Performance Evaluation of the MetaRing MAC Protocol CarryingAsynchronous TrafficG. Anastasi, L. LenziniUniversity of Pisa, Department of Information EngineeringVia Diotisalvi 2 - 56126 Pisa, Italyanastasi@iet.unipi.it, lenzini@iet.unipi.itABSTRACTThis paper analyzes in depth the asynchronous part of the MetaRing MACprotocol by considering a network configuration (hereafter scenario) in which theslot reuse capability is used to the minimum extent possible. The MetaRing MACprotocol behavior is first analyzed in asymptotic conditions (i.e., when eachstation is trying to seize all the medium capacity), then in underload conditions(i.e., when the offered load is lower than the maximum achievable aggregatethroughput), and finally in overload conditions (i.e., when the offered load isslightly higher than the maximum achievable aggregate throughput). Our resultsshow that the MetaRing is unfair and that the unfairness depends, in particular,upon the workload parameters, in addition to the K and L protocol parametervalues. Our analysis includes medium capacities in the range 150 Mbps - 2.4Gbps.1. IntroductionThe MetaRing MAC protocol has been analysed in ([CIDO93],[WU92]). In bothpapers the cell destination addresses are assumed to be uniformly distributedamong half of the ring. Results show that the MetaRing MAC protocol, with auniform distribution for destination addresses, provides all the stations with thesame opportunity to access the medium.A more accurate performance analysis of the MetaRing MAC protocol shouldtake into consideration more general traffic patterns and station configurations.Due to the complexity of the MAC protocol, this is clearly a very difficult task.Therefore, to further advance the MetaRing MAC protocol analysis carried out in([CIDO93],[WU92]), we focus on a scenario [ANAS95] which belongs to the

2class of worst-case scenarios, which is relatively simple to analyze, but stillprovides useful information on the MetaRing performances. This scenarioconsists of a group of N+1 equally spaced stations located in one half of the ringas shown in Figure 1.station 1station 2station N-1station Ngateway information flowSAT propagationFigure 1: Network scenarioThe

N th + ( )−1

station operates as a gateway interconnecting the MetaRing withother subnetworks. Furthermore, it is assumed that stations from

1{ }

to

N{ }

transmit asynchronous traffic to the gateway. Since slots are emptied only by thegateway, a slot can be utilized at most once during its journey from station tothe gateway. Also, stations observe different patterns of empty/free slots.Specifically, station always observes empty slots, while station iscovered by traffic transmitted by its upstream stations and therefore it can send acell only if a slot has been left empty by stations

1 2 1

, ,...,N − { }

.It can be easily verified that this scenario is particularly critical with respect toslot reuse since the spatial reuse capability is used to the minimum extentpossible. Also, stations observe different patterns of empty/free slots.Performance measures of interest, such as average access delay, throughput, andpacket loss are then estimated. The MetaRing MAC protocol behavior is firstanalyzed in asymptotic conditions, and then in underload and overload conditions.

3Specifically, under asymptotic traffic conditions a closed formula for thethroughput achieved by any station is derived, while in underload and overloadconditions a simulative analysis is performed. The rationale behind the simulativechoice is that the modeling and performance analysis of the MetaRing MACprotocol is known to be a very difficult problem. The reason for this is the highdegree of interactions among a plethora of processes, which makes an exactanalysis of the network almost impossible.This paper is organized as follows. Section 2 describes the MetaRing MACprotocol. Section 3 outlines the analysis in asymptotic condition. Section 4 isdevoted to the analysis in underload conditions, while Section 5 reports the resultsrelated to the analysis in overload conditions. Conclusions are drawn in Section 6.2. MetaRing MAC Protocol DescriptionThe MetaRing is a Medium Access Control (MAC) protocol proposed for LANsand MANs operating at a speed of 1 Gbit/sec and above. It connects a set ofstations by means of a bi-directional ring made up of full duplex point-to-pointserial links. A MetaRing can operate under two basic access control modes: bufferinsertion for variable size packets, and slotted for fixed length cells. In this paperonly the slotted access mode is considered.The MetaRing MAC protocol provides two types of services: asynchronous andsynchronous. This section outlines the MAC protocol aspects which are relevantto the study reported in the paper (i.e., asynchronous traffic only). Details on theMAC protocol can be found in [CIDO93], [WU92], and [OFEK94].According to the slotted access mode, information is segmented into cells andeach cell transmitted in one slot. Slots are structured into a header and aninformation field. The header includes a busy bit which indicates whether the slotis empty (busy bit=0) or busy. A cell can be accommodated on an empty slot.Since the ring is bi-directional the MetaRing MAC protocol uses the shortest pathcriterion to choose one of the possible directions. Cells are removed by thedestination station which frees the slot by resetting the busy bit to zero. After cellremoval the slot can be reused by the same station or by its downstream stations.Slot reuse increases the aggregate throughput beyond the capacity of single linksbut may cause starvation. This happens if some station is constantly being

4�covered� by an upstream ring traffic and thus is not able to access the ring for avery long period of time.In order to prevent this, the MetaRing MAC protocol includes a fairnessmechanism which is based on a control signal, called SAT (SATisfied), which weassume circulates in the opposite direction with respect to the flow of informationit regulates. Each station has a counter which is increased by one every time thestation transmits a cell. The station can transmit cells every time it observes anempty slot, unless the counter is equal to the value of a MAC protocol parameterdenoted by K. When the counter reaches the value of K, the station must refrainfrom sending new cells until the SAT signal arrives at the station. Upon SATarrival, the station resets the counter to zero if it has transmitted a number of cellsgreater than or equal to an additional protocol parameter denoted by L, with

