
Informatica 17 page xxx{yyy 1A SEMI-DISTRIBUTED LOAD BALANCINGMODEL FOR PARALLEL REAL-TIME SYSTEMSKayhan Erciye�s, �Oznur �Ozkasap, Nilg�un Akta�sEge University Computer Eng. Dept., 35100 Bornova, _Izmir, Turkeye-mail: erciyes@baum01.ege.edu.tr, ozkasap@baum01.ege.edu.tr, aktas@baum01.ege.edu.trKeywords: parallel processing, load balancing, real-time system, deterministic scheduling.Edited by:Received: Revised: Accepted:We propose static and dynamic load balancing policies for parallel real-time sys-tems. A parallel real-time system in this context is considered as a computationalenvironment consisting of a number of processors where stringent timing require-ments of processes should be met. This would encompass massively parallelsystems at one end of the spectrum and a group of computers connected by alocal network at the other end. The static and dynamic load balancing policiesdeveloped are suitable for both types of systems with parameters such as commu-nication costs to be tuned for each environment. For massively parallel processingsystems, we introduce the concept of a domain which is a pool of processors andis governed locally for various services such as dynamic load balancing. The dy-namic load balancing is implemented by central load balancers per domain whichmake use of the group communication facility for distributed communication withthe other load balancers. This semi-distributed approach eliminates the need formaintaining a central node or replicated data by providing local data and controlcon�ned to that domain. The distributed data and control transfer is performedamong the servers of the domains. The static scheduler however works o� linefor tasks with known characteristics such as execution time, communication con-straints and deadlines prior to their execution which would be the usual case forhard real-time tasks.1 IntroductionRecent developments in hardware technologieshave made it possible to build systems consist-ing of clusters of processors usually referred toas Massively Parallel Processing (MPP) sys-tems. MPP systems are increasingly �ndingmany applications in hard real-time systemssuch as particle physics. A heterogeneous par-allel real-time system is envisioned as a MPPsystem and host computers connected by areal-time network as shown in Fig. 1.Our study focuses on load balancing in theMPP system of such an environment. We
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2 Informatica 17 page xxx{yyy K.Erciye�s, �O.�Ozkasap, N.Akta�spropose a deterministic scheduler, a dynamicload balancing mechanism and operating sys-tem modules to support dynamic load balanc-ing. The central theme is to consider the MPPsystem as a collection of domains of proces-sors which are managed centrally for variousservices in a domain and as distributed for in-terdomain services.The system comprises minimum functional-ity required from a distributed memory par-allel system to achieve coarse to mediumgrain parallelism for single or multiple appli-cations. The deterministic scheduler acceptstask graphs and the deadlines of tasks in thecase of real-time tasks, as its input. It �rstputs the tasks with heavy communication intosets to be allocated to domains and then cal-culates various heuristic values for each task inthe set and assigns these tasks to the proces-sors in the domain according to these heuris-tic values. Di�erent than the previous workin this area, namely, static scheduling of real-time tasks (Liu & Layland 1973), (Stankovic& Ramamritham 1988), we have consideredcommunication costs among tasks and de�neda heuristic which is a function of communi-cation costs and is a component in the totalheuristic value for a task.The dynamic load balancing mechanismuses a semi-distributed approach. The peri-odically invoked central load balancer in a do-main of processors tries to establish balanceamong them by �rst balancing the load withinindividual domains, then among di�erent do-mains of the system in the second step. Theoperating system supports the dynamic loadbalancing mechanism by providing necessarygroup communication primitives for multicastcommunication.2 Static SchedulingTask Scheduling is one of the most challengingproblems in parallel and distributed comput-ing. Informally, the scheduling problem arisesbecause the concurrent parts of a parallel pro-gram must be arranged in time and space so

