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Abstract 

This work presents a model of a distributed database system which provides the framework to study the per- 
formance of timestamp ordering concurrency control. Locking and timestamping are two popular approaches to 

concurrency control in database systems. Timestamp-based algorithms have been proposed to protect distributed 

databases from inconsistencies during concurrent access. In these algorithms, transactions may reach a particular 
site in different order than their timestamps, due to unexpected network delays. This causes conflicts which the 

distributed concurrency control mechanism has to cope with. We exhibit an analytical solution, which has been 
tested with extensive simulation. The accuracy seems to be very high. We assume perfect and also imperfect clocks 

for synchronization and quantify the way in which local clock inaccuracies affect the phenomenon of transaction 
conflicts. In particular, we derive a lot of interesting performance measures such as probability of abort, mean 
waiting time, throughput, mean queue length and others. 

Keywords: Concurrency control; Performance; Timestamp; Reordering; Conflicts; Queueing; Clock drifts; Distributed 

databases 

1. Introduction 

Database concurrency control is concerned with the problems that arise when several users access and 
update a database simultaneously. Concurrency control algorithms try to maintain the consistency of the 
database. Since the semantics of transactions are embedded in application programs, it is not easy to design 
concurrency control algorithms that take advantage of this knowledge. Most techniques therefore try to 
preserve (syntactic) serializability by trying to produce the same effect on the database as a serial execution 
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Research in the area of concurrency control for distributed database systems has led to the development 
of many concurrency control algorithms. Most of these algorithms are based on one of three basic mech- 
anisms: locking, timestamps and optimistic concurrency [4]. Given the ever-growing number of available 
concurrency control algorithms, considerable research has recently been devoted to evaluating the perfor- 
mance of concurrency control algorithms. Performance studies of concurrency control algorithms have 
been done using simulations as well as analytical methods [9,15,22,25,1,19,5,12,21,6-81. 

Analytical queueing models of concurrency control algorithms for distributed database systems have two 
distinct features which are usually absent in the queueing models of conventional systems. First, multiple 
resource possession, where a transaction holds some data items before and during seeking a service at 
CPU or I/O device. Second, blocking, where due to conflicts in resource requirements or a message wait, 
a server may be blocked. Because of the above characteristics, queueing models of concurrency control 
algorithms for distributed database systems are not amenable to the conventional product form solutions. 
The above problems are not known to have a closed form solution for queueing networks of general topology. 
Simulation studies are costly with respect to computer time. It is impossible to cover the parameter space 
as thoroughly as one would like. The major advantage of simulation over analysis is that simulation can be 
used to treat some system model whose level of detail precludes an analytic solution. 

There are two critical points in analyzing the performance of timestamp ordering concurrency control 
algorithms in distributed database systems. 
l The reordering phenomenon 

For obvious reasons, due to variable network delays, transactions do not necessarily arrive at the 
system sites in order. From the point of view of queueing theory this phenomenon has been analyzed 
in [2,3,10,16,17,23]. Our work extends these results in the field of performance analysis of concurrency 
control algorithms in distributed database systems. It is important to mention that other works, such as 
[22], assume constant time for the network delay. 

l The effect of clock drifts 
All models up to now assume global time for timestamping. In contrast real physically distributed 

database systems use local clocks which do not indicate the same time. The effect of clock drifts is 
an important point [6-8,141. However, aside from relativity considerations, it usually holds that there is 
some bounded proportion between elapsed local time spans [ 18,241. Techniques such as message passing 
can be used to keep local clocks almost synchronized [20]. In this work we assume that local clocks 
suffer a small bounded drift. 
This work studies: 

l The performance of Basic Timestamp Ordering (B T 0) using a new approximating solution, different 
from the other works, such as [19,21]. 

l An exact solution for the performance study of the Conservative Timestamp Ordering (CoT 0). 

l The effect of clock drifts on the performance of the B T 0 and COT 0. This happens for the first time. 

2. Basic architecture of distributed databases 

A database is a collection of shared data items. In a database, certain relationships hold among its data 
items. The set of these relationships for a database is called the consistency assertions of the database. A 
database is in a consistent state if the current values of its data items satisfy all of its consistency assertions. 
In such a system, a transaction is a program with read, write and other operations. A Distributed Database 
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Fig. 1. Architecture of the DDBMS model. 

DATA 

DATA 

Fig. 2. D D B M S model for a single transaction. 

Management System (DDBMS) may be viewed as a collection of nodes connected to a network. Each 
node consists of a computer running either a Transaction Manager (TM) or a Data Manager (DM) or both. 
The nodes communicate by sending messages over the network. The network is assumed to be completely 
reliable, i.e., if node A sends a message to node B, it is guaranteed that B will receive the message error-free. 
The architecture of the system is shown in Fig. 1. A TM coordinates the execution of the transaction. A 
DM manages a local database. From the viewpoint of a single transaction, the system consists of a single 
TM and a number of DMs, Fig. 2. Neither TMs nor DMs intercommunicate. 

