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Managing Concurrent Execution 

of Transactions in Mobile Ad-hoc 

Network Database Systems: an 

Energy-Efficient Approach 

 

Abstract.  A Mobile Ad-hoc Network (MANET) is a collection of mobile, wireless and battery-

powered nodes without any fixed infrastructure. Therefore, it fits well in mission-critical 

applications such as disaster rescue and military operations.  However, when a node runs out of 

energy, communication may fail and transactions may be aborted if they are time-critical and miss 

their deadlines.  In order to provide timely and correct results for multiple concurrent transactions, 

energy-efficient database concurrency control (CC) techniques become critical for database 

systems built for MANET.  Due to the characteristics of MANET databases, existing CC 

algorithms cannot work effectively.  In this paper, an energy-efficient CC algorithm is developed 

for mission-critical MANET databases in a clustered network architecture where nodes are divided 

into clusters, each of which has a cluster head, responsible for the processing of all nodes in the 

cluster.  The cluster structure is constructed using a novel weighted clustering algorithm, which 

uses node mobility, remaining energy and workload to group nodes into clusters and select cluster 

heads.  In our CC algorithm, we elect cluster heads to work as coordinating servers to conserve 

energy and balance energy consumption among servers, and propose an optimistic CC algorithm 

to offer high concurrency and avoid wasting limited system resources.  Besides correctness proof 

and theoretical analysis, comprehensive simulation experiments were conducted, and simulation 

results show the superiority of our CC algorithm over existing techniques in terms of transaction 

abort rate, total energy consumption by all servers, and degree of balancing energy consumption 

among servers. 

Keywords: Mobile ad-hoc networks, Network clustering, Database transaction management, 

Concurrency control 

 

1   Introduction 

In a client-server Mobile Ad-Hoc Network (MANET) database system (referred to as a MANET 

database system) both clients and servers are mobile, wireless, frequently disconnected and 

battery-powered, and the databases are stored at servers and accessed by clients.  As no fixed 

infrastructure is required, MANET database systems can be deployed in a short time, and they 

become an attractive solution for handling mission-critical database applications, such as disaster 

response and recovery systems [2, 8, 31] and military operations like battlefields [2].  In these 

applications, transactions must be executed not only correctly but also be finished within their 

deadlines.  To guarantee this, a concurrency control (CC) technique is needed to manage 

transactions in MANET database systems.  This technique should not only allow transactions to 

run concurrently without destroying the consistency of the database, but also do so in an energy-

efficient manner.  This means that the CC goal to improve the system throughput and resource 

utilization and reduce the concurrent transaction waiting time, as defined in [40] for regular 

databases, needs to be accomplished in the least amount of energy consumption for MANET 

databases.   In addition, a high degree of balancing energy consumption among servers should be 

maintained so that the lifetime of the network is prolonged.  These are necessary because of the 

severe battery capacity resulted from mobile nodes’ mobility and portability [15].  As the battery 

capacity is limited, it compromises the ability of each mobile node to support services and 

applications [10].  Also battery technology is not developed as rapidly as mobile devices and 

wireless network technologies, so that the limited battery lifetime is always a bottleneck for the 
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development of improved mobile devices [41].  Therefore, a suitable CC algorithm for MANET 

database systems should be energy-efficient.   

The flexibility and convenience in MANET databases introduces a number of characteristics: 

mobility, low bandwidth, multi-hop communication, limited energy, frequent disconnections and 

long-lived transactions.  As a result of these characteristics and of the fact that servers are also 

mobile, CC techniques for cellular mobile databases [11, 12, 14, 21, 24, 27, 33, 34, 35] cannot be 

directly applied in MANET environments.  In a cellular mobile database, servers are generally 

static nodes running on a wired network, while clients are mobile nodes communicating with 

servers through static mobile support stations to have their transactions processed. 

