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.inAbstra
tReal-time 
ommuni
ation with performan
e guarantees is be
oming very important to many appli-
ations, like 
omputer integrated manufa
turing, multimedia, and many embedded systems. The timingguarantees required in these appli
ations are not possible without a network proto
ol whi
h supports thetimely and predi
table delivery of messages. Multiple a

ess bus networks are being in
reasingly usedin real-time appli
ations be
ause they are simple, e
onomi
al, and have small propagation delays. Insu
h networks, the nodes have to 
oordinate with one another in order to transmit data and 
ontrolmessages over the shared 
hannel. Though several real-time proto
ols have been proposed for the multi-ple a

ess bus networks, there is no guarantee based proto
ol whi
h addresses the problem of integrateds
heduling of dynami
ally arriving periodi
 (i.e., time triggered) and aperiodi
 (i.e., event triggered)messages. In this paper, we propose two guarantee based proto
ols, EDF and BUS proto
ols, whi
haddress this problem. The proposed proto
ols dynami
ally establish real-time 
hannels for dynami
allyarriving periodi
 message streams and thus ensure predi
table 
ommuni
ation. In our proto
ols, weemploy the 
on
ept of aperiodi
 server for servi
ing aperiodi
 messages. In the simulation studies, theperforman
e metri
s, su

ess ratio (measure of s
hedulability) and 
hannel utilization are used to studythe performan
e of the two proto
ols. It is observed that the EDF proto
ol o�ers higher s
hedulabilityas 
ompared to the BUS proto
ol for periodi
 messages, while the BUS proto
ol o�ers better 
hannelutilization for aperiodi
 messages as 
ompared to the EDF proto
ol.Keywords: Multiple A

ess Network, MAC Proto
ol, Real-Time Channel, Periodi
 and Aperiodi
Messages, Message S
heduling. 1



1 Introdu
tionThe use of distributed 
omputer systems in real-time appli
ations su
h as embedded 
ommand and
ontrol systems, image pro
essing and transmission, automated manufa
turing, and multimedia isbe
oming in
reasingly 
ommon. This is not only due to the nature of the appli
ations, but alsodue to the potential that distributed systems have for providing reliability, resour
e sharing, andextensibility [1, 2, 3℄. Distributed real-time appli
ations are usually realized by exe
uting a numberof 
ommuni
ating tasks, whi
h have deadlines imposed by the 
orresponding mission/fun
tion, onmultiple nodes. Predi
table inter-task 
ommuni
ation is of prime importan
e in real-time systems,be
ause unpredi
table delays in the delivery of the messages 
an a�e
t the 
ompletion time of the tasksparti
ipating in message 
ommuni
ation. Also in multimedia appli
ations, timely delivery of messagesis required to guarantee the bounds on delay and delay jitter in delivering video/audio frames 
onsistentwith human per
eption. The timing guarantees required in these appli
ations are not possible withouta network proto
ol whi
h supports timely and predi
table delivery of messages.In order to support real-time 
ommuni
ation with performan
e guarantees, real-time 
hannels1 areestablished with the spe
i�ed traÆ
 
hara
teristi
s and Quality of Servi
e (QoS) requirements. Thereare two phases in handling real-time 
hannels: (i) Channel establishment (ii) Run-time s
heduling.During the 
hannel establishment phase 
all admission 
ontrol is performed to 
he
k whether enoughresour
es are available to support the new 
hannel without jeopardizing the guarantees of the existingreal-time 
hannels. Run-time s
heduling involves s
heduling of messages, at run time, adhering to theguarantees of the admitted real-time 
hannels.Distributed real-time appli
ations are implemented using either real-time multi-hop networks orreal-time multiple a

ess networks. The main di�eren
e between the two networks is that in multi-hopnetworks ea
h node has to de
ide on whi
h of the multiple links a message has to be transmitted whilein multiple a

ess networks, multiple nodes 
ontend for a single shared 
ommuni
ation 
hannel. Whiles
hemes for 
hannel establishment and run-time s
heduling algorithms have been proposed for real-timemulti-hop networks [4, 5℄, not mu
h work has been done for real-time multiple a

ess networks.Multiple a

ess bus networks are being in
reasingly used, for real-time appli
ations, be
ause theyare simple, e
onomi
al, and their propagation delays are small. In this type of network, the nodestransmit messages via a shared 
hannel. Only one message 
an be transmitted over the 
hannel at anytime. A 
ollision o

urs if at any time two or more messages are simultaneously transmitted on the
hannel. In su
h networks, s
heduling is the responsibility of Medium A

ess Control (MAC) proto
ol,whi
h arbitrates a

ess to the shared medium and determines whi
h message is to be transmitted at1A real-time 
hannel is a virtual 
ir
uit with spe
i�ed QoS guarantees.2



any given time. Collision resolution 
an be done either in a deterministi
 manner or in a probabilisti
manner. Probabilisti
 
ollision resolution proto
ols are not suitable for hard real-time 
ommuni
ation.Several s
hemes [6, 7, 8, 9, 10, 11, 12, 13, 14℄ have been proposed for real-time 
ommuni
ationin multiple a

ess networks and are 
lassi�ed into best e�ort proto
ols or guarantee-based proto
ols.Best e�ort proto
ols (e.g., Virtual Time CSMA [7℄, PB-CSMA [9℄, and many proto
ols dis
ussedin [6, 8, 13℄) aim to provide real-time guarantee to messages in a best e�ort manner by employingprobabilisti
 
ollision resolution. These proto
ols are suitable for soft real-time 
ommuni
ation su
h asvideo transmission, but are not suitable for hard real-time 
ommuni
ation. Guarantee-based proto
ols[10, 11, 12, 14℄ employ admission 
ontrol and ensure that all the admitted messages meet their deadlines,and hen
e are suitable for hard real-time 
ommuni
ation. Among the guarantee-based proto
ols, somesupport periodi
 messages only (e.g., TDMA [6℄; [10℄), some support aperiodi
 messages only (e.g.,[11, 14℄), and others support both periodi
 and aperiodi
 messages (e.g., [12℄). Se
tion 2.3 has adetailed dis
ussion on the guarantee-based proto
ols.In this paper, we propose two guarantee based proto
ols for dynami
 real-time 
hannel establish-ment (to support periodi
 messages) with support for s
heduling of aperiodi
 messages in multiplea

