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Abstract

Time-critical scheduling in real-time database systems has two components: real-time tran-
saction level scheduling, which is similar to task scheduling in real-time operating systems, and
concurrency control, which can be considered as operation level scheduling. Most current
research in this area only focuses on the transaction scheduling part and rely on the existing clas-
sical non-real-time methods for concutrency control. In this paper, a new concurrency control
protocol for real-time database systems is introduced, in which real-time scheduling and con-
currency control are integrated. The method is purely priority-based and does not assume
knowledge of any information about data requirements or execution time of each transaction.

This makes the protocol suitable even for non-real-time conventional database systems.
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1. Introduction

Compared with traditional databases, the ability to meet deadlines of transactions is vital to
a real-time database, In other words, the timeliness of resulis can be as important as their correct-
ness in real-time database systems. Deadline constitute the timing constraints of transactions. A
deadline is said to be hard if it cannot be missed or the result is useless. If a deadline can be
missed, it is a soft deadline. With soft deadlines, the usefulness of a result may decrease as the
delay after the deadline increases. Another important characteristic of real-time transactions is
criticality, which represents the importance of a transaction. Deadline and criticality are two

orthogonal factors that play important roles in real-time database systems.

The notion of scheduling in real-time database systems is twofold: to meet timing con-
straints and to enforce data consistency. In real-time operating systems, scheduling is usually at
task level subject to timing constraints only. Data consistency constraints are not involved, In
non-real-time database systems, scheduling is at operation level in that the basic unit of a
schedule is operation. The only goal of such scheduling is to guarantee data consistency. Timeli- .

ness is not an issue of consideration. The real-time database system is a combination of the two.

Real-time task scheduling methods can be extended to become real-time transaction
scheduling method while concurrency control methods are still needed for operation scheduling
to maintain data consistency. However, the integration of the two mechanisms in real-time data-
base systems is not trivial, because all existing concurrency control methods synchronize con-
current data access of transactions by the combination of two measures: block and roll-back of
transactions, both of which are barriers for time-critical scheduling. The conservative iwo
phase-locking (2PL) method [Ber87, Esw76] and the optimistic methods [Kung81, Hae84,
Bok87, Bas88, Hal89] are examples of the two extremes. In real-time database systems, blocking
can cause priority inversion when a high priority transaction is blocked by lower priority transac-

tions [Sha88]. The alternative is to abort the low priority transactions if they block a high priority



trangaction. This implies the waste of the work done by the aborted transactions and in tum also

has a negative effect on time-critical scheduling.

Most of the research work done in this area so far focuses on the time-critical transaction
scheduling part of the problem while the other part, concurrency control, remains intact. The
general approach is to utilize the existing concurrency control protocols, especially 2PL, and
apply some time-critical transaction scheduling methods to favor more urgent transactions
[Sha88, Abb88, Son89]. Such approach has the inherent disadvantage of being limited by the

concurrency control method upon which it is based.

Concurrency control methods rely on the setting of a serialization order among conflicting
transactions. Two transactions are said to be conflicting if they access the same data object and
one of them is doing a write operation [Ber87]. In non-real-time concurrency control methods,
timing constraints are not a factor in the construction of this order. This is obviously a drawback
for real-time systems. For example, with the 2PL method, the serialization order is dynamically
constructed and corresponds to the order in which the conflicting transactions access the shared
data objects. In other words, the serialization order is bound to the past execution history with no
flexibility. When a transaction Ty with a higher priority requests an exclusive lock which is
being held by another transaction, 7;, with a lower priority, the only choices are either aborting

Ty, or letting Ty wait for Ty Neither choice is satisfactory and thus the performance is degraded.

The situation is none the better with basic timestamp ordering protocol (TQ}, since the seri-
alization order of transactions is already determined statically by their assigned timestamps even
before the execution of each transaction. In TO, a high priority transaction may even be aborted

due to conflict with a low priority transaction whose timestamp is smaller.