K L≥ ≥ 0

, and then releases the SAT towards its upstream station. When thecounter is less than L the station is not satisfied, and the following two mutuallyexclusive events can occur:- if the station has data to transmit, it holds the SAT until the counter reaches thevalue of L, then the station resets the counter and releases the SAT;- if the station has no data to transmit, the station resets the counter and releasesthe SAT.3. Analysis in Asymptotic ConditionsIn this section we analyze the MetaRing behavior when every station tries to seizeall the medium capacity (never-empty station queues). This is the situation thatcauses the maximum interference between stations, since all compete in grabbingas much medium bandwidth as possible. Although this situation should neveroccur in a real network, its investigation is very useful as it provides insight intothe MAC protocol’s capability to solve conflicts between stations fairly.Performance measures of interest in asymptotic conditions are the aggregatethroughput

ρ( )

that the MetaRing can manage, and the throughput that eachstation can achieve on the ring

γi i N

, , ,..., = ( ) 1 2

. The ratio between the most andthe least station throughputs achieved has been adopted as a metric for theMetaRing fairness in asymptotic conditions. Note that results obtained in thissection are only applicable to the network configuration reported in Figure 1.Hereafter, the throughput achieved by a station is expressed as the averagenumber of slots made busy by that station in a ring latency interval, normalized to

5the number

S( )

of slots circulating in the ring (ring latency expressed in slots).Therefore, the aggregate throughput gives a measure of the number of times a slotis utilized by stations during a ring round. Thus, in our scenario, the aggregatethroughput can never exceed 1.In asymptotic conditions the MetaRing behavior is deterministic. If we define thetransmitting state of a MetaRing at time n by the following vector

k Count Count Count N

SAT n ( ) ( ) ( ) ( ) ( ) { } , 1 2

, ,......,

where

1≤ ≤( )k S SAT

is the slotposition (measured, say, from station

N{ }

) of the SAT within the ring, and

Count j N

j( ) =, , ,..,1 2

, is the value of the counter at station

j{ }

, we will provethat the MetaRing converges to a steady state operation, such that active stationsvisit a finite number of transmission states on successive steady state cycles,hereafter called SAT cycles. More formally, it will be proved that the process

Y k Count Count Count N n

SAT n = ( ) ( ) ( ) [ ] = ( ) ( ) , 1 2 0 1 2

, ,......, , , , ,...

is regenerative with respect to the time instants (i.e., regeneration epochs) atwhich the SAT leaves station while this station is observing a stream ofempty slots. Hence, the aggregate(station) throughput expression is derived byevaluating the fraction of time stations(station) transmit(s) in a SAT cycle (i.e., thetime interval between two consecutive regeneration epochs). Without losing anygenerality, throughout the paper it is assumed that the SAT cycle is evaluated byobserving the SAT rotation from station

. Trajectories of the Y process relatedto several system parameter values, are plotted below in several figures. Eachfigure plots, as a function of time, the SAT position along the ring in addition tothe evolution of

Count j j N

( ) =, , ,...., 1 2

starting from the time station is hitby the SAT. The SAT position is represented by a straight line with a slope equalto +1. Each evolution is represented by a horizontalsegment. There is one segment for each station. For ease of representation boththe SAT position and the

Count j( )

evolutions are represented by continuous lines.Stations are reported in the ordinate of each figure. Each horizontal segment isinterrupted when either the station observes busy slots or when the station hastransmitted K cells, whichever occurs first. In the former case the

Count j j N

( ) =, , ,...., 1 2

evolution is resumed when empty slots are againobserved by the station, while in the latter situation the evolution restarts whenthe SAT is observed again during the next round around the ring. When a stationhas transmitted its maximum quota of cells (i.e., K cells) and before the SAT is

6observed again, each emptied slot observed by a station is left unchanged by thestation itself. With this type of representation SAT cycles can be identifiedstraightforwardly, as it is easy to realize when the process Y restarts visiting thesame set of states already visited in the previous cycle.In the following two sections we report the closed formulae for the aggregate andstation throughputs as a function of the ring latency

S( )

, the number of activestations

N( )

, the distance between stations

d( )

which is assumed constant, andthe protocol parameters

K

and

L

. Both S and d are expressed in slots and theyare assumed to be integers greater than or equal to one.3.1 Aggregate ThroughputTwo alternatives need to be considered:

K N S ⋅ <

and

⋅ ≥

. If

, allstations transmit K cells and then stop, and wait for the SAT to come back. In thiscase the SAT cycle length is equal to the round trip S. Since for there isa fraction of slots which is not utilized, it follows that

ρ <1

. If, on the other hand,

, all the slots within a SAT cycle are utilized for cell transmissions andhence

ρ =1

. Thus

ρ = ⋅ min ,

N KS 1

[1]Hence, with N and S fixed, the aggregate throughput linearly increases with K upto the value 1.3.2 Station ThroughputsFor the evaluation of the station throughputs several alternatives need to beconsidered. Let us start with

K N S

and

.CASE 1:

In this case the ring is clearly underutilized. If a single station is active

N = ( )1

the throughput

γ( )

it achieves coincides with the aggregate throughput.Therefore, from [1] we derive

