The Lo cal Sc heduler of the Distributed Op erating System Colonia J, ;6 OS Colonia $N %m !< %+ %k !& %9 %1 %8 %e !< %i Damien Le Moal 2000, F ebruary 9 Fb MF 9< 35 %o !< %/ %9 %F !< %7 %g %s !& %/ %i %9 %? $O JB Ns =h M} $r 9T $& J, ;6 %7 %9 %F %‘ $H $7 $F H/ C# $7 $F $- $F $* $j !" 3F 7W ;; 5! $N Ii 2Y $O 9b $/ $J $C $F $- $F $$ $k !# $7 $+ $7 $J $, $i B? $/ $N %f !< %6 $, MM !9 $J %" %W %j %1 !< %7 %g %s $r <B 9T $9 $k $K $b $+ $+ $o $i $: !" %7 %9 %F %‘ $O @N $H JQ $o $i $: $? $C $? 0l ?M $N %f !< %6 $N $3 $H $7 $+ 9M $( $i $l $F $$ $J $$ !# $7 $? $, $C $F J# ?t $N %f !< %6 $K BP $7 $F 8x J? $J CPU ;~ 4V $r M? $( $k $h $& $J ?7 $7 $$ %9 %1 %8 %e !< %j %s %0 $, I, MW $G $" $k !# %/ %i %9 %? A4 BN $G 8x J? $J CPU ;~ 4V $r M? $( $k $? $a !" %m !< %+ %k $H %0 %m !< %P %k $H $$ $& Fs $D $N %9 %1 %8 %e !< %j %s %0 %] %j %7 !< $r ;H MQ $9 $k !# 3F %N !< %I $N %m !< %+ %k !& %9 %1 %8 %e !< %j %s %0 $O $= $N %N !< %I $N %m !< %+ %k %W %m %; %9 $r 8x J? $K <B 9T $7 !" %/ %i %9 %? A4 BN $N 8x J? $J %9 %1 %8 %e !< %j %s %0 $O F0 E* $J %W %m %; %9 %^ %$ %0 %l !< %7 %g %s $G <B Au $5 $l $k !# 8= :_ %W %i %$ %* %j %F %# !& %9 %1 %8 %e !< %j %s %0 $N MM $J NI $/ ;H $o $l $F $$ $k %9 %1 %8 %e !< %j %s %0 J} K! $O MM !9 $J <o N‘ $N %W %m %; %9 $r 8z N( E* $K <B 9T =P Mh $k $, !" %9 %1 %8 %e !< %j %s %0 $N 8x J? @- $O J] $? $l $F $$ $J $$ !# 0l J} !" F air-Share %9 %1 %8 %e !< %j %s %0 <j K! $N >l 9g $G $O %W %m %; %9 $N <B 9T =g =x $N @) 8f $, $& $^ $/ =P Mh $J $$ $? $a I/O $K 0M B8 $9 $k $h $& $J %W %m %; %9 $r 8z N( E* $K <B 9T $G $- $J $$ !# K\ O@ J8 $G $O Stride Sc heduling $H $$ $& F air-Share %9 %1 %8 %e !< %j %s %0 <j K! $N ?7 $7 $$ <B Au $H $= $N J} K! $N %W %i %$ %* %j %F %# !& %9 %1 %8 %e !< %j %s %0 K! $H $N AH $_ 9g $o $; $r Ds 0F $9 $k !# %W %i %$ %* %j %F %# !& %9 %1 %8 %e !< %j %s %0 K! $r ;H MQ $7 $F @5 3N $J %W %m %; %9 $N <B 9T =g =x $r =P Mh $k !# 3F %W %m %; %9 $, 3d $j Ev $? $l $? CPU ;~ 4V $K $h $F Stride Scheduling $r Mx MQ $7 $F 8x J? $J %9 %1 %8 %e !< %j %s %0 $r <B 8= $G $- $k !# $3 $N 3H D% $5 $l $? F air-Share %9 %1 %8 %e !< %j %s %0 J} K! $r I> 2A $7 $? 7k 2L !" Ia DL $N 8x J? $J %9 %1 %8 %e !< %j %s %0 $h $j $b CPU ;~ 4V $N 3d $j Ev $F $, @5 3N $K $J $j !" %W %m %; %9 $N <B 9T =g =x $r @) 8f $9 $k $3 $H $, $G $- !" %$ %s %? %i %/ %F %# %V $J %W %m %; %9 $N 1~ Ez ;~ 4V $r C; $/ $9 $k $3 $H $, $G $- $k $3 $H $, J, $+ $C $? !# %9 %1 %8 %e !< %j %s %0 $N %* !< %P %X %C %I $O 8B 3& $K C# $7 !" %W %m %; %9 $N ?t $K $h $i $: 0l Dj $H $J $C $? !# $^ $? !" Ii 2Y $N 9b $$ MM !9 $J <o N‘ $N %" %W %j %1 !< %7 %g %s $N >l 9g $G $b 8z N( $h $/ @5 3N $K 8x J? $J %9 %1 %8 %e !< %j %s %0 $r <B 8= =P Mh $k !# Abstract As distributed systems, and in particular workstations clusters emerge as a viable platform for parallel pro- cessing, the workload of desktop computers is chang- ing. Whereas classical systems generally hav e to han- dle mainly interactiv e sequential pro cesses of a single user, in such systems pro cessing elements must supp ort a v ariet y of applications by a great num b er of users. A new scheduling metho d is needed to supp ort such workload and esp ecially to implement a fair-share allo- cation of pro cessing time among users. F airness should b e �rst implemen ted lo cally to each pro cessing elemen t of the cluster (lo cal scheduling), global scheduling en- suring global fairness through pro cess migration. Classical scheduling metho ds lik e priority scheduling can e�ciently supp ort the execution of v arious type of applications, but do not allow to implement fair-share scheduling simply . On the contrary , e�cient strict fair- share scheduling sc heme exists but do not provide go o d results for I/O b ound and interactiv e pro cesses execu- tion, b ecause not considering basically the run-time b e- havior of pro cesses. In this rep ort, it will b e shown that extending the fair-share scheduling metho d called stride scheduling to execute more e�ciently interactiv e and I/O b ound workload can still fairly allo cates pro cessing time among users. A no v el implementation of stride scheduling is presented. This implementation is enhanced using a more classical priorit y scheduler to supp ort b oth com- pute b ound and interactiv e applications. A precise con- trol mechanism is implemented to make this metho d more exible and adaptable to a wide range of work- load. Ev aluation results show that the fair-share allo ca- tion of CPU time among users and pro cesses is im- prov ed compared to strict fair-share scheduling. It is also sho wn that the scheduling ov erhead is b ounded and do es not dep end on the num ber of runnable pro cesses. Finally , some exp eriments show that this sc heduling metho d can precisely handle even a high workload of a mix of applications in a multi user en vironmen t. 1

