1 J, ;6 %7 %9 %F %‘ $K $* $1 $k F air Share %W %i %$ %* %j %F %# !& %9 %1 %8 %e !< %i Damien Le Moal y Da :j 9d Bg y A} ED Jv 5A y 0K C# ?7 :H y ;3 E: Gn ;K y 8^ Eg @5 M5 y ?9 bC 0l O: y IY ED bC <# y 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 !# $3 $N F air-Share %W %i %$ %* %j %F %# !& %9 %1 %8 %e !< %i $G $O %f !< %6 $H %W %m %; %9 $K CPU ;~ 4V $r 3d $j Ev $F $k $3 $H $, 2D G= $K $J $j !" $^ $? %W %m %; %9 $N <B 9T =g =x $r @) 8f =P Mh $k $N $G !" %$ %s %? %i %/ %F %# %V $J %W %m %; %9 $N 1~ Ez ;~ 4V $r C; $/ $9 $k $3 $H $, =P Mh $k !# $3 $N %9 %1 %8 %e !< %j %s %0 J} K! $r I> 2A $7 $? 7k 2L !" C; $$ ;~ 4V 4V 3V $G 8z N( E* $K CPU %P %& %s %I %W %m %; %9 $N 8x J? $J %9 %1 %8 %e !< %j %s %0 $r <B 8= =P Mh $k $H J, $+ $C $? !# :G 8e $K $3 $N <j K! $N %$ %s %? %i %/ %F %# %V %W %m %; %9 $K BP 1~ $9 $k $? $a $N 3H D% $r =R $Y $k !# A F air Share Priorit y Sc heduler for a Distributed Op erating System D amien Le Mo al, y T akehir o Tsur usaki , y Mineyoshi Masud a, y Shin-y a D a te, y Hir oshi Y amazoe, y Masahir o Goshima, y Shin-ichir o Mori y and Shinji Tomit a y In this pap er, after discussing some commonly accepted sc heduling metho ds, w e presen t our no v el implemen tation of stride sc heduling, a fair-share scheduling sc heme. T o allo w a exible and con trollable allo cation of cpu time among users and pro cesses while preserving a go o d resp onse time for in teractiv e and time critical jobs, this metho d is com bined with a classical priorit y sc heduling sc heme. Ev aluation results sho w that fairness can b e ensured v ery e�cien tly within v ery short time in terv als for compute b ound jobs, ev en in the case of dynamic adjustmen t of allo cated share. Finally , w e discusses some extensions of this sc heme to handle e�cien tly in teractiv e pro cesses. Keywor ds : Distributed Op erating Systems, Pro cess Sc heduling, F air-share. 1. In tro duction Computer Colon y system is a cluster of comput- ers, actually dev elop ed in our lab oratory . Colo- nia, the distributed op erating system of Computer Colon y , implemen t a uniform system image, so that eac h no de can b e seen as a pro cessing elemen t of a distributed shared memory (massiv ely) parallel computer. In suc h en vironmen t, w e assume that sev eral users m ust b e able to concurren tly execute v ari- ous applications ranging from some ligh t in terac- tiv e pro cesses suc h as a simple terminal, to hea vy bac kground parallel jobs. Considering suc h c haracteristics, the follo wing y 5~ ET Bg 3X >p Js 3X 8& 5f 2J Graduate School of Informatics, Ky oto Univ. t w o p oin ts are of ma jor imp ortance. F airness Unlik e Unix systems, logging in Colonia can giv e a user access to the whole system com- puting p o w er. T o prev en t this user from get- ting to o m uc h resources at the exp ense of oth- ers, a user should not b e able to receiv e more than the share of cpu time it w as allo cated b y the system, and this should b e ensured within a short p erio d of time. Resp onse Time It is reasonable to think that compute b ound jobs ma y b e allo cated a high share of cpu time so that they can complete execution fastly . In teractiv e pro cesses should not su�er from running concurren tly in suc h en vironmen t, and should b e sc heduled quic kly after w aking up, in order to reduce their re- sp onse time to ev en t o ccurrence. The pro cess sc heduling sc heme used on suc h sys-

2 tem m ust then ensure b oth of these c haracteristics : ac hiev emen t of fairness within a short time in ter- v al, and a small resp onse time. Moreo v er, this is not only necessary for a single no de, but also sys- tem wide, particularly fairness. Our approac h is to dev elop a sc heduling sc heme for the no de lev el re- alizing b oth fairness and a go o d resp onse time, and to extend it to the system wide lev el. In this pap er, w e only consider pro cess sc hedul- ing o v er a single no de of the system. The next section presen ts some curren t sc heduling metho ds, in particular stride sc heduling. Section 3 discusses our sc heduling sc heme whic h com bine b oth priorit y and stride sc heduling, some ev aluation results are sho wn in section 4. Finally , section 5 will conclude this pap er. 2. Bac kground Con v en tional op erating systems commonly use the notion of priorit y to con trol precedence of pro- cess execution to ensure a go o d resp onse time, with- out consideration for fairness. On the other hand, sev eral lo w-o v erhead, e�cien t, fair share sc heduling metho ds where dev elop ed [9,10], but do not allo w a precise con trol of pro cess execution order. 