MPEG Video Traffic on a MetaRing Network: Complexity Reduction of a �Worst-Case� Model for Bandwidth Allocation AnalysisG. Anastasi, P. Foglia, L. LenziniUniversity of Pisa, Dept. of Information EngineeringVia Diotisalvi 2 - 56126 Pisa, Italyemail: {anastasi, foglia, lenzini}@iet.unipi.itAbstractThis paper deals with the problem of selecting the optimal bandwidth allocation schemefor MPEG video transport on a MetaRing network. The problem is addressed byanalyzing a simplified �worst case� network model faded by an MPEG video trafficmodel which only captures short range correlations. To assess to what extent the videotraffic model still provides useful information, a methodology based on the busy timedistribution of the buffer is introduced. According to this methodology, the MPEGvideo traffic model still provides accurate results until the portion of bandwidthallocated to each MPEG video source is greater than or equal to 50% of the peak rate.1. IntroductionIn high speed networks of the future most of the traffic will be generated by multimediasources such as teleconferencing terminals and video-on-demand servers. Given theproportion of bandwidth requirements of the various media (e.g., data, speech andvideo), most of the bandwidth provided by a high speed network is likely to be used byvideo traffic.There are two main ways to reduce costs of video transport in current and future highspeed networks. From an application point of view, efficient Variable Bit Rate codingtechniques allow bandwidth saving, while keeping the quality level constant. In thiscontext, the MPEG (ISO Moving Picture Expert Group) coding scheme seems to be themost promising ([LEG91]). It allows an average to peak bit rate ratio in the order of 0.1([ROS95a]).From a network point of view, efficient resource allocation algorithms, based onstatistical multiplexing, can be designed to take advantage of the VBR behaviour of

- 2 -video sources. Statistical multiplexing increases bandwidth utilization by allocating, toeach VBR video source, a bandwidth lower than its peak rate. Temporary congestionphenomena are handled by storing extra information in a buffer. With an appropriatedesign of the resource (bandwidth and buffer) allocation scheme it is possible to provideusers with probabilistic bounds on the Quality of Service (QoS) they achieve.Unfortunately, VBR video applications can only tolerate extremely low packet lossrates (in the order of

10− 9

and less). This makes it extremely difficult to select theoptimal resource allocation scheme. In fact, the problem cannot be dealt with bytraditional simulation due to the difficulty of estimating very low tail probabilities.Analysis thus becomes the most suitable technique in this case.This paper addresses the problem of efficient bandwidth allocation for MPEG videotransport on a MetaRing LAN (Local Area Network). The MetaRing ([OFE94]) is asimple and effective MAC (Medium Access Control) protocol for high speed Local andMetropolitan Area Networks (MANs), which has received a lot of attention. It iscapable of integrating real-time (synchronous) and non real-time (asynchronous) trafficwhile providing fairness to non real-time users ([WU92]).Due to the complexity of the MetaRing MAC protocol, the problem of selecting theoptimal bandwidth allocation scheme is analyzed by using a simplified �worst-case�model of the network. This model is analytically tractable and yet still provides usefulinformation on the QoS achieved by users.As in any performance analysis, the choice of the appropriate traffic model is essentialfor the reliability of the results. An ideal traffic model should be sufficiently simple topreserve analytical tractability. Furthermore, it should be able to take into account allthe aspects which are relevant to the goal of the analysis. Specifically, an MPEG videotraffic model should capture the correlations exhibited by MPEG video sequences overany time scale. However, to our knowledge, an MPEG video traffic model with both ofthe above properties does not exist. The traffic model used in this paper only capturesshort term correlations. The results are thus only meaningful when parameterscharacterizing the bandwidth allocation scheme range in a certain region of values(�model reliability region�). A methodology is developed in the paper to identify such areliability region.

- 3 -The paper is organized as follows. Section 2 briefly introduces the MetaRing MACprotocol. In Section 3 the MetaRing worst-case queuing model is derived and adescription of MPEG video traffic model is given. Section 4 is devoted to the modelsolution. The results are discussed in Section 5, while the methodology to assess thereliability region for the video traffic model is introduced in Section 6. Section 7concludes the paper.2. MetaRing MAC Protocol DescriptionThe MetaRing is a Medium Access Control (MAC) protocol proposed for high speedLANs and MANs. It connects a set of stations by means of a bi-directional ring madeup of full duplex point-to-point serial links. A MetaRing can operate under two basicaccess control modes: buffer insertion for variable size packets, and slotted for fixedlength cells. In this paper only the slotted access mode is considered.The MetaRing MAC protocol provides two types of services: synchronous for real-timeusers and asynchronous for non real-time users. This section outlines the MAC protocolaspects that are relevant to the study reported in the paper. Details on the MAC protocolcan be found in [CID93], [WU92], and [OFE94].According to the slotted access mode, information is segmented into cells and each cellis transmitted in one slot. Slots are structured into a header and an information field.The header includes a busy bit which indicates whether the slot is empty (busy bit=0) orbusy. Since the ring is bidirectional the MetaRing MAC protocol uses the shortest pathcriterion to choose one of the possible directions. Cells are removed by the destinationstation which frees the slot by resetting the busy bit to zero. After cell removal the slotcan be reused by the same station or by its downstream stations. Slot reuse increases theaggregate throughput beyond the capacity of single links, but it can cause starvation.This happens if a station is constantly being �covered� by an upstream ring traffic andis thus unable to access the ring for a very long period of time.In order to prevent this, the MetaRing MAC protocol includes a fairness mechanismwhich is based on a control signal, called SAT (SATisfied), circulating in the oppositedirection from the information flow it regulates. Each station has a counter whichincreases by one each time the station transmits a cell. The station can transmit cellswhenever it observes an empty slot unless the counter is equal to the value of a MACprotocol parameter denoted by K. When the counter reaches the value of K, the station

- 4 -must refrain from sending new cells until the SAT signal arrives at the station. UponSAT arrival, the station resets the counter to zero if it has been sent a number of cellsgreater than or equal to an additional protocol parameter denoted by L (with K‡L‡0)and releases the SAT towards its upstream station. When the counter is less than L thestation is not satisfied, and the following two mutually exclusive events can occur:- if the station has data to transmit, it holds the SAT until the counter reaches the valueof 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 releases theSAT signal.Each station has two queues, one for synchronous traffic and the other for asynchronoustraffic. The traffic in the synchronous queue has priority over asynchronous traffic: thestation can transmit synchronous traffic regardless of its asynchronous queue state. Forexample, a station which holds the SAT (because it is not satisfied) will first sendtraffic from the synchronous queue, and only then does the station send itsasynchronous quota and releases the SAT.Synchronous traffic is transmitted with a guaranteed bandwidth: each synchronousstation is given the opportunity to transmit a predefined quota of cells in a certain timeinterval. In order to achieve this the MAC protocol cyclically needs to refrain fromtransmitting the asynchronous traffic. The asynchronous traffic transmission will beresumed later when synchronous traffic requirements are met. The integrationmechanism employs three control signals, ASYNC-EN(GR), ASYNC-EN(YL), ASYNC-EN(RD) (Asynchronous Enable - Green, Yellow, Red, respectively) to enable or disablethe transmission of the asynchronous traffic. These signals circulate in the oppositedirection from the information they regulate. When the ASYNC-EN(GR) rotates aroundthe ring the asynchronous traffic transmission can occur. Furthermore, each station willforward the ASYNC-EN(GR) immediately after receiving it. After the ASYNC-EN(GR) has completed at least r rounds (r is a protocol parameter), a station with abacklog of synchronous traffic (i.e., a station for which the first packet in thesynchronous queue has been waiting for more than a predefined threshold Thres ) canchange the attribute from GREEN to YELLOW. When stations observe the ASYNC-EN(YL) signal they must refrain from transmitting asynchronous cells and forward thesignal to adjacent stations. When after a round the ASYNC-EN(YL) reaches its originstation, the station itself switches the signal attribute from YELLOW to RED. TheASYNC-EN(RD) is transferred once around the ring. A station forwards the ASYNC-EN(RD) to its upstream neighbour if it has no backlog of synchronous traffic, otherwise