Con ten ts 1 Introduction 2 2 Background and Related W ork 3 2.1 Scheduling Algorithms Ev aluation : : : 3 2.2 Pro cess Execution Representation : : : 3 2.3 Common Scheduling Policies : : : : : : 4 2.3.1 Short-Job-First Sc heduling : : : 4 2.3.2 Round-Robin Sc heduling : : : : 4 2.3.3 Priority Scheduling : : : : : : : : 4 2.4 F air-Share Sc heduling : : : : : : : : : : 5 2.4.1 Priorit y-Based F air-Share Scheduling : : : : : : : : : : : : 5 2.4.2 Lottery Sc heduling : : : : : : : : 6 2.4.3 Stride Sc heduling : : : : : : : : : 6 2.5 Related W ork : : : : : : : : : : : : : : : 7 3 Enhanced Stride Sc heduling 8 3.1 Overview : : : : : : : : : : : : : : : : : 8 3.2 Tick et Allo cation and Share Calculation 9 3.2.1 Tick ets : : : : : : : : : : : : : : 9 3.2.2 Share Calculation : : : : : : : : 9 3.3 Stride Scheduling Implementation : : : : 10 3.3.1 Stride Queue Structure : : : : : 10 3.3.2 Stride Calculation : : : : : : : : 10 3.3.3 Stride Correction : : : : : : : : : 11 3.4 Scheduling p olicy : : : : : : : : : : : : : 12 3.5 CPU Usage Accounting : : : : : : : : : 13 3.6 Priority and Stride Scheduling Combina- tion : : : : : : : : : : : : : : : : : : : : 14 3.6.1 Priority Calculation : : : : : : : 15 3.6.2 Stride Sc heduling Usage : : : : : 16 3.6.3 Penalt y : : : : : : : : : : : : : : 16 3.6.4 Average Active Share : : : : : : 18 4 Ev aluation Results 19 4.1 Emulator : : : : : : : : : : : : : : : : : 19 4.2 Scheduling Overhead : : : : : : : : : : : 20 4.2.1 Queue Manipulation Cost : : : : 20 4.2.2 Overhead : : : : : : : : : : : : : 20 4.3 Exp eriment : : : : : : : : : : : : : : : : 22 4.3.1 Basic Beha vior : : : : : : : : : : 22 4.3.2 Compute Bound Pro cesses : : : : 22 4.3.3 I/O Bound Pro cesses : : : : : : : 25 5 Conclusion 25 1 In tro duction P ersonal computers and workstations connected through a lo cal area net- w ork is a common environmen t to share physically dis- tributed resources to reduce the cost of providing each user with a wide range of services. The increasing p er- formances of pro cessors allows to run e�ectively a wide range of applications. Also, as mainly all machines in such environmen t deal with only the pro cesses of a sin- gle user, users are more able to predict the resp onse time of their applications. Such classical netw ork of lo osely- coupled w orkstations can matc h the needs of most users. How ev er, the non-transparent access to physically dis- tributed resources makes di�cult to share data b etw een parallel applications comp onents distributed on several computers, allowing only a coarse-grain parallelism in program execution. Moreov er, it is di�cult to evenly balance the workload of all machines on the netw ork. Some machines ma y b e idle while other ov erloaded. Distributed op erating systems address these prob- lems by more tightly coupling computers in order to implement an homogeneous image of a single com- puter system, and to extend the services provided by each machine of the netw ork. In particular clusters of workstations are actively dev elop ed providing a lo w- cost and incrementally-scalable environmen t supp ort- ing �ner parallelism in application execution. This evo- lution p otentially changes the load executed on classi- cal desktop workstations constituting the system from mainly sequential pro cesses of a single user to a v ariet y of applications executed by a large num ber of users. Computer Colony is a cluster of workstations, actu- ally developed in our lab oratory , whic h uses a dedicated netw ork device and a sp ecialized distributed op erating system. The high-sp eed and low-latency netw ork in- terface supp orts hardw are cache coherent distributed shared memory and allo ws user level communications, reducing the ov erhead of sharing physically distributed data of parallel application comp onents within the clus- ter. The sp ecialized distributed op erating system called Colonia implements from the user p oint of view an im- age of a massiv ely parallel pro cessor supp orting �ne- grain parallelism. In such environmen t, it is desirable to guaran tee that each user can b e allo cated fairly resources and in par- ticular pro cessor time. Most scheduling p olicies, like those used in UNIX like op erating systems, p ermit a user running many pro cesses to receiv e more pro cessor time at the exp ense of users running only few. This problem can b e exacerbated in a distributed en viron- ment to the p oint where a single user is able to use all resources throughout the netw ork. The system should allo cate CPU time among users and pro cesses so that one user cannot degrade another user pro cess execu- tion by running more pro cesses. In particular, interac- tive and I/O b ound application should b e guaranteed a go o d resp onse time. Applications which can b e com- pute b ound, interactiv e or I/O intensiv e, that may eac h b e serial or parallel, should b e all scheduled e�ciently while b eing fair. F airness and resp onsiveness are b oth 2 needed. T o b e able to schedule fairly applications throughout suc h system, one should �rst b e able to implement fair- share scheduling at the level of each pro cessing element. Recen t research works ha v e pro duced several sp ecialized sc heduling metho ds allowing a fair-share allo cation of processing time. In a multi-user environmen t, all users can receive the same share of CPU time regardless of the num ber of pro cesses they execute. But b ecause such methods do not consider the run-time b eha vior of pro- cesses when choosing a pro cess for execution, they only performs w ell for compute b ound applications. The re- sponse time of interactiv e and I/O b ound pro cesses is degraded as such pro cesses are not executed quickly on w ak e-up. Even though some improv emen ts are p ossi- ble, this usually increases the ov erhead of those meth- ods and makes their implemen tation more di�cult. On the contrary , general sc heduling p olicies do supp ort with simple algorithms interactiv e and I/O b ound workload while providing a go o d throughput to compute b ound applications, with a very small ov erhead, but do not al- lo w to implement a fair-share allo cation of CPU time simply . The approach taken to solve this problem in Colo- nia is to combine a fair-share scheduling metho d with a more classical scheduling p olicy providing the de- sired con trol o v er pro cess scheduling order to execute e�cien tly interactiv e and I/O b ound applications. It will b e shown that this approac h is viable and provides within a small o v erhead a precise control ov er CPU time allocation without degrading the resp onse time of user in teractiv e pro cesses. Moreov er, the sc heduling algo- rithm is kept simple to allo w a great exibility . The rest of this rep ort is organized as follows. Chapter 2 discusses the relativ e p erformance of v arious sc heduling p olicies and present some fair-share sc hedul- ing metho ds. Colonia scheduling p olicy and its imple- men tation are presented in chapter 3, follo w ed by ev al- uation results in c hapter 4. Finally chapter 5 concludes this rep ort. 2 Bac kground and Related W ork One should b e careful to not confuse scheduling p ol- icy and scheduling mechanism. The sc heduling p olicy de�nes how the CPU scheduler of an op erating system should choose pro cesses which are ready to run for exe- cution. The scheduling mechanism implements the p ol- icy de�ned. If these tw o abstractions are carefully sep- arated, it may b e p ossible to implement several p olicies with the same mec hanism. This section presents v ari- ous scheduling p olicies and discusses their relative prob- lems. Scheduling mec hanism implemen ting the p olicies presented are considered only if necessary . First some metrics generally accepted to measure p erformances of CPU schedulers are explained, follow ed by a discussion on pro cess execution representation. Commonly used sc heduling p olicies are then presen ted, fair-share scheduling metho ds are discussed next. Fi- nally related works are presented and discussed. Real- time scheduling and multi-processor scheduling will not b e considered here. 2.1 Sc heduling Algorithms Ev aluation Many criteria hav e b een prop osed to ev aluate and com- pare relative p erformances of scheduling algorithms. Results may v ary dep ending on the criteria chosen, but mainly the following prop erties are usually observed. Throughput The throughput is the measure of the av erage num ber of pro cesses completing execution p er unit of time. T urnaround time It is the total execution time of a particular pro cess from the submission time to the completion time. It is the sum of the CPU time, sleep time and w ait time in runnable state. W ait time The scheduler do es not a�ect the CPU time needed by a pro cess to complete its execution, how ev er, it do es a�ect the time a pro cess waits for the CPU in runnable state. Resp onse time It is imp ortant for interactiv e systems to ensure a go o d resp onse time whic h is the time needed to start resp onding to an even t. And of course, the CPU utilization, as the CPU should b e kept busy as m uc h as p ossible. It is desirable to minimize turnaround time, wait time and resp onse time, whereas the throughput and CPU utilization should b e maximized. How ev er, more than extreme v alues, the v ariance of these metrics is imp ortant, in particular for interactiv e systems. Indeed a predictable system is one which can provide some guarantees that one of these criteria will not exceed a maximal or minimal v alue close to the av erage. Such system can often provide a b etter quality of service (QoS) than one faster in the av erage but with imp ortant v ariations. 2.2 Pro cess Execution Represen tation In this section, abstractions used throughout this rep ort are presented, in particular the pro cess execution mo del used. A pro cess execution can b e represented as cycles of pro cessor use (CPU burst) follow ed by I/O completion wait time (I/O burst). A pro cess alwa ys starts with a CPU burst, follo w ed even tually by an I/O burst, the 3 last CPU burst ma y allow a pro cess to complete its execution. The success of choosing a scheduling p olicy depends greatly on the observed distribution of these CPU burst and I/O burst cycles on the target system. As shown in �gure 1, a pro cess can b e basically as- signed one of the three states Run, Ready and Sleep. The Run state is assigned to a pro cess running on a processor. The ready state is assigned to pro cesses not logically blo ck ed but not running, waiting to b e allo- cated a pro cessor in the ready queue. Finally , the sleep state is assigned to pro cesses which p erformed blo cking system calls, waiting for the ev en t related to this call to o ccur. A pro cess having a CPU burst is th us either in the run or ready state, whereas I/O bursts alwa ys correspond to the sleep state. T ransitions b etw een these states corresp ond to one of the three basic functions de�ned by schedulers. The schedule() functions preempts the currently running process and chooses the next pro cess to run b etw een the runnable ones. The sleep(event) function assigns the sleep state to the calling pro cess, w aiting for event to o ccur. The wake up(event) functions put into the ready queue and assigns the ready states to pro cesses whic h were w aiting for event to o ccur. The scheduling policy de�ning how to choose pro cesses for execution is th us mainly implemented within the schedule() func- tion. The next sections presen t some of the commonly used scheduling p olicies and discuss fair-share schedul- ing. 2.3 Common Scheduling Policies Operating systems, in particular several v ersions of the Unix op erating system, tries to execute e�ciently v ar- ious type of applications by using general scheduling policies. Suc h p olicies may how ev er fav or one class of pro cesses ov er another. Priorit y sc heduling is cer- tainly the most commonly used p olicy b ecause allow- ing to implement several p olicies with the same mech- anism. Some op erating systems also uses more simple sc hemes like the round robin p olicy . The following sec- tions brie y discusses these p olicies, fair-share sc hedul- ing will b e presented next. 2.3.1 Short-Job-First Scheduling The short-job-�rst p olicy (SJF) w as �rst designed for batc h systems where pro cesses (jobs) were running until completion b efore a new pro cess was chosen. How ev er, this p olicy can b e extended to multiprogrammed time- shared systems by considering that a \job" is in fact a CPU burst of a pro cess. The SJF p olicy alwa ys chooses the pro cess with the shortest next CPU burst. Figure 2 sho ws an example where four pro cesses with di�erent CPU bursts length are scheduled using a random order, let say the �rst-come-�rst-served (F CFS) p olicy , and with the SJF p olicy . The resulting av erage wait time under the FCFS p ol- icy is muc h higher than the one provided by the SJF p olicy . In fact, the SJF p olicy is prov ably optimal for interactiv e systems as interactiv e and I/O b ound pro- cesses which generally hav e short CPU bursts will b e scheduled quickly improving their resp onse time. How- ever, it is di�cult to implement b ecause the CPU burst of a pro cess is not generally kno wn in adv ance and must thus at least b e predicted. 2.3.2 Round-Robin Sc heduling A muc h more simple approac h of the pro cess scheduling problem is the Round-Robin p olicy (RR). This p olicy de�nes a small time unit called time quantum (or time slic e ). Pro cesses are chosen in the order of arriv al and allow ed to run only for one time quantum. If a pro cess do not complete its CPU burst during this time, it is put back at the end of the ready queue and another pro cess if one is av ailable is chosen. Unlike the SJF p olicy , RR scheduling is preemptiv e. This p olicy p erformance dep ends greatly on the length of the time quantum. If it is to o long, RR de- generates to F CFS and provides p o or p erformance re- sults for I/O b ound pro cesses, whereas compute b ound pro cesses turnaround time can b e improv ed. On the contrary , if the time slice is to o short, resp onse time is improv ed by getting closer to the results pro vided b y the SJF p olicy . How ev er, if the time quantum is to o short, this p olicy is then called pr o c essor sharing and is seen from the user p oint of view as if eac h of the n runnable pro cesses are each executed on their own pro- cessor running at 1 =n the sp eed of the real pro cessor. Pro cessor sharing is never used b ecause the ratio of time sp ent p erforming context switches b ecomes very high, increasing system ov erhead. 2.3.3 Priorit y Scheduling Whereas the RR p olicy makes the assumption that all pro cesses are equal, priority scheduling asso ciates a pri- ority (i.e. de�nes an order of imp ortance) to each pro- cess. The pro cess with the highest priority is alwa ys chosen �rst for execution. Other p olicies are needed to make a choice b etw een pro cesses of the same priorit y . The resulting scheme is the more general multilev el feed- back queue scheduling p olicy , where queues of pro cesses of equal priorit y are scheduled using di�eren t p olicies, priority scheduling b eing used b etw een queues. Figure 3 shows an example of such structure. Several metho ds can b e used to calculate priori- ties, dep ending on v arious parameters. A widely used 4

