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Abstract
We present the design of a system integrated load management facility for parallelapplications which execute in systems of interconnected heterogeneous workstations.Cluster based parallel computing o�ers an attractive alternative to the usage of dedi-cated parallel machines due to advances in hardware and software technologies. Oneof the biggest issues in such systems is the development of e�ective techniques for thedistribution of the processes of parallel applications to multiple processors. During thelast years a large amount of load management techniques have been developed bothfor parallel and distributed systems. But, the adoption of load management techniquesfrom one platform to another one is di�cult due to di�erent system implications. Oneof the main purposes of this design document is to uncover detailed constraints whichhave to be considered during the decision phase of the load management cycle. On theone hand side, heterogeneity of the system and its time-sharing usage model introduceadditional implications which are generally outside the control of load managementsystems. Nevertheless, they have major impact on the behaviour and functionality ofa load manager. We classify the term heterogeneity according its impact on the loadmanagement design. On the other hand side, management overhead might outweighthe expected performance bene�ts. Complex regulation operations like process mi-gration or recon�guration of the set of execution nodes introduce management costswhich have to be cosidered during the decision phase. Therefore, we introduce thenew concept of cost sensitive load management. The second part covers the designof our approach. A structured modeling technique is used which enables a functionaldecomposition of the extended management control loop.
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11 Load Management in HeterogeneousEnvironmentsThis document presents the design of LoMan| a system integrated LoadManagementfacility for parallel applications which execute in systems of interconnected heteroge-neous workstations. The main purpose of the design is to uncover detailed constraintswhich have to be considered during the decision phase of LoMan. Two demands arecompulsory for any load management mechanism. It should distribute the load pro-ducing components to the load consuming components1 according to a prede�ned per-formance criteria. Additionally, the mechanism should minimize its own inuence onthe performance of the managed system by not wasting system resources. In otherwords, the overhead introduced by a load management mechanism should be kept asminimal as possible.This introduction is organized as follows. In x1.1 we introduce and motivate the usageof networks of workstations as a parallel execution platform. In x1.2 we review thestandard control loop of a general purpose load management facility and briey discusswell known problems introduced by this control loop in x1.3. Finally, we will de�nethe focus of the project and present an overview of the remainder of this document.1.1 MotivationCluster based parallel computing on networks of coupled workstations o�ers an attrac-tive alternative to the usage of dedicated parallel machines. The performance of thishardware platform compares well to parallel machines if the granularity of the paral-lel application �ts to this environment. Generally, the ratio between computation andcommunication has to be higher than on parallel machines due to slower communicationfacilities with less bandwidth and higher latency between the processing components.The rise of such networks to be utilized as a parallel hardware platform was patronizedby several factors. On the one hand side, the technological paradigm shift to prefer o�the shelf rather than proprietary components for building new parallel machines assim-ilates the architectural characteristics between both execution environments [27, 34].The great advantage of this paradigm shift from the application developers' point ofview is that applications may be developed and tested on a less expensive and widelyavailable platform. The same application often only needs recompilation and relinkingfor later production runs on a parallel machine. On the other hand side, sophisticatedmechanisms for process initiation, interprocess communication and synchronizationwere provided by the introduction of PPEs (Parallel Programming Environments).Among the most popular PPEs are p4 [3, 4], NXLib [44, 45], PVM [11, 47] and variousimplementations of the message passing interface standard MPI [26, 50]. A detailedoverview and comparision of PPEs is presented in [43].1In literature, load producing components are also called resource consuming components (e.g., [5]).



2 1 LOAD MANAGEMENT IN HETEROGENEOUS ENVIRONMENTSIf an optimal algorithm has been developed the remaining performance improvementsduring the execution of applications depend on a balanced utilization of available sys-tem resources. One possibility for increasing performance is to expand a simple resourcemanagement system by a more sophisticated load management system. Whereas re-source management provides the basic functionality to access and use resources ofan arbitrary computing system, load management aims at improving performace withrespect to some previously de�ned performance measures. Popular examples for perfor-mance measures are minimizing the execution time of a single application, minimizingthe mean response time for a set of applications or maximizing the systems through-put. Detailed analysis of application requirements and best �tting mappings of thoserequirements to available resources had been the most important steps previous toany load management. The adoption of a load management facility from parallel ma-chines to heterogeneous time shared systems is di�cult due to the di�erent systemimplications (see x1.4).1.2 The Control Loop of Load ManagementThe central question which has to be answered by every load management system is:when to map/migrate which load producing entity to which load consuming target[6, 21]. To re�ne this terminology we state that the load producing entities are thetasks of a parallel application and that the load consuming targets are the workstations(also called nodes) of the execution environment.
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Figure 1: The Control Loop of a general purpose Load Management FacilityThe general structure of a load management system may be seen as a control loop [21](see Fig. 1). Parallel applications and sequential user processes execute concurrentlyon the execution environment. Three phases are typical for every control loop andthus, typical for a load management system. Each phase of the standard control loopis implemented by a corresponing load management unit. The load measurement unitdetermines the load at every node in the environment. The load evaluation unit com-pares the load situation of the nodes. In case of unbalanced load in the environmentthe decision making unit selects the tasks which have to be mapped on the selectedtarget nodes. In general, two mechanisms exist to regulate an unbalanced system.



1.2 The Control Loop of Load Management 3Tasks which have been submitted but are not yet executing are initially mapped tothe selected target nodes during the mapping phase. During the redistribution phasealready executing tasks will be migrated between two nodes (the source and the targetnodes). A comprehensive collection of studies concerning load management was pro-posed by [38]. Detailed classi�cation frameworks which discuss general characteristicsand techniques of load management can be found in [5, 21, 35, 43].
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Figure 2: Application and System Integrated Load ManagementThere exist di�erent approaches to integrate a load management system (see Fig. 2)into the controlled environment: application integrated and system integrated load man-agement. We refer to an hybrid integration approach if di�erent load management unitsare located in both the application and the system. In the former case load manage-ment is part of the application. Load is produced by the input data and processingrequests of the parallel application and sequential user processes. From the viewpointof applications, load is consumed by using and transforming those input data. Loadmanagement is performed by distributing the data and processing requests to the tasksof the applications. In the latter case the load management system is integrated intothe runtime environments for the applications. Load is consumed by the nodes of theexecution environment and is imposed by the executing application tasks. The regu-lation is performed by distributing the tasks and processes to the execution nodes inthe environment. The major advantage of application integrated load management isthat the application programmer has best knowledge about the structure of his appli-cation. The load producing application parts are supposed to be easier identi�ed andthe mechanisms to regulate the load on the tasks are easier to implement comparedto the mechanisms in system integrated load management. On the other side, thoseload management techniques are generally dedicated to one application and have tobe implemented again and again for every new application. This major disadvantageis extinguished when using a system integrated load management technique. Oncedeveloped and implemented, the system integrated load management mechanism canmanage di�erent kind of applications. On the other side, the best application knowl-edge is generally lost and not considered to conclude the management decisions. We



4 1 LOAD MANAGEMENT IN HETEROGENEOUS ENVIRONMENTSmay state as a concluding remark, that the advantage of one integration approach isthe disadvantage of the other.A hybrid integration approach seems viable at this point. Nevertheless, we choose thesystem integrated approach since the location of any load management unit withinthe applications causes loss of generality. Generality is a major design issue for ourapprooach. As in application integrated approaches, the application programmer hasto implement a missing load management unit for every new application. Instead, wewill provide mechanisms to identify the resource requirements of applications in moredetail (see x2.1) and hence, will overcome this drawback.1.3 Known Problems and Research AreasSeveral well known problems arise by using control loop model of load management.The �rst problem is the determination of the system load. Activities which are observedby the load management system cover the submission of jobs and their executionbehavior. Di�erent jobs have di�erent resource requirements and the utilization ofresources is measured in the system or the application. In its simplest form, load isde�ned as the amount of work to be done by the processing elements. This de�nition ofload does not consider detailed application requirements on resources of the processingelements. Although, a more detailed de�nition and representation of the term load isneeded it is not part of this document. We just state that not only the current systemutilization but also the application resource requirements are used to model the loadand to determine the loading situation. For a detailed discussion we refer to [33, 32].The second problem is to stabilize the control loop to avoid that a load producing entitywhich has been mapped/migrated is not touched right afterwards. Otherwise, it mayhappen that the entity never executes to produce application results but only movesbetween nodes. A history of management operations, i.e., mapping and redistributionoperations, could be used during the decision phase to prevent this kind of load orprocessor thrashing [39]. In non-dedicated environments (see x2.2) such a history mightalso be used to prevent that a dynamically changing machine con�guration will berecon�gured at any possible time. In this case a comparable problem to processorthrashing might occur. Once a node is selected and con�gured to execute applicationtasks it should not be replaced by a new node right afterwards. Otherwise, it mayhappen that nodes are only exchanged but never execute application tasks. We willcall this situation node thrashing.Finally, the activities of a load management system need system resources and hence,impose load to the execution environment. One of the major demands to any loadmanagement technique is to reduce the management overhead. Management overheadoccurs within every management phase but have only partially be considered in theliterature. For example, [18] considers the complexity of di�erent workload descriptionson the performance of heuristic load management techniques. It has been shown thatsimple load indices outperform more complex workload descriptions. These are easierto measure and introduce less measurement overhead on the system. But manage-ment overhead also occurs especially for complex regulation operations, like migration



1.4 Organization and Contents 5of tasks between nodes. The costs of such operations might outweigh the expectedperformance bene�ts. Therefore, we will consider the costs of the regulation activities(see x2.3).1.4 Organization and ContentsThe reminder of this document is organized as follows. The design of LoMan is precededby an analysis of the implications imposed by the system and the application (see x1.4).These implications will be called external constraints since they are not part of theload management mechanism itself but rather have to be faced and considered. Thegoal of this analysis is to de�ne a model for the execution environment | a systemof interconnected heterogeneous workstations. x2.2 describes details of the executionenvironment. x2.1 presents a short overview of the structure and dynamic executionbehavior of parallel applications. We will derive the objects to be managed by LoManand the necessary functionalities to do so. Additionally, we have to analyze the internalconstraints, i.e., the load management overhead imposed to the execution environment.From those two types we will de�ne a cost sensitive control loop in x2.3.We will argue that a comprehensive modeling approach is required to cover the complexaspects of load management. In x2.4 we will review the basic concepts of the chosenmodeling technique which is based on functional decomposition. The design of LoManwill focus on its decision component. x3.4 presents a general view on the functionalityof LoMan and serves as starting point for its the top-down design. x4.4 further re�nesthe framework by uncovering more details to be considered.