The priority ceiling protocol, which is basicly a task scheduling protocol for real-time
operating systems, has been extended to the real-time database system [Sha88). It is based on

2PL and only employs blocking, but not roll-back, to solve conflicts. This makes it a very conser-



vative approach. In non-real-time database systems, it has been shown that optimal performance
may be achieved by a compromise of blocking and roll-back [YuS0l. In real-time systems, the
same resulis may be expected. Aborting a few low priority transactions and restarting them later
can usually allow more high priority transactions to meet \heir deadlines and thus the system per-
formce could be improved. Another disadvantage of the priority ceiling protocol is that it
requires the xnowledge of all the transactions that will be executed in the future and their read
sets and write sets. This is too harsh a condition and aimost impossible for most database systems
to satisfy. Its basic approach is t0 delay the release of each transaction 10 execution after they
artive in order to guarantee that each transaction will be blocked at most ONCe after it begins exe-
cution. The problem is that, due to the ceiling effect, most transactions actually have already been
blocked for an unpredictable period before they are released for execution. Although each tran-
saction can only be blocked once during execution, the blocking time may be arbitrarily long.
The situation is even Worse if a high priority transaction is blocked by a long low priority transac-
tion.

Based on the argument that timing constraints may be more important than data consistency
in real-time database Systems, attempts have been made to satisfy the timing constraints by sacrif-
icing database consistency to some degree [Lin89, Vrb88]. The common COrrectness criterion of
database systems is serializability. Although in some applications a weaker criterion is accept-
able [Gar83], no general-purpose consistency criterion that is less stringent than serializability
has been proposed so far; neither is there any general-purpose approach that allows some kind of
inconsistent state in the database and recover it later SO that transactions are not delayed due 10
concurrency control. The problem is that the temporary inconsistencies may affect active tran-
sactions and so the commitment of these transactions may still need to be delayed until the incon-
sistencies are removed; otherwise even committed transactions may need to be rolled back. How-
ever, in real-time systems, SOme actions are not reversivle. Besides, incorrect data may spread

within the database. This makes inconsistency removal a difficult task. Before any breakthrough



is made in this direction, serializability scems to be the only correctness criterion for us to live
with,

Satisfying the timing constraints while preserving data consistency requires the CONCurrency
control method to accommodate timeliness of transactions as well as to maintain data con-
sistency. This is the very goal of the our work. In real-time database systems, timeliness of a
transaction is usually combined with its criticality to take the form of the priorities of that tran-
saction, Various ways of assigning priority and their effects have been discussed in [Stan88,

Hua89, Buch89].

For a concurrency control method to accommodate the timeliness of transactions, the serial-
ization order it produces should reflect the priority of transactions. However, this is often hin-
dered by the past execution history of transactions. For example, a higher priority transaction may
have no way to precede a lower priority transaction in the serialization order due to previous con-
flicts. The result is that either the lower priority transaction has to be aborted or the high priority
transaction suffers blocking. If the information about data requirements and execution time of
each transaction is available beforehand, off-line preanalysis can be done 10 avoid conflicts
{Sha88]. This is exactly what is done in many real-time task scheduling methiods. However, such
approach may have to delay the starting of some transactions, even if they have high priorities,
and may reduce the concurrency level in the system. This, in return, may lead to the violation of
the timing constraints and degrade the system performance [Son%0]. Moreover, due to blocking
among transactions caused by data contention, it often takes much longer than the estimated exe-
cution time for a transaction to complete, not to mention that acquiring information such as data
requirements and execution time of each transaction in a conventional database system is often

impractical.

What we need is a concurrency control method that allows transactions to meet the timing

constraints as much as possible without reducing the concurrency level of the system in the



absence of any ¢ priori information. The method presented in this paper features such ability. It
has the flavor of both locking and the optimistic methods. Transactions write into the database
only after they are committed. By using 2 prioﬁty~dependent locking protocol, the serialization
order of active sransactions is adjusted dynamicly, making it possible for transactions with higher
priorities to be executed first so that high priofity transactions are never blocked by uncommitted
low priority transactions while lower priority {ransactions may not have 10 be aborted even in

face of conflicting operations.

The adjustment of the serialization order can be viewed as a mechanism 0 support time-
critical scheduling, We are making operation scheduling, which is usually for concurrency con-
tro}, also time-critical. Our approach is to relax the check between the serialization order and the
past execution history so that the former can be adjusted freely in favor of high priority transac-
tion without regard to the latter. For example, T, and T are twWo transactions with Ty having a
higher priority. T, writes a data object x before T reads it. In 2PL, even in the absence of any
other conflicting operations between these two lransactions, T, bhas to either abort T2 or be
blocked until T’y releases the write lock. That is because the serialization order T,—T; is
aiready determined by the past execution history. Ty can never precede T2 in the serialization
order. In our method, when such conflict occurs, \he serialization order of the two transactions
will be adjusted in favor of Ty, ie. T1—=T2, and neither is Ty blocked nor is T> aborted. The

1ocking protocol in the method is free from dead-locks.