There are several reasons why DDBMSs are developed. Many organizations are decentralized and a 
D D BMS approach fits, more naturally, the structure of the organization. D D BMS is the natural solution 
when several databases already exist in an organization and the necessity of performing global applications 
arises. The recent development of small computers, providing (at a lower cost) many of the capabilities 
which were previously provided by large mainframes, constitutes the necessary hardware support for 
the development of distributed information systems. The technology of DDBMS is based on two other 
technologies which have developed a sufficiently solid foundation during the past years, computer networks 
technology and database technology. More details about D D B MS can be found in [ 111. 
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3. Time and timestamps in a distributed database 

In a distributed system, it is sometimes necessary to know if an event A at some site happened before or 
after an event B at a different site. Determining the order of events is simple in a centralized system, since it 

is possible to use the same clock to determine the time at which each event occurs. In a distributed system, 
instead, it is not realistic to assume that perfectly synchronized clocks are available at all sites [ 111. 

Several distributed concurrency control and deadlock prevention algorithms need the determination of 
an ordering of events. The determination of an ordering of events consists in assigning to each event A 

which occurs in the distributed system a timestamp TS(A) having the following properties. 
(1) TS(A) uniquely identifies A (i.e., different events have different timestamps). 
(2) For any two events A and B, if A occurred before B, then TS(A) < TS(B). 

The main inconvenience of the above definition is that the meaning of a relationship “occurred before” is 
not precisely defined if the two events A and B occurred at two different sites, since we do not possess a 
“global clock” for measuring the exact time of occurrence of all events in the distributed system. Therefore, 
in this section we first define accurately the meaning of the “occur before” relationship in a distributed 
system, and then present an algorithm which produces timestamps having the above two properties. 

A precise definition of the “occur before” relationship in a distributed system is the following. Assume 
that we know the meaning of the statement “Event A occurred before B at site i”, i.e., that we know the 
meaning of time ordering at a single site. The relation occurred before, denoted + , can be generalized to 
a distributed environment by the following rules: 

(1) If A and B are two events at the same site and A occurred before B, then A + B. 
(2) If the event A consists in sending a message and event B consists in receiving the same message, then 

A + B. 

(3) If A + B and B -+ C, then A + C. 

4. Concurrency control based on timestamps 

With this method, a unique timestamp is assigned to each transaction; transactions are processed so that 
their execution is equivalent to a serial execution in timestamp order. This concurrency control mechanism 
allows a transaction to read or write a data item x only if x has been last written by an older transaction; 
otherwise it rejects the operation and restarts the transaction. If the timestamps do not reflect with enough 
accuracy the younger-older relationship of transactions, then the following might happen. Suppose that 
a transaction q obtains a timestamp which is smaller than the timestamp of another, already completed, 
transaction Tj, which has written data items that are needed by G. Ti is aborted and restarted with a new 
timestamp until it obtains a timestamp which is greater than the timestamp of Tj. Note that even in this case 
the concurrency control mechanism produces correct executions, at the expense of needlessly restarting the 
same transaction several times. 

4.1. The deskiption of BTO 

The B T 0 applies the following rules: 
(1) Each transaction receives a timestamp when it is initiated at its site of origin. 
(2) Each read or write operation which is required by a transaction has the timestamp of the transaction. 
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(3) For each data item x, the largest timestamp of a read operation and the largest timestamp of a write 
operation are recorded; they will be indicated as RTM(x) and W TM(x). 

(4) Let T S be the timestamp of a read operation on data item x. If T S < W T M (x), the read operation 
is rejected and the issuing transaction restarted with a new timestamp; otherwise, the read is executed 
and RTM(x) is set to max(RTM(x), TS). 

(5) Let TS be the timestamp of a write operation on data item x. If TS < RTM(x) or TS < WTM(x), 

then the operation is rejected and the issuing transaction is restarted; otherwise, the write is executed, 
and WTM(n) is set to TS. 

An interesting feature of the basic timestamp mechanism is that it is deadlock-free, because transactions 
are never blocked: if a transaction cannot execute an operation, it is restarted. 

4.2. The description of CoTO 

The main disadvantage of the B T 0 is the great number of restarts which it causes; COT 0 is a method 
which eliminates restarts by buffering younger operations until all older conflicting operations have been 
executed, so that operations are never rejected and transactions are never restarted. In order to execute a 
buffered operation it is necessary to know the time no more older conflicting operations exist. 

The COT 0 is based on the following requirements and rules. 
(1) Each transaction is executed at one site only and does not activate remote programs. It can only issue 

read or write requests to remote sites. 
(2) A site i must receive all the read requests from a different site j in timestamp order. Similarly, a site i 

must receive all the write requests from a different site j in timestamp order. 
These requirements are very simple to satisfy. First, let us assume that the communication network does 
not change the order of messages between two sites. Second, each site must be capable of sending request 
messages in timestamp order. This can be achieved in two ways. It is possible to process transactions 
serially at each site: this, however, is not very satisfying for a concurrency control mechanism. A more 
attractive solution is to execute transactions by issuing all read requests before their main execution and 
all write requests after their main execution. In this way, if TS(q) -C TS(Tj), it is sufficient to wait to 
send the Rj operations until all Ri operations have been sent and to wait to send the Wj operations until all 
Wi operations have been sent. The above requirements are thus satisfied, even if the two transactions run 

concurrently. 
(3) Assume that a site i has at least one buffered read and one buffered write operation from every other 

site of the network. Because of requirement (2), site i knows there are no older requests which can 
arrive from any site. The concurrency controller at site i behaves therefore in the following way: 
(a) For a read operation R that arrives at site i . 