γ = K S

[2] 7On the other hand, if

N >1

it can be readily verified that any station transmits Kcells during each SAT rotation which lasts S slot time (each station releases theSAT just after its reception). Hence, the SAT cycle has a duration of S slots and thethroughput achieved by station

i{ }

(for

i N =1 2, ,...,

) is

γi K S =

.If

K N S ⋅ ≥

we need to make a further distinction depending on whether

K N L S − ( )+ ≤ 1

or

− ( )+ > 1

. For both cases, to derive the trajectory ofthe Y process it is convenient to start from the state where the SAT leaves station

N{ }

and

Count i K ( ) = ,

for

i N N

= − −1 2 2 1

, ,..., ,

. For ease of representation,throughout the text this state will be denoted by

Φ{ } = ( ) = −( ) = ( ) = { } ( ) k Count K Count N K Count N

SAT =1, 1 1 0

,......, ,

In [ANAS96] it is proved that

Φ{ }

is always visited by the Y process whateverthe initial state of Y is, and furthermore, from the time is visited, station observes a continuous stream of

2d

empty slots before being covered by the slotsmade busy by its upstream stations. Also, from

K N S

and

d S N = ( ) 2

(i.e.,stations are equally spaced in half of the ring), the condition

K d≥ 2

readilyfollows. This condition will be used extensively throughout this paper.CASE 2:

K N S K N L S ⋅ ≥ ⋅ −( )+ ≤ , 1

- the SAT circulates along the ring withoutbeing withheld by station

Starting from the initial state

(which occurs at epoch

t1

in Figure 2), by thetime the SAT reaches station

N −{ }1

thus enabling it to transmit, station hastransmitted d cells. Furthermore, from the time the first empty slot filled in bystation reaches station

, station has transmitted anotheradditional quota of d slots. Hence, slots have been transmitted by station since the time station itself released the SAT before being covered by thebusy slot string generated by the upstream stations. Bearing in mind the MetaRingMAC protocol operations, it is straightforward to verify that this process willcontinue for a generic station

j j N { } =, ,..., , 2

which can thus transmit 2d cellsfrom the time it forwards the SAT to station

j −{ }1

until the head of the busy slotstring generated by station has covered station

j{ }

(note that

K d≥ 2

). Onthe other hand, since station

1{ }

observes only empty slots, it can transmitcontinuously K cells from the time the SAT passes in front of it. Station refrains from transmitting after K cell transmissions, and then allows slots toremain empty. Those slots propagate along the ring towards station

2{ }

which

8thus uses them to complete its

K d− 2

cell transmissions. The first empty slot leftby station

1{ }

will reach station

2{ }

after the propagation delay which is equal tod slots. This is represented in Figure 2 by a segment of slope -1. Once station has completed its transmissions it leaves empty slots to station

3{ }

. The aboveprocess will continue until the SAT comes back again to station

N{ }

(see epoch

t2

in Figure 2). When this happens, it can be realized that station hastransmitted

S K N L − ⋅ −( ) ≥1

cells and is thus satisfied. Hence, according to theMAC protocol, the SAT is immediately forwarded to station

N −{ }1

,

Count N( )

isset to zero, and process Y restarts visiting the same states previously visited in thetime interval between

t1

and

. Hence, the SAT always circulates along the ringwithout being withheld (i.e., stopped) by any station. This behavior continuesover and over again with the result that the Y process is regenerative, and Figure2 also shows that the SAT cycle length is equal to S slots.station 1station N2dKK-2dStimestation 1tt12Figure 2: Regenerative cycle when

K N S K N L S ⋅ ≥ ⋅ −( )+ ≤ , 1

Finally, during each SAT cycle stations from to transmit

K

cells,while station can access the remaining

S K N L − ⋅ −( ) ≥1

empty slots. Sincethe SAT cycle has a duration of S slots, the throughput achieved by a genericstation

i{ }

is given by:

γi KS i N

S K NS i N

=- ( - ) = − ⋅ = 1 2 1 1 , ,...,

[3]If, on the other hand, conditions

K N S K N L S ⋅ ≥ ⋅ −( )+ >

hold, the MetaRingbehavior differs depending upon whether

L d> 2

or

L d≤ 2

. However, in both

9cases, conditions

K N S K N L S ⋅ ≥ ⋅ −( )+ > , 1

do not always guarantee that anystation is satisfied at the SAT arrival.CASE 3:

K N S K N L S L d ⋅ ≥ ⋅ −( )+ > > , , 1 2

- the SAT stops at station

N{ }

every roundStarting from state

Φ{ }

(see epoch

t1

in Figure 3) and by following the sameapproach developed for CASE 2, it can be shown that station can transmit

2d

slots before being covered by the busy slots generated by the upstream stations.When this happens, station is still not satisfied since

L d> 2

. From then on,the transmissions by station will be inhibited until the other stations havetransmitted K cells (and are thus satisfied). The SAT circulates around the ringwithout being withheld by the other stations since they all have

Count j K j N N ( ) = = − − ( ) , , ,...,

1 2 1

. After a complete round around the ring theSAT comes back to station

. Due to condition the SAT is captured bystation since it still has not performed L cell transmissions. When the SAT iswithheld by station

, all the others complete their K cell transmissions andonly afterwards can station transmit the remaining

L d− 2

cells beforereleasing the SAT to station

N −{ }1

. At this point in time

Count N( ) = 0

and

Count j K ( ) =

, for

j N N

= − −1 2 1

, ,...,

.˚station 1station NKK-2dstation 1timett12L-2dK-2d(N-1)K+LFigure 3: Regenerative cycle when