2.1 Classic Priorit y sc heduling This sc heduling metho d is widely used b ecause of its simplicit y , ensuring a lo w o v erhead and a maximal utilization of the pro cessor. Priorities can b e calculated in sev eral w a ys, and classically , pro- cesses sleeping often w aiting for ev en ts are giv en a high priorit y on w ak e up, ensuring a go o d resp onse time to ev en t o ccurrence, th us increasing pro cess throughput and user pro ductivit y . But this sc heme su�ers from sev eral dra wbac ks. Mainly , it is di�- cult to tune and in its basic implemen tation, pri- orit y sc heduling do es not allo w to sc hedule fairly pro cesses o v er time. As a result, users with man y pro cesses can easily receiv e more pro cessing time. Also, a costly regular adjustmen t of pro cess priorit y is necessary to a v oid cpu starv ation. 2.2 Priorit y-Based F air share sc heduling Considering the previous problems, some prior- it y based fair share sc hedulers ha v e b een dev elop ed [12]. By measuring the past utilization of pro ces- sor time for eac h pro cess, and comparing it to the allo cated share, priorit y are adjusted to giv e more cpu time to those pro cesses whic h receiv ed less than their share, and to lo w er the cpu use of those whic h receiv ed to o m uc h. Go o d results can b e ac hiev ed, but these metho ds are di�cult to tune and highly undeterministic. A long time in terv al to ensure a fair allo cation of cpu time is also needed (for some implemen tation, in the order of min utes or more). 2.3 Stride Sc heduling Stride sc heduling is a deterministic resource al- lo cation algorithm for time sharing systems whic h can b e used as a pro cess sc heduling metho d to allo w a precise con trol o v er cpu time allo cation. It w as �rst presen ted in [9] and can b e seen as an applica- tion of rate-based net w ork o w con trol algorithms to pro cess sc heduling. 2.3.1 Share and Tic k ets In basic stride sc heduling, resource allo cation is determined using an amoun t of tic k ets used as a currency . Basically , a pro cess with t tic k ets in a system with T tic k ets is allo cated t=T share of cpu time. Therefore, the more a pro cess o wns tic k ets, the more it can receiv e pro cessing time. Some v ariations of this basic allo cation metho d use exhausting tic k ets (tic k ets whom v alidit y is timely limited) with either a loan and b orro w mec h- anism or system credits [11] to handle more e�- cien tly in teractiv e pro cesses fairness. With these extensions, runnable pro cesses can b orro w the tic k- ets of the sleeping one to increase their share, th us their throughput. But they m ust pa y bac k the len t pro cess when it w ak es up, increasing its share and its c hances to b e sc heduled quic kly . These meth- o ds cannot an yw a y e�cien tly handle a hea vy in ter- activ e load or pro cesses with v ery short run time. The o v erhead in tro duced is also not negligible. 2.3.2 Basic algorithm Classically , in time sharing systems, pro cesses are regularly allo cated a time in terv al (time slice or time quan tum). If a pro cess consumes up its al- lo cated time slice, the system preempts it and al- lo cate the next time slice to another pro cess if one is a v ailable. In stride sc heduling, the core idea is to compute the time in terv al, or stride a pro cess m ust w ait b efore receiving its next time quan tum. The stride of a pro cess is in v ersely prop ortional to its share. Eac h time a pro cess is sc heduled, a pass parameter asso ciated to this pro cess is incremen ted b y the stride of the pro cess. A t eac h time quan tum, the pro cess with the lo w est pass is c hosen. Figure 1 sho ws an example of stride sc heduling where three pro cesses comp ete for the cpu with di�eren t tic k et allo cation. Pro cess 1 has a stride of 6 with 500 tic k ets, pro cess 2 a stride of 10 with 300 tic k ets and pro cess 3 a stride of 15 with 200