that the overall execution time of the parallelprogram is minimized. It is known to be NP-complete in its general form as well as sev-eral restricted cases. In an attempt to solvethe problem in the general case, a number ofheuristics have been introduced. The e�ective-ness of these heuristics depends on a numberof factors such as grain size, interconnectiontopology, communication bandwidth and pro-gram structure (El-Rewini 1989).The maximization of the speedup of a paral-lel program on a target parallel computer re-quires the allocation of the tasks among theprocessors in such a way that the total com-putational load is distributed as evenly as pos-sible. To minimize the amount of processoridle time, the time required to perform neces-sary interprocess communication is minimized(Sadayappan & Ercal 1987).Efe (Efe 1982) developed a heuristic alloca-tion algorithm to balance processor load andto minimize communication cost. His algo-rithm consists of two phases. First, tasks areclustered with each other to optimize the com-munication cost and each cluster of tasks is as-signed to a processor. Then, tasks are shiftedfrom overloaded to underloaded processors inorder to meet load-balance constraints. Thealgorithm is repeated until a satisfactory de-gree of load-balancing is achieved whereas we�rst group closely related tasks for domainsand then allocate them individually to the pro-cessors of domains.2.1 Problem StatementThis section describes the components of thestatic scheduling model we have developed.In general, there are four components in anyscheduling system:1. the target machine2. the parallel tasks3. the generated schedule4. the performance criterionIn our model, the parallel application thatcontains real-time tasks is characterized by
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Figure 2: A General Task Graph.an acyclic directed graph G(V,E) as shownin Fig. 2. Vertex weights V = fti : i =1; 2; :::; Ng represent computational load, orworst-case execution time of the tasks, andedge weights E = fcij : for 8ti; tj wherepij = 1g represent interprocess communica-tion costs. Precedence relation between tasksis de�ned as follows :pij = 1 if there exists a precedence relation> between ti; tj task pairspij = 0 otherwiseSince, real-time systems are static and it is as-sumed that all task characteristics are known apriori (Stankovic & Ramamritham 1988), 8tiof the parallel application has known timingcharacteristics such as execution time (ei for8ti) and deadline (di for 8ti)The topologies of the target Parallel Pro-cessing Architecture (PPA) are in the form asshown in Fig. 3. P = fPi : i = 1; 2; :::;Mgis a set of homogenous processors with lo-cal memory, which communicate via messagepassing paradigm or channel structures. A de-lay matrix, D is introduced to represent physi-cal overheads among processors in the parallelprocessing system.D = fDij : number of hops betweenprocessors Pi and Pj for8Pi; Pj where i 6= jg
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2 1 1 0Figure 3: A Target PPA (Parallel ProcessingArchitecture) and its delay matrix.The intraprocessor overhead Dii for 8i is as-sumed to be zero. Also, speeds of processorsin the system are assumed as equal, that is,they are homogeneous processors.We considered that N > M where N is thenumber of tasks in task graph and M is thenumber of processors in the system.De�nition: A domain is a group of �xed-size processors, which includes closely related,therefore heavily communicating tasks of anapplication. Processors forming a domain areselected as physically closed ones in the paral-lel processing architecture.De�nition: If tasks ti and tj are mappedto processors Pi and Pj respectively, and pij= 1 (that is, there exists a precedence relationbetween ti and tj), then the cost function isde�ned as F (C) = min(P cijDij for 8ti; tj)2.2 Scheduling ModelThe deterministic scheduler of the load balanc-ing model proposed works o�-line for schedul-ing tasks of a parallel application. Inputsof the scheduler are a task graph that showsprecedence constraints, communication costsamong tasks, execution times and deadlines oftasks, and interprocessor communication de-lays for the PPA. The o�-line scheduler worksin two phases:Domain Allocation : Tasks with heavy com-munication are put into groups to be allocatedto domains.Task-to-Processor Mapping : Heuristic valuesfor each task in a domain are calculated andthe tasks are assigned to the individual pro-