K N S K N L S L d ⋅ ≥ ⋅ −( )+ > > , , 1 2

.Figure 3 shows that at time

t2

a new SAT cycle begins during which process Ywill go through the same set of states visited in the previous cycle. Specifically,Figure 3 shows that the SAT cycle length is

N K L − ( )⋅ + 1

. Thus 10

γi K

N K L i N L = ( - ) + = , .. , -

( - ) + =

1 1 1 1 ⋅

[4]CASE 4:

K N S K N L S L d ⋅ ≥ ⋅ −( )+ > ≤ , , 1 2

- the SAT stops at station

N{ }

every other round.Starting from state

Φ{ }

(see epoch

t1

in Figure 4) and by following the same lineof reasoning as in CASE 3, we can readily verify that the SAT circulates aroundthe ring without being withheld by the other stations due to

Count j K j N N ( ) = = − − ( ) , , ,...,

1 2 1

. After a complete round around the ring theSAT comes back to station

.station 1station NKK-2dstation 1KK-2dK-2dKtimeABCtt12t*Figure 4: Regenerative cycle when

K N S K N L S L d ⋅ ≥ ⋅ −( )+ > ≤ , , 1 2

Due to condition

L d≤ 2

, the SAT is not withheld by station since it hasalready been satisfied. Thus, station is enabled to transmit again its quota ofcells, but it cannot perform any cell transmissions since it is covered by the busyslot string generated by the upstream stations. Clearly, the other stations are allsatisfied as well (portion A of the SAT cycle shown in Figure 4). To derive thestructure of the Y trajectory during the second round of the SAT, let us observe theevolution of the system from the instant the SAT reaches station

1{ }

in the firstround (fraction B of the SAT cycle in Figure 4). From this point in time onwards,station completes K consecutive cell transmissions (since it always observesempty slots) and then it gets blocked. After a time interval equal to d slots, station

2{ }

starts observing empty slots and thus completes the remaining

K d− 2

celltransmissions before getting blocked. This process will continue for the nextstations (i.e., stations 3,4,...) until the SAT, during the second round around the

11ring, hits the last station which has already completed or is still completing theremaining

K d− 2

cell transmissions (see Figure 4). This station will be referredto throughout as intercepted station and the time at which it is hit will be denotedthroughout by

t*

(see Figure 4).Therefore, although during the second rotation (within a SAT cycle) of the SAT,all the stations were enabled to transmit, cell transmissions restart from theintercepted station and proceed up to station

1{ }

. When the SAT reaches station

N{ }

for the second time (within a SAT cycle) it withholds the SAT until it hastransmitted L cells (epoch

t2

in Figure 4) which occurs when all the otherstations have transmitted K cells (see fraction C on the SAT cycle in Figure 4).From this time onwards the SAT cycle restarts again.To derive the station throughputs

γi

for a generic station

i{ }

, let us define, for

i N =1 2, ,...,

, the following time instants (see Figure 5)

Ii :

time at which station restarts cell transmissions

Fi :

time at which station stops cell transmissionscounted from the time, which is assumed to be time 0, that the SAT leaves station

. Hence

I i K i d i K d i i = 0 +( - ) +( - )( - ) >= 1 1 2 2 1

where, for

i >1

, the first term takes into account K cell transmissions performedby station

, the second term represents the propagation delay experienced byfree slots moving towards station

, while the third term is the number of celltransmissions operated by upstream stations

i i− − { } 1 2 1

, ,...,

. Furthermore

F K i I K d i i = = + - > i 1 2 1 ( )

Let us now focus on the second SAT rotation around the ring. Once the SAT hasbeen received by a generic station

(which is satisfied) it performs two actions.First,

Count i( )

is cleared and thus cell transmissions by station are enabled

12again; and second, the SAT is immediately forwarded to (i.e., it is not withheldby) station

i −{ }1

. If we denote by

SATi

the time (again measured in slots) atwhich the SAT hits station

i{ }

(time 0 is still the time at which the SAT leavesstation

1{ }

), we have

SAT S i d i = − −( )1

.By indicating with

′Tj

the number of cell transmissions (this number is equal tothe value of

Count j( )

) performed by station

j{ }

between

t1

and

t*

(see Figure 4)we have for station

1{ }′= ( )T K S1 min ,

while for stations

i N = 2 3 4, , ,..., ′ ≥ ( ) ≤ << T K if SAT F

SAT I d if I SAT F

d if SAT I

i i i i i i i i i i = - + + 1 2 2

The term "+1" in brackets on the right hand side takes account of the fact that,according to the MAC protocol the

Count ⋅()

variable is cleared when the SAT isforwarded to the next station rather than when the SAT is received. Figure 5 alsoreports the SAT position as a function of time (hairline). Figure 5 highlights thatwe can partition the stations at most into the following three groups: a) stationswhich were able to transmit K cells (those above the intersection point Q), b)stations which transmitted 2d cells only (those below Q), and c) the only stationwhich transmitted a number of cells between 2d and

K d− 2

(see station

3{ }

inFigure 5). These considerations justify portion B in the cycle in Figure 4. Thestation with the highest index belonging to group a) or, if available the stationbelonging to group c) is obviously the intercepted station defined above.