The remainder of the paper is organized as follows. The details of the proposed method are
described in the next section. The transaction scheduling aspect of the method is discussed in
Section 3. ‘The COMmMECINess proof of the method is in Section 4. Section 5 presents an example to
show how the method works. We further our discussion about the method by suggesting possible

optimization in Section 6. Finally concluding remarks appear in Section 7.



2. The Proposed Method

The environment we assume is a single processor, randomly arriving transactions. Each
transaction is assigned an initial priority and 2 start—timestamp when it is submitted to the sys-
tem. The initial priority can be based on the deadline and the criticality of the tranéaction. At this
moment we do not discuss the priority assignment policy. The start-timestamp is appended to the
initial priority to form the actual priority that is used in scheduling. When we refer to the priority
of a transaction, we aiways mean this actual priority with the start-timestamp appended. Since the
start-timestamp is unique, O is the pr_iority of each transaction. The priority of transactions with

the same initial priority is distinguished by their start-timestamps.

All transactions that can be scheduled are putin a ready queue, R_G. Only transactions in
R_Q can be selected 10 0CCUPY the CPU. Whena transaction is blocked, it is removed from R_Q.
When a transaction is unblocked, it is inserted into R_Q again, but may still be waiting to occupy
the CPU. A transaction is said to be suspended when it is not executing, but still inR_Q. Whena
transaction is doing /O operation, it is blocked. Once it completes, it is usually unblocked. We

will discuss our CPU scheduling policy in the next section.

The execution of each transaction is divided into three phases: the read phase, the wait
phase and the write phase. During the read phase, a wransaction is executed, only reading from
the database and writing to its local workspace. After it completes, it waits for its chance to com-
mit in the wait phase. If it is committed, it switches into the write phase during which it makes
all its updates permanent in the database. A transaction in any of the three phases is called an
active transaction. If an active transaction is in the write phase, then it is committed and writing

into the database.

Critical sections are¢ used in the method. There are several different classes of critical sec-
tions. Only one transaction can be in any critical section of a particular class at 2 time. Forexam-

ple, C1, C2 and C 5 are three critical sections of the same class. If transaction Ty is in one of the



three critical sections, say C, no other transaction can be in any one of the three critical sections.
Therefore it is impossible for another transaction T'; to be in one of the three critical sections, say
C3, at the same time. However, transactions can be in critical sections of different classes. For
example, C4 is a critical section of another class different from that of C5. T3 can be in C4 while
Ty is in C,. We denote critical sections of different classes by angular brackets with the number
of the class as their subscripts, e.g. "<; >" means the first class critical section. In our pseudo-
code, we assume that each assignment statement of global data is executed atomically. The fol-

lowing are some useful notations:

id: id of this transaction

read_trset: set of ids of transactions in the read phase
wait_trset. set of ids of transactions in the wait phase
write_trset.  set of ids of transactions in the write phase
tscnt; final-timestamp count of the system

ts: final-timestamp of this transaction

ts(T): final-timestamp value of transaction T
priority(T). priority value of transaction T

ri[x]: transaction { reads data object x.

w;[x]: transaction | writes data object x.

rlock(T x}: transaction T holds a read lock on data object x
wlock(T x): transaction T holds a write lock on data object x

2.1. Read Phase

The read phase is the normal execution of the transaction except that write operations are
performed on the private data copies in the local workspace of the transaction instead of on the
data objects in the database. We call such write operations prewrite. One advantage of this
prewrite operation is that when a transaction is aborted, all that have to be done for recovery is to
simply discard the data in its local workspace. No rollback is needed because no changes have

been made in the database.

The read-prewrite or prewrite-read conflicts between active transactions are synchronized
during this phase by a priority based locking protocdi. Before a transaction can do a read (resp.

prewrite) operation on a data object, it must obtain the read (resp. write) lock on that data object



first. If a transaction reads a data object that has been written by itself, it gets the private copy in
its own workspace immediately and no read lock is needed. In the remaining part of the paper,
when we refer to read operations, we exclude such read operations because they do not incur any

dependency among transactions.

Each lock contains the priority of the transaction holding the lock as well as other usual
information. The locking protocol is based on the principle that high priority transactions should
complete before lower priority transactions. That means if two transactions conflict, the higher
priority transaction usually should precede the lower priority transaction in the serialization order.
With our CPU scheduling policy, which will be described in the next section, we can expect a
high priority transaction to commit before a low priority transaction most of the time, If a low
priority transaction does cbmplété before a fﬁgﬁ pﬁbﬁty n;ansactibn; it is reduiréd to wait until it
is sure that its commitment will not lead to the abort of a higher priority transaction. Since tran-
sactions do not write into the database during the read phase, write-write conflicts need not be

considered here.

