Univ ersit of Leeds SCHOOL OF COMPUTER STUDIES RESEAR CH REPOR SERIES Rep ort 97.17 Sim ulation and Protot yping of Coheren Distributed Dynamic Load Balancing Algorithm Mourad Kara Ma 1997 ABSTRA CT This pap er presen ts the erformance ev aluation of coheren distributed dynamic load balanc- ing algorithm called the DGP (Decen tralised Global Plans) algorithm. The erformance ev aluation is underpinned researc metho dology in tegrating sim ulation-based erformance ev aluation with protot yp e-based erformance ev aluation. The DGP algorithm addresses the issue of coher- ence and co ordination in distributed dynamic load balancing algorithms. The DGP algorithm is based on strategy called Global Plans (GP). This new approac �rst explicitly sp eci�es global goal and then design strategy around this global goal suc that eac sc heduler (1) tak es in to ac- coun lo cal decisions made other sc hedulers; (2) tak es in to accoun the e�ect of its lo cal decisions on the erall system and (3) ensures load balancing. sim ulation-based erformance ev aluation of DGP with other ell-kno wn dynamic load balancing algorithms published in the literature sho ws that DGP erforms consisten tly etter. More signi�can tly the results indicate that the global plan approac pro vides etter framew ork for the design of distributed dynamic load balancing algorithms. DGP-based protot yp has een dev elop ed using distributed programming mo del whic supp orts dynamic con�guration. The erall protot yp has een implemen ted and tested on net ork of Sun orkstations. The results from the protot yp e-based erformance ev aluation are consisten er range of exp erimen ts and clearly demonstrate the ene�ts gained from load balancing. An ev aluation of oth sim ulation and protot yping results indicated that oth set of results ere consisten pro viding high lev el of con�dence in the results and their applicabilit Keyw ords: dynamic load balancing algorithms, coherence and co ordination, researc metho d- ology sim ulation, protot yping In tro duction Ov er the past decade, dynamic load sharing and balancing algorithms in distributed computing systems ha een an activ area of researc 12 41 38 ]. Dynamic load balancing algorithms ha een based on the follo wing observ ation; in net ork, it is lik ely to �nd idle hosts while there are jobs queueing for execution in other hosts. Hence, it ould adv an tageous to mo jobs from hea vily loaded hosts to idle or ligh tly hosts. An early study Livn and Melman in 1982 has een undertak en to con�rm this yp othesis 32 ]. Their ork has sho wn that there is indeed high probabilit of �nding within distributed system some hosts idle while others ha jobs queueing for execution. More recen tly Rommel in estigated the probabilit of load balancing success in distributed systems 40 ]. Subsequen tly these �ndings suggested that load balancing is lik ely to ene�t job resp onse times. Sev eral studies ha also een erformed on net ork of orkstations to assess, in practice, the oten tial of idle orkstations 36 31 35 47 ], and some these studies found that ev en during da ytime only 30% of the total net ork-wide computation capacit is used. Distributed-con trolled dynamic load balancing algorithms are kno wn to ha sev eral adv an tages er cen tralised algorithms suc as scalabilit and fault tolerance 48 ]. Distributed implies that the con trol is decen tralised and that cop of the algorithm (called sc heduler) is replicated on eac host of the computer net ork. Hence, Distributed Dynamic Load Balancing Algorithm (DDLBA) is comp osed of set of co op erating sc hedulers. Ho ev er, distributed con trol also con tributes to the lack of glob al go als and lack of oher enc Most of distributed dynamic load balancing algorithms (DDLBAs) use strategies that tak go lo cal sc heduling decisions and the e�ect on the global system ma not ositiv e. or example most load balancing algorithms select the least loaded host for remote execution. The only measure of go decision is the impact on the lo cal host, regardless of the consequences of its actions on the global system. The selection of the least loaded host 50 43 or random host 12 34 for remote execution ma lead to job thrashing or host erloading, requiring extraneous ork to coun ter the limited scop for decision making. The DGP algorithm (Decen tralised Global Plans) addresses the issue of coherence and co ordi- nation in distributed dynamic load balancing algorithms 18 ]. The DGP algorithm is based on strategy called Global Plans (GP), and aims at main taining all computational loads of distributed system within band called �. The rationale for the design of DGP is to allo eac sc heduler to consider the actions of its eer sc hedulers. With this lev el of co ordination, the sc hedulers can act more as coheren team This new approac �rst explicitly sp eci�es global goal and then design strategy around this global goal suc that eac sc heduler (1) tak es in to accoun lo cal decisions made other sc hedulers; (2) tak es in to accoun the e�ect of its lo cal decisions on the erall system and (3) ensures load balancing. Most researc studies in erformance ev aluation of dynamic load balancing algorithms ha tak en the form of either sim ulation or protot yping (or to lesser exten mathematical mo delling with basic assumptions, e.g. 34 ]). Examples of sim ulation-based researc are umerous ([ 43 12 27 ]) and protot yping to ([ 48 31 42 51 ]). Ho ev er, ery little has een done in com bining the sim ulation and protot yping data analysis. This pap er presen ts the erformance ev aluation of the DGP algorithm. The approac tak en for the erformance ev aluation of DGP is to explicitely sp ecify the researc metho dology through com bining mo delling/sim ulation and protot yping under one framew ork. This implies an attempt to reason ab out the results from oth sim ulation and implemen tation and alidate. The sim ulation-based erformance erformance ev aluation of the DGP algorithm is presen ted comparing DGP with ell kno wn algorithms from the literature Disted 50 ], and algorithm #2 43 (called DJS2 in this pap er). In general, the results of the exp erimen ts ere consisten er the range of exp erimen ts, and it as found that DGP erformed etter than DJS2 and Disted in impro ving resp onse time as ell as load balancing. protot yp e-based erformance ev aluation of the DGP is presen ted. The design paradigm adopted is the dynamic con�guration mo del 25 ]. The erformance exp erimen ts had to conducted with clearly de�ned constrain ts for using net ork of orkstations: i.e. that not the whole net ork ould ailable for exp erimen ts, and also an ted some exibilit in starting/stopping new sc hedulers without disrupting the erall protot yp e. This has een ossible using dynamic con�guration mo del as the programming paradigm for the exp erimen ts. An ev aluation of oth sim ulation and protot yping results indicated that oth set of results ere consisten pro viding high lev el of con�dence in the results and their applicabilit Next Section de�nes the researc metho dology adopted for the erformance ev aluation of the DGP algorithm. Sections and address the mo delling sim ulation-based and the protot yp e- based erformance ev aluation resp ectiv ely Section pro vides the comparativ analysis of the approac hes and section pro vides the conclusions, and future directions. The researc Metho dology As men tioned ab e, researc studies and pap ers in erformance ev aluation of distributed dynamic load balancing algorithms con tain ery little in terms of alidating sim ulation with protot yping. One of the reasons felt it imp ortan to add separate section on the researc metho dology is to express this concern and explicitly outline the metho dology adopted. This erformance metho dology pro vides higher lev el of con�dence undertaking similar exp erimen ts (through the same ob jectiv es), and also undertaking corresp onding lev el of data reasoning from sim ulation and protot yping. This section outlines the researc metho dology used in the erformance ev aluation of the DGP algorithm. The metho dology can illustrated through the �gure (Figure 1) elo w: There are main coupled design cycles in the �gure ab e. The ottom cycle co ers analysis of the algorithms in con trolled en vironmen usually using erformance to ols suc as sim ulators. The top cycle co ers protot yping of these algorithms (once tuned in the sim ulation domain). The feedbac lo op is alidation pro cess from protot yping to sim ulation. The exp erimen tal researc ob jectiv es phase is iden tical for the sim ulation and protot yping and is the starting oin t. The next subsections brie y outline the en tries in the �gure. 2.1 Sim ulation-based erformance ev aluation Exp erimental ese ar ch obje ctives(empiric al). This is the phase in whic the ob jectiv es of the re- searc are translated in to set of researc exp erimen ts. nalysis and mo del ling. This phase pro vides an analysis of the problem to tac kled, and extract only those features that are essen tial to the reasoning of the algorithm (mo delling). This phase also de�nes the system mo del assumptions and haracteristics in whic the algorithm ev olv es. Worklo ad char acterisation. This phase aims to form ulate and quan tify the input to the algorithm and mo del. Usually erformance metrics are measured arying di�eren scenarios of orkloads. Performanc metrics are the ey metrics iden ti�ed the exp erimen tal design phase for the data analysis and erformance ev aluation. Simulation phase. In this phase, the mo del, its orkload, erformance metrics and en vironmen (scenarios, con�guration) are put together usually through discrete-ev en sim ulation tec hnique. imp ortan comp onen ts of this phase are calibration, eri�cation, alidation and conditions for sim ulation completion as ell as error analysis. Performanc evaluation. This phase undertak es data collection and analysis of the results obtained from sim ulation. It discusses and ev aluates the results obtained. This phase should hec with the "v alidation for/with sim ulation" phase of protot yping. 