4 Informatica 17 page xxx{yyy K.Erciye�s, �O.�Ozkasap, N.Akta�scessors in their domain.Domain Allocation Algorithm: The Do-main Allocation (DA) Algorithm that is shownin Fig. 4 considers timing constraints of taskssuch as execution time, precedence constraintsamong tasks and interprocess communication.The procedure is to group tasks into domainsof the parallel processing system. The ob-jectives considered during this procedure areputting tasks with heavy communication intothe same domain in order to minimize commu-nication costs and balancing them by tryingto ensure that total execution time of tasksallocated to each domain are approximatelythe same. The result obtained is an alloca-tion scheme that permits parallel execution oftasks in the target PPA.Task-to-Processor Mapping AlgorithmThe Task-to-Processor Mapping (TPM) Algo-rithm is shown in Fig. 6. Processor allocationfor tasks is performed by calculating heuris-tic values for each task as described in section2.4 and assigning these tasks to the individualprocessors in their domain according to theseheuristic values.Once the �rst step of the scheduling model,namely, domain allocation is performed, task-to-processor mapping should be completed foreach domain of the parallel processing system.This second phase can be performed in paral-lel for each domain as shown in Fig. 5. Thismakes the scheduling process faster especiallyfor MPP systems where there are hundreds ofprocessors, and many domains.2.3 Task Graph GenerationA task graph generator, which generatesschedulable task graphs with tasks havingtiming and precedence constraints is devel-oped. This strategy allows us to evaluateperformance of domain allocation and task-to-processor mapping algorithms using vari-ous heuristic functions on di�erent parallelapplications characterized by generated taskgraphs.

Inputs: Task Graph (TG) with N tasks;number of domains (DN);. TE =PNi=1 ei;. AE = TE=DN ;. Sort cij in descending order for 8 ti; tjwhere pij = 1;. Get �rst element cij of the sorted list;. Set current domain (CD) to �rst domain;. Put ti,tj into CD;.DO UNTIL 8 ti allocated to a domainf if ( P e tasks in CD < AE )Find max cij for ti and tjthat are not allocated to a domain;Put tj into CDDelete comm cost();elseif(CD < DN) CD++; /*Set current domainto next domain*/else set CD to domain with min(P e);if there exists cij whereti and tj are not allocated to a domainPut ti; tj into CD;Delete comm cost();else if (P e of tasks in domain DN==0)DN{;AE = TE / DN;Get next element cij ;if ( ti or tj is not allocated to a domain)CD = Domain of task t that is allocated;Put task into CD;Delete comm cost();gFigure 4: Domain Allocation Algorithm
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A SEMI-DISTRIBUTED LOAD BALANCING MODEL Informatica 17 page xxx{yyy 5Inputs: Task Graph (TG) with N 0 tasksallocated for the domain;Delay Matrix D;. ni = number of immediate predecessorsof ti for i = 1; :::; N 0. Task type=READY for 8ti where ni = 0. Insert READY tasks into Sched listaccording to heuristic values at time =0.WHILE (Sched list is not empty)fGet a task ti from the Sched list;Switch(Event type)case READY :map ti to an idle processor Pj ;Event type = FINISHED;Time = Finish time of ti on PjInsert event into Sched list;case FINISHED :For each immediate successor tk of tink = nk - 1;if (nk == 0) Event type = READYTime=Finish time of ti on Pj ;Insert event into Sched list;gFigure 6: Task to Processor Mapping Algo-rithm.Task Graph Generation Algorithm:The approach uses the strategy of randomlyassignment of tasks to the degrees or positionsof the graph. Then predecessor and successortask(s) of each task are determined. Finally,timing constraints of each task and communi-cation costs between related tasks are assignedas shown in Fig. 7.2.4 Scheduling heuristicsDuring task-to-processor mapping, we haveused the list scheduling method. List Schedul-ing is a class of scheduling heuristics in whichtasks are assigned priorities and placed in alist ordered in decreasing priority. Whenevertasks contend for processors, the selection oftasks to be immediately processed is done onthe basis of priority with the higher prioritytasks being assigned to processors �rst. Theheuristic functions that determine the priori-ties of processes can be explained as follows:EDF (Earliest Deadline First): Priority is