6 1 LOAD MANAGEMENT IN HETEROGENEOUS ENVIRONMENTS



72 Analysis of ConstraintsThe development of LoMan will be preceded by a detailed analysis of the systemimplications. Firstly, we will discuss the application environment in x2.1. We focusour discussion on the dynamic execution behavior of a single parallel application. Inx2.2 we discuss the design considerations which are guided by the implications of theexecution environment. From these discussions we derive the costs introduced by themanagement operations in x2.3. Additionally, we argue that the structure of LoManand the complexity of the managed objects requires a comprehensive design approach.2.1 The Application SpaceTalking about job parallelism is multifaceted. It depends on the space of the observedexecution environment and the viewpoint from which the observation is taken. Thejobs share system resources for which they compete. Hence from the viewpoint of asingle job the other jobs introduce a background load [2, 41]. In the context of loadmanagement this background load is not under the control of the management system.In Fig. 3 we re�ne our observation space.
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sequential user processes
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application  processes

process entity

parallel application

single node

parallel threads

dedicated node set
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Figure 3: Levels of parallelism of executing jobsAt the top level we observe the execution system (for a detailed discussion see x2.2)and see a vast collection of jobs executing in parallel. For our purposes, we subdividethis job space into two major classes: a global set of parallel applications and a globalset of independent processes. At the next level, a parallel application executes on aselected and dedicated set of nodes. From the viewpoint of a single parallel applicationa subset of independent processes (and possibly parts of other parallel applications)execute on the same set of nodes. These other execution entities are viewed as thebackground load. We end up with parallelism and concurrency on a single node. Oneach single node, application tasks and sequential user processes execute quasi parallel2.For a detailed discussion of the time-shared system usage see also x2.2.3. Finally, eachsuch process, either an application task or a regular user process, may contain severalexecution threads.2On workstations with more than one CPU they even may execute in parallel.



8 2 ANALYSIS OF CONSTRAINTSLoMan manages the tasks of a single parallel application but also considers backgroundload. In the following, we focus on the possibly dynamic structure and relationship of aparallel application and its constituting tasks. A parallel application may be seen as aset of cooperating tasks. In contrast to serial processes they communicate to exchangeintermediate results in order to compute the �nal application results. We assume thatexplicitmessage passing is used for communication and do not consider shared memorycommunication at this point. Internally, we do not consider �ne grain parallelism, i.e.,the tasks are not inherently parallel by exploiting light weight processes (threads).Therefore, we formally de�ne a parallel application A to be a set of tasks ti:A = ft0; t1; t2; � � � ; tagSeveral characteristics of the parallel application and its constituting tasks have to beconsidered during the design of LoMan:1. Initially, we assume that during the startup phase of the application its tasksare created by a single parent task t0. A task ti which has been created and isready to run will be annoted with tri , whereas a task which is already mapped andexecutes on a node is annoted with tei . The number of tasks may change duringthe execution time of the application. Each task may create children tasks dueto algorithm demands or due to the availability of additional resources. Branchand bound algorithms are popular examples for this behavior. The classical loadmanagement cycle distinguishes between two phases: the initial task mapping ofT r (i.e., the set of ready to run tasks) and the dynamically task redistributionof T e (i.e., the set of already executing tasks). In our case, the two phasesare merging since the number of tasks might dynamically change. Hence, themanagement decisions might additionally have to consider the mapping of thepair (T r; T e) to the nodes.2. The tasks may have di�erent resource requirements. For example, the tasks of aparallel application might be grouped according to the roles they play within theapplication. A subset of the tasks might be responsible to compute the resultswhile the another subset is responsible to read initial data from disk and write�nal results to disk. Hence, the second group of tasks should be located onnodes which have access to local disks. Performing I/O to a remote disk wouldcost additional communication resources. Parallel client-server applications aretypical examples for this behavior. From the viewpoint of LoMan the resourcerequirements of the tasks have to be observed and considered in more detail.3. Di�erent versions of the tasks executable code may exist (see x2.2.1). The loadmanager has to evaluate the node-task architecture �tness. At application startuptime, LoMan depicts the nodes of a �tting architecture class. This choice remains�xed during the load balancing phase since task migration is currently only pos-sible between architectural homogeneous nodes. In contrast to this, several loadmanagement systems exploit load redistribution by moving data items betweenthe tasks.



2.2 The Execution Environment 92.2 The Execution EnvironmentThe execution environment comprises a set of interconnected heterogeneous worksta-tions (also called nodes). Several users may exploit the processing power of the execu-tion environment concurrently by time-sharing its resources. We will now discuss thesystem implications heterogeneity (see x2.2.1) and the time-sharing usage model (seex2.2.3). From this discussion we will derive the requirements and constraints whichhave to be considered by LoMan.Formally, we de�ne the distributed execution environment E to be a pairE = (N ; C);with N being the set of nodes (N = fn1; n2; � � � ; nig) and C being the set of di�erentcommunication links (C = fc1; c2; � � � ; cjg). The next section x2.2.1 re�nes this roughde�nition.2.2.1 HeterogeneityOne of the major di�culties to provide transparency in distributed systems is theheterogeneity of its constituting elements [12, 34]. Heterogeneity is expressed on severallevels of the hardware and software components which constitute the system. Talkingabout heterogeneity is often misleading in the context of distributed systems sincethe term covers several ambiguous meanings. In the context of system integrated loadmanagement, heterogeneity has two di�erent obvious impacts. On the one hand side, iftwo nodes have di�erent architecture the mapping and migration of incompatible codeand data is prevented. On the other side, the hardware con�guration of the nodes (e.g.,CPU clock rate, size of main memory, local disk) determine their performance indices.Therefore, we introduce a coarse grain hierarchical classi�cation of heterogeneity tore�ne and precise our discussion (see Fig. 4).
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Figure 4: Heterogeneity of the execution environment



10 2 ANALYSIS OF CONSTRAINTSDictionaries [13, 19, 40, 28] de�ne the term heterogeneous as consisting of parts ormembers that are very di�erent from one another. For our purposes, this de�nition isonly useful to talk about the nodes in the distributed environment more generally and tostate that we are concerned with di�erent aspects of heterogeneity. We distinguish twofacets of heterogeneity: physical heterogeneity derives from the hardware and softwarecomponents used, whereas the term logical heterogeneity derives from the usage policyand the roles each node plays in the system.Logical heterogeneity is of importance for the load management design if security as-pects have to be considered. Additionally, it is one source of background load whichhas to be considered. For example, the load management system should not select anode which is con�gured as a database server or which is reserved to a certain otherservice. In this case, we assume that the services are frequently used and need largeamount of node resources. Instead, other workstations should be selected even if theirperformance or their current loading situation favor the specialized nodes. Addition-ally, system security aspects might restrict the usage of some nodes for di�erent users.From the perspective of a system integrated load management mechanism it mighteven be necessary to exclude some nodes for one group of users while they have to begranted to other users.Physical heterogeneity is subdivided into two further classes: we distinguish heteromer-ous systems which have or consist of parts that di�er in quality or the like [40] andheterometric systems which have or consist of parts that are marked with di�erent quan-tities [28]. It is crucial for our purposes that quality and quantity of system resourcesinuence each other with respect to some of the properties of the resources. Neverthe-less, we introduce these terms to focus on di�erent aspects of heterogeneity. The �rstclass determines the migration space of the entities to be managed, whereas the secondde�nition covers the di�erent performance characteristics of the nodes. The followinglist will detail those aspects with respect to their inuence on the load managementdesign.1. The heteromerous property of the system inuences the selection of target nodesaccording the tasks executable architecture characteristics. The architecture ofthe nodes determines the data representation, i.e., instruction sets, word sizes andbyte ordering of the computed data. The execution environment may comprisea number of di�erent architecture classes. Additionally, the types and versionsof the operating systems which may be found on the nodes in the executionenvironment might di�er. The operating systems' local scheduling and memorymanagement policies determine when the mapped tasks will have access to theresources of the nodes. Di�erent local policies will have di�erent side e�ectson the runtime of the application tasks. Furthermore, di�erent versions andreleases might prevent process migration even within a single type of operatingsystem. We do not consider process migration facilities which depend on costlypreparations [48] or at which residual dependencies [30] remain. We assume thattask migration completely hides the task occurrence on the source node [43].