Suppose active transaction Ty has a higher priority than active transaction T,. We have the
following four possibilities of conflict and the transaction dependencies they set in the serializa-

tion order:
(1) readr (x] - prewriter,[x] => Ty > T,

(2) prewriter [x] - readr,[x] => Ty - T, (delayed reading)
T, -3 T, (immediate reading)

(3) readr, [x] - prewriter,[x] => Ty, —» T,

4) prewriter, [x] = ready [x] => T -» T, (immediate reading) or
T, —» Ty (delayed reading)

Case (1) meets the principle. In case (2), following our principle, we should choose delayed read-
ing, i.e. T, should not read x until 7 has committed and written x in the database, Case (3)

violates our principle. In this case, unless it is already committed, T is usually aborted because



oﬁ1erwise T» must commit before T and thus will block T';. However, if T, has already finished
its work, i.e. in the wait phase, we should avoid aborting it because aborting a transaction which
has completed its work imposes a considerabie penalty on the the system performance. In the
meantime, we still do not want T to be blocked by T',. Therefore when such conflict occurs and
T, is in the wait phase, we do not abort T until T is committed, hoping that T, may get a
chance to commit before T commits. In case (4), if T, is already committed and in the write
phase, we should delay Ty so that it reads x after T, writes it. This blocking is not a serious prob-
lem for T because T', is already in the write phase and is expected to finish writing x soon. Ty
can read x as soon as T finishes writing x in the database, not necessarily after 72 completes the
whole write phase. ﬁemfore T, will not be blocked for a long time. Otherwise, if T4 is not
committed yet, i.e. either in the read phase or in the wait phase, T, should read x immediately

because that is in accordance with the principle.

As transactions are being executed and conflicting operations occur, all the information
about the induced dependencies in the serialization order needs 1o be retained. To do this, we
associate with each transaction two sets, f_trset and b_trset, and a count, fent. The set f trset
(resp. b_trsef) contains all the active lower priority transactions that must precede (resp. follow)
this transaction in the serialization order. Fcnz is the number of the higher priority transactions
that precede this transaction in the serialization order. When a conflict occurs between two tran-
sactions, their dependency is set and their values of f _trset, b_trset, and font will be changed

correspondingly.

By summarizing what we discussed above, we define the locking protocol as follows:

[

LP1. Transaction T requests a read lock on data object x.

< for te {T;\wlock(T;,x) \Ti#T} do
if (priority (t) > priority (T)V te write_trset)
then deny the lock;
else if (tef trsety) them abortt;
else if (téb_trsety)



then (b_trsetr := b_trsetru {t};
fenty o= fonty, + 1
J
grant the lock;
1>

LP2. Transaction T requests a write lock on data object x.

<y for te {T;|rlock(T;,x) N Ti#T} do
if (priority (t) > priority (T) )
then (if (Tef _trset,) then abortT;
else if (T¢b_trset;)
then (b_trset, := b_trset)u {T};
fentp o= fontr + 1
)
)
1>
else if (te wait_trset)
then (if (teb_trsety) then abortt;
else f trsety :=f trsetyu {t};
)
else if (t eread_trset) then abortt;

grant the lock;

Lock requests are processed sequentially by a lock manager. LP1 and LP2 are actually two

procedures of the lock manager that are executed when a lock is requested. When a lock is

denied due to a conflicting lock, the request is suspended until that conflicting lock is released.

Then the locking protocol is invoked once again from the very beginning to decided whether the

lock can be granted now. The critical sections will be discussed later. Fig. 1 shows the lock

compatibility tables. The first columns of the two tables indicate the types of the locks being

requested. The first rows of the two tables indicate the types of the locks being held by other

transactions. The compatibility depends on the priorities of the transactions holding and request-

ing the lock as well as the lock types. Even with the same lock types, locks may be compatible or

not, depending on the priorities of the lock holder and the lock requester. For incompatible locks,

the locking protocol defines the actions to be adopted.

10



read write read write

read read

write wrie

Lock Requester (colurnn) Has Lower Priofity  Lock Requester (column) Has Higher Priority

[C]  Lock granted requester aboried

Tesquester blocked - holder aborted

Fig.1 Lock Compatibility Table

Note that a data object may be both read locked and write locked by several transactions
simultaneously with our locking protocol. Unlike 2PL, locks are not classified simply as shared
locks and exclusive locks. Fig. 2 summarizes the lock compatibility of 2PL. By comparing Fig.
1 with Fig. 2, it is obvious that our locking protocol is much more flexible, thus incurs less block-
ing and abort. In our locking protocol, a hi gh priority transaction is never plocked or aborted due
to conflict with a lower priority transaction. The probability of aborting a lower priority transac-
tion is roughly less than half of that in 2PL under the same conditions. An analytical model may

be used to estimate the exact probability, but that is beyond the scope of this paper.