Figure 1: State tr ansition gr aph. Figure 2: The Short-Job-First p olicy exe cutes pr o c esses with short CPU burst �rst. sc heme calculates priorities dep ending on the run-time behavior of pro cesses. In particular an approximation of the SJF p olicy that can b e implemented b y assigning a high priority and a small time quantum to pro cesses releasing volun tary the pro cessor often to p erform I/O, whereas compute b ound pro cesses having a lot of long CPU bursts are assigned a low priority and a longer time quantum. Classes of priorities can also b e implemented de- pending on the type of pro cesses. F or example, the SVR4 version of the Unix op erating system de�nes a real-time priority class ([3] and [2]) for pro cesses with time constrain ts, a system priority class for system pro- cesses and the low est priority class for users applica- tions. Ho w ev er, a ma jor problem of the priority scheduling policy is that none of the runnable pro cesses is guar- an teed to receiv e some pro cessor time in a �nite time in terv al. This problem known as the CPU starvation problem can b e solved simply by recomputing regularly process priorities, which can greatly increase the ov er- head of the system. 2.4 F air-Share Sc heduling Systems guaranteeing that the CPU starv ation problem will not o ccur are usually said to b e fair. How ev er, a user is not guaranteed at all to receive as m uc h CPU time as another one. In fact, all the sc heduling p olicies presented previously will allo cate more CPU time to users running several pro cesses at the exp ense of users running only few. F air-share (or prop ortional fair-share) scheduling p olicies try to address this problem by sc heduling pro- cesses using the share of CPU time de�ned for a user or his pro cesses. Shares are generally calculated using a currency , for example tickets so that a user or a pro- cess with t tic k ets in a system with a total of T tick ets is allo cated t=T of the pro cessing time. A hierarchical de�nition of tic k ets and share is also p ossible to de�ne b oth a user share and a pro cess share. 2.4.1 Priorit y-Based F air-Share Scheduling The �rst fair-share sc hedulers were priority based. In this scheme, priorities are calculated dep ending on the share of CPU time allo cated to users or pro cesses, or to groups of user or pro cesses, and on the past CPU usage. Among famous work in this area are the fair- share sc heduler of A T&T [4], the work presented in [6] or the even t based fair-share scheduler describ ed in [7]. Priority-based fair-share schedulers can provide go o d results, but usually realize a fair allo cation of CPU time ov er long time interv als. Moreo v er, priority calcu- lation metho ds used are generally rather di�cult, mak- ing such scheme di�cult to tune and its implementation 5

Figure 3: Multilevel fe e db ack queue sche duling using priority sche duling. not exible. The work presented in [6] recomputes all process priorities every 4 seconds, with fairness realized o v er hours or days. In the work presented in [7], pri- orities are recalculated on even t o ccurrence and as gen- erally one even t (I/O completion, preemption, ...) only concerns one or few pro cesses, the ov erhead of prior- it y calculation can b e reduced. This approach is called ev en t-based scheduling, and provides b etter results for fairness. How ev er, it is not precise b ecause consider- ing a lot of parameters to p enalize or b o ost pro cesses execution dep ending on their CPU usage. 2.4.2 Lottery Scheduling More recent works in the area of fair-share scheduling ha v e pro duced several interesting metho ds, among them is lottery scheduling [8]. The basic algorithm is rather simple. The scheduler c ho oses a tick et randomly us- ing a lottery , the pro cess owning the winning tic k et is executed for one time quantum. Figure 4 sho ws an example where three pro cesses (1 to 3) comp ete for the pro cessor with a tick et allo cation ratio of 4:3:1. Pro cess 1 is thus allo cated 4 = (4 + 3 + 1) = 50% of the CPU time, pro cess 2 and 3 sharing the other half with resp ectively a share of 37.5% and 12.5%. Ho w ev er, lottery scheduling only provides a proba- bilistic fairness ov er a certain time in terv al. Also, as the run time b ehavior of a pro cess is not considered at all, in its basic implementation, lottery scheduling p erforms po orly for the execution of interactiv e and I/O b ound processes. The dispatch latency on w ak e up under this policy dep ends highly on the num ber of tick ets owned b y a pro cess and may b e long. 2.4.3 Stride Scheduling Stride scheduling [10] is a deterministic fair-share sc heduling scheme using an algorithm similar to rate- based net w ork ow control algorithms. Like lottery sc heduling, tic k ets are used to de�ne the share of CPU time allo cated to a pro cess. In stride scheduling, the basic idea is to compute the time (or stride) a pro cess must wait b efore receiving its next time quantum. The stride of a pro cess is thus in- versely prop ortional to its share: the higher the share is, the shorter the stride is. A pass parameter is asso- ciated to each pro cess and incremented by the stride of a this pro cess each time it is scheduled. The scheduler alwa ys chooses the pro cess with the smallest pass for execution. Figure 5 shows an example where three pro cesses (pro cess A to C)are allo cated resp ectively 200, 300 and 500 tick ets, resulting in shares of 20%, 30% and 50%. Pro cess strides calculated as 3 =shar e are resp ectively 15, 10 and 6. At start time, all pro cesses pass are null. Pro cesses are thus �rst scheduled in the A,B,C order. As pro cess C has the smallest pass (6), it is next sched- uled, follow ed by pro cess B and again pro cess C. Over the represented sequence of this example, pro cess C is scheduled �ve times, pro cess B three times and pro cess A only tw o times, resulting in the desired 2:3:5 ratio. A t the end of this sequence, all pro cesses pass are equal, the same pattern will then b e rep eated again. Stride scheduling thus allo w to achiev e fairness ov er very short time interv als. T o allo w a great precision of this mechanism ev en for very small di�erences of pro cess shares, the authors prop osed a simple metho d for stride calculation. Even if the stride of each pro cess can b e de�ned as a oating p oint v alue, for simplicity an integer t yp e was used. The stride of each pro cess is calculated as follows. pr ocess str ide = r int ( 2 20 pr ocess shar e ) Where rint() is the function rounding a oating p oint to the nearest in teger. The constant 2 20 is big enough so that the pro cess stride v alue round error to the nearest integer b ecomes negligible compared to the stride v alue itself, making such error undetectable practically . The ready queue structure used is a sorted list in increasing pass order. The resulting ov erhead of this metho d is thus not negligible for systems with a high load. It is in O ( n ) where n is the num ber of pro cesses, at b est in O ( l og ( n )), dep ending on the sort algorithm used. Moreov er, as stride scheduling, like lottery scheduling, 6

Figure 4: L ottery sche duling principle. Figure 5: Stride sche duling. does not consider the run-time b eha vior of pro cesses, it su�ers from several problems. � The dispatch latency on wak e up dep ends highly on the share of CPU a pro cess was alloted. In- deed, to preserve fairness, b oth stride and lottery sc heduling are not preemptive, a pro cess waking up after waiting for I/O completion cannot preempt the currently running pro cess. � The straightforw ard implementation of stride sc heduling (and lottery sc heduling) implements only a strict fair-share allo cation of CPU time. As a result, a pro cess sleeping w aiting for I/O comple- tion cannot b e allo cated its fair-share of CPU time because the time slept is lost and is not comp en- sated by allo cating more CPU time on wak e-up. Sev eral mo di�cations of the basic algorithm of b oth stride and lottery scheduling are p ossible to improv e fairness and resp onsiveness. These improv emen ts are presen ted in the next section. 2.5 Related W ork Recen t work (presented in [11] and [9]) ha v e added sup- port to improv e the in teractivness of strict fair-share scheduling metho ds. These mo di�cations are mainly based on dynamic share adjustment using tick et allo ca- tion. As for stride scheduling, an improv emen t presented in [11] uses exhausting tick ets (tic k ets whose v alidit y is timely limited) with a loan and b orro w mechanism. With this extension, runnable pro cesses can b orrow the tick ets of the sleeping ones to increase their share. But they must pay back the lent pro cesses when they w ak e up, increasing their share and thus their chances to b e sc heduled quickly . Another more simple metho d is based on system credits : in this case, the system gives more tick ets to a sleeping pro cess in prop ortion to the slept time. Another improv emen t presented in [10] uses non-uniform time quantum. A pro cess using a fraction f < 1 of its time quantum has its pass increased by only f � pass . As interactiv e and I/O b ound pro cesses generally do not use all their time quantum, their pass are increased less so that they are scheduled so oner. How ev er, all these metho ds do not implement a pre- emptive sc heme, increasing the dispatc h latency of pro- cesses on wak e up. Also, a heavy interactiv e cannot anyw a y b e handled e�ciently b ecause interactiv e pro- cesses CPU burst is usually to o short compared to the time needed to b ene�t from those dynamic tick et adjust- 7

Figure 6: Hybrid lottery sche duling c ombines the F r e eBSD system level priority sche duling with an impr ove d lottery sche duler. men ts. The ov erhead introduced is also not negligible. Some enhancemen t of the basic lottery scheduling method uses similar metho ds. If a pro cess sleeps wait- ing for I/O, it is granted a timely limited tick et b o ost on w ak e up, increasing its chances to b e scheduled quickly . The w ork presented in [9] uses this mo di�cation but goes further and implements a preemptive scheduling. It combines the system level priorities of the F reeBSD sc heduler [5] with lottery scheduling. The resp onse time of interactiv e pro cesses can thus b e minimized by sc heduling them dep ending on their priorit y on wak e up, whereas user level pro cesses are assigned the low est priorit y and chosen with lottery scheduling. This metho d thus improv e b oth fairness and resp on- siv eness. How ev er, the di�cult dynamic adjustment of tick ets allo cation increases the total ov erhead and mak es its implementation di�cult to tune. The next section will presents our solution to im- pro v e fair-share allo cation of CPU time and resp onsive- ness of interactiv e pro cesses using a simple implemen- tation of stride scheduling. 3 Enhanced Stride Sc heduling T o b e able to schedule fairly applications throughout the distributed system Computer Colony , the distributed sc heduling p olicy is separated into lo cal and global sc heduling. Lo cal scheduling should implement a fair- share scheduling metho d at the level of eac h pro cess- ing element, considering only the lo cal workload of each node. The global scheduling p olicy de�nes how lo cal w orkload should b e distributed in the system to im- pro v e pro cess execution and resource use, but also to guaran tee a global fairness. This c hapter presents in detail the scheduling p ol- icy used and its implemen tation. First, our approach of fair-share scheduling is discussed. The share calculation metho d used is presented next, follow ed b y the presen- tation of the implementation of stride sc heduling. The scheduling p olicy and the general sc heduling algorithm are then presented. 3.1 Ov erview These solutions are thus mainly based on di�cult mech- anisms, so that with an inv arian t sc heduling mec hanism (implementing a single p olicy) all pro cesses can b e al- lo cated their fair-share of CPU time. Indeed, strict fair-share scheduling metho ds fail at e�ciently executing I/O intensiv e and interactiv e pro- cesses b ecause they do not consider their run time b e- havior when choosing pro cesses for execution. Improv- ing the resp onsiv eness of such scheduling metho ds by a dynamic adjustmen t of tick et allo cation to pro cess in- creases ov erhead and is not e�cient for a high load of interactiv e applications. Also, pro cesses which where granted a temp orary tick et b o ost for having slept may b e scheduled more, but are not guaranteed at all to b e scheduled quickly , that is to preempt the running pro- cess and to run so on after waking up. The approach taken to solv e this problem is here dif- ferent. The share of a pro cess is not changed dep ending on its CPU usage but the sc heduler b ehav es di�erently . The core idea is to guarantee b oth a go o d resp onse time and fairness is to schedule I/O b ound and in teractiv e pro cesses ahead of compute b ound pro cesses using pri- ority scheduling, until either those pro cesses sleeps or are allo cated their fair-share of pro cessor time. If those pro cesses are still runnable after receiving their share of 8