To the best of our knowledge, only one MANET CC algorithm, called Semantic Serializability 

Applied to Mobility (SESAMO) [7], has been proposed.  SESAMO does not take energy 

efficiency into account, and is based on semantic serializability, which requires that not only 

databases on mobile nodes be disjoint but also updates on a database depend only on the values of 

the data in the same database.  Therefore, in SESAMO, transaction atomicity and global 

serializability can be relaxed.  Transaction atomicity ensures that a transaction either terminates 

normally to make all of its effects permanent or is aborted to have no effect at all [6].  Global 

serializability requires that all global transactions be serialized in the same order at all the 

participating servers at which they are executed.  However, in MANET databases for mission-

critical applications, the assumption for semantic serializability does not hold because each 

database depends on each other due to the organizational structure of the applications.  For 

example, in a disaster rescue scenario, before sending firefighters out to pursue some actions, the 

status of their equipment has to be checked to ensure atomic decisions [37], where the firefighter 

database may be stored on one mobile server, and the equipment database may be stored on 

another mobile server. 

To fill this gap, in this paper, an energy-efficient CC algorithm, called Sequential Order with 

Dynamic Adjustment (SODA), is developed for mission-critical MANET databases in a clustered 

network architecture where nodes are divided into clusters, each of which has a node, called a 

cluster head, responsible for the processing of all nodes in the cluster.  The cluster structure is 

constructed using a novel weighted clustering algorithm, called MEW (Mobility, Energy, and 

Workload), that uses node mobility, remaining energy and workload to group nodes into clusters 

and select cluster heads.  In SODA, in order to conserve energy and balance energy consumption 

among servers so that the lifetime of the network is prolonged, cluster heads are elected to work as 

coordinating servers.  SODA is based on optimistic CC to offer high transaction concurrency and 

avoid unbounded amount of blocking time.  It utilizes the sequential order of committed 

transactions to simplify the validation process and dynamically adjusts the sequential order of 

committed transactions to reduce transaction aborts and improve system throughput.  

Besides correctness proof and theoretical analysis, comprehensive simulation experiments were 

conducted to study the performance of SODA.  The simulation results show the superiority of 

SODA over the existing techniques in terms of transaction abort rate, total energy consumption by 

all servers, and degree of balancing energy consumption among servers.  SODA was introduced in 

our earlier publications [43, 45], but in this paper, we provide a complete and detailed version of 

SODA that works for both centralized and  clustered database architectures, a comprehensive 

literature review of mobile database concurrency control techniques in terms of general issues, 

application-dependent issues and mobile database characteristics, and extensive performance 

studies of SODA.  The rest of the paper is organized as follows.  Section 2 reviews recently 

proposed CC algorithms for both cellular mobile databases and MANET databases.  Section 3 

describes the proposed MANET architecture and our network clustering algorithm MEW.  Section 

4 presents our CC algorithm SODA, proves its correctness and analyzes its complexity.  Section 5 

discusses the performance evaluation of SODA compared with SESAMO and S2PL (Strict 2-

Phase Locking) using the AweSim simulation language.  Finally Section 6 concludes the paper 

with future research. 

 

2   Related Work 

In this section, recently published CC algorithms for mobile databases are reviewed according to 

MANET database characteristics. These algorithms are classified into three categories based on 

their types: pessimistic, optimistic and hybrid. 
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 2.1 Pessimistic CC methods 

In a pessimistic CC method, many transactions are assumed to conflict with each other.  Each data 

access (read or write) by a transaction is checked for conflicts, and conflicting transactions are 

blocked, restarted or aborted.  A lot of recent CC research in mobile databases use this method and 

apply a locking scheme to produce transaction serializability.  However, this method is not suitable 

for high volumes of transactions, and it is an unnecessary overhead when transactions are read-

only. Also because of this early prevention, available limited system resources cannot be fully 

utilized.  As transaction execution is prolonged and disconnection time is unbounded in MANET 

databases, the possibility of conflicts among concurrent transactions increases as well. When there 

are more conflicts, more transactions will be blocked, restarted, or directly aborted.  

2.1.1 Semantic Serializability Applied to Mobility 

Semantic Serializability Applied to Mobility (SESAMO) [7] is proposed for MANET databases. 