If there is some write operation W buffered at site i such that T S( R) > T S( W), then R is buffered 
until these writes are executed, else R is executed. 

(b) For a write operation W that arrives at site i . 
If there is some read operation R buffered at site i such that TS( W) > TS(R) or there is some 
write operation W’ buffered at site i such that TS(W) > TS(W’), then W is buffered until these 
operations are executed, else W is executed. 
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5. The model 

We assume that the distributed database consists of K sites. The database is not replicated. This means 
that each data object exists in only one site. So, in each site there exists a different Local Data Base. The 
number of data objects per site is N. A perfectly reliable network is assumed to connect the K sites. A key 
parameter in our model is the end-to-end delay which is the elapsed time from the sending of a transaction 
from its source until the delivery of the transaction at its destination. Transactions are generated at different 

sites as independent Poisson processes. We assume that local processing times are negligible compared 
to communication delays. We also assume that transaction generations and communication delays are 
statistically independent. Each transaction is assumed to access M data objects, which belong to the same 
Local Data Base. Each Local Data Base accepts an independent Poisson process of transactions with rate 
h. Transactions travel across the network as message packets of reads and writes (one such packet per 
transaction). The data objects accessed by each transaction are equiprobably selected among the N data 
objects (uniform access). 

Then the probability of two transactions having at least one common data object is 

p +(NiiM)=l_ (N-W2 
C N ( > M 

N!(N - 2M)! 

The above expression can be further simplified to 

I+‘+...+ 
N N-l 

N_L+l)+O($)+higherorderitems]. 

If we ignore second and higher order terms and we further assume that M < N (which is usually the case 
in practice) then 

It42 
PC x-. 

N (1) 

The above result has been independently derived in [22]. 
In the case of clock drifts we assume an c-bounded drift [ 181 among the clocks. More specifically, if t is 

the global time and LC(j, t) the indication of the clock of site j at t , then there is an E > 0 such that for 
all j 

]ZC(j, t) - tj < 6. (2) 

It is obvious that the unique timestamp which each transaction receives is LC( j, t). Furthermore, the values 
of LC( j, t) are assumed to be uniformly and independently distributed in [t f E]. The constant E is known 
from the specification of the underlying hardware clocks. Typically 6 is very small, on the order of 10m5 
to 10m6. Note that only perfectly synchronized clocks were considered by the research on the performance 
of timestamps algorithms up to now [ 183. 
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The requests originating from the same site are assumed to be F I F 0, i.e., they will arrive at the same 
site in the order of their timestamps. This can be ensured by communication network protocols. The FZ F 0 
transmission requirement introduces resequencing delays. The distribution of such delays was analyzed 
in [2,3,16,17,23], mostly by modeling the network connecting two sites as an M/M/co, an M/G/co or an 
M/M/k queueing system. Even in such a case, the PDF of the pipelined transmission delay does not have a 
convenient form. In our analysis, the PDF of this delay is an input parameter. 

6. Performance analysis of BTO 

Consider one of the sites of the D D BMS. It receives a sequence of transactions which affect the contents 

of the Local Data Base. We assume that each transaction is identified by a timestamp, and that each site of 
D D B MS carries out the transactions in timestamp order. Let Tl , T2, . . . , T,, denote a sequence of trans- 
actions which enter the system and which are directed to each of the D D BMS sites via a communication 
network, and let LC(i, t,) denote the timestamp associated with Tn. We use the term LC instead of TS, 

as in the previous section, to mention the use of logical clocks. But the two terms have the same meaning 
in our analysis. In the case of perfect clocks LC(i, t,) is equal to global time t,,, where tn is the generation 
time for the transaction Tn. Each transaction Tn reaches the site where it must be executed after a com- 
munication delay yn. Thus at the output of the communication network the transactions arrive at instants 
t,, + y,, that do not necessarily respect the timestamp order. For this reason (the reordering phenomenon), 
there is a probability of abort, PA, for each transaction Tn. So, we have the following queueing problem: 

Every transaction T,, , with generation time tn, timestamp LC(i, tn) and network delay yn, must finish 
before the transactions which will arrive after it, and there is some fixed conflict probability pc between 
them. What is the probability of abort, PA? 

There are two cases for analysis: Case I, Perfect clocks, and Case II, Imperfect clocks. 

6.1. Case I: Per-$ect clocks 

t+d>ti+dj (3) 

Let us consider a particular transaction T generated at instant I which is then transmitted to one site. We 
assume that the transactions which conflict construct an independent Poisson process, with rate A, = p,h 

[23]. It is obvious, that in the case of perfect clocks, each transaction must be rejected by transactions 
which arrive later than it. So, from Fig. 3, the transaction T, that arrives at instant t, and has a network 

T, T 

A 
c-w- 

, --- I, 

A +di--t 
T 

LC( k. ‘; ) 

T-d- 

Fig. 3. The reverse order issue in case of perfect clocks. 
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delay d, must be rejected from each transaction Ti, which is generated at ti , t -e ti , and has a delay, due to 
the network, di . Then a reverse order will be found between T and each other from 6 transactions if the 
following inequality holds: 

Let event 0 Ri be the inequality t + d > ti + di. Also note that event 0 Ri can be rewritten as 

d > di + W. (4) 

In the sequel we assume that d and di are exponentially distributed with mean I_L. The factor w = ti - t is 
the time which we must wait until the generation of the ith transaction after transaction T. It is known [ 131 
that w has a Gamma distribution, with parameters i and hC. It is also known that its pdf is 

gi(W) = 

~;wi-le-lcw 

Ci _ 1j! 

and its PDF is 

i-’ (h,w)” 
Gi(W)=l-ee--bcWC-. 

n=u (n - l)! 