2.2 Protot yping-based erformance ev aluation Pr ototyp design (distribute servic es). In this phase, the protot yp design, application program- ming in terfaces (API), application-lev el proto cols et een the sc hedulers, programming platforms, as ell as the net ork are dev elop ed and agreed up on. Implementation. This phase tak es the design and mak es the selection for the to ols used for the implemen tation (e.g. Sun ligh eigh pro cesses, RPCs, so ets, �fo pip es etc..) unctionality tests and analysis. These are basic tests to ev aluate the functionalit of the proto- yp e. Scripts and basic pro cesses can created to load the service, and also error managemen etc.. Worklo ad mo del ling. This is complex phase, and implies building generic pro cesses from whic the distributed orkload can quan ti�ed and generated. Performanc metrics. This are the output parameters that are collected and used to assess the implemen tation. In protot yping, orkload mo delling and measuremen ts are more complex to de�ne, and measure. Performanc Evaluation. Iden tical phase to sim ulation. alidation for/with simulation. The results obtained from sim ulation and protot yping should not necessarily the same, (in fact unlik ely), but that prop er analysis as to the di�erence et een the results obtained and ossible extrap olation should done. What is imp ortan is to able to reason ab out the results (data analysis) and obtain similar conclusions, and if this is not the case, then should able to iden tify the reasons for it. (prop er analysis as to the di�erence et een the results obtained). The DGP Algorithm Mo delling and Sim ulation 3.1 Coherence and co ordination Coherence and co ordination ha een widely applied to the analysis and design of distributed problem solving 11 10 ], ho ev er, there is still some confusion as to the di�erence et een these abstractions. Distributed Problem solving considers ho the ork of solving particular problem can divided among um er of agen ts that co op erate at the lev el of dividing and sharing the kno wledge ab out the problem. dynamic load balancing algorithm can mo deled as set of self-in terested agen ts (i.e. sc hedulers) with the abilit to comm unicate when it is to their utual adv an tage. Coherence refers to the prop erties of the total distributed problem solving system, i.e. ho ell the system eha es as unit, along some dimensions of ev aluation suc as erformance and e�ciency 10 ]. The degree of co ordination refers to in teraction prop erties among set of agen ts erforming some collectiv activit The degree of co ordination exhibited among collection of agen ts is the exten to whic they can oid extraneous ork activit (e.g indirect activit of sync hronising and aligning their tasks) in ac hieving their primary ends. This extraneous ork is called articulation work E�ectiv co ordination implies some degree of utual predictabilit and lac of con ict. Co ordination do es not necessarily imply co op eration since an tagonist agen ts can co ordinated suc as in legal pro ceedings. Go lo cal decisions do not necessarily con tribute to go global goal eha viour ecause go lo cal decisions ma ha unfortunate global e�ects. The primary di�cult in establishing coherence and co ordination is the attempt to ac hiev them without cen tralised con trol ]. Host erloading ccurs when sev eral hosts target the least loaded host, whic in turn ecomes hea vily loaded 50 ]. This pro cess ma restart again targeting the new least loaded host. Most hosts sp end their time in redistributing jobs and little on executing lo cal jobs. Hence sev eral jobs are con tin uously mo ving around the net ork efore execution. This leads to job thrashing where jobs in�nitely mo around the net ork 12 ]. or example, Eager et al. 12 ha sho wn that the uncon trolled random strategy is unstable, and that whatev er the erage load, it is guaran teed that ev en tually the system will reac state in whic the hosts are sp ending all their time to transferring tasks and none of their time to pro cessing them. prev en instabilit Eager et al. pro vided limit to the um er of transfers of host Tf. Zhou 50 tac kled these issues sending at most one task er erio of time, whereas Stank vic 45 pro vides mec hanism whic if host selects the least loaded, it on’t select it for erio of time, ev en if the same host is found to the least loaded again. Another mec hanism dev elop ed Stank vic and Mirc handaney to impro stabilit is priorit enco ded asso ciativ memory and as applied on algorithms based on 44 and also algorithms based on Sto hastic Learning Automata 33 ]. 3.2 The Global Plan The Global Plan (GP) strategy is applied to net ork of hosts. The rationale for this strategy is to dev elop glob al go al that ac hiev es load balancing and that is shared all hosts of the net ork. Eac host considers the actions of its eer hosts in the net ork. With this lev el of co ordination, the hosts can act as more coheren team. This new approac �rst explicitly sp eci�es glob al go al and then design str ate gy around this global goal suc that eac host (1) tak es in to accoun lo cal decisions made other sc hedulers; (2) tak es in to accoun the e�ect of its lo cal decisions on the erall system and (3) ensures load balancing. The global goal is de�ned as eing to main tain the di�eren loads of the net ork within band, the smaller the band the more balanced is the net ork; and the larger the band the less balanced is the net ork. Under this assumption, the goal to ac hiev ed GP is as follo ws: Glob al go al: net ork of hosts is alanc if the di�erence in load et een the highest and lo est loaded no de is less than �, (where is constan t, and has the same unit as the load of the hosts). urthermore, is de�ned as the minim um band that con tains all loads at time t. In other ords, system is balanced at time if �. illustrate this de�nition, assume snapshots of net ork with �v hosts ere tak en at time and Figures (a) and (b) represen net ork of �v hosts at di�eren times, and resp ectiv ely The �gures sho the individual loads of the hosts. or example, at host has load of and host has load of 8. Assuming that 3, �gure 2(a) sho ws an un balanced state, ecause and therefore �. Figure 2(b) depicts balanced system since all loads elong to the band or since 3. The Global Plan strategy aims to satisfy the global goal discussed ab e. The idea is to ensure that all loads are within to main tain the loads within the net ork balanced. Another factor in the design of GP is to oid targeting least loaded hosts, as discussed in previous sections, as this leads to instabilit and host erloading. The GP strategy has four elemen ts 1. set of input loads .... ), where represen ts the load of the host i, and the um er of hosts of the system. 2. parameter �, 1. 0, results in an in�nite lo op. is the unique in ternal parameter of the GP strategy and GP’s algorithm attempts to main tain all the loads within this band. 3. set of output loads ... suc that max =1 min =1 Where is the new load of the host after the execution of the table of global allo cations. the ector is transformation of the GP strategy con tains the new loads of the system after the execution of the table of allo cations. 