- 5 -it holds the ASYNC-EN(RD) until its backlog of synchronous traffic has been depleted.When the ASYNC-EN(RD) signal returns to its origin station it will change its attributeback to GREEN. The ASYNC-EN(GR) signal should complete at least r

r ≥( )0

roundsbefore a new cycle can start again. Therefore, the integration mechanism ofasynchronous and synchronous traffic uses two protocol parameters: r and Thres.3. Complexity Reduction and Model DefinitionThe modelling and performance analysis of our environment is a very complexproblem, due to- the MetaRing MAC protocol;- the number of stations and their location along the ring;- the workload characterization.An exact model of the MetaRing MAC protocol should take into consideration thebehaviour of each (synchronous and asynchronous) station therein. In fact, timeintervals between consecutive control signal arrivals (SAT and/or ASYNC_EN) at aspecific station are strongly influenced by the behaviour of all the other stations. This isthe typical situation in any LAN. However, in networks where slot reuse is adopted,this dependency is further complicated by the slot occupancy pattern observed bystations. For a specific station this pattern depends on the destination addresses of theupstream stations. In order to obtain a model of our environment that can be solvedanalytically, we identify a specific network configuration (hereafter ’scenario’) which isstill significant from a practical standpoint.As far as the workload characterization is concerned two important issues need to bepointed out. First, due to the Group of Picture (GoP) structure used in the video codingprocess (see Section 3.3), the autocorrelation function of MPEG video sequencesexhibits a pseudo-periodic behaviour. This makes all models based on only one picturetype unsuitable for modelling MPEG video traffic [ROS94b]. Second, MPEG videosequences are characterized by long range dependence. Models which do not capture itprovide optimistic predictions of the network performance [BLE96]. On the other hand,it is almost impossible to define a very accurate model while still preserving analyticaltractability.

- 6 -3.1 Network Complexity ReductionThe network model is reduced in complexity by considering a worst-case scenario inwhich the network congestion is stressed, and by focusing on the least favourite station.

S1S2SNExternal NetworkG

AS01( )

AS0m0( )

AS1m1( )

AS11( )

information flow

control flow

AS^{N− 1}_{mn−1( )}

AS^{N− 1}_{1( )}

Figure 1: Network ScenarioWith reference to Figure 1, where the network scenario analyzed in the paper isdepicted, the following terminology will be used throughout:

S1,S2 ... SN

are synchronous stations transmitting video traffic;

AS01( ).... ASN− 1m N−1( )

are asynchronous stations transmitting data traffic;

G

is a gateway interconnecting the MetaRing with an external network;

di,i+1

is the distance (in slots) between synchronous stations

Si

and

Si+1

;

TRING

is the ring length (in slots).In order to identify the least favourite synchronous station in the network scenarioshown in Figure 1 we assume that all the synchronous stations are concentrated in onehalf of the ring and that each of them transmits its traffic only to the gateway

G

. Alsoasynchronous stations located between the synchronous station

S1

and the gateway (by

- 7 -considering the direction of the information flow) transmit only to the gateway

G

. Onthe other hand, all the other asynchronous stations send their cells to a multicastaddress.When the destination address is a multicast address, according to the MetaRing MACprotocol, cell removal is operated by the source station itself ([CID93]). Furthermore,we assume that asynchronous stations operate in asymptotic conditions (i.e., theyalways have cells to send). Hence, slots used by asynchronous stations are never reusedby synchronous stations.We also assume that video frame arrivals occur at the same time instant for all thesynchronous stations, i.e., video sources are synchronized.Under the above assumptions station

SN

is the least favourite synchronous station as itobserves empty slots only when the asynchronous traffic transmission is disabled andall the other synchronous stations have transmitted their preallocated quota. Thus,throughout we will focus on station

SN

which will be referred to as the �taggedstation�.The number of empty slots observed by the tagged station is clearly strongly influencedby the arrival process and the amount of bandwidth preallocated to each othersynchronous station. However, we can assume that

S1,S2 ... SN− 1

are CBR (ConstantBit Rate) video sources, i.e., they generate fixed length video frames. Furthermore, if

Tv

is the video frame generation period (expressed in slots), we assume that thepreallocated quota of cells

Bi

that station

Si i =1,2,...,N − 1 ( )

can transmit in a timeinterval of duration

is exactly equal to the (constant) number of cells in each videoframe.To derive a worst-case model of the network we need to know- the maximum amount of bandwidth

BN

(i.e., number of slots in a

interval) whichcan be guaranteed for the tagged station, while still preserving the quota allocated tothe other synchronous stations;- the slot occupancy pattern observed by the tagged station.The first question is quite easy to answer. In fact, the sum of quotas preallocated to eachsynchronous station must be less than or equal to the number of slots between twoconsecutive video frame arrivals, i.e.,

Tv

. Hence,

- 8 -

B_N ≤ T_v − B_{ii=1}^{N− 1}∑

[1]On the other hand, the slot occupancy pattern observed by the tagged station dependson many factors. First of all, it is influenced by the values of the parameters whichregulate the traffic integration mechanism:

r

and

Thres

. However, in [MOT94] it wasfound that the lower the value of each of the two parameters, the more reactive thetraffic integration mechanism. Thus, in order to minimize the access delay experiencedby traffic transmitted by synchronous stations (which is delay-sensitive in most cases)both

r

and

Thres

values should be as low as possible. In this paper we will follow thiscriterion by putting

r = 0

and

Thres = 0

.Condition [1] guarantees that the tagged station achieves its quota of slots,

BN

, every

Tv

interval. However, this is true only after the asynchronous traffic transmission hasbeen disabled. In fact, suppose a video frame arrival occurs at time

t0

and theasynchronous transmission is enabled at that point in time. Since the traffic integrationmechanism takes some time to inhibit all the asynchronous stations in the network,starting from

t0

there is a transient period during which the tagged station may observeless empty slots (for each interval of duration

Tv

) than its preallocated quota. In thefollowing we will try to characterize the duration of the transient period and the amountof bandwidth achieved by the tagged station during this transient period. To this end wemake some claims related to the scenario under consideration.Claim 3.1In the scenario under consideration, if a video frame arrival occurs while theasynchronous transmission is enabled then station

