Impro ving P erformance in Distributed Database Systems Using Sp eculativ e T ransaction Pro cessing P . Krishna Reddy and Masaru Kitsurega w a Institute of Industrial Science The Univ ersit y of T oky o 7-22-1, Ropp ongi, Minato-ku T oky o 106, Japan f reddy , kitsure g @tkl.iis.u-toky o.ac.jp Abstract In distributed database systems (DDBSs), a transac- tion acquires the lo c ks on the data ob jects during the execution and releases them only after the completion of commit pro cessing. In DDBSs, it can b e observ ed that, ev en though a transaction pro duces new data ob- ject v alues on completion of execution and these new data ob ject v alues are not a�ected during commit pro- cessing, the lo c ks are released only after completion of commit pro cessing. In this pap er, w e prop ose sp ecu- lativ e distributed transaction pro cessing (SDTP) ap- proac h, whic h allo ws the transaction to release lo c ks on the data ob jects on completion of its execution. On completion of transaction’s execution, b y accessing b oth original and up dated v alues, the w aiting transac- tion carries out sp eculativ e executions and then starts commit pro cessing. Before the end of commit pro- cessing, the transaction that has carried out sp ecu- lativ e executions retains appropriate execution based on the termination decisions of preceding transactions. Th us, con icting transactions can b e pro cessed in par- allel without violating the serializabilit y criteria. In this pap er, w e ha v e explained the transaction pro cess- ing strategy emplo ying sp eculation and then presen ted SDTP algorithm. This approac h is free from cascad- ing ab orts. Also, SDTP approac h do es not require ex- tra n um b er of messages since ev ery message is piggy bac k ed with the messages of commit pro cessing. Ho w- ev er, it needs b oth extra pro cessing p o w er and main memory to supp ort sp eculativ e executions. This ap- proac h can b e tuned according to the resources a v ail- able in the system. Through sim ulation exp erimen ts, it has b een sho wn that SDTP approac h considerably reduces the resp onse time in the case of higher re- source con icts and longer transmission times. This approac h suits b est for the wide area net w ork en viron- men ts where the message transmission time dominates the pro cessing time. Keyw ords transaction pro cessing, concurrency con- trol, distributed databases, distributed algorithms, non-blo c king proto cols. 1 In tro duction In distributed database systems (DDBSs), the pro cess- ing of a transaction can b e separated in to t w o stages: the execution stage and the commit stage. During the execution stage, a transaction accesses the data v alues from v arious sites and up dates these data v alues in a temp orary storage of arriv al site. During the commit stage, these up dated data v alues are written in the sta- ble storage at participan t sites in an atomic manner. The three p opular concurrency con trol metho ds are lo c king [1, 2], timestamping [3], and optimistic algo- rithms [4], whic h ha v e b een prop osed for b oth cen tral- ized and distributed en vironmen ts. In order to commit a transaction, logging [2], shado w paging [5], and di�er- en tial �les [6] tec hniques are prop osed for cen tralized database systems, whereas t w o-phase commit (2PC) proto col [2] and three-phase commit (3PC) proto col [7] are prop osed for DDBSs. The general aim of a transac- tion pro cessing (concurrency con trol and commit) ap- proac h is to ensure the consistency of the database and the correct completion of eac h transaction initiated in the system. An ob vious additional requiremen t is to impro v e the p erformance of a database system b y mini- mizing the a v erage resp onse time. In order to minimize the resp onse time, it is necessary to maximize paral- lelism of transactions’ pro cessing. The ma jor factor in parallelism is the p erio d of time for whic h the data ob- ject v alues b ecome una v ailable to w aiting transactions during commit pro cessing of transactions. In DDBSs, esp ecially in wide area net w ork (W AN) en vironmen ts, the time required to commit a transaction has a signif- ican t share as compared to its execution. This is true b ecause, 2PC/3PC proto col requires exc hange of com- m unication messages as w ell as disk accesses at lo cal sites whic h are in v olv ed in computation. During this pro cess, a transaction has to w ait for resp onses from participating sites, whic h requires substan tial amoun t of w aiting time and pro cessing time. Th us, the time sp en t b y a transaction during its commit pro cessing b ecomes a ma jor factor in degrading the p erformance of DDBSs. In DDBSs, it can b e observ ed that, ev en though a 1 transaction pro duces the new data v alues at the end of its execution stage and these new data v alues are not a�ected during 2PC/3PC pro cessing of a transac- tion, the lo c ks on the data ob jects are released only after the completion of 2PC/3PC pro cessing. In this situation, parallelism can b e increased b y allo wing sub- sequen t transactions to access the �nal data v alues pro- duced b y the curren t transaction, immediately at the end of its execution stage. In this pap er, w e prop ose sp eculativ e distributed transaction pro cessing (SDTP) approac h, whic h allo ws the transaction to release the lo c ks on the data ob jects on completion of its execu- tion. By accessing b oth original v alues and up dated v alues on completion of transaction’s execution, the w aiting transaction sp eculativ ely carries out alterna- tiv e executions, starts commit pro cessing. Before the end of commit pro cessing, the transaction that has car- ried out sp eculativ e executions retains appropriate ex- ecution based on the termination (commit/ab ort) de- cisions of preceding transactions. Because of its critical p erformance issue, the trans- action pro cessing problem has b een w ell studied in the con text of b oth cen tralized and DDBSs. There are prop osals in the literature to increase the p erfor- mance b y emplo ying h ybrid concurrency con trol algo- rithms, m ulti-v ersion algorithms, and seman tic based algorithms [8]. In tegration of concurrency con trol pro- to cols and commit mec hanisms for cen tralized en viron- men ts is explored in reference [9]. Recen tly commit pro cessing has attracted atten tion due to its e�ect on the p erformance on the transaction pro cessing. It has b een sho wn in [10] that