4. table of global allo cations that is represen ted set of triples p; ), where is in units of load, and q,r are hosts The triple p; results in an allo cation of units of load from the comp onen to the comp onen r. The GP strategy outputs set of loads (i= 1, n) that range within an in terv al �, giv en an input set of loads The allo cations are erformed incr emental allo cations from comp onen ts with maxim um loads to comp onen ts with minim um loads. if there are sev eral comp onen ts with the same maxim um or minim um load, then the one with the lo est index is selected. The algorithm for the GP strategy is giv en elo w. It consists of lo op exiting when all the loads are within �. or eac iteration, the allo cations are recorded in the table T: The Global Plan (GP) strategy input set of loads (loaded from the load information pro cess). output set of loads. table of allo cations (initialised to an empt set). corresp onds to the load of host k, represen ts the host with the lo est load, represen ts the host with the highest load, Num er of hosts in net ork. X; Compute l, h; while (1).Searc in for an en try that matc hes the triple (p, h, l), for an p. if (searc is successful) then Incremen triple (p+1, h, l) else Insert new en try (1, h, l) (2). Decremen Incremen (3). Compute l, h; 3.3 Distributed algorithm ypically load balancing algorithm has three yp es of olicies: 1. load information olicy This determines the yp of information that mak es load index, and the suc information is comm unicated to other sc hedulers (for example, broadcasting, fo cussed addressing, olling). 2. transfer olicy This determines whether job should executed lo cally or remotely based on the lo cal load conditions. 3. placemen olicy This determines the metho to �nd suitable host for remote execu- tion. The Global Plan (GP) strategy com bines the transfer and placemen olicies. The dynamic load balancing algorithm discussed in this pap er is based on the GP strategy is called Decen tralised Global Plans (DGP), and is comp osed of net ork of co op erating sc hedulers. These latter op erate async hronously and main tain their wn table of allo cations. Eac co op erating sc heduler is made up of the three comm unicating pro cesses describ ed ab and op erates as follo ws. The load infor- mation pro cess is based on the erio dic broadcasting olicy erio dically (with erio ), eac sc heduler broadcasts its lo cal load to the other sc hedulers. The transfer and placemen pro cesses are implemen ted the Global Plans (GP) strategy The GP strategy is executed erio dically with erio The load metric used in DGP is based on resource (CPU) queue length.

Zhou 50 has sho wn that algorithms using load index based on resource(s) queue length erforms etter than those based on CPU utilisation. Kunz 29 also in estigated arious load indices and reac hed similar conclusion to Zhou’s. The application of the GP strategy to distributed algorithm leads to sev eral considerations. The algorithm based on the GP strategy is called Decen tralised GP (DGP) ecause of the dis- tributed nature of the en vironmen in whic GP is applied. Eac host of the net ork system has only con trol er its wn resources. The distributed nature of the net ork implies that no single host has true image of the erall state (i.e loads) of the system. Load information are sen to the other hosts and hence is dated information. The sc hedulers are async hronous, and main tain their wn table of load information. After the execution of GP eac sc heduler extracts only those allo cations that are related to itself from the table of allo cations. Recall that eac sc heduler has its wn table of allo cations. This means that for host i, it executes all en tries that include as source (*, *), if the algorithm is source initiated. or serv er initiated olicy host ould searc for all en tries that include as sink (*, *, i). Due to the distributed nature of the DGP algorithm (as with all DDLBA), there are main sources of errors: asynchr ony, and date information. In 21 ], ha assessed the e�ect of dated information on resp onse time and job mo emen sim ulating an ideal algorithm (PRF DGP) whic runs the DGP algorithm with an accurate global view of the system. comparison with DGP has indicated that the dated information has lo impact so long as remains lo (b et een and seconds under mo derate load). It is clear from the form ulation of the global goal and the incremen tal iterations of GP that eac sc heduler resp onds to the three ey oin ts put forw ard to ensure coheren co op eration: DGP takes into ac ount lo al de cisions by other hosts: This is due to the fact that allo cations are tak en from the table of allo cations, and this latter has een pro duced taking in to accoun of all other lo cal decisions from the other hosts. DGP takes into ac ount the e�e ct of its lo al de cisions on the over al system: Again this is due to the fact that global sc heduling to ok place and distribution of the allo cations is carried out. DGP ensur es lo ad alancing: This is due to the global goal. quan tify this statemen t, erformance metric is devised, and used for erformance ev aluation, that assesses the uctuation of the system load. This metric giv es an idea to the exten of ac hieving the load balancing ob jectiv e. DGP is dynamic load balancing algorithm (v ersus load sharing). It is orth oin ting out the distinction with load sharing. These common ob jectiv es of distributed sc heduling (load sharing and load balancing) tend to confused. load balancing algorithm attempts to main tain the loads of the hosts balanced redistributing some jobs to the ligh tly loaded hosts. load sharing algorithm di�ers in that it do es not go as far as balancing the system but just mak sure that there is no idle host while job is queueing in another host. The DGP algorithm is based on non-preemptiv sc heduling. Preemptiv sc heduling in dis- tributed systems, kno wn also as pr ess migr ation in olv es considerable amoun of computation when transferring pro cess and all its en vironmen (suc as virtual address space, cac hed writable �les) from one host to another. urthermore, it is di�cult to implemen on Unix systems, and it is ev en more complex for jobs that generate sev eral pro cesses, ecause in ter or in tra comm unications et een pro cesses ha to addressed explicitly 3.4 Other dynamic load balancing algorithms This section presen ts the other algorithms used for ev aluation purp oses (Disted and DJS2). They share the same information olicy as DGP i.e. erio dic broadcasting (with erio ), and their transfer and placemen olicies are also executed erio dically (with erio ). Since DGP is an algorithm for transfer and placemen olicies, it is appropriate to to apply the same information olicy for the three algorithms and di�er the transfer and placemen olicies. These algorithms are also kno wn to erform ell compared to other algorithms 50 43 ]. Therefore, results will rev eal erformance di�erences in transfer and placemen strategies. Diste is threshold based algorithm 50 ]; it hec ks its lo cal load against threshold r, and if the lo cal load is greater, then it sends one job to the least loaded host. ha implemen ted 10 arian whereb instead of sending one job, parameter called (for Maxim um Job Mo emen t) is used. This parameter sets the um er of jobs to sen (i.e. is the default). DJS2 has parameters bias1 and bias2 43 ]. If the lo cal load is greater than bias1 then send one job to the least loaded host, and if the lo cal load is greater than bias 2, then send jobs to the least loaded host. or the purp ose of comparison, another algorithm as implemen ted, NoLB (No Load Balanc- ing). This is an algorithm based on an n*(M/M/1) mo del (Kendall’s notation 13 ]). Eac pro cessor orks in an indep enden manner and comm unication et een pro cessors is not ermitted. This algorithm is implemen ted for comparison purp oses and should re ect the lo er ound on erfor- mance. 3.5 orkload mo delling In this study the orkload is represen ted dimensions: in tensit ), and pattern ). The in tensit is the erage ercen tage of CPU used on all hosts of the net ork, and the pattern is de�ned the standard deviation of the amoun of CPU used on all hosts of the net ork. In 21 exp erimen ts ere carried out to assess the sensitivit of er range of and it as found that the e�ect of as greater for larger Using Mirc handaney de�nition 34 ], orkload is of yp if 0. The orkload table for used in the sets of exp erimen ts is sho wn in table 1, and as mo di�ed from Zhou 50 ]. The default orkload used for all exp erimen ts in this pap er is mo derate 70, 28). The pattern of the orkload as selected not to to high to eremphasise the ene�t of load balancing while not eing realistic. On the other hand, as not hosen to lo as to hide the e�ect of load balancing. The default um er of hosts is set to 10, the orkload corresp onds to idle, ligh tly loaded, mo derately loaded and highly loaded hosts (1I, 1L, 2M, 6H). This led to pattern of 0.28. detailed analysis of the orkload can found in 21 ]. orkload Range Idle (I) 0-10% Ligh (L) 15-45% Mo derate (M) 50-70% Hea vy (H) 75-99% able 1: orkload haracterisation. 