S1

observes the first empty slot aftera time interval

BAS ≤ 2TRING +dAS,1

[2]since the video frame arrival. In [2]

dAS,1

is the distance (in slots) of station

fromthe furthest asynchronous station (

AS01( )

in Figure 1).Proof. See Appendix/Due to the delay

BAS

some synchronous stations may not have finished transmittingtheir quota of cells when the next video frame arrives. However, this can never occur ifthe condition specified in the following claim holds:

- 9 -Claim 3.2If the asynchronous traffic transmission is enabled when a video frame arrives thencondition

Bi i=1N∑ ≤ Tv − 3TRING

[3]implies that all the synchronous stations complete the transmission of their quota beforethe next video frame arrival.Proof. See AppendixThe previous claim states that whenever condition [3] holds the tagged station isguaranteed to achieve its quota of slots even immediately after the arrival of a videoframe which finds the asynchronous transmission enabled. However, condition [3] mayrepresent a very strict constraint especially when the value of

TRING

is high (e.g., in ametropolitan environment). In the following we will analyze what happens when theabove condition is relaxed.It is easy to verify that if there exists a (synchronous) station index

N − j j∈ 0,N − 1 [ ] ( )

such that

Bi i=1 N− j− 1∑ ≤ Tv − BAS − di,i+1 i=1 N− j− 1∑ < Bii=1N− j∑

[4a]then

SN− j

is the station that is still transmitting (i.e., not having completed its quota)when the next video frame arrives. Otherwise if there exists a (synchronous) stationindex

N − j j∈ 0,N − 1 [ ] ( )

such that

Bi i=1 N− j− 1∑ ≤ Tv − BAS − di,i+1 i=1 N− j− 2∑ < Bii=1N− j∑ +dN− j− 1,N− j

[4b]then station

SN− j− 1

has completed the transmissions of its quota, but station

SN− j

hasnot yet started transmitting when the next video frame arrives.

- 10 -Depending on the value of index

j

for which either [4a] or [4b] are satisfied the slotoccupancy pattern observed by the tagged station in the transient period may be quitedifferent. Specifically, the following cases may occur:a)condition [4a] holds and

j = 0

, i.e., the tagged station is the station stilltransmitting when the next frame arrives;b)condition [4b] holds and

j = 0

, i.e., stations from

S1

to

SN− 1

have finishedtransmitting their quota but the tagged station hasn’t begun transmitting when thenext frame arrives;c)condition [4a] ([4b]) holds and

j ≠ 0

, i.e., a synchronous station different fromthe tagged station is still transmitting (waiting for transmission) when the nextframe arrival occurs.The following claims characterize the slot occupancy pattern observed by the taggedstation during the transient period whenever one of the cases specified above occurs.Claim 3.3If condition [4a] holds and

j = 0

then the transient period lasts just one

Tv

period andduring this interval the tagged station observes a number of empty slots given by

′BN = BN − BAS + di,i+1 i=1N− 1∑ ≥ BN − 3TRING

[5]Proof. See AppendixClaim 3.4If condition [4b] holds and

j = 0

then the transient period lasts two

Tv

periods. In theformer period the tagged station observes no empty slots, while in the latter it achievesa number of slots equal to

′BN = Tv − Bii=1N− 1∑ − dN− 1,N + Tv − BAS − Bii=1N− 1∑ − di,i+1i=1N− 2∑

[6]Proof. See Appendix/

- 11 -If condition [4a] or [4b] holds and

j > 0

each station behaves as in Figure 11 (seeappendix) with the difference that the station which is still transmitting (or which stillhas to start transmitting) when the new frame arrives is located before the taggedstation. Thus, the tagged station itself does not achieve any slots in the period between

t0

and

t0 + Tv

(see Figure 12 in the appendix).The number of empty slots observed by the tagged station after

t0 + Tv

depends on thevalues of quotas for the other stations. A closed formula for the general case is hard tofind. However, this is possible once the values of quotas and distances betweensynchronous stations are known. For example, it is possible to prove claim 3.5 whichrelates to the case when the quota is the same for all the stations and such that condition[4a] holds with

j =1

.Stationindex

(t0,t0 + Tv]

(t0 + Tv, t0 +2Tv]

(t0 +2Tv, t0 +3Tv]

1BBB

2BBB

3BBB

::::N-2

B

BB N-1

′B

B−

′

B

( )

+ B BN0 ′′B BTable 1: Number of empty slots observed by each synchronous station in successiveintervals of duration

Tv

when condition [4a] holds with

j =1

.Claim 3.5If

B_i = B i =1,2,...N ( )

,

Bi i=1N∑ = NB = Tv

and

B

is such that condition [4a] holds with

j =1

then the number of empty slots observed by each synchronous station insuccessive intervals of duration

Tv

is as reported in Table 1 where

′B = Tv − BAS − N − 2( )B− di,i+1_{i=1}^{N− 2}∑

[7]

′′B = ′B − dN− 1,N

[8]Proof. See Appendix

- 12 -Claims 3.3, 3.4, and 3.5 characterize the slot occupancy pattern observed by the taggedstation for different conditions which can occur as a consequence of the operationparameter values. This slot pattern is observed until the tagged station buffer becomesempty before the next frame arrival. When this occurs the process that resumes theasynchronous traffic transmission is activated. How exactly this process evolves is hardto describe, since it depends on the specific network state (i.e., value of counters ineach asynchronous station, positioned along the ring of SAT and ASYNC_EN signals)when the process starts. However, as we are interested in the worst case behaviour ofthe tagged station we can assume that the interval between the time instant when theprocess is activated and the time instant at which the next video frame arrives is longenough to enable all the asynchronous stations before the frame arrival1.Whenever the buffer of the tagged station becomes empty before the next frame arrival,a new cycle starts immediately after the video frame arrival. During each cycle the slotoccupancy pattern observed by the tagged station is the same, and for the cases reportedabove it is the one specified by claim 3.3, 3.4, or 3.5.Claims 3.3, 3.4, and 3.5 clearly show that the slot occupancy pattern observed by thetagged station during each cycle depends on conditions [4] and hence, on the quotavalues. However, if the conditions specified in the following claim are matched, onlyone slot occupancy pattern is possible, whichever the specific values of quotas are.Claims 3.6If the tagged station quota is

BN ≥ 3TRING

[9]and under the hypothesis that all the available bandwidth is allocated, i.e.,

Bi i=1N∑ = Tv

[10]then conditions underlying claim 3.3 ([4a] with˚

j = 0

) hold.Proof. See Appendix

1This assumption minimizes the number of empty slots observed by synchronous stations.