Transactions are released for execution as soon as they arrive. The following procedure is

executed when a transaction is started:

thegin = (
f trset :=D;
b _trset :=D;
font :=0;
read_trset := read trset\ {id};

R_g;:Rﬁu{id};

11 "’



read write

read

write

Lock Requester {column) Has Lower Priority Lock Requester (column) Has Higher Priority

E:] Lock granied
28 resquester blocked

- holder aborted

Fig. 2 Lock Compatibility Table for 2PL

Then the transaction is in the read phase. When it tries to read or prewrite a data object, it
requests the lock. The lock may be granted or not according to the locking protocol. Transac-
tions may be aborted when lock requests are processed. To abort a transaction, the following pro-

cedure is called:

tabort = (
release all locks;
<forte b_trsetdo
( fenty := fent—1;
if (fent, = 0 N\t € wait_trset} then unblock t;
)
2>
if (id € read_trset) then read_trset := read_trset - {id};
else if (id e write_trset) then write_trset = write_trset - {id};
else if (id € wait_trset) then wait_trset ;= wait_trset - {id};
)

12



2.2. Wait Phase

The wait phase allows a transaction to wait until they can commit. A transaction T can
commit only if all transactions with higher priorities that must precede it in the serialization order
are either committed or aborted. Since fcnt is the number of such transactions, 7 can commit
only if its fcnt becomes zero. A transaction in the wait phase may be aborted due to two reasons.
The first one is that since T is not committed yet and still holding all the locks, by the locking
protocol it may be aborted due to a conflicting lock request by a higher priority transaction. The
second reason is the commitment of a higher priority transaction that must follow T in the seriali-
zation order. When such a transaction commits, it finds T in &_trset and aborts T. Once a tran-
saction in the wait phase gets its chance to commit, i.e. its fcat goes to zero, it switches into the
write phase and release all its read locks. A final-timestamp is assigned to it, which is the abso-

lute serialization order. The procedure is as follows:

twait = (
wait_trset = wait_trset U {id};
read_trset ;= read_trset - {id};
waiting := TRUE;
while(waiting)
(<4 ifffent=0)
then ( wait_trset := wait_trset - {id};  /* switching into write phase */
write_trset := write_trset U {id};
Iy J= tscnt,
tsent ;= tsent + 1
forte f trset do
if (teread_trset \/ te wait_trset ) then abort t;
1>
waiting := FALSE

else block,

)
release all read locks;
<pforte b_trserdo

if (te read_trset \/ te wait_phase )

then ( font, := font—1;
if (fent, = 0 N\ t e wait_trset)
then unblock t;

)

13



After a transaction commits, all the transactions in its f_¢rset need to be aborted becauée
they must commit, if they can, before this transaction. The critical section of class 1 in the pro-
cedure guarantees that transactions cannot switch into the write phase concurrently, and once a
transaction is committed and assigned a final-timestamp, no transaction in its f_¢rset can commit.
Note that LP1 is also in the critical section of the same class, This achieves mutual exclusion on
Jent and write_trset. The critical section of class 2 in the procedure also appears in LP2 and the
procedure tabort. This ensures the mutual exclusion on b_trser. To be precise, mutual exclusion
is only needed between LP2 and the two procedures. Transactions can be in the critical sections
of class 2 in the two procedures, or even of the same procedure simultaneously, but not in the

critical sections of class 2 in LP2 and one of the two procedures.

2.3. Write Phase

Once a transaction is in the write phase, it is considered to be committed. All committed
transactions can be serialized by the final-timestamp order. In the write phase, the only work of a
transaction is making all its updates permanent in the database. Data are copied from the local
workspace into the database. After each write operation, the corresponding write lock is released.
The Thomas’ Write Rule (TWR) is applied. The write requests of each transaction are sent to the
data manager, which carries out the write operations in the database. Transactions submit write

requests along with their final-timestamps. The write procedure is as follows:

twrite = {
<q for xe { x;lwlock(id,x;) } do
{ for Tewrite_trset do
if ( wlock(T x) N ts(T) < ts(id) )
then release T's write lock on x;
send write request on x and wait for acknowledgement;
3>
if {acknowledgement is ok)
then release the write lock on x;
else abort;