3 Fig.1 Thr e e runnable pr o c esses with di�er ent al lo c ation of cpu shar e ar e sche dule d using stride sche duling : the pr o c ess with the smal lest p ass is sche dule d �rst. tic k ets. Considering the tic k et ratio of eac h pro- cess, pro cess 1 m ust receiv e half of the cpu time (500 = (500 + 300 + 200)), pro cess 2 and 3 sharing the other half in the ratio of 3 to 2. A t the initial state, all pro cesses pass are 0, pro cesses are �rst sc heduled in the 1,2,3 order. Ov er the sc heduling sequence of the example, pro cess 1 is sc heduled 5 times, pro cess 2 and 3 three and t w o times resp ec- tiv ely . A t the end of this sequence, all pro cesses pass are equal. The represen ted pattern will then b e rep eated o v er and o v er. With a h undred mil- liseconds time slice, as the length of this pattern is ten, fairness is ac hiev ed o v er one second in terv als. 2.3.3 Original implemen tation The �rst implemen tation, prop osed in [9], used a sorted queue as the data structure to manage pro- cesses, with a cost order of O (log n ) for queue ma- nipulation, where n is the n um b er of pro cesses in the queue. Using a oating p oin t for the stride is p ossi- ble, but for simplicit y , an in teger t yp e w as used. The stride of eac h pro cess is then calculated as the ratio of a constan t to the share of the pro cess, and rounded up to the nearest in teger. The con- stan t used is c hosen big enough (2 20 ), so that the round error b ecomes v ery small and practically un- detectable. As the stride is calculated as a big in teger, the pass parameter ma y gro w quic kly . T o a v oid a fast o v er o w, a 64 bit in teger w as used so that the time un til this parameter o v er o w is long enough to not b e considered practically as a problem. In the case of a 32 bit in teger use, the pass parameter can o v er- o w more frequen tly , th us needing p erio dical ad- justmen t of all pro cesses pass parameter. 3. F air Share Priorit y Sc heduler This section presen ts in detail our implemen ta- tion of stride sc heduling, as w ell as its com bination with a simple priorit y sc heduling metho d. 3.1 Stride sc heduling implemen tation This section presen ts in detail our implemen ta- tion of stride sc heduling, as w ell as its com bination with a simple priorit y sc heduling metho d. 3.1.1 Data Structure In its basic implemen tation, stride sc heduling has t w o main dra wbac ks : eac h pro cess pass parame- ter ma y o v er o w after a certain time as it is incre- men ted b y the pro cess stride eac h time the pro cess is sc heduled. Also a costly searc h for the pro cess with the smallest pass is necessary at eac h sc hedule op eration. Our implemen tation uses the basic algo- rithm presen ted in the previous section, but a v oids its problems b y using a circular arra y of pro cess record link ed lists, as sho wn in �gure 2. Fig.2 Stride queue data structur e : an arr ay of list of pr o c ess r e c or d. The initial state of the queue for the example of �gur e 1 is r epr esente d, as wel l as the state after thr e e sche dule op er ations. Eac h list con tains pro cesses equal pass, these pro- cesses are ordered in �rst in �rst out (as they all ha v e the same pass, no distinction can b e made). The head list con tains all pro cesses with the small- est pass. All get op erations on this queue are th us done in this list, the head p oin ter is adv anced to the