The probability of reverse order between transaction T and each one from I;: is 

pi =Pr(d > di + W} = Pr(d > W, d - w > di) 

= Pr(d > w}Pr(d - w > di 1 d > 20). (5) 

From our assumptions, the random variables d, di and w are independent. So from [ 131 we have that 

Pr(d - w > di ) d > W} = Pr(d > di} 

Thus, 

pi = Pr(d > w)Pr(d > di). 

Calculation of Pr(d s w} 

co 03 

Pr(d > w) = s Pr(d 2 w)gi(w) dw = s Ai Wi-le-hcw 

(1 - (1 - eepW)) ’ 
(i-l)! dw 

0 0 

A; O” 
=- 

(i - l)! s 

wi-1 e-(&+PL)W dw. 

0 

By default the integral is equal with r(i)/(h, + p)‘. Thus, 

A.’ r(i) 
Wd ’ w} = (i (A, + /& * 

But it is known that, if i E Z+ then r(i) = (i - l)! Finally we have that 

. (6) 
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Calculation ofPr(d > di) 

00 co 

Pr(d > di} = 
s 

Pr(d > di}f(di) d(di) = 
s 

(1 

0 0 

00 

=p e 
s 

-*d d(di) = k. 

0 

Thus, 

(7) 

(8) 

(1 - e-lrdi))pe-.CLdi d(di) 

Now, for the calculation of the rejection probability PA of a transaction, we must take into account the 
following factors: 

The probability of reverse order pi, with a younger transaction, decreases exponentially in relation to 
how much younger this transaction is. This means that the transaction has a bigger probability of reverse 
order with some transactions with which it has small differences with their birth time. Thus we observe 
that the reordering phenomenon has a locality. 
The interference phenomenon among transactions. This means that one of the transactions that can reject 
it, may already have been rejected, etc. We must note here that the interference phenomenon is one of 
the most difficult problems in queueing theory [ lo]. 
For the above reasons we will use an approximation so as to calculate PA. Thus we have 

PA = Pr(rejection of a transaction] 

= Pr(it is rejected by the first transaction after it} 

x Pr(the first transaction is not rejected] 

+ Pr(it is rejected by the second transaction after it} 

x Pr(it is not rejected by the first transaction after it] 

+ Pr(it is rejected by the third transaction after it} 

x Pr(it is not rejected by the second transaction after it} 

+ Pr(it is rejected by the ith-transaction after it} 

x Pr(it is not rejected by the (i - l)th-transaction after it) 

From the above it is straigthforward to observe that the probability of abort PA, for each transaction is, 

PA = (1 - PI)PI + (1 - pl(l - p1))p2 + . . . + (1 - Pk(l - pk-l(. . .>. . .))pk+l + . . . 

=fJPini. (9) 
i=l 
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where 

Xl = (1 - Pl>, 

n2 = (1 - PlWh 

nk = (1 - Pk-ink-1). 

So, Probability of Not Rejected (PNR) is 

PNR=1-PA. 

Other interesting performance measures are Throughput(T HR), 

THR = h PNR 

(10) 

(11) 

and Abort Ratio (AR), 

AR=hPA. (12) 

4.2. Case II: Imperfect clocks 

In this case, due to the clock drifts, there is the possibility that each transaction must be rejected by 
transactions which arrive later than it or before. Let us consider a particular transaction T generated at site 
j. Denote by UJ the time we have to wait until we see the generation of ith transaction E (say at site k). Let 
t and ti be the actual generation times of T, 7;: and L C( j, t), LC(k, ti ) the corresponding timestamps of T 
and Ti. Clearly w = ti - t has a Gamma distribution. If d and di denote the network delays (transmission 
plus FIFO) for T and 7;: then a reverse order will be found if and only if one of the following two sets of 
inequalities holds: 

Either, for future t -c ti (Fig. 3), T is generated earlier than c and T arrives later than c, 

LC(j, t) < LC(k, ti) and t + d > ti + di, 

or, for past t > ti (Fig. 4), T is generated later than 7;:, the clocks are out of order, but T arrives later than 2;:) 

LC(j, t) < LC(k, ti) and t + d > ti + di (13) 

Let event El be the inequality LC(j, t) -c LC(k, ti), event Ei be the inequality t + d > ti + di. 
In this case we define event of order reverse 0 Ri, as 

ORi, = (El A Ei). (14) 

Note that all literature up to now considered event Ef to be just t -c ti (thus ignoring the clock synchro- 
nization issue). The probability of reverse order, in the case of the future, then is 

p,f, =Pr{ORi, incaseoffuture} = Pr(Ei}Pr{E{} 

=Pr{d > di + w]Pr{Ei] = piPr{Ei}. (15) 
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T T 

I 

-d- 

T 

LCi 1. t ) 

Tl -d, - 

LC( k. t ,I 

Fig. 4. The reverse order issue in case of imperfect clocks. 