CPU time, they are scheduled with stride scheduling. A mechanism is thus needed to precisely control the relativ e imp ortance of priority and stride scheduling so that fairness can still b e guaranteed while improving re- sponse time with priority scheduling. This mec hanism will b e presented with the sc heduling p olicy . The next section �rst in tro duces the share calculation metho d used. 3.2 Tic k et Allo cation and Share Calcu- lation The scheduler should �rst allo cate CPU time fairly among users. Ho w ev er, a hierarchical de�nition of shares is desired to not only de�ne the share of a user but also to allow users to allo cate di�erent CPU time share to their pro cesses. This section �rst presents the tick et allo cation sc heme used. The calculation metho d de�ning pro cess share is then explained. 3.2.1 Tick ets Sc heduling of pro cess in Colonia should b e �rst fair from the user p oint of view, that is users should b e allo cated some tick ets at login time to determine the share of CPU they can use. Ho w ev er, a user ma y also desire to weigh t di�eren tly his pro cesses. Pro cesses should thus also b e allocated tick ets to determine the ratio of the share of their user they can use. Suc h scheme is usually called hierarc hical fair-share. Two di�erent sorts of tic k ets are used : user and pro cess tic k ets. Process tic k ets Pro cess tick ets are allo cated to a pro- cess by its user, and are used only to determine the share of the pro cess within the share allo cated to its owner. Pro cess tick ets are said to b e active if this pro cess is runnable or running in the no de con- sidered. User tick ets User tic k ets are allo cated to users b y the system at login time, and are said to b e activ e if the user owning these tick ets has at least one runnable or running pro cess in the no de, i.e., if this user has a total of active pro cess tick ets greater than zero. T o reduce the ov erhead, the total n um ber of tick ets and activ e tic k ets of each type can b e maintained simply on ev en t o ccurrence, for only users and pro cesses con- cerned by this even ts. Typically , even t needing tick ets adjustmen t are even ts implying a change on the state of user pro cesses, for example when a user logs in or out the system, or more generally when pro cesses enters and lea v es the ready queue. Also, setting no limit to the to- tal num ber of tic k ets in the system simpli�es greatly the management. Tic k ets should thus b e used by consider- ing only their relative num ber. This is explained in the next section. 3.2.2 Share Calculation As the scheduler only considers pro cesses, it is only in- terested by pro cess share. As no maximum is set to the total n um ber of tick ets of each type in the system, shares are calculated using tic k ets ratio. The minimal share of CPU time a pro cess can b e allo cated is calcu- lated using the tick ets of this pro cess and of the user owning it. The minimal share of the pro cess k of user u , is calculated with the following formula. pr ocess minimal shar e = user u minimal shar e � pr ocess k tick et r atio = tu u P i tu i � tp u k P j tp u j Where P i tu i and P j tp u j are resp ectively the sum of user tick ets and the sum of pro cess tick ets for user u . How ev er, all pro cesses are rarely runnable at the same time. T o adjust the share of pro cessor time a pro cess can b e allo cated dep ending on the curren t workload of the no de, it is b etter to calculate the share using ac- tive tick ets. This share is called the active share and calculated with the same formula as the minimal share considering only active tick ets sums. pr ocess activ e shar e = user u activ e shar e � pr ocess k activ e tick et r atio = tu u P i tau i � tp u k P j tap u j Where P i tau i and P j tap u j are resp ectively the sum of active user tic k ets and the sum of active pro cess tic k ets for user u . As pro cess activ e shares are calculated using active tick ets sums, they are greater or equal to the minimal share. Because active tick ets are maintained on even t o ccurrence, the minimal share and the active share are recalculated b oth when a pro cess is scheduled, to take into account an y p ossible mo di�cation of tick et allo ca- tion. As a result, a single user running some pro cesses alone in a no de can receive all the CPU time whatever its tick et allo cation is. As so on as another user pro cess wak es up or is started, active tick ets are up dated so that active shares can b e recalculated. CPU time is alwa ys shared among all runnable pro cesses dep ending on their relative ratio of user and pro cess tick ets. Figure 7 sho ws an example where tw o users A and B with the same num ber of tick ets are b oth executing 2 pro cesses. Pro cess 2 of user A is sleeping waiting for I/O completion, thus its tick ets are not activ e. Pro cess 9

Figure 7: An example of ticket al lo c ation with the r esulting CPU shar e for e ach user and pr o c ess. 1 can then uses all the active share of user A. On the con trary , as all pro cesses of user B are runnable, pro cess 3 and 4 are assigned a ratio of user B active share, the ratio of user B active tic k ets they own. The next section presen ts our implementation of stride sc heduling whic h directly uses the activ e share to compute the stride of each pro cess. 3.3 Stride Scheduling Implementation Stride sc heduling is an e�cient fair-share scheduling method allowing to realize fairness simply and ov er short time interv als. It is how ev er desirable to reduce its ov erhead and to allo w pro cess preemption while pre- serving its characteristics. Our implementation of stride scheduling uses a data structure a v oiding to sort pro cesses into increasing pass order and is also mo di�ed to supp ort preemption with- out degrading the strict fair-share allo cation of CPU time provided by the basic algorithm. This section �rst presen ts the data structure used, stride calculation is discussed next. 3.3.1 Stride Queue Structure The data structure used to choose pro cesses with stride sc heduling is a circular array of linked lists. Each list con tains pro cesses with equal passes. A p ointer called \head" indicates the list of pro cesses with the small- est pass. All get op erations are th us done in the head list. Figure 8 shows the example of �gure 5 using this data structure. The stride queue state is represen ted at di�eren t instan t of the represented scheduling sequence. The head p ointer is adv anced to the next non-empty list each time the head list b ecomes empt y . A pro cess consuming all its time quantum without sleeping is put bac k at the end of the list with an index equal to the previous list index of this pro cess (the index of the head list where it w as chosen) plus the current stride of this process. Thus, the circular array indexes are used as a pass parameter, moving a pro cess into a higher index list virtually increments this pro cess pass b y its stride. The pass parameter is not needed any more. Sorting a queue of pro cesses is av oided as lists are naturally ordered in increasing pass order from the list p ointed to by the head. A di�erent \put" op eration is used for preempted pro cesses. Such pro cesses are inserted at the b eginning of the current head list, and their time quantum is set to the remaining time of the previous run. Doing so, the relative share allo cation of CPU time b etw een pro cesses in the stride queue can b e preserved. How ev er, another stride calculation metho d is needed. Indeed, the original implementation uses a metho d which generates big integers, allowing to dif- ferentiate pro cesses with a close share using a greater di�erence in their stride. Such stride v alues cannot b e practically used to calculate an array index, b ecause the size of this arra y would b e to o big. Smaller v alues of pro cess strides are necessary , but yet supp orting a pre- cise de�nition of shares. The calculation metho d used is presented in the following tw o sections. 3.3.2 Stride Calculation Using a oating p oint for the stride v alue is p ossible, but considering our data structure, the stride must b e an in- teger. As it must b e inv ersely prop ortional to the share, a division is needed, and the result m ust b e rounded up to an integer v alue to b e used as an array index dis- placement. The stride of a pro cess is calculated using the formula: pr ocess str ide = r int ( � pr ocess activ e shar e ) where rint() is the function rounding a oating p oin t to the nearest integer. A correct (p erfect) calculation of the stride with no round error would use � equal to the low est common m ultiple of all pro cess activ e share fraction numerator in the active share calculation for- mula. This is a to o costly op eration to b e calculated each time the scheduler recomputes strides. T o av oid this problem, � is chosen as a constant. How ev er, as the size of the stride queue is �xed, a resolution problem can app ear for pro cesses with a stride bigger than the stride queue size (i.e. with a small share) : all these pro cesses will get a stride equal 10

Figure 8: Example of �gur e 5 using our implementation of stride sche duling. to the size of the stride queue. This size must then b e big enough and � small enough to supp ort very small share. The c hosen v alues are 1024 for the size of the stride queue, and 1 for � so that the p ossible minimal share is equal to 1 = 1024 = 0 : 001, thus to a 0.001% share of CPU time allo cation. Because activ e tick ets sums and active shares are updated b oth on ev en t o ccurrence, the stride of a pro- cess needs to b e recalculated each time it is scheduled to take into account any p ossible change in tick et allo- cation. This calculation metho d generates stride v alues usable as a displacement index into the stride queue, but the round op eration introduces not negligible er- rors. Stride v alue correction is discussed next. 3.3.3 Stride Correction As shown in �gure 9, dep ending on the tick et allo cation to users and pro cesses, the ratio �=pr ocess activ e shar e ma y not b e an integer. The round op eration thus intro- duces errors in the stride calculation. As stride v alues are small integers, this error can represent a not negli- gible ratio of the stride v alue. In this example, b oth theoretical stride and cor- rected stride use leads to the exp ected 80% to 20% cpu allocation for pro cess 1 and 2 resp ectively , whereas the non-corrected stride leads to a 83% to 17% allo cation, with a 3% error. This error may b e even bigger dep end- ing on tick et allo cation (a ratio of 3:2 in tick et allo cation results in a 10% error). As the ratio � to a pro cess active share is rounded to the nearest integer, the stride error is calculated simply as follows. str ide er r or = pr ocess str ide � � pr ocess activ e shar e If the stride error is p ositive, the rounded stride is bigger than the real stride (the not-rounded stride v alue), and thus ov er a certain time interv al, the pro cess will not receive enough cpu time. Indeed, its rounded stride is bigger than its real stride, resulting in bigger displace- ment into the stride queue. On the contrary , if it is negative, the pro cess will b e allo cated to o m uc h CPU time. A few seconds run can b e long enough to start seeing those errors app earing in CPU time allo cation. Let us consider the case where the stride error is p os- itive. Each time the pro cess is scheduled the cumulated error C e i is calculated as : C e i = str ide er r or � n i + Le i � 1 Le i � 1 = pr ev ious str ide er r or � n i � 1 � 1 where n i is the num ber of times the pro cess was sched- uled from the i � 1 correction, and Le i � 1 the part of the error not corrected the previous time. When C e i b ecomes greater or equal to one, the pro cess stride is decremented b y one and C e i +1 and Le i are recalculated. 11