{ Randomly assign N tasks to d degrees in taskgraph{ Determine predecessor(s) and successor(s) ofeach task under the constraints such as num-ber of tasks in a degree and number of degreesin graph{ Handle timing constraints (ei for 8ti) (di for8ti){ E = fcij : for 8ti; tj where pij=1g of each taskgeneratedFigure 7: Task Graph Generation Algorithmgiven to the real-time tasks with the earliest-deadline.MLF (Minimum Laxity First): Priorityis given to the real-time tasks with minimumlaxity where task laxity = task deadline - taskexecution time.H3:min(EDF*W1+MLF*W2): The �rsttwo heuristic functions are combined by us-ing weight values. We have developed a newheuristic function by using simulation resultsfor EDF and MLF heuristic functions.3 Dynamic LoadBalancingThe random arrival of processes in a parallelprocessing system can cause some processorsto be heavily loaded while other processors areidle or lightly loaded. Dynamic load balanc-ing improves the performance by transferringtasks from heavily loaded processors, whereservice is poor, to lightly processors where thetask can take advantage of computing capacitythat would otherwise go unused.Most of the methods used for dynamic loadbalancing are either fully distributed or cen-tralized methods. Neither fully distributednor centralized load balancing policies areknown to yield good performance for MPPsystems. Fully distributed algorithms use asmall amount of information about the state ofthe system. Small systems can yield good per-formance with limited information, but thismay not be true for large systems. Despite thefact that fully distributed algorithms incur less



6 Informatica 17 page xxx{yyy K.Erciye�s, �O.�Ozkasap, N.Akta�soverhead due to message exchange, this over-head linearly increases with the system size.Centralized algorithms do have the potentialof yielding optimal performance, but requireaccumulation of global information which canbecome a formidable task. The storage re-quirement for maintaining the state informa-tion also becomes prohibitively high with acentralized model of the large system. For alarge system consisting of a hundred or thou-sands nodes, the central scheduler will becomea bottleneck and lower the throughput.Besides, centralized models are highly vul-nerable to failures. The failure of any softwareor hardware component of the central sched-uler can stop the operation of the whole sys-tem.In our study, a semi-distributed dynamicload balancing model is developed for a dis-tributed memory computer system. In thiscase, the processors of an MPP system are di-vided into domains of fewer processors whichare managed centrally for various services anddistributed for others. Domains are allo-cated dynamically during run time in some re-searches (Kremien et. al. 1993), whereas oursystem is divided into domains in a static man-ner before the system starts. A group manage-ment module designed for the underlying dis-tributed operating system provides the neces-sary group communication in multicast modefor the manager processes. A system processin each domain called Central Load Balancer(CLB) �rst tries to balance the load within itsdomain. If this is not possible, it communi-cates with other CLBs to �nd a destinationnode for the candidate process for migrationas depicted in Fig. 8.This model proposes a two level load balanc-ing strategy. At the �rst level, load balanc-ing is carried out within individual domainswhere the central node of each domain acts asa centralized controller for its own domain. Atthe second level, the load is balanced amongdi�erent domains of the system, thus provid-ing a distributed environment among domains.The design of such a strategy involves design-
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ect the timeliness constraintsof real-time processes .A realistic hard real time system must guar-antee both periodic and non-periodic hard



A SEMI-DISTRIBUTED LOAD BALANCING MODEL Informatica 17 page xxx{yyy 7real-time processes on the same processor, uti-lize spare time by non-critical processes, ini-tialize static allocation of periodic processesand migrate aperiodic processes for responseto changing environment conditions or localoverload.Schedulers produce a schedule for a givenset of processes. If a process set can be sched-uled to meet given pre-conditions, the processset is termed feasible. A typical pre-conditionfor hard real-time periodic processes is thatthey should always meet their deadlines. Anoptimal scheduler is able to produce a feasi-ble schedule for all feasible process sets con-forming to a given precondition. For a par-ticular process set, an optimal schedule is thebest possible schedule according to some pre-de�ned criteria. Typically a scheduler is opti-mal, if it can schedule all process sets.The system model that has been used al-lows both periodic and aperiodic processes.Precedence constraints among processes areenforced by using the process's start timesand deadlines and no process resource require-ments are considered. Context switch havezero cost and multi-node, multi-domain sys-tems with dynamic process allocation is al-lowed.3.1.1 Deadline CharacteristicsPeriodic processes are characterized by theirperiod and their required execution time perperiod. For each periodic process, its periodmust be at least equal to its deadline. That is,one invocation of a process must be completedbefore successive invocations. This is termedas the runnability constraint as shown below:computation time � deadline � periodThe activation of an aperiodic process isessentially, a random event and is usuallytriggered by an action external to the sys-tem. Aperiodic processes also have timingconstraints associated with them; i.e. havingstarted execution, they must complete withina prede�ned time period. It is not guaranteed