the time to commit accoun ts for one third of the transaction duration in a general purp ose database. In [11], exp erimen tal studies ha v e b een rep orted on b eha vior of concurrency con trol and commit algorithms in the W AN en vironmen ts. It has b een sho wn that the time to commit can b e as high as 80 p er cen t of the transaction time in the W AN (In ter- net) en vironmen ts. A concurrency con trol approac h for real time en vironmen t b y emplo ying redundan t compu- tations is prop osed in [12]. In this approac h, whenev er a transaction encoun ters a con ict during its execu- tion, it starts another shado w execution. In this w a y , a transaction ma y ha v e k n um b er of sp eculativ e execu- tions. By this, the probabilit y of completing the execu- tion of a transaction b efore the deadline increases. In [13] the sp eculation is applied to service requests made b y clien ts on the W orld Wide W eb. In this, the serv er resp onds to a clien t’s request b y sending, in addition to the data (do cumen ts) requested, a n um b er of other do cumen ts that it sp eculates will b e requested b y that clien t in near future. It has b een demonstrated that appropriate sp eculation reduces b oth serv er load and service time, without increasing net w ork bandwidth. In [14], using sim ulation mo del, it has b een sho wn that distributed commit pro cessing can ha v e more in uence than distributed data pro cessing on the throughput p erformance. In this, a mo di�ed optimistic proto col is prop osed, in whic h a transaction carries out single exe- cution b y reading the uncommitted v alues pro duced b y the con icting transaction, up to one lev el. A failure of a transaction ma y result in ab orting of another trans- action whic h has read uncommitted v alues of the failed transaction. Mo di�ed optimistic proto col is prop osed for lo cal area net w ork based en vironmen ts in whic h the probabilit y of failure during the commit pro cessing of a transaction is less as compared to the W AN en viron- men ts. In SDTP approac h, a transaction releases lo c ks on completion of its execution. In this pap er, w e ha v e pro- p osed SDTP approac h for a generalized case. That is, a transaction whic h has carried out sp eculativ e execu- tions in turn releases the lo c ks on the data ob jects im- mediately after its execution. As suc h, there is no lim- itation on the n um b er of lev els but dep ends on the sys- tem’s resources, suc h as the size of main memory . Also, SDTP approac h is robust with the ab orts of transac- tions. That is, a transaction ab ort do es not lead the other transactions whic h ha v e carried out sp eculativ e executions to ab ort. Using SDTP approac h, con ict- ing transactions can b e pro cessed in parallel without violating the serializabilit y criteria. SDTP approac h b est suits for the W AN en vironmen ts where the mes- sage transmission time dominates the pro cessing time. The b o dy of the pap er is organized as follo ws. In the next section, w e explain 2PC proto col and de�ne a system mo del. In section 3, w e explain the basic idea of sp eculativ e transaction pro cessing without in v olving commit pro cessing. In section 4, w e explain SDTP ap- proac h. In section 5, w e presen t SDTP algorithm and presen t a metho d to tune SDTP approac h according to the a v ailable resources in the system. In section 6, w e presen t the results of the p erformance ev aluation for b oth unlimited as w ell as limited resources en vi- ronmen ts. The last section �nally consists of summary and conclusions. 2 Tw o-phase commit proto col and system mo del 2.1 Tw o-phase commit proto col In DDBSs, 2PC proto col extends the a�ects of lo cal atomic commit actions to distributed transactions b y insisting that all sites in v olv ed in the execution of a distributed transaction agree to commit the transac- tion b efore its e�ects are made p ermanen t. A brief description of 2PC proto col that do es not consider fail- ures is as follo ws. Initially , the co ordinator (originating site of a transaction) writes a b egin-commit record in the log, sends P R E P AR E messages to all partici- pating sites, and en ters the wait state. When a partic- ipan t receiv es P R E P AR E message, it c hec ks if it can commit the transaction. If so, the participan t writes a ready record in the log, sends V O T E C O M M I T message to the co ordinator, and en ters the r e ady state. 2

Otherwise, the participan t writes an ab ort record and sends a V O T E AB O R T message to the co ordinator. If the decision of the site is to ab ort, it can forget ab out that transaction. The co ordinator ab orts the transaction globally , ev en if the co ordinator receiv es V O T E AB O R T message from one participan t. Then, it writes an ab ort record, sends a GLO B AL AB O RT message to all participan t sites, and en ters the ab ort state; Otherwise, it writes a commit record, sends a GLO B AL C O M M I T message to all participan ts, and en ters the c ommit state. The participan ts ei- ther commit or ab ort the transaction according to the co ordinators’ instructions and sends bac k AC K (ac- kno wledgmen t) message at whic h p oin t the co ordina- tor terminates the transaction b y writing an end-of- transaction record in the log. The 2PC proto col ensures the consisten t termina- tion of a transaction ev en when failures o ccur [17, 18]. Also, di�eren t comm unication paradigms can b e used to implemen t 2PC proto col. The one describ ed ab o v e is called the cen tralized 2PC, since the comm unication is b et w een the co ordinator and the participan ts only . In this pro cess, the participan ts do not comm unicate among themselv es. 2.2 System mo del The DDBS consists of a set of data ob jects. A data ob ject is the smallest accessible unit of data. In this pap er, X ; Y ; : : : ; Z represen t data ob jects. Eac h data ob ject is stored at one site only . T ransactions are rep- resen ted b y T i ; T j ; : : : ; and sites are represen ted b y S i ; S j ; : : : ; where, i; j; : : : are in teger v alues. The data ob jects are stored at database sites connected b y a computer net w ork. Eac h site supp orts a transaction manager and a data manager. The transaction manager sup ervises the pro- cessing of the transactions, while the data managers manage individual databases. The net w ork is assumed to detect failures, as and when these o ccur. When a site fails, it simply stops