Figure 9: Stride err or e�e ct on the al lo c ation of CPU time using stride sche duling. The cir cle d indexes ar e incr e- mente d with the c orr e cte d stride. F or a negative stride error, the stride is incremented b y one when C e i is lo w er or equal to minus one, with Le i � 1 = pr ev ious str ide er r or � n i � 1 + 1. In the example of �gure 9, pro cess 1 with 400 tick ets has a stride of 1 with a 0.25 error. The index of the list where pro cess 1 is put is thus normally increased b y one eac h schedule op eration, but increased by 2 when it has been scheduled 4 times from the last correction. If a process sleeps w aiting for I/O completion, the recorded stride error is erased and the correction started again from the b eginning if it enters again the stride queue. This implementation allows to reduce the ov erhead of stride scheduling by suppressing the sort of the stride queue. How ev er, it still only implements a strict fair- share allo cation of CPU time. The next section dis- cusses in more detail the ov erall pro cessor time allo ca- tion p olicy used to improv e the resp onse time of I/O bound pro cesses while b eing fair. 3.4 Sc heduling p olicy T o improv e b oth fairness and resp onse time of interac- tiv e pro cesses, pro cesses should b e scheduled quickly on w ak e up after waiting for I/O completion and b e allo- cated at least their active share during their CPU burst. As they were sleeping, they should even b e allow ed to receiv e temp orarily more than their active share to com- pensate the slept time. A tick et b o ost do es in fact re- sults in this b ehavior, but scheduling should also b e preemptiv e to minimize the wait time in ready queue on wak e up. Suc h b ehavior is desirable to emulate the short-job- �rst p olicy b ecause allo wing a pro cess to complete a short CPU burst on wak e up ahead of other runnable processes. It can also improv e kernel conten tion as ker- nel shared resources hold by pro cesses sleeping can b e released faster. As the CPU time allo cated may b e higher than the active share of a pro cess on a certain interv al of time, dep ending on the past CPU usage, basically t w o cases can b e considered. � The pro cess can complete its CPU burst within the allo cated share of CPU time on wak e up, sleeping b efore consuming more than its active share. � The pro cess has a longer CPU burst and is still runnable after receiving its activ e share or more. In such case, the b o ost resulting by the ov er share allo- cation should b e p enalized with a \ unb o ost " to pre- serve the ov erall fairness, so that pro cesses whic h used the cpu cycles unused when the pro cess was sleeping are not also p enalized. T o b e reactiv e to such situations, the scheduler should not only consider the total CPU time allo cation ov er the life time of a pro cess, but also should measure the recen tly allo cated share o v er shorter in terv als in the order of the second. A sw eeping window of v ariable time length recording the past CPU allo cation of a pro cess can b e used. The allo cated share a w ( t ) of a pro cess at time t ov er a window of time length w can b e calculated simply with the following formula. a w ( t ) = C P U time al l ocated f r om t � w to t w Figure 10 shows the allo cated share of an hypothet- ical I/O b ound pro cess measured ov er such sweeping window. The tw o cases discussed ab ov e are represented. When the pro cess wak es up the �rst time, it is allo cated more than its active share, which is acceptable consid- ering that it was sleeping for a long time b efore. On longer CPU bursts, it is how ev er desirable to imple- ment a stricter fairness, so that the pro cess is p enalized (\ unb o oste d ") after receiving its b o ost on wak e up. Measuring the allo cated share ov er a sweeping win- dow can provide a precise mechanism to control pro cess 12

Figure 10: I/O b ound pr o c esses must b e b o oste d on wake up. When having a longer CPU burst, the pr o c ess must b e p enalize d to pr eserve fairness. bo osts and p enalties. As a result, slept time shorter than the window time length can b e easily ov erlapped b y a not p enalized b o ost. The b o ost can b e used also as a comp ensation allowing pro cesses sleeping for I/O to receive their active share of CPU time. Figure 11 shows such b ehavior. The allo cated share of the represen ted pro cess decreases as it sleeps. On w ak e up it is b o osted without p enalty . The resulting o v erall share allo cation should match ov er the sweeping windo w the active share. Ho w ev er, such mechanism should b e precisely con- trolled to av oid a pro cess sleeping a long time to b e bo osted inconsiderably on wak e up. In fact as stated abov e, in such case, the b o ost received on w ak e up should b e \ unb o oste d " so that other pro cesses are not penalized for having used the share of pro cessor time un used b y sleeping pro cesses. One should notice coher- ence b et w een this p olicy and the active share calcula- tion. As activ e shares sp eci�es the share of CPU time a pro cess can b e allo cated during a certain interv al, a synergy must exist b et w een b o ost/p enalty and activ e share calculation. The time length of the sweeping windo w can also b e used to control the relative strength or weakness of the fair-share allo cation. Long window may allo w bigger bo ost, resulting in an unstable distribution of pro cessor time among runnable pro cesses. On the contrary , very small windows will degrade the scheduler b ehavior to the one of strict fair-share scheduling metho ds. The next section presen ts in more detail the imple- men tation of the accounting window to precisely control CPU time allo cation. The scheduling algorithm imple- men ting this p olicy will b e discussed next. 3.5 CPU Usage Accoun ting T o b e reactive to pro cess execution b ehavior, the sched- uler should not only maintains CPU usage information o v er the life time of pro cesses, but needs also to mea- sure the share of CPU time a pro cess was allo cated re- cently . As explained previously , using a sweeping win- dow can allow a precise accounting of CPU usage to control b o osted CPU time allo cation on wak e up or p enalties. Basically three states are of interest in this case, when a pro cess is running, waiting to b e scheduled or sleeping waiting for I/O. On even t o ccurrence, like pre- emption or execution of a blo cking system call, a pro cess switches from the running state to either the waiting or sleeping state. As shown in �gure 12, the sweeping win- dow records the time interv al of each state and if the pro cess w as using the pro cessor or not during this state (a b o olean). As on each even t o ccurrence a pro cess ac- tive share is also recomputed, the activ e share during this state is also recorded. T o control more precisely the com bination b o ost/unbo ost or sleep/b o ost explained previously , the allo cated CPU time ov er the �rst half of the window (most recent allo cation) is also measured. F or example, in �gure 13, the b o ost is measured ov er the �rst half of the window. As the pro cess go es on executing, the b o ost recorded is shifted to the end of the window. The unbo ost can b e calculated precisely o v er the next �rst half of the window to allo cate the active share ov er the total window. On the contrary , if a pro cess sleeps, the allo cated share will decrease on the �rst half of the windo w. On wak e up, by measuring the b o ost ov er only the �rst half, the pro cess can b e comp ensated exactly for the slept time. The sweeping window is implemen ted as a circular bu�er (a shift register) of tuples ( t; s; b ) recording the time length t of a state, the share s during this time, and a b o olean b indicating if the pro cess was running or not during this state. Each time a pro cess has its state changed on schedule op eration, the previous state and its duration are recorded by the scheduler in the pro cess history window. The allo cated share ov er the windo w 13

Figure 11: A pr o c ess having a long CPU burst and sle eping only very short intervals c an b e al lo c ate d its active shar e. Figure 12: R e c ent CPU al lo c ation me asur ement over a swe eping window. is then calculated simply with the follo wing formula. allocated shar e = P t i � b i w indow time l eng th Where P t i � b i is the sum of running states time length recorded in the window. T o a v oid scanning all the window each time it is desired to ev aluate the recently allo cated share, the sum of the CPU time received is incremen tally mo di�ed each time a new tuple is added to the window (that is on ev en t o ccurrence). Three v ariables are used to manage the start and the end index of the sections in the array represen ting the total window and its �rst half, as shown in �gure 14. When a new information is added, the start index is increased by one, and the end index increased if neces- sary so that the total time length b etw een the start and the end element do not exceed the sp eci�ed time length of the window. This total time length is also maintained incremen tally each time new information are added and old information erased from the window. The same method is used for the �rst half window. Doing so, the o v erhead of maintaining suc h precise execution history information is kept very small. The next section presents the sc heduling algorithm combining priority and stride sc heduling which uses this accounting window to control CPU time allo cation. 3.6 Priorit y and Stride Sc heduling Com bination The core idea of the scheduling mechanism implement- ing the CPU time allo cation p olicy presented previously is to combine a classical priority scheduler with the im- plementation of stride scheduling presented in section 3.3. Priority scheduling can pro vide the desired control ov er pro cess scheduling order, while stride scheduling can b e used to implement simply fair-share scheduling without a di�cult priority calculation metho d. Pro cess preemption on wak e up can b e con trolled e�ciently to minimize the resp onse time on interactiv e pro cesses. T o implement the b o ost of a pro cess on wak e up, scheduling can b e done by assigning a high prior- ity to this pro cess until it is allo cated its active share ov er the �rst half of the accounting window. The deter- ministic b ehavior of stride scheduling allows to control precisely the \ unb o ost " of a pro cess. The ov erall fair- ness relies on the use of the total accoun ting window presented in the previous section. The ready queue has a classical m ultilev el feedbac k 14