2.2 The Execution Environment 11We group the nodes between which processes are migratable into a homomeroussubsystem. Hence, several disjoint homomerous subsystems N i might exist in theheterogeneous execution environment:N = fN1; N2; � � � ; Nng;with N i \N j = ;, for i 6= j and 1 � i; j � n.2. The hardware performance of the nodes in the system is determined by the per-formance characteristics of their constituting hardware resources (i.e., processingspeed, memory bandwidth, I/O bandwidth). The performance indices of thenodes inuence the computation of the load in the system. For example, a popu-lar load index is the number of processes in the node's ready queue [10, 18]. Thisload index has to be scaled to a comparable value if two nodes have di�erentprocessing speeds [1, 51]. Recently, the memory bandwidth became more andmore important to determine the load of a node load since parallel applicationstypically utilize huge amount of memory [35, 36]. The memory management unitof the local operating system will swap the pages as soon as the local memoryis fully utilized and more memory pages are needed. The swapping of memorypages will slow down the performance of the node. As already stated in x2.1,the resource usage of I/O operations signi�cantly depends on the availability ofa local disk.The heterometric nodes of a single homomerous subsets N i may be further subdi-vided into homometric classes, although it is di�cult to group the nodes accordingto their relative performance indices. The most popular property to group thenodes is their processing speed as determined by some arti�cial benchmarks. Inthe literature this property is also called architecture factor [51, 37] (in our sensethis terminology is quite misleading). Therefore, we state that N i is furthersubdivided into: N i = fN i1; N i2; � � � ; N i�g;with N ij being the set of homometric nodes.Di�erent types of communication links are possible within the same workstationcluster and hence, the performance (e.g., latency and bandwidth) of the commu-nication links has to be considered. It is important for communication intensiveparallel applications to select target nodes which are interconnected by fast com-munication links. Thus, the communication performance has to be consideredeven if the interconnection topology of the nodes is not exploitable (as it is doneby many load management system on dedicated parallel machines).Similarly to the above notion, we re�ne the set of communication links C to besubdivided into performance classes:C = fC1; C2; � � � ; Ccg



12 2 ANALYSIS OF CONSTRAINTSWe state, that the same node might have access to di�erent communicationsubsystems. The advantage of this approach is that for later enhancements ofLoMan the communication via virtual shared memory is easily adoptable.In summary, this leads to a re�nement of our de�nition of the execution environmentproposed at the beginning of this section. We group the nodes in the heterogeneousexecution environment into heteromerous and heterometric subsets. With those de�ni-tions in mind, we state that current load management systems for parallel applicationsin heterogeneous systems are limited to heterometric systems [53, 20, 52, 7].2.2.2 Example Con�gurationFig. 5 shows a cluster of 9 heterogeneous nodes N = fn1; n2; � � � ; n9g. We subdividethis set of nodes according to their physical heterogeneity (i.e., their heteromerous andheterometric characteristics).
HP PA-RISC
HP-UX 9.x

6N

Disk

HP-UX 9.x

128 MB 128 MB128 MB Disk

N

Disk

HP PA-RISC
Solaris 2.x

Sun Sparc20

5

N

Sun Sparc20

N

Disk 256 MB

Solaris 2.x

Sun Sparc20

1N

3 4

96 MB RAID

N

HP PA-RISC
HP-UX 9.x

7N

Sun Sparc20

Disk

96 MB Disk

64 MB

IBM RS/6000
AIX 3.x

9N

Solaris 2.x

96 MB RAID

2

IBM RS/6000
AIX 3.x

8N

Solaris 2.x

64 MB RAID

Ethernet-LAN

ATM-LAN

Figure 5: Example con�guration of an execution environmentThe nodes are subdivided into three architecture classes and two communicationclasses. Obviously, the architecture classes form non-overlapping homomerous setsof nodes: N1 = fn1; � � � ; n4g forms the SunSparc20 homomerous subset, N2 =fn5; � � � ; n7g forms the HP PA-RISC homomerous subset and N3 = fn8; n9g is the IBMRS/6000 homomerous subset. The communication subsets are overlapping, since thereexist nodes which are able to communicate over several communication links: E1 =(fn1; � � � ; n6g; C1) communicate via the Ethernet link, while E2 = (fn4; n6; � � � ; n9g; C2)communicate via the ATM link. In this case, Coverlap = fn4; n6g, i.e., the nodes N4 andN6 may exchange messages via both links.



2.2 The Execution Environment 132.2.3 Multiuser ModeFig. 6 shows an additional obvious di�erence between dedicated parallel machines andthe cluster of heterogeneous workstations [17, 49]. This di�erence is mainly concernedwith the facets of the multiuser mode. The former machines are mainly used in space-sharing mode, i.e., parallel applications executes on non-overlapping compute partitions[8]. At any time only one application executes within a single partition which wasgranted before its startup time. Each partition provides an exclusive single systemimage to the application. Recently, new scheduling approaches for parallel machinesovercome those �xed partition sizes [31].
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Figure 6: Time-Sharing Usage ModelIn contrast to space-sharing, coupled workstations operate in time-sharing mode.Hence, overlapping actual compute environment de�nitions are likely to happen ifseveral independent parallel applications execute in the system. The promising sloganresource sharing [12] serves as guarantee that the resources are always busy as long aswork has to be performed on them. They are not blocked or occupied by a waitingjob. Waiting situations occurs in both job classes. On the one hand side, concurrencyis managed by the local scheduling strategies. As soon as one job waits for an externalevent the scheduler will remove this job from the node's CPU and grant it to anotherready-to-run job. On the other hand side, in case of parallel applications it is likelyto happen that tasks wait for messages (i.e., intermediate results or synchronizationprimitives) from other tasks. Hence, waiting situation are also typical for parallelapplications.The availability of constant node performance in the system can not be guaranteedsince users log into and o� the nodes at any time [34]. During their interactive sessions



14 2 ANALYSIS OF CONSTRAINTSthey occupy the system resources with di�erent degrees of utilization. Two di�erentkinds of users may be distinguished from the node's viewpoint [41]. Users which arephysically logged into a node are called primary users, whereas secondary users log intothat node from another remote node. Primary users should not be disturbed duringinteractive sessions. This concept of workstation ownership is contradictionary to theconcept of resource sharing. We do not demand that the tasks of a parallel applicationhave to be moved away from a node as soon as interactive users log into that node. Werather consider the user behavior in more detail to prevent a waste of system resources.From the viewpoint of a parallel application we additionally introduce the term externaluser. Those users are not owner of the currently executing parallel application but arethe owner of other processes executing in the system. It is not necessary that theowners of parallel applications or sequential processes are physically logged into thesystem at the time those are executing. Generally, those jobs (i.e., a parallel applicationor sequential user process) are called batch jobs. Batch jobs need no interaction withthe users.The time-sharing usage model introduces additional implications which have to beconsidered by the load management system:1. Workstation ownership constraints implies that interactive usage should not bedisturbed by executing a parallel application,2. but to keep the promising concept of resource sharing the demands of externalusers have to be considered in more detail.3. The set of nodes on which the parallel application executes could be changed ifthe primary user fully utilizes the resources.We conclude, that the set of nodes on which tasks are distributed is a subset of thosenodes which will be observed, i.e., on which load is measured and interactive usage isobserved. The load management system has to distinguish between two sets of nodes:the actual execution environment denotes the set of nodes on which application taskscurrently execute, whereas the possible execution environment denotes the set of nodeswhich is observed.2.2.4 Requirements in case of multiple Parallel ApplicationsLoMan is designed to manage the mapping between a single parallel application anda recon�gurable set of workstations. E�ciency reasons encourage this approach sincedecisions are concluded locally with respect to the resource requirements of this ap-plication. Information needed to achieve the performance goals are kept as local aspossible within the management system. Thus, costly information exchange opera-tions between di�erent components are avoided. We will briey discuss the e�ects onthe design of LoMan if several parallel applications are executed concurrently in thesystem.
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Figure 7: Negotiation between multiple LoMan systemsIn x2.1 we stated that from the viewpoint of one parallel application another one isonly seen as background load. Assume, each parallel application is managed by its ownload management system, either LoMan or any other load management system. Eachof the separated load management systems independently conclude decisions withoutknowledge of the decision results of other management systems. Locally, the decisionsare adequate to meet the expected performance improvement for a single application.Globally, the decisions might be contrary to the expected performance bene�ts. Forexample, a lightly loaded node is independently selected as target node. The man-agement systems might map some of their associated application tasks onto this node.Hence, the load on the node increases and might exceed a prede�ned load threshold.These tasks might be immediately migrated to other nodes as soon as the managementsystems evaluate the load situation on the node. Similarly, newly selected target nodesmight get overloaded if decisions are concluded independently again. This scenariois similar to node thrashing (see x1.3), except it is not caused by an instable controlloop. Hence, mechanisms have to be considered and provided to prevent contrary nodeselections.In Fig. 7 we term these mechanisms with negotiation. Negotiation is performed bythe load management systems LoMan1 and LoMan2 (although, more than two loadmanagement systems are possible). The associated execution environments ExecEnv1and ExecEnv2 share the workstation Node4. Hence, this workstation is a possiblecandidate for overloading. Nodes in the system can not be arbitrarily selected if severalload management systems use a negotiation protocol. Thus, it is guaranteed that thenodes are selected in coordinated manner. Additionally, unnecessary managementoperations are avoided. Beside negotiation protocols, one can also imagine a globalresource management system which is responsible to grant or refuse nodes [24] toa single load management system. In this document we are not interested in thedetails of negotiation or similar techniques. We rather state that LoMan will providemanagement units which may be easily extended to incorporate such techniques.



16 2 ANALYSIS OF CONSTRAINTS2.3 A Model for Cost Sensitive Load ManagementWe summarize the above system implications by listing the objects which have tobe managed during the control loop by LoMan. These external constraints de�nethe management operations and directly lead to the internal management constraints.From this point of view, we de�ne an extended control loop for LoMan in x2.3.2.2.3.1 Costs of Management OperationsLoad management introduces additional management costs which will be consideredduring the decision making process. We will de�ne these costs by summarizing theobjects to be managed by LoMan and listing its necessary management operations.The managed objects and their relevant management operations are depicted in Fig. 8:
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Figure 8: Objects to be managed by LoMan1. The ExecEnv | Execution Environment | is the set of all nodes in the envi-ronment. LoMan is responsible to select and con�gure the nodes on which theapplication tasks might execute. The con�guration of actual target nodes andsetting up the necessary runtime environment introduces con�guration costs. Atstartup time of the application it is important to initially select a "stable" ma-chine con�guration, although this is di�cult in non-dedicated environments. Aninitially "wrong" selection of nodes might outweigh the expected performancebene�ts since it is likely to happen that nodes have to be added and released tothe actual set of target nodes. Hence, the recon�guration of an already existingenvironment will be expensive { although it might be compulsory due to theinteractive session of an external user.



