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1. Introduction 

A da t abase  sys tem in the  most  genera l  sense m a y  be s imply  v iewed as  a pair 
D B S  = ( V, ~--), where  Vis  the  set o f  the  da t abase  enti t ies  a n d  ~" is the  set o f  a l l  the  
t r ansac t ions  tha t  m a y  access V. A n  i m p o r t a n t  issue which  arises in  the  des ign  o f  a 
d a t a b a s e  sys tem is the  p r o b l e m  o f  ensur ing  the consis tency o f  the  da t abase  when  it 
is accessed concur ren t ly  by  a n u m b e r  o f  a synchronous ly  runn ing  t ransact ions .  A 
c o m m o n  a p p r o a c h  to this p r o b l e m  is to de fme  a t r ansac t ion  as a uni t  tha t  preserves  
consis tency (i.e., it is a s sumed  tha t  each  t ransact ion ,  when  execu ted  alone,  t r ans fo rms  
a consis tent  state into a consis tent  state) and  requi re  tha t  the  ou tcome  o f  process ing 
a set o f  t ransac t ions  concur ren t ly  wi l l  be the  same as the  one  p r o d u c e d  b y  runn ing  
these t ransac t ions  ser ia l ly  in some order .  A sys tem tha t  ensures  this  property is sa id  
to  be serializable [2, 8]. 

In  o r d e r  to ensure  ser ia l izabi l i ty ,  some form o f  superv is ion  mus t  be  presen t  to 
inf luence  the  m a n n e r  in which  the  t ransac t ions  execut ing in  the  d a t a b a s e  in te rac t  
wi th  each  other.  I f  no  such superv is ion  exists, cons is tency in  genera l  is no t  ensured.  
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To illustrate this point, consider the following example [5]. Let program definitions 
P~ and/ '2  be 

PI: i f A = 0 t h e n B : - - B + l  
Pz: i f B = 0 t h e n A : - - A + l  

Let the consistency requirement be (A = 0 V B - 0), with A = B = 0 the initial 
values. Consider the following sequence of  execution: 

Instruction Assertion 

Px : if A = 0 true 
P2: if B = 0 true 
P ~ : A : = A + I  A = I  
P I : B : = B +  1 B =  1 

In this case we have --~(A -- 0 V B = 0) after the execution of  both Px and/ '2 ,  and 
thus the state is inconsistent. 

One method for influencing the manner in which transactions interact with each 
other is the use of  a locking protocol. It is required that a transaction locks an entity 
before accessing it. Thus a locking protocol may be viewed as a restriction on when 
a transaction may lock and unlock each of  the entities in the set V. 

In this paper we focus our attention on locking protocols that allow the database 
transactions to lock an entity with either a SHARED or an EXCLUSIVE lock. A 
SHARED or an EXCLUSIVE lock may be issued on an entity by a transaction that 
only reads that entity; in other cases an EXCLUSIVE lock must be issued. In any 
concurrent execution any number of  transactions may simultaneously hold a 
SHARED lock on an entity; if  any transaction is holding an EXCLUSIVE lock, no 
other transaction may be holding a lock on that entity. 

Several different locking protocols for ensuring serializability have been pro- 
posed in the literature. These may be divided into two classes: two-phase protocols 
[2, 5, 8], and non-two-phase protocols [4, 6, 10]. It has been shown [2] that the two- 
phase protocol ensures sedalizability if both EXCLUSIVE and SHARED locks are 
permitted. However, practically all of  the work concerning non-two-phase protocols 
has been confined to EXCLUSIVE locks. Although some researchers have believed 
that most results obtained for the model that uses only EXCLUSIVE locks can be 
simply generalized to models allowing SHARED locks, this is not the case. In this 
paper we present results on non-two-phase protocols for models which allow both 
EXCLUSIVE and SHARED locks. 

2. System Model 

Following the notation presented in [2], we consider a transaction T, as a sequence 

(Ti, at, el); ( T ,  a2, e2); . . . ;  ( T ,  an, en), 

where aj is the instruction executed at step j and ej is the entity acted upon by that 
instruction. (To avoid cumbersome notation, we try to avoid double subscripts.) 

Each entity in the database may be locked by either a SHARED or an EXCLU- 
SIVE lock. I f  a transaction T~ requests a SHARED lock on an entity which is already 
locked by another transaction with an EXCLUSIVE lock, then T~ will be suspended; 
otherwise it succeeds in locking. If  T~ requests an EXCLUSIVE lock on an entity 
which is already locked by another transaction (with either SHARED or EXCLU- 
SIVE lock), then it will be suspended; otherwise it succeeds in locking. A request for 
locking or unlocking an entity is accomplished via the instruction LX (LOCK 
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EXCLUSIVE), LS (LOCK SHARED), or UN (UNLOCK). (Thus these are among 
the possible instructions that a transaction may issue.) 

We will consider only partially interpreted transactions, namely transactions from 
which only the LX, LS, and UN were extracted. (Each transaction will of course 
satisfy certain obvious syntactic restrictions, such as: An item that is not locked 
cannot be unlocked, etc. For a more thorough discussion of this issue, see [2, 10].) 
We wish to examine traces of some concurrent executions between two quiescent 
states. (The discussion could easily be extended to an unbounded set of transactions 
for which the second quiescent state may not exist.) Such a trace will be referred to 
as schedule (history). In order to distinguish between the event of a transactioAn 
requesting a lock and of acquiring a lock, we introduce the pseudo-instructions LX, 
LS which indicate acquisition of a lock. To clarify this notation, we present a very 
simple example of a schedule consisting of three transactions accessing a database of 
two entities a, b: 

(To, LX, a); (To, LX, a); (To, LS, b); (To, LS, b); (T1, LX, a); (T2, LS, a); 
(To, UN, a); (T2, LS, a); (To, UN, b); (T2, UN, a); (Tx, LX, a); (I'1, UN, a). 