SESAMO is based on the semantic serializability, which assumes that databases are disjoint and 

updates on a database only depend on values of data in the same database; therefore, transaction 

atomicity and global serializability can be relaxed. However, in SESAMO, global transactions still 

need be serialized at each site using strict 2PL, while at the same time, each site must maintain the 

consistency of its own local database. The limited bandwidth is saved and transaction execution 

time is reduced because global serializability is relaxed and there is no coordination among 

servers, and the locks held by the sub-transactions of a global transaction can be released once they 

finish at the local sites. However, SESAMO does not take energy efficiency into account.  In 

addition, in MANET databases for mission-critical applications, the assumption for semantic 

serializability does not hold because each database depends on each other due to the organizational 

structure of the applications.  For example, in a battlefield scene, before a tank fires its cannon, the 

locations of their own soldiers have to be checked to ensure their safety, where the tank database 

may be stored on one mobile server, and the soldiers’ information may be located on another 

mobile server.  

2.1.2 Look-Ahead Protocol 

To maintain data consistency of broadcast data in mobile environments and overcome repeatedly 

restarting update transactions, Look-Ahead Protocol (LAP) is proposed in [24]. In LAP, update 

transactions are classified into hopeful transactions and hopeless ones.  Hopeless transactions are 

those that cannot commit before their deadlines, and are aborted as earlier as possible to save 

system resources and reduce data locks, while hopeful transactions can continue to execute their 

read and write operations using the 2PL algorithm. Unfortunately, in MANETs, because of node 

disconnections, locked data may be unavailable for an unbounded amount of time. 

2.1.3 Multi-Version Transaction 

A Multi-Version Transaction (MV-T) processing model and a deadlock-free concurrency control 

algorithm based on the multi-version 2-phase locking scheme are introduced in [33] for mobile 

database systems. A successful mobile transaction (MT) goes through three states (start, commit 

that is different from the commit in database systems, and terminate). A MT can start and commit 

at a mobile node but it terminates only at one of the database servers. A read operation is never 

blocked because it always gets the last committed or terminated version of data. In addition to 

read-lock and write-lock, a verified-lock is introduced to achieve isolation. A write-lock is 

converted to a verified-lock after a MT commits locally. When requesting a write-lock, a MT with 

a higher timestamp may be blocked by one with a lower timestamp that holds a write-lock or a 

verified-lock, but just like applying the timestamp ordering, the requesting MT is rejected or 

restarted if it has a lower timestamp, therefore, there is no deadlock.  Unfortunately, in MANETs, 

because of frequent disconnections, locked data may be unavailable for an unbounded amount of 

time. 

2.1.4 Single Lock Manager Approach 

Single Lock Manager Approach (SLMA) [34] is proposed for cellular mobile networks, in which a 

single lock manager resides at a fixed server and handles all lock and unlock requests from mobile 

clients (or nodes). Transactions are initiated and executed at mobile clients, but required data items 

are read from the fixed server and final updates are done at the fixed server. To increase the system 

throughput and save the limited uplink bandwidth, SLMA applies a dynamic timer to roll back 
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transactions if they lock data items too long, and puts them in a round robin queue for the next 

execution. To recover the failure of the single fixed lock manager, the final updates of transactions 

are also replicated at other fixed hosts. Unfortunately, in MANET, every node is mobile; so it will 

be challenging to elect a stable node as the single lock manager.  

2.1.5 Absolute Validation Interval 

A concurrency control approach using Absolute Validation Interval (AVI) is proposed in [35]. The 

AVI is the life span of a data item in which it is said to be valid. Mobile nodes copy data items 

from fixed hosts to their private memory and execute transactions locally. Fixed nodes maintain 

the AVIs of all data items, commit update transactions requested by mobile nodes, and provide the 

invalidation reports to mobile nodes. During the local execution of a mobile transaction T, if the 

current time for accessing data is greater than the total of read timestamp of data item plus AVI, 

this transaction is restarted.  However, in MANETs, since every node is mobile, wireless and 

battery-powered, it is challenging to elect which nodes to work as the fixed nodes to maintain the 

AVIs of all data items and provide invalidation reports. 

2.2 Optimistic CC methods 

In contrast with pessimistic CC techniques, an optimistic CC method assumes that not too many 

transactions conflict with each other and, thus, allows transactions to be executed simultaneously, 

and delays the serializability check of these transactions until their commit time. This delay 

provides CC managers with more information to determine the fate of committing transactions. 

