JOURNAL OF INFORMATION SCIENCE AND ENGINEERING 25, 1617-1639 (2009)

A Semantic-Based Protocol for Concurrency Control
in DOM Database Systems

KUEN-FANG JEA!, TSul-PING CHANG*? AND SHIH-YING CHEN?®
'Department of Computer Science and Engineering
National Chung Hsing University
Taichung, 402 Taiwan
Department of Business Administration
Ling Tung University
Taichung, 408 Taiwan
*Department of Computer Science and Information Engineering
National Taichung Institute of Technology
Taichung, 404 Taiwan

Providing efficient access to XML documents is crucial, as XML has become the
most important technique to exchange data in WWW. DOM is a popular object-oriented
user interface to manipulate XML documents. Several concurrency control protocols
have been proposed for DOM by analyzing the read/write behaviors of DOM operations.
However, none of them exploit the semantics of DOM operations for enhancing concur-
rency. Semantics were introduced in object databases to develop concurrency control
protocols. And this research is motivated by the success of this approach on object data-
bases. In this paper, we analyze the commutativity relationship between DOM operations
and propose a new semantic-based protocol for DOM, namely the SCD protocol. SCD
not only allows non-serializable schedules to be executed, but also preserves the correct-
ness of the resulting schedules. Our simulation results show that SCD outperforms other
DOM-hased protocols in its higher throughput and shorter response time. There are two
major contributions in this paper. First, the semantics of DOM operations are analyzed
formally. Second, based on the semantic analysis, a new way to design DOM-based con-
currency control protocol is presented.

Keywords: DOM, XML, semantics, commutativity, concurrency control, database sys-
tems

1. INTRODUCTION

XML has enjoyed its wide popularity as a standard data exchange format for Inter-
net applications, and databases that store XML documents have thus become increas-
ingly important. Many areas of applications such as Finance, Medicine, and Science rep-
resent their document data in XML and exchange them via the Internet. Since documents
in these areas are usually large, XML database management systems (XDBMSs) [21, 22]
are helpful to support efficient access to these documents.

Concurrency control [4, 12, 14-16, 20] is one of the most important techniques pro-
viding efficient access in database systems. It improves system performance by concur-
rently executing multiple transactions. To this end, lock-based, timestamp-based, valida-
tion-based, and semantic-based concurrency control protocols have been proposed. Lock-
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based protocols [4, 12, 14, 16, 20] require that transactions request locks on data items
before accessing them. Under timestamp-based protocols [4, 20], conflicting read and
write operations are executed in timestamp order. Validation-based protocols [4, 15, 20]
assume most operations in DBMSs are read operations. Under this type of protocols,
DBMSs definitely finish transactions in the read phase and possibly rollback some of
them in the validation phase if they do not pass conflict validations. In contrast, seman-
tic-based protocols [3, 7, 13, 17, 18] have been proposed for object-oriented database
systems (OODBMSs). They utilize the semantics of operations for allowing more opera-
tions to be executed concurrently.

Traditional concurrency control protocols [2, 3, 5, 7, 13] are not optimized for two
features of XML documents. First, XML documents contain both structure and data,
which must be maintained consistent during the execution of transactions. However,
traditional concurrency control protocols do not consider document structures. Therefore,
database operations on document structures are not optimized for high concurrency. Sec-
ond, new operations (other than the traditional read and write operations) are introduced
into XML, especially the DOM Application Program Interface (API). DOM [10] defines
logical structures of XML documents and provides operations in its API for manipulat-
ing XML documents. However, traditional concurrency control protocols based on read/
write conflicts are not tailored to these DOM operations. Therefore, new concurrency
control protocols are required for enhancing XDBMS’s performance.

To deal with DOM operations, several concurrency control protocols [8, 9] have
been proposed. [8, 9] analyzed the behavior of read and write operations in DOM and
proposed new lock models together with their compatibility matrix. These protocols are
based on the serializability concept to determine conflicts between operations. Although
they may successfully increase concurrency, there remains room of concurrency en-
hancement from the perspective of semantic-based approach. In fact, there are cases that,
even if two DOM operations (such as the NodeValue and ReplaceChild operations on the
same XML element) conflict under the protocols [8, 9], swapping the execution order of
the two operations do not result in an inconsistent database state (i.e., the values of ma-
nipulated XML elements are identical even if the two operations are swapped).

Semantic-based concurrency control protocols [3, 7, 13, 17, 18] have been proposed
for OODBMSs. These protocols can provide more concurrency by determining whether
two operations commute at the semantic level. Two operations commute if their execution
orders do not produce different results, such as their returned object structures or values.
By using the commutativity concept from operations’ semantics, operations can run con-
currently even though they are conflicting under those non-semantic-based protocols (e.g.,
the two-phase locking protocol [20]). For example, on a queue data structure, operation
enqueue adds an item to the back of the queue, while dequeue removes an item from the
front of the queue. The two operations conflict under the two-phase locking protocol
since they both modify the items in the queue. However, by analyzing the semantics of
both operations, we may find that they commute and can be executed concurrently if the
queue contains more than one item. The returned items in the queue are identical despite
the execution orders of enqueue and dequeue.

Likewise, in XDBMSs the semantics of DOM operations can be explored to in-
crease concurrency by determining which pairs of operations commute. To the best of
our knowledge, however, no research at present addresses the commutativity issue of
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DOM operations for concurrency enhancement. Accordingly, in this paper, by analyzing
DOM operations’ semantics and defining the commutativity relationship between DOM
operations, we develop an efficient semantic-based concurrency control protocol, namely
SCD, for DOM database systems. We also prove the correctness of SCD in this paper.

Two major contributions differentiate this research from others. First, we have ana-
lyzed DOM operations from the semantic perspective. Since none of current research
exploits DOM operations in this way, the analysis result is useful for researchers to de-
sign new concurrency control techniques for XDBMSs. Second, we have developed a
semantic-based concurrency-control protocol SCD. It shows that more DOM operations
can be executed concurrently and higher concurrency is thus achieved.

This paper is organized as follows. Section 2 explains the DOM model, and section
3 analyzes the commutativity relationship of DOM operations. Section 4 proposes the
new SCD protocol and proves the correctness of SCD schedules. Section 5 shows our
simulation results, while section 6 reviews the related work. Finally, section 7 concludes
this study.

2. PRELIMINARIES

In this section, we describe the DOM model and classify DOM operations. Symbols
in this research are defined as well.

2.1 Document Object Model (DOM)

The DOM model is suggested by the W3C [10]. It defines a document model to
represent XML documents together with DOM operations to manipulate them. The
DOM document model abstracts a document as a tree, namely XML tree. The root of an
XML document is named document element in the XML tree, while elements, attributes,
and texts in an XML document are mapped to nodes in the XML tree. Fig. 1 shows an
example of XML document (a) and its corresponding XML tree (b). In Fig. 1 (b), the
element nodes, attribute nodes, and text nodes are denoted by circles, rhombuses, and
rectangles, respectively.

DOM defines several interfaces such as the element, characterdata, and node inter-
faces, to access elements, attributes, and texts in XML documents [10]. The element in-
terface manipulates the attributes of elements in XML documents, while the character-
data interface updates the texts of elements or attributes. In addition, the node interface
treats the elements, texts, and attributes in XML documents as nodes and defines opera-
tions to access them. The operations in the node interface read/write/insert/delete nodes
in XML trees, while those in the element and characterdata interfaces read/write/insert/
delete attributes and texts, respectively, in XML documents. The corresponding opera-
tions in the three interfaces have identical access behaviors, except that the objects (i.e.,
nodes, texts, and attributes) operated by them are different. Therefore, only the opera-
tions in the node interface are analyzed in this paper. Nevertheless, the results of this
semantic analysis can be applied equally well to the element and characterdata interfaces.

The operations in the node interface navigate and manipulate (i.e., insert, update or
delete) nodes in XML trees. Programmers can use the read operations (e.g., FirstChild,
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<root>
<a>
<b u="9">
<d>1</d>
</b>
<c>
<e>2</e>
<f>
<g>4</g>
<h>5</h>
<[>
</c>
</a>
</root>

(a) An XML document.