Also, in the case of the past we have that 

pip =Pr{ 0 Ri, in case of past} = pi (1 - Pr{ Ei }). (16) 

As far as Pr{ Ei } is concerned we have the following two cases: 

Case 1 (Fig. 5). If f +r 5 ti -6, which means that w = ti -t > 26, then event E’, holds with conditional 
probability 1. 

In this case 

Pr{event Ef in Case 1) = Pr{LC(j, t) 5 LC(k, ti))Pr(event El given Case 1) 

i-1 (2EhJn 
=Pr(ti - t 2 2r} * 1 = 1 - Gi(2rhJ = e-2’Ac c 7. 

n=O . 
(17) 

Case 2 (Fig. 6). If t + E > ti - 6 then 2~ > w = ti - t. 

In this case 

Pr{event E’, in Case 2) = Pr{ti - t < 2c}Pr{event E’, given Case 2}. 

LC(k, t,) 

I , 

I I I I I 
1 I 

t-c t t+c t;c 
t, 

t,+L 

LC(I, t 1 

Fig. 5. Case 1. 

LC(k, tl 1 

( 1 
tl- c t 

1 
t,+ c 

I I I I I / 
t-c t t+c 

t I 

LC(T, t ) 

Fig. 6. Case 2. 
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t,+c LC(J,t) 

Fig. 7. The four subcases of Case 2. 

It is straightforward to observe that 

i-1 (2Eh3 
Pr{fi - f < 2~) = Gi(2~h,) = 1 - e-2Exc c ~ 

n=O n! ’ 

Also, Fig. 7, by conditioning on fi - t = w, 0 5 w 5 26, 

Pr{Ei 1 Case 2) = Pr{A)Pr{Ei ( A) + Pr{B)Pr{Ei 1 B) 

+ Pr(C)Pr{Ef ) C) + Pr{D)Pr{Ei ( D) 

It is easy to see that 

Pr{Et [ A} = Pr{t + c < LC(k, fi) < f; + c and ti - E < LC(j, t) < f + E) = 1. 

Similarly 

Pr{Ef 1 B) = 1, Pr(E’; ) C) = i, Pr(Ei, I D) = 1. 

In Fig. 7, the horizontal axis indicates the possible values of LC(k, ti) and the vertical one the possible 
values of LC(j, f). 

Also, by counting areas in Fig. 7, we get 

PrIAj = Cfi - f)(f - fi + 2E) 

46 ’ 
Pr{B) = (fi4T:‘2, 

Pr(C) = 0 - fi + w2 
Pr{D) = 

(fi - f)(f - fi + 26) 

462 ’ 4E2 ’ 
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Table 1 
Numerical results for h, = 5 

i WE; 1 
- 

E = 10-b E = 10-4 Ez = 10-L 6 =O.I l = 0.5 c=l 

0.9999 0.9992 0.9341 0.6978 0.6845 0.6198 

I 1 0.9974 0.8596 0.7484 0.7144 

I 1 0.9999 0.9639 0.7501 0.7209 

1 1 1 0.9935 0.7609 0.7402 

1 1 1 0.999 1 0.7855 0.7662 

1 1 I 0.9999 0.8647 0.8493 

I 1 1 1 0.9299 0.8999 

1 1 I 1 0.969 1 0.9455 

After this, 

Pr{ Ef ( Case 2) 

= [(ri - t)(f - tj + 2E) + (tj - t)* + i(t - ti + 2E)* + (ti - t)(t - ti + 2t)] $. 

Thus, by conditioning on t; - t = 20 we have 

Thus, finally from Cases 1 and 2 we have 

j-t (2Eh3 
pr(Ef ) = e-*“c C ~ 

n=O n! 

+1-e- 2c& c;z; (2ch,)“/n! 2t An WV I e-k’W 
8~* S] 

4wr-w2+4E c 1 dw. (n - l)! 
w=o 

(19) 

Table 1 shows numerical results for Pr{ E’, ). From Appendix A and Table 1, we have 

In a similar manner 

J$oPr(E;) = 1 and lim Pr{Ef ) = 1. 
i+oo 

From the above, we conclude that, 

i 5 Pr{@ 5 1. 

Using the same argument, as in perfect clocks, it is easy to observe that the probability of abort PA for 
each transaction is 
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PA = Pr{rejection of a transaction) 

= Pr(it is rejected by the first transaction in the future) 

x Pr{tbis transaction is not rejected} 

+ Pr{it is rejected by the first transaction in the past] 

x Pr(it is not rejected by the first one in the past} 

+ Pr{it is rejected by the second transaction in the future} 

x Pr{it is not rejected by the first one in the past} 

Thus, 

PA = (1 - &pf, + (1 - (1 - P$P$Pp, + (1 - (1 - (1 - 

= i = 1,3,5, . . . 
i=l 

where 

Xl = (1 - Pif,,, 

n2 = (1 - rrIPf,h 

7t3 = (1 - Ir2Pf,), 

x4 = (1 - n3P$Y 

nk = (1 - nk-IP;_$. 

The Probability of Not Rejected (PNR) is 

PNR=l-PA. 

Also the Throughput (T H R) is 

THR = )c PNR 

and AbortRatio is 

AR=hPA. 