However, the tradeoff is the overhead of late transaction restart and waste of limited resources if a 

committing transaction must be aborted. This tradeoff becomes worse when the probability of 

conflicts among concurrently executing transactions is high due to the prolonged execution of 

transactions and unbounded amount of disconnection time in MANET databases. 

2.2.1 Optimistic Concurrency Control with Dynamic Timestamp Adjustment 

Based on the same technique – the timestamp interval with dynamic adjustment [25] like Partial 

Validation with Timestamp Ordering (PVTO) [26], Optimistic Concurrency Control with 

Dynamic Timestamp Adjustment (OCC/DTA) [11] is proposed to process transactions in a mobile 

centralized broadcast environment. In PVTO, every transaction is associated with a timestamp 

interval, which is dynamically adjusted when the transaction reads/writes some data or after 

another transaction successfully commits at the static server.  If the interval shuts out, then the 

associated transaction has to be aborted because a non-serializable schedule is detected.  In case of 

a disconnection, the upper  bound of the timestamp interval is set to the time of disconnection or 

the current upper bound, whichever is smaller, to avoid shutting out.  Since less information is 

transmitted between mobile clients and the centralized server, and the timestamp intervals of 

validating transactions are adjusted only when they read/write data items, OCC/DTA works like a 

lightweight version of the PVTO protocol. Thus, OCC/DTA has the same drawbacks as those of 

PVTO.  Also in MANETs, due to the mobility and frequent disconnections of mobile nodes, the 

mobile node working as the centralized database server often disconnects, mobile clients cannot 

receive data and validation information to process and partially validate transactions, and partially 

validated transactions cannot be finalized at the server.  Also because of the limited power and 

bandwidth, no node can play the role of the centralized static database server to keep broadcasting 

data periodically without running out of power. 

2.2.2 Multi-Version Optimistic Concurrency Control for Nested Transactions 

Multi-Version Optimistic Concurrency Control for Nested Transactions (MVOCC-NT) [27] is 

proposed to process mobile real-time nested transactions using multi-version of data in mobile 

broadcast environments. MVOCC-NT also adopts the timestamp interval with dynamic adjustment 

like OCC/DTA [11] to avoid unnecessary aborts. At mobile clients, all active transactions perform 

backward pre-validation against transactions committed in the last broadcast cycle at the fixed 

server. Read-only transactions can commit locally if they pass the pre-validation, but survived 

update transactions have to be transferred to the fixed server for the final validation. Since data 

conflicts are detected early, processing and communication resources are saved.  However, in 

MANETs, since every node is mobile, wireless and battery-powered, it is challenging to elect 

which node to work as the fixed server to do final validation and periodically broadcast data. 
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2.2.3 2-Phase Optimistic Concurrency Control 

Choi et al. propose a 2-Phase Optimistic Concurrency Control (2POCC) [12] to process mobile 

transactions in wireless broadcast environments. Transaction validation is done in two phases: 

partial backward validation at mobile clients and final validation (forward validation first and then 

backward validation) at the static server. To guarantee transaction serializability in both phases, 

2POCC validates mobile transactions using the following two rules. If a transaction Ti is serialized 

before transaction Tj: 

1. No overwriting,  that is, the writes of Ti should not overwrite the writes of Tj; 

2. No read dependency, that is, the writes of Ti should not affect the reads of Tj. 

To avoid too many restarts of mobile transactions with the read phase lasting several broadcast 

cycles, the end of a mobile transaction’s read phase and validation phase can be shifted to before 

the beginning of the next broadcast cycle if the unread data objects were not updated during the 

current broadcast cycle.  Unfortunately, in MANETs, since every node is mobile and battery-

powered, electing which node to work as the static server to do final validation will be a challenge. 

2.3 Hybrid CC methods 

A hybrid method is a combination of optimistic and pessimistic CC methods.  For instance, an 

optimistic method may be used to validate global transactions and pessimistic one is applied to 

verify local transactions in a distributed database system. Thus, all the problems existing in both 

methods have to be addressed. 