3.6 erformance indices The aim of load balancing algorithm is to pro vide etter resp onse time balancing the computational load, th us reducing the lik eliho of jobs aiting on host while there are other hosts idle. There are separate issues: lo ad alancing and esp onse time. Most researc implicitly 11 assumes that means of go load balancing, it is lik ely that go resp onse time will obtained 14 37 ]. de�ne erformance indices that distinguish et een the ob jectiv of balancing the load of the system and the ob jectiv of impro ving resp onse time. ad alancing. Assuming that the sole ob jectiv of load balancing algorithm is to balance the computational load of distributed system, then it is necessary to de�ne metric that measures the qualit of load uctuations et een hosts. go indicator should re ect the uctuations et een the di�eren loads of the hosts. One suc indicator is the standard deviation of the loads of the hosts tak en at time db )). Load balancing ma iden ti�ed dimensional metric: the in tensit of load balancing db ), and the pattern of load balancing db ). db is the mean of db er time (i.e an exp erimen tal session), while db is the standard deviation of db er time. db indicates the uctuations of all hosts er erio of time, and db measures the steadiness of these uctuations. esp onse time. The resp onse time is represen ted the mean job resp onse times. job resp onse time is the sum of its aiting time in the distributed system and its execution time. Overhe ads. There are yp es of erhead in olv ed with running load balancing algorithms: the execution erhead, and the comm unication erhead. The execution erhead includes the time required for the execution of the algorithm. This erhead is kno wn to coun for small ercen tage of the erall erhead 48 ]. Comm unication erhead is concerned with message transfers et een hosts. Another yp of cost is the ercen tage of rong job Mo emen ts This is the ratio et een the um er of wrong job assignmen ts er the um er of job transfers. job is wrongly transferred if the host to whic it is sen is already erloaded at the time of receipt. pro vides metric on wrong decisions in the sc heduling pro cess. able pro vides summary of the erformance indices that are used for the exp erimen ts. Indices De�nitions db in tensit of load balancing ercen tage of job mo emen ts db pattern of load balancing ercen tage of wrong job mo emen ts resp onse time able 2: erformance indices 3.7 System mo delling The mo del used for this study is an extension and mo di�cation of the m*(M/M/1) distributed system mo del prop osed Krueger, Livn and Melman 32 28 ]. Jobs arriv indep enden tly at eac host and join an external queue. The arriv al rate of eac stream of tasks follo ws oisson distribution. The service time demand of the tasks has negativ exp onen tial distribution. This description (based on queueing theory) has een used as the common approac in most sim ulations for sc heduling in distributed systems 12 37 43 ]. 12 The net ork mo del used for this study displa ys some indep endency of the top ology and is based on mathematical mo del (similar to Stank vic’s 43 that computes comm unication at the soft are lev el. It is de�ned as the size of the message to sen (in Kb ytes) times the erage dela er Kb ytes, this latter eing parameter of the sim ulation. or the distributed system mo del whic is based on diskless orkstations with �le serv ers, there is not uc di�erence et een Zhou’s comm unication erheads 50 and Stank vic’s net ork erheads 43 since the job transfers and load information transfers in olv the same message sizes resp ectiv ely Therefore, whether the erheads are �xed or based on mathematical form ula with �xed size messages, the result is the same as far as erhead assumptions are concerned. The hoice made as of Stank vic’s approac to distinguish comm unication proto col erheads from the net ork transmission erhead. In the comm unication mo del, eac host has queues, an input and an output queue (F CFS). The input messages are receiv ed from the net ork and dep ending on whether they are load information or job messages, they are sen to the sc heduler or to the external queue resp ectiv ely The output queue submits messages to the net ork. 3.8 Sim ulation to ols Simdsa is sim ulation soft are that as dev elop ed for the analysis of the dynamic load balancing algorithms 19 ]. Simdsa aims at sim ulating the en vironmen for testing distributed sc heduling algo- rithms taking in to accoun the criteria and mo del outlined in the previous section. Simdsa as designed using the discrete-ev en sim ulation approac and as implemen ted in the language under the Unix op erating system on Sun4 orkstations. Simdsa o�ers men u-driv en program, as ell as library of functions for sim ulation programming. Tw other soft are to ols ere built to supp ort Simdsa: exp gen and simdbm. Expgen (for automated exp erimen generator) is translator whic enables visual sp eci�cations of sets of exp erimen ts to con erted in to program written in Simdsa. Simdbm (for sim ulation database manager) is net ork-based sim ulation manager that manages, sc hedules and hec kp oin ts 31 sev eral executions of simdsa on net ork of orkstations. There are sev eral ys to determine default alues assigned to parameters used for sim ula- tions (calibration phase), suc as exp erimen tal determination, assumptions based on other researc ork, or educated guesses based on heuristic or mathematical calculations. Some alues assigned to parameters in this sim ulation are determined exp erimen ts, suc as the algorithm’s in ternal parameters. Ov erheads for message pac king and unpac king ha alue of 20ms. Zhou 48 con- ducted exp erimen ts on the e�ect of message erheads for similar en vironmen ts to the one describ ed in the previous section, and he concluded that load balancing algorithms are quite insensitiv to the erhead assumptions so long as these are not to high. The 20ms is based on measuremen ts done Zhou on load balancer protot yp and are accepted as eing realistic. Algorithm er- heads are assumed to 50ms, �gure based on in estigations Stank vic 43 on the e�ect of algorithm erhead on erformance. The net ork erage dela as determined from exp erimen ts Theimer and Lan tz on lo cal area net orks as 12.5 Kb ytes er second 30 46 ]. They pro vided this �gure based on practical calculations of e�cien broadcast and ulticast comm unications. They assumed that at most 1% of the bandwidth ould used the sc heduling algorithms. In 13 Stank vic’s exp erimen ts, the erage dela of seconds seemed unrealistic with curren hardw are erformance. The table (T able 3) elo indicates default alues of sim ulation parameters. arameters alues Num er of hosts 10 Sc heduling erio 2s Information erio 2s Net ork dela 12.5 Kb ytes/s Message erhead 20 ms Algorithm erhead 50ms able 3: Default parameter alues of sim ulation There are sev eral ys to terminate exp erimen ts using sim ulation suc as sp ecifying the the timelength, the sample size, or the maxim um error lev el attained. The latter is the most appropriate ecause results found are within equiv alen oundaries, pro viding consistency in the in terpretation of the results. Steady-state sim ulation of queueing pro cesses are kno wn to require sev eral runs (or replications) to reac an acceptable lev el of con�dence 39 ]. In this sim ulation, eac exp erimen is executed for sev eral runs. The precision error lev el is �xed at 5% at 90% con�dence in terv al. Eac run is executed un til all the erformance indices reac maxim um error lev el of 5%. Then, indep enden runs are executed un til the erages of the erformance indices er these runs reac maxim um error lev el of 5%. This metho of ultiple runs is called the metho of eplic ations 24 ]. 3.9 Exp erimen ts This section presen ts in detail the exp erimen ts erformed on the three algorithms using the sim ula- tion approac h. The comparison of the three algorithms is carried out using three sets of exp erimen ts: 1. Determination of the algorithms’ in ternal parameters. 2. E�ect of the sc heduling erio on erformance. 3. E�ect of scalabilit on erformance, (i.e arying the um er of hosts). Exp eriment 1. The �rst exp erimen �nds the optim um alue for their in ternal parameters (giv en orkload ). These alues are then retained and used for rest of the exp erimen ts. The alues tested range from up to alue where no further impro emen ts these algorithms er NoLB is noticed. Exp eriment 2. The aim of this exp erimen is to determine the e�ect of the sc heduling erio on the load balancing decisions, and hence erformance. The sc heduling erio is the frequency though in 21 ], we found these internal ar ameters wer fairly obust acr oss ange of worklo ad ouples in diskless envir onment. 