4 next non empt y list eac h time the head list b ecomes empt y . If a pro cess uses up its time slice without sleep- ing, it is put bac k in to the list at an arra y index equal to its previous index (the index of the head list) plus the curren t stride of this pro cess, th us vir- tually incremen ting this pro cess pass b y its stride. Doing so, this metho d also a v oids ordering a queue with the pass parameter, as lists are naturally or- dered in increasing pass form the list p oin ted to b y the head. Manipulating the stride queue do not dep end an y more on the n um b er of pro cesses, resulting in a b ounded time for all put and get op erations on this structure. Incremen ting the pass parameter is also no longer necessary , a v oiding this parameter o v er- o w and the resulting necessary corrections. 3.1.2 Tic k et Allo cation and Share Calcu- lation W e consider t w o di�eren t sorts of tic k ets : user tic k ets and pro cess tic k 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 o wning these tic k ets has at least one pro cess runnable or running in the no de. An activ e user i o wning tu i activ e tic k ets in a system with T u = P tu j activ e user tic k ets is allo cated tu i T u of the computing time. Eac h user al- lo cate pro cess tic k ets to his pro cesses, those tic k ets are said to b e activ e if the pro cess o wning them is running or in runnable state. The share of cpu time accessible to a pro cess is then calculated with P r ocess k shar e = tu i P j tu j � tp i;k P j tp i;j (1) where tp i;k is the n um b er of tic k ets allo cated to the pro cess k of user i and P tp i;j the sum of activ e pro cess tic k ets for the user i . Activ e tic k ets sums are main tained on ev en t o c- currence whic h c hanges an y pro cess state : eac h time a pro cess b ecomes runnable or go es to sleep, the sum of activ e pro cess tic k ets of the user o wning this pro cess is up dated and if necessary the sum of all user activ e tic k ets is also adjusted. As a user ma y not kno w ho w man y pro cesses he is running (whic h is a reasonable assumption : con- sider the n um b er of pro cesses started when a user logs in a system) no limit is put to the total n um b er of tic k ets allo cated to pro cesses b y the user o wn- ing them. Cpu time is alw a ys shared among all runnable pro cesses dep ending on the relativ e ratio of their tic k ets (�gure 3) Fig.3 A n example of ticket al lo c ation with the r esulting cpu shar e for e ach pr o c ess. 3.1.3 Basic Stride Calculation Using a oating p oin t for the stride v alue is p os- sible, but considering our data structure, the stride m ust b e an in teger. As the stride m ust b e in v ersely prop ortional to the share, a division is needed, and the result m ust b e rounded up to an in teger v alue. The stride of a unit is calculated using the form ula: P r ocess str ide = r int ( � pr ocess shar e ) (2) Where rint() is the function rounding a oating p oin t to the nearest in teger. A correct (p erfect) cal- culation of the stride with no round error w ould use � equal to the lo w est common m ultiple of all pro cess share fraction n umerator, whic h is to o costly to b e calculated at eac h sc heduling op eration. T o a v oid this problem, � is c hosen as a constan t. Ho w ev er, as the size of the stride queue is �xed, a resolution problem can app ear for pro cesses with a stride big- ger than the stride queue size (i.e. with a small share) : all these pro cesses will get a stride equal to the size of the stride queue. This size m ust then b e big enough and � small enough to supp ort v ery small share. The v alue c hosen 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, th us to a 0.001% of cpu allo cation. Ho w ev er, this calculation metho d in tro duces not negligible errors on pro cess strides, as sho wn in �g- ure 4. In this example, b oth theoretical stride and cor- rected stride use leads to the exp ected 80% to 20% cpu allo cation to pro cess 1 and 2 resp ectiv ely , whereas the non-corrected stride leads to a 83% to 17% allo cation, with a 3% error. This error ma y b e ev en bigger dep ending on tic k et allo cation (a ratio of 3:2 in tic k et allo cation result in a 10% error). 3.1.4 Stride Correction As the ratio � to the pro cess share is rounded to the nearest in teger, the stride error is calculated as follo w.