2.3.1 Partial Global Serialization Graph 

Partial Global Serialization Graph (PGSG) [14] is introduced to enforce a range of consistency and 

isolation in the cellular mobile multi-databases environment. In PGSG, before committing a global 

transaction, a partial global serialization graph is built to check for cycles. The local sites serialize 

transactions by applying the ticket method proposed in [16]. A global data structure moves along 

with a mobile node when it migrates from one cell to another.  When a mobile node disconnects, 

its status is marked as disconnected, and its Mobile Support Station (MSS) saves all the responses 

in a structure called ResponseList, and delivers them to this mobile node upon reconnection.  If a 

catastrophic failure occurs during the disconnection, then the status is changed to suspended.  In 

order to minimize erroneous aborts, suspended transactions are not aborted until they obstruct 

other executing transactions.  In order to release resources in a timely manner and tolerate long-

lived transactions, compensable sub-transactions can commit before the global ones commit. 

Unfortunately, in MANETs, since every node is mobile and battery-powered, during 

disconnections/mobility, electing which neighboring node as the MSS to backup/maintain the 

information will be a challenge. Also, in case of disconnections, some predecessor graphs may not 

be collected, and then the PGSG algorithm has to stop and wait.  Also some of MANET 

applications may not have the compensable transactions or are mission-critical, thus, it is 

impossible to allow sub-transactions to commit early and roll back later.  For instance, to query the 

location of enemies before firing a missile, the accurate data has to be returned.  

2.3.2 Mobile Transaction Commit using Serialization Graph/Sequential Order 

In [21], to speed up transaction processing and to reduce wireless communication, mobile clients 

execute transactions against the local cache and use strict 2PL to serialize transactions. To ensure 

that cached data are up-to-date, an invalidation report is periodically broadcast by the centralized 

static database server. Before transactions commit, the commit request must be validated at the 

centralized database server by applying one of the three algorithms: Mobile Transaction Commit 

using Serialization Graph (MTC-SG), SeQuential order (MTC-SQ) or MTC-Hybrid. MTC-SG 

maintains only committed transactions, and builds the serialization graph to guarantee no cycle is 

involved. In MTC-SQ, every validating transaction is checked if it can be inserted somewhere into 

the maintained sequential order of committed transactions, and the final order must comply with 

the serialization order. In MTC-Hybrid, MTC-SQ is applied first, and if it fails, then MTC-SG is 

employed. When mobile clients migrate from one cell to another, their last invalidation report 

must be checked to ensure that they receive the latest report. Unfortunately, in MANETs, because 

of limited energy and bandwidth, no node can process all commit requests and, at the same time, 

keep broadcasting periodically like the static database server. In MTC-SG/Hybrid, building the 

serialization graph and checking for cycles require more time and energy to accomplish. When the 
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centralized database server disconnects, not only mobile clients cannot receive broadcast data and 

invalidation report, but also commit requests cannot be processed at the server. 

2.4 Summaries of the Reviewed Mobile CC Techniques 

In this section, we summarize each of general issues and application-dependent issues and its 

possible solutions from the reviewed techniques along with the MANET database characteristics.  

For every issue, the following specified terms/answers are expected to distinguish the reviewed 

techniques. 

General issues are those that every CC technique for mobile databases needs to address during 

the design: 

• Types of CC Algorithms: Which type does the CC technique adopt to guarantee the 

isolation property: pessimistic, optimistic, or hybrid? 

• Rules of Producing Serializability: Which rule does the CC technique utilize to produce 

serializability: locking, timestamp ordering, serialization graph testing or serial 

execution? 

• Mobile System Architecture: Which mobile network architecture does the CC technique 

adopt: cellular mobile network, MANET or mobile hybrid network? 

• Location of CC Manager(s): Where are the CC managers located: centralized or 

distributed? 

• Level of Consistency: Which level of consistency does the CC technique support: relaxed 

or strict? 

• Transaction Model: Which transaction model is utilized in the CC technique: flat or 

nested? 

Not all mobile applications have the same requirements for CC technique design due to 

different applications.  Application-dependent issues are those that some CC techniques will 

address during the design but others may not: 

• Global Serializability: Does the CC technique guarantee the isolation property of global 

transactions? If yes, is the global serializability relaxed? 

• Cached/Replicated Data: Does the CC technique apply any caching/replication scheme? 

• Real-Time Applications: Does the CC technique support real-time transactions? 

The flexibility and convenience in MANET databases introduces a number of MANET 

database characteristics: 

• Mobility: Does the CC technique address mobility of nodes? 