13station 1station 2station 3station 1...timeSAT positionQF1I12IF2I3F3I4F4Figure 5: Y process evolution after the SAT left station

1{ }

By denoting with

′′Ti

the number of cells transmitted by station

i{ }

between

t*

and

t2

(see Figure 4), we have

′′= = T K i N L i N i = ,..., - 1 1

[5]Once station

N{ }

has completed L cell transmissions, the SAT will be forwardedto station

N −{ }1

and a new cycle will start again. The throughput achieved bystation

, is computed by dividing the number of cells transmitted by station in a SAT cycle by the cycle length. From Figure 4 we have

γi i i j j T T

T N K L = ′+ ′′ ′+ − ∑ ( )1 +

where the summation in the denominator indicates the global number of cellstransmitted by all the stations during the first SAT rotation while the remainingterms represent the total number of cells transmitted during the second SATrotation. After some algebraic manipulations, the following expression for thethroughput achieved by station can be obtained

γi iT

K A B A S K A N B d N K L

= + - - + - + - + + - + ⋅ ( ) ⋅ ( ) ( )⋅ ( )⋅ 1 1 1 2 1

[6] 14where:

A SK =

and

B S d KK = − + 2 T K i A

S K A i A B

d K i B for i N

d L for i N i = ≤ + −( )+ = + ≠ ≥ = − + = 2 1 1 1 2 1 2 1

2 + , ,...,

[7]From [7] it appears that stations can be grouped into at least four throughputclasses. During the first SAT rotation there are at least three throughput classes,each associated with a contiguous group of stations characterized by the numberof cells transmitted:CLASS 1:

min ,K S( )

cell transmissions for the most upstream (with respectto data transmission) stations, i.e., for the stations verifying the condition

SAT Fi i≥

(station

1{ }

always belongs to this class and is certainly the onlyone when

K S>

).CLASS 2:

SAT I d i i− + ( )+1 2

cell transmissions for at most one intermediatestation between stations belonging to class 1 and class 3.CLASS 3: 2d cell transmissions for the most downstream (with respect todata transmission) stations.During the second SAT rotation, stations

1 2 1

, ,...,N − { }

transmit K cells whilestation

N{ }

transmits L cells. By grouping all the stations into at most threeclasses during the first SAT rotation and into two classes (see [5]) during thesecond SAT rotation, it is easily verified that all the stations can be grouped into atmost four classes. Station always belongs to the class with the highestthroughput, while station belongs to the class with least throughput.By using the above closed formulae we derive the throughput achieved by eachstation for a MetaRing configuration with

S =150

,

N =10

stations,

d = 7

and for

15several values of

K

and

L

. For each value of

K

and

L

we have to apply theappropriate formula (see Figures 6 - 9).1 2 1 0 86420 0.0 0.1 0.2 L=1 L=10

L=25station indexnormalized throughputFigure 6: Station throughputs for K=251 2 1 0 86420 0.0 0.1 0.2 L=5 L=25

L=50station indexnormalized throughputFigure 7: Station throughputs for K=501 2 1 0 86420 0.0 0.1 0.2

L=10

L=50

L=100station indexnormalized throughputFigure 8: Station throughputs for K=100

161 2 1 0 86420 0.0 0.1 0.2

L=10

L=75

L=150station indexnormalized throughputFigure 9: Station throughputs for K=150These figures clearly show that for

K L=

all the stations achieve the samethroughput. On the other hand, for

K L>

the least favoured station is the last one,while the most favoured stations are those close to the first station. In particular,note that in Figure 8, the curve for

K =100

and

L =10

shows four differentstation throughput values. This corresponds to the fact that for these

K

and

L

values all stations must be partitioned into four groups, each with a different valuefor

Ti

. As a consequence [6] gives rise to four different values for the stationthroughputs. On the basis of the previous closed formulae for the aggregate andstation throughputs we can draw (at least for the scenario in Figure 1) thefollowing conclusions.1. Relation [1] shows that for certain values of the

K

parameter the MetaRingnetwork is underutilized (e.g.,

N =1

,

K S<

). The value of

L

does notinfluence the aggregate throughput. Formula [1] also shows that the quantity

NK S ( )

is an upper bound for the aggregate throughput.2. Station throughputs, and hence fairness, are very sensitive to the K and Lvalues. Small variations in the parameter values may cause a significantvariation in the station throughputs. This occurs when we pass from the rangeof use of a formula to that of another. For example, with

S =150

,

N = 2

,

K =149

,

L =1

, and

d = 37

we are in the field of applicability of formula [3]which yields

γ γ1 2 149=

, while, with

K =150

, , we are in the range ofuse of formula [6] which leads to

γ γ1 2 4=

. In fact, in the former case the SATrotates freely around the ring and the 150 slots

S( )

are divided by the twostations in the ratio of 149 slots for station

1{ }

and the remaining 1 slot for

17station

2{ }

. In the latter case, the SAT stops cyclically at station and thisallows a more balanced ratio between the throughputs of the two stations.3. By increasing the

K L

ratio, the difference between the throughputs achievedby the first and the last station increases. The growth is not linear. Instead, adiscontinuity can be observed while passing from the range of use of a formulato the range of use of another. For example, for a network configuration of twostations

N = ( )2

, from Table 1 we see that

γ γ1 2 3 63 = .

when

K = 300

and

L = 50

(formula [6] holds), while

γ γ1 2 4=

when ,

L = 75

(formula[4] holds).15102550751001251501752003003001510255075100125150175200KL11111111111111111111111111121.3351.672.021.251.21.52.423.5743.62222255534.334.11.751.171.43.873.292.622.334.674.434.153.542.832.661.61.141.3325.985.715.334.563.63432.421.711.5Table 1: Ratio