ess bus networks.The rest of the paper is organized as follows. In se
tion 2, we �rst present the requirements of aguarantee based proto
ol and then dis
uss the prior work in the light of these requirements. In se
tion3, we present the 
hannel model and the proposed proto
ols for multiple a

ess bus networks. In se
tion4, we present the simulation results and �nally, in Se
tion 5 we summarize our work.2 Ba
kground2.1 Message ModelIn real-time appli
ations, messages are of two types:� Periodi
 messages: A periodi
 messageMi is 
hara
terized by its servi
e time (
i) and period (pi).
i is the time required for the transmission of one instan
e of message Mi. Periodi
 messagesrequire hard real-time guarantees, whi
h are provided by establishing real-time 
hannels for thespe
i�ed traÆ
 
hara
teristi
s.� Aperiodi
 messages: An aperiodi
 message Mi is 
hara
terized by its arrival time (ai), servi
etime (
i), and deadline (di). For aperiodi
 messages soft guarantees suÆ
e but they require fastresponse time. 3



2.2 Desirable Properties of Real-time MAC Proto
olA real-time MAC proto
ol should:1. support real-time 
hannel establishment,2. provide predi
tability,3. support s
heduling of aperiodi
 messages along with periodi
 messages, and4. be distributed in nature.1. Real-time 
hannel establishment: To provide guaranteed real-time 
ommuni
ation, real-time 
hannels need to be established for the periodi
 messages. The proto
ol should have an asso
iatedadmission test whi
h is to be performed while admitting a periodi
 message stream (s
hedulability
he
king). A real-time 
hannel is established by reserving the resour
es as per the spe
i�ed traÆ

hara
teristi
s of the periodi
 message, if the admission of this 
onne
tion does not jeopardize theguarantees given to the already admitted 
hannels. Sin
e the 
hannel is shared by a number of nodesin the multiple a

ess networks, the nodes need to 
ooperate and 
oordinate with one another (i) fortransmitting 
hannel establishment requests, (ii) for admission test and resour
e reservation, and (iii )for transmission of messages on the real-time 
hannels so that all the messages meet their deadlines.Ea
h node needs to have global state information for performing these fun
tions in a distributedmanner.2. Predi
tability: In many real-time appli
ations su
h as air-traÆ
 
ontrol and multimedia, peri-odi
 message requests for 
hannel establishment arrive dynami
ally. Consequently, one 
annot predi
twhether the messages will meet their deadlines. Therefore, in the 
ontext of s
heduling dynami
allyarriving message streams, predi
tability means that on
e a periodi
 message stream is admitted (i.e.,a real-time 
hannel is established), all the message deadlines of this real-time 
hannel will be met. Theproto
ol should provide bounded response time to a 
hannel establishment request (i.e, time takento de
ide a

eptan
e/reje
tion of a request based on admission test should be bounded) so that somealternate re
overy a
tion 
an be initiated in 
ase the request is reje
ted. This is an important anddesirable property for hard real-time 
ommuni
ation. For example, if a \desirable 
ommuni
ation"requirement (whi
h needs more bandwidth) 
annot be satis�ed by the network, then the request isreje
ted; and if the reje
tion de
ision is made qui
kly in a bounded time, then the appli
ation has theopportunity to initiate a less demanding (i.e., \a

eptable") 
ommuni
ation requirement as a meansto introdu
e gra
eful degradation in system performan
e.3. Integrated s
heduling of periodi
 and aperiodi
 messages: Besides these periodi
 mes-sages whi
h require hard real-time guarantees, the proto
ol should also support s
heduling of aperiodi
messages whi
h may have soft deadlines (a deadline is soft if when missed does not 
ompromise the4



se
urity of the system) or no deadlines at all (for example, 
onventional messages required to keep thesystem running).4. Distributed in nature: Centralized s
heduling systems are prone to single point failure wherethe failure of the 
entral s
heduler paralyzes the entire system. Also, the 
entralized s
heduler in
urssubstantial overhead for giving 
hannel a

ess rights to the nodes. (The 
entralized s
heduler needs tosend some token message whi
h spe
i�es the duration for whi
h the sele
ted node 
an transmit on the
hannel).2.3 Related Work { Guarantee Based Proto
olsUnder guarantee-based 
ommuni
ation, the following proto
ols have been proposed for real-time 
om-muni
ation in multiple bus a

ess networks. For ea
h proto
ol, its strengths and weaknesses aredis
ussed.� Guarantee-based proto
ols for s
heduling of aperiodi
 messages in LAN and Swit
hed LAN envi-ronments have been proposed in [11, 14℄. These proto
ols do not support s
heduling of periodi
messages.� A guarantee based proto
ol for s
heduling of periodi
 messages in multiple a

ess bus networkshas been proposed in [10℄. It is a 
entralized proto
ol and is suitable for networks whi
h have a
ontrol unit for 
ontrolling a

ess to the shared link (e.g. Field Bus). In this proto
ol, the 
ontrolunit uses tokens to grant 
hannel a

ess rights to the admitted real-time 
hannels. This proto
oldoes not address the issue of predi
tability. Moreover, it does not support integrated s
heduling ofperiodi
 and aperiodi
 messages. Also it su�ers from the disadvantages of a 
entralized proto
ol,namely, token overhead for a

ess 
ontrol of the link by the nodes and vulnerability of the
entralized 
ontrol unit.� A 
entralized s
heduling algorithm for s
heduling of periodi
 and aperiodi
 messages has alsobeen proposed for the ba
kplane bus of a workstation [17℄. In the workstation, instant globalknowledge of all the messages 
ontending for the ba
kplane bus is available through separatehard-wired 
ontrol 
hannels. The bus is not used for ex
hanging 
ontrol information. Hen
ethis s
heduling algorithm 
annot be used as su
h for multiple a

ess networks, in whi
h globalstate information (
ontrol messages) needs to be 
olle
ted using the same 
hannel that is usedfor message transmission.� The proto
ol proposed in [12℄ extends TDMA with the 
on
ept of shared 
hannels to supportboth periodi
 and aperiodi
 messages. Though this work [12℄ does not expli
itly address the issueof providing bounded response time for 
hannel establishment, it 
ompliments our work.5
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Figure 1: A multiple a

ess bus networkFrom the above dis
ussion, it 
an be noted that there is no proto
ol that addresses all the fourrequirements of a guarantee based real-time MAC proto
ol. This motivated us to propose guaranteebased proto
ols for integrated s
heduling of periodi
 and aperiodi
 messages in multiple a