14 of activ ation of sc heduler on host (transfer and placemen comp onen ts). The selected three algorithms are run under di�eren alues of the sc heduling erio (in seconds), ranging from up to alue where no further impro emen ts these algorithms er the NoLB algorithm is noticed. Exp eriment 3. This exp erimen has een carried out to supp ort the default um er of hosts selected (10) rather than address explicitly the issue of scalabilit The algorithms are tested with um er of hosts arying from to 40 hosts. It is imp ortan to emphasize that the same worklo ad (0.70, 0.28) is roughly main tained for the di�eren um er of hosts selected (for um er of hosts 2). This is imp ortan to main tain consistency in erformance exp erimen ts. or all three exp erimen ts, the NoLB algorithm is run. The erformance indices of the distributed dynamic load balancing algorithms presen ted in the results (graphs) are represen ted in terms of the elative erformanc er the NoLB algorithm. or example, the relativ erformance (p ercen tage impro emen t) of the in tensit of load balancing db of DGP er NoLB is ldb GP ldb oLB ldb oLB 3.10 Results Exp eriment 1. Graphs and represen resp ectiv ely the results for the DGP algorithm. has een aried from its minimal alue up to alue after whic little or no further impro emen is obtained. All the curv es in these graphs exhibits the same shap e, they decrease steadily as increases. The est impro emen ts in db and db are ac hiev ed for at its minim um (�=2). or this same alue, the highest cost in terms of and is also obtained. The decline in the cost (graph 2) is sharp er than for the erformance indices (graph 1). In graph 1, the curv es of db is alw ys ab db curv es. The DGP algorithm erio dically attempts to main tain the load of all hosts within mo ving jobs around the net ork follo wing the GP strategy When reducing �, it is exp ected to impro load balancing. This exp erimen con�rmed this fact, and indicated that this impro emen implies impro emen in resp onse time urthermore, these impro emen ts follo the same shap indi- cating strong impact of load balancing on resp onse time. On the other hand, when decreasing �, larger um er of mo emen ts of jobs is required to main tain all the loads within �, and larger um er of wrong job transfers follo ws to due to the outdated load information and the async hron of the sc hedulers. the other extreme, for ery large, the band is so large that prior to load balancing, most of the loads are already within �. Hence, the DGP has not uc impro emen to erform, and so con erges to NoLB’s eha viour. 15 The exp erimen enabled the determination of the est alues of DGP in ternal parameters. Similar exp erimen ts ere undertak en for Disted and DJS2 algorithms. Best alues for DJS2 ere biais1 and Biais2 4, and for Disted 2. In all cases, it as found that in ternal parameters ha an impact on erformance and costs. Ho ev er, compared to disk based systems 43 these parameters seemed less sensitiv e. This is mainly related to the lo cost of transferring jobs in diskless en vironmen t. Other in teresting results ma dra wn for all tests in this exp erimen t: db and db curv es ha the same shap e. db and db Sensitivit of in ternal parameters in diskless en vironmen t. rom these results, conclusions can dra wn: 1. ad alancing and esp onse time elationships. It can seen from the graphs that impro e- men ts in db db lead to impro emen ts in More imp ortan tly their curv es exhibit the same pattern underlining the strong impact of load balancing on resp onse time 2. Explicit Performanc indic es. This exp erimen also indicated that the ork on erformance indices and the distinction et een resp onse time and load balancing carried out in section 5.2 as vital to iden tify the ob jectiv es and the deriv ed ob jectiv es of the algorithms. urthermore, it can seen the fact that db and db that the algorithms �rst balance the system and then impro resp onse time. Exp eriment 2. Graphs and depict the results for the erformance indices and db resp ectiv ely The rest of the erformance indices are depicted in graphs A.1 to A.3 in App endix 16 A. The exp erimen has een run for up to 200 where no further impro emen of the erformance indices er the NoLB algorithm as noticed. The exhibits an indep enden curv with separate in terv als 5, and 5. In the �rst in terv al, the increases sharply with In the second in terv al, sligh decrease in resp onse time is noticed. The remaining erformance indices roughly follo the same shap and decrease slo wly It can seen from graph that DGP pro vides etter impro emen in resp onse time and load balancing than Disted and DJS2 for the whole exp erimen t. The and seem reasonably lo for DGP ecause it has no upp er limit parameters on the um er of job mo emen ts. Disted has lo er um er of job mo emen ts ecause of its parameter on the other hand this prev en ts from doing go allo cations when needed. The oin of DGP is that it has the freedom and e�ectiv ely it erforms the allo cation needed to balance the system, ev en though there is the oten tial of sources of errors (dated information and async hron y). There is clear trade-o� et een the frequency of and the erhead incurred in the execution of the sc heduler. ery small incurs large erheads due to the frequency of execution of the sc hedulers. On the other hand, jobs are more lik ely to executed the load balancing sc heduler than the lo cal sc heduler. When is high, then the algorithms follo the eha viour of the NoLB algorithm. The est in terv al found for is et een and seconds. This is ecause the erage service times of the hosts are 5s, 6s and 7s. Hence there is no oin in in oking the sc heduler more frequen tly than required. The should not to small as the sc heduler ould �nd no job to sc hedule, and only incur more erheads. Exp eriment 3. Graphs and depict the results for the erformance indices and db resp ectiv ely The rest of the erformance indices are depicted in graphs A.4 to A.6 in App endix A. It can seen that for um er of hosts ey ond 5, the erformance indices exhibit similar eha viour. Optimal erformance is reac hed for um er of hosts equal to ecause it is ery unlik ely that wrong job transfer ccurs. Though, to realistic, it is clear that in terpretations of these results should consider systems of or 10 hosts up ards. 17 When increasing the system size, the impact of the source of errors (async hron of sc hedulers and outdated information) on sc heduling decision making increases dramatically with the size of the system. All the ene�ts exp ected to gained from ha ving large system are consumed the high um er of wrong transfers, the broadcasting of messages (due to the information olicy), and the pro cessing of large um er of messages. Since these three algorithms di�er in their transfer and placemen olicy the problems highligh ted of outdated information, the um er of messages to pro cess, and the large um er of decisions and allo cations to made are common to all of them. The DJS2 allo ws at most jobs to sen er sc heduling erio whic is less than that required for large um er of hosts. Hence slo wly gro wing um er of job mo emen ts is carried out for an increasing um er of hosts, while DGP has the freedom to send as man jobs as the GP dictates. On the other hand, GP exhibits sligh tly higher rate of The strength of DGP er DJS2 and Disted is that it spreads the load ev enly er the um er of hosts, making use of the large um er of hosts ailable, whereas DJS2 and Disted select the least loaded host regardless of the um er of hosts ailable. Barak and Kornatzky ]. ha de�ned scalable algorithm as one eing able to main tain erformance impro emen ts as the um er of hosts increases. the DGP algorithm pro vides more steady and lev elled set of curv es db and db (see Graph 5, 6, A.4) than Disted and DJS2, hence pro viding etter scalabilit Protot yp e-based erformance Ev aluation This section presen ts the design of run time protot yp for the DGP algorithm. The exp erimen ts ere undertak en in the Univ ersit of Leeds net ork and hence the exp erimen ts had to op erate with clearly de�ned constrain ts. These implied that only subset of the net ork could ailable and also an ted some exibilit in starting/stopping new sc hedulers without disrupting the erall 18 net ork and the protot yp e. This has een ossible using dynamic con�guration mo del 25 as the programming paradigm for undertaking erformance exp erimen ts. 4.1 Programming paradigm riting distributed soft are is kno to di�cult task ecause of the lev el of complexit en- coun tered in issues suc as concurrency sync hronisation, and comm unications. These problems are ev en more complex due to the lac of supp ort and soft are to ols. The curren option is to write distributed soft are using lo lev el in terpro cess comm unication primitiv es pro vided net ork op erating systems suc as Unix. This is for example ac hiev ed through the BSD so ets in terface, enabling to sp ecify the ransp ort proto col (TCP or UDP) er the IP net ork. The disadv an tages of programming with these primitiv es are umerous. go illustration