2.3 A Model for Cost Sensitive Load Management 172. The ParApp | Parallel Application | is the set of cooperating tasks. Bothphases of a load management system introduce additional overhead, i.e., loadmapping by task placement introduces mapping costs and load redistribution bytask migration introduces migration costs. In general, the operation of task mi-gration is more complex and thus, more expensive than task mapping due toits protocol overhead. Furthermore, it has been shown [10, 9] that an initially"good"3 mapping will prevent the load management system to redistribute theload too often. As stated above, this argument is only of limited bene�t if un-predictable background load has to be considered. Nevertheless, we try to ful�llstatic resource requirements. The process of mapping application tasks near toresources they actually need is often called a�nity scheduling [46]. For example,I/0 intensive application tasks should be mapped onto nodes which have accessto local disks. Thus, stored data has not to be transferred via the communicationlinks.3. The adaptive load model LoadModel is a con�gurable set of load indices. Mea-surement will introduce increasingly more overhead to the control loop as soon asmore indices have to be measured. Additionally, the evaluation will be increas-ingly more complex. This overhead will be called load modeling costs [18, 32].All three types of the operation costs will be considered by LoMan.2.3.2 The Extended Control Loop of LoManCurrent load management systems base their decisions exclusively on the actual loadsituation of the system. For a load management mechanism which considers its ownoverhead, i.e., the management costs, we will introduce an extended control loop. Themain di�erence to the standard control loop (see x1.2) is illustrated in Fig. 9.
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Figure 9: Extended Control Loop of a Cost Sensitive Load Management Facility3In [21] it has been shown, that the problem of computing optimal task mappings is NP-complete.Therefore, only suboptimal mappings which can be found in reasonable short time are of practicalinterest. Heuristics and load thresholds are the most common techniques used in practice.



18 2 ANALYSIS OF CONSTRAINTSIf necessary and possible, the decision component proposes several regulation alterna-tives to ful�ll the performance criteria. The cost evaluation unit either picks the cheap-est decision alternative or rejects all alternatives if the expected performance bene�tsare not worth an expensive operation. Thus, unnecessary management operations areprevented.2.4 Summary and Design ConsiderationsTo summarize the above topics x2.1 { x2.3, we list the most important requirementsfor the design of LoMan.1. LoMan has to merge the two phases of initial task placement and dynamic taskredistribution due to possible dynamic task creation during the runtime of theapplication (see x2.1).2. Heterogeneity has to be considered in more detail. The heteromerous propertyof the system might exclude some nodes to be selected as possible targets. Theheterometric property forces LoMan to scale load values to a possibly commonbase (see x2.2.1).3. LoMan has to distinguish between the subset of nodes on which load is mea-sured and the subset of nodes on which tasks currently execute (see x2.2.3). Thepresence or absence of interactive users forces or enables LoMan to dynamicallyrecon�gure the actual execution environment.4. LoMan is designed to manage a single parallel application in a possibly changingmachine con�guration. LoMan has to be extendible since mechanisms for coor-dination are needed if several parallel applications and hence, several LoMansexecute concurrently (see x2.2.4).5. LoMan has to judge management decisions according the overhead and resourcerequirements, i.e., the management costs, they introduce to the system (seex2.3.2). Management operations are rejected if they do not meet the expectedperformance bene�ts.6. The resource requirements of application tasks have to be considered in moredetail. A�nity scheduling is used during the mapping phase to ful�ll staticresource requirements (see x2.3.1).At this point we stress the need for a structured modeling approach during the designphase of the system integrated load management mechanism. We use SADT to coverthe complexity of the load management system and to cover the implications of parallelapplications and the execution environment in a consistent manner. The next sectionx2.4 introduces the basic mechanism of the SADT methodology. In x3.4 we start withmodeling the load management system. We continue with a more detailed descriptionof the activities in x4.4.



193 Introduction to SADTIn this section we will briey review the methodology and terminology used bySADTTM [25] | Structured Analysis and Design Techniques4 | which will guidethe modeling of the load management system.3.1 Systems and ModelsSADT is a complete methodology for developing system descriptions, centered on theconcepts of system modeling. A SADT model (short: model) employs both naturaland graphics language to convey meaning about a particular system. The graphicslanguage comes from SADT. A SADT model that focuses on system activities is calledactivity model, and one that focuses on the system things (which is a more generalexpression than data) is called data model. Activity models present system activities ina successively detailed manner, and they de�ne the relationship among those activitiesthrough the transformed things of the system.SADT models are developed for a particular motive. That reason, called the purposeof an SADT model, is derived from the way SADT formally de�nes a model:M is a model of a system S if M can be used to answer questions about Swith an accuracy of A.The purpose of a model is, by de�nition, answering a set of questions. Commonly,the question set for a model is developed very early in a SADT modeling e�ort, andis usually summarized by one or a few sentences. These sentences become the statedpurpose of the model, and the question set remains as detailed backup to that sentence.When the model is complete, the questions listed will be answered by the informationcontained in the model.The system itself is called the subject of the SADT model. SADT stresses the needfor precisely de�ning the boundary of a system. Therefore, a SADT model alwaysbounds its subject. Since the quality of a system description is dramatically reducedif it remains unfocused, SADT requires that a model be developed from one and onlyone particular perspective. This perspective is called the viewpoint of the model. Aviewpoint is best thought of as a place, person or thing one can stand in to view thesystem in operation. From this �xed perspective, a consistent system description canbe developed. The model will not drift around the topic and incorrectly mix togetherunrelated descriptions.The subject de�nes what to include in, and exclude from, the model. The purposebecomes the criterion for determining when to stop the model. The �nal result of thisprocess is a collection of carefully coordinated descriptions, starting from a very high4SADT is a trademark by SofTech, Inc.



20 3 INTRODUCTION TO SADTlevel description of the entire system and ending with detailed descriptions of systemoperation. Each of these coordinated descriptions is called a SADT diagram. SADTmodels collect and organize diagrams into a hierarchical structure, in which diagramsat the top of the model are less detailed than those at the bottom. In other words, aSADT model can be thought of as a tree-shaped collection of diagrams.3.2 Diagram Syntax and UsageThe diagram is the basic work unit in making a model. Diagrams have their ownsyntax rules which are separate from the syntax rules for models. A diagram is namedwith a title and has standard identi�cation information (e.g., author, date of creationor revision, status). All identi�cation information is placed at the top of the diagram.The diagram contains boxes and arrows. The boxes represent activities of the systembeing modeled. Arrows connect boxes and represent interfaces or interconnectionsbetween the boxes.Boxes are named with verbs or verb phrases as they represent the active parts of thesystem. For readability, SADT requires that not less than three and not more than sixboxes appear in one diagram. Thus, diagrams and models are comprehensible.
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Figure 10: General notion of SADT boxesUnlike all the other graphic-based structured analysis methods, each side of a SADTbox has a speci�c and special meaning. As shown in Fig. 10 the left side of a box isreserved for input information, the right side is reserved for output information, thetop side is reserved for control information, and the bottom side is reserved for usedmechanisms. This notation represents certain principles: inputs are transformed intooutputs, controls constrain or dictate under what conditions transformations occur,and mechanisms describe how the function is accomplished. In comprehensive words,we say:Under control, input is transformed into output using the mechanism.SADT boxes are never placed randomly on a diagram form. Instead, they are placedaccording to their relative order of importance as judged by the author. SADT callsthis relative ordering dominance. Dominance can be thought of as the inuence onebox has over other boxes in a diagram. Usually, the most dominant box is placed inthe upper left-hand corner of the diagram, and the least dominant box is placed in the



3.2 Diagram Syntax and Usage 21lower right-hand corner. In SADT, boxes must be numbered. Box numbers provideunique identi�ers for system activities and automatically organize those activities intoa model hierarchy.The arrows of a SADT activity diagram represent a collection of things and thus,they are labeled with nouns or noun phrases adjacent to some part of the arrows line.Input arrows represent those things used and transformed by activities. Control arrowsrepresent things that constrain activities. Usually, control arrows stand for informationthat directs what activities to perform. Output arrows represent those things into whichinputs are transformed. Mechanism arrows represent, at least in part, how activities(i.e., the functions of the system) are implemented. Thus, mechanisms represent thephysical aspects of an activity (e.g., storage places, people, organizations, devices).Good system descriptions contain a variety of things in order to adequately explain howa system works, both in detail and with its environment. The SADT graphics languagedistinguishes between the things transformed by a system and things that govern howthe transformations are done. SADT calls these inputs and controls, respectively.SADT arrows can be thought of as cables that organize and carry this variety ofthings. Sometimes an activity splits an arrow into its components, just as a prismsplits white light into its colors.To summarize these concepts, we state that SADT diagrams are neither owchartsnor just dataow diagrams. They are constraint diagrams that describe both input-to-output transformation and the constraint rules on those transforms. In this way,arrows document the interfaces between system activities and between the systemand its environment. As shown in Fig. 11 only �ve kinds of box interconnections arerequired by SADT to describe these relationships:
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coming from outside the diagram happens inside the diagramFigure 11: SADT arrows describing activity relationships1. control: The output of one box directly constrains a box of less dominance.