that aperiodic processes will certainly meettheir deadlines. If it is not possible to sched-ule an aperiodic process on any processor be-fore its deadline, this process is said to be un-schedulable. Aperiodic processes can be in-voked at any time.It has been showed that the algorithms thatare optimal for single processor systems arenot optimal for increased numbers of proces-sors. In a multiprocessor or distributed sys-tem, processes that are considered likely tomiss their deadlines have to be migrated toother processors. But it has also been showedthat it is better to statically allocate periodicprocesses rather than let them migrate and, asa consequence, potentially downgrade the sys-tem's performance (Audsley & Burns 1990).3.1.2 Scheduling PolicyEach process is characterized by (A,S,C,D)known at the time of process arrival, whereA is the process's arrival time, S is the earliestpossible time at which its execution may begin(start time), C is the maximum computationtime and D is the deadline by which it mustcomplete its execution. An aperiodic processis described by (A,S,C,D). For each periodicprocess, an (A,C,P) describes its arrival time,computation time, and period.The algorithm schedules sets of processesordered by increasing deadlines. Given sucha set, the algorithm selects the �rst processand schedules it as near to its start time aspossible (i.e. at the earliest available time af-ter its start time). The process is scheduledby simply accumulating all unused processortime past the process's start time until su�-cient computation time is found. If the result-ing schedule permits this process to completebefore its deadline then the process is schedu-lable, else it is unschedulable.The scheduling information used by this al-gorithm is recorded in a list. Each element ofthe list represents a time slot already assignedto a process, and has four �elds: starting time,ending time, a pointer to the next list element,a pointer to the previous list element. Given



8 Informatica 17 page xxx{yyy K.Erciye�s, �O.�Ozkasap, N.Akta�sthis list, the process schedulability is analyzedby searching the list for available time intervalsbetween two elements. This search starts atan element compatible with the process starttime and ends at a time point compatible withthe process deadline or when the accumulatedlength of available time is equal to the processcomputation time. The process is schedulableif su�cient computation time is found beforeits deadline during this search, else the algo-rithm reports the process as unschedulable.In our system, aperiodic processes do nothave hard deadlines, hence they can be mi-grated to other processors when they can notbe scheduled on present processor. On theother hand, periodic processes have hard dead-lines and they can not be migrated to otherprocessors. They are statically allocated whenthe system starts by the deterministic sched-uler as explained in Section 2.In order to schedule an aperiodic real-timeprocess with a soft deadline dynamically, amodi�ed form of Bryant and Finkel's algo-rithm is employed.3.1.3 Bryant and Finkel's AlgorithmBryant and Finkel's algorithm (Bryant &Finkel 1981) is a dynamic and physically dis-tributed algorithm. In our system, Bryant andFinkel's algorithm is used in a semi-distributedfashion, considering the deadlines of the aperi-odic processes. To make a decision, processorscooperate by sending negotiation messages.The decisions are sub optimal and heuristicapproach is used to �nd solution.A newly arriving aperiodic process can becalled as schedulable only if its scheduling doesnot danger previously scheduled processes.First, the new aperiodic process is placed inorder into the list, which holds all previouslyscheduled processes on this processor. Thenprocesses in the list are rescheduled, using thealgorithm explained above. If any of the pre-viously scheduled processes is unschedulablenow, then newly arriving aperiodic process isdetermined as unschedulable on this processor.Otherwise it is schedulable. When a process is