- 13 -Claim 3.6 guarantees that whenever conditions [9] and [10] are both satisfied the onlypossible slot occupancy pattern observed by the tagged station becomes the onespecified in claim 3.3.3.2 Network Model DefinitionFor the worst case scenario under consideration, claims and considerations reported inSection 3.1 allow us to identify the exact slot occupancy pattern observed by the taggedstation once all the necessary operation parameters (distances between stations, ringlength and, if conditions underlying claim 3.6 are not matched, quota values) have beenspecified. Therefore, the behaviour of the tagged station can be analyzed in isolationfrom the rest of the network.In the following we will assume that the tagged station transmits MPEG video trafficand we will describe its dynamics by using the embedding points technique.Specifically, we will observe the state of the tagged station just before the arrival ofeach video frame.Observe, that if we operate in a LAN environment the value of

TRING

is in the order ofsome units. On the other hand, MPEG video sequences typically exhibit an averagenumber of cells per video frame which is in the order of some tens2 (see Table 2 and[ROS95a]). To guarantee system stability the quota of slots allocated to the taggedstation in a

Tv

period must be greater than the average bit rate (i.e., number of cells pervideo frame) of the MPEG source. This implies that, in a LAN context, condition [9] issatisfied and hence, if the bandwidth is fully allocated to synchronous stations (i.e., [10]holds) the slot pattern observed by the tagged station is the one defined by claim 3.3.More precisely, between two consecutive embedding points (i.e., during each

Tv

interval), the tagged station observes a number of empty slots equal to its quota

BN

ifthe asynchronous traffic was disabled at the former embedding point. Otherwise thenumber of empty slots observed is

′BN = BN − BAS + di,i+1 i=1N− 1∑ ≥ BN − 3TRING

2The cell size was based on the ATM standard.

- 14 -In the following we will minimize the value of

′BN

by assuming

′BN = BN − 3TRING

.This allows us to define a worst-case network model which only depends on the ringlength.In the proof of claim 3.3 we showed that the tagged station is the last synchronousstation to transmit within a video period (see, in particular, Figure 11 in the appendix).Furthermore, we have assumed that if the tagged station empties its buffer before thenext video frame arrives then all the asynchronous stations are enabled when the frameitself arrives. Therefore, at a given embedding point, the asynchronous traffictransmission is enabled (disabled) if and only if at that time instant the buffer of thetagged station is empty (not empty).From the above considerations it follows that, if

Qn

indicates the number of cells in thebuffer of the tagged station at the

n − th

embedding point, then it is

Qn+1 = max An − ′Pmax ( ), 0 [ ] if Qn = 0

max Qn + An − Pmax [ ] if Qn > 0

[11]where

An

is a random variable representing the number of cells in the video frame thatarrived just after the

n − th

embedding point, while

Pmax = BN

(

′Pmax = BN − 3TRING

)indicates the maximum number of cells the tagged station can transmit between the

n − th

and

n +1 ( )− th

embedding points, provided that the asynchronous traffictransmission was disabled (enabled) at the

embedding point. Of course, the actualnumber of transmitted cells may be less. Specifically, this occurs if the tagged stationempties its buffer before the maximum value has been reached.3.3 MPEG Video Traffic CharacterizationMPEG (ISO Moving Picture Expert Group) is currently the most importantcompression algorithm used in any type of video application. The MPEG compressionis done by reducing both the spatial and temporal redundancy of the video stream. Thisis achieved by using three different types of frame, I, P, and B frames, each coded in adifferent way. Typically, I frames require more bits than P frames, while B frames havethe lowest bandwidth requirement. These frames are then arranged in a deterministicsequence, e.g. �IBBPBBPBBPBB�, which is called Group of Picture (GoP). Thenumber of frames in a GoP is referred to as the GoP size ([ROS95c], [LEG91]).

- 15 --0.200.20.40.60.811.21232527292

Coefficient of AutocorrelationLagsFigure 2: Coefficient of autocorrelation for the frame length of the �dino3� sequenceDue to the GoP, the autocorrelation function of an MPEG video sequence exhibits apseudo periodic behaviour as shown in Figure 2. Therefore, it is not possible to modelan MPEG video source by using a stochastic process based on only one frame type([ROS94b]).Furthermore, MPEG video sequences are also characterized by long range dependence([ROS95a]). The video traffic model should thus capture this long range dependence.On the other hand, the complexity of the source model needs to be kept low to preserveanalytical tractability._{1 φ32}Figure 3: Markov chain underlying the MPEG video source modelIn this paper we model MPEG video sources by a Markov chain with a number of statesequal to the GoP size. Each state of the Markov chain is assigned with a different framesize distribution. Whenever the Markov chain is in a given state, the corresponding

3The �dino� sequence is described later.

- 16 -frame size is obtained by a sample from the associated distribution. Transitions betweenstates of the Markov chain occur just after frame arrivals. From a given state

i{ }

theMarkov chain transits, with probability 1, to state

i +1 { }

if

i < φ

and to state

1{ }

if

i = φ

(see Figure 3).As a consequence of its definition the model only captures the short termautocorrelation introduced by the GoP pattern.4. Model SolutionOn the basis of the considerations outlined in Section 3.0, the state of the system at the

n − th

embedding point can be described by a couple

Qn,Phn ( )

, where

Qn

is thequeue length at the tagged station and

Phn

indicates the state of the Markov chainunderlying the video arrival process. It can easily be verified that process

Qn,Phn; n = 0,1,2,... { }

is a Markov chain.By introducing two new variables

L

and

R

so that

Q = LPmax + R

the systemdynamics can be represented by Markov chain

Ln,Rn,Phn; n = 0,1,2,... { }

which is anM/G/1-type Markov chain ([NEU89]) with level

L

and phase

R,Ph ( )

. The resultingtransition probabilities matrix

P

of this Markov chain is as shown in Figure 4.

P = B0 B1 B2 B3 ...

A0 A1 A2 A3 ... 0 A0 A1 A2 ... 0 0 A0 A1 ... ... ... ... ... ...

Figure 4: Transition probability matrix

P

.Blocks

B0

,

Bk k > 0 ( )

, and

Ak k ≥ 0

are square matrices of

Pmax ⋅φ

size. Byoperating the following re-arrangement of states

R,Ph [ ] → Ph,R[ ]

, the ,

Bk k > 0 ( )

, and

Ak k ≥ 0

matrices assume a block periodic structure, as shown inFigure 5 for

B0

. The structure is exactly the same for

Bk k > 0

, and

Ak k ≥ 0

matrices.

B0 0 0

0 0 0 = ( ) ( ) ( ) B B ...

B 01 02

0 ......

... ... ... ... φ

Figure 5: Block periodic structure for

- 17 -The internal structure of blocks which constitutes

B0

,

Bk k > 0 ( )

, and

Ak k ≥ 0 ( )

isshown in Figures 6, 7, and 8, respectively. In these figures

akϕ( )

indicates the probabilitythat a frame of size k (i.e. including k cells), arrives given that the state of the Markovchain underlying the arrival process is

Ph =ϕ

, and it is

a if k a a k i i k ( ) ϕ ϕ = < = =∑0 0 0 ~ ( ) ( )

B0i( ) = 0 1 L Pmax − 1

0 ã ′Pmax(i) a ′Pmax +1(i) L a ′Pmax +Pmax − 1(i)

1 ãPmax − 1(i) aPmax(i) L aPmax − 2(i)

M M M O M

Pmax − 1 ã1(i) a2(i) L aPmax(i)

Figure 6: Structure of block components in matrix

B0

.

Bki( ) = 0 1 L Pmax − 1

0 a ′Pmax +kPmax

(i) a ′Pmax +kPmax +1

(i) L a ′Pmax + k+1( )Pmax − 1 (i) 1 a k+1( )Pmax − 1

(i) a k+1( )Pmax(i) L a k+2( )Pmax − 2(i)

M M M O M

Pmax − 1 akPmax +1(i) akPmax +2(i) L a k+1( )Pmax(i)

Figure 7: Structure of block components in matrix

Bk k > 0 ( )

.