ould the analogy of programming with the assem bly language. These primitiv es are not simple to use, since the pro- grammer has to go through all the lo lev el details of establishing comm unications. urthermore, they are not ortable. or these reasons, ha opted for the design soft are mo del whic pro vides higher lev el of abstraction, and hence, hides underlying op erating systems, and the hardw are of the underlying net ork system including their system calls and comm unication primitiv es. The adv an tage of this mo del is that it enables programmers to dev elop dynamic load balancing systems across um er of di�eren hosts, op erating systems and net orks. One further crucial issue supp orted this mo del is dynamic recon�guration at run time. In e�ect, it is exp ected that the dynamic load balancing system ma not run on the en tire net ork, and hence recon�guration at run time ma required to remo sc heduler from host for main tenance or upgrade or other reasons. Dynamic con�guration ould enable the dynamic load balancing system to con tin ue while hanges are carried out on part of the net ork. The subset of the net ork on whic the dynamic load balancing system is running is called domain 22 ]. This distributed programming mo del has lev els, and run time system. The lev els are the sche duler and the on�gur ation level and the run time system is the con�guration manager. The distinction of these lev els is necessary for the supp ort dynamic con�guration 25 ]. The sche duler level enables the sp eci�cations of sc heduler orts and their asso ciated in tercom- unication primitiv es. The main ob jectiv of this lev el is to pro vide means for the programmer for sc heduler’s in tercomm unication without using direct ort naming. This is ey prop ert in dynamic con�guration called inter onne ction indep endenc 26 ], ecause it is essen tial to hide all in tercomm unication details that tak place outside the sc hedulers. The con�guration lev el in con- junction with the con�guration manager handle suc connections. 19 sc heduler is depicted in �gure 3. It has pro cesses, and queue to store incoming jobs. The erformance analyser collects relev an erformance indices and orkload traces for data anal- ysis. The dynamic load balancing algorithm pro cess runs the DGP algorithm presen ted in Section 3. There are services at the sc heduler lev el: ort sp eci�cations, and their asso ciated in tercom- unication primitiv es (See table elo w). The ort sp eci�cation is accomplished in oking the functions: itf ort(), and ort(). Itf ort() creates the in terface ort whic is the input ort that receiv es jobs from the lo cal host. This function is mainly used the con�guration lev el op er- ation in ter sc hed(). Nt ort() creates the second ort from whic messages are sen and receiv ed to and from sc hedulers through the net ork. These functions pro vides options: blo king and non blo king comm unications. De�nitions of unctions Application Programming In terface ort sp eci�cations In terface ort in itf ort(option); ort sp eci�cations Net ork ort in ort(option); in option; In tercomm unications to in terface ort snd itf(job) (Send and Receiv e) rcv itf(job); job *job; In tercomm unications to net ork snd w(job) (Send and Receiv e) rcv w(hid,msg); in hid; msg *msg; able 4: API for Sc heduler Lev el The on�gur ation level enables the manipulation of sc hedulers at run time for the construction or recon�guration of dynamic load balancing systems in domain. There are three functions pro vided at this lev el: creation of sc heduler, remo al of sc heduler, and the in terconnection to sc heduler. Sev eral applications ma connected to sc heduler sending jobs to its input ort through the 20 inter onne ction function. able pro vides the Application Programming In terface (API) for the con�guration lev el. De�nitions of unctions Application Programming In terface Creation of sc heduler add sc hed(sc heduler yp e, hostname) sc hed sc heduler yp e; har *hostname; Deletion of sc heduler rm sc hed(hostname) har *hostname; In terconnection to sc heduler in ter sc hed(mo de, path, argv) har *path, **argv; mo de mo de; able 5: API for Con�guration Lev el The on�gur ation manager is the run time supp ort system for the con�guration and sc heduler lev els. It holds information on the state of the curren domain, the sc hedulers and their attributes. All transactions within domain are recorded in database. The API to this database consists of library of functions called the on�g libr ary 22 ]. The con�guration manager also ensures the compatibilit of sc heduler’s yp within domain. or example, if the dynamic load balancing system has cen tral con trol, then there ust only one master sc heduler, sev eral sla sc hedulers and no co op erating sc hedulers. If the dynamic load balancing system is decen tralised (lik for DGP), then there are only co op erating sc hedulers, and no master nor sla sc hedulers. 4.2 Implemen tation The protot yp is implemen ted in the language and Unix system calls. This includes the con- �guration and the sc heduler lev el functions, the con�guration database, and its in terface library of functions. The sc heduler is implemen ted indep enden comm unicating pro cesses, one for the algorithm, and one for the erformance analyser. Comm unication et een the pro cesses is supp orted Unix so et in terpro cess comm unication facilities. The queue is implemen ted �fo in terpro cess comm unication facilit 15 ]. Comm unication et een eer sc hedulers is also sup- orted the BSD Unix so et in terface to the TCP/IP proto col stac er Ethernet. Normal and abnormal terminations of sc hedulers are handled signals. Normal termination of sc hedulers (b the function rm sc hed()) op erates with soft are signals. The DGP algorithm is implemen ted using ligh eigh pro cesses (or threads in Unix ]). These threads share the same address space. The load information, transfer and placemen pro cesses of DGP are implemen ted as threads. detailed accoun of the implemen tation with ligh eigh pro cesses is presen ted in 23 ]. The dynamic load balancing protot yp has een dev elop ed using the mo del’ APIs describ ed in Section 4.1. It runs on an Ethernet based net ork of Sun4 orkstations. It has een op erational for domain of ten hosts (Sun4 orkstations). In teractiv commands ere also dev elop ed for hanges to the con�guration lev el. These include addsc hed, rmsc hed, lo okdom (for displa ying the curren domain). Other 21 general commands suc as setup (for initial setup of whole domain), and sh utdo wn (for deleting whole domain) ere also built. 4.3 orkload mo delling One of the most di�cult tasks of this protot yp e-based erformance ev aluation as the design of orkload mo del. net ork ed application (an O�ce Information System, OIS) that generates large um er of small jobs around the net ork of orkstations as selected as the ernel for the orkload mo del. The OIS application had um er of pro cesses running on eac orkstation and generated forms (�les) that ere triggered ev en ts (e.g. input forms or timing oin t). These forms ere parsed and pro cessed orm Descriptor In terpreter (FDI), and the forms (called orms Descriptors FD) ere written in pseudo-language (Jac kson’s lik notation 16 17 ]). The �gure depicts the orkload mo del used for orkstation. There is need to ha precise measure of the input and output data to the protot yp to ensure consistency in rep eating similar exp erimen ts. or this reason, an automated generator of input forms as built. This generator of input forms is sim ulation program called SimOIS (for SIMulation for O�ce Information Systems) that generates input forms at statistical rates (P oisson distribution). SimOIS is based on discrete-ev en sc heme ]. Measuremen ts of the output of the system are handled the erformance analyser pro cess of the sc heduler (see �gure 3). complete study of the input forms had to done to calibrate and alidate the parameters selected for the dev elopmen of SimOIS 20 ]. Eac yp of input forms has an initial time, an end of generation time, and precedence con- strain ts. These constrain ts ma relate to timing oin t, or to the arriv al of another yp of form efore activ ation. The arriv al rate is the um er of forms generated er unit of time, and ij is the arriv al rate of forms generated for the form yp at the host j. or the OIS there are input forms. 