Note that To acquires a lock on both a and b immediately after requesting the 
locks. In contrast, T1 is delayed after requesting a lock on a until transaction T~ 
requests, obtains, and releases a lock on a. 

Generally, a schedule may not be "complete," as the set of transactions partici- 
pating in it may reach a quiescent state not only by completing the execution of the 
transactions, but also by entering a deadlock [1]. In this paper we will be only 
concerned with the problem of ensuring serializability. Thus our aim here is to 
impose restrictions on the various transactions so that each possible complete schedule 
will be equivalent to some serial schedule, namely, be serializable. We plan to deal 
with the issue of deadlocks in a subsequent paper. 

Let the database consist of the entities in V -- {Vo, vl . . . .  , vN). Consider a schedule 
of a finite set of transactions T - (To, T1 . . . .  , TM}. For each v E V we define a 
relation _.o on T by writing T, _..o Tj for i ~ j if and only if the schedule is of the 
form 

and 

• . . ;  (T, ,  Zi ,  v}; . . . ;  (Tj ,  Zli, v); . . .  

Furthermore, define --~ on T to be the union of the relations, 

--..> °0 ,  - . . ~  V l ,  . • • , - " ~  v N .  

THEORt~M 1. A schedule is serializable i f  and only i f  the associated relation ~ on 
T is acyclic. 

PROOF: See [9, Theorem 10.3]. Our relation is different from the one defmed 
there, but as their transitive closures are identical, the proof carries through. [] 

Recall that we informally defined a locking protocol P as a set of rules specifying 
when a transaction may lock a database entity. An alternative to this definition is to 
defme P as a set of (partially interpreted) transactions. (Presumably, a transaction is 
a member of this set if it satisfies some "natural" conditions.) In the sequel we will 
switch between these two equivalent definitions of a protocol. Given these definitions, 
we shall say that a protocol ensures serializability if and only if  every schedule of 
transactions following the protocol is serializable. 
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We conclude this section with one more convenient notation. Let S be a schedule. 
For each T~ associated with S we define 

LX(T,) ~ {v IS is of the form. . . (  ~ ,  L X, v)...}, 
LS(T0 _~ {v IS is of  the f o r m . . . ( ~ ,  LS, v)...}, 

L(T,) & LX(T 0 0  LS(T 0. 

The definition does not require LX(Ti) N LS(Ti) = 0,  but as all the protocols 
presented in this paper will satisfy this condition, we assume this from now on. 

3. General Result 
As stated in the introduction, the non-two-phase locking protocols developed thus 
far cannot be simply generalized to allow the setting of SHARED locks. In this 
section we present a simple but powerful result concerning this subject. 

Assume that each transaction T, in a locking protocol can request either only 
EXCLUSIVE locks or only SHARED locks. We will derive a sufficient condition 
that ensures serializability under this assumption. 

To be more formal, let P be a locking protocol that employs only EXCLUSIVE 
locks and which has been proved to ensure serializability. Suppose one defines a new 
protocol P' such that each transaction following the protocol 

(1) requests either only EXCLUSIVE locks or only SHARED locks (i.e., LX(T~) 
ffi O V LS(T,) ffi O), and 

(2) follows the same restrictions on locking and unlocking as required by P. 

Under what conditions will P '  ensure serializability? It is easy to see that in general 
such a new protocol P '  does not ensure serializability. 

Example 1. Suppose the protocol P is the tree protocol [6]. For the reader's 
convenience we briefly review the protocol. Assume that the database is organized as 
a directed rooted tree whose vertices are the database entities with arcs pointing away 
from the root. The tree protocol is defined by the following conditions on an 
individual transaction: 

(1) A transaction may lock any vertex first; to lock any other vertex it must be 
holding a lock on its father. 

(2) A transaction must not lock any vertex more than once. 

We showed in [6] that this protocol ensures serializability and deadlock-freedom. 
Consider the database system depicted in Figure 1. The following schedule 

consisting of four transactions, each of which follows the tree protocol and requests 
ei theronly EXCLUSIVE or only SHARED locks, is not serializable (we omitted 
the LX and LS pseudo-instructions as each lock is obtained immediately following 
the request). 

(To, LS, a); (To, LS, b); (To, UN, a); (T1, LX, a); (T1, UN, a); (T2, LS, a); 
(T2, LS, b); (T2, LS, c), (T2, UN, a); (72, UN, b); (T2, UN, c); (T3, LX, c); 
(73 ,  UN, c); (To, LS, c); (To, UN, b); (To, UN, c). 

Indeed, To _.,a T1--~a 7"2 _.~c 7"3---~c To. [] 

In the following we present additional conditions which will ensure serializability. 
Let P be a locking protocol. We denote by pX (respectively, pS) the subset of P 

consisting of all the transactions setting only EXCLUSIVE (respectively, SHARED) 
locks. If P ffi pX O pS, we say that P is segregated. 
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Consider some protocol P which requires the transactions to set EXCLUSIVE 
locks only (i.e., P = pX). We say that a protocol Q is pXlike if and only ff for each~ 
transaction T, in Q, the transaction T x obtained from T, by replacing each LS lock" 
in 7', by an LX lock is in pX. 

THEOREM 2. Let P = pX be a protocol that ensures serializability. Let Q be a 
p X  like segregated protocol satisfying the condition 

VT, E QX VT~ E QS VTk E QX [L(T,) N L(Tj) # ~ A L(Tj) f3 L(Tk) ~ f~ 
L(T,) N L(T~) ~ ~]. 

Then Q ensures serializability. 