)
R O :=R Q- {id};
)

14



The purpose of the critical section is to achieve mutual exclusion on write locks. For each
data object, write requests are sent to the data manager only in ascending timestamp order. After
a write request on data object x with timestamp # is issued to the data manager, no other write
request on x with a timestamp smaller that » will be sent. The write requests are buffered by the
data manager, The data manager can iwork with the first-come-first-serve policy or always select
the write request with the highest priority to process. When a new request arrives, if there is
another buffered write request on the same data object, the request with the smaller timestamp is
discarded. Therefore for each data object there is at most one write request in the buffer. This, in

conjunction with the procedure twrite, guarantees TWR.

3. CPU scheduling

Although the focal point of this paper is on concurrency control, i.e. operation level
scheduling, we still need to discussion a little about the transaction scheduling, or CPU schedul-
ing, aspect of our method. In non-real-time database systems, CPU scheduling is usually done by
the underlying operating systems, because there are no timing constraints. Data consistency is the
only concem. In real-time database systems, however, CPU scheduling should take into account

the timeliness of transactions.

In our protocol, R_Q contains all transactions that can be scheduled. These transactions can
be in any phase. We need a policy to determine the CPU scheduling priority for transactions in
different phases. Transactions in their wait phase are those that have finished their work and are
waiting for their chances to commit. We would like to avoid aborting such transactions as much
as possible. Therefore transactions in this phase are given higher CPU scheduling priority than
those in the read phase so that they can commit as soon as they get the chance. Transactions in
the read phase are scheduled according to their assigned priority. If in the R_(Q, there are several

transactions in the read phase, the one with the highest priority is always selected to execute.

15



For transactions in the wait phase, the lower the priority is, the higher the CPU scheduling
priority is. Because low priority transactions are more vulnerable to conflicts, once there is a
chance, they should be committed as soon as possible to avoid being aborted later. Moreover,
when a high priority transaction Ty is commim:d, it may have to abort a low priority transaction
Ty if Ty isin Ty's f_trset. If T is also ready to commit and we allow it to commit before Ty,

both T}, and T can be committed.

4. Properties and Correctness

In &ﬂs section, we prove some properties and the correctness of the method. First, we give
the simple definitions of history and serialization graph (SG). For the formal definitions, sce
[Ber87]. A history is a partial order of operations that represents the execution of a set of transac-
tions. Any two conflicting operations must be comparable. Let H be a history. The serialization
graph for H, denoted by SG(H), is a directed graph whose nodes are committed transactions in H
and whose edges are all T; -» T (i#/) such that one of 7;’s operations precedes and conflicts with
one of 7;’s operations in H. To prove a history H serializable, we only have to prove that SG(H)

is acyclic [Ber87].

Property 1: For a transaction T, f_trsety and b_trsety can be changed only if T is not in the
write phase,

.Proof: The Property is derived directly from LP1 and LP2. In LP1 and LP2, T must be in the

read phase, for it is requesting a read or write lock. In LP2, b _#rset; may be changed.

Since ¢ is holding some read locks and only transactions in the read or wait phase hold

read locks, ¢ must not be in the write phase.

Property 2: For a transaction T, fcntr = n iff there exist n transactions 7; i=1,2, -+ ,n, such

that 7; is not committed, and T ¢ b_trsety,.

16



Proof: By LP1 and LP2, fentr is increased if and only if after T is inserted into b_trsety, where

Ty is another transaction, By twait() and tabort() , fentr 18 decreased if and only if Ty is

aborted or enters into the write phase. The Property follows.

Property 3: Let Ty and T2 be two commitied wansactions. If T2 € b_trsety,, then

ts(Ty) < ts(T2)ie. T, enters into the write phase before T3.

Proof: Suppose T2 enters into the write phase before T1. Since Ta € b_trsetr,, at the time T2
enters into the write phase, fenty,>0. In twait() , T2 can enter into the write phase if and

only if fentr, =0. A contradiction.

Property 4: Let T, and Tp be two committed transactions. If Ty e f_trsetr,, then

1s(Ty) <ts (T2 e T, enters into the write phase before T.

Proof: Suppose T2 enters into the write phase before T;. Since Ty € f_trsétr,, in twait () , when
T enters into the write phase, all transactions in f_trsetr, are aborted. By Property 1, T
must be in f_trsetr, at that time, because T1 must be added into f_trsetr, before T2
enters the write phase. Therefore T is also aborted. This contradicts the fact that Ty is

committed. The Property follows.