(b) The corresponding XML tree.
Fig. 1. An example of XML document.

NextSibling, LastChild, and PreviousSibling) to navigate nodes and use the write opera-
tions (e.g., InsertBefore, AppendChild, RemoveChild, and ReplaceChild) to manipulate
nodes. To navigate nodes, a reference node x with a read operation is indicated. For ex-
ample, the expression “x.FirstChild” navigates the first child node of x. To modify nodes,
a reference node x, an x’s child node y and a new node n;, with a write operation (i.e.,
InsertBefore, AppendChild, and ReplaceChild), are indicated. The operation “x.Insert-
Before(y, ny)” inserts a new node n; in front of y, the operation “x.AppendChild(n,)” ap-
pends a new last child node n; of x, while the operation “x.ReplaceChild(y, n;)” removes
all descendant nodes of y and replaces node y with a new node n;. Finally, to delete
nodes, a reference node x and a subtree rooted by x’s child node y are indicated with a
delete operation. For example, the operation “x.RemoveChild(y)” deletes node y and all
of its descendant nodes.

2.2 Classification of DOM Operations

DOM operations (in the node interface) are classified into observers and modifiers
for our semantic analysis purpose. An observer is a shared operation that reads nodes’
values or navigates nodes in an XML tree, while a modifier is an exclusive operation that
modifies nodes’ values or document structures. As listed in Table 1, observers include
FirstChild (denoted by FC), NextSibling (NS), LastChild (LC), PreviousSibling (PS),

Table 1. Classification of DOM operations.

Observers and denotations

Modifiers and denotations

FirstChild (FC)
NextSibling (NS)
LastChild (LC)
PreviousSibling (PS)
NodeName (NN)
NodeValue (NV)

InsertBefore (I1B)
RemoveChild (MC)
AppendChild (AC)
ReplaceChild (RC)
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NodeName (NN), and NodeValue (NV). Madifiers include InsertBefore (IB), Remove-
Child (MC), AppendChild (AC), and ReplaceChild (RC). Among these operations, ob-
servers NN and NV read a node’s name and value, respectively, while FC, LC, NS, and
PS navigate a node’s first child, last child, next sibling, and previous sibling, respec-
tively. Modifiers 1B and AC insert new nodes into an XML tree, and MC and RC re-
spectively delete and replace nodes.

2.3 Observation

We have made the following observation on the semantics of DOM operations re-
garding the concurrency enhancement of DOM transactions. Two DOM operations may
be executed concurrently in the following cases. Two observers can be executed concur-
rently, since they do not modify documents. On the other hand, in case at least one of the
two operations is a modifier, the operations’ semantics are helpful to decide if they can
be executed concurrently. For example, in Fig. 1 modifier AC appends a new last child
node of node e, while IB inserts a new node before an existing e’s child node. These two
modifiers can be executed concurrently on the same node e, since their semantics indi-
cate that the modified XML tree’s structures are identical despite their execution orders.
Therefore, exploiting the semantics of DOM operations is useful in increasing the con-
currency of DOM transactions. We shall analyze DOM operations’ semantics and de-
velop an efficient protocol for XDBMSs based on the analysis.

2.4 Symbols

Symbols used in this paper are defined as follows. A DOM transaction T; consists of
a sequence of operations which are classified into observers and modifiers. We use nota-
tion C;, to indicate the node operated by an operation O;p,, which is the mth DOM op-
eration in T;. An observer in T; is represented by C; ,.Oim, While a modifier is represented
by Ci,m.Oiym(Ni,m, Ri,m)y Ci'm.Oi,m(Ni'm), or Ci,m.Oi'm(Ri,m). Ri,m denotes an EXiSting child node
of Cim, and N;denotes the new child node of C;, to be inserted by O; . For any ob-
server O (i.e., FC, LC, NN, NV, PS, or NS), C;,.0;n, denotes that C; , is read by O; .
Cim-I1B(Nim, Rim) indicates that modifier IB inserts N, in front of R;n, and Cin.RC(N; m,
Rim) indicates that modifier RC replaces N, with R;p, respectively. Ci,.AC(Nip) de-
notes that AC appends N;, to Ci,’s last child node, and C;,,.MC(R; ) denotes that MC
deletes R, and all of R;,’s descendant nodes, respectively. Table 2 illustrates these
symbols of DOM operations.

For example, in Fig. 1 the observer “a.LastChild” and modifier “c.InsertBefore(n,,
f)” in transaction T, can be represented by “C;1.0;,” and “Cy2.012(Ny2, R12)”, respec-
tively, where C;; is node a, C,; is node ¢, Oy ; is observer LC, O, , is modifier 1B, Ny is
the new node ny, and R , is node f. As a result, T, = <a.LC, c.IB(ny, f)>.

3. SEMANTIC ANALYSIS OF DOM OPERATIONS

This paper considers the semantics of DOM operations (as listed in Table 1) on
nodes and subtrees in XML trees. Each operation is classified into either a node or a sub-
tree operation according to whether it operates on a node or a subtree. Node operations
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Table 2. Symbols of DOM operations.

Symbols Descriptions

Cim the node operated by operation O,

Rim an existing child node of Ci

Nim a new child node of C;, to be inserted by O;n,
Cim-Oim the node C; , is read by O;,

CimOin(Nim Rin) the new node_Ni,m is insertgd before node R;, by O;n, and
ML the node R;, is replaced with the new node N;,, by O;
Cim-Oim(Nim) the node N; , is appended to node C; ,,’s last child node
Cim-Oim(Rim) node R;n and all its descendant nodes are deleted by Oj

include the FC, LC, PS, NS, NN, NV, IB, and AC operations, while subtree operations
include the MC and RC operations. If operation O;, is a node operation, C;, is the node
operated by O;; otherwise, Cin, is the root node of a subtree operated by O;n. Opera-
tions’ semantics consider the state changes of the operated nodes, including nodes’ ele-
ment value, element order, and their subtree structure. Node operations change nodes’
element values and orders, while subtree operations change nodes’ subtree structures. By
considering the state changes of the operated nodes involved in two operations, the two
operations may be executed concurrently without having one of them wait for the other
(if switching their execution order always results in the same state).

The following terms S,, V,, E,, and N, are used to define the state of node x, and
function t(O;nm, Sx) represents the state changes of node x operated by operation O;, in
transaction T;. (Note that for simplicity, here we use x and z to represent nodes C;, and
Rim respectively as defined in section 2.4, and we also use the IB,, RC,, and MC, opera-
tions to represent the reference node z operated by the IB, RC, and MC operations, re-
spectively.) State S, = (Vy, Ex, N,) denotes the state of node x:

o V, represents a tag name of an element node x or a text value of a text node x. It is a
string enclosed by a pair of double quotes.

o E, represents the sequence of x’s child nodes from its first child node x; to its last child
node x,,, and it is an ordered set denoted by <X, X, ..., Xo>.

o N, represents the breadth-first search sequence of the nodes in x’s subtree except node
x itself, and it is an ordered set denoted by <xi, Xo, ..., Xn, Xne1y «-.>.

e * is the symbol attached to a node x to indicate that the x’s value or its child node has
been read by an observer.

o S,' = t(Oim, Sx) where t is the state transformation function denoting that the new state
S\ is transformed by operation O;, from the original state S,.

For example, in Fig. 1 the c.FC operation reads node c¢’s first child node. Before the
FC operation is executed, the node c’s state S; = (“c”, <e, f>, <e, f, 2, g, h, 4, 5>). After
the execution of the FC operation, t(FC, S;) = (“c”, <e*, >, <e*, f, 2, g, h, 4, 5>). Here-
after, we use the notation “O;n < Oj,” to denote the execution order that operation O;,
precedes operation O;, for simplicity.