• Low Bandwidth: Does the CC technique address low bandwidth? 

• Multi-hop Communication: Does the CC technique address multi-hop communication? 

• Limited Energy: Does the CC technique address limited energy (or battery power)? 

• Frequent Disconnections: Does the CC technique address frequent disconnections? 

• Long-lived Transactions: Does the CC technique address long-lived transactions? 

Most of the CC techniques reviewed above were designed for cellular mobile databases, which 

heavily rely on broadcasting techniques to save mobile nodes’ energy or relay on static servers that 

have no energy limitation and always connect to the wired network; thus, they are not suitable for 

MANET databases. As shown in Table 1, none of the reviewed techniques addresses all the 

MANET database characteristics. In addition, we can observe the following from the table: 

• Most techniques are pessimistic and guarantee serializability by using locking.  They do 

not fit well in MANETs databases because blocking time may be unbounded and abort 

rate may be high as a consequence.  

• All techniques adopt cellular mobile networks, except for SESAMO which is designed 

for MANETs. 
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• CC managers are distributed in all techniques except for LAP [24] and SLMA [34]. 

• All techniques support strict database consistency except for PGSG [14], which relaxes 

database consistency. 

• Only PGSG [14] and MVOCC-NT [27] are proposed for processing nested transactions, 

while the other techniques process flat transactions. 

• Only PGSG [14] and SESAMO [7] address global serializability, while the other 

techniques only support local serializability. In addition, SESAMO relaxes the global 

serializability. 

• Most techniques apply caching/replication schemes to overcome the limited wireless 

bandwidth, but these schemes will not work without the data broadcast by Mobile 

Support Stations (MSS), which are static and have unlimited energy and high bandwidth. 

• Only LAP [24] and MVOCC-NT [27] support real-time applications. 

• No technique addresses multi-hop communication. 

• Techniques which are proposed for cellular mobile networks take into account mobility, 

low bandwidth, limited energy or frequent disconnections.  However, these cannot be 

done without applying caching/replication and heavily relying on MSSs to either 

broadcast data periodically for mobile nodes or process transactions on behalf of mobile 

nodes. In MANETs, it is impossible for any node to play the same role like a MSS. 

• SESAMO [7] addresses low bandwidth and long-lived transactions, but both of them are 

accomplished by assuming that global transactions do not conflict with each other. 

• All techniques support long-lived transactions by either using cached/replicated data or 

partial validation at mobile nodes. 
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Table 1 Summary of the reviewed mobile CC techniques and issues 

Techniques/ 

Issues 

SESAMO 

[7] 

LAP 

[24] 

MV-T 

[33] 

SLMA 

[34] 

AVI 

[35] 

OCC/DTA 

[11] 

MVOCC-NT 

[27] 

2POCC 

[12] 

PGSG 

[14] 

MTC-SG/SQ 

[21] 

G
en

er
a

l 
Is

su
es

 

Type of CC 

Algorithm 
Pessimistic Pessimistic Pessimistic Pessimistic Pessimistic Optimistic Optimistic Optimistic Hybrid Hybrid 

Rule of 

Producing 

Serializability 

Locking Locking 

Timestamp 

Ordering and 

locking 

Locking 
Timestamp 

ordering 
Timestamp 

Ordering 

Timestamp 

Ordering 

Timestamp 

ordering 

Timestamp 

ordering, and 

serialization 

graph testing 

Locking, 

timestamp 

ordering and 

serialization 

graph testing 

Mobile System 
Architecture 

MANET 

Cellular 

mobile 

network 

Cellular 

mobile 

network 

Cellular 

mobile 

network 

Cellular 

mobile 

network 

Cellular 

mobile 

network 

Cellular 

mobile 

network 

Cellular 

mobile 

network 

Cellular 

mobile 

network 

Cellular 

mobile 

network 

Location of CC 

Manager 
Distributed Centralized Distributed Centralized Distributed Distributed Distributed Distributed Distributed Distributed 

Level of 

Consistency 
Strict Strict Strict Strict Strict Strict Strict Strict 

Relaxed 

or Strict 
Strict 

Transaction 

Model 
Flat Flat Flat Flat Flat Flat Nested Flat Nested Flat 

A
p

p
li

ca
ti

o
n

 