ess busnetworks. In the next se
tion we present the 
hannel model and the proposed proto
ols.3 Proposed Proto
ols3.1 Channel Model� A population of N nodes share the 
hannel, as shown in �gure 1.� There is a �nite 
hannel propagation delay.� Channel a

ess is slotted. Transmission 
an start only at the beginning of a slot.� The slot time is equal to the maximum end-to-end round trip delay for a bit. In Carrier SenseMultiple A

ess (CSMA) proto
ols, this is the time required for a node to be 
ertain that it hasthe sole a

ess to the 
hannel.� Carrier sensing is instantaneous. Ea
h node is 
apable of dete
ting an idle slot, a su

essfultransmission, and a 
ollision as in CSMA based proto
ols.� All the nodes monitor the a
tivity on the shared 
hannel.3.2 Proposed Proto
olsWe have proposed two proto
ols EDF proto
ol and BUS proto
ol. These proto
ols are distributed innature with ea
h node exe
uting the same algorithm. The proto
ol alternates between two phases:6



� Reservation Phase: During this phase, resour
es are reserved (i.e., real-time 
hannels are estab-lished) for 
hannel establishment requests (periodi
 messages) that pass the admission test.� Transmission Phase: During this phase, the nodes transmit messages on the real-time 
hannelsso as to guarantee the deadlines of all the admitted messages.The proposed proto
ols have the following 
omponents:� Request Server (RS): This is a periodi
 server used for 
olle
ting 
hannel establishment requestsand aperiodi
 message requests and for giving bounded response time to 
hannel establishmentrequests. RS is a
tivated during the reservation phase of the proto
ols. RS is responsible formaking known the 
hannel establishment requests globally to all the nodes in an ordered fashionso that the admission test 
an be performed and resour
es reserved for 
hannels that pass theadmission test. The server 
on
ept has been borrowed from the task s
heduling algorithms thatuse an aperiodi
 server [15℄ for exe
uting aperiodi
 tasks.� Aperiodi
 Server (AS): This is also a periodi
 server used for servi
ing aperiodi
 messages.� Admission Tests: There is an asso
iated admission test with ea
h proto
ol for 
all admission
ontrol of real-time 
hannels.� Run-time S
heduling: The run time s
heduling algorithms, for the EDF and BUS proto
ols, arebased on the Earliest Deadline First (EDF) algorithm [16℄ and ba
kplane bus s
heduling algorithm[17℄, respe
tively. These algorithms are used during the transmission phase of the proto
ols.In the proposed proto
ols, real-time 
hannel establishment and the predi
tability requirement ofreal-time MAC proto
ols are taken 
are of by RS. Integrated s
heduling of periodi
 and aperiodi
messages is supported by the AS. Also the proto
ols are distributed in nature, thus satisfying all theproperties of a real-time MAC proto
ol.3.3 Request Server (RS)The RS is a periodi
 server responsible for giving (i) bounded response time to real-time 
hannel es-tablishment requests, and (ii) for 
olle
ting global state information without in
urring mu
h overhead.During the a
tivation of RS, message noti�ers are transmitted. The noti�er 
ontains information su
has, type of request - periodi
/aperiodi
, 
omputation time, period/deadline, and node number of themessage sour
e. One slot is required for transmission of a message noti�er. Sin
e all the nodes monitorthe 
hannel, and the 
hannel is a broad
ast medium, all the nodes get to know about the message traÆ
at the other nodes through these message noti�ers. For 
olle
ting 
hannel establishment requests, ea
h7



node should get to broad
ast at least one message noti�er (if any) per server period (i.e., servi
e timeshould be at least N slots where N is the number of nodes in the network). The period of the serverdetermines the response time to 
hannel establishment requests. The 
hannel bandwidth alloted to RS(whi
h is proportional to servi
e time=period), represents the overhead in
urred for obtaining globalstate information. Sin
e the message arrivals at the nodes is random and bursty, stati
 reservation ofone slot for ea
h node per server period would result in large overhead for 
olle
ting message trans-mission requests. Hen
e we have used a limited 
ontention proto
ol, a CSMA/CD based proto
ol withDeterministi
 Collision Resolution (DCR), the preorder DCR proto
ol [18℄ for transmitting messagenoti�ers. Preorder DCR proto
ol is an eÆ
ient proto
ol wherein when the load is light, say, only onemessage is ready in the entire network, then only one slot of RS is used and the remaining slots 
anbe used for transmission of messages. When the load is heavy, 
ollision is resolved deterministi
allyto bound the worst 
ase 
hannel a

ess delay, giving every node a 
han
e to broad
ast at least onemessage noti�er in one RS period.3.3.1 Preorder DCR Proto
olIn this proto
ol, the nodes of the multiple a

ess network are stati
ally mapped to the verti
es of abinary tree. Initially, the root node and all its 
hild nodes in the tree whi
h have a message are eligibleto transmit. The nodes exe
ute the preorder tree traversal based DCR proto
ol. The re
ursive preorderDCR proto
ol is given below:PreorderDCR(root)1. In the 
urrent slot, root node and all its 
hildren are eligible to transmit and nodes with messages
ontend for the 
hannel.2. If there is no 
ollision, transmission is su

essful, return.3. If there is 
ollision,(a) the next slot is reserved for transmission of message noti�er by the root node.(b) PreorderDCR(leftsubtree)(
) PreorderDCR(rightsubtree)Servi
e time of RS: The number of slots required so that all nodes get to transmit/broad
ast amessage noti�er (in the worst 
ase when all the nodes have a message request) is (3 �N=2) slots whereN is the number of nodes in the network. Given the servi
e time requirement of the RS, its period 
anbe determined in two ways. 8
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Figure 2: A node in the multiple a

ess network� Fix the per
entage of overhead due to the RS. In this 
ase the period is given by the expressionservi
e time of server(per
ent overhead * 
hannel bandwidth)� Fix the worst 
ase 
hannel a

ess delay for a request noti�
ation. This time gives the periodof the RS and using the above mentioned expression, per
entage of overhead due to RS 
an be
omputed.3.4 Aperiodi
 Server (AS)The AS servi
es the noti�ed aperiodi
 requests. The servi
e 
ould be either guaranteed servi
e forwhi
h the guarantee based DCR proto
ol [14℄ 
an be used or 
ould be a best e�ort servi
e. In thebest e�ort servi
e 
ategory, the servi
e poli
y 
an be either fairness oriented, where the AS bandwidthis fairly given to all the 
ontending nodes, or aimed at maximizing throughput of aperiodi
 messages.The per
entage of bandwidth reserved for aperiodi
 traÆ
 is appli
ation dependent. The servi
e timeand period of the server 
an be �xed based on the requirements of the appli
ation.
9