Definition 1 Let S, and S, be the states of nodes x and y respectively before operations
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Oim and Oj, in transactions T; and T;. Oj, and Oj, commute if t(Ojm, t(Ojn, Sx)) = t(Ojpn,
t(Oi,m, SX)) and t(Oi,m, t(Oj'n, Sy)) = t(Oj'n, t(Oi,m, Sy))

Definition 1 defines the commutativity relationship of two DOM operations O;p,
and O;,, based on the state change of two XML nodes being operated. In Definition 1, the
functions t(Ojn, t(Oim, Sx)) and t(Oim, t(Ojn, Sx)) respectively return the resulting states of
node x after the two execution orders “O;, < O;,” and “Oj, < Oj,”. The equality t(Oin,
t(Ojn, Sx)) = t(Ojn, t(Oim, Sy)) means the identical resulting states of node x after both
execution orders. Similarly, the equality t(Ojm, t(Ojn, Sy)) = t(Ojn, t(Oim, S,)) requires the
identical states of node y after both execution orders. In general, the more the DOM op-
erations commute, the higher concurrency the XDBMS achieves.

According to Definition 1, the commutativity of any two operations in Table 1 is
analyzed. Lemmas 1 to 5 show the commutativity of observers and modifiers on nodes.
On the other hand, Lemma 6 shows the commutativity of two subtree operations, and
Lemmas 7 and 8 present the commutativity of a subtree operation and a node operation.
These lemmas cover all of the possible commuting operations in DOM’s node interface.

Lemma 1 For any two observers Oin, Ojn € {FC, NS, LC, PS, NN, NV} in transac-
tions T; and T; respectively, if they operate on the same node, then O; ,, and O;, commute.

Proof: We prove the lemma by showing that the states of the node being operated are
identical after both execution orders of “Ojy, < Oj,” and “Oj, < Ojn”. Let O, and Oy,
operate on node k and k’s initial state be Sy = (Vi, Ex, Ni). After the execution order “O;
< Oj,”, k’s state becomes t(O;,, t(Ojm, Sk)). Since Oip, is an observer on node Kk, it reads
k’s value or child nodes; that is, t(Ojm, Sx) = Sk’ = (Vi*, Ex*, N). Thus, t(Ojn, t(Oim, Sk)) =
t(Ojn, SK'). Since Oj, is also an observer reading k’s value or child nodes and Vi*, E¢* in
S\’ already have the label “*” (marked as being read), V\* and E* in S’ need not be la-
beled by O;, again and thus t(O;,, Sk’) = S¢’. As a result, k’s final state is t(Ojn, t(Ojm, Sk))
= Sk'.

Similarly, after the execution order “Oj, < Oi,”, k’s final state is t(Ojm, t(Ojn, Sk)) =
t(Oim, Sk’) = SK'. Since both execution orders result in the same state for k, according to
Definition 1, operations O;, and O;,, commute. a

Lemma 2 For an observer O;, € {NS, PS, NN, NV} and a modifier O;, € {IB,, AC}
in transactions T; and T; respectively, if they operate on the same node, O;, and Oj,
commute.

Proof: Let O;,, and O;,, operate on node k and a k’s child node z. k’s initial state Sy = (“k”,
<kg, Ko, .y Z, ooy Ko, <Kq, Ko, ooy 2, ol Ky Kiag, <.2>). There are two cases, depending on
whether O;, is IB, or AC, that need to be analyzed.

Case 1: Suppose Oj, is I1B,. After “O;, < Oj,”, k’s state becomes t(O;, t(Oj m, Sx)). Since
Oinm is an observer reading k’s value, the value “k” is labeled with the symbol “*” and
t(Oim, Sk) = Sk’ = (“K™*, <ki, Ko, ..., Z, ..., ko>, <Kg, Ky, ..., Z, ..., Kn, Knea, -..>). Thus, t(Oj,
t(Oim, S)) = t(Ojn, Sk'). Since O;, inserts a new child node, say f, before node z, S is
changed into Sy = (“k™*, <k, k, ..., f, z, ..., k>, <kq, ko, ..., T, Z, ..., K, Ke, -..>), and



1624 KUEN-FANG JEA, TSUI-PING CHANG AND SHIH-YING CHEN

k’s final state becomes t(Ojn, t(Oim, Sk)) = t(Ojn, Sk') = Sk”.

Alternatively, after “O;, < Oj”, k’s final state is t(Ojm, t(Ojn, Sk)). Similarly, since
O;,, inserts the new node f before node z, Sy is changed into t(O;,, S) = Sk’ = (“k”, <k,
Ko, ... f, 2, s ko>, <Ky, Ko, .., T, Z, ..., Kn, Knets <..>). Thus, t(Oj m, 1(Ojn, Sk)) = t(Oim, Sk).
Further, since O;, reads k’s value, it changes Sy’ into t(O;m, Sk’) = Sk” = (“K"*, <k, ky, ...,
f,z, ..., k>, <ky, ko, ..., T, Z, ..., Kn, Knsg, ...>). Therefore t(O;m, t(Ojn, S)) = t(Oim, S') =
Sk”. In conclusion, since k’s final states after both the execution orders “O;, < O;,” and
“Ojn < Oin” are identical, according to Definition 1, O;, and O;, commute.

Case 2: Suppose Oj, is AC. After “Oin < Ojn”, k’s state becomes t(Ojn, t(Oim, Sk)).
Since O, reads k’s value, Sy is changed into t(Oip, Sy) = S’ = (“k"*, <kg, ko, ..., Z, ...,
kn>, <ki, Kz, ..., Z, ..., Kn, Kns1, ...>). Thus, t(Ojpn, t(Oim, Sk)) = t(Ojn, SK'). Since Oj, inserts
a new last child node, say f, into node k, S¢’ is changed into S, = (“k”*, <ki, ko, ..., , ...,
kn, >, <ki, ko, ..., Z, ..., Kn, T, Kner, ...>), @and k’s final state becomes t(Oj, t(Oim, Sx)) =
t(Oj,n, Sk,) = Sk".

Alternatively, after “O;, < Oj”, k’s final state is t(Ojm, t(Ojn, Sk)). Similarly, since
Oj inserts the new last child node f, Sy is changed into Sy’ = (“k”, <ky, ks, ..., Z, ..., Kq, >,
<ki, Ky, ...y 2, ooy Ky Ty Knag, ...>). Further, since O;, reads k’s value, it changes Sy’ into
t(Oim SK) = SK" = (“k"™*, <kq, ko, ..., Z, ..., kn, T, <kyq, ko, ..., 2, ooy Kny £y Kieg, -2>).
Therefore t(Oim, t(Ojn, Sk)) = t(Oim, Sk’) = S¢”. In conclusion, since k’s final states after
both “Oin < Oj,” and “O;, < O;,” are identical, according to Definition 1, O;, and Oj,
commute.

Based on Cases 1 and 2, we thus prove this lemma. d

Lemma 3 An observer FC and a modifier AC commute if they operate on the same
node k and k has at least one child node.

Proof: Let k’s initial state Sy = (“k”, <k, K, ..., k>, <kg, Ky, ..., Kn, Kns1, ...>). After “FC
< AC”, k’s state is t(AC, t(FC, Sy)). Since FC reads the first child node of k, t(FC, S,) =
Sy = (K7, <ki*, Ky, ..., ko>, <ki*, ko, ..., Ky, Kper, -..>). Assume modifier AC inserts a
new last child node, say f, into node k. Sy’ is changed into S,” = (“k”, <k.*, ky, ..., Kq, >,
<ki*, Ko, ..., kn, T, kns1, ...>), and k’s final state t(AC, t(FC, Sy)) = t(AC, S\’) = S¢”.

Alternatively, after “AC < FC”, k’s final state is t(FC, t(AC, Sy)). Similarly, since
AC inserts the new last child node f into node k, Sy is changed into Sy’ = (“k”, <ki, ko, ...,
Kn, >, <kg, K, ..., Kn, T, Kns+1, ...>). Further, since FC reads the first child node of k, t(FC,
S) =S¢ = (“k”, <k¢*, ko, ..., kn, T>, <ki*, ko, ..., K, T, Kns1, ...). Therefore, t(FC, t(AC,
S) = t(FC, S) = S".