22 Ev aluating host’s orkload in olv es the determination of the appropriate alues for ij and the remaining parameters of eac yp of form. It is imp ortan to link these and the in tensit of the host’s orkload (see section 3.6). Then, tuning s, it is ossible to obtain di�eren orkload in tensities for one host and therefore for net ork of hosts. The orkload yp es of host (Idle, Ligh t, Mo derate, and Hea vy as depicted in able 1) are determined tuning to Sev eral exp erimen ts ere run to determine the relationships et een the host’s orkload in the parameters 20 ]. The erformance exp erimen ts ere run on net ork of Sun4 orkstations, using domain of six orkstations. The orkload used consists of one idle, one ligh loaded, one mo derate loaded and three hea vy loaded (ILMHHH). This orkload as selected to heterogeneous. It has een sho wn that the more un balanced the orkload is, the greater the ene�t from load balancing 21 ]. Hence the un balance of the orkload as selected not to to high to eremphasize the ene�t from load balancing while not eing realistic. On the other hand, the un balance as not hosen to lo as to hide the e�ect of load balancing. 4.4 Results This section in tro duces the exp erimen ts erformed on the erall implemen tation in order to mea- sure its erformance. Tw sets of exp erimen ts are used: determination of the GP strategy in ternal parameter (�), and the e�ect of the sc heduling erio on the erformance. The exp erimen tal results ere eraged er runs, and computed at 90% con�dence in terv al. In order to ensure consistency in the exp erimen results, these ere run late at nigh to ensure that the hosts used ere free from jobs other than those generated the OIS, the con�guration manager run time system, the sc heduler threads, and SimOIS. The default alues used in the exp erimen ts are giv en in table 6. The default orkload consists of 1I, 1L, 1M, 3H in net ork of hosts, 0.58, 0.30). arameters alues Num er of hosts Sc heduling erio second Information erio second able 6: arameter alues. As with the sim ulation-based exp erimen ts, the NoLB algorithm is run. The erformance in- dices of the DGP algorithm presen ted in the results (graphs) are represen ted in terms of the elative erformanc er the NoLB algorithm. or example, the relativ erformance (p ercen tage impro e- men t) of the in tensit of load balancing db of DGP er NoLB is ldb GP ldb oLB ldb oLB 23 Exp eriment 1. In this exp erimen t, the parameter is aried from its minim um alue up to maxim um where little or no further impro emen er the NoLB algorithm is observ ed. The template used for represen ting the results consists of graphs. The �rst con tains the resp onse time and the load balancing indices db and db while the second graph pro vides the costs in terms of and The same template is used for the second exp erimen t. Graphs and resp ectiv ely indicate the results of the �rst exp erimen t. In Graph 7, the three curv es exhibit the same shap e, they decrease steadily as increases. The est impro emen for the three indices are ac hiev ed for at its minim um (�=2). or this same alue, the highest cost in terms of and is also obtained. The DGP algorithm erio dically attempts to main tain the load of all hosts within ev enly mo ving jobs around the net ork. When reducing �, it is exp ected to impro load balancing. This exp erimen con�rmed this fact, and indicated that this impro emen implies an impro emen in resp onse time urthermore, these impro emen ts follo the same pattern indicating strong impact of load balancing on resp onse time. On the other hand, when decreasing �, larger um er of mo emen ts of jobs is required to main tain all loads within �, and larger um er of wrong job transfers follo ws due to the outdated load information, and the async hron of sc hedulers. the other extreme, for ery large, the band is so large, that prior to load balancing, most of the loads are already within �. Hence the DGP algorithm has not uc impro emen to erform, and so con erges to NoLB’s eha viour. Exp eriment 2. In this second exp erimen t, is equal to 2, ecause it is the est alue for DGP under the default orkload. This exp erimen consists of arying the sc heduling erio Graphs and 10 resp ectiv ely indicate the results. First, the same remarks concerning the relationship of load balancing and resp onse time found in exp erimen is noticed in this exp erimen t. or small the est impro emen is obtained. This is due to the high frequency of execution of the algorithm. Ho ev er, the should not selected to small, as to incur large erheads due to the frequency of the sc hedulers and ev en tually leading to unnecessary job mo emen ts. The 24 starting at 1s is reasonable since the gran ularit of the computation are jobs (FDI, FD), i.e coarse grain. On the other hand, when the is high, the jobs are more lik ely to executed the lo cal sc heduler than the load balancing sc heduler, and hence the DGP follo ws the eha viour of the NoLB algorithm. or example, supp ose that an acceptable lev el of resp onse time impro emen is minim um of 40%, then the est in terv al for is et een 1s and 8s. Ev aluation and alidation Analysis It can seen that under similar orkload to the one used in the sim ulation, the protot yp erfor- mance can reac up to 50% impro emen in resp onse time (this is compared to the 70% reac hed DGP through sim ulation, see graphs and 7). able elo depicts the results for DGP al- gorithm with sim ulation and protot yping under their default settings (table and 6) resp ectiv ely The decrease in the erformance as found to sharp er in protot yping compared with that of the sim ulation ecause of sev eral factors. In the sim ulation, all jobs are migratable, whereas in the implemen tation, there are sev eral pro cesses whic are part of the implemen tation of the OIS that cannot migrated. Also, an in terpreter (FDI) had to residen on eac host to translate FDs in to pro cesses. urthermore, the OIS generates on erage jobs that require ery similar execu- tion time (around 1.5s). Jobs requiring high execution time are lik ely to ene�t more from load balancing ecause their transfer through the net ork should relativ ely small compared to the erall execution time. This is the issue of gran ularit (computation ersus comm unication). In the sim ulation, job execution times ha an erage of 5, 6, or seconds The jobs generated the OIS are I/O in tensiv (due to the nature of information system application whic in olv es man �le op erations). 25 Exp erimen ts orkload db db Sim ulation (0.7,0.3) 69.1% 87.7% 91.3% 46.5% 20.9% Protot yping (0.6,0.3) 47.7% 78.2% 82.0% 22.1% 12.0% able 7: Sim ulation and protot yping results under default settings. Since the protot yp e-based exp erimen ts ere run late at nigh (and under con trolled en viron- men t), the real net ork dela is less than the one used for the sim ulation assumptions (a throughput 12.5 Kb ytes er second). Ho ev er, the I/O in tensiv jobs comp ensate for the lo net ork dela Both with sim ulation and protot yping, the resp onse time and the load balancing indices follo ed the same shap e. This con�rmed the conclusions reac hed the sim ulation that db and db are closely dep enden and ha the same eha viour. In addition, the relation db and db holds for oth across the range of exp erimen ts, indicating that load balancing algorithm (suc as DGP) �rst impro es load balancing, then resp onse time. Conclusions and uture Directions In this pap er, ha describ ed distributed-con trolled algorithm (DGP) for dynamic load bal- ancing that addresses the issues of coherence and co ordination for distributed systems. The ex- erimen tal results obtained indicate that DGP distributed algorithm deliv ers etter erformance results when glob al plan is em edded with it. also eliev that the issue of coherence and co or- dination will ecome more imp ortan with larger systems. The GP strategy builds on its areness of lo cal and global in terests of the sc hedulers. This pap er adv cated the researc approac tak en; to com bine the con tribution of sim ulation and protot yping. Reac hing similar conclusions through the metho dology outlined in Section pro vides higher degree of con�dence in the conclusions obtained. The next step is to dev elop steps to incorp orate calibration for sim ulation protot yping as ell as trace-driv en sim ulation. Another imp ortan elemen to added to the metho dology is rigorous framew ork for alidating sim ulation with protot yping. presen ted haracterisation of orkloads and erformance metrics for measuring explicitly load balancing db db ). The results consisten tly sho w, through sim ulation and proto- yping, that load balancing and resp onse time are closely dep enden and that there is greater impro emen in load balancing db db than resp onse time ). There are sev eral directions to this ork. Scalabilit studies on erformance of dynamic load balancing algorithms ha indicated that these algorithms, in general, do not scale ery ell 49 ]. One approac to tac kle the problem of scalabilit prop osed zhou 49 is to in estigate inter cluster lo ad alancing The idea is to erform load balancing within eac cluster of hosts, and load balancing among the clusters using long term information. The distributed programming mo del presen ted in the previous sections assumed the existence of one domain within the net ork. The