22 3 INTRODUCTION TO SADT2. input: The output of one box becomes the input of a less dominant box.3. control-feedback: The output of one box constrains a box of greater dominance.4. input-feedback: The output of one box becomes the input of a box of greaterdominance.5. output-mechanism: They represent situations in which the output of one activitybecomes the means by which another activity gets done.Control and input connections are the simplest, because they represent direct inuencesthat are intuitively obvious and very common. Control-feedback and input-feedbackconnections are more complicated, because they represent iteration or recursion. Thatis, the outputs of one activity inuence the future operations of other functions thatsubsequently inuence the original activity. They both are drawn as backward-loopingarrows. Output-mechanism connections are interesting and somewhat unusual. Theymay be used to denote sequencing relationship (e.g., preparations must be completebefore work can start). Therefore, output-mechanism often deal with resource allo-cation issues (e.g., required tools, trained people, physical space, equipment, funding,materials).Control-feedback has a more profound a�ect on system operation than dataow-feedback, since this kind happens when the output of two functions constrain eachother (the classic chicken-and-egg scenario is an example of this control-feedback).Therefore, control-feedbacks are considerable stronger than dataow-feedbacks in theway they bind functions together.In general, an arrow represents a collection of things, rather than one thing by itself.Because of this, they may have multiple tails (sources) and multiple heads (destina-tions). Arrows have the ability to branch apart and join together in arbitrarily complexways. Arrow branches are always labeled before their branch and might be labeled afterthe branch point if the things are only part of the previous collection of things. Arrowjoins are always labeled after the aggregation to describe the resulting collection ofthings. Tunneled arrows may be used to hide the source or destination of this arrow.In diagrams they are graphically shown with braces at their heads or tails.SADT uses a diagram con�guration control scheme to manage di�erent versions ofreworked diagrams. The scheme is build upon C-Numbers (i.e., chronological numbers)to distinguish di�erent versions of the same diagram. A C-Number is constructed ofthe author's initials and unique sequence numbers. A log of C-Numbers is kept toidentify the versions.3.3 Model Syntax and UsageSeveral diagrams are required to adequately describe a system. A SADT model is builtby collecting and connecting diagrams. SADT models have syntax rules distinct from,but complementary to, the syntax rules for diagrams. The syntax rules de�ne the



3.4 Summary and Advanced Topics 23boundary of a model, connect diagrams into a uni�ed whole and ensure "plug-to-plug"compatibility between diagrams.A SADT model is a hierarchically organized set of diagrams. Each box of a diagramcan be thought of as a single, well de�ned subject. The division of such a subject(i.e., the name of the box) is called functional decomposition. Decompositions formboundaries and each box is considered to be the formal boundary around a portion ofthe entire system being described. At the very top, a single box and several arrowsare used to de�ne the boundary of the entire model. A single box describes the overalltask to be performed by the system. The arrows that touch the box describe the majorcontrols, inputs, outputs and | if any | mechanisms of the system. The diagram thatconsists of this single box and its arrows is called the context diagram for the model.The box therefore represents the system boundary: everything inside the box is partof the system being described; everything outside the box constitutes its environment.SADT models evolve through a process of top-down structured decomposition. Thetitle for each diagram is taken verbatim from the box it decomposes. Each diagram isidenti�ed by the node number. The node number for the context diagram has the form:model name (or abbreviation), slash, the capital letter A (for activity model), a hyphenand zero. The node number of the diagram decomposing this box is the same withoutthe hyphen. All other node numbers are formed by taking the node number of theparent diagram and appending to it the number of the box that is being decomposed.C-Numbers are used to identify di�erent versions of the same diagram. Additionally,they are used to link together the diagrams both downward and upward the modelhierarchy. Inside the diagram the box that is being decomposed by another one ismarked with its C-Number.SADT diagrams have external arrows | those coming from and going to the outsideof the model. To ensure that several diagrams plug together SADT uses an encodingscheme called ICOM, which stands for Input, Output, Control and Mechanism. ICOMcodes give the analyst a way to quickly verify that the external arrows of the corre-sponding diagram match the boundary arrows of the corresponding box on the parentdiagram.Node numbers, C-Numbers and ICOM codes handle the vast majority of model intra-connection situations.3.4 Summary and Advanced TopicsIn this section we discussed the SADT methodology to model the activities of a system.We introduced the basic ideas and concepts which prove that SADT is a detailedmodeling technique. Two of the major di�erences between SADT and other structuredanalysis methods are1. The seperation of inputs and controls: SADT gives an analyst the capabilityto describe explicitly the constraints imposed on transformation functions. Con-straints give a more detailed picture of how the system operates, for they describe



24 3 INTRODUCTION TO SADTthe rules and facts that must be followed by the transformation function. In somecases it might be useful to join the input and control information into a singlecontrol arrow if input information would also control the behavior of the nextactivity.2. The importance of mechanism: A system is described �rst from a functionalperspective. SADT mechanism arrows give an analyst the ability to preciselyde�ne how a particular function will operate, what storage is required, who willdo it, and so on. Final details are added to the functions. By using the output-mechanism interconnection a sequencing of system functions is enforced.During the authoring (i.e., the development of the model) a functional decompositionstrategy which is based on the functional relatedness of system activities is often thebest. By doing so, the modeler is forced to think about what the system does, indepen-dently of how the system operates. Functional decomposition also tends to deemphasizesequencing while exposing the constraints on system activities.One major disadvantage of the SADT modeling approach has to be mentioned. SADTactivity models exactly describe what the system does and how the activities are guided.But, when the activities are actually executed is left unattended and is not visiblefrom the diagrams (except sequencing which is enforced by output-mechanism arrows).Thus we state, that SADT is a su�ciently comprehensive methodology during thedesign phase of a system, but the diagrams have to be converted into other models iftiming constraints have to be considered. One possibility to overcome this drawbackis to describe the timing order of the activities when the diagrams are explained withnatural language. Additionally, [29] presents techniques to convert SADT diagramsinto colored Petri Nets [15] | a special form of high-level Petri Nets [16]. High-levelPetri Nets could be used during the analysis phase if the concurrency and timing orderof the activities are of major importance. For our purposes, it is su�cient to describethe timed control ow with natural language.Finally, we introduce some new notations which are used during the modeling phase.We briey explain these notations according to Fig. 11. Arrows coming from outsidediagrams are drawn with empty heads, whereas arrows which are used inside themare drawn with �lled heads. Boxes and arrows of each diagram will be explainedby natural language. We use the notation "[B.n]" to refer to a box in the diagramwhich has dominance n. The associated activity will be written in Italic mode. Theinformation which is carried by the arrows will be written in Sans Serif mode.Until now, we just introduced the syntax of SADT diagrams and models, but leftthe process of modeling unattended. The steps required for modeling the system areintroduced in x3.4. Hand in hand with the description of those steps we develop amodel for the load management system.



254 Load Management DesignIn this section we will try to adopt the SADT methodology to the design of LoMan.In x4.1 the purpose and viewpoint of the model will be de�ned. From the viewpointof SADT activity modeling, data decomposition must initially precede and be doneconcurrently with activity decomposition. We will discuss these steps in x4.2. Fromthis starting point we develop the context and the top diagram of LoMan in x4.3 andx4.4. We continue by stepping down the hierarchy uncovering more details in x4.4.4.1 Purpose and Viewpoint of the LoMan modelFor the design of LoMan we will model its activities. According to x3.1, SADT activitymodels are developed for the particular reason to answer a set of questions.The set of questions which have to be answered, the resulting purpose of the model,possible perspectives and the chosen viewpoint are depicted in Fig. 12.To be more precise, we state that the chosen viewpoint is the heart of every loadmanagement mechanism: the decision component. All activities which have to be per-formed by LoMan are controlled by this component. The decision component evaluatesthe current load situation and additional demands. One exceptional property comparedto other load management systems is that LoMan will also consider the costs of theactivities before it actually activates the distribution components.4.2 Data and Activity ListThe �rst step for developing the LoMan model is to determine the data and activitylists. The SADT methodology advises the separation of necessary data items | whichare a collection of "things", and not speci�c data types in programming languages| and the actions to be performed. In x4.1 we de�ned the purpose of the model byidentifying the question set and �xed the viewpoint on the system. The decompositionof data items and activity is done according to the roles each component plays in theLoMan cycle.In Fig. 13 we listed a vast collection of information used and transformed by LoMan.Two major groups of input may be identi�ed. The �rst group covers all informationand descriptions which relate to a parallel application and its constituting tasks. Thesecond group covers the information about the workstations on which the applicationmay execute. The physical entities in those groups have to be managed by LoMan,whereas the logical entities are used as information guides. Additionally, we identi�edthe external users as a source of input for LoMan. External user demands and theirsequential jobs have to be considered by LoMan. Users may restrict the set of possibletargets (i.e., workstations on which tasks may execute) by interactive node usage. Allinformation regarding the interdependency between the executing application and theinvolved workstations will be handled inside the LoMan cycle.
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4.3 The LoMan context diagram 29Hand in hand with the development of the data list we listed and organized the activitylist shown in Fig. 14. According to the groups of information we synthesized �veactivity groups: (1) activities for application management, (2) activities for controllingthe execution environment, (3) the decision making process of LoMan, (4) the load, costand mapping evaluations and the (5) observation of the external users. The activitygroups will serve as a basis for the top diagram of LoMan which will be developed inx4.44.3 The LoMan context diagramThe context diagram of LoMan (see Fig. 15) identi�es the general view on what hasto be done by the load manager. Additionally, it repeats the purpose and the selectedviewpoint derived in x4.1.We will briey discuss the context diagram. The overall question to be answered bythe load manager is "when to distribute which load producing object to which load con-suming component?". Hence, the overall activity to be performed by LoMan to answerthis question is to manage the load distribution [B.1]. With the term "distribute" werefer to both initial task placement and dynamically redistribution of already executingtasks. The box and the arrows in the context diagram build the boundary betweenthe LoMan system and its environment. Any information handled inside LoMan is notshown by the context diagram. This information will rather be the output of internalactivities. For example, the mapping between tasks and workstations is a result ofinternal activities and therefore it is not shown in Fig. 15.To be more precise, we have to discuss the boundaries in more detail. Recall, thatthe semantics of an SADT box may be formulated as follows: "Under control, inputis transformed into output using the mechanism." Thus, we have to describe theseinformation items.The collection of input things is subdivided into three parts:1. The term parallel application (I-1) refers to all static and dynamic characteristicsof an application which are needed by LoMan. For example, this includes thename of the workstation on which the application has been started, the resourcerequirements of the tasks, the number of tasks, the architecture constraints andso on.2. The term execution environment (I-2) refers to all the information which relateto the coupled heterogeneous workstations. The execution environment is undercontrol of LoMan as long as a parallel application executes. For example, thisincludes the static descriptions of the available workstations, the actual con�gu-ration of workstations on which the application tasks execute, and so on.3. The term external user demands (I-3) covers all possible input given by the usersof the cluster, whether explicitly or implicitly. The demands may have inuenceon how LoMan reacts. For example, the presence of an user may exclude a
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4.4 The LoMan top diagram 31workstation for further usage. On the other side, it may be possible that LoMandistributes a single sequential job if a user gives permission to do so, thus notdisturbing the execution of an application task (until now, this is not explicitlymodeled).We are interested in a balanced resource utilization in the cluster while minimizingthe execution time of the parallel application. The output covers exactly those twogoals. At this point, we do not consider how to de�ne these measures. The mappingstate (O-1) can be seen as an online display of the actual mapping of application tasksto workstations. The environment utilization (O-2) is strongly interrelated with thismapping state. It can be viewed as an online statistics of the current utilization of theworkstations.The control input are the objectives and directives for the activities. The performancecriteria (C-1) have to be considered during the decision making process of LoMan.In general, the performance criteria cover the balanced resource utilization and theminimum execution time of the application. The management policy (C-2) may bethought of as blueprints which indicate how the activities have to be coordinated (e.g.,sender-, receiver-, mixed- or centralized strategies).The mechanism inputs cover all auxiliary components and tools which are used byLoMan, but which are not part of LoMan itself. The mechanisms provided by theoperating system of each workstation and its additional services are mainly used forthe low level functionality of LoMan (e.g., for the communication between the LoMancomponents). Three di�erent auxiliary tools are used: OCM (M-1) [22] is an OMIS [23]Compliant Monitoring System. The OMIS project aims at de�ning a standard inter-face between tools for parallel systems and monitoring systems. OCM is designed forPVM programs running on workstation clusters. CoCheck (M-2) [41, 42] (ConsistentCheckpointing) is used to create application checkpoints and enable task migration.Finally, NSR (M-3) [14] (Node Status Reporter) is used to determine static and dy-namic characteristics of the nodes in the system. For example, static characteristicscover architecture description and performance indices of the nodes, whereas dynamiccharacteristics cover the load situation and interactive usage.All information things will be described in more detail when they are actually used,i.e., while we are stepping down the hierarchy by further functional decompositions.4.4 The LoMan top diagramSADT activity modeling is based on functional decomposition. In the following, we willdescribe the top diagram of LoMan as shown in Fig. 16. The top diagram is locatedat hierarchy level 0. The most important activities of LoMan are subdivided into fourmain parts. Each of the parts inuences the others in some ways. We will discussthose inuences by describing the data- and controlow between the boxes. Furtherdecompositions of the four boxes are discussed in x4.4.The decomposition of the context diagram results in the following activities (the data-and controlow will be described further down):
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4.4 The LoMan top diagram 331. The most dominant box de�nes the main activity to be performed by LoMan,i.e., to perform load distribution [B.1]. The standard control loop of the loadmanagement cycle is located within this activity, i.e., the load measurement andthe decision component. The main purpose of this activity is to determine thesequence of the subsequent activities (see x5.1 for further details). NSR will beused to determine the load situation on the nodes.2. The load management system has to interact with the application [B.2]. Theseinteractions manipulate the mappings of the application tasks to the executionnodes and inuence the decision component of LoMan. The �rst activity of theload management system is to accept the application as soon as it is submittedby the user (see x5.2 for a more detailed decomposition).3. Additionally, LoMan has to control the environment [B.3], i.e., the nodes whichhave to be con�gured to execute the application tasks. In general, the set ofnodes on which the application tasks are executed is not known in advance. Theset will rather be con�gured before the application tasks are initially mapped(see x5.3). If necessary and possible, the preferences of the application user willbe considered.4. The environment implications heterogeneity and time-sharing are evaluated whileLoMan will analyze the constraints [B.4]. These constraints are outside the scopeof the standard control loop. The extended control loop of LoMan will be directedby the objects to be managed (i.e., the execution nodes and the application tasks)and by external user requirements (see x5.4 for more details).Input arrows coming from and output arrows going to the context diagram have beendiscussed in x4.3. We will now describe the dataow and controlow within the topdiagram as seen from the perspective of LoMan's decision component. According tothe dominance of boxes in Fig. 16 we will start our discussion at the top left corner ofthe diagram.The activity perform load distribution has two input items: the ParApp characteristicsand the possible ExecEnv. Both inputs are results of the two less dominant boxes in-teract with the application and control the environment respectively. Thus, the arrowsrepresenting those input items are drawn as input-feedback. The term ParApp charac-teristics groups static and dynamic information about the application, e.g., the actualnumber of application tasks and their resource requirements. The possible ExecEnvcovers information about the workstations which are possible targets to distribute theapplication tasks. This set of nodes could contain more workstations than are actu-ally involved for executing the application. Similarly, the execution of perform loaddistribution is controlled by results of two less dominant boxes. The control-feedbackinformation state of ParApp and constraints are outputs of interact with the applicationand analyze the constraints respectively. For example, the application's executablecode versions may be limited to a certain architecture or external users might restrictthe use of dedicated workstations. These are examples for constraints. An important