Aki( ) = 0 1 L P^{max} − 1

0 aKPmax(i) aKPmax +1(i) L a K+1( )Pmax − 1(i)

1 aKPmax − 1

(i) aKPmax(i) L a K+1( )Pmax − 2 (i) M M M O M

Pmax − 1 a(K− 1)Pmax +1

(i) a(K− 1)Pmax +2

(i) L aKPmax(i)

Figure 8: Structure of block components in matrix

Ak k ≥ 0 ( )

. - 18 -4.1 . Stability AnalysisIf we calculate the vector

b = kAk k=0∞∑ ⋅e where

e = 1,1,...1 [ ]T

, then the stabilitycondition requires that ([NEU89])

ρ = pb <1

[12]where vector

p

is the invariant probability vector of the matrix

A = A k k=0∞∑

. Vector

p

satisfies the following matrix system

p = pA

pe =1

[13]and

A

is a block periodic matrix:

A A A A = 0 0 0 0 01 2

~ ...

~ ...

... ... ... ...

~ ... φ

[14]where the size of blocks

~ ,A i i 1≤ ≤ ( )φ

is

Pmax

, and they satisfy the properties:

e = Ãi⋅e

[15a]

eT = eT ⋅Ãi

[15b]

Ãi = 0 1 L P^{max} − 1

0 akPmax(i)k=0∞∑ akPmax +1(i)k=0∞∑ L a k+1( )Pmax − 1(i)k=0∞∑

1 akPmax − 1(i)

k=0∞∑ akPmax(i)k=0∞∑ L a k+1( )Pmax − 2(i)k=0∞∑

M M M O M

Pmax − 1 a(k− 1)Pmax +1 (i) k=0∞∑ a(k− 1)Pmax +2 (i) k=0∞∑ L akPmax(i)k=0∞∑

Figure 9: Structure of

~ ,A i i 1≤ ≤ ( )φ

blocks.

- 19 -[15a] and [15b] can be proved by observing that matrices

~ ,A i i 1≤ ≤ ( )φ

have thestructure shown in Figure 9.Figure 9 clearly shows that the sum of elements in each row and column is equal to 1.From the structure of matrix

A

and properties [15a] and [15b], after structuring

p

in thesame manner as

A

(i.e.

p = p p p

1, ,...,2 φ [ ]

), it follows that the linear system [13] can bewritten as :

p p p p p 1 1 1 22 2 3 1

1 1 1

1 2 1 3 1 1 1 =====2 ~ ~~ ~ ~ .... ~~ ~ ~ .... ~ ~ .... ~ , ~ ~ ~ ....~

,AA A

A A A A AA A A A i A AA A i j i i i i i

i .... φφ φ φ φ φ φ φ φ + − − ≤ ≤ − ≤ ≤ e

[16]By applying properties [15b] it can be easily shown that vector

p = 1Pmax ⋅φ eT

satisfiesequation [16]. Hence,

p = 1Pmax ⋅φ eT

is the invariant probability vector of the matrix

A

.From the structure of matrices

Ak

, after some algebraic manipulations, the followingexpression can be derived

ρ = 1 1 01

P iai jij max j j ( )∞∑∑ = =

[17a]Thus, system stability requires that

1 1 1 0 1 P iai jij max j j ( )∞∑∑ < = =

[17b]This relation can be easily interpreted. In fact, terms in brackets represent the averagenumber of cells arriving at the tagged station between two consecutive embeddingpoints; clearly this number must be less than

Pmax

, i.e. the amount of bandwidthreserved for the tagged station. Throughout condition [17b] will always hold.

- 20 -4.2. Computation of the steady state queue length distribution.Following the standard methodology for the solution of an M/G/1-type Markov chain,our first step was to calculate the G matrix whose (i,j) entry represents the probabilitythat starting at level K+1 with

R,Ph ( ) = i

the system enters, for the first time, level Kwith

R,Ph ( ) = j

. A general technique to derive the G matrix is the following recursivealgorithm [NEU89]:

G = limn→ ∞ Gn

where

Gn = A0 n = 0

AjGn− 1j j=0∞∑ n > 0

[18]This algorithm can be computationally demanding and hence we used the recursivescheme reported in [LAT94] which gives the same result as [18] but is characterized bya higher order of convergence. According to this scheme it is

G = limn→ ∞ Gn

G1 = I − Aii≥1∑ − 1A0 Gn+1 = I − AiGni− 1 i≥1∑ − 1A0

After computing the

G

matrix, we have to calculate the stationary probability vector

p

of the transition probability matrix

P

. By partitioning

p

in a manner congruent to thepartition of matrix

P

we have

p = p0,p1,p2... [ ]

. To derive the subvector

p0

weapplied the Latouche algorithm ([LAT94]) which requires the solution of the followinglinear system

p0 = p0K p0k =1

where

- 21 -

K = Bh h=0 ∞∑ G^h k = e + Bi G^km 0≤k≤i− 1∑ i≥1∑ m= I − Ai Gk 0≤k≤i− 1∑ i≥1∑ −^1e

[19]All the other components of vector

p

are obtained by applying the Ramaswamialgorithm ([NEU89], [RAM88])

πi = π0Bi + π jAi+1− j j=1i− 1∑ I − A1( )-1 i ≥ 1

[20]where

An = AiGi− n , Bn = BiGi− n i=n∞∑ i=n∞∑ n ≥ 0

By observing that subvector

pi i ≥ 0 ( )

provides the steady state probability of being atlevel

i

at an embedding point then the steady state distribution of the buffer occupancyis given by

Pq = limn→ ∞ Prob Qn = q { } = limn→ ∞ j=0j∑ Prob Ln = l,Rn = r,Phn = j { }

[21]where

l = qPmax

and

r = q mod Pmax

.5. ResultsThis section discusses the results obtained from the model solution for differentbandwidth allocation schemes. Each bandwidth allocation scheme is characterized bythe value of a parameter

α

defined as the ratio between the portion of bandwidthallocated to the tagged station and the peak rate generated by the tagged station itself.By observing that the peak rate of a VBR (MPEG) video source can be expressed as themaximum number of cells in a frame,

Nmax

, divided by the video frame interarrivalperiod,

Tv

, and that the bandwidth allocated to the tagged station is equal to

Pmax

slotsfor

period, then

α

can be written as

- 22 -

α = PmaxN_{max}

[22]Hence,

α =1.0

identifies a peak allocation while a bandwidth allocation under the peakrate is characterized by a value of

α

less than 1.0.Frame size distributions associated with the video traffic model have been estimatedfrom the MPEG sequence �dino� available at [WUE]. This sequence was obtained bycoding the first 40000 frames (corresponding to a 20 minute duration) of the film�Jurassic Park� with a GoP size of 12

j =12 ( )

. Table 2 shows some statistical data ofthe above sequence. The minimum (

Nmin

), maximum (

Nmax

) and average (

Navg

)number of cells4 per frame together with the ratio between the average and maximumnumber of cells (

Navg Nmax

) are reported both for the entire sequence and for I, B andP frames only. The ratio

Navg Nmax

computed on the entire sequence provides theminimum value for

α

which guarantees system stability.Frametype

Nmin

(cells)

N max

(cells)

N avg

(cells)

Navg Nmax

ALL331234.550.11

I46312143.920.46

B318119.520.11

P420338.140.18

Table 2: Statistical data of the �dino� sequence._____________________________________Link capacity = 150 Mbit/sSlot size = 48 payload + 5 control bytesSlot duration » 2.83 msecLength of each ring = 5 slots » 2.8 Km_____________________________________Table 3: Network parameter values.In our analysis the network capacity was assumed to be equal to 150 Mbit/sec, whilethe length of each ring was set to 5 slots corresponding to 2.5 ‚ 3 km. These values are

4 Cell size is assumed to be equal to the ATM cell size, i.e., 48 payload bytes and 5 control bytes.

- 23 -typical for a LAN environment. The list of all operation parameters characterizing thenetwork configuration is reported in Table 3.