running and the other sites detect this fact. The comm unication medium is assumed to pro vide the facilit y of message transfer b et w een sites. When a site has to send a message to some other site, it hands o v er the message to the comm unication medium, whic h deliv ers it to the destination site in �nite time. W e assume that, for an y pair of sites S i and S j , the comm unication medium alw a ys deliv ers the messages to S j in the same order in whic h they w ere handed to the medium b y S i . W e de�ne a transaction as a set of atomic op erations on data ob jects. An op eration is either read (returns the v alue of the data ob ject), or a write (up dates the ob ject with a sp eci�ed new v alue). F or an y T i and data ob ject X, r i [ X ] denotes a read executed b y T i on X. Similarly , w i [ X ] denotes a write executed b y T i on X. In general, a transaction do es not ha v e to b e a totally ordered sequence. When t w o op erations are not ordered relativ e to eac h other, these can b e executed in an y order. Ho w ev er, a read and a write on the same elemen t m ust b e ordered. A transaction that has b een initiated but has not y et committed or ab orted is said to b e activ e. The ob jects to b e lo c k ed b y the transaction for the purp ose of read and write steps are termed as read-set (RS) and write-set (WS), resp ectiv ely . The union of RS and WS of T i consti- tute lo c king v ariables. T ransactions T i and T j are said to ha v e R(read)-W(write), W-R or W-W con ict, if R S ( T i ) \ W S ( T j ) 6 = � ; W S ( T i ) \ R S ( T j ) 6 = � ; or W S ( T i ) \ W S ( T j ) 6 = � , resp ectiv ely . Also, T i and T j are said to b e in con ict, if at least one of the ab o v e con icts exists. It is assumed that t w o-phase lo c king algorithm is em- plo y ed for concurrency con trol and 2PC proto col with cen tralized comm unication paradigm is emplo y ed for commit pro cessing. Also, deadlo c k detection and re- mo v al [15, 16] is carried out whenev er a deadlo c k o c- curs in the system. Figure 1: Pro cessing of a T i in the DDBSs The pro cessing of a T i , in DDBSs is depicted in Fig- ure 1. In this Figure, s i denotes the starting of execu- tion and e i denotes the completion of execution. The data v alues pro duced at e i are termed as uncommit- ted (new) v alues. The completion of �rst and second phases of 2PC proto col are denoted b y f i and c i , re- sp ectiv ely . In SDTP approac h, a transaction starts its pro cess- ing in the normal mo de. During its execution, if a transaction reads at least one uncommitted v alue pro- duced b y another transaction, it en ters in to sp eculativ e mo de. In sp eculativ e mo de, a n um b er of sp eculativ e executions are carried out on b ehalf of T i . W e use the notation T ij or (i,j) to represen t j th ( j � 1) execution of T i . The notation T i 1 is used to represen t the initial execution of T i . Also, RS and WS of T ij are repre- sen ted b y RS ij and W S ij resp ectiv ely . A data ob ject ma y ha v e more than one uncommitted v ersions. The notation X q ( q � 1) is used to represen t q th v ersion of X. The notation X 1 represen ts initial v alue of X when no transaction is accessing it. 3 Sp eculativ e transaction pro- cessing In this section, w e �rst explain ab out the v ersion tree of the data ob ject. Next, w e explain sp eculativ e trans- action pro cessing without in v olving commit pro cessing. Subsequen tly , w e presen t the execution complexit y of sp eculativ e transaction pro cessing. 3

3.1 V ersion tree of the data ob ject W e emplo y tree data structure to organize the uncom- mitted v ersions of a data ob ject pro duced in sp ecula- tiv e transaction pro cessing. F or a data ob ject X, its v ersion tree is denoted b y tr ee X . It is a tree with X 1 (committed v ersion) as the ro ot and its uncommitted v ersions as the rest of no des. Initially , X is represen ted as a tree with X 1 as the ro ot no de. A transaction ac- cesses tr ee X in place of X. Also, tr ee X is up dated when a transaction that accesses X completes execution. Consider that T i carries out n ( T ik ; k = 1 : : : n ) n um- b er of executions, b y accessing the set of ob jects, sa y obj ects i . Let X 2 obj ects i . On completion of T 0 i s ex- ecution, trees of data ob jects that b elong to obj ects i are up dated as follo ws. F or eac h X 2 obj ects i , eac h new v ersion of X 2 W S ik , k = 1 : : : n , is included as a c hild to the corresp onding read v ersion no de of tr ee X . 3.2 Sp eculativ e transaction pro cessing approac h W e �rst explain sp eculativ e transaction pro cessing ap- proac h b y considering a simple case where m ultiple transactions access single data ob ject. Next, w e ex- tend to a generalized case where a transaction accesses m ultiple data ob jects. 3.2.1 Simple case Consider that X is stored at S 1 and b oth T 1 and T 2 arriv e sim ultaneously in to the system to up date it. In order to explain the approac h it is assumed that a long time is required to commit a transaction as compared to its execution. Using sp eculation, transactions are pro cessed as follo ws. W e emplo y nested paren theses notation to repre- sen t tr ee X . Initially , tr ee X is ( X 1 ). Consider that T 1 starts �rst execution T 11 , with R S 11 = f X 1 g . T 11 completes with W S 11 = f X 2 g . X 2 is then included in tr ee X as ( X 1 ( X 2 )) as sho wn in Figure 2(b). After- w ards, T 1 pro ceeds with its commit pro cessing. The prop osed approac h allo ws T 2 to access tr ee X . T 2 car- ries out t w o sp eculativ e executions: one is T 21 with RS 21 = f X 1 g and other is T 22 , with RS 22 = f X 2 g . T 21 completes with W S 21 = f X 3 g , and T 22 completes with W S 22 = f X 4 g . Afterw ards, b oth X 3 and X 4 are included in tr ee X as ( X 1 ( X 2 ( X 4 ) ; X 3 )) as sho wn in Figure 2(c). If T 1 terminates with successful commit, T 22 is retained. Otherwise, T 21 is retained. No w consider that T 3 en ters in to the system to ac- cess X. By accessing tr ee X , T 3 carries out four sp ec- ulativ e executions. These are T 31 , T 32 , T 33 , and T 34 with RS 31 = f X 1 g , RS 32 = f X 2 g , R S 33 = f X 3 g , and RS 34 = f X 4 g , resp ectiv ely . T 3 completes the sp ecula- tiv e executions, with W S 31 = f X 5 g , W S 32 = f X 6 g , W S 33 = f X 7 g , and W S 34 = f X 8 g , resp ectiv ely . When, T 3 completes the execution, tr ee X is up dated b y including new v ersions X 4 , X 5 , X 6 , and X 7 as ( X 1 ( X 2 ( X 4 ( X 8 ) ; X 6 ) ; ( X 3 ( X 7 )) ; X 5 )) as sho wn in Fig- ure 2(d). Before the end of its commit pro cessing, T 3 retains appropriate execution based on the com- mit/ab ort decisions of b oth T 1 and T 2 . When a transaction terminates, the trees of corre- sp onding data ob jects are up dated. F or example, if T 1 commits, tr ee X is up dated with X 2 as the ro ot. Oth- erwise, if T 1 ab orts, subtree of X 2 (including the no de X 2 ) is deleted from tr ee X . (a)Initial (b) After T 1 ’s (c) After T 2 ’s (d) After T 3 ’s state execution execution execution Figure 2: State of tr ee X 3.2.2 Generalized case No w, w e consider a generalized case where a transac- tion accesses m ultiple data ob jects. Before accessing an y ob ject, a transaction ma y b e executing either in the normal mo de or in the sp eculativ e mo de. A normal mo de transaction has only one execution. When it accesses data ob ject X ha ving n no des in its tr ee X , it carries out n sp eculativ e executions and en- ters in to sp eculativ e mo de. Consider that T i is execut- ing in sp eculativ e mo de with m executions. Next, it accesses X. There exist t w o cases: tr ee X con tains only one no de and tr ee X con tains n no des. If tr ee X con tains only one no de, eac h one of T 0 i s sp eculativ e executions accesses tr ee X and con tin ues its execution. Otherwise, if tr ee X con tains n no des, the pro cess is extended to all the no des of tr ee X . That is, for eac h T iq (q=1 : : : m), n sp eculativ e executions are carried out (one for eac h no de of tr ee X ). 3.3 Complexit y of sp eculativ e transac- tion pro cessing In SDTP approac h, the n um b er of sp eculativ e execu- tions pro duced b y T i dep ends on the n um b er of ob jects it accessed and the n um b er of uncommitted v ersions in the tree of eac h ob ject. Theorem : Consider that T i has completed execution b y accessing m data ob jects. Let v k b e the n um b er of uncommitted v ersions in the tree of k th (1 � k � m ) data ob ject and N i b e the total n um b er of executions pro duced b y T i . Then, N i = Q m k =1 v k . 4

Pro of: T i starts execution b y accessing the �rst data ob ject ha ving v 1 no des in its tree and carries out v 1 executions. When it accesses the second ob ject ha ving v 2 no des in its tree, eac h one of the v 1 executions car- ries out v 2 executions. F ollo wing this, after accessing all m ob jects, N i = Q m k =1 v k . 4 Sp eculativ e distributed transaction pro cessing In this section, w e �rst explain the lo c k compatibilit y matrix. Next, through example w e explain the pro cess- ing of transactions emplo ying SDTP approac h. 4.1 Lo c k compatibilit y matrix In Figure 3, y es indicates that corresp onding lo c k re- quests are compatible and no indicates that corre- sp onding lo c k requests are not compatible.The S and X denotes shared (read) and exclusiv e (read-write) lo c ks resp ectiv ely . Lo c k compatibilit y matrix in lo c k- ing based approac h is sho wn in Figure 3(a). In SDTP approac h, S lo c k is partitioned in to execution-shared (ES) lo c k and commit-shared (CS) lo c k. Also, X lo c k is partitioned in to execution- exclusiv e (EX) lo c k and commit-exclusiv e (CX) lo c k. The transactions request only ES and EX lo c ks. On completion of a transaction’s execution, after including the new data v alues in the resp ectiv e trees of data ob- jects, ES/EX lo c ks are c hanged to CS/CX lo c ks. Lo c k compatibilit y matrix for SDTP approac h is sho wn in Figure 3(b). Lo c k requested Lo c k held b y T i b y T j S X S y es no X no no (a) Lo c k requested Lo c k held b y T i b y T j ES CS EX CX ES y es y es no y es EX no y es no y es (b) Figure 3. Lo c k compatibilit y matrix (a) Lo c king (b) SDTP approac h In SDTP approac h, m ultiple transactions can ha v e CS/CX lo c ks on a data ob ject at the same time. T o ensure consistency , SDTP approac h follo ws the b elo w rules. 1. If T i obtains EX lo c k, while T j is holding either CS lo c k or CX lo c k on the data ob ject, T i is com- mitted only after the termination of T j . 2. If T i obtains ES lo c k, while T j is holding CX lo c k on the data ob ject, T i is committed only after the termination of T j . 4.2 Example using SDTP approac h W e explain the pro cessing of transactions in DDBSs b y considering the example. Consider that the data ob jects X, Y, and Z are stored at sites S 1 ; S 2 ; and S 3 resp ectiv ely . Both transactions T 1 and T 2 arriv e at S 2 to (read and write) access (read and write) X,Y and Y, Z resp ectiv ely . The pro cessing without SDTP ap- proac h is depicted in Figure 4(a). T 1 completes the execution b y pro ducing the uncommitted data v alues of b oth X and Y. After the completion of its 2PC pro- cessing, T 1 releases the lo c ks on b oth X and Y. Next, T 2 obtains the lo c k on Y. Figure 4. Pro cessing: (a) without SDTP (b) with SDTP No w, w e explain the pro cessing emplo ying SDTP approac h. Initially , tr ee X = ( X 1 ), tr ee Y = ( Y 1 ) and tr ee Z = ( Z 1 ). First, T 1 obtains EX lo c ks on b oth X and Y. It completes the execution T 11 , with R S 11 = f X 1 ; Y 1 g and W S 11 = f X 2 ; Y 2 g . On comple- tion of T 11 , X 2 is included in tr ee X as ( X 1 ( X 2 )) and Y 2 is included in tr ee Y as ( Y 1 ( Y 2 )). Afterw ards, EX lo c k on b oth X and Y are c hanged to CX lo c k. (It can b e noted that tr ee Y can b e up dated on comple- tion of T 1 ’s execution as Y resides at T 1 ’s home site. Ho w ev er, tr ee X is up dated on receiving the PREP ARE message of 2PC proto col on b ehalf of T 1 .) Next, T 2 starts t w o executions b y taking Y 1 and Y 2 as inputs at e 1 . The pro cessing is depicted in Figure 4(b). The �rst execution of T 2 is T 21 with RS 21 = f Y 1 ; Z 1 g and W S 21 = f Y 3 ; Z 2 g and the second execution of T 2 is T 22 with RS 22 = f Y 2 ; Z 1 g and W S 22 = f Y 4 ; Z 3 g . Af- ter completion of execution, Y 3 and Y 4 are included in tr ee Y as ( Y 1 ( Y 2 ( Y 4 ) ; Y 3 )) and Z 2 and Z 3 are included in tr ee Z as ( Z 1 ( Z 2 ; Z 3 )). No w, without w aiting for the completion of 2PC pro cessing of T 1 , T 2 pro ceeds with �rst phase of 2PC pro cessing b y sending the ef- fect (RS and WS) of b oth T 21 and T 22 to the partic- ipating sites as part of P RE P ARE message. When a participan t site receiv es the P RE P ARE message, it c hec ks if it can commit a transaction. If so, after writ- ing the P R E P AR E message in the stable storage, it sends V O T E C O M M I T message to S 2 . Otherwise, it sends V O T E AB O RT message to S 2 . If all the partic- ipan t sites resp ond with V O T E C O M M I T messages, S 2 tak es the decision to retain one of the t w o executions as follo ws. After the completion of �rst phase of 2PC of T 2 , the co ordinator c hec ks for ABOR T/COMMIT decision of T 1 . If T 1 commits, then the co ordinator of T 2 tak es the decision to retain the execution T 21 as it 5 follo ws the serial order < T 1 ; T 2 > . Otherwise, if T 1 ab orts, the co ordinator tak es the decision to retain T 22 as it follo ws the serial order < T 2 ; T 1 > (This is under the assumption that T 1 is resubmitted after its ab ort and that no other transaction en ters in to the system.) Next, the co ordinator sends this decision as a part of GLOBAL COMMIT message to all the participan ts. In this w a y , b oth T 1 and T 2 can b e pro cessed in paral- lel without violating the serializabilit y criteria. 