34 4 LOAD MANAGEMENT DESIGNcontrol-feedback is expressed by the state of ParApp since the decision component op-erates and produces di�erent results depending on this state. The two most obviousdi�erences are whether the application tasks have to be initially mapped or dynam-ically redistributed. Thus, a "ready-to-run" application will direct the operation inanother way than already "executing" application tasks. The output of perform loaddistribution could be characterized twofold. On the one hand side, the decision com-ponent determines the next step to be performed, i.e. whether to interact with theapplication, to control the environment or to analyze the constraints. Parts of theseinformation include the con�guration map for the workstations to be included into theactual ExecEnv. Other parts cover the distribution map for the mapping between the ap-plication tasks and the target workstations. Which part of the information | coveredby the next step | is actually used depends on the selected activity.A classic output-mechanism connection between two boxes is given by actual ExecEnv.As discussed in x3.2 this kind of interconnection denotes a sequencing relationship, likethe resource allocation problem. In our case, the workstations have to be con�guredand prepared by control the environment before the application tasks are distributedby interact with the application.Each of the above boxes and their relevant information will be discussed in more detailin x4.4. The strength of the SADT modeling approach is now visible: having a generalidea of what LoMan will do we are able to uncover more details while stepping downthe diagram hierarchy.



355 Structured Decomposition of LoManIn x4.4 we described the top diagram of LoMan. The four activities depicted in thatdiagram (see Fig. 16) serve as a starting point for further functional decomposition.In this section we want to step down the hierarchy of LoMan's activities. We willrecognize the strength of the SADT modeling technique as an byproduct during thatjourney. The interdependency of the activities, i.e., to perform load distribution (seex5.1), to interact with the application (see x5.2), to control the execution environment(see x5.3) and to analyze the constraints (see x5.4), will be described in consistentmanner. Note, that we stay strictly in the perspective of the decision component ofthe load management system.5.1 Performing Load DistributionThe main goal of LoMan is to distribute the load producing tasks to the load consumingnodes. The standard control loop of every load management mechanism is locatedwithin the activity perform load distribution (see x1.2). This includes the measurementand collection of the load values in the execution environment and the subsequentcomparison of the load values. Additionally, the decision component has to considerthe two system implications heterogeneity and the time-sharing usage model. It mightbe necessary to re�ne and optimize the decisions which are based only on load values.The costs of recon�guring the set of actually involved nodes and the migration of tasksbetween nodes might outweigh the expected performance bene�ts (see x2.3). In thiscase, it might be better not to change the actual mapping between tasks and nodes orto �nd another cost e�ective mapping.5.1.1 Functional DecompositionThe functional decomposition of perform load distribution at level 1 of the SADThierarchy leads to four activities which are illustrated in Fig. 17. The following list alsodiscusses the information items to be transformed, the resulting output, the guidingconstraints and the mechanisms used. The separation of topic 2. and 3. enlights thedi�erence between the standard and the extended control loop.1. LoMan has to determine the load situation [B.1] in the possible ExecEnv sincethe system wide loading situation, i.e., the system load, serves as one main de-termining part during the decision making process. The NSR processes whichare located on the nodes in the possible ExecEnv are used to measure and collectthe load values. The system load is the description of the load situation on eachpossible target node. Initially, the load model con�guration describes a default setof load values to be measured. The timer step initiates the activity. In our �rstapproach we assume that this activation signal is enabled at �xed time intervals,although more sophisticated mechanisms might be used. For example, activities
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5.1 Performing Load Distribution 37are only initiated if changes of load situation exceed a prede�ned threshold. Thesuccesive activities depend on the availability of the new load values (see x5.1.2).2. LoMan will prepare the distributions [B.2] according to the system load by calcu-lating the mappings between the application tasks and the nodes in the possibleExecEnv. The resource requirements of the application tasks are described by theapplication characteristics. The actual mappings are considered if application tasksalready execute or new tasks are created. The output of this activity are thesuggested mappings which contain both the con�guration map for the set of nodesto be included into the actual ExecEnv and the distribution map for the mappingsbetween the application tasks and the target nodes. Several constraints comingfrom outside the diagram direct the activity. The performance criteria and themanagement policy describe how the mappings have to be calculated. The con-straints will provide a priority order of currently available nodes (see x5.4). Theoptimizations which are output of the less dominant box may force a recalculationof the suggested mappings. We will discuss this item right below and re�ne theactivity in x5.1.3. This activity mainly covers the standard control loop whichwas reviewed in x1.2.3. LoMan might optimize the decisions [B.3] by evaluating the suggested mappingsaccording to the management costs they introduce to the system (see x2.3.1). Oneof the major impacts to the e�ciency of the decision are the costs to reach thegiven performance criteria. The directing constraints, i.e., the costs for migratingtasks between nodes will �nally determine the accepted mappings. As a control-feedback, the optimizations guide the new calculation of the suggested mappings ifthe costs outweigh the expected performance bene�ts. Similarly, the load modelcon�guration depends on the resource �tness between the nodes and the tasks'requirements (see x5.4). Thus, not only the system load but also the constraintsdirect the list of mappings and con�gurations in the accepted mappings.4. The behavior and interrelation of all activities in the diagram is mainly guided bythe state of the application. The timer step starts with the extended managementcycle as soon as the application is ready-to-run. The accepted mappings are partof the next step and therefore, will direct and control the mapping steps [B.4]which are subsequently performed by LoMan. The output is represented by nextstep and is visible to the upper diagram. Two di�erent kinds of control inputsto other boxes are visible: on the one side, next step controls the ordering ofsubsequent activities, and on the other side detailed information is provided onwhat the directed activities have to do.The next sections discuss further functional decompositions of the activities. In x5.1.2we show what activities have to be performed during the determination of the systemload. The preparation of the task distribution will be discussed in x5.1.3.