γ γ1 2

as a function of

K

and

L

for a network configuration with

N = 2

,

S =150

4. The equality

K L=

provides the maximum degree of fairness between stations.Since the aggregate throughput, for fixed K, does not increase when Ldecreases we can conclude that the choice

K L=

is the most appropriate forthe network scenario considered herein (see Table 1). However, this is notalways true. In fact, let us consider the scenario in Figure 10, analyzed viasimulation, where stations

1{ }

and

2{ }

send traffic to the gateway while allthe other stations send traffic to the one after. According to this scenario,stations

3{ }

,

4{ }

-

12{ }

, and always observe empty slots. On the otherhand, station is covered by the traffic sent by station

. However, due

18to the

SAT

algorithm, a station refrains from transmitting if quota K hasbeen reached. From the above observations it follows that:- the aggregate throughput is less than or equal to the maximum allowedaggregate throughput which, in this scenario, is equal to 11;- for fixed L, the aggregate throughput increases when K increases (seeTable 2). This can be justified by observing that, when K increases theopportunity for a station to stop transmitting (before receiving the

SAT

)decreases.gateway123456789101112Figure 10: Alternative scenario (

N =12

,

S =150

)15102550751001251501752003003001510255075100125150175200KL0.080.40.822220.80.80.4467.676.7264444666667.677.677.677.679.339.339.339.337.687.256.56698.928.818.518.017.6776.4569.129.048.958.678.2387.366.86.3869.249.159.018.798.388.277.677.156.716.3369.519.429.28.8498.58.067.677.32769.57Table 2: Aggregate throughput for the scenario in Figure 10

194. Analysis in Underload ConditionsIn this section we analyze the MetaRing network behavior when the user-generated traffic, normalized to the maximum aggregate throughput achievable bythe stations in asymptotic conditions, is less than one. Hereafter, the above ratiowill be termed Offered Load

OL( )

. This analysis, as well as the investigation inoverload conditions (i.e.,

OL>1

) which will be presented in the next section, wasperformed by simulation. To this end, we developed a stochastic queueing modelof the MetaRing and solved it via the RESQ simulation tool ([GORD92]). Thenetwork scenario analyzed is the same as the one considered in the previoussection. Details on the simulation model can be found in [MOTT94] while theparameter values which completely define our model are reported in Table 3.________________________________________________________- Stations were spaced equally along half of the ring- Capacity of each ring = 150 Mbps- Slot size = 53 octets-Slot duration (ts) = 2.82 msec- Length of each ring (S)= 150 slots » 85 km- Ring latency 423 msec- Total number of stations (N) = 10________________________________________________________Table 3: Network parameter valuesTo have acceptable simulation times we decided, for most of the experiments, toset the channel bandwidth of each ring equal to 150 Mbps, which is in the rangeof the channel bandwidth for the current MANs. The simulation time of each runwas chosen so that the resulting confidence intervals were in the order of 5%1.We performed a simulation analysis with several workloads, each characterized,in addition to the offered load, by the distributions of the message interarrivaltimes and message lengths. In our experiments we considered exponential(coefficient of variation C equal to one) hypoexponential

C < ( )1

, andhyperexponential

C >

interarrival time distributions [KLEI75]. Furthermore,1The confidence level was chosen to be equal to 90%.

20the message length Msg was assumed to be constant in each experiment and equalto 1, 4, and 8 cells.In underload conditions the performance measure of interest in our analysis is thestation average access delay, i.e. the average time interval between a cell arrivalat the station queue and its transmission onto the media. Obviously, in a fairnetwork with equally loaded stations, each station should experience the sameaverage access delay. Any deviation from this behavior has been assumed asbeing a measure of the MAC protocol unfairness in underload conditions.The station average access delay depends on several parameters that characterizethe workload, the number of active stations

N( )

, the MAC protocol parameters (Kand L), and the MetaRing network configuration (i.e., ring length, slot size, etc.).It was thus decided to divide the experiments into the five classes shown in Figure11.Interarrival distribution C=0.3, 0.5, 1, 2, 3N=10OL=80%C=1Msg=1(K=150, L=150)Message length Msg = 1, 4, 8 Number ofNodesN = 10, 25, 50OfferedLoadOL = 80, 90, 95 % (K=50, L=50) (K=50, L=1) (K=150, L=150) (K=150, L=1) (K=200, L=200) (K=200, L=1)Figure 11: Organization of underload experiments.B e g i n n i n g w i t h t h e f o l l o w i n g s e t o f p a r a m e t e r s

N OL Msg C K L

= = = = = = ( ) 10 80 1 1 150 150

, %, , , ,

all the other experimentswere performed by varying the parameters one at a time (except for K and Lwhich were varied together) between simulation runs. The rest of this sectiondiscusses the results.