Figure 13: Swe eping window use. Figure 14: A c c ounting window data structur e. queue structure. Priorit y scheduling is used b etw een queues of pro cesses of the same priorit y . As shown in �gure 15, the stride scheduling queue presented in �g- ure 8 is used as the pro cess queue of priorit y level 1. All other priority levels use the RR p olicy with di�er- en t time quantum. Pro cesses are c hosen in decreasing priorit y order. Stride scheduling is th us used only if no pro cess has a higher priority than the stride queue priority . The calculation of priorities and time quantums is explained in the next section. It is follow ed by the explanation of the control mechanism ensuring fair-share allo cation of CPU time using the stride queue. The CPU star- v ation problem which may o ccur in some cases is then discussed and a solution prop osed. 3.6.1 Priorit y Calculation Unlike priority based fair-share schedulers, only a sim- ple priority calculation metho d is used. This metho d gives a high priorit y and a short time quantum to pro cess releasing v olun tarily the CPU of- ten when p erforming blo cking system calls, whereas long CPU burst pro cesses (in particular compute b ound pro cesses) hav e their priorit y low ered and their time quantum increased. Such classical priority and time quantum calculation scheme allows a go o d emulation of the SJF p olicy , minimizing the av erage wait time in runnable state. New pro cesses are alwa ys assigned the highest priority at start time. Figure 16 shows the table used as a base to calculate priorities and time quantums. F or each priority level, this table de�nes the next priority priexp when a pro- 15

Figure 15: R e ady queue structur e. cess uses all its time quantum, the priority on wak e up prisslpret if a pro cess sleeps waiting for an ev en t from this priority level and �nally the time quantum quantum for this level. If a pro cess is preempted b efore using up its time slice, its priority is decreased dep ending on the used ratio of its time quan tum so that pro cesses tend to o ccup y more priority levels. The stride queue priorit y is 1 and a default time quan tum of 100 milliseconds is used for this priorit y lev el. The priority level 0 is reserved for kernel pro cess execution, when no user pro cesses are runnable. In par- ticular, the idle pro cess is executed using this priority lev el. As for share and tick et up date, the scheduler recom- putes priorities on even t o ccurrence for the pro cesses concerned by the o ccurring ev en t. F or example, when a process is preempted either at the end of its time quan- tum by the last clo ck tick or by a higher priority pro cess w aking up, the preempted pro cess priority is calculated using the table. A pro cess p erforming a blo cking system call has its priority on w ak e up set b efore sleeping. Ho w ev er, as the next priority �eld for each priority lev el is never one, the stride queue is never naturally used b y computing priorities using this table. Stride sc heduling usage is explained in the next section. It depends on the run-time b ehavior of a pro cess and in particular on the recently allo cated share of CPU time measured ov er the sweeping window for each pro cess. 3.6.2 Stride Scheduling Usage The use of the stride queue at the priority level 1 is determined dep ending on the recen t CPU usage mea- sured ov er the accounting windo w. It aims at imple- men ting the ov erall desired fair-share allo cation of pro- cessing time b etw een all pro cesses. The scheduler calculates the CPU allo cation of a preempted pro cess ov er the �rst half of its accounting window b efore recomputing its priority . The following tw o cases can o ccur. Active share not allo cated If the preempted pro- cess was allo cated less than its activ e share ov er the �rst half of the accounting window, its priority is decreased using the priorit y table dep ending only on its current priority , and on its time quan tum us- age. In this case, its priority is nev er decreased to 1, as the priexp �eld for eac h priority level higher than the stride queue priority is never 1. Doing so, this pro cess will still b e scheduled using priority scheduling. Active share allo cated On the contrary , if the pre- empted pro cess was allo cated its fair-share or more ov er the �rst half of the windo w, its priorit y is set to 1 so that it will b e scheduled next time using stride scheduling, when no other higher priority pro cess is runnable. A pro cess will thus b e sc heduled ahead of pro cesses in the stride queue using priority sc heduling until it is allo- cated its fair-share ov er the �rst half of the accounting window. Pro cesses in the stride queue are only those which were allo cated at least their active share. The next section will discuss in more detail the e�ect of this con trol mechanism on the CPU time allo cated ov er the total time length of the accounting windo w. As it may b e necessary to p enalize a pro cess, the \ unb o ost " control is also discussed. 3.6.3 P enalt y As explained previously , a pro cess is scheduled with stride scheduling only if it has b een allo cated at least 16

Figure 16: Priority table. its active share ov er the �rst half of the window. But as it will b e guaranteed to receive exactly its activ e share with stride scheduling, this may result in an o v er share allocation. This situation is shown in �gure 17. In this example, a long run compute b ound pro cess starts execution. Its active share is 50%, and run con- curren tly with other long run compute b ound job (for simplicit y , we do not consider the case where this pro- cess is preempted by another one). This pro cess will th us b e scheduled with priorit y scheduling until it is al- located 50% of the CPU time ov er the �rst half of the windo w. As it is scheduled with a high priorit y ahead of other compute b ound pro cesses, it will b e able to use 100% of the CPU time ov er the �rst quarter of the win- do w, which is 50% ov er the �rst half (window 1). It will then b e scheduled with stride scheduling and will be allo cated exactly its activ e after (window 2 to 5). Th us ov er the �rst complete window (window 4) it is allocated 100% + 3 � 50% = 62%, whic h is higher than its active share. In suc h case, the pro cess should b e penalized. This is done simply by allo cating only the CPU time necessary to match the active share ov er the �rst com- plete window, by mo difying the time quan tum of the process when it is scheduled with stride scheduling. In- deed, considering the deterministic b ehavior of stride sc heduling, the num ber of times n a pro cess is sched- uled ov er a time T is: n = pr ocess activ eshar e � T tq where tq is the time quan tum length used. As the pro- cess receiv es 100% of the cpu time ov er the �rst quar- ter of the window, it should thus b e scheduled with a shorter time quantum ov er the remaining three quarters of the window. F or a windo w time length w , a pro cess should thus b e assigned a time quantum tq for n times, calculated as follows if the default time quantum is 100 milliseconds. tq = 100 � 4 � activ e shar e � 1 3 � activ e shar e n = pr ocess activ e shar e � 3 � w 4 � 100 As a pro cess may b e preempted by a higher priority pro cess waking up, it may not receive 100% on the �rst quarter of the window. It also may sleep, and moreov er, as the allo cated share ov er the �rst quarter of the win- dow is not measured, the time quantum is approximated as follows: tq = 100 � 3 � 2 � activ e shar e � al l ocated shar e 4 n = pr ocess activ e shar e � 3 � w 4 � 100 where all ocated shar e is the maxim um share of CPU time allo cated ov er the �rst half of the window. This approximation gives smaller time quantum than the ex- act result, a pro cess is thus p enalized more quickly . A simple test allows to stop this p enalty as so on as the CPU allo cation ov er the total time windo w b ecomes fair. This test also allo ws to not p enalize a pro cess 17

Figure 17: CPU time al lo c ation me asur e d over the whole or p art of the ac c ounting window. whic h w as sleeping for a time interv al smaller than the windo w length. Using this scheme, the CPU starv ation problem may appear in some cases. Indeed, a pro cess can b e assigned the priorit y of the stride queue only on preemption at the end of its time quantum or by a higher priority pro- cess w aking up. As a result, I/O b ound or interactiv e processes alw a ys releasing the CPU b efore the end of their time quan tum may b e able to use more than their activ e share, b ecause they will never b e p enalized. A solution is to add a control p oint on return from sys- tem call, when a pro cess is ab out to return to the user space. This last control is explained in more detail in the following section. 3.6.4 Average Active Share A pro cess sleeping waiting for I/O completion has its priorit y on wak e up calculated using only the priority table. This priority is higher than the stride queue pri- orit y to reduce the resp onse time of interactiv e and I/O bound pro cesses. Pro cesses alwa ys releasing the CPU before the end of their time quantum will thus never b e sc heduled with stride sc heduling, and may b e able to use more pro cessor time than their active share. Considering only the active share of a pro cess cal- culated with activ e tick ets can introduce problems to con trol the CPU time allo cation to suc h pro cesses. Let us consider the example of a user A o wning half of the user tick ets of a no de and running �v e pro cesses with the same num b er of tick ets. Another User B is run- ning a single long run compute b ound pro cess. User A pro cesses are synchronized so that only one pro cess is runnable at a time, with a constan t CPU burst of al- most 20 millisecond, smaller than the highest priority level time quantum (�gure 16). User A should b e al- lo cated a total of 50% of the cpu time, in the a v erage 10% for each of his pro cesses. As only the tick ets of runnable or running pro cesses (active tick ets) are considered to calculate active shares, each of user A pro cess will alwa ys hav e an activ e share of 50% on wak e up. User A pro cesses will b e executed ahead of user B compute b ound pro cess, and as they will never b e preempted by the clo c k tick at the end of their time quan tum, they will never enter the stride queue. User A pro cesses will th us b e allo cated o v er a window of 1 second a share of (20 ms � 10) = 1000 = 20% each. User A will receive in total 100% of the CPU time. The scheduler will never detect this unfair allo cation as each pro cess never consumes more than its active share of 50%. On the other hand, as shown in �gure 18, the av- erage activ e share of user A pro cesses ov er the ac- counting windo w of one second can b e calculated as (20 ms � 0 : 5 � 10) = 1000 = 10%, as the share of each of user A pro cesses while sleeping is null (their pro cess tick ets are not active). Using the av erage active share ov er the recent CPU usage window instead of the cal- culated activ e share for the CPU burst of each pro cess gives the right CPU allo cation to each pro cess, allowing the scheduler to detect the unfair state resulting if user A pro cesses are not preempted. How ev er, if a pro cess sleeps a long time, its av erage 18