7. Performance analysis of CoTO 

(20) 

(21) 

(22) 

Due to the reordering phenomenon each transaction T,, must be waiting in a resequencing buffer for 
time wt,. In general, we shall assume that each transaction needs to be ordered with respect to some subset 
of the preceding transactions [2,3,10,16,17]. A quite general case expresses a random association of data 
items and can be stated: 
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Fig. 8. The reordering issue. 

Fig. 9. The performance model. 

Every transaction Tn, with generation time tn, timestamp X(1’, t,) and network delay y,, must respect 

the timestamp order with each one of the transactions which has arrived before it, with some fixed conflict 
probability pc. 

According to the reordering issue (Fig. 8), the PDF of random variable wt,, in equilibrium is 

WT(x) = P(wt, -=c x). (23) 

We have 
co 

WT(x) = lim 
tn -+ lx s 

M’T(t,, y,, x)f(y,) dy, 

0 

where WT(t,, , yn, x) is the conditional probability of wt,, given that transaction T,, arrived at time t,, and 
had a network delay y, and f(yn) is the distribution of service time in the network (exponential, with 
rate p). 

Then 

WT(x) = lim 
t,+CX, 

” F(& +” +‘) &,, 1 
j 

pL(1 - pc)k-j 
s tn 

f(yn)dyn. 

0 

In order to produce the above formula we considered the probability of the event, that in the time interval 
(0, tn) k transactions arrive, following a Poisson process, in the Local Data Base, and all transactions 
that conflict with transaction T, (j out of k transactions), leave the network before the tn + y, + x time 
interval. Also we used the known property of the Poisson process, which says that given that k arrivals of 
the Poisson process occurred in the time interval of length tn, then the arrival times are independent and 
uniformly distributed random variables in this time interval. We note that F in the above formula is the 
PDF of service time in network. After some algebra (Appendix B), we have 

WT(x) = fekx (I - e-pePi’*) , P = b/P. (25) 
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The Probability of No Waiting P N W is 

PNW = Pr{No waiting} = WT(x = 0) = (l/p) (1 - eMP). 

Also Probability of Waiting P W is 

PW=l-PNW. 

The Mean Waiting Time (M W T) is 

(26) 

(27) 

CG cc 

MWT = 
s 

1 - WT(x)dn = 
s 

1 _ lp 1 _ p=+ 
( (28) 

P 
0 0 

The convergence and the calculation for the above improper integral can be found in Appendix C. 
Finally, the Mean Number of Transactions (MN T) in the resequencing buffer is 

MNT = h MWT = $ z(-l)nn,(;l 1). 
c n-2 

(2% 

In our analysis we have ignored the effect of the clock drifts, because some transactions benefit while 
others lose in waiting, which results in a balanced situation. 

8. Numerical results and validation 

In this section, we present numerical and simulation results for the performance analysis of BTO and 
COT 0. We have compared our analytical results to the results of the simulation study to validate the 
accuracy of our analysis. In all cases the data base size N is equal to 250 and S, A mean simulation and 
analysis results respectively. 

The comparison of the analysis and simulation results, in the case of BT 0, shows that: 
For transactions of size 2, we have high accuracy. This is also true for sizes 4 and 8. In these cases there 
is a difference in the results when J.L is very small, 0.1-0.2. This difference is due to the fact that in these 
cases the transactions remain in the network for some time, since the network is slow, which, results in 
more frequent collisions. Another fact that results in the above difference is the value of the pc parameter. 
The pc parameter has been approximated for values of M << N. 
In all cases, for values of E from 10m6 to 10T2 and 0 the performance measurements remain uninfluenced. 
The comparative study of the behavior of COT 0 in the cases of perfect and imperfect clocks shows that: 
For transactions of size 2 and 4 we have high accuracy in all cases. 
The asynchronism of the clocks affects the performance measurements only when E > 0.5. But this 
influence is not important, since some transactions need to wait while others do not. 
Our analysis shows a deviation for small values of p. 
Tables 2 and 3 summarize our performance parameters and measures respectively. Tables 4-9 show the 

analytical and simulation results for B T 0 and COT 0. 
Figs. 10-21 show the graphical representations for B T 0 and COT 0 respectively. These figures represent 

results for both the analysis and the simulation. In all graphs the horizontal axis indicates the network service 
rate p and the vertical one represents our performance measures, such as P N R, T H R, AR, P W, M WT 
and MNT. 



C.J. Bouras, PG. Spirakis/Per$otmance Evaluation 25 (1996) 105-130 121 

0.8 - -A E=O 
. s 

0.7 
-A 

. S 
c=10-’ 

-A 
0.6 - + S 

FO.5 

0.4’ c t i ’ I 6 ’ 
0 2 4 6 8 IO 12 

Network Service Rate 

Fig. 10. BTO : PNR, M = 4, h = 8. 

0 2 4 6 8 10 12 

Network Service Rate 

Fig. 12. BTO : AR, M = 4, L = 8. 

bdx24 

4 

3 

- A E=O 
. S 

-A 

0 S c=10-' 

-A 
+ S 

c=0.5 

I’ n a L a ’ 
0 2 4 6 8 IO 12 

Network Service Rate 

Fig. 14. BTO : THR, M = 8, L = 6. 

7 

6 

5 

ii 

- A 

+ S 
c=o.5 

3’ a ’ a L I 
0 2 4 6 8 IO I? 