Since k’s states after both orders “FC < AC” and “AC < FC” are identical, accord-
ing to Definition 1, FC and AC commute. d

Lemma 4 An observer LC and a modifier 1B, commute if they operate on the same
node k and k has at least one child node.

Proof: Let k’s initial state Sy = (“k”, <k, K, ..., Z, ..., ko>, <Ky, Ko, ..., Z, ..., Kny Knety <0.>).
After “LC < IB,”, k’s state is t(IB,, t(LC, Sy)). Since LC is an observer reading the last
child node of k, t(LC, S\) = S’ = (“k”, <k, ko, ..., Z, ..., ky*>, <k, ky, ..., Z, ..., Kz*,
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Kn+1, -..>). And since IB, inserts a new child node, say f, before node z, Sy’ is changed
into S = (“k”, <k, ko, ..., T, z, ..., Ki*>, <kq, K, ..., T, 2, o0, K0, Koe, -..>), and ks final
state t(1B,, t(LC, Sy)) = t(IB,, S¢') = Sy".

Alternatively, after “IB, < LC”, k’s final state is t(LC, t(IB,, Sy)). Similarly, since
IB, inserts the new node f before node z, Sy is changed into S’ = (“k”, <kg, ks, ..., f, Z, ...,
ko>, <ki, ko, ..., f, Z, ..., Kn, Kn+1, ...>). Further, since LC reads the last child node of k,
t(LC, t(IB,, Sy)) = t(LC, S\) = S = (“k”, <kq, ko, ..., f, Z, ..., Kg*>, <kq, ko, ..., f, 2, ...,
Kn*, Kney -..>).

Since k’s final states after both “L.C < IB,” and “IB, < LC” are identical, according
to Definition 1, LC and 1B, commute. a

Lemma5 Two modifiers AC and IB, commute if they operate on the same node k and
k has at least one child node.

Proof: Let k’s initial state Sy = (“k”, <kg, ka, ..., Z, ..., kn>, <ki, Ko, ..., Z, ..., Kny Knet, -20).
After “AC < IB,”, k’s state is t(IB,, t(AC, Sy)). Assume AC appends a new last child
node, say f, into node k. Sy is changed into Sy’ = (“k”, <ki, Ko, ..., Z, ..., kn, >, <ky, ky, ...,
Z, ..., kn, f, Kns1, ...>), and t(IB,, t(AC, Sy)) = t(IB,, S¢'). Further, assume 1B, inserts a new
child node, say g, before node z. S\’ is changed into S, = (“k”, <ki, ko, ..., 0, Z, ..., ky, >,
<ky, Ky, ..., 0,2, ..., Kn, T, Kns1, ...>), and k’s final state t(1B,, t(AC, Sy)) = t(IB,, S¢’) = S¢”.

Alternatively, after “IB, < AC”, k’s final state is t(AC, t(IB,, Sy)). Similarly, since
IB, inserts node g before node z, Sy is changed into state S’ = (“k”, <ki, ky, ..., 0, Z, ...,
k>, <ki, Ky, ..., 0, Z, ..., Kn, Kns1, -..>). Further, since AC appends node f to k’s children,
S\’ is changed into S¢” = (“k”, <ki, Ky, ..., 0, Z, ..., Ky, >, <kq, ko, ..., Q, Z, ..., K,
Kn+1, -..>). Therefore, t(AC, (1B, Sx)) = t(AC, S¢) = Sy".

Since k’s states after both “AC < IB,” and “IB, < AC” are identical, according to
Definition 1, AC and 1B, commute. a

Lemma 6 For a modifier Oj, € {MC,, RC.} on node g and another modifier O;,
{MC,, RC_} on node h, if there does not exist an ancestor-descendant relationship be-
tween nodes g and h, O;, and O, commute.

Proof: Let the initial states of nodes g and h be Sy = (*9”, <01, G2, ..., Z, ..., Or>, <O,
02, «-r Zy weey Ony Onety 21, -oey Zny --.>) @Nd Sy = (“h”, <hyg, hy, ..o, U, .0, B>, <hg, hy, Lo
U, ..., hy, hneg, Ug, ..o, Uy, ...>) respectively, where zy, ..., z, are all of z’s descendant
nodes and uy, ..., U, are all of u’s descendant nodes. Since the ancestor-descendant rela-
tionship does not exist between g and h, the operation O;, € {MC,, RC.} on g neither
deletes h nor affects h’s child nodes. Similarly, the operation O;, € {MC,, RC.} on h
neither deletes g nor affects g’s child nodes. There are four cases in total, depending on
Oim is MC, or RC,, and Oj,, is MC, or RC,. Case 1: Oj, = MC,, and O;, = MC,; Case 2:
Oim = MC,, and O, = RC,; Case 3: Oj, = RC,, and O;, = RC,; and Case 4: O;;, = RC,,
and O;, = MC,. However, Case 4 is similar to Case 2 and can be analyzed likewise.
Thus, only Cases 1, 2, and 3 are proven here.

Case 1: O, = MC,, and O;, = MC,. After “MC, < MC,”, the states of g and h become
t(MC,, Sy) and t(MC,, Sy), respectively. Since MC, deletes node z and all of z’s descen-
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dant nodes, S is changed into Sy’ = (“9”, <Q1, G2, ..., On>, <01, U2, -++s On, One1s --->) DY
deleting nodes z, zy, ..., z,. Similarly, since MC, deletes node u and all of u’s descendant
nodes, Sy is changed into Sy’ = (“h”, <hy, hy, ..., hy>, <hy, hy, ..., hy, hps, ...>) by delet-
ing nodes u, uy, ..., U,. As a result, g’s state t(MC,, Sg) = Sy', and h’s state t(MC,, Sy) =
Sy'.

Alternatively, after “MC,<MC,”, since MC, and MC, delete nodes z and u and
their descendant nodes, Sy is changed into Sy’ = (Vg, <01, G2, ..., 0>, <01, G2, ..., Ons
On+1, -..>) and Sy is changed into Sy’ = (“h”, <hgy, h,, ..., hy>, <hg, hy, ..., by, hpig, .22>).
As aresult, g’s state t(MC,, Sg) = Sy', and h’s state t(MC,, Sy) = Sy'. In conclusion, since
g and h have the same final states after both execution orders of “MC, < MC,” and
“MC, < MC,”, by Definition 1, MC, and MC, commulte.

Case 2: Ojn = MC,, and O;, = RC,. After “MC, < RC,”, the states of g and h become
t(MC,, Sy) and t(RC,, Sp), respectively. Since MC, deletes node z and all of z’s descen-
dant nodes, Syis changed into Sy" = (“9”, <91, G2, ---» On>, <U1, G2, ---s On, One1, -..>) DY
deleting nodes z, zy, ..., z,. Similarly, since RC, replaces node u with a new node, say a,
Sy is changed into Sy’ = (“h”, <hy, hy, ..., a, ..., hy>, <hy, hy, ..., &, ..., hy, hpsy, ...>) by
deleting nodes u, ..., uyand replacing u with a. As a result, g’s state ((MC,, Sg) = S/,
and h’s state t(RC,, Sy) = Sy'.

Alternatively, after “RC, < MC,”, since MC, deletes node z and all of z’s descen-
dant nodes, and RC, deletes all of u’s descendant nodes and replaces u with a, Sy is
changed into Sy’ = (“g”, <@1, G2, .-, On>, <01, G2, ---, On, On+1, -..>) @nd Sy, is changed into
Sy’ = (“h”, <hy, hy, ..., @, ..., hy>, <hy, hy, ..., 4, ..., hy, hpey, ...>). As a result, g’s state
t(MC,, Sg) =S¢, and h’s state t(RC,, Sy) = Sy'. In conclusion, since g and h respectively
have the same final states after both execution orders of “MC, < RC,” and “RC, < MC,”,
by Definition 1, MC, and RC, commute.