PROOF. Consider an arbitrary schedule of transactions in the protocol Q. We will 
show by induction on k that for this schedule there exist no minimal cycles in 
(T, --->) in which k transactions from QS participate. Let the cycle, without loss of 
generality, be 

To-* TI---~ ... ~ Tin-l--) To. (*) 

Project from the schedule the instructions and the pseudo-instructions of the trans- 
actions To,/'i ..... Tm-1. We then obtain a schedule for which the graph (T', -->), for 
T' --- {To, /'i ..... Tin-l}, is a cycle. Observe also that m _> 2k, as there must be a 
transaction from QX "on each side" of a transaction from QS. 

k -- 0. In this case each 3~ is in QX, and as QX __. p and P ensures serializability, 
the result follows. 

k -- 1. Let Z be the unique transaction in QS. Replace Ti by Ti x. The resulting 
schedule foUows P and has the identical graph (cycle) under the relation --,. But 
again, as {To . . . . .  T~_~, T x, T,+~ . . . . .  Tm-~} _ P, the result follows. 

k > 1. Let T~ E QS; then {Z-~, T,+~} _ QX. As m _> 2k _> 4, i - 1 # i + 1 
(modulo m, of course). Therefore, by the assumption of the theorem, L(T~-I) C'l 
L(T,+a) ~ ~. Thus/',-1 --, T,+I or T~+~ ---, T,-~, and the cycle (.) was not minimal. [] 

COROLLARY I. Let P = pX be a protocol that ensures serializability. Let Q be a 
p X  like segregated protocol satisfying the condition 

VT, 6 QX VTk 6 QX [L(T~) N L(Tk) ~ f~]. 

Then Q ensures serializabilitfl. 

We show now how the condition of Corollary 1 can be used in extending the tree 
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protocol, denoted now by pX. Let Q = QX tJ QS be defined by 

QX = { T, I Ti E pX and T, locks the root first}, 
QS = (T,[ T, is obtainable from some Ty E eX by replacing each LX by LS}. 

Then by Corollary 1, Q ensures serializability. 
This protocol is very useful when the database is queried (read) much more often 

than updated (written). For an interesting observation, assume that it is not known 
in advance which transactions will both query and update, and which will only 
query, but it is known that the vast majority of  the transactions fall into the latter 
category. It may appear necessary to run each transaction as an update transaction, 
as the transaction may decide "on the fly" that it wishes to update. It is, however, 
much more productive to start each transaction as a querying transaction and, if  it 
decides that it wishes to update (which will happen only in a small proportion of  
cases), to remove it from the system (it has not changed any values) and restart it as 
an updating transaction. (Of course, it may turn out that it no longer needs to update 
if  another transaction has modified the database meanwhile.) 

4. Extended Guard Protocol 

We will now consider a different approach for ensuring serializability. It is natural 
to consider a database organized as a directed graph whose vertices correspond to 
the lockable entities and whose arcs correspond to some locking rights. A classical 
example would be the IMS system [3]; other examples can be found in [4] and [10]. 
We will thus consider databases modeled by a directed acyclic graph whose vertices 
are the database entities. Before describing our protocol we fred it convenient to 
present some simple graph theoretical results. 

A subgraph H of  a graph G = ( V, E)  spanned by some W _ V is a partial block 
if  and only i f  [ W[ _> 2 and 

(1) if  [ W I = 2, then the vertices of  Ware  neighbors in G; 
(2) if  [ W[ > 2, then W is biconnected. 

A block is a maximal partial block. In the sequel we shall refer to W as a block if  it 
spans a block. 

One can easily see that any two blocks share at most one vertex. A vertex shared 
by two (or more) blocks is a post. If  v is a post and shared by two blocks B1 and B2, 
we say that it is a post for  BI and B~. As a vertex may be a post for more than one 
pair of  blocks, we say that v is a post for {B1 . . . . .  B,,}, m _> 2, if  and only if  it is a 
post for every Bi and Bj for i # j. 

Example 2. Consider the graph G of  Figure 2. The blocks of  G are 

BI -- {I, 2, 3, 4}, B2 -- (4, 5}, 
B3 = {5, 6}, B4 = (6, 7, 8}, 
B5 = (6, 9, 10}, Be = {6, l l } .  

The posts of  G are (4, 5, 6}: 4 is a post for (B1, Be}; 5 is a post for {B2, B3}; 6 is a 
post for {B~, B4, Bs, Be}. 17 

LEMMA 1. Let x, y be any two vertices in a connected graph G. Then 3m >_ 0 posts 
bl, be . . . . .  b,~ and m + 1 blocks Bo, B1 . . . . .  Bm such that any chain 1 between x and y 
is of  the form 

( x  = u °,  . . . .  . . ,  u ° = b~ = u~, , U~l = b2 = u~, . . . ,  u m-into-, = bm = u ? ,  . . . ,  un~ = y )  

1 A chain is always undirected and, unless otherwise stated, simple. 



Locking Protocols: From Exclusive to Shared Locks 

FIGu~ 2 

793 

and satisfies the conditions 

Vi Vj [n, > 2 and u~ E B,]. 

( I f  m = 0 the lemma reduces to stating that any chain between x and y is entirely within 
a single block Bo.) 

LEMMA 2. Let G be a graph, B a block of G, and $1, $2, $3 sets of  vertices of  G 
spanning connected subgraphs and satisfying $1 tq $2 ~ 0 ,  $2 N Sa ~ 0 ,  $1 CI B ~ f~, 
S2 fl B • O, SaN B # O. Then $1N SaN B ~ f~. 

PROOF. L e t u E S x N B ,  w ~ S 2 ,  v E S a ( 3 B .  L e t w - - x o ,  xl  . . . . .  x p - x f f i u a n d  
w = yo, yx, . . . ,  yq-x = v be chains such that 

{X0,  X l  . . . .  , Xp--1} ~_ S1 ~J $2,  

{yo, y~ . . . .  ,yq-1} ~ $2 1.3 Sa. 