5 Description of SDTP Algo- rithm In this section, w e �rst explain the terms used in the algorithm. Next, the algorithm is presen ted. Subse- quen tly , w e presen t a metho d to tune SDTP approac h according to the a v ailable resources in the system. A t the end of the section, w e brie y discuss the b eha vior of SDTP approac h against failures. 5.1 T erms used to presen t the algo- rithm � Home site ( H S i ): The site of origin of T i is referred to as the home site ( H S i ). � Num b er of sp eculativ e executions of T i ( N i ) : It is an in teger ( N i � 1), whic h represen ts the n um b er of sp eculativ e executions carried out b y T i . � Status of a transaction ( S T i ): The S T i ( X ) is main tained for eac h data ob ject X that is accessed b y T i . It tak es one of the follo wing v alues. S T i ( X ) = w aiting : T i is w aiting for X or executing. = b egin commit : T i has started 2PC pro cessing. = committed : T i has committed. = ab orted : T i has ab orted. � Lo c k request ( LR ik ): During the execution of T i , H S i sends LR ik to S k , whenev er a data ob ject is required at S k . � Activ e queue of X: It is denoted b y a q ueue X whic h is main tained at the residen t site of eac h data ob ject X. Consider that T i accesses X. Then, triple < T i ; T R E E X ; status > is stored in a q ueue X . In this, T i denotes transactions’ iden tit y . When T i accesses X, tr ee X is copied to T RE E X . The sta- tus tak es one of the t w o v alues: true or false. Sup- p ose T i accesses X. If tr ee X con tains only one v er- sion, the status is assigned to true. Otherwise, if tr ee X con tains more than one v ersion, initially the status is assigned to false. It is c hanged to true whenev er the preceding transaction terminates. � W ait queue of X: It is denoted b y w q ueue X whic h is main tained for eac h ob ject. It is used to store the lo c k requests that are w aiting to access X. � R E S ik : In resp onse to LR ik , S k prepares the message R E S ik with t w o �elds: t yp e and data v al ues . The t yp e �eld tak es one of the t w o v alues: true or false. The data v alues are assigned to data v al ues �eld. � conf ir m i : It is a set of data v alues whic h is main- tained for a T i at H S i . 5.2 SDTP algorithm W e presen t SDTP algorithm, b y emplo ying dynamic t w o-phase lo c king algorithm for concurrency con trol. In this, the lo c k request is issued to a data ob ject when- ev er it is required. Initially , eac h data ob ject X is orga- nized as a tree with X 1 as the ro ot no de. Also, w q ueue and a q ueue of all the data ob jects are empt y . F or a data ob ject, arriving lo c k requests are stored in its w q ueue . The algorithm exc hanges the di�eren t kinds of messages. A t an y site, dep ending on the message receiv ed, a sp eci�c action is in v ok ed. � New transaction /* H S i starts new T i */ When T i ( T i 1 ) starts at H S i , the follo wing v ari- ables are initialized: N i := 1; conf ir m i := � , R S i 1 := � . A lo c k request message LR ik = ( T i ; X ) is sen t to S k where X resides. � LR ik /* S k receiv es it from H S i */ 1. If b oth a q ueue X and w q ueue X are empt y , the follo wing actions are p erformed. Other- wise, step (2) is follo w ed. X 1 is lo c k ed. The information \ S T i ( X ) := w aiting " is stored at S k . The triple < T i ; tr ee X ; tr ue > is stored in a q ueue X . The message RE S ik is prepared with \ RE S ik :ty pe := tr ue ", and \ RE S ik .data v alues := v alue of X 1 ". Next, RE S ik is sen t to H S i . 2. If LR ik is in con ict with preceding LR j k whic h is already w aiting for X in w q ueue X , LR ik is stored in w q ueue . Otherwise, if pre- ceding LR j k has accessed X in a q ueue X , the steps giv en b elo w are follo w ed. 2.1 If S T j ( X ) = w aiting , LR ik w aits un til the v alue of S T j ( X ) b ecomes \ beg in commit ". 2.2 If ( S T j ( X ) = beg in commit ), the fol- lo wing actions are follo w ed. LR ik is remo v ed from w q ueue X . The triple < T i ; tr ee X ; f al se > is stored in the a q ueue X . The information \ S T i ( X ) = w aiting " is stored at S k . The message R E S ik is prepared with, \ R E S ik :ty pe := f al se "; \ R E S ik :data v al ues :=no de v al- ues of tr ee X ". Next, RE S ik is sen t to H S i . 6

� R E S ik /* H S i receiv es it from S k */ 1 If RE S i .t yp e=true, all N i executions are con- tin ued, with X 1 . F or q = 1 : : : N i , R S iq is up dated as f X 1 g [ RS iq . Otherwise, if R E S i .t yp e=false, step (2) is follo w ed. 2 Consider that, R E S ik .data v alues has n v al- ues in it. Eac h execution T iq (q=1 : : : N i ) is replaced b y n executions taking eac h X p (p=1 : : : n) as input. The actions in this step are presen ted in the follo wing mo dule. b egin p:=0; /* k, p and q are in teger v ariables */ for q:=1 to N i do for k:=1 to n do b egin p:=p+1; T ip :=(i,p); R S ip := f X k g [ R S iq ; /*The execution T ip is carried out with RS ip */ end; N i :=p; end. 3 If T i completes execution, the follo w- ing actions are p erformed. The message P RE P ARE ik is prepared with R S ij and W S ij of all N i executions along with resp ec- tiv e execution n um b er (i,j) for data ob jects residing at S k . Next, as a part of the �rst phase of 2PC, P RE P ARE ik is sen t to eac h participan t site S k . � P RE P AR E ik /* S k receiv es it from H S i */ 1 The message P R E P AR E ik is stored in the stable storage. Next, S k c hec ks if it can com- mit T i . If so, step (2) is follo w ed. Otherwise, step(3) is follo w ed. 2 The new v ersions receiv ed with P RE P ARE ik are included in the resp ectiv e trees as the c hildren of corresp onding v ersion in R S iq (1 � q � N i ). The ES/EX lo c ks for the data ob jects accessed b y T i at S k are c hanged to CS/CX lo c ks. F or eac h data ob- ject X that is accessed b y T i at S k , S T i ( X ) is c hanged to beg in commit . (The w ait- ing transactions are gran ted lo c ks on these data ob jects.) Next, for eac h data ob ject X that is accessed b y T i at S k , the status of T i is c hec k ed in a q ueue X . If status=true, the corresp onding no de v alue in T R E E X is sen t along with V O T E C O M M I T ik to H S i . Otherwise, if status=false, it is put to w ait either for time-out, or to get terminating de- cision of preceding transaction. 