3.5 Proto
ols Des
riptionThe aperiodi
 and periodi
 messages are generated in ea
h node by the appli
ation running on thenodes of the network. Ea
h node maintains two queues (lo
al) for storing the lo
al periodi
 (PQ) andaperiodi
 message (RQ) noti�ers, as shown in Figure 2. A message noti�er has to be broad
ast beforethe transmission of the a
tual message. Ea
h node also maintains two global queues, aperiodi
 queue(RQ) for storing the aperiodi
 message noti�ers whi
h have been broad
ast su

essfully on the 
hanneland periodi
 queue (PQ) for storing the noti�ers of admitted real-time 
hannels (periodi
 messages).The RS and AS noti�ers, whi
h are permanent real-time 
hannels, are put in the global queue of ea
hnode. The periodi
 message requests are maintained in arrival time ordered queue. Transmission ofone instan
e of a periodi
 message should be 
ompleted before the arrival of the next instan
e, sin
edeadline of message equals the period of the message stream. In the EDF/BUS proto
ol, 
hannel a

essrights are given to the real-time 
hannels for say, n slots, based on the EDF/BUS run-time s
hedulingalgorithms (presented later in this se
tion). Ea
h node exe
utes the following proto
ol, on
e a real-time
hannel, RT
hannel, has been 
hosen by the EDF/BUS s
heduling algorithm.Proto
ol(RT
hannel,n) /* RT
hannel spe
i�es the 
hannel whi
h has a

ess rights to the multiplea

ess bus for n slots */1. If RT
hannel = RS, then(a) Transmit message noti�ers from the lo
al queues with priority to periodi
 message noti�ersover aperiodi
 message noti�ers as per the preorder DCR proto
ol, until a slot goes idle orRS servi
e time is exhausted.(b) If su

essful(noti�er transmission) and noti�er is an aperiodi
 message noti�er then insertit in the aperiodi
 global queue.(
) else if su

essful(noti�er transmission) and noti�er is a periodi
 message noti�er theni. result = Admit(noti�er) /* Perform admission test using the appropriate EDF/BUSproto
ol admission test */ii. If result = su

ess thenA. Insert noti�er in global periodi
 queue.B. Reserve resour
es for this real-time 
hannel and update system utilization informa-tion.iii. else reje
t the request.2. else if RT
hannel = AS, then 10



(a) Grant 
hannel a

ess rights to messages in global aperiodi
 queue based on predeterminedaperiodi
 message servi
e poli
y/proto
ol.3. else give 
hannel a

ess rights to the node whi
h is the sour
e of the real-time 
hannel.When a node wishes to tear down the real-time 
hannel after 
ompleting transmission of all instan
esof this periodi
 message stream, the node transmits 
hannel termination request as the last message onthis 
hannel. All the nodes then update their global periodi
 queue and 
hannel utilization informationa

ordingly.When none of the periodi
 messages are using the 
hannel (no message is ready in the globalperiodi
 queue), then in the idle 
hannel time, aperiodi
 messages (if any) are servi
ed. In the eventof aperiodi
 message queue also being empty, the RS is a
tivated whi
h polls for new messages.We see that, when the system load is light, these proto
ols behave like a 
ontention based proto
ol,sin
e RS whi
h follows a CSMA/CD based DCR proto
ol is a
tive in idle time. When the system loadis heavy, the 
hannel is granted to the admitted requests without any 
ollisions based on the EDF/BUSpoli
y. Thus the proto
ols adapt well to the system load.When the load is heavy, admission test for a 
hannel establishment request 
an be performedimmediately based on the 
hannel utilization information at the node and the test result 
ommuni
atedto the appli
ation. The request 
an be reje
ted if already other 
hannel establishment requests arequeued in the periodi
 queue of the node. Similarly if the system load is light, RS would be a
tivatedwhen the 
hannel is idle and hen
e the request 
an be broad
ast, and 
hannel established if it passesthe admission test. Hen
e on the average the response time to 
hannel establishment requests is mu
hless than the period of the RS.3.6 EDF Proto
olThe nodes follow the EDF algorithm of serving the earliest deadline �rst message in the global periodi
queue. EDF [16℄ is a dynami
 priority s
heduling algorithm that always s
hedules the message withthe earliest deadline, preempting any 
urrently s
heduled message if required. Preemption of messagestakes pla
e at pa
ket boundaries. Sin
e in multiple a

ess networks, there is no 
ounterpart of theinterrupt me
hanism of pro
essor system, (to signal preemption of the exe
uting task when a newtask with earlier deadline arrives) this fun
tion is emulated. The earliest deadline message among theperiodi
 messages ready for transmission is the one whi
h gets a

ess rights to the 
hannel. If themessage requires the 
hannel a

ess rights for, say, n slots then all message noti�ers, in the globalperiodi
 message queue, whose ready times are less than the 
urrent time plus n� are examined, where� is one slot time. If any of the messages has a deadline earlier than the 
urrent message then the11




urrent message is split into two parts: the �rst part of the message is transmitted till the arrival timeof a new message (whi
h needs to preempt the 
urrent message) and the se
ond part of the messagewith the remaining servi
e time is inserted ba
k into the queue as a new message.Admission TestA periodi
 message is admitted if it satis�es the following 
ondition:util
urr + utilnew � 1where util
urr is the 
urrent utilization of the 
hannel and utilnew is the 
hannel utilization requirementof the new message, given by the expression:utilnew = maximum message size/slot sizeperiod of the message/slot time(�)Algorithm EDF /* Messages are maintained in as
ending order of ready time */1. Find the earliest deadline message, m, among the messages whose ready times are less than timet, in the global periodi
 queue.2. If no message is ready for transmission then,(a) If global aperiodi
 queue is not empty then,i. Create AS instan
e with AS:servi
e time = d(first message:ready time � t)=�e andAS:ready time = t.ii. m = AS(b) elsei. Create RS instan
e with RS:servi
e time = d(first message:ready time � t)=�e andRS:ready time = t,ii. m = RS.3. n = m:servi
e time4. Find the earliest deadline message, m1, among the messages whose ready times are less than(t+ n�).5. If m1:deadline < m:deadline then,(a) Split n into two parts su
h that �rst part n1 = minimum(n, d(m1:ready time� t)=�e) andse
ond part n2 is (n� n1).(b) Give 
hannel a