Figure 18: CPU starvation pr oblem using the active shar e. share may b e decreased to o muc h, even b ecome n ull if ti sleeps during a time interv al longer than the accounting windo w time length. T o av oid this situation, the av er- age share is b ounded with the minimal share. Indeed, considering the total num ber of tick ets in the system, a process should b e allo cated at least its minimal share. The control p oint added on return to system call allo ws the scheduler to chec k if a I/O b ound pro cess w as not allo cated to o muc h CPU time. If the allo cated share is higher than the av erage active share , the pro- cess is preempted as so on as it returns to user space, and its priority is decreased to 1, so that the pro cess is next scheduled with stride scheduling. This control also prev en ts from b o osting several times in a short interv al a pro cess alwa ys sleeping just at the end of its b o ost while b eing scheduled with its priority . The next chapter will presents some ev aluation re- sults explaining in more detail the e�ect of the window time length on scheduling. First, results showing the ba- sic b ehavior of the scheduling algorithm presented are discussed, exp eriments with v arious workload and the resulting precision of the CPU time allo cation mecha- nism using the accounting window will then b e shown. 4 Ev aluation Results This chapter presents ev aluation results and p erfor- mance measurements of the lo cal scheduler of Colonia. These measuremen ts where done using an emulator de- v elop ed to test the hardw are indep endent co de of the k ernel on a classical workstations. The �rst section will presents brie y the emulator structure and program execution simulation. Sc hedul- ing ov erhead measurements will b e presented next, fol- low ed b y v arious exp eriments results. 4.1 Em ulator The emulator allows to execute the core part of the kernel of Colonia and to simulate pro cess execution us- ing UNIX functionalities. This section will �rst brie y present the structure of this emulation facility and will discuss program execution simulation used for the scheduler ev aluation. The lay er structure of the kernel of Colonia allows to replace the hardware dep endent part of the co de with an emulation program using classical systems calls of the UNIX op erating systems. Higher level co de of the kernel can th us b e used without mo di�cations by preserving the interface with the hardware dep endent co de. Figure 19 shows the general organization and the execution mo del used to run the emulator. A ro ot pro- cess is �rst started to initialize the kernel data struc- tures. This pro cess can then forks other UNIX pro- cesses used to simulate programs execution. Interrup- tions are emulated using UNIX signals. Context switch- ing is emulated by synchronizing with semaphores Unix pro cesses simulating program execution so that only one is runnable at a time. Each pro cess is able to e�ectively execute its own user program. Because of the di�culty of dev eloping such emula- tor, only few systems calls where implemented. T o test the scheduler, each emulated pro cess runs the same pro- gram which simulates CPU and I/O bursts. The length of these bursts are calculated randomly . I/O bursts are emulated by calling a system call similar to the UNIX nanosleep() system call developed for the emulator. 19

Figure 19: Colonia emulator. The length of CPU and I/O bursts are calculated with an exp onential distribution with tw o av erages: one rep- resen ting the av erage CPU burst, and the other the av- erage sleep time length. Parameters allow to change dynamically the v alue of these distribution in order to sim ulate a change in the run time b ehavior of a pro cess. All the results presen ted in this section were mea- sured using this em ulation environmen t. Overhead mea- suremen t are thus \approximated", as some functions using directly hardware features, like time related func- tions, are emulated. 4.2 Sc heduling Ov erhead The ov erhead of queue manipulations for stride schedul- ing is �rst presented, measurements of the total ov er- head of the scheduling metho d presented previously is then shown. 4.2.1 Queue Manipulation Cost W e hav e compared the relative cost of stride schedul- ing queue manipulation for our implemen tation and for the implementation prop osed originally in [10] and pre- sen ted in section 2.4.3. Figure 20 shows the cost of put and get op erations for b oth implementations de- pending on the num ber of runnable pro cesses. Those measuremen ts were done on a 300MHz Ultra-Sparc I I mac hine, and shows the av erage n um ber of pro cessor cycles for each function dep ending on the num ber of runnable pro cesses in the stride queue. The get op eration chooses a pro cess in the stride queue and remov es it. A pro cess entering the stride queue is placed using the put op eration. This function calculates the index in the array dep ending on the pre- vious index, on the stride and on the stride error for our implemen tation. F or the original implemen tation, pass parameters of pro cesses are up dated on put op erations. Our implementation provide a b ounded execution time for the \put" op eration, whereas the use of pass parameters results in a cost in O ( n ) b ecause of queue sorting. Only a simple sort algorithm was used, a b etter one would provide a cost in O (log n ). The get op eration is slightly slow er for our implementation b ecause the head p ointer in the stride queue structure needs to b e up dated each time the head queue b ecomes empty . This is not needed by the other implementation, resulting in a low er cost. In the av erage, the implementation presented in sec- tion 3.3 do es provide low er queue manipulation cost as exp ected. The next section present the total ov erhead of using this structure with stride scheduling. 4.2.2 Ov erhead The scheduler uses b oth priority and stride scheduling. The execution time of the schedule() was measured in the case of only priorit y sc heduling or only stride scheduling use. These tw o cost do es in fact b ound the av erage o v erhead of this function. When the function schedule() is executed, the pro- cess running previously is either still runnable (it was preempted) or start sleeping on an even t by calling the sleep(event) function. schedule() up dates CPU us- age information of the previously running pro cess, up- date its accoun ting windo w with the CPU time received and recalculates its priority dep ending on its state and on its CPU usage as explained. If the previously run- ning pro cess is still runnable, schedule() put it back into the ready queue. If the pro cess is put bac k into the stride queue its stride is recomputed. schedule() . The next pro cess to execute is then chosen, and its account- ing window up dated with the waited time. The graph shown in �gure 21 represents the exe- cution time of the schedule() function in micro sec- onds dep ending on the num ber of runnable pro cesses, 20

Figure 20: Stride queue manipulation c ost (put and get op er ations). Figure 21: Sche duling overhe ad when either priority sche duling or stride sche duling is use d. 21 when only priority scheduling or only stride schedul- ing is used. The ov erhead of b oth priority and stride sc heduling do not dep end on the num ber of runnable processes, in the av erage, the scheduling ov erhead will th us b e b ounded with this tw o limits as b oth metho ds are used. On heavily loaded systems, it will tend to b e closer to stride scheduling ov erhead as the stride queue ma y b e more intensiv ely used. On the contrary , prior- it y scheduling ov erhead will b e more representativ e on ligh tly loaded no des. 4.3 Exp eriment In this section, some exp erimen ts results measured us- ing the program execution simulation of the emulator are presented. First some characteristic cases are con- sidered to show the basic b ehavior of the scheduler. This is follow ed by more general tests for compute b ound and I/O b ound pro cesses. 4.3.1 Basic Behavior This section illustrates the case discussed in section 3.6.3. It shows the e�ect of the window time length on the scheduler b ehavior. In this simple exp eriment, a user A owning half of the active user tick ets of the system is running a single process (pro cess 1) starting execution after 10 seconds. This pro cess has three CPU bursts of resp ectiv ely 300 milliseconds, 600 milliseconds and 5 seconds. Another user B is running concurrently tw o long run compute bound pro cesses whic h never sleep. Figure 22 shows execution results with a 2 seconds accoun ting windo w. The graph shows the allo cated CPU time of pro cess 1 measured ov er an external win- do w of 1 seconds, that is half of the accounting win- do w. The �rst short CPU burst of pro cess 1 is exe- cuted quic kly , in fact pro cess 1 release the CPU only after completing it as its share o v er the �rst half of the windo w is less than its activ e share (30% against 50%). F or the second CPU burst of 600 milliseconds, the same behavior is observed, as pro cess 1 should at least b e al- located its active share ov er the �rst half of the window. The resulted measured share is thus 60% ov er the �rst half, pro cess 1 execution was b o osted. It was how ev er allocated only 30% ov er the total window. Finally , as the last CPU burst is longer, pro cess 1 is p enalized after its b o ost, so that the 5 seconds CPU burst is executed in exactly 10 seconds. The same example is also shown in �gure 23 and 24 with resp ectiv ely accounting window length of 1 and 4 seconds. These �gures also shows the allo cated share of process 1 measured ov er a 1 second external window. F or a 4 seconds accoun ting window, the same b e- ha vior as �gure 22 can b e observ ed, at the exception of higher amplitude b o ost and p enalt y due to the longer accounting window. On the contrary , for a 1 second accounting window case of �gure 23, pro cess 1 nev er uses more than its allo cated share. This is also due to the fact that measurements where done on the same time length as the accounting window. Finer observ a- tion would sho w the b o ost/p enalty of pro cess 1. The execution of the 5 seconds CPU burst of pro cess one is completed in exactly 10 seconds for the three win- dow length presented. The scheduler preserve fairness even if pro cesses are b o osted on wak e up. How ev er, longer accounting windows degrades the regularity of CPU cycles allo cation. This can b e a problem to guar- antee a constant service rate to pro cesses, shorter ac- counting window resulting in a more strict fairness may b e desirable in this case. This will also b e discussed in the next exp eriment concerning compute b ound pro- cesses. 4.3.2 Compute Bound Pro cesses This section illustrates the comp ensation of the time slept by pro cesses with the b o ost on wak e up. In this exp eriment, User A is running a compute b ound job which in the av erage has CPU bursts of 700 milliseconds and I/O bursts of 100 milliseconds. User B is running tw o long run compute b ound jobs, with a tick et ratio of 3 to 2. User A and B are allo cated the same num ber of tick ets. In total, user A pro cess needs 20 seconds of CPU time to complete, and sleeps 1.89 seconds ov er the entire run. Figure 25 shows the execution results measured o v er a one second external window, but the accounting win- dow used was 2 seconds. When user A starts his pro- cess, his tic k ets b ecome activ e, resulting in the read- justment of user B pro cesses share. As pro cess 1 sleeps, the b o ost on wak e up are not p enalized if the slept time is exactly comp ensated. T able 1 shows execution time results (turnaround time) of pro cess 1 and the corre- sp onding CPU time allo cation error with di�erent ac- tive share. As pro cess 1 sleeps only small interv als, the CPU time allo cation error is small for all time window length, but slightly increases with the activ e share and with the accounting window length. This is due to the fact that the longer the window is, the more the sc heduler will try to comp ensate pro cess 1 for slept time, resulting in a relative unprecision. If the active share increases, b o ost- ing the pro cess execution high ab ov e its active share to comp ensate slept time b ecomes di�cult, resulting also in a slight increase in CPU time allo cation error. In �gure 26, shows the scheduler fairness dep ending on the av erage time slept by pro cess 1 with the use of di�erent accounting windo w time length. The fairness 22

Figure 22: Basic b ehavior : ac c ounting window of 2 se c onds. Figure 23: Basic b ehavior : ac c ounting window of 1 se c ond. T able 1: T otal exe cution time of pr o c ess 1 for di�er ent ac c ounting window time length and thr e e di�er ent active shar e. Window length Execution time Execution time Execution time share 25% share 50% share 75% 1 83.089 (-3.71%) 40.459 (-1.13%) 27.960 (-4.62%) 2 79.919 (+0.10%) 40.179 (-0.44%) 27.389 (-2.64%) 4 80.189 (-0.23%) 39.769 (+0.58%) 26.909 (-0.9%) 6 79.769 (+0.29%) 39.999 (+0.00%) 27.059 (-1.45%) 8 78.379 (+2.06%) 39.259 (+1.88%) 26.699 (-0.12%) 23