Consider the not necessarily simple chain, 

yq--1, yq--2, . . . ,  yO = Xo, X1 . . . . .  Xp-2,  Xp-1.  

Choose a, b such that 

Yq-b yq-2 . . . . .  ya = Xb, Xb+x . . . . .  Xp-1  

is a simple chain. As yq-1 and xv-~ lie in a single block B, it follows that 

(yq-1 . . . . .  ya = XO . . . . .  yp-1} _____ B. 

But as Su tq B = O, we have y,, E Ss, xb ~ $1, and the vertex ya lies in 
S, N S 3 N B .  [] 
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We continue now with our discussion concerning the new protocol. In a previous 
paper [7] we considered a natural family of protocols with EXCLUSIVE locks only, 
which generalizes a number of previously proposed protocols. In the sequel we will 
extend the results to allow both EXCLUSIVE and SHARED locks. Our proof 
methodology could be used to prove more general results; however, we feel that the 
results we present are easier to understand intuitively. 

Let V be the set of the (lockable) entities of the databases. We will construct by 
stages a guarding graph for V. 

(1) Enumerate V, namely, arrange the elements of V into a sequence Vl, v2 . . . . .  v,,. 
When convenient, we will use V to refer to this sequence too. 

(2) Define a function guard: V--> 2 2°x~ such that if 

guard(vk) = ((A~, B~), (A~, B~) . . . . .  (A~, B~)},  

then 

(a) O #  Bk, C_Ak, C_ V, and 
(b) v q ~ A ~ = * q < k .  

(3) Define the graph G = ( V, E) by (Vq, Vk) E E ** 3i  [Vq ~ Ak,]. 

This graph (which is of course acyclic) will be a guarding graph if the following two 
conditions are satisfied: 

(1) Any A~ lies within a single block of G. 
(2) Whenever A k tq B~ = 6 ,  then for every block B of G, either A k tq B = ~ or 

A nB---O. 
Formally we can define a guarding graph G for V by specifying the pair 

( V, guard(V)). 

Example 3. Consider the graph of Figure 3 together with the guards defined in 
Table I. Examine, for instance guard(v,). One block contains {v3, v4, vs, v6, vs}; 
another block contains {v7, va, vg, vl0}. Thus, as A~ = {v4, vs} and B~ ffi {vs, v6} lie in 
a single block, we must have A~ N B~ # 6.  On the other hand, as A~ and B4 s = {vT} 
do not lie in a single block, A~ N B4 s = ~3 is not prohibited. [] 

To facilitate intuitive understanding, we first present the Guard Locking Protocol 
(GLP) for some guarding graph G, allowing EXCLUSIVE locks only. (It can be 
shown that GLP ensures serializability and deadlock-freedom.) 

(1) A transaction may lock any vertex first; to lock any other vertex Vk it must be 
holding a lock on the vertices in some B~ (thus nk > 0) and must have locked 
(and possibly unlocked) the vertices in the corresponding A~ - B, k. 

(2) A transaction must not lock any vertex more than once. 

For a very simplified discussion consider G consisting of a single biconnected 
component and two transactions To, T~, attempting to lock some vertex vk. Assume 
also that they both previously locked some vertex Vq. Clearly, we wish to enforce 
some priority in the order in which they lock v~. (Indeed, if To ---,~ /'1, we must 
preclude T~ --->~' To.) The protocol ensures that if To is holding a lock on the vertices 
of some B, k, 7"1 cannot during that period lock (and possibly "partially" unlock) 
vertices in any A~. Thus if To, after establishing priority of locking on Vq, maintains 
this priority at least through ancestors of vk, it will also keep it on Vk. This is, of 
course, a very imprecise argument, to be formalized later. 
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FIGtrt~ 3 

T A B L E I  

Vertex Guard 

Vx O 
v2 O 
v~ {(v~}, (v~}), ((v~}, {v2})} 
v, {({v~}, (v~})} 
v~ {((v~}, (v~})} 
v~ (((v~}, (v3}~) 
v7 
v~ {({v,, v~}, (v,, v~}>, ((v~, v~}, {vs, v+}), ((v,, v+}, {v,, v+}>, ({vT}, {v7}>} 
v~ {((v~}, {v~})} 
v~o {({v~, v~}, {v~}), <(v~, v~}, {v9})} 

Example 4. Consider  now the graph of  Figure 4 with the (presumed) guards 
def ined in Table  II. Here  {v2} tq {va} = O, but  v2 and v3 lie in a single block. Thus  
guard(v4) does not  satisfy the conditions. 

Indeed,  the following schedule o f  two transactions following G L P  is not  serializable 
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F i o t n ~  4 

T AB L E  II 

Vertex G u a r d  

vl 0 
v2 {({vd, {vl})} 
v3 {({vd, {vd)} 
v, {(v2}, {v2}), ({v3/, (v3})} 

A A 

(LX and LS are omitted): 

(To, LX, vl); (To, LX, v2); (To, UN, vl); 
(TI, LX, vl); (T1, LX, v3); (T1, LX, 1,4); 
(T1, UN, vl); (Tx, UN, vs); (T1, UN, v4); 
(To, LX, v4); (To, UN, v2); (To, UN, v4); 

We have in this case 

To--* ~ T I ~  °~ To. [ ]  

The GLP is actually a class of locking protocols for a specific set V, one for each 
possible choice of  enumeration and of guards. For example, the protocols on graphs 
described in [4, 10] are special cases of  the OLP. The simplest one is the tree protocol 
on an m o o t e d  directed tree. (A directed graph that is a tree is not rooted if it has 
more than one source.) Here the guarding graph is simply the original directed tree 
where guard(vj) = (((v,}, {v~})lv, is a predecessor (father) of  vj}. 