ess to the real-time 
hannel for n1 slots12
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Figure 3: Bus arbitration - ba
kplane bus of workstation(
) Insert the message withm:servi
e time = n2 in the global periodi
 queue in the appropriateposition based on ready time order.6. else give 
hannel a

ess to the real-time 
hannel for n slots.3.7 BUS Proto
olIn this se
tion, we present our BUS proto
ol whi
h is based on ba
kplane bus s
heduling algorithm[17℄ and uses RS for request 
olle
tion and AS for servi
ing aperiodi
 messages.3.7.1 Overview of Ba
kplane Bus Proto
ol [17℄A multimedia workstation 
onsists of a number of hardware units that are 
onne
ted together by apa
ket bus as shown in Figure 3. Every unit has a Bus Interfa
e Unit (BIU) that 
onne
ts it to thepa
ket bus. The output bu�er of BIU 
onsists of two parts: periodi
 queue (PQ) and aperiodi
 queue(RQ). Ea
h queue has its own request (BR) and grant (BG) signals that are used by the BIU forarbitration. A Bus Arbiter (BA) resolves the 
ontention among the units. The BA exe
utes a servi
ealgorithm periodi
ally with a period of N time slots (time slot is one pa
ket transmission time) 
alledthe bus servi
e 
y
le time whi
h is mu
h larger than the period of any periodi
 message.Admission TestThe appli
ation passes the periodi
 message parameters, message size Mi and period Ti , to the busmanager, an operating system daemon. The bus manager 
omputes 
i, the number of slots to be13



reserved for this message in ea
h servi
e 
y
le.The stream is admitted if the following 
ondition holds:
i +Q � N � �where 
i is the smallest integer that satis�esMi � 
i(dTi=(N � �)e � 2)Q is the number of time slots in a 
y
le reserved for periodi
 messages, and � denotes the number ofslots dedi
ated for random (aperiodi
) messages. � is a system parameter that should be 
hanged onlywhen a 
hange in the fra
tion of allowable periodi
 traÆ
 is desired.If the stream is admitted, Q is in
remented by 
i. On termination of the stream, signaled by ap-pli
ation to the bus manager, Q is de
remented. After any 
hange in Q, its value is written in registerQ in the BA. PQ's and RQ's 
ontend for the bus when they have messages (pa
kets). The BA isresponsible for resolving the 
ontention. The two 
ounters n and q in the BA are updated every servi
e
y
le from the N and Q registers, respe
tively. The value of 
ounter n denotes the remaining numberof slots in a servi
e 
y
le, and q denotes the number of slots allotted to streams that have not yet beenused by periodi
 messages, during this servi
e 
y
le. The servi
e algorithm exe
uted by BA is as follows:1. If n > q, grant the bus to a RQ if any of them is requesting; otherwise grant the bus to a PQ ifany of them is requesting.2. If n � q, grant the bus to a PQ if any of them is requesting; otherwise grant the bus to a RQ ifany of them is requesting.3. De
rement q if grant is given to PQ.4. De
rement n. If n = 0, reload 
ounter n from register N and 
ounter q from register Q.3.7.2 Multiple A

ess Bus Proto
olIn a multiple a

ess bus network, the periodi
 traÆ
 arrives at ea
h node independently unlike inba
kplane bus where it is 
entralized. Moreover, there is no 
entral bus arbiter whi
h performs a

essarbitration based on 
hannel reservation of the admitted requests. Also there are no 
ontrol lines to
onvey bus request and bus grant information. In the BUS proto
ol for multiple a

ess network, allthe nodes follow an agreed upon proto
ol for servi
ing the admitted periodi
 and aperiodi
 messages.The nodes follow a periodi
 servi
e poli
y similar to the one exe
uted by the BA with N slots and14




y
le time (period) N� . The servi
e times and periods of the RS and AS are 
onverted to the numberof slots required per servi
e 
y
le to Rs and As, respe
tively. The algorithm exe
uted by ea
h node is:Algorithm BUS(Rs,As,N ,Q) /* Rs, As, and Q are the number of slots alloted for RS, AS, andperiodi
 messages in a bus servi
e 
y
le of N slots. Initially n and q 
ounters are set equal to N andQ, respe
tively */1. If n = N , servi
e RS for Rs slots or until a slot goes idle whi
hever is earlier.2. If n > q and aperiodi
 queue is not empty, servi
e AS for (n � q) slots or until aperiodi
 queuebe
omes empty whi
hever is earlier.3. If q > 0 and n > q, servi
e periodi
 requests and de
rement q a

ordingly.4. If n > 0 and q = 0 , servi
e AS if aperiodi
 queue is not empty otherwise servi
e RS till a requestarrives.5. if n = 0, set n and q to N and Q, respe
tively.3.8 Proto
ols ComparisonAdmission Test Complexity: Both EDF and BUS proto
ols have simple admission test that 
anbe eÆ
iently performed for ea
h newly arriving request as the time taken to perform the admissiontest is mu
h smaller than the mean inter-arrival time between requests. Among the proto
ols, EDFhas simpler admission test than the BUS proto
ol.S
hedulability: The EDF proto
ol o�ers higher s
hedulability than the BUS proto
ol. This isbe
ause the admission test of BUS proto
ol slightly over allo
ates bandwidth to periodi
 messages andas a result of this over allo
ation lesser number of real-time 
hannels 
an be established. However, atthe run time this over allo
ated 
hannel bandwidth is made available for servi
ing aperiodi
 messages.In the EDF proto
ol, due to the absen
e of this over allo
ation, the number of periodi
 messagesadmitted is higher than that of the BUS proto
ol.Response Time: The BUS s
heduling s
heme gives fast response time to aperiodi
 messages withoutjeopardizing the guarantees given to admitted periodi
 messages. Aperiodi
 messages (if any) areservi
ed when no periodi
 messages are using the 
hannel, by a
tivating the AS for idle 
hannel duration.The time durations when the 
hannel is idle are uniformly made available with period N� for servi
ingaperiodi
 messages in the BUS proto
ol. The servi
e period N� is less than the deadline of aperiodi
messages, and hen
e the aperiodi
 messages 
an e�e
tively utilize this time. As a result of this,
hannel utilization by aperiodi
 messages in
reases. In the EDF proto
ol, besides la
k of over allo
atedbandwidth being made available for aperiodi
 messages, o