10-1210-1010-810-610-410-2100050100150200250300

Complementary Distribution FunctionQueue Length (cells)a=1.0a=0.8a=0.6a=0.5a=0.4a=0.3Figure 10: Complementary distribution function of the buffer occupancy.Figure 10 shows the Complementary Distribution Function (CDF) of the queue lengthat the tagged station as a function of the

α

value. As expected, the buffer occupancydramatically increases as the portion of bandwidth allocated to the tagged stationdecreases.ProbabilityQuantiles(a=1)

1− 10 − 2 0 1− 10 − 4 0 1− 10 − 5 16 1− 10 − 6 1− 10 − 7

1− 10 − 8

1− 10

− 9

1− 10

− 10

16Table 4: Quantiles of the buffer occupancy distribution for

α =1

.

- 24 -An interesting point to analyze is the influence of the asynchronous traffic on thebehaviour of the tagged station. Clearly, when

α =1

(i.e., peak allocation) and theasynchronous traffic is disabled, it can easily be proved that the queue length, atembedding points, is null with probability 1. In fact, as embedding points are locatedjust before video frame arrivals, this means that each video frame is completelytransmitted before the next frame arrival. Hence, a buffer size equal to the maximumvideo frame size guarantees no cell loss.On the other hand, Table 4, which reports quantiles of the buffer occupancy for

α =1

,highlights that, even under a peak allocation, when the asynchronous traffic is enabledan additional buffer is needed to reduce cell losses to an acceptable level.6. Reliabilty of the video traffic modelAs already stated, MPEG video sequences exhibit correlations over a wide range oftime scales. On the other hand, the video traffic model used in our analysis onlycaptures the short-term correlations introduced by the GoP pattern in the MPEG codingalgorithm. Figure 10 highlights that the tagged station buffer occupancy increasessignificantly when

α

decreases. This means that, for low

α

values the influence ofmedium and long-term correlations can no longer be neglected. Thus, it can bereasonably expected that the traffic model provides optimistic predictions when

α

drops below a certain threshold.In order to assess the range of

α

values where results provided by the MPEG videotraffic model can be assumed as being reliable we estimated the tagged station bufferoccupancy using �trace-driven� simulation. Specifically, we simulated the MetaRingnetwork by again using the worst-case network model derived in Section 3.1. However,it was faded by the real �dino� sequence instead of the video traffic model.A comparison of the quantiles of the buffer occupancy is shown in Table 5 and islimited to probability values up to

1− 10− 4

due to the limited size of the videosequence5. As can be seen, analytical results and simulative estimates agree perfectlyfor

α

values less than or equal to 0.5, start diverging when

α = 0.4

, and completelydisagree for lower

α

. Specifically, for low

α

values (i.e.,

α ≤ 0.4

), as expected, thevideo traffic model provides optimistic predictions.

5The lack of large sets of empirical data is another problem that makes the modeling of VBR video trafficdifficult.

- 25 -�Dino� TraceModel

Probabilitya=.9a=.6a=.5a=.4a=.3a=.9a=.6a=.5a=.4a=.3

1− 10

− 1000028000022

1− 10

− 2063872114063868102

1− 10

− 30488013547004880110148

1− 10 − 4 1510914020372115108142172204

Table 5: Comparison of quantiles of the buffer occupancy obtained by analysis andtrace-driven simulation.The model reliability region, i.e., the range of

α

values where analytical resultsmatches simulative estimates, can also be assessed by using the following methodologybased on the busy time distribution of the tagged station buffer.The busy-time is defined as the duration in which the buffer is not empty and, as such,it increases as

α

decreases. Dependencies between video frames separated by a timeinterval greater than the maximum busy-time can obviously be neglected by the videotraffic model without affecting the accuracy of the analysis. In fact, the systemregenerates itself before these dependencies can produce their effects.Hence, from the estimation of the busy time distribution (by means of trace-drivensimulation) it is possible to identify the temporal range within which correlations mustbe captured by the video traffic model in order to obtain reliable results.Alternatively, given a video traffic model, it is possible to establish the minimum

α

value for which the video traffic model still provides useful information. This occursuntil the maximum estimated busy-time is less than the range of correlation captured bythe modelAs the video traffic model used in our analysis only captures the short-term correlationsintroduced by the GoP pattern and the GoP size is equal to 12, according to theprevious methodology, it still provides good results until the busy time (expressed inthe number of consecutive video frame arrivals) is less than 12.Quantiles of the busy-time distribution estimated by trace-driven simulationexperiments for different

α

values are reported in Table 6. Time is expressed innumbers of video frame arrivals. Hence, a busy-time equal to zero indicates that thebuffer becomes empty before the next video frame arrival.

- 26 -Probabilitya=.5a=.4a=.3

1− 10_{− 1}001

1− 10_{− 2}112

1− 10

− 3125^{1− 10− 4}25351622103

Table 6: Quantiles of the busy-time distribution for different

α

values.On the basis of the above methodology, the results shown in Table 6 confirm that theminimum

α

value for which the traffic model still provides useful results is

α = 0.5

.Due to the low value of the

Navg Nmax

ratio (i.e., average to peak bit rate ratio)exhibited by MPEG video sequences (in the order of 0.1 as shown in Table 2), setting

α = 0.5

probably does not absolutely identify the optimal bandwidth allocation scheme.Hence, more complicated MPEG video traffic models capable of capturing medium andlong range correlations would be required to extend the analysis to lower

α

values.Unfortunately, due to their complexity, such models ([ROS94a], [ROS94c], [GAR93])are not analytically tractable and hence are only useful for simulation.7. ConclusionsThis paper has focused on the problem of selecting the optimal bandwidth allocationscheme for MPEG video transport on a MetaRing LAN. The QoS (i.e. the queue lengthdistribution) experienced by MPEG video users was derived as a function of thebandwidth allocation scheme adopted. As VBR video users only tolerate packet lossrates in the order of