determined as unschedulable at that node, atimer starts to work. When the timer reachesthe value that is equal to deadline minus theexecution time of that process, then this pro-cess is said to be unschedulable elsewhere.By using semi-distributed approach, un-schedulable newly coming aperiodic processesare tried to be scheduled at intradomain level.Each node in a domain sends its schedule listand unschedulable aperiodic processes list tothe CLB periodically. CLB collects this infor-mation, then tries to �nd appropriate emptytime slots on di�erent nodes of its domain forunscheduled aperiodic processes. If it can �ndsuch a node, then this node is determined asdestination node, and process migration takesplace. Otherwise the process is said unschedu-lable within this domain. If such a conditionoccurs the strategy works in the interdomainlevel in the following way:1. The CLB of domain A (CLBA), sends aquery to one of its nearest neighbors CLBof domain B (CLBB), to form a tempo-rary pair, which enables a controlled, sta-ble environment suitable for process mi-gration. The query has two purposes:a. it informs the CLBB that CLBAwishes to form a pairb. it contains a list of processes and timeconstraints for each processes.2. CLBB after receiving the query can per-form one of three options:{ rejecting CLBA 's query; this im-plies that CLBA must send a queryto another neighbor domain{ form a pair with CLBA; this impliesthat CLBA as well as CLBB rejectall incoming queries until the pair isbroken.{ postpone CLBA when CLBB is in amigrating state, that is, sending pro-cesses this implies that CLBA mustwait until CLBB forms a pair withit, or rejects it- CLBA cannot queryanyone else.



A SEMI-DISTRIBUTED LOAD BALANCING MODEL Informatica 17 page xxx{yyy 93. After establishing a pair, CLBA sends un-schedulable aperiodic real-time processeslist to the CLBB. Then CLBB broad-casts this information to all of its nodes.Nodes try to schedule these processes ontheir own schedule table. If this is possible, scheduled processor id and its re-sponse time are returned to the CLBB .As the last step, CLBB compares the re-sponse times of the same processes on dif-ferent nodes and selects the node givingthe minimum response time as the desti-nation node.4. If no processes can be executed on CLBB ,then CLBB informs CLBA of this factand the pair is broken. Otherwise theprocesses are migrated. This process is re-peated for all remaining unscheduled ape-riodic real-time processes until no processis left.4 Operating SystemSupportIn order that the central load balancers cancommunicate e�ciently, the operating systemshould provide some form of multicast commu-nication. The group management and namingmodules described below were added on top ofthe existing facilities of the NX/2 kernel of theIntel iPSC/2 hypercube simulator.4.1 Group ManagementProcesses that are functionally related to �n-ish an overall task are included in a group.These processes communicate frequently inmulticast mode where one process which is themember of a group sends a message to all othermembers of the group as one-to-many commu-nication (Cheriton & Mann 1988).In our system, groups could be distributedover the processor domains. Each proces-sor domain has a group server that initi-ates all local group communication primi-tives, like make group, kill group, join group,

leave group, etc. Each group server is respon-sible for only the local members of any group.All local members that are located in a domainsend their requests to their own group serverof the domain. Only group server could be incontact with other members of the group viaother group servers if needed.When a process in a domain wants to createa group, it sends that requests to the groupserver. Group server creates a group con-trol block and sends that request to the groupservers on the other domains. However joiningto a group or leaving a group are done locally.No interdomain communication is needed forthese frequent services. When a process froma group wants to send a group message to allother group members over the system, it �rstsends that request to the local group serverwhich then sends the message to all othermembers in that domain and pass the mes-sage to all other group servers. These groupservers on the other domains do the same thingsimultaneously. So group communication ishandled in parallel by the group servers dis-tributed over the domains of the MPP system.4.2 NamingA naming facility in a distributed system, ingeneral should provide a mapping from systemnames to addresses where the object is resid-ing, and a route to specify how to get there(Goscinski 1991). The naming is implementedby the name servers in each domain which holda subset of the global naming space for the ob-jects in that domain (Cheriton & Mann 1988).The name servers form a process group andcommunicate as described above. The nameserver in a domain contains the address of theobjects in its domain and can receive a requestfrom a local processor or another name serverfor an address of an object. If the request islocal, a check is made to �nd if the object islocated at an address in that domain. If thisis not the case, a broadcast message is sentto all name servers to receive the address. In