3 The message V O T E AB O RT ik is sen t to H S i . � V O T E C O M M I T ik /* H S i receiv es it from S k */ 1 If no de v alue X q is receiv ed with V O T E C O M M I T ik , conf ir m i := f X q g [ conf ir m i . If H S i receiv es V O T E C O M M I T ik messages from all par- ticipan ts, step (2) is follo w ed. Otherwise, it w aits for the time-out. 2 F rom all R S iq (1 � q � N i ) of T i , some q is selected suc h that conf ir m i � R S iq . Next, message GLO B AL C O M M I T ik with execu- tion n um b er (i,q) is sen t to all the partici- pan ts. � V O T E AB O R T ik /* H S i receiv es it from S k */ The message GLO B AL AB O R T ik is sen t to all the participan ts. � GLO B AL C O M M I T ik /* S k receiv es it from H S i */ F rom the stable storage of S k , message P RE P AR E ik is retriev ed. F rom this, exe- cution n um b er (i,q), whic h is receiv ed with GLO B AL C O M M I T ik is retained. Supp ose some X q 2 W S iq . Then, tr ee X is up dated with X q as the ro ot. Also, TREEs of all subsequen t en- tries in a q ueue X is up dated with X q as the ro ot. Next, for eac h data ob ject X that is accessed b y T i at S k , status of subsequen t lo c k request in the a q ueue X is c hanged to true. S T i ( X ) is c hanged to committed. Next,\ AC K ik " is sen t to H S i . � GLO B AL AB O R T ik /* S k receiv es it from H S i */ The transaction is ab orted. S T i ( X ) is c hanged to ab orted. The new no des included b y T i in tr ee X are remo v ed along with their subtrees. Also, the no des included b y T i in TREEs of all subsequen t en tries of a q ueue X are deleted along with their subtrees. Next, for eac h data ob ject X that is ac- cessed b y T i at S k , the status of subsequen t lo c k request in a q ueue X is c hanged to true. The mes- sage \ AC K ik " is sen t to H S i . � AC K ik /* H S i receiv es ac kno wledgmen t message from S k */ After receiving AC K ik messages from all the participan ts, H S i terminates T i b y writing the end of tr ansaction record in the log. 5.3 SDTP approac h : limited resources It can b e observ ed that, SDTP approac h do es not re- quire extra n um b er of messages as ev ery message is sen t with the messages of 2PC proto col. But, it needs extra memory and pro cessing p o w er to carry out sp eculativ e executions. In SDTP approac h, the n um b er of sp ec- ulativ e executions that a transaction has to carry out increases exp onen tially with the increase in data con- ten tion. Since eac h sp eculativ e execution needs sepa- rate w ork space, the size of main memory a v ailable in the system can limit the n um b er of sp eculativ e execu- tions. With this limitation, pro cessing cost ma y not b e 7 considered as a considerable o v erhead as curren t tec h- nology pro vides high sp eed parallel computers at lo w cost. T o k eep n um b er of executions within the manage- able limit according to the a�ordable size of the main memory , the n um b er of sp eculativ e executions carried out b y a transaction can b e con trolled with t w o v ari- ables : v er sions l imit and executions l imit . F or a data ob ject, v er sions l imit v ariable limits the maxim um n um b er of v ersions allo w ed in its tree. If n um b er of v ersions in the tree of a data ob ject is more than the v er sions l imit , the lo c k request is put to w ait. That is, the lo c k request w aits for the termination of earlier transaction. On termination of earlier transac- tion, the tree is up dated. Afterw ards, if the n um b er of no des equals or less than v er sions l imit , the lo c k is gran ted to w aiting lo c k request. Let the amoun t of memory to carry out single ex- ecution b e one unit. Then, N denotes the n um b er of executions that can b e executed b y the system in par- allel. The executions l imit v ariable is set to maxim um n um b er of sp eculativ e executions that can b e carried out b y the system at an y time. After getting resp onses to the lo c k requests, if the n um b er of sp eculativ e exe- cutions crosses executions l imit , the transaction is re- jected. The rejected transaction is resubmitted. 5.4 Beha vior against failures The termination and reco v ery proto cols for 2PC proto- col against failures suc h as co ordinator timeouts, par- ticipan t timeouts, co ordinator failures, and participan t failures ha v e b een explained in references [17, 18]. The same termination and reco v ery proto cols can b e em- plo y ed in the case of SDTP approac h with appropriate mo di�cations. 6 P erformance study 6.1 Sim ulation settings The meaning of eac h mo del parameter for sim ulation is giv en in T able 1. The size of the database is assumed to b e db siz e data ob jects. The database is uniformly distributed across the all num sites sites. The new transaction is assigned the arriv al site whic h is c hosen randomly o v er num sites . The parameter tr ans siz e is the a v erage n um b er of data ob jects requested b y the transaction. It is computed as the mean of a uniform distribution b et w een max siz e and min siz e (inclu- siv e). The probabilit y that an ob ject read b y a trans- action will also b e written is determined b y the param- eter w r ite pr ob . The parameter tr ans time is the time required to transmit a message b et w een sites. The pa- rameter l ocal to total is the ratio of the n um b er of lo cal requests to the n um b er of total requests for a transac- tion. The parameter r es io is the amoun t of time tak en to carry out i/o request and the parameter r es cpu is the amoun t of time tak en to carriy out CPU request. Accessing a data ob ject requires r es cpu and r es io . Also, eac h message of 2PC proto col requires r es cpu and r es io for pro cessing. The total n um b er of concur- ren t transactions activ e in the system at an y time is sp eci�ed b y m ultiprogramming lev el (MPL). The comm unication net w ork is simply mo deled as a fully-connected net w ork. An y site can send messages to all the sites at the same time. The W AN b eha vior is realized b y v arying tr ans time . This is true b ecause, in DDBSs, ev en though the di�erence in the dela y to receiv e resp onses for remote requests v aries consider- ably , the transaction do es not complete its execution, unless it receiv es resp onses from all the remote sites. In the sim ulation w e emplo y static t w o phase lo c king approac h. In this, a transaction starts the execution only after receiving the lo c ks on all the required data ob jects. The 2PC proto col is emplo y ed for the commit pro cessing. P arameter Meaning V alue db size Num b er of ob jects in 1000 the database ob jects n um sites Num b er of sites 5 sites in the system trans size Mean size of transaction 8 ob jects max size Size of largest 12 ob jects transaction min size Size of smallest 4 ob jects transaction write prob Pr (write X/read X) 1 lo cal to Ratio of lo cal requests 0.6 total to total requests res cpu Time required to carry 15 msec out CPU request res io Time required to carry 35 msec out I/O request MPL Multiprogramming lev el trans time T ransmission time b et w een t w o sites T able 1. Mo del parameters with settings The setting of r es io , r es cpu , db siz e , tr ans siz e , min siz e , and max siz e parameters are giv en in the T able 1 [19]. The l ocal to total ratio for a transaction is �xed at 0.6 [20]. Th us, 60% of the data ob jects are randomly c hosen from the lo cal database and the 40% of the data ob jects are randomly c hosen from the re- maining database sites. W e ha v e set w r ite pr ob param- eter to 1; i.e., a transaction writes all the data ob jects it reads. With these settings, b y v arying MPL v alues, su�cien t v ariation in the data con ten tion is realized. In the sim ulation exp erimen ts, w e ha v e ev aluated the resp onse time metric. The resp onse time is the time sp en t b y the transaction in the system. This is the 8 di�erence b et w een when the transaction �rst submitted and when the transaction decides to commit. 6.2 Unlimited resources In this section, w e �rst ev aluated the p erformance with- out SDTP (lo c king and 2PC proto col) approac h. In this lo c ks are released only after completion of com- mit pro cessing. Next, the exp erimen t is rep eated with SDTP approac h. The sim ulation is carried out for a v ariet y of MPL v alues and transmission time v alues assuming unlimited resources. Figure 5. MPL v ersus resp onse time at transmission time=1000 msec Figure 6. T ransmission time v ersus resp onse time at MPL=30 A t di�eren t MPL v alues, Figure 5 sho ws the re- sp onse time results. In DDBS, as w e increase the MPL, b oth data and resource con ten tion also increases. As a result, more n um b er of transactions w ait for the data ob jects. Therefore, more n um b er of transactions carry out their executions in sp eculativ e mo de. Con- sequen tly , increase in the parallelism reduces the re- sp onse time of the transactions. As a result, SDTP approac h exhibits b etter p erformance. A t di�eren t transmission time v alues, Figure 6 sho ws the resp onse time results. In DDBSs, as transmission time increases, the transaction sp ends longer duration in the commit pro cessing. As a result, more n um b er of transactions sp end longer time in w aiting for the data ob jects. In SDTP approac h, p erformance is impro v ed as more n um b er of transactions carry out their execu- tions in sp eculativ e mo de. 6.3 Limited resources situation In this section, w e ha v e analyzed the impact of size of the main memory that will limit the n um b er of sp ec- ulativ e executions carried out b y transactions. F or these exp erimen ts, w e ha v e �xed the execution l imit v alue at 1000 and observ ed the p erformance at di�er- en t v er sions l imit v alues. A t di�eren t MPL v alues and v er sions l imit v alues, Figure 7 sho ws the n um b er of rejected transactions (re- submissions) due to the crossing of executions l imit and Figure 8 sho ws the corresp onding resp onse time results. In SDTP approac h, the n um b er of sp eculativ e ex- ecutions pro duced b y a transaction dep ends on the n um b er of ob jects it has accessed and the n um b er of uncommitted v ersions in the tree of eac h ob ject. F rom Figure 7, it can b e observ ed that, b y �xing the v er sions l imit v alue, if w e increase MPL, the n um b er of rejections k eep increasing. This is true b ecause as w e increase MPL, the data con ten tion increases. Due to this, a transaction con icts on more n um b er of data ob jects. As a result, more n um b er of transactions cross executions l imit v alue. Similarly , it can b e observ ed that higher v er sions l imit results more rejections. F rom Figure 8, it can b e observ ed that b y increasing v er sions l imit , the resp onse time is impro v ed consid- erably to w ards the unlimited case. This is true b e- cause, the increase in the v er sions l imit v alue results more n um b er of transactions to carry out their execu- tions in sp eculativ e mo de. Also, the rejections ha v e little e�ect on the resp onse time p erformance of the system. Because when v er sions l imit increases, trans- actions are rejected and resubmitted again. It is ob- vious that the rejection probabilit y for those transac- tions whic h con ict on large n um b er of data ob jects is high. When a transaction is rejected its lo c ks are released. This leads to the execution of w aiting trans- actions whic h con ict on lesser n um b er data ob jects. A t di�eren t transmission time v alues and v er sions l imit v alues, Figure 9 sho ws the rejected transactions due to crossing of execution l imt and Fig- ure 10 sho ws corresp onding resp onse time results. F rom Figure 9, it can b e observ ed that with increas- ing v er sions l imit , more n um b er of transactions are rejected. Ho w ev er, at the �xed v er sions l imit and MPL, the n um b er of rejections is same at di�eren t transmission times. Because, b y increasing the trans- mission time, the w aiting for the data ob jects is in- creased but the con ten tion for the data ob jects is same. F rom Figure 10, it can b e observ ed that as w e in- crease v er sions l imit , the resp onse time decreases sig- ni�can tly to w ards unlimited case. Because, increas- ing v er sion l imit causes more transactions to explore sp eculation. 9