Figure 24: Basic b ehavior : ac c ounting window of 4 se c onds. Figure 25: Compute b ound pr o c ess exe cution with an ac c ounting window of 2 se c onds. 24 is simply measured using the following ratio. activ e shar e � tur nar ound time C P U time used That is in this case (active share of 50% and CPU time of 20 seconds) the ratio tur nar ound time= 40. If this ratio is 1, the scheduler is fair, if it is smaller than 1, the sc heduler has allo cated to o muc h CPU time to pro cess 1. On the contrary , if it is higher than 1, pro cess 1 was allocated less than its fair-share of CPU time. As exp ected, longer accounting window p erform b et- ter when pro cess 1 sleeps more, due to the p ossibil- it y of longer b o osts which can comp ensate longer sleep time interv als. Ho w ev er, the fairness is quickly degraded abov e 40% of sleep time, b ecause CPU bursts b ecome too short to allow su�cient b o osts on wak e up to com- pensate the time slept. How ev er, the scheduler p er- forms w ell for compute b ound pro cesses having long CPU bursts and only short I/O bursts. F airness is im- pro v ed compared to strict fair-share scheduling with the use of long enough accounting windows. The b ehav- ior of the scheduler can b e degraded to strict fair-share sc heduling by reducing the size of the window, allowing exibilit y in the use of this scheduling metho d. The next section considers I/O b ound pro cesses, that is pro cesses which generally in the a v erage hav e I/O bursts longer than CPU bursts. 4.3.3 I/O Bound Pro cesses In the example of �gure 27, three users are running processes of v arious types. User A with a share of 30% executes sev en I/O b ound pro cesses with the same num- ber of tick ets. User B with a share of 50% executes also sev en I/O in tensiv e pro cesses. User C computes with a share of 20% and runs a single long run compute b ound process. The accounting window used is 4 seconds, and the graph presen ted shows results measured ov er the same time length. In this example, all users total share al- location oscillates around their activ e share v alue as processes sleeps a lot. As almost all the interactiv e processes in this example are not naturally scheduled with stride scheduling b ecause having to o short CPU bursts, the control p oint added on return from system calls is highly used. The scheduler thus preempt those I/O b ound pro cesses which uses more than their av erage activ e share to implement global fairness. T able 2 shows the CPU time allo cation for each user and the relative error. Ev en in the case of a high in- teractiv e load, CPU time allo cation stays very precise. Di�eren t time windows gives similar results, the error only slightly increases with the length of the accounting windo w. Not only the allo cation is fair for users, but the CPU time allo cated to eac h pro cess of user A and B is also fair. Figure 28 shows this allo cation for each of the seven pro cesses of user A and B. As users A and B are running a lot of pro cesses, eac h pro cess av erage active share is low. It is th us easier to comp ensate the time slept by each pro cess in this case than in the case discussed in section 4.3.2 for �gure 26. Each pro cess of user A and B can thus b e easily allo cated its fair-share. This section has shown that the use of the a v erage active share ov er the accounting window can pro vide a great precision for CPU time allo cation to I/O in tensiv e pro cesses. Even in the case of a mixed load of compute b ound and I/O b ound applications the scheduler is able to allo cate to necessary CPU time to match the share of users and of their pro cesses. 5 Conclusion In order to b oth provide a fair allo cation of CPU time to share e�ciently pro cessing time b etw een comp eting users and pro cesses, the scheduling metho d presented enhance the basic stride scheduling metho d with the use of a classical priority scheduler. Priority allows to implement a more precise control o v er pro cess schedul- ing order than a dynamic c hange in tick et allo cation. Moreov er, priorities provide the system with a mecha- nism to simply implement pro cess preemption, so that I/O b ound and interactiv e pro cesses waking up can b e scheduled so oner, minimizing their resp onse time to even t o ccurrence. The scheduling algorithm b o osts the CPU time al- lo cation of pro cesses on w ak e up, in order to allo cate to a pro cess its fair-share of CPU time quickly . This allo cation p olicy combined with a classical priorit y cal- culation metho d allows to simply emulate the short-job- �rst p olicy . A pro cess having a short CPU burst may b e able to complete it faster than with a strict fair-share scheduling metho d. The o v erall implemen tation of fairness relies on the use of a precise mec hanism to measure CPU time al- lo cation, based on a sweeping window. This mecha- nism controls the use of stride scheduling by determin- ing when a pro cess should en ter the stride queue. The deterministic b ehavior of stride scheduling is also used to dynamically adjust the time quantum of pro cesses which w ere allo cated more than their fair-share. This mechanism results in the use of stride scheduling only for pro cesses which are using all their fair-share of cpu time. As I/O b ound and interactiv e pro cesses ha v e gen- erally short CPU burst alternated with long I/O bursts, on lightly loaded no des, the b ehavior of the scheduler is automatically degraded to use only priority schedul- ing. On the contrary , on more heavily loaded systems, fair-share allo cation of CPU time is p ossible while pre- 25

Figure 26: Sche duler fairness dep ending on the aver age sle eping time of pr o c ess 1 of the exemple of �gur e 25. Figure 27: Mix of lo ad with a high I/O b ound pr o c ess worklo ad. T able 2: CPU time al lo c ation for e ach user over the total time length of the example of �gur e 27. User Allo cated CPU time Error A 29.994 -0.02% B 50.084 0.17% C 19.922 -0.39% 26

Figure 28: CPU time al lo c ate d p er pr o c ess for user A and B of the example of �gur e 27. serving the resp onse time of interactiv e pro cesses. Ev aluation results hav e shown the precision of this sc heduling metho d for v arious workload. Not only for eac h user, but also for each of their pro cesses, the sched- uler allo cates precisely CPU time to matc h activ e shares of users and pro cesses. Ev en t-based scheduling allows to k eep data management simple, and to reduce schedul- ing ov erhead by considering only few pro cesses at a time. It has b een also shown that the implementation of stride scheduling prop osed in this thesis allows to reduce sc heduling ov erhead, and to suppress the dep endence of this ov erhead to the n um ber of runnable pro cesses. The use of the accounting window time length as a parameter can change the relative strength or weak- ness of the o v erall fairness by allowing a pro cess hav- ing a long CPU burst to b e comp ensated for the past slept time, resulting in improv emen t of CPU time allo- cation ov er strict fair-share scheduling. How ev er, this con trol has a not negligible e�ect on the distribution of CPU cycles among pro cesses. Longer accounting win- do ws improv e fairness for pro cesses sleeping on even t occurrence, but do es results in unstable allo cation of CPU time. F uture work should inv estigate more thoroughly the e�ect of the b o ost/p enalty com bination controlled with the accoun ting windo w on the service rate provided to processes. Indeed, Qualit y of Service considerations w ould suggest to b e able to pro vide a more stable dis- tribution of CPU cycles to pro cesses and to b e able to con trol it more precisely while preserving the improv e- men ts of this scheduling metho d. Implemen tation on an op erational system would also allow a more precise tun- ing by allowing to test the scheduler b ehavior against \real" load. Ac kno wledgmen ts I would like to express my sincere gratitude to Professor Shinji T omita who gav e me the chance of participating in this research pro ject, and for his help and supp ort in my daily life as a foreigner in Japan. I would lik e also to thanks Professor Shin-Ichiro Mori and Y asuhik o Nak ashima for their helpful comments and discussions during the developmen t of the work presented in this thesis. I would like to express particular thanks to Research Asso ciates Masahiro Goshima for giving me his contin- uous assistance during this research and for his many helpful comments on the presentation of this work. I would like also to ackno wledge Mister Shin-Y a Date, Mister Mineyoshi Masuda and all the students who hav e contributed with me to the Computer Colony pro ject. Finally , thanks are also due to the Ministry of Ed- ucation, Science, Sp orts and Culture of Japan who granted me a scholarship during all my studies in Japan. References [1] Damien Le Moal, Mineyoshi Masuda, Shin-Y a Date, Hiroshi Y amazo e, Masahiro Goshima, Shin- Ichiro Mori, Shinji T omita \A F air-Share Prior- 27 it y Scheduler for a Distributed Op erating Sys- tem", Summer W orkshop on P arallel Pro cessing (SW OPP), 99-OS-82, page 49-56, 1999. [2] S. Khanna, M. Sebree, J. Zolnowsky \Real-time Sc heduling in SunOS 5.0", USENIX Conference Proceedings, Winter 1992. [3] A T&T Unix System V Release 4 Programmers Guide \System services and Application Pac k aging tools", Prentice Hall, 1990. [4] Prabhat K. Andleigh \Unix System Architecture", Pren tice Hall, 1990. [5] Marshall Kirk McKusick \The Design and Imple- men tation of the 4.4BSD Unix Op erating System", Addison W esley , 1996. [6] J. Kay , P . Lauder \A F air Share Scheduler", Com- m unications of the A CM, V olume 31, Number 1, Jan uary 1988. [7] Raymond B. Essick \An Even t-based F air Share Sc heduler", USENIX Conference Pro ceedings (Win ter 1990). [8] Carl A. W aldspurger, William E. W eihl \Lottery Sc heduling - Flexible Prop ortional-Share Resource Managemen t", Pro ceedings of the �rst Symp osium on Op erating Systems Design and Implementation, 1994. [9] David P etrou, John W. Mildford, Garth A. Gibson \Implemen ting Lottery Scheduling : Matching the Specializations in T raditionnal Schedulers", Usenix Ann ual T ec hnical Conference (h ttp://www.usenix.org/ev en ts/usenix99/tec hnical.h tml), June 1999. [10] Carl A. W aldspurger, William E. W eihl \Stride Sc heduling - Deterministic Prop ortional-Share Re- source Management", T ec hnical memorendum MIT/LCS/TM-528, MIT Lab oratory for Com- puter Science, June 1995. [11] Andrea C. Arpaci-Dusseau, David E. Culler \Ex- tending Prop ortional-Share Scheduling to a Net- w ork of W orkstations", International Conference on Parallel and Distributed Pro cessing T ec hniques and Applications (PDPT A) Pro ceedings, 1997. [12] A. Goscinski \Distributed op erating systems - the logical design", Addison W esley , 1991. [13] Jean Bacon \Concurren t Systems - Op erating Sys- tems, Database and Distributed Systems : an inte- grated approac h", Second edition, Addison W esley , 1997. [14] A. Silb erschatz, J. Peterson, P . Galvin \Op erating System Concepts", Third edition, Addison W esley , 1991. 28