38 5 STRUCTURED DECOMPOSITION OF LOMAN5.1.2 Determine the Load SituationAs mentioned in x2.3 we do not consider load modeling in detail, but we describe herewhat activities have to be performed to determine the system load situation. A furtherdecomposition of the �rst activity of the diagram shown in Fig. 17 results in additionalfour activities. The NSR is used to determine the load of the nodes in the possibleExecEnv. The activities are illustrated in Fig. 18 and explained in the following list:1. Initially, the NSRDs (NSR Daemon processes) measure and propagate a defaultset of new load values which indicate the load on the nodes. LoMan might con�g-ure the NSRD [B.1] according to the load model con�guration. The node locations(I-1) determine the nodes in the possible ExecEnv on which the NSRD reside.2. LoMan will receive the load vectors [B.2] with the aid of NSR. Hence, LoManreceives plain load values at every timer step. The plain load values might evenhave di�erent semantics for di�erent operating systems. The schedulers andmemory management strategies of the local operating systems might di�er to anextend to which the load values are calculated in di�erent ways. A pre-scalingwith respect to the heterometric characteristics of the nodes is performed by theNSRD and has not to be considered by LoMan.3. The performance indices (I-2) of the nodes are used to scale the load values [B.3].The scaling operation produces a comparable load description for each node.4. Finally, LoMan produces a description of the system load during the activityaggregate to a global view [B.4]. The system load can be viewed as a list of scaledload values.5.1.3 Prepare the DistributionsThe preparation of the suggested mappings is illustrated in Fig. 19. The functionaldecomposition of prepare the distributions results in three activities:1. LoMan has to propose the node selection [B.1] on which the application tasksshould be mapped. Under control of the constraints a load ordered list of nodesis calculated according to the system load. Additionally, LoMan will consider allnodes in the possible ExecEnv to suggest the node selection. Although, nodeswhich are included in the actual mapping will receive higher priority. A con�gu-ration history of the nodes is kept inside LoMan to avoid (or at least reduce) theproblem of node �ckleness (see x1.3).2. According to the performance criteria LoMan will calculate heuristical task map-pings [B.2] for the current system load. From the dynamic ParApp characteristics(e.g., the number of tasks to be mapped) possible (node,task) mappings are sug-gested which may include several alternatives.
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5.2 Interacting with Parallel Applications 413. Due to the optimizations LoMan will re�ne the task mappings [B.3]. Therefore, itselects the optimized (node,task) mappings out of the possible (node,task) mappings.The suggested mappings will be analyzed when LoMan will optimize the decisions.5.2 Interacting with Parallel ApplicationsThe interaction of the load management system with the parallel application and itsconstituting tasks mainly controls the mapping between the tasks and nodes. On theother side, it also directs the behavior of and the decision to be concluded by LoMansince the extended cycle starts as soon as the user submits the application. Theseinterrelations between the application and the management cycle is formally expressedin the top diagram (see x4.4). We will now re�ne the steps which are executed tointeract with the application.5.2.1 Functional DecompositionThe functional decomposition of interact with the application at level 1 of the SADThierarchy results in four activities which are illustrated in Fig. 20. The following listalso discusses the data- and controlow between the boxes in the diagram.1. The �rst interaction is guided by the initial step (C-1) of LoMan during which ithas to accept the application [B.1]. The description of the parallel application isthe only input for this activity (and the whole diagram). Some information has tobe stored and prepared after LoMan has accepted the application. For example,LoMan stores the identi�er of the node on which the application was submitted.Three di�erent output items indicate the subsequent behavior of LoMan. Theready-to-run state of the application indicates that LoMan has to subsequentlyprepare the actual ExecEnv on which the initial tasks have to be mapped. No taskis executing yet. The static ParApp characteristics, i.e., the statics, are extractedduring this activity. For example, static application characteristics include thenumber of initially created tasks (see x2.1) and their architecture requirements.2. The activities necessary to actually distribute the tasks to nodes are performedwhile LoMan will manipulate the task mappings [B.2]. The control input forthe whole diagram is the next step. This control input splits into more detailedinformation items which depend on the state of the application. One re�nementof the next step is the required mapping (C-2) which may be seen as a recipe. Thisrecipe indicates which tasks have to be distributed to which nodes. The tasksexecute on the nodes in the actual ExecEnv after they have been distributed andhence, the state of the application changes from ready-to-run to executing. Thestate executing is kept as long as at least one application task is still executing.The mapping state is updated every time at which new distribution is required,i.e., when the current mapping changes.
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5.2 Interacting with Parallel Applications 433. In order to con�gure the load model, i.e., to identify the resource requirementsof the tasks which have the major impact on the system load, LoMan has toobserve tasks' dynamic behaviour [B.3] in the actual ExecEnv. According to thecurrent mapping the dynamic ParApp characteristics, i.e., the dynamics, are used tocon�gure the load model. There is no input for the activity since there is nothingto be transformed but rather to be monitored. Additionally, LoMan recognizesif new tasks are created during the runtime of the application. Those new taskswill also serve as input for manipulate the task mappings, since they have also tobe mapped to nodes.4. Finally, LoMan will �nish the application [B.4] as soon as no more tasks areexecuting and no more tasks are created. The actual mapping dictates the garbagecollection in the execution environment, i.e., which additional processes have tobe removed by LoMan from the possible ExecEnv. Those additional processesmay serve as the runtime environment for the parallel application. Again, thecleaning of the possible ExecEnv depends on the state of the application. The stateexiting starts cleaning up of the environment.5.2.2 Manipulate the Task MappingsLoMan steps through several activities to manipulate the task mappings. Addition-ally, the states of application and tasks are under control of LoMan. The functionaldecomposition is illustrated in Fig. 21:1. As soon as the parallel application is ready-to-run and creates its initial tasks,LoMan will accept the tasks [B.1]. Accepting the initial tasks includes the prepa-ration of internal management lists. For example, for each task its creator isstored. Thus, LoMan knows the location of the home node for every task. Addi-tionally, dynamically created new tasks will be caught in a �rst stage. Both typesof tasks are under control of LoMan and they are ready to be mapped.2. LoMan will create the tasks [B.2] by mapping them onto the nodes in the actualExecEnv. Which task has to be mapped onto which node is indicated by the initialmappings. Although the tasks are created, they are not yet executing.3. LoMan will control the task states [B.3]. Hence, it is responsible to start, stopand continue the tasks on the nodes to which they have been mapped. Theinstructions to perform these controlling steps (and the preparation of the taskexecution) are provided by OCM. The decision unit of LoMan indicates the mi-gration of already executing tasks by providing the redistribution mappings. Thus,the activity is also responsible for migration control. Two subsequent activitieswill be performed in that case:4. LoMan will prepare the migration [B.4] by providing the source/target nodes whichhave been extracted from the redistribution mappings. The checkpointing facilityof CoCheck is used to set up a skeleton task.



44
5STRUCT

UREDDEC
OMPOSITI

ONOFLOM
AN

Node:
LoMan/A22

Title:
Manipulate the task mappings$RCSfile: LoMan-mapping.fig,v $

Number:
CR#013

used at: Working
Draft
Recommended
Publication

Reader:
Date:

Context:$Author: roeder $

Notes:  1  2  3  4  5  6  7  8  9  10

Project: LoMan $Revision: 1.1 $
Date: March 27, 1997

create
the tasks

2

accept
the tasks

1

state of application
(executing)

mapping state
(current mapping)

