonable” Apswr and
then tries to improve them in a methodological way.

While the above discussion was based on using two
physical counter-rotating rings, it may be extended to
any number of rings. For example, with 2R rings (R
clockwise and R counterclockwise), the same multiple-
token protocol works correctly and yields a maximum
throughput exceeding:

8R
TRT-L
b+ ==

If the tokens are staggered appropriately,® adding
more rings will reduce the average access delay un-
der light load. Although building a network of a
large number of physical rings may be an uninteresting
proposition, the above extension also applies to logical
rings, e.g. WDM-based networks [10].

2.3 Strengths and Weaknesses of MWTP

Since the Multiple Weak Token protocol may be
seen as an alternative to METARING, it is natural to
compare the two. In comparison to METARING, the
use of multiple tokens has the following properties:

Advantages

e No need for an insertion buffer.

¢ A much simpler mechanism for spacial reuse, one
that does not require fast reaction of stations.

e Starvation free.

o A simple mechanism guaranteeing each station its
share of the total bandwidth, when needed and
only then.

5Similar to disk striping.



e Lesser vulnerability to station failures. Packets
cannot be “orphaned.”

e Predictability of network events, which allows au-
tomatic healing of failures on the fly.

Disadvantages

e Unsuitable for small networks, especially small
networks with a large number of stations.

o Slightly smaller maximum throughput for uni-
form traffic.

e A greater average access delay, especially for light
loads.

e Problems with a heavily biased traffic pattern in
which the receiver is located exactly N/2 stations
away from the sender. The protocol is not able to
assign more than 2/N of the total bandwidth to
such a traffic pattern, unless the presence of such
pattern is known in advance (then, a different to-
ken allocation scheme will give such pattern no
less bandwidth than METARING).

Whether the net balance is positive depends on the
applications using the network.

3 Simulated environment

We used simulation to compare the performance
of MWT, FDDI, and METARING. The number of mes-
sages transmitted during a single experiment varied as
a function of the network size, the offered load, and
the token rotation time; its range was between 200000
and 2000000 messages.

Two lengths of a ring were considered: 10° bits and
106 bits. Assuming a 200 km ring, the two propaga-
tion lengths represent transmission rates of 100Mb/s
and 1Gb/s. Note that FDDI was designed for smaller
lengths and is not expected to work efficiently beyond
the 10° bit range.®

The number of stations was the same for all net-
works and equal 33. Since both METARING and MWT
assign packets to rings based on the distance between
the sender and the recetver, it is convenient to use an
odd number of stations (stations are equidistant in the
experiments).

5The comparison to FDDI is not intended to belittle this pro-
tocol, but rather to show that the adoption of the “weak token”
concept allows projecting its use into the gigabit range.
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The traffic was uniform in the sense that the prob-
ability of every pair (sender, receiver) was the same.
For simplicity, networks were assumed to be slotted
and the slot format of DQDB was assumed: each slot
consisted of a 384-bit payload and 40-bit header. This
assumption, while inconsistent with the formal def-
initions of FDDI and METARING, does not alter the
validity of the results: first, all the protocols were af-
fected in the same way; second, none of the protocols
takes advantage of a fixed packet size. Additionally,
FDDI was assumed to operate on both counterrotating
rings, instead of using one of them as a standby ring.
For all the protocols, messages were assigned to trans-
mitter queues at the moment of arrival and there were
not moved from queue to queue.

In MwT, THT was the same for each station and
equal to 1 slot. In FDDI, the target token rotation
times TTRT were taken to be:

e 1.5x 10° bits for the 105 bit rings, which is equiv-
alent to 15 ms.

e 2.4 x 10° bits and 15 x 10° bits for the 10° bit
rings. These values are equivalent to 24 ms and
150 ms, respectively.

The message length was fixed and equal to the segment
payload size.

In METARING, the SAT mechanism was not used (ie,
k was assumed to be o).

4 Performance measures

We measured the mean message access delay (4 in
the figures), defined as the mean time elapsing from
the moment when message is enqueued for transmis-
sion and the moment when its first bit is successfully
transmitted. The delay is expressed in bits. Note that
a meaningful comparison of the access delay of FDDI
and MWT with that of METARING should take into ac-
count that in METARING, packets are buffered at each
station (at least their headers), which, on average, de-
lays the message delivery by at least 340 bits in a 33
stations network (this delay is not included in the per-
formance measurements).

The maximum effective throughput of FDDI oper-
ating on a single ring is given in 1; this value should
be doubled for a two-ring version. Likewise, the maxi-
mum throughput of METARING is given in 2. Since we
assumed k& = oo, this maximum equals 8. The max-
imum throughput of MWT depends on the number of
tokens used and the values of L and TTRT, as dis-



cussed in a previous section. In theory, a maximum of
8 could be reached (equation 8).

5 Comparison

Figures 1 and 2 show the message access delay ver-
sus throughput. METARING performs best, which is
not surprising, since it uses more powerful hardware:
an insertion buffer (for destination reuse of slots). In
these figures, “mwt,r” represents a random permuta-
tion of the best token allocation obtained using the
algorithm of section 2.2.3, while “mwt,m"” represents
the permutation that is supposed to minimize delay
under light load.

Figure 3 shows how the delay incurred by MwT de-
pends on the number of stations. Note the strange
behavior of the 129-stations network near saturation
point; the number of stations is too large for a good
token allocation in a ring of this size and packets to
be sent to distant receivers are starved.

Since in MWT, one can allocate tokens in differ-
ent ways, figure 4 demonstrates the performance of
a sample of token allocations. In many applications,
throughput is not the only important measure to be
optimized. Many applications place a greater empha-
sis on the regularity of transmission opportunities (for
isochronous traffic) or on a greater predictability (for
failure recovery). In the case of MWT, the tradeoff be-
tween throughput and other considerations is particu-
larly eminent. Figure 4 compares four different token
allocation schemes in a 10° bit network with 33 sta-
tions: the scheme that maximizes fairness under heavy
traffic conditions (32 tokens—see figure 1), 17 equally
spaced tokens with the maximum reach of 16 stations
each, 22 tokens with alternating reach of 8 and 16 sta-
tions, and the degenerate version of the protocol with
a single token (denoted by swt). One can clearly see a
tradeoff between the maximum throughput achievable
by the network and the access delay for light load. It
is conceivable to make the number of tokens vary in
response to changing load patterns.

6 Summary

We presented a MAC-level protocol for a ring net-
work. The protocol is based on passing multiple to-
kens. Its performance is similar to that of METAR-
ING, but it requires less hardware support, supports
isochronous applications better and is self-healing af-
ter either a loss of station or a loss of token.
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The protocol is of particular use in high-speed net-
works, since its performance actually improves with
the increasing transmission rate or the size of the net-
work.
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