Network Serv~ct: Kate 

Fig.ll.BTO:THR,M=4,A=8. 

0.8 I,..-_-: - ., c=o 
. S 

0.6 
-A 

. S 
E$0_1 

-A E=O 5 + 
0.3 

S 

0 2 1 6 8 IO 12 

Nerwork Se!-vice Rate 

Fig. 13. BTO : PNR, M = 8, A = 6. 

4 

5 

4 

bdx2; 

-A 

-A 

-A 
c=o.5 

0 2 4 6 8 IO I2 
Network Service Rate 

Fig. 15. BTO : AR, M = 8,~ = 6. 



122 C.J. Bouras, PG. Spirakis/Performance Evaluation 25 (1996) 105-130 

0.8’ n ’ I ’ ( ’ 
0 2 4 6 8 IO 12 

Network Service Rate 

Fig. 16. CoTO : PNW, M = 2, h = 2. 
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Table 2 
Summary of performance parameters 

N 
M 
1 

I-1 

Data base size 
Transaction size 
Arrival rate 
Network service rate 

Table 3 
Summary of performance measures 

PNR 

THR 

AR 

PNW 

MWT 

MNT 

Probability not rejected 
Throughput 
Abort ratio 
Probability no waiting 
Mean waiting time 
Mean number of transactions 

Table 4 
BTO : PNR for M = 8 and h = 10 

W PNR 

c=o 6 = 10-z c = 10-l E = 0.5 

A S A s A s A 

0.1 0.3523 0.2504 0.352 0.2502 0.343 0.2511 0.339 

0.2 0.3968 0.3367 0.3963 0.3366 0.3958 0.3361 0.391 

0.5 0.497 1 0.4724 0.4963 0.4724 0.495 0.47 1 0.489 

1 0.6015 0.5872 0.597 0.587 0.593 0.5855 0.575 

2 0.7127 0.7059 0.71 0.7056 0.707 0.7019 0.648 

5 0.8385 0.8414 0.8378 0.8409 0.826 0.8273 0.7041 

10 0.9053 0.9079 0.9047 0.9065 0.8829 0.8837 0.725 

.- 
s 
0.2496 

0.329 
0.4578 

0.557 

0.64 

0.7032 
0.7243 

Table 5 
BTO:THRforM=8andh=lO 

6 = 10-z c = 10-l 6 = 0.5 

A S A S A S A S 

0.1 3.523 2.5429 3.52 2.5439 3.43 2.55 3.39 2.5348 
0.2 3.968 3.4193 3.963 3.4183 3.958 3.4132 3.91 3.3411 

0.5 4.97 1 4.7465 4.963 4.7465 4.95 4.7324 4.89 4.5998 
1 6.015 5.9 5.97 5.898 5.93 5.8829 5.75 5.5965 
2 7.127 7.0926 7.1 7.0896 7.07 7.0525 6.48 6.4305 
5 8.385 8.4512 8.378 8.4462 8.26 8.3096 7.041 7.063 1 
10 9.053 9.119 9.047 9.1051 8.829 8.8761 7.25 7.275 
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Table 6 
BTO:ARforM=8andh=lO 

CL AR 

E=O 6 = 10-2 c = 10-I E = 0.5 

A S A S 
0.1 6.477 7.6125 6.48 7.6115 
0.2 6.032 6.7361 6.037 6.737 1 
0.5 5.029 5.3011 5.037 5.3011 
1 3.985 4.1477 4.03 4.1497 
2 2.873 2.955 2.9 2.958 
5 1.615 1.593 1.622 1.598 
10 0.947 0.925 0.953 0.939 1 

A S 
6.57 7.6054 
6.042 6.7422 
5.05 5.3152 
4.07 4.1647 
2.93 2.9952 
1.74 1.7346 
1.171 1.1681 

A 

6.61 
6.09 
5.11 
4.25 
3.52 
2.959 
2.75 

S 
7.6206 
6.8143 
5.4478 
4.45 11 
3.6171 
2.9811 
2.7692 

Table 7 
CoTO: PNWforM=4andh=2 

CL PNW 

e=o 

A 

0.1 0.5875 
0.2 0.7557 
0.5 0.8909 
1 0.9433 
2 0.97 11 
5 0.9883 
10 0.9941 

E = 10-l E = 0.5 

S S S 

0.5647 0.5646 0.5641 
0.7386 0.7385 0.7379 
0.8805 0.8801 0.8788 
0.9360 0.9356 0.9329 
0.9694 0.969 0.964 
0.9878 0.986 0.977 
0.9939 0.9923 0.9801 

Table 8 
CoTO:MWTforM=4andh=2 

CL MWT 

c=o 

A S 
0.1 4.926 6.232 
0.2 1.3409 1.621 
0.5 0.2267 0.2664 
1 0.0577 0.065 17 
2 0.01458 0.01614 
5 0.00234 0.0027 1 
10 0.00058 0.00074 

6 = 10-l E = 0.5 

- S 
6.23 
1.621 
0.267 
0.0655 
0.00163 
0.0029 1 
0.00094 

” 

i.229 
1.618 
0.2687 
0.0688 
0.0203 
0.0073 
0.0054 

9. Conclusions and future work 

9. I. Conclusions 

This work studied the performance of the BT 0 and COT 0 in the cases of perfect and imperfect clocks. 
The conclusions that we reached are: 
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Table 9 