F rom ab o v e exp erimen ts, it can b e ob erv ed that b y selecting appropriate v er sions l imit and executions l imit v alues w e can ac hiev e considerable impro v emen t in the resp onse time metric at higher re- source con icts and longer transmission times. Figure 7. MPL v ersus rejections: transmission time=1000 msec executions l imit =1000 Figure 8. MPL v ersus resp onse time: transmission time = 1000 msec, executions l imit =1000 Figure 9. transmission time v ersus rejections:MPL=30, executions l imit =1000 Figure 10. transmission time v ersus resp onse time: MPL=30, executions l imit =1000 7 Summary and conclusions In this pap er, w e ha v e prop osed sp eculativ e distributed transaction pro cessing approac h in whic h a transaction releases the lo c ks on the data ob jects on completion of its execution. By this, the w aiting transaction ac- cesses the required data ob jects and carries out sp ec- ulativ e executions b y reading the data ob ject v alues read and written b y preceding con icting transactions. Before the end of commit pro cessing, it retains the ap- propriate execution based on the ab ort/commit deci- sions of preceding con icting transactions. Using this approac h, con icting transactions can b e pro cessed in parallel without violating the serializabilit y criteria. This approac h is free from the cascading ab orts. The SDTP approac h requires extra pro cessing and memory resources to carry out sp eculativ e executions. Through the sim ulation study , w e ha v e ev aluated the p erfor- mance of SDTP approac h. It has b een found out that ev en with limited resources, SDTP approac h signi�- can tly minimizes the resp onse time in the case of higher resource con icts and the longer transmission times. The prop osed approac h suits b est for the W AN en vi- ronmen ts where the message transmission time domi- nates the pro cessing time. In this pap er, w e ha v e pre- sen ted SDTP approac h b y emplo ying 2PC proto col. In case of 3PC proto col, SDTP approac h exhibits an impro v ed p erformance as an extra round of message transmission is in v olv ed. As a part of future w ork w e will conduct extensiv e p erformance study . Recen t adv ances in comm unication tec hnology im- pro v es the transmission bandwidth signi�can tly . Ho w- ev er, w e are still su�ering from message latency and it will b e v ery di�cult to resolv e this problem in near future. The SDTP pla ys an imp ortan t role under suc h latency sensitiv e database applications. Ac kno wledgmen ts This w ork is (partially) supp orted b y Gran t-in-Aid for Creativ e Basic Researc h # 09NP1401: \Researc h on Multimedia Mediation Mec hanism for Realization of Humanorien ted Information En vironmen ts" b y the Ministry of Education, Science, Sp orts and Culture, Japan. 10

References [1] K.R.Esw aran, J.N.Gra y , R.A.Lorie, and I.L. T raiger, The notions of consistency and predicate lo c ks in a database system, Communic ations of A CM , No v em b er 1976. [2] J.N.Gra y , Notes on database op erating systems: in op erating systems an adv anced course, V olume 60 of L e ctur e Notes in Computer Scienc e , 1978, 393-481. [3] P .A.Bernstein, and N.Go o dman, Concurrency con trol in distributed database system, A CM Computing Surveys , 13(2), June 1981, 183-221. [4] H.T.Kung, and J.T.Robinson, On optimistic metho ds for concurrency con trol, A CM T r ansac- tions on Datab ase Systems , 6(2), June 1981, 213- 226. [5] R.A.Lorie, Ph ysical in tegrit y in a large segmen ted database, A CM T r ansactions on Datab ase Sys- tems , 2(1), Marc h 1977, 91-104. [6] D.G.Sev erance, and G.M.Lohman, Di�eren tial �les: Their application to the main tenance of large databases, A CM T r ansactions on Datab ase Sys- tems ,1(3), Septem b er 1976, 256-267. [7] D.Sk een, Non blo c king commit proto cols, pr o c. of A CM SIGMOD , June 1981. [8] P .A.Bernstein, V.Hadzilacos and N.Go o dman, Concurr ency c ontr ol and r e c overy in datab ase sys- tems ( Addison-W esley , 1987). [9] R.Agra w al and D.J.Dewit, In tegrated concurrency con trol and reco v ery mec hanisms: design and p erformance ev aluation, A CM T r ansactions on Datab ase Systems , 10(4), Decem b er 1985, 529-564. [10] P .Spiro, A.Joshi, and T.K.Rangara jan, Designing an optimized transaction commit proto col, Digital T e chnic al Journal , 3(1), Win ter 1991. [11] B.Bharga v a, Y.Zhang, S. Go el, A study of dis- tributed transaction pro cessing in an in ternet- w ork, V olume 1006 of L e ctur e Notes in Computer Scienc e , 1995, 135-152. [12] Azer Besta vros and Sp yridon Braoudakis, V alue- cognizan t sp eculativ e concurrency con trol, pr o c. of the 21th VLDB Confer enc e, 1995 , 122-133. [13] Azer Besta vros, Using sp eculation to reduce serv er load and service time on the WWW, pr o c. of A CM F ourth International Confer enc e 0n Infor- mation and Know le dge Management (CKIM’95) , 1995, 403-410. [14] Ramesh Gupta, Ja y an t Haritsa and Kirti Ramam- ritam, R evisiting c ommit pr o c essing in distribute d datab ase systems , A CM SIGMOD, 1997, 486-497. [15] A.K.Elmagarmid, A surv ey of distributed dead- lo c k detection algorithms, A CM SIGMOD RECORDS , 15(3), Septem b er 1986, 37-45. [16] E.Knapp. Deadlo c k detection in distributed databases, A CM Computing Surveys , 19(4), De- cem b er 1987, pp.303-328. [17] M.T amer Ozsu and P atric k V alduriez, Princi- ples of distribute d datab ase systems , Pren tice-Hall, 1991. [18] S.Ceri and P .P elagatti, Distribute d datab ases: principles and systems (New Y ork:McGra w-Hill, 1984). [19] R.Agra w al, M.J.Carey and M.Livn y . Concurrency con trol p erformance mo deling: alternativ es and implications, A CM T r ansactions on Datab ase Sys- tems , 12(4), Decem b er 1987, 609-654. [20] Alok N.Choudhary , Cost of distributed deadlo c k detection:A p erformance study , in 1990 pr o c. of IEEE Confer enc e on Data Engine ering , 1990, 174- 181. [21] W.H.Kohler, A surv ey of tec hniques for sync hro- nization and reco v ery in decen tralized computer systems, A CM Computing Surveys , June 1981, 149-183. [22] D.Sk een and M.Stonebrak er, A formal mo del of crash reco v ery in a distributed system, IEEE T r ansactions on Softwar e Engine ering , SE-9(3), 1983, 219-227. 11