control
task states

3

migrate
the tasks

5

migration
4

prepare the

initial tasks

initial

ready

redistribution
mappingsmappings

created migrated

migration control

migrate

CoCheckactual ExecEnvOCM

ready-to-run required mapping

source/target
nodes

task
skeleton

new tasks

Figure 21: LoMan activity: manipulate the task mappings



5.3 Controlling the Execution Environment 455. CoCheck is also used to initialize the skeleton task with a previously saved check-point. Hence, LoMan is also responsible to migrate the tasks [B.5].Both activities create the tasks and migrate the tasks will update and provide detailedinformation about the current mapping state.5.3 Controlling the Execution EnvironmentOne of the �rst steps of the decision component is to select a set of nodes on whichthe application tasks should execute as soon as the application is ready-to-run. Theactivities which are necessary to manage the execution environment are directed bythe results of the extended load management cycle. The main purpose of this activityis to set up and con�gure a target set of workstations. The set of workstations hasto satisfy the architectural requirements imposed by the parallel application. In caseof a changing load situation in a primarily con�gured set of nodes this set might berecon�gured. Less loaded nodes will be added while overloaded nodes will be excludedfrom the set of actually involved nodes. Similarly, if external users restricts or allowsthe use of single workstations (see x5.4 for details) an already con�gured set of nodesmight change.5.3.1 Functional DecompositionThe functional decomposition of control the environment in the SADT hierarchy leadsto four activities at level 1 which are illustrated in Fig. 22. Which activity will beexecuted is determined by the information of next step | the general result of performload distribution. The next step contains the con�guration map if this activity is selectedby the decision component.For the discussion we will distinguish between the two terms list of nodes and setof nodes. The former describes the information controling the con�guration of theexecution environment while the latter is used to describe the physical set of nodes.The roles of Node Marker, Node Attacher and Node Detacher are explained in moredetail further down.1. LoMan will setup the ExecEnv [B.1] after the application is submitted by the userand is ready-to-run. During this activity the available heterogeneous execution en-vironment which represents the unconditional set of all nodes is restricted to thenodes which are compatible to the executable code versions of the applicationtasks. The resulting possible ExecEnv is a subset of all workstations in the het-erogeneous cluster which meet the architecture requirements. Thus, the possibleExecEnv may also be viewed as a set of at least one homomerous subsystems (seethe de�nitions in x2.2.1) and is the observation space for LoMan. Initially, thepossible ExecEnv is identical to the possible set of nodes which serves as input forthe next activity. The architecture requirements are part of the con�guration map
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5.3 Controlling the Execution Environment 47and are essentially a list of required architectures. This list is used by an auxiliarytool | the Node Marker | to mark those nodes for possible future usage (seebelow). It is likely to happen that not all selected workstations are necessary orcurrently allowed to serve as targets for executing the application (e.g., if 8 nodesare selected for an application which consists of only 4 tasks). For example, theload management system will con�gure the NSR processes only on the markednodes.2. LoMan will initialize the ExecEnv [B.2] by selecting nodes of the possible Exe-cEnv according the dynamic application constraints and the system load. Theconstraints are evaluated in analyze the constraints (see x5.4). The result is theactual ExecEnv on which the application tasks will be mapped and executed, i.e.,LoMan's activity space. From a logical point of view, the Node Attacher takes theinitial list of nodes to set up all processes which are necessary to execute the ap-plication tasks (i.e., the runtime environment for the applications). Additionally,the Node Attacher is responsible to set up any process which is required for theload management cycle. The recording of the environment utilization is initialized.3. Several conditions might force LoMan to recon�gure the ExecEnv [B.3]. Forexample, the load situation in the possible ExecEnv changes dramatically or nodeswhich have been previously occupied by external users are available again. A listof pairs of changing nodes dictates which nodes have to be included into andexcluded from the actual set of nodes. Remember, that the actual ExecEnv is asubset of the possible ExecEnv. The attached nodes are grouped in the new nodeset, whereas nodes which are removed are grouped in the old node set. Again,the Node Attacher is responsible to set up the necessary processes to execute theapplication tasks. On the other side, the Node Detacher (M-1) removes thoseprocesses. Furthermore, the environment utilization is updated.4. LoMan will resolve the ExecEnv [B.4] as soon as the application exits. The NodeDetacher uses the actual list of nodes to detach the actually involved nodes, i.e.,to remove all relevant processes. The result of this activity is an unconditionalenvironment, i.e., the nodes are not longer under control of LoMan. (One of thelast activities could be the recon�guration of the load models within the NSRDprocesses.)In Fig. 22 the unconditional environment is located at the head of a tunneled outputarrow. For our purposes, this result is only of limited interest. Similarly, the auxiliarytools Node Marker, Node Attacher and Node Detacher are located at the tail of tunneledarrows, i.e., these mechanisms do not come from outside the diagram. Instead, they areassumed to be available within the diagram (this reduces the complexity of the SADTmodeling approach). For the current approach, they only cover the simple functionalityto setup or delete additional processes of the PPE which are needed to execute the ap-plication tasks. The unconditional environment and those tools become more importantif several load management systems concurrently execute in the network. According tox2.2.4, LoMan is designed to manage the mapping of a single parallel application. In



48 5 STRUCTURED DECOMPOSITION OF LOMANorder to be extendible, we seperated the functionality to control the PPE from LoMan.The tools serve as entry points to incorporate mechanisms of negotiation for futureextensions of LoMan. Nodes in the unconditional environment are available to otherload management systems.5.3.2 Recon�gure the actual execution environmentIn x2.3.1 we stated that operations to recon�gure the actual execution environmentintroduce additional costs, i.e., the con�guration costs. At this point we want to lookinto more details which activities are actually performed (see Fig. 23).For simplicity, we assume that pairs of changing nodes are denoted by (n;m), where nis the number of the node to be attached whilem is the number of node to be detached.Thus, it is easy to express which nodes are attached, detached or exchanged. Nodeswhich are added from the possible ExecEnv to the actual ExecEnv if for some n in thelist n 6= �1. Nodes are detached from the actual ExecEnv if for some m in the listm 6= �1. Nodes are exchanged if for some pairs (n;m) in the list n 6= �1, m 6= �1 andn 6= m. Hence, the activities are:1. The attaching node list guides the Node Attacher when LoMan will reserve newnodes [B.1]. Those nodes are not yet used within the possible set of nodes, butwill be part of the enhanced set of nodes as soon as the activity is �nished.2. Again, the Node Attacher will be used to �nally setup the tasks exec. context[B.2]. The context of the tasks describes all necessary processes of the parallelprogramming environment without which the tasks cannot execute. A new setcommit is the output of the activity and will �nally determine the new node set.In general, LoMan will now migrate the tasks between pairs of exchanging nodes.LoMan will continue with detaching the nodes as soon as the tasks are migrated.3. The new set commit also forces the sequencing order for the next activity, i.e.,to resolve the tasks exec. context [B.3] on the nodes which are no longer used.The Node Detacher removes all parts of the active PPE from the nodes which arelisted in the detaching node list. The output is the reduced set of nodes.4. An old set commit will �nally determine the old node set. LoMan will also guidethe Node Detacher to release old nodes [B.4] From the viewpoint of the applicationthese operations are transparent. LoMan instead, will update its con�gurationhistory to prevent the node thrashing e�ect.Especially the activities to setup and to resolve the tasks execution contexts will intro-duce the costs. One major di�erence exists between reservation and release of nodesand actually setting up and resolving the tasks execution contexts respectively. Thatis, the former activities control the components of LoMan, whereas the latter con-trol the additional application components as introduced by the parallel programmingenvironments.
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50 5 STRUCTURED DECOMPOSITION OF LOMAN5.4 Analyzing the ConstraintsThis activity is responsible for evaluating the constraints imposed by the system andapplication. On the one side, the architecture and performance requirements of theapplication tasks have to be evaluated, and on the other side the external user demandsmight restrict the currently available set of nodes.The functional decomposition of analyze the constraints at level 1 of the SADT hier-archy results in four activities which are illustrated in Fig. 24. Again, the next stepdirects the selection of one internal activity. Which activity is selected depends on thestate of the application. We state that the boxes within the diagram are only looselyinterrelated.1. At the beginning of the management cycle, LoMan will evaluate the architectureconstraints [B.1] as soon as the application is accepted and its architecture require-ments (I-1) are known. The result is the list of nodes for load acquisition (O-1),i.e., what is later called the possible ExecEnv. Additionally, homomerous subsetsof these nodes within the node sets for task migration are collected. We assumethat process migration is only possible between homomerous nodes (see x2.2.1).2. Not only the architecture requirements but also the resource preferences and limits(I-2) of the application tasks has to be considered when selecting possible targetnodes. Therefore, LoMan will evaluate the resource �tness [B.2] according tothe tasks' requirements and the nodes' performance and logical con�guration (I-3).For example, preferences could guide LoMan to select the nodes which have localdisk access and fast interconnection links. On the other side, it is possible thatthe user of the application has access restrictions to some nodes in the possibleExecEnv even if the performance requirements are met by those nodes. Thisinformation is part of the resource limits. The result will be a node ranking for thetasks (O-2) according to expected performance bene�ts.3. Especially for the migration of tasks, the decision costs (O-3) might outweigh theexpected performance bene�ts. LoMan has to determine the costs of mapping[B.3] to overcome this drawback by analyzing the number and size of tasks (I-4)to be migrated and the con�guration costs (I-5). The decision costs will di�er de-pending on the actually necessary steps. For example, the migration of tasks willbe more expensive if the con�guration of the actual ExecEnv has to be changed.This recon�guration involves additional steps which would not be neccessary ifmigration is performed within an unchanged actual ExecEnv.4. LoMan has to avoid conicts with interactive users and hence, it has to observethe users' node locking [B.4]. LoMan will check for interactive usage (I-6) andthe explicitly un-/locking of nodes (I-7). The result of this observation is a set ofcurrent node restrictions (O-4) which may reorder the node ranking for the tasks.
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52 5 STRUCTURED DECOMPOSITION OF LOMAN5.5 Summary and OutlookWe conclude and summarize the SADT modeling approach with an overview of Lo-Man's activity hierarchy which is shown in Fig. 25. The hierarchy is given by steppingfrom the outer activities (darker gray color) to the inner activities (white color).
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Figure 25: Hierarchy of LoMan activitiesIn x2.4 we listed the most important requirements which have to be met by LoMan.Each topic of this requirement list will be discussed and reviewed at according topicsin the following list.1. Parallel applications may dynamically create tasks during their runtime. LoManmerges the two phases of initial task placement and dynamic task redistribution.In x5.1.3 (prepare the distributions) it has been shown that LoMan considers theactual task mapping as soon as it has to calculate heuristical task mappings.2. Heterogeneity is considered at two points. The architecture requirements (seex5.3.1: setup the ExecEnv) of the application restricts the execution environmentto a subset of homomerous node sets. This subset may contain just a single nodeset if only a single executable version of the application exists. Additionally, theheterometric property of the system is considered in x5.4 as soon as LoMan has toevaluate the resource �tness. The performance indices are also used when LoManhas to scale the load values (see x5.1.2).



5.5 Summary and Outlook 533. The separation of the possible ExecEnv and actual ExecEnv enables LoMan todistinguish the availabale nodes for two di�erent purposes. The set of nodes inthe actual ExecEnv is a subset of nodes in the possible ExecEnv5. Load inidices aremeasured on nodes of the possible ExecEnv, whereas tasks execute only on nodesof the actual ExecEnv.4. The auxiliary tools Node Marker, Node Attacher and Node Detacher are entrypoints if negotiation has to considered (see x5.3.1). Negotiation (or similar tech-niques) are needed if several parallel applications are under control of load man-agement systems. Future extensions of LoMan will provide mechanisms for co-ordinated access to the nodes in the system.5. LoMan considers management costs when it optimizes the mapping decisionswhich are just based on load values (see x5.1.1: optimize the decisions). Manage-ment operations which are selected due to the current load situation are rejectedif they do not meet the expected performance bene�ts.6. A�nity scheduling is enabled since LoMan compares the resource requirementsand preferences of the tasks with the con�guration of the nodes (see x5.4). Nodeswill be ordered and preferable selected according to those requirements.Hence, the requirements which have to be considered during the design phase areful�lled. As an byproduct, the strength of the SADT methodology has been shownduring the design phase. As already mentioned in x3.3 the node numbers, the C-Numbers and the ICOM encoding scheme are used to review and perform syntaxchecking of the diagrams.The next steps will be the speci�cation of the data structures and functions usedinside LoMan. Additionally, the distribution of its components (we state here, that ancentralized decision component should be su�cient) has to be �xed.

5The two sets actual ExecEnv and possible ExecEnv may be identical
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