Theorem 1: Let Ty and Ty be two commitied transactions in a history H produced by the

method. If there is anedge T2 — T, in SG(H), then & (T3) < ts(Ty)

Proof: Suppose #s(T'1) < ts (T'y). Therefore T, enters into the write phase before T5. Since

Ty = Ty, The two must have conflicting operations. There ar¢ three cases.
Case 1: walx] — wilx]

If wplx] is sent 10 the data manager first, T1's write lock on x must be released
pefore wolx] is sent tO the data manager in twrite(). ¥ wilx] is sent 10 the data

manager first, it will either be processed before walx]is sent o the data manager, Of
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be discarded when the data manager receives walx], because wi[x] has smaller
timestamp. Therefore wplx] is pever processed before wylx]. Such conflict is

impossibie.
Case 2: ralx1 — wilx]
If T holds write 1ock on x when T, requests the read lock,

(1)  priority (T,) < priority (T3)
Since T reads x before Ty writes it in ihe database, Ty is not in the write
phase when T requests the read lock. By LPL, Ty € b_trset (T2). By Pro-

perty 3, Is (Ty) < ts(T1) A contradiction.

() priority(Ty) > priority (T2)
ByLPi, T2 s blocked until 7'y releases the write lock on X. This contradicts

the fact that Tz reads x before Ty writes it.
If T holds read 1ock on x when Ty requests the write lock,

1)y  priority (T,) < priority (T2)

By LP2, T € b_trseir,. By Property 3, &5 (To) <ts(T1)- A contradiction.

(2)  priority (T) > priority (Ty)

ByLP2, T, € f_trsetr,. BY Propenty 4, ts (T D <is(Ty)- A contradiction.
Case 3: walx] - ri{x]
Since T enters into the write phase before T2, such conflict is impossible.

None of the three cases is true. The edge T2 — T cannot exists. A contradiction. Hence

the Theorem follows.

Corollary 1: Every history H produced by the method is serializable.
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Proof: Suppose thereisacycle Ty — T2 — -+ = T, — T in SG(H). By Theorem 1, we have

(T <ts(Ty) < -+ <ts(T,) <ts(Ty). This is impossible. The Corollary follows.

Property 5: Let Ty and Tp be two transactions with priority (Ty) > priority(T;). Ty can be

blocked by T only if T; is in the write phase.

Proof. By LP1, if Ty is in the read phase, it can be blocked by 7, only if T, is in the write phase.
When Ty is in the wait phase, it is blocked if and only if fentr, = n > 0. By Property 2,
that means there exist n transactions T; i=1,2, - - - ,n, such that Ty € b_trset;,. By LP1
and LP2, we must have priority (T;) > priority(Ty). Therefore Ty # T;. Ty, cannot block
Ty when Ty is in the wait phase. We know that when a transaction is in the write phase,
it will not be blocked by any other transactions. Therefore Ty can be blocked by 7, only

when Ty is in the read phase and T, is in the write phase. Hence the Property follows.

Theorem 2: The method prevents deadlock.

Proof: Suppose there is a cycle in the wait-for graph (WFG),
T =Ty~ - 3T, ~>T1.
For each edge T; — T} in the cycle, we prove that priority (T}) > priority (T;). Sﬁppose
priority (T;) > priority (T;), by Property 5, T; must be in the write phase, thus it cannot be
blocked by any other transactions and cannot appear in the cycle, Therefore we have
priority(T) < priority(T2) < - - - < priority(T,) < priority(T).

This is impossible. The Theorem follows.

The strictness of the histories produced by the method follows obviously from the fact that
a transaction applies the results of its write operations from its local workspace into the database

only after it commits,
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5. An Example

In this section, we give a simple example to show how the method works. The example is
depicted in Fig. 3. A solid line at a low level indicates that the corresponding transaction is doing
I/O operation due to a page fault or in the write phase. A dotted line at a low level indicates that
the corresponding transaction is either suspended or blocked, and not doing any I/O operation
either. A line raised to a higher level indicates that the transaction is executing. The absence of a

line indicates that the transaction has not yet arrived or has already completed.

There are three transactions in our example. T has the highest priority and T'; has the
lowest. T4 arrives at time t0 and reads data object a. This causes a page fault. After the I/O opera-
tion, it pre-writes . Then T, comes in at time t1 and preempts T'3. At time (2 it reads ¢ and
causes another page fault. So it is blocked for the 1/O operation and T3 exécutes. After T'5 pre-
writes d, T finishes /O and preempts T'; again. It pre-writes d which is only write locked by T'5.