5 Fig.4 Stride err or e�e ct : two pr o c esses with 400 and 100 tickets r esp e ctively, c orr esp onding to 80% and 20% of cpu al lo c ation. The sche duling se- quenc e is shown for stride c alculation without c orr e ction, with our err or c orr e ction, and with the the or etic al stride. The cir cle d p ass ar e in- cr emente d with the c orr e cte d stride, the r ep e ate d se quenc e ar e underline d. S tr ide er r or = pr ocess str ide � � pr ocess shar e If the stride error is p ositiv e, the rounded stride is bigger than the theoretical stride, and th us, o v er a certain time in terv al, the pro cess will not receiv e enough cpu time. On the con trary , if it is negativ e, the pro cess will receiv e to o m uc h. F ew seconds of run can b e long enough to start seeing those errors app earing in cpu time allo cation to pro cesses. Let’s consider the case where the stride error is p ositiv e. Eac h time the pro cess is sc heduled the cum ulated 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 n um b er of times the pro cess w as sc heduled since the i � 1 correction, and Le i � 1 is the part of the error not corrected the previ- ous time. When C e i b ecomes greater or equal to one, the pro cess stride is decremen ted b y one and C e i +1 and Le i are calculated. F or a nega- tiv e stride error, the stride is incremen ted b y one when C e i is lo w er or equal to min us one, with Le i � 1 = pr ev ious str ide er r or � n i � 1 + 1. In the example of �gure 4, pro cess 1 with 400 tic k ets has a stride of 1 with 0.25 error. Its stride is th us adjusted to 2 ev ery time is has b een sc heduled 4 times since the last correction. The use of this correction mec hanism can c hange the sc heduling order of pro cesses compared with the use of the theoretical stride, leading to a p ossible increase in the length of the in terv al of time neces- sary to obtain fairness. But it has the adv an tage of greatly reducing the stride calculation o v erhead, and also mak es it b ounded : this calculation do not dep end on the n um b er of pro cesses in the system. 3.2 Com bination of Priorit y and Stride Sc heduling The basic idea is to distinguish those pro cesses whic h are compute b ound to those whic h are con- sidered as in teractiv e, and to manage them either with stride and priorit y sc heduling resp ectiv ely . 3.2.1 Data Structure As w e wish to sc hedule in teractiv e pro cesses de- p ending on their priorit y in order to ensure a go o d resp onse time, a classical structure (arra y of list) is used. T o handle compute b ound jobs with stride sc heduling, the stride queue structure presen ted previously is a�ected a priorit y , and managed as an y other pro cess within the priorit y queue. Fig.5 R e ady queue or ganization : the stride queue is manage d as any other pr o c ess by a�e cting it a priority. The sc heduler alw a ys compares the stride queue priorit y with the highest pro cess priorit y to deter- mine where to get the next pro cess to run, either in the stride queue or in one of the priorit y queue. 3.2.2 Pro cess Distinction Classically , pro cesses w aiting for ev en ts o ccur- rence are giv en a high priorit y so that they can b e sc heduled quic kly after w aking up. On the con- trary , pro cesses whic h consume up their time slice sev eral times without v olun tary relinquishing the pro cessor are giv en a lo w priorit y . Pro cess priori- ties are used to separate compute b ounds jobs form in teractiv e pro cesses. In a �rst step, pro cess priori- ties are calculated v ery simply , using a table sho wn in �gure 6. High priorit y pro cesses are giv en a small time quan tum, and lo w priorit y pro cesses a longer one

6 Fig.6 Example of a table use d to c alculate pr o c ess prior- ity and time quantum : the highest priority level is 63, and the lowest 0. (a h undred millisecond). Eac h time a pro cess con- sumes up its time slice, its priorit y is decreased ( priexp priorit y on expiration), and its time slice increased ( quantum ). A new pro cess is alw a ys af- fected the highest priorit y (63), and the priorit y on w ak e up ( prilslpret priorit y after long sleep and prisslpret priorit y after short sleep) dep ends on the sleep time as w ell as the priorit y on the previous run. The IA/TS limit (In teractiv e/Time Sharing) is the priorit y lev el b elo w whic h a pro cess is consid- ered to b e compute b ound, a pro cess reac hing this priorit y lev el is sc heduled using the stride queue. 3.2.3 CPU Starv ation Av oidance As all lo w priorit y pro cesses are managed with the stride queue, c hanging the priorit y of this struc- ture is equiv alen t to c hange the priorit y of all pro- cesses in it. T o a v oid cpu starv ation, eac h time the sc heduler c ho oses a pro cess from the priorit y queue, the stride queue priorit y is increased. When this priorit y is higher than an y pro cess in the prior- it y queue, the next pro cess is c hosen from the stride queue. If this pro cess uses up its time slice with- out b eing preempted b y a higher priorit y pro cess (whic h will b e sc heduled with the priorit y queue), the stride queue priorit y is decreased to the IA/TS limit priorit y . On the con trary , if the pro cess is preempted, it is put bac k at the head of the stride queue with a time slice adjusted to the remaining time of the previous time slice. The stride queue priorit y is not decreased in this case. Unlik e Unix systems whic h generally recompute all pro cess priorities regularly to a v oid cpu star- v ation, only the stride queue priorit y is adjusted dep ending on its use, and this op eration do not de- p end on the n um b er of pro cesses. 4. Ev aluation Results As men tioned in the in tro duction, this sc heduling metho d is part of Colonia, a distributed op erating system whic h will run o v er a cluster of w orksta- tions comm unicating with a sp ecial net w ork hard- w are. As this hardw are and also device driv ers are not y et implemen ted, the core part of the k ernel of Colonia is actually running o v er an em ulator ab o v e Solaris 2.5. The results presen ted in this section w ere measured using this em ulator. The next subsection presen ts some test results of our implemen tation of stride sc heduling. The ef- fect of in teractiv e load on fairness realization will b e discuss in subsection 2. 4.1 Compute b ound load In this �rst example, t w o users with the same n um b er of tic k ets are b oth running compute b ound jobs. User A runs t w o pro cesses with 100 and 400 tic k ets resp ectiv ely , user B runs only one pro cess whic h sleeps on a regular basis w aiting for ev en ts to o ccur. Figure 7 sho ws the load of eac h pro cess in p ercen tage of the cpu time used o v er one second in terv als (considering the tic k et allo cation in this case and the time slice of a h undred millisecond for pro cesses sc heduled using the stride queue, fairness should b e ensured o v er one second in terv als). Fig.7 Two users with the same numb er of tickets ar e running two and one c ompute b ound jobs r esp e c- tively. Pr o c esses 1 and 2 of user A have 100 and 400 tickets r esp e ctively, pr o c ess 3 of user B r e- c eives half of the cpu time when it is runnable, pr o c ess 1 and 2 sharing the other half with a 1:4 r atio. This gr aph r epr esents the cpu lo ad for e ach pr o c ess over 1 se c ond intervals.