21INFLUENCE OF K AND LFirst we considered different couples of values for K and L. For each value of Kwe considered the cases

L =1

and

L K=

which give rise, in asymptoticconditions, to the maximum unfairness and minimum unfairness, respectively.However, we found that the average access delay experienced by each stationdoes not depend on the K and L values2. This behavior can be explained by thefact that the value of K is greater than the average number of cell arrivals at anystation during an interval time equal to the average SAT rotation time.INFLUENCE OF OFFERED LOADFigure 12 shows the influence of the offered load

OL( )

on the average accessdelay. The initial shape of the curve can be explained by noting that the firstgroup of stations observes a large number of empty slots and thus their stationaverage delays are not significantly affected by the OL considered. On the otherhand, the last group of stations (stations 7-10) observes trains of contiguous busyslots with increasing length as the OL increases. This explains the sharp increasein the average access delay in the curve for these stations. 1 2 1 0 864200 20 40 60 80 100 80% 90%95%K=150, L=150, N=10, C=1, Msg=1station index average access delay (slots)Figure 12: Average access delay vs station index (N=10)INFLUENCE OF MESSAGE LENGTHFigure 13, which shows the MetaRing station average access delay as a functionof message length, highlights that the MetaRing unfairness increases significantlywith message length. This can be intuitively justified by observing that onemessage arrival contributes to the aggregate OL with a number of cells equal tothe message length. Therefore each station will transmit a batch of cells rather2 The same results hold for OL=90% and OL=95%

22than a cell at a time with the result that the correlation between consecutive busyslots increases. Hence, stations approaching station

10{ }

observe trains of busyslots which tend to increase as the station index increases.1 2 1 0 864200 20 40 60 80

Msg=1

Msg=4

Msg=8K=150, L=150, N=10, OL=80%, C=1station index average access delay (slots)Figure 13 - Influence of Message length.INFLUENCE OF INTERARRIVAL DISTRIBUTIONFigure 14 reports the MetaRing station average access delay as a function of theinterarrival distribution. This figure shows that increasing the C parametersignificantly affects the average access delay at least for the offered loadunderway. 1 2 1 0 864200 10 20 30 40 50

C=0.3

C=0.5 C=1 C=2C=3K=150, L=150, N=10, OL=80%, Msg=1station index average access delay (slots)Figure 14 - Influence of Interarrival Distribution.The shape of the curves can be justified by observing that when C increases, cellstend to arrive in groups. Hence, the considerations already made for

Msg>1

23hold. On the other hand, when C approaches zero, arrival processes at the variousstations tend to become periodic. In fact, the correlation between consecutive slotsmade busy by the same station decreases, so that the length of busy trainsobserved by each station decreases. The curve of the average access delayconsequently tends to become flat as C tends to zero.INFLUENCE OF

NTo further deepen the analysis of the average access delay we performed a set ofexperiments in which we varied the number of active stations while leaving thering length constant. Specifically, we performed two experiments by assuming

N = 25 and

N = 50, respectively. Results obtained ([ANAS96]) show that thedependency of the average access delay from the station index is the same as theone already shown in Figure 12 (

N =10). However, the difference between theaverage access delay experencied by the first station and that experienced by thelast station increases as

Nincreases.WORST CASE ANALYSISThe analysis clearly shows that the average station access delay depends onseveral parameters. Specifically, it depends on the number of stations, the stationindex, and the workload parameter values. Hence it was decided to analyze theMetaRing behavior in the worst possible conditions for the values assumed bythese parameters.050010001500200025000102030405060K=150, L=150, N=50, OL=95%, C=3, Msg=8 average access delay (slots)station indexFigure 15: Average access delay vs station index in a worst case set of networkand workload parameters.

24Figure 15 reports the results of this analysis: circles are the results obtained fromsimulation, while the curve was obtained by a ninth order polynomialinterpolation. The shape of the curve for station indices in the range 1 to 20 is dueto the polynomial order used for the interpolation.In conclusion, we can observe that stations experience varying average accessdelays, depending on their position on the (semi)ring, even when

. Thus, atleast in the network scenario analyzed, in underload conditions, the MetaRingMAC protocol suffers from unfairness.ANALYSIS AT HIGHER SPEEDSSince the MetaRing MAC protocol was designed to work at speeds in the Gbit/secregion we decided to broaden our analysis to verify whether it can exploit theserates efficiently.1210864200102030

150 Mbit/sec 600 Mbit/sec

1.2 Gbit/sec

2.4 Gbit/sec N=10, OL=80%, C=1, Msg=1node index

average access delay (msec)Figure 16: Average access delay vs station index for several channel bandwidths.Figure 16 plots the average access delay (in msec) vs station index for severalchannel bandwidths. To keep the comparison meaningful K and L were variedaccordingly. Specifically, we set K and L both equal to the ring length measuredin slots. Furthermore, in all the experiments the slot size was assumed to be equalto the ATM cell length (i.e., 53 bytes). The shape of the curves can be justified byobserving that by increasing the channel bandwidth with OL unchanged, the timea cell spends in each station decreases.

255. Analysis in overload conditionsThe network scenario is still the same (Figure 1) but the offered load is greaterthan the maximum achievable aggregate throughput. In overload conditions theperformance measure of interest in our analysis is packet loss. In this section weinvestigate how the packet loss is distributed among stations as a function of theK and L parameters, OL, and the distribution of the workload among stations. Thebuffer size of stations was chosen in order to have a packet loss less than 1% inunderload conditions and also with values of OL very close to 100%. Bysimulation we found that a buffer size of 150 cells can satisfy this requirement.Figure 17 shows the packet loss vs station index for two different OL values. Theexperiments were performed by choosing and a workload uniformlydistributed among stations. The packet loss is approximately the same for eachstation. This can be explained by the fact that, for each station achieves thesame throughput.12345678910010203040OL=110%OL=150%K=150, L=150, Buffer=150station indexpacket loss (%)Figure 17: Packet loss vs station position with workload uniformly distributedIn order to further the analysis we studied packet loss as a function of stationpositions on the ring for K=150 and L=10. The results are reported in Figure 18and, for OL=150%, they were generally as expected. In fact, for OL=150% thering operates close to saturation and thus the throughput achieved by each stationshould be approximated by the values reported in Figure 9, for K=150, L=10.According to this figure, from the throughput standpoint, station is the mostfavoured (i.e., least packet loss) while station is the least favoured (i.e.,greatest packet loss) while stations achieve a constant throughput which