At time t3, Ty arrives and preempts 5. T first reads d, which is write locked by both T, and

T, l
£f{d} rib] pwibl pwld]

rlc} pw(d] r{b] pwib?
1, 1 T [l M
rial pw[b] pwid] rie] pwic]
| | 1 1 [ 1!
tQ el t2 3 . td4 t5

Fig. 3 An Example
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T3. Therefore, b_trsetr, becomes (T3, T3} and both fentr, and fentr, become 1. Then 7'y reads
b, which is write locked by T3. Since T is already in b_trsetr,, nothing is changed. Then T,
pre-writes b and pre-writes 4. Since these two data objects are not read locked by any other tran-
sactions, the write locks are granted to T directly. At time t4, Ty switches into the write phase.
Both fentr, and fentr, go back to 0. Now T2 should be executed, but it needs to read b, which is
being write locked by T'y; hence T'; is executed instead. It reads ¢, which is read locked by T';.
At time 15, T, finishes writing b and releases the write lock so that T'» can preempt T3 to con-
tinue its work. It reads b, which is write locked by T'3. Now b_trsety, becomes {T3} and fentr,
becomes 1. After T'; pre-writes b, it switches into the write phase and fentr, becomes 0 again.

Then T3 executes and also switches into write phase after pre-writing c.

In the above example, T, which is supposed to be the most urgent transaction, finishes first
although it is the last to arrive. T3, which is supposed to be the least urgent one, is the last one to
commit. None of the three transactions need to be aborted. Assume we use 2PL in the above
example, When a high priority transaction requests a lock which is held by a low priority tran-
saction, we either let the high priority transaction to wait or abort the low priority transaction.
Suppose we choose the first alternative, both Ty and T, would be blocked by T3 because T3
holds a write lock on 4. If we choose the second alternative, T4 will be aborted by T, when T,
pre-writes 4 and then T, will be aborted by 7y when Ty reads d. This exampie illustrates the

advantage of the proposed method over 2PL.

6. Further optimization

In the previous algorithm, a transaction 7, in the read phase is always aborted if it holds a
read lock on a data object O and another transaction , Ty, with a higher priority requests a write
lock on O. The reason is that since the CPU scheduling gives high priority 10 Ty, the probability
for Ty to commit before TL is very high. Therefore T; will most probably be aborted at last.

Based on such an assumption, we would rather abort T, earlier. However, if T has already
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completed most of its work, we should avoid aborting T. The solutibn is to set a point in the tran-
saction. If the transaction reaches this point, it must have finished most of its work and enters
into a protection state. This point can be set easily by the compiler near the end of the transac-

tion. LP2 should be changed now as follows:
LP2’. A transaction T requests a write lock on a data object x.

<p for te {T;\riock(T;,x) NTi#T} do
if (priority () > priority (T) )
then (if (Tef trset,) then abortT;
else if (T¢b_trset,)
then (b_trset; :=b_trsetyL {T};
fenty := fonty + 1)
J
)
3>
else if (t ewait_trset \ state (t) = protection)
then (if(teb_trsety) then abortt;
else f_trsety := f_trsetyJ {t};
)
else if (teread_trset) then abortt;

grant the lock;

In this optimized locking protocol, a transaction in the protection state is treated in the same

way as one in the wait phase and is not aborted immediately.

7. Conclusions

Time-critical scheduling in real-time database systems consists of two scheduling mechan-
isms: transaction scheduling and operation scheduling. To find new concurrency control methods
in which timing constraints of transactions are taken into account, we have investigated solutions

1o the operation scheduling aspect of time-critical scheduling.

In this paper, a priority-based concurrency control method for real-time database systems is
presented which employs a priority-dependent locking mechanism. By delaying the write opera-
tions of each transaction, the restraint of past transaction execution on the serialization order is

relaxed, allowing the serialization order among transactions to be' adjusted dynamically in
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compiiance with transaction timeliness and criticality. The new method features the ability that
allows transactions to meet the timing constraints as much as possible without reducing the con-
currency level of the system or increasing the abort rate significantly. In the method, high prior-
ity transaction is never blocked by an uncommitted lower priority transaction, while the low
priority transaction may not have to be aborted even in face of conflicting operations. In con-
junction with a ime-critical ransaction 'scheduling policy, or CPU scheduling policy, the method
is expected 10 improve the system performance significantly. The work to extend the method to

the distributed environment and the performce evaluation of the method is under way.
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