7 When pro cesses start execution, they get a high priorit y and th us are sc heduled using their prior- it y . This can b e seen at the b eginning of eac h load graph, fairness is not ac hiev ed. But as these pro- cesses use up their time slice sev eral times without sleeping, they are considered as compute b ound b y the sc heduler whic h then manages them using the stride queue. When pro cess 1 w ak es up (15 and 29 seconds), it gets a high priorit y , preempting pro cess 2 and 3 whic h then can’t get their share of cpu. F airness is again ensured within one second in terv al, as pro- cess 1 en ters again the stride queue. When pro cess 3 sleeps, pro cess 1 and 2 shares are recomputed to redistribute computing time. This adjustmen t in- tro duces some errors in fairness for a short in terv al, as sho wn in Figure 8. Fig.8 Sche duler fairness for the �rst example over 1 se c ond intervals. The sc heduler fairness w as measured using the follo wing form ula, F air ness = C t ( C t + W t ) � pr ocess shar e (3) where C t is the cpu time receiv ed and Wt is the time w aited in runnable state in either the stride queue or the priorit y queue. In b oth �gures 7 and 8, w e can see that when pro- cess 1 go es to sleep (9 and 23 seconds), the stride adjustmen t in tro duces some errors in cpu allo ca- tion distribution, but within one second in terv al, fairness in ensured again. As exp ected, our implemen tation of stride sc heduling can ensure fairness v ery quic kly . In this example, with a h undred millisecond time slice, fairness is guaran teed within one second in terv als. Our stride correction mec hanism do not a�ect the length of the in terv al of time necessary to ensure fairness. 4.2 In teractiv e and Compute b ound load In the second example of �gure 9, user A is run- ning the same compute b ound jobs as in the �rst example on a no de where user B is no w running in teractiv e pro cesses. These pro cesses alw a ys sleep b efore they en ter the stride queue, so that they are alw a ys sc heduled on a priorit y basis. Fig.9 Cpu lo ad for user A pr o c esses over 2 se c ond in- tervals under a high inter active lo ad run by user B (not r epr esente d). In this case, the load of b oth compute b ound pro cesses decreases as so on as in teractiv e pro cesses start execution (after 6 seconds). As the sc heduler uses more often the priorit y queues to c ho ose pro- cesses, pro cesses 1 and 2 do not receiv e enough cpu time, fairness is not ensured. Ho w ev er, the relativ e load b et w een these t w o pro cesses is preserv ed, as the cpu starv ation algorithm and the preemption con trol prev en ts an y pro cess in the stride queue from getting more cpu time than its share (rela- tiv ely to other pro cesses in the stride queue), and ensuring also that the stride queue is used regularly to sc hedule pro cesses. This examples sho ws that fairness is not ac hiev ed when a hea vy in teractiv e load is concurren tly run- ning on the same no de. Because priorities are cal- culated statically without using the share of cpu time allo cated to pro cesses, as in classical priorit y sc heduling, a user with man y in teractiv e pro cesses can still get more cpu time. 5. Conclusion and F uture W ork W e ha v e presen ted our implemen tation of stride sc heduling whic h allo w an fair allo cation of cpu