urren
e of idle 
hannel instan
es when15



there are no periodi
 messages to be transmitted is not uniform (the idle 
hannel bandwidth is madeavailable in bursts) and hen
e aperiodi
 messages 
annot utilize the idle 
hannel bandwidth eÆ
iently.A number of aperiodi
 messages might miss their deadline in between su

essive 
hannel availabilityfor aperiodi
 message transmission.Example: Consider a multiple a

ess bus network with slot size equal to 64 bytes and slot timeequal to 5 mi
ro se
onds. The bus servi
e 
y
le is 100 slots i.e., 500 mi
ro se
onds. Let 10% of thebandwidth (10 slots) be reserved for AS and 1% (1 slot) for the RS. Let all periodi
 message requestshave a maximum servi
e time (assumed to be same for all requests) of 73 slots (365 mi
ro se
onds)with period equal to 4700 mi
ro se
onds.BUS Proto
olThe number of slots required per 
y
le in the BUS proto
ol for a periodi
 request is 10 ( 73 � 10 �(d4700=500e � 2)). Sin
e the number of slots available for periodi
 requests is 89 (100 � 10 � 1) amaximum of 8 real-time 
hannels 
an be established simultaneously. If the number of instan
es of theperiodi
 message stream is 20, then in (4700 � 20) time duration whi
h equals 188 
y
les, 1880 slotswill be reserved for the periodi
 message stream of whi
h only 1460 (20 � 73) will be used for periodi
message transmission. The remaining 420 (1880� 1460) slots are made available for aperiodi
 messagetransmission.EDF Proto
olThe 
hannel utilization of ea
h periodi
 request is 73�5=4700 = 0:0777 and hen
e 11 real-time 
hannels
an be simultaneously established with total periodi
 utilization equal to 0.8547 (less than the maximumof 0.89 permissible). From this example we 
an see that the number of periodi
 requests admissible byEDF is larger than that of the BUS proto
ol. In the BUS proto
ol, the extra 420 slots will be madeavailable uniformly for servi
ing aperiodi
 messages and hen
e results in higher 
hannel utilization byaperiodi
 messages. In EDF proto
ol, though the idle time 
annot be given periodi
ally (uniformly),the AS time 
an be made available uniformly by 
hanging the granularity of the AS, i.e., the periodand servi
e time would be divided by the same 
onstant fa
tor. For example, servi
e time of 4 unitsand period 10 units 
an be transformed into a server with servi
e time 2 units and period 5 units.The di�eren
es mentioned above between the two proto
ols 
an be 
learly observed in the simulationresults. The e�e
t of granularity of the request and AS, and the e�e
t of system load and message
hara
teristi
s are also studied in the simulation.4 Simulation StudyTo evaluate the performan
e of the proto
ols, we have developed a simulation model.16



4.1 Simulation ModelThe simulation model is parameterized by the number of nodes, per
entage of bandwidth reserved forrequest and AS, and distributions of message arrivals, transmission times, and laxities (Laxity of amessage = deadline - servi
e time - 
urrent time). In the simulation studies reported in this paper,� The periodi
 and aperiodi
 messages arrive at ea
h node as a Poisson pro
ess. The arrival rateat ea
h node is the same.� The system load in terms of fra
tion link bandwidth 
onsists of periodi
 load (Pload) and aperi-odi
 load (Aload) and are de�ned as:P load = periodi
 msg. arrival rate per node*N*avg. periodi
 msg. length*avg. duration of periodi
 msg. stream
hannel bandwidth available for periodi
 messages(Channel bandwidth available for periodi
 messages is equal to the total link bandwidth minus the bandwidthreserved for RS and AS.)Aload = aperiodi
 msg. arrival rate per node*N*avg. aperiodi
 msg. length
hannel bandwidth reserved for aperiodi
 messagesIn our simulations the arrival rate is 
omputed given the other (simulation) parameters.� The deadline of aperiodi
 messages is uniformly distributed in the range (AperMesgSize �AperLaxity=2) and (AperMesgSize � AperLaxity).� The message size and period are uniformly distributed in the range (4500�6400) and (4000�6000),respe
tively.� The bandwidth reserved for AS/RS 
an be generalized as (Cs=mas=rs)=(Ps=mas=rs), where Csand Ps denote the servi
e time and period of the AS/RS, respe
tively and mas=rs parameter (mis an integer, m � 1) de
ides the granularity. As mas=rs in
reases, granularity de
reases whi
hmeans de
rease in period and servi
e time of the AS. When m = 1, granularity is maximum.The simulation parameters are given in Table 1. For ea
h simulation run 10,000 periodi
 messageswere generated (aperiodi
 messages were 10 times the number of periodi
 messages). The slot time isassumed to be 5 mi
ro se
onds and slot size 64 bytes. Sin
e the number of nodes is equal to 16, 24slots are required for RS and hen
e the period is 12 ms (using the equations of se
tion 3.3.1). AS gets240 slots every 12ms. In the BUS proto
ol, in every bus servi
e 
y
le of 100 slots, one slot is reservedfor RS and 10 slots are reserved for AS.
17



parameter explanation value/rangeN number of nodes 16RS BW bandwidth reserved for RS 1%AS BW bandwidth reserved for AS 10%PerMesgSize periodi
 message size (bytes) 4500-6400Period period of messages 4000-6000AperMesgSize aperiodi
 message size (bytes) 1000-5000AperLaxity laxity of aperiodi
 messages 20-100Instan
es number of instan
es of periodi
 messages 30-50PLoad periodi
 load 0.1-3ALoad aperiodi
 load 0.5-3Table 1: Simulation parameters4.2 Performan
e Metri
s1. E�e
tive Channel Utilization, ECU, de�ned asECU = total time units 
hannel was used for transmitting messagestotal time units simulatedThis metri
 when applied to periodi
, aperiodi
 messages and RS individually gives the metri
sPCU, ACU, and RCU respe
tively. RCU 
aptures the overhead for 
olle
ting requests and thisshould be small.2. Su