10− 9

and less, and to overcome the complexity of the MetaRingMAC protocol, the problem was addressed by analyzing a simplified �worst case�network model. This network model was faded by an MPEG video traffic model whichonly captures short range correlations. Hence, as soon the bandwidth allocation schemeis such that effects of long term correlations cannot be neglected the results obtained areno longer reliable.To assess to what extent the video traffic model still provides useful information, amethodology based on the busy time distribution of the buffer occupancy wasintroduced.According to this methodology, the MPEG video traffic model still provides accurateresults until the portion of bandwidth allocated to each video source is greater than or

- 27 -equal to 50% of the peak rate. As the average to peak bit rate ratio exhibited by MPEGvideo sequences is in the order of 10% an analytically tractable MPEG video trafficmodel capable of capturing correlations over more time scales could be very useful tofully exploit burstiness in MPEG video sequences. This will be the subject of furtherstudy.Appendix - Proofs of ClaimsThis appendix reports the proof of claims in Section 3.Claim 3.1In the scenario under consideration, if a video frame arrival occurs while theasynchronous transmission is enabled then station

S1

observes the first empty slot aftera time interval

BAS ≤ 2TRING +dAS,1

[2]since the video frame arrival. In [2]

dAS,1

is the distance (in slots) of station

S1

fromthe furthest asynchronous station (

AS01( )

in Figure 1).Proof. The claim is easily proved by observing that the unluckiest situation for station

S1

occurs when the ASINC_EN(GR) is released by station

itself immediately beforethe video frame arrival. Hence, the ASINC_EN attribute will be changed to YL at mostafter

TRING

time slots since the frame arrival. Another

interval will, at most,elapse before all the asynchronous stations are inhibited. Eventually, the first emptyslot will be observed by the first synchronous station (

S1

) after a further time intervalequal to

dAS,1

.Claim 3.2If the asynchronous traffic transmission is enabled when a video frame arrives thencondition

Bi i=1N∑ ≤ Tv − 3TRING

[3]implies that all the synchronous stations complete the transmission of their quota beforethe next video frame arrival.

- 28 -Proof. To prove the claim it is sufficient to consider the order in which synchronousstations access the medium. As stated in claim 3.1)

S1

begins to transmit

BAS

time slotsafter the frame arrival. As soon as station

S1

has completed its quota it refrains fromtransmitting new cells. Thus, after a delay equal to

d1,2

, empty slots are observed bystation

S2

which can thus transmit its quota. Then, after time interval

d2,3

it is station

S3

’s turn, and so on. The tagged station, which is the last station to observe emptyslots, should complete the transmission of its quota exactly

BAS + Bii=1N∑ + di,i+1 i=1N− 1∑

timeslots after the video frame arrival. Hence, the tagged station actually transmits thewhole quota of preallocated slots if the following condition holds

BAS + Bii=1N∑ + di,i+1

i=1N− 1∑ ≤ Tv

or, equivalently

Bi i=1N∑ ≤ Tv − BAS + di,i+1 i=1N− 1∑

.Please note that conditions

BAS ≤ 2TRING +dAS,1

and

dAS,1 + di,i+1

i=1N− 1∑ ≤ TRING

together imply

BAS + di,i+1

i=1N− 1∑ ≤ 3TRING

.Hence, as condition

i=1N∑ ≤ Tv − 3TRING

, implies

Bi i=1N∑ ≤ Tv − BAS + di,i+1 i=1N− 1∑

theclaim is proved.Claim 3.3If condition [4a] holds and

j = 0

then the transient period lasts just one

Tv

period andduring this interval the tagged station observes a number of empty slots given by

′BN = BN − BAS + di,i+1 i=1N− 1∑ ≥ BN − 3TRING

[5]Proof. To prove the claim we will make use of Figure 11 which shows the behaviour ofeach synchronous station. In this figure synchronous stations indices are reported onthe vertical axis, while time is represented on the horizontal axis. Each stationalternates between transmission periods (represented by solid lines) and periodsduring which it is not transmitting (dotted lines). A station may refrain from

- 29 -transmitting either because it is observing busy slots or because its quota has beenexhausted.At time instant

t0

, when the video frame arrival occurs, the asynchronous traffictransmission is enabled. Hence, as stated by [2], station

S1

observes the first empty slotafter a time interval equal to

BAS

. From that point in time onward, all the stations butthe tagged one, in turn, transmit their quota of cells and then stop. The tagged station isstill transmitting its quota when the next video frame arrives. Hence, as can be verifiedby Figure 11, the tagged station transmits only

′BN = BN − BAS + di,i+1 i=1N− 1∑

cells inthe time interval

t0, t0 + Tv ( ]

. The inequality in [5] immediately follows from [2](

BAS ≤ 2TRING +dAS,1

) by observing that

dAS,1 + di,i+1

i=1N− 1∑ ≤ TRING

and hence

BAS + di,i+1

i=1N− 1∑ ≤ 3TRING

._{BASS1S2S3Sn 0tframearrival 0t +Tv +2Tv0tB3B1 B2 B3B2framearrival framearrivalB’N}Figure 11: Synchronous station behaviour when

j = 0

and condition [4a] holds.To completely prove the claim it is now sufficient to show that, starting from time

t0 + Tv

, the tagged station achieves its quota of slots during each

Tv

interval. This canbe accomplished by observing that at time

t0 + Tv

all the stations have cells in thebuffer and the asynchronous traffic is disabled (due to the Thres=0 and r=0assumptions). Furthermore, immediately after the same time instant, each stationobserves a number of empty slots equal to its distance from the closest upstreamsynchronous station. Hence, all stations experience an initial period of transmission asshown in Figure 11. Then stations from

S2

to

SN

stop, while

S1

continues to transmituntil its quota

B1

has been exhausted and then stops. Hence, empty slots are observedby station which can complete its quota

B2

. Then it is station

S3

’s turn and so on.Eventually empty slots are observed by the tagged station. The tagged station has a

- 30 -credit of

BN − ′BN

slots from the previous

Tv

period and thus, in principle, it shouldtransmit

BN − ′BN ( )+ BN

slots in the period

t0 + Tv, t0 +2Tv ( ]

. In practice, due to [1]the tagged station only achieves

BN

slots in this period and thus, the credit is traded tothe following periods.Starting from time

t0 +2Tv

, during successive

Tv

intervals each station behavesexactly like in the time interval

t0 + Tv, t0 +2Tv ( ]

unless the tagged station bufferbecomes empty before the next video frame has arrived. The claim is thus proved.Claim 3.4If condition [4b] holds and

j = 0

then the transient period lasts two

Tv

periods. In theformer period the tagged station observes no empty slots, while in the latter it achievesa number of slots equal to

′BN = Tv − Bii=1N− 1∑ − dN− 1,N + Tv − BAS − Bii=1N− 1∑ − di,i+1i=1N− 2∑

[6]Proof. The claim that the tagged station observes no empty slot during the first

Tv

period follows directly from conditions [4b] and

j = 0

.To prove [6], observe that at time

t0 + Tv

all the stations have cells in the buffer andthe asynchronous traffic is disabled. Furthermore, immediately after time instant

t0 + Tv

each station but the tagged one observes a number of empty slotscorresponding to its distance from the closest upstream synchronous station. On theother hand, it can be verified that the tagged station observes a number of slots equalto