Case 3: O, = RC,, and O;, = RC,. After “RC, < RC,”, the states of g and h become
t(RC,, S¢) and t(RC,, Sp), respectively. Since RC, replaces node z with node, say a, Syis
changed into Sy’ = (“g”, <01, 02, ---, &, .-, On, Onets --->, <01, G2, --vy &, «.vy Ons Oney --->)
by deleting nodes z,, ..., z, and replacing z with a. Similarly, since RC, replaces node u
with a node, say b, Sy is changed into Sy’ = (“h”, hy, hy, ..., b, ..., hy>, <hg, hy, ... b, Lo
hn, Ppess ...>) by deleting nodes uy, ..., u,and replacing u with b. As a result, g’s state
t(RC,, Sg) = Sy’ and h’s state t(RC,, Sy) = Sy'.

Alternatively, after “RC, < RC,”, since RC, and RC, replace nodes z and u with
nodes a and b respectively, Sy is changed into Sy’ = (“g”, <01, Oz, ..., &, ..., 0n>, <01,
02, -1 @, «oey Ony Onets -.->) @nd Sy is changed into Sy = (“h”, “h”, hy, hy, ..., b, ..., hp>,
<hy, hy, ..., b, ..., hn, o, ...>). As aresult, g’s state t(RC,, Sg) = Sy’ and h’s state t(RC,,
Sy) = Sy'. In conclusion, since g and h respectively have the same final states after both
“RC,<RC,” and “RC, < RC,”, by Definition 1, RC, and RC, commulte.

Based on Cases 1, 2, and 3, we thus prove this lemma. a
Lemma 7 For an observer O, € {NS, PS, NN, NV, FC, LC} on node g and a modi-

fier O;, € {RC,, MC_} on node h, if there does not exist an ancestor-descendant rela-
tionship between nodes g and h, O; , and O;,, commute.
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Proof: Let the initial states of g and h be Sg= (Vg, Eg, Ng) and S, = (“h”, <hy, hy, ..., z, ...,
h.>, <hy, hy, ..., Z, ..., hy, e, 21, ..., 2, ...>) respectively, where nodes zy, ..., z, are all
of z’s descendant nodes. Since the ancestor-descendant relationship does not exist be-
tween g and h, the operation O;, on h does not affect g’s state. And since the operation
Oim On node g, it does not affect h’s state. There are two cases, depending on whether
Ojn is RC, or MC,, that need to be analyzed.

Case 1: O;, = RC,. After “O;, < O;,”, the states of g and h become t(Oin, Sg) and t(O;,,
Sh), respectively. Since O, is an observer reading g’s value or child nodes, it changes S,
into t(Oim, Sg) =Sq’ = (Vg*, Eg*, Ng). And since O, replaces node z with a node, say a, Sy
is changed into Sy’ = (“h”, <hy, h,, ..., a, ..., hy>, <hg, hy, ..., &, ..., hy, hoey, ...>) by de-
leting nodes z;, ..., z, and replacing z with a. Thus, t(O;n, Sg) = Sq’ and t(O;,, Sp) = Sy

Alternatively, after “Oj, < O; ", the states of g and h are (O, Sg) and t(O;,, Sp)
respectively. Similarly, since O;, is an observer on g, t(Oim, Sg) = S¢' = (Vg*, Eg*, Ny).
Further, since O;, replaces node z with a new node a, Sy, is changed into Sy’ = (*h”, <h,,
hy, ...,a, ..., >, <hy, hy, ..., &, ..., hy, ey, ...>). Thus, 1(Oim, Sg) = Sy’ and t(Ojn, Sk) =
Sy’ In conclusion, since g and h respectively have the same final states after “O;, < O;,”
and “O;, < Oip”, by Definition 1, O;, and O, commute.

Case 2: Oj, = MC,. After “O;, < O;,", the states of g and h become t(O;, Sg) and (O,
Sh), respectively. Since O;, is an observer on g, it changes t(Ojn, Sg) =S¢’ = (Vg*, Eg*,
Ng). And since O;,, deletes node z and all of z’s descendant nodes, Sy, is changed into state
Sy’ = (“h”, <hy, hy, ..., hy>, <hy, hy, ..., hy, hpsy, ...>) by deleting nodes z, z;, ..., z,. Thus,
t(Oi,m, Sg) = Sg' and t(MCZ, Sh) =Sy.

Alternatively, after “Oj, < O; ", the states of g and h are (O, Sg) and t(O;,, Sn)
respectively. Similarly, since O;, is an observer on g, t(Oim, Sg) = S¢' = (Vg*, Eg*, Ny).
Further, since O, deletes node z, Sy is changed into Sy = (“h”, <hy, hy, ..., hp>, <h,
ha, ..., Nn, Mg, ...>). Thus, t(Oim, Sg) = Sy and t(Ojn, Sy) = Sy'. In conclusion, since g and
h respectively have the same final states after “O;, < O;,” and “Oj, < O;”, by Defini-
tion 1, O, and O;, commute.

Based on Cases 1 and 2, we thus prove this lemma. d

Lemma 8 For a modifier O;, € {IB,, AC} on node g and another modifier O;, €
{RC,, MC_.} on node h, if there does not exist an ancestor-descendant relationship be-
tween nodes g and h, O;, and O, commute.

Proof: Let the initial states of nodes g and h be Sy= (“g”, <01, 92, ..., Z, ..., Or>, <01,
02y -y Zy «oey Ony Qnet, --->) @NA Sy = (“h”, <hg, hy, ..., U, ..., hy>, <hg, hy, LU, L By Bpag,
Uy, ..., Uy, ...>), respectively, where ug, ..., u, are all of u’s descendant nodes. Since the
ancestor-descendant relationship does not exist between g and h, the operation O;, on h
does not affect g’s state. And since the operation O;, operates on node g, it does not af-
fect h’s state. There are four cases that need to be analyzed, depending on whether O;, is
IB, or AC, and Oj,, is MC, or RC,,

Case 1: Ojn = 1B, and O;, = MC,. After “IB, < MC,”, the states of g and h become
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t(1B,, Sg) and t(MC,, Sy,), respectively. Since 1B, inserts a new node, say f, before node z,
Sy is changed into Sy’ = (9", <01, 02, ..., f, Z, ..., 0>, <01, U2, ..., . Z, ..., On, Onen, - >).
Similarly, since MC, deletes a child node u of node h, S;, is changed into S, = (“h”, <hy,
hy, ..., hy>, <hg, hy, ..., hy, hps, ...>) by deleting nodes u, uy, ..., U, As a result, g’s state
t(1B,, Sg) = Sy’ and h’s state t(MC,, Sp) = Sy

Alternatively, after “MC, < IB,”, since IB, inserts a new node f, before z and MC,
deletes node u, Sy is changed into S’ = (“9”, <91, 92, ..., f, Z, ..., 0>, <01, 02, ..., f, Z, ...,
On On+1s --.>) @nd Sy is changed into Sy’ = (“h”, <hg, hy, ..., hy>, <hg, hy, ..., by, Do, .>)
by deleting nodes u, ug, ..., U,. As a result, g’s state t(1B,, Sg) = Sy’ and h’s state t((MC,,
Sy) = Sy'. In conclusion, since g and h respectively have the same final states after both
execution orders of “IB, < MC,” and “MC, < IB,”, by Definition 1, IB, and MC, com-
mute.