Allow now a transaction to acquire both EXCLUSIVE and SHARED locks. 
Given a transaction T, executing in a database organized as a DAG G, the subsets 
LX(T~) and LS(T,) are defined as above. Consider the subgraph of  G spanned by the 
set LS(Ti). Generally it splits into a number of  connected components, say C1, C2, 
. . . .  Ck. Apit fal l  of  T~ is def'med as a set of  the form Cq U {u E LX(Z) I (u, w) ~ E 
or (w, u) ~ E for some w E Cq}. Note that the pitfalls are subsets of  L(T,), and are 
not necessarily disjoint. 

Example 5. Consider the graph in Figure 5. Transactions To locked vertices such 
that LS(To) = (d, e, f ,  j, r}, LX(To) = {b, g, h, i, k, l, n, p, q}. LS(To) splits into three 
components: {d, f ,  j}, (e}, {r}. The pitfalls are (b, d, f ,  i, j, n}, {b, e, g, h}, 
{p, r}. [] 

We will say that a transaction T, (which locks each entity at most once) is 
two-phase on a set of  entities {ul, us . . . . .  uk} _C L(T,) if and only if it is of  the form 

11, 12 . . . . .  Ip, Ip+l, Ip+2, . . ., Iq, 

such that the following two conditions hold: 

V j < - k 3 r < - - p ( I r = ( T ~ , L ,  uj)} where L E (LX, LS) 

and 
Vr<_p Vj<<_ k ( I , #  (T,, UN, u:) }. 
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tl 
a vertex not locked by T O 

a vertex locked by T O with an EXCLUSIVE lock 

a vertex locked by T O with a SHARED lock 

~ a pitfall 

FIOLrRE 5 

In other words, T, is two-phase on some subset W _  L(T,) if  and only if  it locks all 
the entities o f  W before unlocking any of  them. 

We define the Extended Guard Locking Protocol (EGLP) on a guarding graph by 
the following conditions on an individual transaction (in EGLP):  

(1) A transaction may lock any vertex first; to lock any other vertex uk, it must  be 
holding a lock on the vertices in some B~ (thus nk > 0) and must have locked 
(and possibly unlocked) the vertices of  the corresponding Aki -- B~. 2 

(2) A transaction must not lock any vertex more than once. 
(3) A transaction must be two-phase on each of  its pitfalls3 

Example 6. Example 4 shows that the G L P  may  fail i f  both EXCLUSIVE and 
S H A R E D  locks are permitted. We present another example of  a nonserial~zable 
schedule of  transactions following the tree protocol of  the graph in Figure 1 (LX and 

2 We shall say that the transaction uses (A~, B~) to lock uk Note that tt may use more than one pair to 
lock a single vertex. 
a Note that even if two pitfalls share a vertex it does not necessarily follow that the transaction is two- 
phase on their umon. 
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A 

LS are omitted): 

(To, LX, a); (To, LS, b); (To, UN, a); (T:, LX, a); 
(T1, LS, b); (T~, LX, c); (TI, UN, a); (T~, UN, b); 
(7"i, UN, c); (To, LX, c); (To, UN, b); (To, UN, c); 

we have To ~ a  T1 ~ c To. 
The cycle was created because To and TI "switched priority" at b. To locked it first, 

but 7'1 used it in'st to lock c before To did so. Requiring a transaction to be two-phase 
on a pitfall in effect lets it build a "fence" around an area in which it is vulnerable. 
(This, of  course, is a gross oversimplification.) [] 

We shall say that a transaction 1", delays unlocking of M ___ L(T,) if and only if 
every vertex of M is unlocked only after all the vertices of L(T,) have been previously 
locked. (There are no restrictions on unlocking of vertices in L(T)  - M.) 

Example 7. The transaction 

(T, LX, a); (T, LX, b); (T, UN, b); (T, LS, c); 
<T, LX, d>; (T, UN, c); (T, UN, d>; (T, UN, a) 

delays unlocking of  (c, d} (and also of {a, c, d}, but not of {b, c}). [] 

Let (Wl, w2 . . . . .  wk) be a chain contained entirely within L(T) for some transaction 
T We shall say that T is piecewise two-phase on (w~ . . . . .  wk) if and only if it is two- 
phase on every {w,, W,+l} for i = 1 . . . . .  k - 1. 

Example 8. Consider again the guarding graph of Example 3. The transaction 

(T, LX, vs); (T, LX, v4); (T, LX, vs); (T, LX, v~>; (T, UN, v~); (T, UN, v6); 
(T, LX, va); (T, ON, v4); (T, UN, vs); (T, UN, va) 

follows the GLP on the graph. It is piecewise two-phase on (v3, v4, va), but it is not 
piecewise two-phase on (v3, v6, vs). [] 

Let T be a transaction on some graph G, and let H be a subgraph of G. Then T n, 
the restriction of T to H, is obtained from T by omitting from it the instructions 
referring to vertices not in H. 

LEMMA 3. Let G be a guarding graph that is a (single) block, and let To and 7"1 be 
two transactions following the EGLP on G such that L(To) n L(T1) # (3. Then 

(i) There exists a transaction #r following the EGLP on G for which L(T) ffi 
L(To) O L(T,). 

(ii) I f  x and y are two distinct vertices in L(To) f') L(T1), then there exists a chain in G 
between x and y on which To is piecewise two-phase and which lies entirely in 
L(To) t-I L(T~). 

PROOF. V is the sequence v~, v2 . . . . .  v,,. We define x < y if and only i f  x ffi v , ,  

y = vj, and i < j. Thus, for any subset W o f  V, the minimum vertex in Wis defined. 
Let F(To), F(T1) be the vertices locked first by To and T1, respectively. 