Tv − BAS − Bii=1N− 1∑ − di,i+1i=1N− 2∑ < dN− 1,N

[6a]Hence, from

t0 + Tv

on, each synchronous station behaves as in Figure 11 with theonly difference that, immediately after time instant

t0 + Tv

, the tagged station observesa number of empty slots less than

dN− 1,N

.Specifically, stations from

S2

to

SN

experience a second period of transmission and itcan be verified that, during this second period, the tagged station observes a number ofempty slots given by

Tv − Bii=1N− 1∑ − dN− 1,N

[6b]

- 31 -Furthermore, in the following

Tv

periods the tagged station always observes a numberof empty slots equal to its quota until its buffer becomes empty before the next framearrival.Claim 3.5If

Bi = B i =1,2,...N ( )

,

Bi i=1N∑ = NB = Tv

and

B

is such that condition [4a] holds with

j =1

then the number of empty slots observed by each synchronous station insuccessive intervals of duration

Tv

is as reported in Table 1 where

′B = Tv − BAS − N − 2( )B− di,i+1i=1N− 2∑

[7]

′′B = ′B − dN− 1,N

[8]Proof. To prove claim 3.5 we will make use of Figure 11 which shows the behaviour ofeach synchronous station._{S1S2}Sn_{0tframearrival 0t +Tv +2Tv0tframearrival 0t}Sn-1_{BAS framearrival framearrival+3TvB B} B’ B"Figure 12: Synchronous station behaviour when the quota is the same for eachsynchronous station and such that condition [4a] holds with

j =1

.By hypothesis,

SN− 1

is the station that is still transmitting when the video frame arrivesat time instant

t0 + Tv

. Let

′B

be the number of empty slots observed by

SN− 1

duringthe interval

(t0,t0 + Tv]

. Figure 12 highlights that the following relation must besatisfied during interval

(t0,t0 + Tv]

Tv = BAS + N − 2( )B+ di,i+1i=1N− 2∑ + ′B

and hence [7] immediately follows.Similarly, with reference to the interval

(t0 + Tv,t0 +2Tv]

the following relation musthold

- 32 -

T_v = N − 2 ( )B+ 2B− ′B ( )+d_{N− 1,N} + ′′B

which implies [8] after some algebraic manipulations and taking into account that

NB = Tv

.Eventually, since station

SN− 1

has no more credits from previous intervals, startingfrom the interval

(t0 +2Tv,t0 +3Tv]

all the station transmit their quota. This situationlasts until the tagged station buffer becomes empty before the next frame arrival.Claims 3.6If the tagged station quota is

BN ≥ 3TRING

[9]and under the hypothesis that all the available bandwidth is allocated, i.e.,

Bi i=1N∑ = Tv

[10]then conditions underlying claim 3.3 ([4a] with˚

j = 0

) hold.Proof. Observe that for

condition [4a] becomes

Bi i=1N− 1∑ ≤ Tv − BAS − di,i+1 i=1N− 1∑ < Bii=1N∑

[23]Therefore we have to prove that [9] and [10] together imply [23]. The secondinequality in [23] immediately follows from [10] by observing that

Tv − BAS − di,i+1 <

i=1N− 1∑ Tv = Bii=1N∑

To prove the first inequality note that [10] can be written as

Bi i=1N− 1∑ = Tv − BN

andhence, by [9]

Bi i=1N− 1∑ ≤ Tv − 3TRING

[24]By claim 3.1 it is

BAS ≤ 2TRING +dAS,1

. Furthermore, Figure 1 highlights that

dAS,1 + di,i+1

i=1N− 1∑ ≤ 3TRING

. By merging together the latter two relationships we obtain

- 33 -

B_{AS} + d_{i,i+1} i=1 N− 1∑ ≤ 3T_{RING}

and hence

Tv − BAS − di,i+1 i=1 N− 1∑ ≥ Tv − 3TRING

. Byintroducing this relationship into [24] it yields

Bi i=1N− 1∑ ≤ Tv − 3TRING ≤ Tv − BAS − di,i+1i=1N− 1∑

which proves the first equality in [23] andhence, the claim .References[BLE96]N. Blefari-Melazzi, �Modelling and Analysis of MPEG Video Sourcesfor Performance Evaluation of Broadband Integrated Networks�,International Zurich Seminar IZS�96, Zurich (CH), February 1996; alsoin Lecture Notes in Computer Science, No. 1044.[CID93]I. Cidon, Y. Ofek, "MetaRing, a Full Duplex Ring with Fairness andSpatial Reuse", IEEE Transaction on Communications, Vol. 41, No. 1,January 1993.[GAR93]M. W. Garrett, "Contributions Toward Real-time Services on PacketSwitched Networks", PhD thesis, Columbia University, 1993.[LAT94]G. Latouche, "Newton’s Iteration for Non-linear Equations in MarkovChains", IMA J. of Numerical Analysis, 1994 (14), pp 583-598.[LEG91]D. Le Gall, �MPEG: A Video Compression Standard for MultimediaApplications�, Communication of the ACM, Vol. 34, No. 4, pp. 46-58,April 1991.[MOT94]P. Motta, "Integrazione dei Servizi nel MetaRing: Valutazione dellePrestazioni", (in Italian), Laurea thesis, University of Pisa, Pisa (I), 1994.[NEU89]M. F. Neuts, "Structured Stochastic Matrices of M/G/1 Type and theirApplications", Marcel Dekker, Inc., 1989.[OFE94] Y. Ofek, �Overview of the MetaRing Architecture�, Computer Networksand ISDN Systems, Vol. 26, No. 6-8, March 1994, pp. 817-830.[RAM88]V. Ramaswami, "A stable recursion for the steady state vector in Markovchains of M/G/1 Type", Stochastic Models, 4, pp. 183-188, 1988.[ROS94a]O. Rose, M. R. Frater, "A comparison of models for VBR video trafficsources in B-ISDN", in IFIP Transactions C-24: BroadbandCommunications, II, pages 275-287, North Holland, 1994.[ROS94b]O. Rose, M. Ritter, �MPEG-Video sources in ATM-Systems - A newapproach for the dimensioning of policing functions�, Submitted to the

- 34 -International Conference on Local and Metropolitan Communicationsystems: LAN & MAN, December 1994, Kyoto, Japan.[ROS94c]O. Rose, �Delivery of MPEG Video Services over ATM�, Institute ofComputer Science Research Report Series 86, University of W�rzburg,W�rzburg (D), January 1994.[ROS95a]O. Rose, "Statistical properties of MPEG video traffic and their impacton traffic modelling in ATM systems", Proceedings of the 20th AnnualConference on Local Computer Networks, Minneapolis (USA), October1995.[ROS95c]O. Rose, "Simple and Efficient Models for Variable Bit Rate MPEGVideo Traffic", Institute of Computer Science Research Report Series120, University of W�rzburg, W�rzburg (D), July 1995.[WU92]H. T. Wu, Y. Ofek, K. Sorhaby, "Integration of Synchronous andAsynchronous Traffic on the MetaRing Architecture and its Analysis",Proceedings of ICC�92, to appear on IEEE/ACM Transactions onNetworking.[WUE]MPEG video sequence available via anonymous ftp at IP address ftp-info3.informatik.uni-wuerzburg.de, file/pub/MPEG/traces/dino.tar.gz