Is
su

es
 

Global 

Serializability 

Yes, but 

relaxed 
No No No No No No No Yes No 

Cached/ 

Replicated data 
No No No Yes Yes Yes Yes Yes No Yes 

Real-time 

Application 
No Yes No No No No Yes No No No 

M
A

N
E

T
 D

a
ta

b
a
se

 

C
h

a
ra

ct
er

is
ti

cs
 

Mobility No No No No No No No No Yes Yes 

Low Bandwidth Yes Yes No Yes Yes Yes Yes Yes No Yes 

Multi-hop 

Communication 
No No No No No No No No No No 

Limited Energy No Yes No No Yes No Yes Yes No Yes 

Frequent 

Disconnections 
No No Yes Yes No No No No Yes No 

Long-lived 

Transactions 
Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 
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3   Proposed Architecture 

A system architecture that supports our CC algorithm needs to take the following aspects of 

MANET applications and MANET network characteristics into consideration: 

• In many MANET applications, such as disaster response and recovery systems [8, 31] 

and military operations [4], users are logically grouped due to their application semantics.   

• Because every node is mobile in a MANET, the network topology may change rapidly 

and unpredictably over time.  According to [9], clustered architectures are proper to keep 

the network topology stable as long as possible, so that the performance of routing and 

resource relocation protocols is not compromised.   

• In order to accommodate our optimistic CC algorithm SODA to guarantee global 

serializability, the information of committed global transactions has to be maintained by 

some server for convenient access. 

To build a stable backbone in MANETs, conserve mobile nodes’ limited energy and balance 

their energy consumption, we propose a clustered MANET architecture that is built using  our 

robust weighted clustering algorithm, called MEW (Mobility, Energy, and Workload) [44].  MEW 

takes mobile nodes’ mobility, energy and workload into consideration when grouping mobile 

nodes into clusters.  In this architecture as shown in Figure 1, mobile nodes are divided into 

clusters, each of which has one cluster head working as the coordinating server responsible for the 

transaction processing of the mobile nodes, called cluster members, within the cluster.  Cluster 

heads can communicate with each other through some mobile nodes that work as gateways.  

Similarly, mobile nodes from different clusters can also communicate with each other, but they 

have to go through their cluster heads to get the destination addresses first to avoid topology 

changing overhead.  In order to guarantee global serializability and reduce communication 

overhead, among cluster heads the one with the highest remaining energy is further elected as the 

primary cluster head to maintain the information of committed global transactions and validate 

transactions globally. 

Figure 1 shows an example of a clustered MANET database architecture that consists of three 

clusters.  Each cluster is represented by a large solid circle, and has three or more mobile clients 

shown as PDA/iphone and at least one server shown as laptop.  The arrows between the devices 

show the wireless communication between them.  In the rest of this section, we describe the 

functionality of mobile nodes in Section 3.1, the MEW algorithm in Section 3.2, the cluster 

formation in Section 3.3, and the cluster maintenance in Section 3.4. 

 
 

Fig. 1 Architecture of a clustered MANET database 
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3.1   Mobile Node Functionality   

Mobile nodes are classified into clients and servers based on their communication strength, 

computing power and storage size.  Clients are installed with only the query processing modules 

that allow them to submit transactions and receive results; while on servers, the complete database 

management systems are installed to provide transaction processing services.  Servers are further 

classified into coordinating servers and participating servers.  Coordinating servers are the ones 

which receive global transactions from clients, divide them into sub-transactions, forward these 

sub-transactions to appropriate participating servers, and maintain the ACID (Atomicity, 

Consistency, Isolation, and Durability) [40] properties of global transactions.  Participating servers 

are the ones that process sub-transactions transmitted from coordinating servers, and preserve their 

ACID properties. To guarantee global serializability and reduce communication overhead, among 

cluster heads the one with highest remaining energy is further elected as the primary cluster head, 

which maintains the information of committed global transactions and validates transactions 

globally. 

The entire database is partitioned and distributed to different servers as local databases, and 

there is no caching or replication technique involved for simplicity.  Transactions are based on the 

simple flat model, in other words, it contains a set of read, write, insert, and delete operations.  