Case 2: Ojn = 1B, and O, = RC,. After “IB, < RC,”, the states of g and h become t(1B,,
Sy) and t(RC,, Sy), respectively. Since 1B, inserts a new node, say f, before node z, Syis
changed into Sy’ = (“g”, <Q1, Gz, ..., T, Z, ..., On>, <01, 02, ..., T, Z, ..., On, Onea, ...>). Simi-
larly, since RC, replaces node u with a node, say a, Sy, is changed into Sy’ = (“h”, <hy,
hy, ..., &, ..., hy>, <hg, hy, ..., &, ..., hy, hpsg, ...>) by deleting nodes uy, ..., u, and re-
placing u with a. As a result, g’s state t(1B,, Sq) = Sy’ and h’s state t(RC,, Sp) = Sy'".
Alternatively, after “RC, < IB,”, since IB, inserts a new node f before z and RC,
replaces node u with node a, Sy is changed into Sy’ = (“g”, <91, 02, ..., f, Z, ..., >, <O,
92 -, £, 2, ooy Ony Oness --->) @nd Sy is changed into Sy’ = (“h”, <hy, hy, ..., &, ..., hy>, <hg,
hy, ..., a, ..., Ny, hne, ...>). As aresult, g’s state t(1B,, Sg) = Sy’ and h’s state t(RC,, Sy) =
Sy'. In conclusion, since g and h respectively have the same final states after both execu-
tion orders of “IB, < RC,” and “RC, < IB,”, by Definition 1, IB, and RC, commute.

Case 3: Ojn = AC and O, = MC,. After “AC < MC,”, the states of g and h become
t(AC, Sy) and t(MC,, Sy), respectively. Since AC inserts a new last child node, say f, into
node g, Sqis changed into Sy’ = (*9”, <01, 92, .. Z, .., On, >, <01, Q20 ..., T, Z, ..., On, T,
On+1, --->). Similarly, since MC, deletes nodes u, ug, ..., U,, Sy is changed into S’ = (“h”,
<hy, hy, ..., hy>, <hy, hy, ..., hy, hoyg, ...>). As a result, g’s state t(AC, Sg) = Sy’ and h’s
state t(MC,, Sp) =Sy

Alternatively, after “MC, < AC”, since AC inserts a new last child node f and MC,
deletes node u, Sy is changed into Sy’ = (“9”, <Q1, 92, ..., Z, «.vy Ony £, <01, G2, ..., T, Z, ...,
On f, Oner, -..>) and Sy is changed into Sy’ = (“h”, <hy, h,, ..., hy>, <hg, hy, ..., hy,
Rnet, -..>). As a result, g’s state t(AC, Sg) = Sy’ and h’s state t(MC,, Sp) = Sy'. In conclu-
sion, since g and h respectively have the same final states after both execution orders of
“AC < MC,” and “MC, < AC”, by Definition 1, AC and MC, commulte.

Case 4: Oj, = AC and Oj, = RC,. After “AC < RC,”, the states of g and h become t(AC,
Sy) and t(RC,, Sp), respectively. Since AC inserts a new last child node, say f, into node
g, Sgis changed into Sy’ = (“9”, <01, G2, ---, Z, -y Ony £, <01, G2, ..., T, Z, ..., On, T,
On+1, --.>). Similarly, since RC, replaces node u with a node, say a, Sy is changed into Sy’
=(“h”,<hg, hy, ..., &, ..., hy>,<hy, hy, ... 4, ..., by, Do, ...>). As aresult, g’s state t(AC,
Sg) = Sy’ and h’s state t(RC,, Sp) = Sy'.

Alternatively, after “RC, < AC”, since AC inserts a new last child node f and RC,
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replaces node u with node a, Sy is changed into Sy’ = (“g”, <91, 02, ..., Z, ..., On, >, <04,
92 --» £, 2, .y One £y Oners -..>) @nd Sy is changed into Sy’ = (“h”, <hy, hy, ..., a, ..., hy>,
<hy, hy, ..., &, ..., hy, hne, ...>). As aresult, g’s state t(AC, Sg) = Sy’ and h’s state t(RC,,
Sy) = Sy'. In conclusion, since g and h respectively have the same final states after both
execution orders of “AC < RC,” and “RC, < AC”, by Definition 1, AC and RC, com-
mute.

Based on Cases 1, 2, 3, and 4, we thus prove this lemma. d

Table 3 illustrates the commutativity between any two operations, and it indeed
covers all of the possible commuting operations in Table 1. The number n in each entry
in Table 3 indicates that the commutativity of the two corresponding operations is gov-
erned by the lemma n. Note that the symbol “X” in some entries denotes no commutativ-
ity relationship between the two corresponding operations.

Table 3. Commutativity relationships of DOM operations.

FC NS LC PS NN NV 1B AC MC RC
FC 1 1 1 1 1 1 X 3 7 7
NS 1 1 1 1 1 1 2 2 7 7
LC 1 1 1 1 1 1 4 X 7 7
PS 1 1 1 1 1 1 2 2 7 7
NN 1 1 1 1 1 1 2 2 7 7
NV 1 1 1 1 1 1 2 2 7 7
1B X 2 4 2 2 2 X 5 8 8
AC 3 2 X 2 2 2 5 X 8 8
MC 7 7 7 7 7 7 8 8 6 6
RC 7 7 7 7 7 7 8 8 6 6

4. SCD PROTOCOL

In this section, we propose a semantic-based protocol SCD for DOM databases. The
correctness of SCD schedules is proved, and its implementation issues are also analyzed.

4.1 SCD Protocol Rules

SCD ensures concurrent execution of operations based on their commutativity. For
checking commutativity, we associate a stamp for each operation O;, on node k in trans-
action T;. The stamp, denoted by (T;, Oin[K]), includes the transaction T;’s identity, the
operation type of O;, and the node k operated by O; . If the execution of operation O;,
is allowed according to the SCD protocol, the stamp (T;, O;m[K]) is recorded in the sys-
tem.

Suppose that O;, and O;,, are two operations in transactions T; and T;, respectively,
and both operate on the same node k. If operation O;,, has been executed and the stamp
(Ti, OimlK]) is recorded in the system, then O;, must observe the following rules before
being executed.
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Rule 1: The commutativity between O, and O;, is checked according to Lemmas 1 to 8.
(1) If the operation type of O;, and that of O;, recorded in the stamp (T;, O; n[K])
commute, Oj, can be executed and the stamp (T;j, Oj.[K]) is recorded in the
system before the execution of O ,.
(2) Otherwise, Oj, can not be executed until the stamp (T;, Oin[K]) is deleted.
Rule 2: Before recording, if the stamp (Tj, Ojq[K]) has already been recorded in the sys-
tem, then the stamp (T}, O;[K]) is not recorded again.
Rule 3: The stamp (T}, O;[K]) is deleted from the system after transaction T; finishes.
Rule 4: T; is aborted if a deadlock is detected.

Table 4. A possible schedule of transactions T, and T, under SCD.

Steps T, T,
1 a.FC
2 c.LC
3 a.FC
4 c.LC
5 c.IB(ny, €)
6 T, finishes
7 c.FC
8 T, finishes

SCD works as follows. Consider two transactions T, and T, executing on the XML
document in Fig. 1, where T; comprises three DOM operations a.FC, ¢.LC and c.IB(ny,
e), and T, comprises three operations a.FC, c.LC, and c.FC. Table 4 illustrates a possi-
ble schedule of T; and T, under SCD. At first, in steps 1 and 2, T,’s operations a.FC and
c.LC are executed sequentially, and the stamps (T, FC[a]) and (T4, LC][c]) are recorded
in the system. Next, T,’s operations a.FC and c.LC are also executed respectively in
steps 3 and 4, since T;’s a.FC and T,’s a.FC commute and T,’s ¢c.LC and T,’s c.LC
commute. Also, the stamps (T,, FC[a]) and (T,, LC[c]) are recorded. Further, T;’s
c.IB(ny, e) is executed in step 5 and stamp (T4, IB[c]) is recorded, since T,’s c.LC com-
mutes with T,’s c.IB(ny, €). After T, finishes in step 6, the stamps (T,, FC[a]), (T4,
LC[c]), and (T4, IB[c]) are deleted. Note that T,’s operation ¢.FC in step 7 must wait till
T, finishes, since it does not commute with T;’s c.IB(ny, €). Finally, the stamps (T,
FCIa]), (T, LCIc]), and (T, FCJc]) are all deleted after T, finishes in step 8. (Note that
the stamp is designed for detecting the first pair of non-commuting operations between
transactions. Once a stamp corresponding to some operation is recorded in the system, it
is unnecessary to record the stamp again, as specified in Rule 2, while executing the same
operation again since other operations not commuting (i.e., conflicting) with this opera-
tion can be detected by the stamp already recorded in the system.)