(i) We first show that F(To) E L(T~) or F(T1) E L(To). Assume otherwise. Let 
q ffi rnin(L(To) n L(TO). Then q ~ (F(To), F(T1)}, and it follows that To and 7"1 used 
some (Ao, Bo) and (A1, B1), respectively, to lock q. But, as G is a block, it follows 
that Bo n A~ # ~.  Thus, for any p E Bo n A~, we have p E L(To) t') L(T1), 
contradicting the definition of q. 

Without loss of generality, F(T 0 E L(To). For simplicity assume that both To and 
T1 are two-phase (on L(To) and L(T~), respectively). There is no loss of generality in 
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this assumption, as for any transaction To which follows the EGLP and is of  the 
form, 

/1; . . .  ;/p-i; Ip = ( To, UN,  x); Ip+l; Ip+2; • • • ; Ira 

there exists a transaction T6 of the form, 

I I ; . . . ;  I;-1; I;+l; I~ = (T6, UN, x); I;+2; . . . ;  I ' ,  

which follows the protocol, where I~ is obtained from Ij by replacing To by T~. 
Define a two-phase transaction T locking exactly L(To) O L(T1) by the sequence 

(we write L for either LX or LS as appropriate) 

11;...;  Ip -- (T, L, F(T1)); lp+1; . . . ;  Iq ; . . . ;  IN; .11; . . . ;  JN, 

where 

11; . . .  ; lp is the initial subsequence of instructions of To (up to and including the 
instruction locking F(TO). 

Ip+l; . . .  ; Iq consists of all the locking instructions issued by T1 and referring to 
vertices not yet locked. 

Iq+l; . . .  ; IN consists of the remaining locking instructions of To, other than the 
instructions locking elements of L(To) n L(T1). 

J1; . . .  ; JN consists of the unlocking instructions. 

It is clear that T follows the EGLP on G. 
(ii) Assume the converse. We will say that x, y in L(To) n L(T1) satisfy the chain 

condition if they can be connected by a chain that satisfies the lemma. Let x, y E 
L(To) n L(T1) be minimal that do not satisfy the chain condition. (This means that 
if xl -< x, yl -< y, {xl, yl} C_ L(To) n L(T1), and (xl, yl) # {x, y}, then xl, yl satisfy 
the chain condition.) 

We first show that (x, y) ~ {F(To), F(T1)). Indeed, otherwise as {x, y)  _.C 
L(To) n L(T1), it follows that F(To) E L(T1) and F(TO E L(To). From here, 
F(T1) <_ F(To) and F(To) <_ F(T1), and thus F(To) = F(T1), contradicting x # y .  

Thus, without loss of generality, assume thaty  ~ (F(T0), F(T1)}; To and T1 used 
(,4o, Bo) and (A1, B1), respectively, to locky; and Bo n A1 ~ 6. Let q E Bo n A1. Note 
that To is two-phase on (q, y}. 

If x = q, then the chain (x, y) satisfies the lemma. If x ~ q, then x, q are two 
vertices which, by the minimality assumption above, satisfy the chain condition. Let 
the appropriate chain be 

( X  ~--- W 0 ,  W l ,  • • . , W k - 1  = q). 

Now, as this chain does not include y (otherwise x, y would satisfy the chain 
condition), the chain 

(x -- Wo, wl . . . . .  Wk-1 = q, Wk = y) 

satisfies the chain condition--a contradiction. [] 

LEMMA 4. Let G = (V, E )  be a guarding graph, and let H ffi (W, F)  be a block 
of  G. Then H is a guarding graph with the choice of  guards defined by 

guard H(u) = ( (A n W, B f'l W ) [ B  f'l W # ~ A (A, B) E guard(u)) 

f o r  every u E W. (In effect, we define guard H(u) by restriction.) Furthermore, i f  T 
follows the EGLP on G, then TH follows the EGLP on H. 
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PROOF. If [ W[ = 2, the result follows immediately. Assume that [ W{ >_ 3. As for 
(A, B) e guard(u) for any u, A lying in a single block of G, it easily follows that H 
is a guarding graph and we only show that T u follows EGLP on H. 

We wish, in effect, to show that W contains all the guards T u needs. (One can 
imagine that removal of some locking instructions from a transaction causes it not to 
follow the locking protocol.) Let T u lock in order the vertices Uo, ul ..... uk-1. Wc 
prove by induction on j that when T H issued instructions locking uj, it was permitted 
to do so under the rules of the EGLP. 

j ~- 0. Any vertex can bc locked first. 

j > 0. T used some (A, B) to lock uj. It will suffice to show that A __. W. The 
proof is similar to the proof of Lcmma 2. Assume by contradiction that a E A - W. 
Let w be the first vertex locked by T. By the rules of the protocol there exists a path 
("directed" chain) from w to a, say, (w ---- x0, xl, x2 ..... xp-x -- a), consisting of some 
vertices locked and possibly unlocked by T. There exists also a path from w to u0, 
say, (w =-yo, yl, y2 ..... yq-~ -- u0), consisting of vertices locked and possibly unlocked 
by T (see Figure 6). Consider the sequence 

Z0 ~ yq - -1 ,  Z l  = y q - - 2 ,  • - . ,  Zq--1 ~ y 0 ,  Zq ~ X l ,  Z q + l  = X2,  • • • , Zq+p--2 ~" a .  