CoTO:MNTforM=4andh=2 

P MNT 

Is=0 t = 10-I E = 0.5 

A S s s 

0.1 9.852 12.29 12.289 12.3 

0.2 2.682 3.199 3.196 3.198 

0.5 0.453 0.523 0.523 0.53 

1 0.1155 0.1282 0.1283 0.1365 

2 0.02916 0.03 167 0.03 184 0.0407 

5 0.00469 0.00538 0.0056 0.015 

10 0.001175 0.00147 0.00179 0.0114 

Our approximative analytical method gives high accuracy in the study of the B T 0 and the COT 0 

behavior. 
The asynchronism of the clocks affects the performance only for values of E > 0.5. 
Our results suffer for small values of p, because of the appearance of difficult classical problems of 
queueing theory, which do not have exact solutions (in product form). 
In general we can say that for transactions that access up to and including, 1% of the data in the database, 
we have high accuracy. 

9.2. Future work 

This work can be expanded in two different directions, a general and a specific one. 
In relation to the latter one, steps can be taken for a more realistic model of the D D BMS. This means a 

replicated DDBMS and transactions that demand access to more than one location. Also, the size of the 
transactions should not be static. Instead there should be a mix of small, medium and large transactions. 
Also, the distribution of E should not be uniform, but some other distribution with small deviation (e.g., 
normal distribution). Finally, the collision probability pc can be defined in such a way as to express more 
complicated situations, as percentages of readings/record, number of common data, etc. It is also interesting 
to find a better approximation, which will remote the differences between analysis and simulation for small 
values of p. 

Important steps can also be made towards the general direction. In a distributed system the asynchro- 
nism of the clocks frequently creates the need for a new synchronization of the whole system. It is quite 
interesting to study situations and cases where some small asynchronism is preferred to the cost of a new 
synchronization. In simple words we believe that the analysis technique, we discussed in this work, offers 
new capabilities of approaching certain aspects of distributed systems from a different research viewpoint. 

Appendix A 

We shall examine, what happens for Pr{ E’, } when E -+ cc in the case of i = 1. From (19) we have 

Pr{Er ) = 
( 

e-Ac2t + 1-e-*c2’ (2~*+~+(~-4i’)e-*.“-~)). 4c2 
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From the above equation we get 

lim Pr[El) = Cl~mWe-hC2’ + lim 
E+cC 

C~-[‘-J~2r (262+E+($-462)e-AC2r 

The first term converges to 0. So 

lim Pr{El} = lim 
E-+00 

C+W1-J~2C (262+~+(+-Ci),iC2C--$). 

Now it is obvious that 

lim Pr{El} = i. 
c+bo 

Using the same technique we have 

lim Pr{&} = i. 
t+OO 

Appendix B 

WT(t,,, yn, x) = E eeitnc 
k=O . [ 

PC J F(” :,” ‘x) dz,, + 1 - PC 

0 1 

k 

= e-“” 2 (htn)k 
k=O [ 

pc ] F(zn :,‘” + ‘) dzn + 1 - pc 

1 

k /k! 

0 

tn 

=e -htneAtne-AtnPc exp -Apt 
J 

F(z, + y,, + x) dz,, 

0 I 

tn 

= exp -hp, 
J 

1 - F(zn + yn +x) dzn 

0 I 

h +yn +x Yn +x 

= exp - Ape 
s 

1 - F(u,) du, + hp, 
s 

1 - F(vn)dv,j . 

0 0 1 

Since, 

r tn+p+x xl,+ 1 
lim WT(t,, yn, x) = t l$Wexp r,-+cC n I-APc / l-F(Mdu,+Ap, j 1 - F(u,)du,]. 
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It is known that 

t, 
- 
yn = lim 

t,+cm s 
1 - WMdvn, 

0 

where 5 is the mean of random variable y, . Then 

.Yn+x 

lim -)cp,y, + icp, 1 - F(uJ du, 
t,+cc 

W T (f,, yn, x) = t 19m exp 
n s 

0 I 

and 

Yn +x 
w-(x) = -UP& + APC 

s 
1 - Wn) dun f(Yn> dyn. 

0 1 
From our assumptions, we have 

F(v,) = 1 - edPUn and f(u,) = ~e-~v~ 

and then 

where p = hp,/p. 

Appendix C 

C. 1. Convergence 

First, we shall prove that 

XL 
e -x51-x+Ty x > 0. 

Let 

g(x)=e-X-l+~-~. X 2 0. 

According to mean value theorem in [0, X] there is a E (0, X) such that 

s’(Q) = g(x) - g(O) ~ _e_a &) 
x-o 

+1-a=- ==+ g(x) = x(-P + 1 - a) 5 0. 
x 
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But it is known that eea i a - 1. 

So, it is true that 

x2 
e -Xii-n+--, 

2 
x 1 0. 

After this we have 

cc cc 

s 1 - WT(x)dx = 
s 

1 _ e-pePPX dx 
> 

0 0 

!!e-px dx = ?!! 
2 CL’ 

The above result shows the convergence of improper integral. 

C.2. Calculation 

It is known that 

Cx = &-l,n$. 
n=O 

From this we have 

Then 

co cc 

s 1 - fePX f)_l)“+’ 
0 0 n=l 
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