Derived from the SCD protocol rules, Corollaries 1 and 2 show the features of SCD
schedules. Corollary 1 illustrates that any SCD schedule has no deadlock, while Corol-
lary 2 shows the execution order of any two transactions in an SCD schedule.

Corollary 1  Any SCD schedule has no deadlock.
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Proof: It is directly from the Rule 4 of SCD protocol. d

Corollary 2 For any two transactions T; and T; in an SCD schedule H, if O, of T; and
Oj,, of Tj is the first pair of non-commuting operations on some node k and “Ojp, < Oj,”,
the operations after Oj, in Tj must wait until T; finishes.

Proof: According to the Rule 1 of SCD protocol, the two non-commuting operations O;
of T; and O;,, of T; can not be executed concurrently. Since “O;, < O;,”, the stamp (T;,
Oim[K]) is already recorded in the system when O;, is going to be executed. Therefore,
by the Rule 1 (b) of SCD protocol, O;, can not be executed until the stamp (T;, O; ,[K]) is
deleted. However, the stamp (T;, Oin[K]) can only be deleted when T; finishes by the
Rule 3 of SCD protocol. Hence, the operations after O;, in Tj must wait until T; finishes.
We thus prove this corollary. d

4.2 Correctness of SCD Schedules

In this subsection, we prove the correctness of SCD schedules based on their final
states. According to [6, 15, 19], a schedule is said correct if its final state is the same as
that of a serial schedule. We shall prove that any schedule under SCD results in a final
state identical to that from some serial schedule.

The two terms F, and Z,(T;, T;) are used in this paper: F, denotes the final state of
the nodes (i.e., the set of the states of the affected nodes) operated by the operations in a
schedule H,, and Z,(T;, T;) denotes the sequence (ordered by the execution order) of the
first pair of non-commuting operations from transactions T; and T; in H,. For example, if
H, is the schedule shown in Table 4, F,represents the final state of nodes a and c after
executing all operations in H,. Namely, F, = {S,, Sc} = {(“a”, <b, ¢>, <b, c, u, d, ny, e, f,
9,1,2,9,h,4,5>), (“c”, <ny, e, >, <ny, e, f, 2,9, h, 4,5>)}, and Z,(Ty, T,) = <c.1B(ny, €)
of Ty, ¢.FC of T,>.

Definition 2 (Equivalent schedules) Let H, and Hy, be two schedules with the same set
of transactions. H, and Hy, are equivalent if and only if states F, and F, are identical.

According to Definition 2, the correctness of SCD schedules is analyzed. Lemma 9
shows two equivalent schedules have the same execution orders of non-commuting op-
erations from any two transactions, while Lemmas 10 and 11 demonstrate that any SCD
schedule is equivalent to some serial schedule. Theorem 1 then concludes that any SCD
schedule is correct.

Lemma 9 Two schedules H, and H, under SCD with the same set of transactions are
equivalent if Zy(T;, T;) = Zy(T;, T;), where Z,(T;, T;) and Zy(T;, T;) respectively are the se-
quences of the first pair of non-commuting operations from any two transactions T; and
T;in Hy and H,,.

Proof: Consider any two transactions T; and T; in H, and Hy. Let Q be the set of opera-
tions in H, and H, that come from only T; and T;. Suppose Zy(Ti, Tj) = Zy(Ti, T;) = <Oim,
Oj»>. Let S1 be the set of operations in T; and those before O;, in Tj. And let S2 be the
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set of operations in T; after (and including) O;,. Thus, Q = S1 U S2. According to Rule 1
(), the operations of T; before (and including) O;n and those of T; in S1 commute. Fur-
ther, the operations of T; after O;,, and those of T; in S1 must also commute; otherwise, a
deadlock will occur and Corollary 1 is violated. Thus, Ti’s and T;’s operations in S1
commute, and by Definition 1 any execution order of them, including H, and H,, always
results in the identical states of nodes. Let F,' and F,’ respectively be the final states of
the sub-schedules of H, and H, comprising only the operations in S1. Then, Fy = Fy'.
After that, concerning Q, H, and Hy, comprise only the operations in S2. Since these op-
erations are all from T; and can be executed in only one order, i.e., the T;’s order, the
sub-schedules of H, and H, in this part are identical. The final states F, of H, generated
from F,’ and those F, of H, generated from Fy' are thus identical. According to Defini-
tion 2, H, is equivalent to H,,. a

Lemma 10 Any SCD schedule comprising only two transactions is equivalent to a
serial schedule comprising only the two transactions.

Proof: Let H, and Hy, be an SCD schedule and a serial schedule respectively both com-
prising the two transactions T; and T;. There are two cases, depending on whether opera-
tions in T; and T; commute or not.

Case 1: Suppose all operations in T; and those in T; commute. By Definition 1, any exe-
cution order of them including H, and H, always results in the identical final states of
nodes. According to Definition 2, H, is equivalent to Hj,.

Case 2: Suppose that at least two operations from T; and T; respectively do not commute
and Oin, Oj, are the first pair of such non-commuting operations. Assume that in Ha, Oj
appears before Ojp; i.e., Zy(Ti, Tj) = <Ojpm, O;jn>. Let Hy, be the serial schedule of execu-
tion order “T; < T;”. Since in Hy, all operations in T; are executed before those in Tj, Oin
must appear before O;, and Zy(Ti, Tj) = <Oim, Ojn>. Thus, Zy(Ti, Tj) = Zy(T;, T;), and ac-
cording to Lemma 9, H, is equivalent to Hy. Similarly, if O;,, appears after O;, in H,, we
let Hy, be the serial schedule of execution order “T; < T;”. For the same reason, Zy(T;, Tj) =
Zy(Ti, T;) = <Ojn, Oim>. Since a serial schedule can always be produced under the SCD
protocol rules (i.e., without violating the SCD protocol rules), H, is equivalent to Hy ac-
cording to Lemma 9.

Based on Cases 1 and 2, we thus prove this lemma. d

Corollary 3 For any SCD schedule H, comprising only two transactions T; and T, if
Z,(Ti, Tj) = <Oim, Ojp>, it is equivalent to a serial schedule of execution order “T; < T;”.

Proof: It is directly from the Case 2 proof of Lemma 10. d
Lemma 1l Any SCD schedule is equivalent to a serial schedule.

Proof: Let H, be an SCD schedule comprising (n + 1) transactions Ty, Ty, To, ..., and T,.
(n > 1). According to Lemma 10 and Corollary 3, an SCD schedule Hq contains only two
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transactions T; and T; is equivalent to the serial schedule with execution order decided by
Z4(Ti, T;), namely the sequence of the first pair of non-commuting operations in T; and T;.
Thus, for every pair of transactions T; and T; in H,, the serial execution orders of any two
transactions among Ty, Ty, Ty, ..., and T, can be obtained. Since no deadlock is allowed
in any SCD schedule according to Corollary 1, these serial execution orders of any two
transactions can not result in a cyclic precedence of execution orders among T, Ty,
T, ..., and T,. By a topological sorting of these serial execution orders, a schedule H,
with a linear execution order of transactions Ty, T4, T», ..., and T, can be obtained. Since
the execution order of every pair of transactions T; and T; in H, is in accord with the lin-
ear execution order of T; and Tj in Hy, Za(T, T;) = Zy(Ti, T;). According to Lemma 9, H,
and Hy, are equivalent. We thus prove this lemma. d

Theorem 1 Any SCD schedule is correct.

Proof: Any SCD schedule is equivalent to some serial schedule by Lemma 11. By Defi-
nition 2, it has the same final state as that of the serial schedule. According to [6, 15, 19],
the SCD schedule is correct. The theorem is thus proved. d

4.3 Implementation Issues

In this subsection, we discuss the implementation issues of SCD protocol, including
the data structure for recording the stamps and the deadlock detection problem.