ess Ratio, SR, de�ned asSR = number of messages servi
edtotal number of messages generatedThis metri
 when applied to periodi
 and aperiodi
 messages individually gives the metri
s PSRand ASR, respe
tively.4.3 Simulation ResultsFigures 4-14, represent the performan
e metri
s evaluated by varying: the number of nodes, system load(periodi
 and aperiodi
 message load), message 
hara
teristi
s (sto
hasti
 nature of periodi
 messagesize and laxity of aperiodi
 messages), and the granularity of the aperiodi
 and request servers.1. E�e
t of number of nodes: Figure 4 shows the e�e
t of the number of nodes (N) in thenetwork on PCU and ACU. It 
an be observed from the �gure that, the 
hannel utilization isquite insensitive to the number of nodes in the system. It is to be noted that the system loadremains the same, it only gets distributed among the existing nodes. The 
hannel utilization byperiodi
 messages for the BUS proto
ol is slightly less than that of the EDF proto
ol be
ause18



in BUS proto
ol the admission test slightly over allo
ates and therefore the number of requestsadmitted and hen
e the 
hannel utilization is lower than that of EDF proto
ol.2. Variation of system load: Figure 5 shows the 
hannel utilization by periodi
 and aperiodi
messages and RS for varying system load for both the BUS and EDF proto
ols.E�e
t on RCU: As the load in
reases, RCU de
reases. This is be
ause the RS is a
tive whenthe 
hannel is idle and hen
e when load is low RCU is high. When system be
omes overloaded,idle time de
reases and hen
e RCU de
reases, and approa
hes the reserved bandwidth utilizationbound.E�e
t on PCU: The PCU for the EDF proto
ol is slightly higher than that of BUS proto
ol.Reason is the same as mentioned earlier. It may be noted that at low loads PCU is same for boththe proto
ols, sin
e 
hannel bandwidth ex
eeds the total bandwidth demand of all the messagetransmission requests.E�e
t on ACU: ACU in
reases with in
reasing load up to a point and then starts de
reasing.Aperiodi
 messages use the bandwidth reserved for them and also use the 
hannel when it is idle.When the periodi
 load in
reases, PCU in
reases and hen
e idle time de
reases. Therefore ape-riodi
 message utilization de
reases. ACU for the BUS proto
ol is higher than that of the EDFproto
ol. Two fa
tors 
ontribute to this: �rst is that the idle time is uniformly made availableto aperiodi
 messages in BUS proto
ol. In the EDF proto
ol, the idle time is allotted in bursts,and hen
e aperiodi
 messages 
annot utilize this time eÆ
iently. The se
ond fa
tor is that inthe BUS proto
ol, the bandwidth reserved in ex
ess, during admission of periodi
 messages, iseventually made available for servi
ing aperiodi
 traÆ
, at run time.
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Fig 5. E�e
t of system load3. Variation of periodi
 load: Figure 6 shows the 
hannel utilization by aperiodi
 messages forvarying periodi
 message load. ACU has been plotted for �xed aperiodi
 loads of 1 and 2. Asthe periodi
 load in
reases, ASR remains same as long as the aperiodi
 load does not ex
eed thereserved AS 
apa
ity. When aperiodi
 load is twi
e the AS 
apa
ity, then ACU de
reases within
reasing periodi
 load. When periodi
 load is negligible (0.1) all the aperiodi
 messages getservi
ed. This is be
ause the entire 
hannel bandwidth is available for RS and AS. As periodi
load in
reases, the idle time de
reases and hen
e ACU de
reases.4. Variation of aperiodi
 load: Figure 7 shows the PCU for varying aperiodi
 message load plot-ted for �xed periodi
 loads of 0.5, 1 and 2. It 
an be seen that PCU is independent of aperiodi
load. This is expe
ted sin
e the presen
e or absen
e of aperiodi
 requests does not a�e
t thebandwidth reserved for periodi
 messages and hen
e insensitivity of the metri
 PCU to aperiodi
load. When the periodi
 load is 0.5 both the EDF and BUS proto
ols have the same PCU, butas the load in
reases, the EDF proto
ol performs better and the di�eren
e in PCU between thesetwo proto
ols in
reases. As the load in
reases, PCU for the BUS proto
ol de
reases due to overallo
ation of bandwidth for real-time 
hannels by the admission test. It 
an be seen from the�gure that at periodi
 loads of 0.5, 1, and 2 the di�eren
e in PCU are 0, 0.2, and 0.4 respe
tively.
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Fig 7. E�e
t of aperiodi
 load5. E�e
t of laxity: Figure 8 shows the e�e
t on ACU by variation in the laxity of aperiodi
messages. ACU in
reases with in
reasing laxity. As the laxity in
reases, more number of messages
an utilize the 
hannel when it is idle. ACU for the BUS and EDF proto
ols is same when theload is one and laxity is high. At low laxities, BUS proto
ol performs mu
h better due to uniformbandwidth allo
ation and fast response to aperiodi
 messages. When the laxity is very small, asmall in
rease in laxity improves the ACU.6. E�e
t of sto
hasti
 nature of periodi
 message size: Figure 9 shows the e�e
t on ACUby variation in the range (di�eren
e between the maximum and minimum size of messages of aperiodi
 message stream) of periodi
 request message size. It is to be noted that the admissiontest is based on the maximum message size of the periodi
 message request, and hen
e some ofthe reserved bandwidth is not used when instan
es of that periodi
 message stream have shortermessage sizes. This bandwidth is made available for servi
ing aperiodi
 messages and hen
e theaperiodi
 