For  every  f ,  0 < f _ q + p - 3, ei ther  (zf ,  zf+l) E E or  (Zf+l, z f )  ~ E. Clearly,  
Zo E W, Zq+v-2 f~ W. Let  Zr be the last ver tex in the sequence that  is also in W. It  is 
easily seen tha t  it is possible to extract  f rom Zo, Zx . . . . .  za+p-~ ffi u~ a sequence to ffi zr, 
tx . . . . .  ts-2 = a, t,_~ = u~ satisfying the conditions: 

(i) s>_ 3, 
(ii) Ve [0 <_ e < s - 2 ==~ (re, te+~) ~ E or (re+l, re) E E l ,  

(iii) Ve [O < e < s - l =* te f~ W],  
(iv) (to, ts_x} __ w.  
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But then it follows that W U (t~, t2, . . . ,  t~-2} is biconnected in G, contradicting the 
definition of  H. [] 

L E n A  5. Let {To, I"1 . . . . .  T~-~} be a set of  transactions following the EGLP on 
a guarding graph G such that L(T,) 13 L(T,+~) ~ O for  i = O, 1, . . . ,  n - 1 (subscripts 
are modulo n). Then for  any x E L(To) 13 L(T1) and y ~ L(T~-I) n L(To) there exists 
a chain between x and y on which To is piecewise two-phase, and which lies entirely 
within L(To) n O~,,o L(T,). 

PRoof. As both L(To) and U~,,o L(T,) are connected and contain x, y, it follows 
that there exist two (not necessarily distinct) chains between x and y, one containing 
elements of  L(To), the other containing elements of  U,,o L(TI). By Lemma 1 these 
chains can be written as 

( X  ~- U O, • U ~  0 m h i  m u l ,  . u rn-1 m b m  m Urn,  U m 
• . , . .  , nm-  I . . . ,  ninny) 

and 

(x a °, -0 -m-1 - = • • •, u,ro = bl = al  . . . . .  U,rm_~ = bm = uT . . . . .  u,rm --y) ,  

where u j, aj E B~. 
Consider some i E {0, 1 . . . . .  m}. By Lemma 4, B, is a guarding gra[~h under the 

restriction of  guards of  G. Also by Lemma 4, the transactions T~', . . . .  Tg'-I all follow 
the EGLP  on B, (some of  these transactions may be empty). 

Let Tp~, T,~ . . . . .  T,q be the subsequence of  7"1, T2 . . . . .  T,~ consisting of  all the 
transactions Tj for which L(Tj) 13 B, # 0 .  Clearly, 

q 

(al, ak} _ u 

and we claim that 

L(T~,) 13 L(T~'+,) ~ f~ for j = 1 . . . .  , q - 1. 

Let t h e n j  E {1 . . . .  , q - 1}, and assume by contradiction that L(Tp,) nL(T~,+~ ) 13 B, 
(which is L(Tg,) 13 L(T~j+~)) is empty. Consider two cases: 

(1) L(Tp,) 13 L(Tp,+~) # 0 .  Let $1 -- L(Tp,), $3 = L(Tp,+~), and $2 be a set ofcardinali ty 
one containing any vertex in L(Tp,) 13 L(Tp,+,). Then by Lemma 3 the claim 
immediately follows. 

(2) L(Tp,) n L!Tp,+~) = O. Then pj+~ > pj + 1. Let S~ = L(Tp,), Sz ffi L(Tp,+~), and 
$2 = Ll~'.+~f~ L(Tk). Then again by Lemma 2 the claim immediately follows. 

By Lemma 3 there exists a transaction T* following the EGLP  on Bi such that 
q 

L(T*) - -  U L(T~p;), 
J--1  

and also by Lemma 2 there exists a chain between al and an. entirely within 
q 

L ( r g , )  n U 
J--1 

and on which Tg' is piecewise two-phase. Let this chain be 

(~i, ~ . . . . .  ~,~.), 

where o f  course 

~i ~ ul, "' "' - -u  i 
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Repeating such construction for each i, we define a chain 

(x = ~o, ^o A1 ~ - 1  = b m  ~T, ^"  = y )  • . . ,  U &  - ~  h i  = U l ,  • • • ,  n ,n -1  = " ' "  , U~ra 

that satisfies the lemma. []  

THEORE~ 3. The E G L P  ensures serializability. 

PROOF. Assume by contradiction that the EGLP does not ensure serializability. 
Then without loss of  generality let {To, Ta, . . . ,  Tn-~) be a set of  transactions following 
the EGLP on G such that 

(i) To --->/'1 ---> . - .  T,-~ --> To and there are no smaller cycles. 
(ii) Y~7.;~ [L(T,)I is minimum for all sets of  transactions satisfying condition (i). 

(iii) If  M, is the set of  all vertices that T, delays unlocking, then ~ ]M,[ is maximum 
for all sets of  transactions satisfying conditions (i) and (ii). 

These assumptions are hypotheses for Lemmas 6 and 7. 

LEMMA 6. Let  (7, = (v IT, --->~ T,+I}, f o r  i = 0 . . . . .  n - 1. Then f o r  every i, 
I C~-11 = 1 or I C,I = 1 (subscripts modulo n). 

PROOF. Let T, be the sequence of  instructions 

Ix; I2; . . . ,  L. 

Assume now that the lemma is false. We shall write L for either LX or LS, when the 
distinction is not important. Let 

j l  A_ mill  k[(Ik = ( T,, L,  v )) I T~-I --->~ T, for some v], 
j2 a_ m i n  k[(Ik = (T, ,  L,  v))] T, --~ Ti+l for some v], 
j _& max{jl ,  j2}. 

Delete from Z every Ik of  the form (T,, L, v) for k > j and its associated 
(T,, UN, v). As the result, a new transaction T', is obtained. This transaction follows 
the EGLP on G, and 

To ~ . . .  ~ T,-1--> T~---> T,+I ~ . . .  ~ Tn-1 ~ To, 

but L(T~) C L ( T  0 (proper subset), contradicting assumption (ii). []  

We note that by the construction in Lemma 6 it is clear that for the last vertex 
locked by T,, say w, w E C,-x or w ~ C,. Furthermore, in the previous case 
(7,-1 = (w}, and in the latter case C, = {w}. Informally, the last vertex locked by T, 
"formed" one of  the two sets, C,-~ or C,. 