10 Informatica 17 page xxx{yyy K.Erciye�s, �O.�Ozkasap, N.Akta�sthis case, only the name server which has theaddress of the object will respond.5 Implementation AndResultsThe proposed load balancing techniques wereimplemented in an Intel iPSC/2 hypercubesimulator running on OSF/1 MACH Unix en-vironment with the following results obtained.5.1 Static Scheduling ResultsThe performance of TPM (Task-to-ProcessorMapping) and DA (Domain Allocation) algo-rithms were evaluated by using sample taskgraphs generated randomly by TGG (TaskGraph Generation) algorithm, generally in theform of supervisor-worker model. Results wereobtained for di�erent number and topologiesof processors, several heuristic functions forreal-time tasks, and di�erent number of do-mains.Parallel system topologies are selected as4-processor mesh topology, and 8 and 16-processor hypercube topology. Processor do-main numbers are selected as follows:� DN=1 and 2 for 4-processor case� DN=1, 2 and 4 for 8-processor case� DN=1,2,4 and 8 for 16-processor caseDN=1 means there is only one domain in thesystem. In this case, domain allocation phaseis not used.For di�erent domain numbers, we have ob-tained time measures for task-to-processormapping and percentage of real-time taskswhose deadlines are met. The following aresome of the results we have obtained for dif-ferent heuristic functions:EDF (Earliest-Deadline-First) Heuristic:Fig. 9 shows time spent during static map-ping of tasks to processors for DN=1, DN=2,DN=4 and DN=8 where M=16 with hyper-cube topology. N varies between 24 and 48interrelated tasks.
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2 x 16Figure 15: Test of Real-time Approach WhenDomain Number is Constant and ProcessorNumbers in Each Domain are Variable.5.2 Dynamic Load BalancingResultsThe dynamic load balancing mechanism isimplemented for soft real-time processes de-scribed in Section 3 by adding group man-agement and naming modules to the exist-ing NX/2 kernel of the hypercube simulator.The semi-distributed central dynamic loadbalancers are system processes which commu-nicate with other load balancers to performload transfer. Process migration facility is sim-ulated. Real-time approach is implementedand system's performance is observed for dif-ferent number of domains and processor num-bers. In �gures 15-17, the percentages of ape-riodic processes meeting their deadlines thathave been in migration list are shown.Fig. 15 shows the performance of the sys-tem when domain number is 2 but number ofprocessors in a domain is varying as 4, 8 and16. When the domain number is constant but
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2 x 4Figure 17: Test of Real-time Approach WhenDomain Number is Variable But ProcessorNumbers in Each Domain are Constantthe processor number increases, system goesto a centralized manner and performance ofthe system decreases.Fig. 16 shows the system test results whendomain number is varying but the total pro-cessor number in the system is constant. Asthe number of domains increases, the systemcloses to a distributed condition and the sys-tem performance increases hence the percent-age of the number of aperiodic processes meet-ing their deadlines rise.Performance of the system, when the do-main number is varying but the processornumber in each domain is constant, is shown inFig. 17. As the domain number in the systemincreases, the number of aperiodic processesmeeting their deadlines increases.Schedulability ratios for 50 processes onvarying number of domains are represented inFig. 18. Each domain has 4 processors in this