creation of sev eral domains, ma facilitate in tercluster load 26 balancing. Our approac in to in tercluster load balancing ould imply that the unit of transaction of the system hanges, and it is no longer job or pro cess (dep ending on the gran ularit of the algorithm) but host that ma exc hanged et een domains. These transactions op erate at meta lev el and are ossible due to the dynamic con�guration supp ort of the mo del. Assume for example that domain has 30 hosts with an erage orkload of 60% of CPU utilisation, and another domain has 25 hosts with an erage orkload of 20% of CPU utilisation. There is uc recon�guration to done, whereb some hosts of the �rst domain are mo ed to the second domain and vice ersa (a dynamic redistribution). Ho ev er, uc ork remains to done in this area, to determine whether it is orth while exc hanging jobs and/or hosts et een clusters, and indeed whether clustering itself can pro vide etter erformance than one net ork-wide algorithm. App endix 27 28 References [1] Banks and Carson. Discr ete-Event System simulation Pren tice-Hall In ternational, 1984. [2] Barak and Kornatzky Design principles of op erating systems for large scale ulticom- puters. ctur Notes on Computer Scienc 309:104{123, Septem er 1987. [3] Barak and Shiloh. distributed load-balancing olicy for ulticomputer. Softwar e- Pr actic and Exp erienc 15 no 9:901{913, Septem er 1985. [4] Bernard, Stev e, and Simatic. surv ey of load sharing in distributed systems. Dis- tribute Systems Engine ering Journal Decem er 1993. [5] Birrell. An in tro duction to programming with threads. chnic al ep ort 35, Jan uary 1989. [6] Bond and Gasser. adings in Distribute rti�cial Intel ligenc Morgan Kaufman Publisher, 1988. [7] Casa an t. Analysis of three dynamic load-balancing strategies with arying global in- formation requiremen ts. Pr dings of the Seventh International Confer enc on Distribute Computing Systems pages 185{192, 1987. [8] Cho wdury The greedy load sharing algorithm. Journal of Par al lel and Distribute Comput- ing 9:93{99, 1990. [9] Douglis and Ousterhout. Pro cess migration in the sprite op erating system. Pr dings of the Seventh International Confer enc on Distribute Computing Systems pages 18 25, Septem er 1987. [10] Durfee and Lesser. Using partial global plans to co ordinate distributed problem solv er. Pr dings of the 1987 International Joint Confer enc on rti�cial Intel ligenc pages 875{883, 1987. [11] Durfee, Lesser, and Corkill. Coheren co op eration among comm unicating problem solv ers. IEEE ansactions on Computers 36:1275{1291, 1987. [12] Eager, Lazo wsk a, and Zahorjan. Adaptiv load sharing in homogeneous distributed systems. IEEE ansactions on Softwar Engine ering SE 12 no 5:662 675, Ma 1986. [13] Gelen and Pujolle. Intr duction to Queueing Networks John Wiley Sons, 1987. [14] Hac and Jin. Dynamic load balancing in distributed system using decen tralized algorithm. Pr dings of the Seventh International Confer enc on Distribute Computing Systems pages 170{177, Septem er 1987. [15] Ha viland and Salama. Unix System Pr gr amming Addison-W esley 1987. [16] Jac kson. Principles of Pr gr am Design Academic Press, 1975. 29 [17] Jac kson. System Development Pren tice-Hall In ternational, 1983. [18] Kara. global plan olicy for coheren co op eration in distributed dynamic load balancing algorithms. Distribute Systems Engine ering Journal (4), Decem er 1995. [19] Kara. Sim/dsa/dbm and expgen: An in tegrated set of to ols for sim ulation on net ork of orkstations. chnic al Manual (V ersion 1.03) Ma 1991. [20] Kara. Using dynamic load balancing in distributed information systems. ese ar ch ep ort Series, Scho ol of Computer Studies, The University of ds Rep ort 94.18, Ma 1994. [21] Kara. Phd thesis: Dev elopmen of distributed sc heduling systems with an application to o�ce automation. Scho ol of Computer Studies, The University of ds Septem er 1991. [22] Kara, Jest and Gough. Flexis-i dynamic con�guration mo del for distributed sc heduling systems. Pr dings of the First IFIP International Workshop on Con�gur able Distribute Systems Marc 1992. [23] Kara, Jest and Gough. blac kb oard-based framew ork for the dev elopmen of co op erating sc hedulers. Pr dings of the IEEE International Confer enc on Softwar Engine ering and Computer Systems Ma 1992. [24] Kelton and La w. An analytical ev aluation of alternativ strategies in steady-state sim ulations. Op er ational ese ar ch 32:169{184, 1984. [25] Kramer. Con�guration programming: framew ork for the dev elopmen of distributable systems. Pr dings of the International Confer enc on Computer Systems and Softwar Engine ering pages 374{384, Ma 1990. [26] Kramer and Magee. Dynamic con�guration for distributed systems. IEEE ansactions on Softwar Engine ering pages SE{11 no 4, April 1985. [27] Kremien, Kramer, and Magee. Scalable, adaptiv load sharing for distributed systems. IEEE Par al lel and Distribute te chnolo gy (3), August 1993. [28] Krueger and Livn The div erse ob jectiv es of distributed sc heduling olicies. Pr dings of the Seventh International Confer enc on Distribute Computing Systems pages 242 249, Septem er 1987. [29] Kunz. The in uence of di�eren orkload descriptions on heuristic load balancing sc heme. IEEE ansactions on Softwar Engine ering 17 no 7:725{730, July 1991. [30] Lan tz, No wic ki, and Theimer. An empirical study of distributed application erformance. IEEE ansactions Softwar Engine ering SE-11 no 10:1162 1175, Octob er 1985. [31] Litzk w, Livn and Mutk a. Condor un ter of idle orkstations. Pr dings of the Eighth International Confer enc on Distribute Computing Systems pages 104 111, June 1988. 30 [32] Livn and Melman. Load balancing in homogeneous broadcast distributed systems. Pr dings of the Computer Network Performanc Symp osium pages 47 55, April 1982. [33] Mirc handaney and Stank vic. Using sto hastic learning automata for job sc heduling in distributed pro cessing systems. Journal of Par al lel and Distribute Computing 3:527 552, 1986. [34] Mirc handaney wsley and Stank vic. Adaptiv load sharing in heterogeneous distributed systems. Journal of Par al lel and Distribute Computing 9:331{346, 1990. [35] Mutk a. Estimating capacit for sharing priv ately wned orkstation en vironmen t. IEEE ansactions on Softwar Engine ering 18 (4), April 1992. [36] Mutk and Livn Sc heduling remote pro cessing capacit in orkstation-pro cessor bank net ork. Pr dings of the Seventh International Confer enc on Distribute Computing Systems pages 9, Septem er 1987. [37] Ni, Xu, and Gendreau. distributed drafting algorithm for load balancing. IEEE ansactions on Softwar Engine ering SE-1 no 10:1153 1161, Octob er 1985. [38] Nuttall and Sloman. orkload haracteristics for pro cess migration and load balanc- ing. Pr dings of the IEEE International Confer enc on Distribute Computing Systems, ICDCS’97 Ma 1997. [39] wlik wski. Steady-state sim ulation of queueing pro cesses: surv ey of problems and solutions. CM Computing Surveys 22 no 2:123{170, June 1990. [40] Rommel. The probabilit of load balancing success in homogeneous net ork. IEEE ansactions on Softwar Engine ering 17 no 9:922{933, Septem er 1991. [41] Shirazi and Hurson. Sp ecial issue on sc heduling and load balancing. Journal of Par al lel and Distribute Computing 16 no 4, Decem er 1992. [42] Shou. Utopia: load sharing facilit for large heterogeneous distributed computers. Soft- war e: Pr actic and Exp erienc Decem er 1992. [43] Stank vic. ersp ectiv on distributed computer systems. IEEE ansactions on Com- puter C-33:1102{1115, Decem er 1984. [44] Stank vic. Stabilit and distributed sc heduling algorithms. IEEE ansactions Softwar Engine ering SE-11 no 10:1141 1152, Octob er 1985. [45] Stank vic and Sidh u. An adaptiv bidding algorithm for pro cesses, clusters and dis- tributed groups. Pr dings of the ourth International Confer enc on Distribute Computing Systems pages 49 59, Ma 1984. [46] Theimer and Lan tz. Finding idle mac hines in orkstation-based distributed system. Pr dings of the Eighth International Confer enc on Distribute Computing Systems pages 112 122, June 1988. 31 [47] urcotte. Surv ey of soft are en vironmen ts for exploiting net ork ed computing re- sources. Engine ering ese ar ch Center for Computational Field Simulation MSU-EIRS-ER C- 93-2, ebruary 1993. [48] Zhou. erformance studies of dynamic load balancing in distributed systems. ep ort No UCB/CSD 87/376 1987. [49] Zhou. trace-driv en sim ulation study of dynamic load balancing. IEEE ansactions on Softwar Engine ering 14 No. 9:1327{1341, Septem er 1988. [50] Zhou and errari. measuremen study of load balancing. Pr dings of the Seventh International Confer enc on Distribute Computing Systems pages 490 497, Septem er 1987. [51] Zh u, Stek etee, and Muilwijk. Load balancing and orkstation autonom on amo eba. ustr alian Computer Scienc Communc ations 17(1), 1995. 32