A data structure on each node is necessary to record the stamps on that node for ef-
ficiently checking commutativity between operations. For this purpose, we may associate
with each node a linked list of stamps on that node and organize the heads of all linked
lists (for all of the affected nodes) into a hash table. Suppose that an operation Oj, in
transaction T; is going to be executed on a node c. The linked list of stamps associated
with c is located first via a hash function on c. O;, and each operation O;, of transaction
Tiin c¢’s stamp list are then checked to see if O;, and O;, commute. If they do, the iden-
tity of O;,, is inserted in c’s stamp list. After T; finishes, all the stamps regarding opera-
tions O;, in T; are deleted from ¢’s list.

Another important issue is the deadlock problem. Deadlocks may occur in general
since transactions may wait for each other if the operations in these transactions do not
commute. If a deadlock happens in generating SCD schedules, the transaction leading to
the deadlock must be aborted according to the Rule 4 of SCD protocol. To fulfill this
requirement, traditional deadlock detection and recovery algorithms [1, 20] can be used.
However, a costly deadlock-detection graph may be maintained. A more suitable method
is to design a deadlock-free protocol without the need of deadlock detection. This is part
of our future work.

5. EXPERIMENTAL RESULTS

This section illustrates our simulation study on the performance of SCD, OO2PL [9]
and taDOM [8]. Our simulation experiments are conducted on the simulation platform in
[11]. The simulation platform has the implemented classes to generate documents and



1634 KUEN-FANG JEA, TSUI-PING CHANG AND SHIH-YING CHEN

transactions for scheduling transactions under the SCD, OO2PL, and taDOM protocols.
It can also store the evaluation results (i.e., throughputs, response times, wait times, and
number of aborted transactions) in its database system [11]. Table 5 lists the parameters
and their settings in our two experiments on the simulation platform. The parameters n, p,
min, and max describe the features of the generated documents, the mpl parameter de-
notes the maximum number of concurrent transactions in the system, and the parameters
t, w, and o indicate the setting values of the generated transactions.

Table 5. Simulation parameters and settings.

Parameters Descriptions Settings
n number of nodes in a document 425
p document depth 5
min minimal fan-out of node 4
max maximal fan-out of node 6
t number of transactions 300 ~ 1200
w percentage of write transactions 10% ~ 50%
0 the number of operations in a transaction 3
mpl maximal multi-programming level in the system 5
350 0.012 .
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300 - ool L
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% 25 ¢ 001
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Fig. 4. Numbers of aborted transactions of Fig. 5. Wait times of SCD, taDOM, and OO2PL.
SCD, taDOM and OO2PL.
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The first experiment, with results shown in Figs. 2, 3, 4, and 5, observes the through-
put, response time, number of aborted transactions, and wait time (Y-axis) of the three
protocols under different number of transactions (X-axis). The parameter settings are: n
=425, p =5, min =4, max =6, w = 30%, 0 = 3, and mpl = 5. In Fig. 2, SCD outperforms
OO2PL and taDOM on the throughput. However, except t = 300 and t = 500, all the
curves for OO2PL, taDOM, and SCD change slightly as the number of transactions in-
creases. A possible reason is the control of the parameter mpl, which dominates the num-
ber of transactions being executed at the same time and thus dominates the throughputs.
In Fig. 3, the response times of SCD, OO2PL and taDOM increase as the number of
transactions increases and SCD also outperforms the other two. In Figs. 4 and 5, SCD
has a lower aborted transaction rate and shorter wait time. The reason is that SCD con-
siders operations’ semantics and allows more operations to be executed concurrently.
(We shall explain this point in section 6 below.)

The second experiment, with results shown in Figs. 6, 7, 8, and 9, measures through-
put, response time, the number of aborted transactions, and wait time of the SCD, OO2PL
and taDOM protocols under different percentages of exclusive operations (i.e., modifiers
AC, RC, IB, and MC). The parameter settings are: n =425, p=5,min=4, max=6,0 =
3, t =300, and mpl = 5. Figs. 6 and 7 show that SCD outperforms OO2PL and taDOM
on the throughput and response time, while Figs. 8 and 9 show that SCD has less number
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Fig. 6. Throughputs of SCD, taDOM and Fig. 7. Response times of SCD, taDOM and
OO02PL. OO2PL.
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Fig. 8. Numbers of aborted transactions of SCD, Fig. 9. Wait times of SCD, taDOM, and OO2PL.
taDOM and OO2PL.
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of aborted transactions and shorter wait time than those in OO2PL and taDOM. The rea-
son is that SCD allows some exclusive operations, such as IB and AC, to be executed
concurrently, leading to a higher throughput, shorter response time/wait time, and lower
aborted transaction rate.

In conclusion, the two experiments show that SCD has higher concurrency than
OO2PL and taDOM. This is because by exploiting operations’ semantics, some conflicts
occurring in OO2PL and taDOM may be ignored in SCD. This point will be explained in
section 6.

6. RELATED WORK

In this section, two types of DOM-based protocols [8, 9] are reviewed. The first
type [9] includes the Doc2PL, NO2PL, Node2PL and OO2PL protocols. These protocols
are different in lock granularity. Doc2PL locks the document root node and thus locks
the entire XML tree. NO2PL locks the parent of the manipulated node to prevent the
node from being visited by other transactions. Node2PL and OO2PL provide finer lock
granularities which are the manipulated node itself and the pointers leading to the ma-
nipulated node respectively. In these protocols, [9] demonstrated that OO2PL outper-
forms others since it acquires only the locks on the necessary pointers of a node for op-
erations.

The second type [8] includes a series of concurrency control protocols, namely ta-
DOM, taDOM2, taDOM2+, taDOMS3, and taDOM3+. These taDOM protocol family
uses intention locks (i.e., IR and IX locks) and navigation locks (i.e., ER, EX, and EU
locks) to lower down conflicts. Intention locks can increase concurrency since they do
not lock nodes in the whole subtree, resulting in the concurrent execution of an update
operation (i.e., IB and AC operations) on a node with the other operation (i.e., MC and
RC operation) on nodes underneath that node in another transaction. On the other hand,
navigation locks are used for navigation purpose (for example, by using FC, LC, NS,
and PS operations).

One reason confirms that SCD may outperform OO2PL and taDOM. The concur-
rent execution of update and navigation operations is not allowed under both OO2PL
and taDOM protocols, but it may be allowed under SCD. This is because the semantics
of DOM operations are exploited in SCD. Through the semantics, SCD considers the
correct state of XML nodes for allowing more operations to be executed simultaneously.
For example, suppose that two transactions T; and T, manipulate the document in Fig. 1,
where T, comprises three DOM operations a.FC, ¢.FC, and c.I1B(ny, €), and T, comprises
two operations a.FC and c.AC(n,). Also, suppose that the operations of T, have been
executed and those of T, are going to be executed. Under both taDOM and OO2PL pro-
tocols, the operation a.FC in T, can be executed since node a can be read concurrently
by operations a.FC in T, and a.FC in T,. Alternatively, the c.AC(n,) operation in T, can
not be executed since it will modify node ¢ which is already read by the ¢.FC operation
in T,. Therefore, the operation c.AC(n,) of T, must wait until T; finishes. However, all
operations in T, can be executed under SCD since the a.FC and ¢.AC(n,) operations in
T, commute with the a.FC and c.FC operations in T, respectively.
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7. CONCLUSION

In this paper, we exploit the DOM operations’ semantics to increase concurrency in

the XDBMSs using the DOM API. By defining the commutativity of DOM operations,
we propose a new semantic-based concurrency control protocol, namely SCD, to im-
prove the performance of XDBMSs. We also prove that SCD is correct; that is, sched-
ules under SCD always generate the same database states as some serial schedules do.

Fu

rther, experimental results show that SCD outperforms both taDOM and OO2PL pro-

tocols on throughput and response time. Our future work includes designing a dead-
lock-free protocol without the need of deadlock detection, since deadlock may happen in
the generation of SCD schedules.
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