8 time using tic k ets allo cated to users and pro cesses, with a v ery lo w o v erhead. Preliminary results ha v e sho wn that fairness is ensured for compute b ound pro cesses o v er v ery short time in terv als, ev en in the case of dynamic c hange in cpu share allo cation. The com bination of this metho d with a more classical priorit y sc heduling sc heme ensures a go o d resp onse time to ev en t o ccurrence for in teractiv e pro cesses. In this case, preemption of compute b ound jobs b y high priorit y in teractiv e pro cesses is necessary , resulting in an acceptable degradation of fairness. Ho w ev er, as priorities are a�ected dep ending only on the run time b eha vior of pro cesses, this degra- dation can p ersist so that pro cesses can get more than there fair share, whereas it should b e limited to few seconds. The next steps of this w ork will in v estigate metho d to separate more e�cien tly pro cesses de- p ending on their b eha vior, and to p enalize of pro- cesses (and users) receiving more than their fair share b y either in tro ducing a priorit y correction de- p ending on the share and on the previous cpu usage, or b y using more in tensiv ely the stride sc heduling metho d. More w ork also needs to b e done on the de�ni- tion of in teractiv eness. F or example, a compute b ound job w aiting on a semaphore could b e seen as an in teractiv e pro cess. W e need to raise pa- rameters allo wing the sc heduler to di�eren tiate I/O b ound pro cesses (t ypically user in terfaces, text ed- itors, and more generally pro cesses using external devices I/O) to compute b ound pro cesses and syn- c hronized parallel applications. A more e�cien t resource usage could b e also im- plemen ted using a system wide tic k et inheritance mec hanism. Indeed, tic k ets of sleeping pro cesses are un used and th us w asted, whereas for example applications could exc hange tic k ets to reduce the w ait time on sync hronization, and pro cesses hold- ing critical resources could b e sc heduled more often to relinquish these resources faster. Extensions of stride sc heduling to m ultimedia real-time sc heduling will also b e in v estigated, b e- cause a constan t service rate can as w ell b e imple- men ted using this metho d. Ac kno wledgmen ts W e w ould lik e to thank Men tor Graphics Japan Corp oration for pro viding their pro ducts and ser- vices as a part of the Higher Education Program. A part of this researc h w as supp orted b y the Gran t-in-Aid for Scien ti�c Researc h (B)(2)#10558045, and (C)#09680334 from the Ministry of Education, Science, Sp orts and Culture. References 1) Jean Bacon: Concurren t Systems - Op erating Systems, Database and Distributed Systems : an in tegrated approac h, A ddison Westley , Sec- ond edition (1997). 2) A. Goscinski: Distributed op erating systems - the logical design (1991). 3) Maurice J. Bac h: The design of the Unix op- erating system (1986). 4) Amnon Barak, Shai Guda y , Ric hard G. Wheeler \The Mosix distributed op erating system : Load balancing for Unix", L e ctur e Notes in Computer Scienc e , v ol. 672, (Springer- V erlag, Berlin, 1993). 5) A. Silb ersc hatz, J. P eterson, P . Galvin \Op er- ating System Concepts", Third edition (1991). 6) Prabhat K. Andleigh: Unix System Arc hitec- ture (1990). 7) A T&T Unix System V Release 4 Pr o gr ammers Guide : System servic es and Applic ation Pack- aging to ols (1990). 8) S. Khanna, M. Sebree, J. Zolno wsky: Real- time Sc heduling in SunOS 5.0, USENIX Con- fer enc e Pr o c e e dings (win ter 1992). 9) Carl A. W aldspurger, William E. W eihl: Stride Sc heduling - Deterministic Prop ortional- Share Resource Managemen t, T e chnic al mem- or endum MIT/LCS/TM-528, MIT L ab or atory for Computer Scienc e (June 1995). 10) Carl A. W aldspurger, William E. W eihl: Lot- tery Sc heduling - Flexible Prop ortional-Share Resource Managemen t, Pr o c e e dings of the �rst Symp osium on Op er ating Systems Design and Implementation (1994). 11) Andrea C. Arpaci-Dusseau, Da vid E. Culler: Extending Prop ortional-Share Sc heduling to a Net w ork of W orkstations, Computer Scienc e Division, University of California, Berkeley (Undated). 12) Ra ymond B. Essic k: An Ev en t-based F air Share Sc heduler, Usenix (Win ter 1990).