hannel utilization in
reases. From the �gure it 
an be seen that, when the range ofperiodi
 message size is very large (4500-10000 bytes), aperiodi
 messages three times the band-width reserved for them get servi
ed (i.e., ACU is 29% though only 10% 
hannel bandwidth isreserved for aperiodi
 messages). The impli
ation of this result is that the bandwidth reservationfor aperiodi
 messages needs to be less, if the periodi
 message sizes are sto
hasti
 in nature.
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Fig 9. E�e
t of sto
hasti
 periodi
 message size7. E�e
t of server granularity: Here, we examine the e�e
t on ASR, by varying the AS granu-larity for the EDF proto
ol. The RS granularity 
an also be varied to improve response time andASR for aperiodi
 messages. In Figures 10-14, the in
uen
e of RS granularity, laxity, periodi
message load, and aperiodi
 message load on aperiodi
 message servi
e performan
e (for varyingAS granularity), is studied.(a) E�e
t of RS granularity: Figure 10 studies the in
uen
e on ASR by variation in ASgranularity for RS granularity mrs values equal to 1, 12, and 24. The 
urves are plottedfor periodi
 and aperiodi
 message load of 1, aperiodi
 message size of 1000 bytes, andlaxity value of 20. It 
an be observed that RS granularity signi�
antly e�e
ts ASR. This isbe
ause as the granularity of RS de
reases (mrs in
reases), responsiveness to newly arrivedrequests in
reases. Sin
e the period of RS be
omes small, the number of new requests inthat period de
reases, de
reasing the probability of 
ollisions and as a result the eÆ
ien
yof RS in
reases. ASR is maximum when the RS granularity is least i.e, mrs = 24. The ASRin
reases with de
rease in granularity, till mas = 12 and then de
reases for further de
reasein granularity (mas = 24). This is be
ause the number of slots required for transmissionof an aperiodi
 message equals the slots servi
ed per AS period when mas = 12, and onfurther in
rease in mas no aperiodi
 message is servi
ed in entirety in one period of AS andhen
e the de
rease in ASR. It is to be observed that ASR is maximum for mrs = 24 andmas = 3. Appropriate 
hoi
e of these two parameters needs to be made depending on the
hara
teristi
s of aperiodi
 messages. 22



(b) E�e
t of laxity: Figure 11 shows the e�e
t on ASR for variation in AS granularity fordi�erent laxities of aperiodi
 messages. It 
an be seen that the granularity e�e
t is almostnegligible for higher laxities. This is be
ause with in
rease in laxity of aperiodi
 messages,the deadline of messages be
omes larger than the highest granularity of AS with mas = 1.The RS granularity e�e
t 
an still be observed though it is moderate for higher laxities.(
) E�e
t of message size: Figure 12 shows the e�e
t on ASR for varying AS granularityfor message size of 1000 and 5000 bytes. The laxity of message is based on its 
omputationtime and hen
e when message size in
reases laxity in
reases. Be
ause of this, we see anin
rease in ASR for large message size. The peak shifts to mas = 3, when message sizeis 5000 bytes. This is be
ause of the reason mentioned earlier that for this value of mas,message size mat
hes the servi
e time of the AS. It is also to be observed that when laxitiesare mu
h larger than server period, then granularity of RS and AS does not in
uen
e ASR.(d) E�e
t of periodi
 load: Figure 13 shows the e�e
t on ASR for varying AS granularityfor periodi
 load of 1 and 2. For this experiment the values of aperiodi
 load, laxity, andmessage size are �xed at 1, 20, and 5000, respe
tively. The same pattern is observed for boththe loads. The verti
al shift in the 
urves, for periodi
 load of 1 and 2, is due to in
rease inperiodi
 message utilization whi
h de
reases idle time and hen
e de
reases ASR.(e) E�e
t of aperiodi
 load: Figure 14 shows the e�e
t on ASR for varying AS granularityfor aperiodi
 load of 1 and 2. For this experiment the values of periodi
 load, laxity, andmessage size are �xed at 1, 20, and 5000, respe
tively. It 
an be observed that ASR ismaximum when AS servi
e time mat
hes the aperiodi
 message size. On further de
rease inAS granularity ASR de
reases and RS granularity does not have any impa
t for aperiodi
load equal to 1. When the load is high, de
rease in RS granularity has a negative e�e
t.This is be
ause at low granularities (large mrs), sin
e the load is high most of the requestserver slots are lost in 
ollisions whereas when mrs = 1, some of the aperiodi
 messages misstheir deadlines hen
e 
ontention is less, thereby improving RS eÆ
ien
y.
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5 Con
lusionMultiple a

ess bus networks are being in
reasingly used in distributed real-time systems be
ause oftheir simpli
ity, e
onomy, and low propagation delays. In many real-time appli
ations su
h as air-traÆ

ontrol and multimedia, periodi
 message requests for 
hannel establishment arrive dynami
ally. Anymultiple a

ess guarantee based proto
ol for su
h appli
ations should (i) support real-time 
hannelestablishment, (ii) provide predi
tability, (iii) support integrated s
heduling of periodi
 and aperiodi
messages, and (iv) be distributed in nature. Earlier proposed proto
ols do not address all these re-quirements of real-time MAC proto
ols. We proposed two guarantee based real-time MAC proto
ols,EDF and BUS proto
ols, based on the EDF [16℄ and ba
kplane bus s
heduling [17℄ algorithms respe
-tively. The proto
ols have the 
omponents -Request Server (RS), Aperiodi
 Server (AS), and run-times
heduling algorithms with their asso
iated admission tests. RS is responsible for 
olle
ting 
hannelestablishment requests and for giving bounded response time to 
hannel establishment requests. AS isused for s
heduling aperiodi
 messages. The guaranteed messages (those that pass the admission test)are s
heduled by the run-time s
heduling algorithms so as to meet the deadlines of all the admittedmessages. From the simulation studies it 
an be observed that:� The EDF proto
ol o�ers better s
hedulability as 
ompared to the BUS proto
ol.� The BUS proto
ol o�ers better response time and higher 
hannel utilization for aperiodi
 messagesas 
ompared to the EDF proto
ol.� Channel utilization o�ered by the EDF proto
ol, for aperiodi
 messages, approa
hes that of BUSproto
ol when the laxity of aperiodi
 messages is large (does not hold for overloaded systems)while giving better utilization for periodi
 messages.� When the periodi
 message size is sto
hasti
 in nature, 
hannel utilization by aperiodi
 messagesis mu
h higher than the bandwidth reserved for them.Messages in real-time systems have variable QoS requirements - some messages have hard deadlineswhile for others o

asional deadline misses 
an be tolerated. The proposed proto
ols 
an be extendedto exploit the variable QoS requirements of messages to improve s
hedulability and fault toleran
e ofthe system. The (m; k)-�rm guarantee model [19℄ whi
h provides s
heduling 
exibilty by 
ompromisingon quality to meet deadlines, 
an be used to 
apture the QoS requirements of the message streams. Inthis model, for an (m; k)- �rm guarantee stream, the result is of a

eptable quality as long as at leastm messages in a window of k 
onse
utive messages meet their deadlines.
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