26is intermediate between those obtained by station and station

(i.e., anintermediate packet loss).12345678910020406080100OL=110 %OL=150 %K=150, L=10, Buffer=150station indexpacket loss (%)Figure 18: Packet loss vs station position with workload uniformly distributedThe various packet losses experienced by the stations, induced us to study theinfluence of a group of stations operating in overload conditions (i.e., with an OLgreater than the maximum achievable throughput) on another group of stationsoperating in underload conditions. We performed a simulation experiment, with

, in which the workload was distributed among stations as shown inFigure 19 (which also reports the maximum achievable throughput by eachstation, i.e. 15 Mbps), and we measured the packet loss of each station. Ourresults show that the last two stations, although operating in underload conditions,experience a small, but non-zero, packet loss. Clearly with wecan expect a worse situation as far as the packet loss of stations in underload isconcerned. This was, in fact, confirmed by a simulative experiment. We thenperformed another experiment, with

, by placing the underloadstations upstream of the overload stations. This time no packet loss was recordedin the underload stations. The results could be predicted since in the networkscenario analyzed, stations which follow the gateway (i.e.,

) have someadvantage over stations which precede the gateway (i.e.,

). The factthat the packet loss measured for stations in overload is less than the percentageof workload which exceeds the maximum achievable throughput (i.e., 15 Mbps)by these stations is because they can exploit the portion of the network capacityleft free by the stations operating in underload conditions. In any case, theaggregate throughput is never greater than 1, which is the value obtained inasymptotic conditions.

2701530packet-loss (%)OL (Mbit/sec)station index0.7%0.04%12345678910K=150, L=150Figure 19: Packet loss vs station position with an unbalanced workload6. ConclusionsIn this paper we have reported some results of an in depth analysis of theasynchronous capabilities of the MetaRing MAC protocol by using specificnetwork configurations. From our analysis the following conclusions can bedrawn.ASYMPTOTIC CONDITIONS- For certain values of the K parameter the MetaRing network is underutilized(i.e.,

).- Station throughputs, and hence fairness, are very sensitive to K and L values.Small variations in their values may cause a significant variation in stationthroughputs.- The maximum degree of fairness is achieved when

. Since the aggregatethroughput, for fixed K, does not increase when L decreases, the choice is the most convenient for the network scenario reported in Figure 1. However,this is not true in general. In fact, for the scenario in Figure 10, for fixed K, theaggregate throughput increases when L decreases (see Table 2).UNDERLOAD CONDITIONSdoes not guarantee fairness. In fact, when we can observe thatstations experience different average access delays, depending on their positionalong the network.

28- Furthermore, the fairness depends on several other factors: offered load,message length, interarrival time distribution, and number of active stations.OVERLOAD CONDITIONS- When the workload is uniformly distributed among stations and

, thepacket loss is the same for every station. On the other hand, if thestations closer to the gateway exhibit a packet loss which is greater than theothers.- When the workload is not uniformly distributed among stations (Figure 19), theunderloaded stations experience a non zero packet loss.Finally, the MetaRing performance and fairness are very sensitive to minorchanges in parameter settings. However the SAT is very simple to implement. Sowe have a typical trade-off between performance/fairness and simplicity.This analysis has been further progressed in [PEVA], where different trafficpatterns (though with the same network configuration) have been analysed. Ananalysis regarding alternative station arrangements is under study.References[ANAS95]G. Anastasi, L. Lenzini, P. Motta, “Performance Evaluations of aMetaRing MAC Protocol Integrating Video and Data Traffics in anInterconnected Environment”, Proceedings INFOCOM '95, Boston (USA),April 1995, pp. 1273-1281.[ANAS96]G. Anastasi, L. Lenzini, “The MetaRing MAC Protocol: aPerformance Analysis”, Internal Report 1996.[CIDO93]I. Cidon, Y. Ofek, "MetaRing, a Full Duplex Ring with Fairnessand Spatial Reuse", IEEE Transaction on Communications, Vol. 41, No. 1,January 1993.[GORD92]R. F. Gordon, P. G. Lowener, E. A. MacNair "The ResearchQueueing Package Version 3. Language Reference Manual", IBM ResearchReport, Yorktown 1992.[KLEI75]L. Kleinrock, “Queuing Systems”, Volume I: Theory, John Wiley& Sons, 1975.[MOTT94]P. Motta, “Integrazione dei Servizi nel MetaRing: Valutazionedelle Prestazioni”, Laurea Thesis (in Italian), University of Pisa, EngineeringFaculty, Pisa (Italy) 1994.

29[PEVA]G. Anastasi, L. Lenzini, B. Meini, “Performance Evaluation of aWorst Case Model of the MetaRing MAC Protocol with Global Fairness”, toappear on Performance Evaluation.[OFEK94] Y. Ofek, “Overview of the MetaRing Architecture”, ComputerNetworks and ISDN Systems, Vol. 26, Nos. 6-8, March 1994, pp. 817-830.[WU92]H. T. Wu, Y. Ofek, K. Sorhaby, "Integration of Synchronous andAsynchronous Traffic on the MetaRing Architecture and its Analysis",Proceedings of ICC '92.