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1 2 3 4 5 6 7 8Figure 18: Number of Processes Scheduled Us-ing Real-time Approach For Varying Numberof Domainscase. It can be deduced from the �gure thatas the number of domains in the system in-creases, schedulability chance of the processesalso increases.6 ConclusionsWe have proposed a framework for load bal-ancing and for running applications in a paral-lel processing system. The main componentsof the system are the deterministic sched-uler, the dynamic load balancing mechanismand operating system support modules for dy-namic load balancing. The o�-line scheduler isused to allocate periodic, hard real-time pro-cesses and the dynamic load balancers transferaperiodic soft real-time processes from heavilyloaded to lightly loaded nodes. The proces-sors of the parallel real-time system are di-vided into domains which are a collection ofprocessors. Both static and dynamic sched-ulers try to balance load at intradomain andinterdomain levels, but in di�erent directions.The static scheduler starts from global systeminformation and ends in allocation of tasks toprocessors of individual domains whereas thedynamic load balancers �rst try to even theload within the domain and if this is not possi-ble, communicate with load balancers of otherdomains to perform transfers at interdomainlevel.The static scheduling model is tested andevaluated for approximately 1500 precedence



A SEMI-DISTRIBUTED LOAD BALANCING MODEL Informatica 17 page xxx{yyy 13related tasks. The results can be summarizedas follows: It is observed that, when the sys-tem is partitioned into domains, time spentduring mapping decreases as the number of do-mains in the system increases. This is causedby the fact that, domain allocation phase min-imizes the search space of Task-to-ProcessorMapping phase during �nding optimal proces-sor for a task. This result is especially im-portant for MPP systems. The percentage ofdeadlines met for heuristic functions are givenin Table 1.Partitioning the system into processor do-mains is an advantageous approach accord-ing to the simulation results we have ob-tained. When the system is partitioned intodomains, time spent for static scheduling de-creases. Since the performance of the modelwe have proposed is approximately the samefor domain partitioning approach and the ap-proach without domains, the domain parti-tioning scheme that has less time complexitywill be preferred. Also, the concept of domainwill provide the base for centralized use of re-sources at intradomain level and distributedusage of resources at interdomain level.For the dynamic load balancing case, thestarting point of our research was the fact thatneither fully distributed nor centralized loadbalancing policies yield good performance forMPP systems. We therefore designed a semi-distributed model which makes use of both ap-proaches. The iPSC/2 hypercube simulatorunfortunately created problems after 32 pro-cessors, so the maximum domain number wecould test is 16 each with 2 processors. It isobserved that when the system is tested forvarying number of domains and processors,the percentage of the scheduled aperiodic real-time processes rise sharply as the number ofdomains increase which is in accordance withwhat we expected.This semi-distributed management of re-sources by con�ning local information to do-mains and acquiring this information if neededby use of the underlying kernel services canbe extended to other higher system functions

Table 1: Percentage of Real-TimeTasks whosedeadlines are met.M=4 M=8 M=16EDF 0.96 0.97 0.94MLF 0.96 0.98 0.98H3 0.97 0.98 0.96such as �le servers, etc. which can be built onthis structure using the same principle. Forexample, a process in a domain, which wantsto open a �le, would send a message to the �leserver of that domain. If the �le is not foundlocally, the other �le servers can be informedto �nd the �le and transfer data. We thinkthis approach eliminates the need for centralor the replicated data, which would lead tobottleneck in the �rst case and overhead forconsistency in the latter.The results obtained for both static and dy-namic load balancing cases are decisive in ac-cepting that partitioning a parallel real-timesystem into domains and managing them ac-cordingly yields better performance than no-domain case. Secondly, this idea can furtherbe used for other resource management pur-poses. At a more abstract level, each domaincan be considered a node of a distributed real-time system connected by a real-time network.Most of the methodology developed is valid forthese loosely coupled systems with the modi�-cation of the communication costs accordingly.A future investigation area would be on howto con�gure the size of the domains to suit anapplication.References[1] Audsley N. & Burns A. (1990) Real-time System Scheduling. Technical Re-port YCS134. Department of ComputerScience, University of York, UK.[2] Bryant R.M. & Finkel R.A. (1981) AStable Distributed Scheduling Algorithm.
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