LEMMA 7. L (  T t )  - -  C, C_ Ms. Thus i f  C, is a single vertex, T, is two-phase. 

PROOF. Indeed, consider the case where some w E L(T , )  - {v IT, ---~ T,+a} is 
unlocked by 7", before some vertex of  L(T,) is locked by T,. Observe first the delaying 
of  unlocking until the last locking instruction is executed is permissible under the 
EGLP. How can such delay of  unlocking of  w change the original schedule? As for 
each j ,  T, -7 4`0 T~, it follows that delaying unlocking of  w will not change the order of  
other locking and unlocking instructions. Then it immediately follows that the 
unlocking of  w was delayed until after the last locking instruction was executed 
(assumption (iii)), and the lemma has been proved. []  

PROOF OF THEOREM 3 (CONTINUED). Obviously the following holds: 

0 C C~ c_ L(T , )  fq L(T,+I). 
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We will pick u, E C,, i = 0 . . . . .  n - 1, such that 

To ._.>~o T1 ~ - 1  . . .  _..>~,-~ T , ,  ~ ,n-1  To. 

I f  l C~I = !, then C, = {u~}; in this case we say that u~ was uniquely chosen. Observe 
that if I C,I > 1, then by Lemma 6, [ C,-11 = 1 and [ Cs+l ] = 1. 

Assume that I Cs I > 1. By Lemma 5, for any u E Cs there exists a chain between 
the uniquely chosen u,-i and u, entirely within L(T,) N Oj, ,  L(Tj) and on which T, 
is piecewise two-phase. We shall call such a chain satisfactory for {ui-1, u}. Pick us 
such that the chain 

( U s - 1  ~ -  W l ,  W 2 ,  • • • ,  Wk -~ Us) 

is both satisfactory and of minimum length for (us-l, u,}. In this ease we shall say 
that u, was not uniquely chosen. (A careful reader will notice in the sequel that if  we 
consider chains between u and the uniquely chosen us+~, instead of  ui-~, the rest of  
the proof does not follow.) 

For each i pick L[ to be the set of the vertices of some minimum length chain 
satisfactory for {Us-l, us}. Its existence is again guaranteed by Lemma 5. 

Consider now transactions T~, T~ . . . . .  T'_~, where T~ -- T, z;. (Note that T[ does 
not necessarily follow the EGLP on G.) We also obtain a new schedule by dropping 
from the original one every instruction of T, referring to vertices in V -  L~. In this 
schedule, 

T[ ...~o T~---~ . . .  _..>un_~ T~-I---~-~ T~. 

We will now show that each T' is two-phase (on L(T~) = L~). 
If  I L,' I -- 2, then the claim follows from the fact that T, was piecewise two-phase 

on the chain (us-~, us). For the case when I L~I --- 3, we remind the reader that 
L(T~) c_ LJj,,s L(Tj). Consider two cases: 

(1) us was uniquely chosen. By Lemma 7, Ms ~ L(Ts) - C, = L(T,) - {u,}. As in this 
case, Cs is a single vertex, T, was two-phase on L(Ts) and thus also two-phase on 
L(T',). Consequently, T's was two-phase on its domain. 

(2) u, was not uniquely chosen. In this case u~_l was uniquely chosen (and in a 
certain sense "u, was as close as possible to it"). Thus by the choice of  u~, for 
every w, T, ..fiw T~ and Tj --/,~ Ts for j ~ i. As for such w, w ~ U/,,, L(Tj), we 
deduce that w ~ LS(T~). It follows that L(T~) is a subset of a single pitfall of T~. 
Thus T, and T~ are two-phase on L(T~). 

We showed that if  our extended guard protocol does not ensure serializability, 
then there exist a nonserializable schedule of two-phase transactions. These trans- 
actions do not necessarily follow the extended guard protocol, but the existence of  
such a nonserializable schedule would contradict the fundamental result of  Eswaran 
et al. [21. [] 

5. Conclusion 

We have presented new results concerning non-two-phase locking protocols which 
allow transactions to request both SHARED and EXCLUSIVE locks. Some results 
are applicable to general database systems and some to systems that are modeled by 
directed acyclic graphs. 

We have presented two different approaches for handling SHARED locks. The 
first approach allows one to use a "correct" protocol which employs EXCLUSIVE 
locks only, with no restructuring of  the protocol. This is done by restricting each 
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transaction to employ either only EXCLUSIVE locks or only SHARED locks, and 
by requiring that the sets of entities the transactions lock interact with each other in 
a specific manner. The second approach requires that each transaction follow the 
guard protocol with the restriction that the transaction be two-phase on its pitfalls. 

It is interesting to compare our second approach with the other approaches 
previously published. All previous work on locking protocols which employ both 
SHARED and EXCLUSIVE locks was confined to variations of the two-phase 
concept. The one directly applicable to systems modeled by trees and DAGs is the 
intention mode locking protocol [3] (referred to in [9] as the warning protocol). Let 
us compare the warning protocol with ours. Both protocols aUow the inclusion of 
SHARED and EXCLUSIVE locks. The warning protocol requires that the transac- 
tion be completely two-phase, while our protocol requires that a transaction be two- 
phase only on its pitfalls. The warning protocol requires that a transaction starts 
locking at the root, while our protocol allows the transaction to first lock any entity 
in the graph. In the warning protocol locking is done on a subgraph basis, while in 
our case each entity must be individually locked. Thus with the warning protocol for 
certain graphs the number of locks that need to be set may be fewer than the number 
of entities accessed by the locking transaction. However, it may also resuR in a 
substantial loss of potential concurrency. 
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