Any subset of operations of a global transaction that access the same server is submitted and 

executed as a single sub-transaction at one participating server.   

3.2 Our Weighted Clustering Algorithm - MEW  

Being inspired by the relative mobility in [5] and the weighted clustering algorithm concept in [9], 

and considering a new system parameter  Energy Decreasing Rate (EDR), we propose a robust 

weighted clustering algorithm, called MEW (Mobility, Energy, and Workload), to build a stable 

backbone in MANETs.  The objective of MEW is to form and maintain stable clusters in 

MANETs by electing nodes with the highest weights among their neighbors as cluster heads, 

where the weight of a node is calculated as a combination of its mobility, energy and workload. 

In order to capture the mobility of nodes, we do not consider their absolute roaming speed.  

This is because it is easy to calculate the speed’s quantity, but it is hard to predict the direction of 

movement.  Without the direction, the speed’s quantity alone is not appropriate to justify whether a 

node is a better candidate for cluster head or not.  For instance, two nodes that have small speeds 

move in the opposite directions.  As time goes, they will be out of each other’s transmission range 

and get disconnected from each other.  Also the utilization of GPS is opted out because GPS 

consumes the limited battery energy of mobile nodes.  Instead, two mobility metrics, Relative 

Mobility between two nodes i and j (RMij) [5] and Mobility Prediction for node j (MPj), are 

introduced to monitor the mobility of nodes and applied to determine whether a node is suitable to 

be a cluster head.  RMij measures whether node i and node j move relatively together; MPj 

measures whether all 1-hop neighbors of node j move relatively together along with node j.  Below 

we explain how each of the two metrics is calculated. 

For each node j (1 ≤ j ≤ N for N nodes in the network), after receiving two successive HELLO 

messages from every 1- hop neighbor i (1 ≤ i ≤ n if there are n neighbors), the RMij is calculated by 

Equation (1).  RSSij1 and RSSij2 are the received signal strengths (RSS) that are read from the RSS 

indicator when the first and second HELLO messages from the same neighbor i are received by 

node j, respectively.  Based on the value of RMij, we can say that if RMij is equal to 1, then the 

node j and its neighbor i either do not move at all or move with the same speed in the same 

direction; if RMij is less than 1, then they move close to each other; otherwise, they move away 

from each other.  

2

1

ij

ij

ij
RSS

RSS
RM =

 
(1) 

For each node j, in order to take into account the mobility of all n 1-hop neighbors and have an 

integral value to represent them, MPj is calculated as the standard deviation of RM1j, RM2j, …, 

RMnj shown in Equation (2).  However, for the stability of elected clusters, we prefer RMij to be 

equal to or less than 1 because we want cluster heads not to move away from their members.  

Thus, in the MPj calculation, the mean of RMij (1 ≤ i ≤ n) is 1 instead of the actual mean of RM1j, 

RM2j, …, RMnj.  A node j with a lower MPj means that it stays closer to its neighbors, thus, it is a 

better candidate for the cluster head among its neighbors.  
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When dealing with the limited battery energy, we consider not only the Remaining Energy (RE) 

of each node but also its Energy Decrease Rate (EDR) as the workload because nodes with a 

heavier workload consume more energy. Based on EDR, we can balance the energy usage and 

prevent cluster heads from running out of energy quickly.  In other words, for each node j, EDRj is 

considered because REj represents only the current state of the energy level and the node’s energy 

will run out soon if it normally has a heavy workload.  The EDRj at time interval [t1, t2] is 

calculated by using Equation (3), where REj1 and REj2 are the remaining energy of node j at time t1 

and t2, respectively.  
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A node with a lower EDR indicates that it was not busy at least during the interval [t1, t2].  

However, when a node has a busy work history, it most likely will be busy in the future as well.  

Since the larger the time interval is, the more accurate the EDR is in indicating a node’s workload 

history, during the initial election, each node saves a copy of its initial remaining energy and initial 

time as REj1 and t1, so that a more accurate EDR can be calculated in the future cluster head 

reelection.  

Based on the above analysis about mobility, energy and workload, it is obvious that a node j is 

the best candidate for a cluster head among all its neighbors if its remaining energy REj is the 

highest, its MPj is the lowest and its EDRj is the lowest.  In other words, a node with the highest 

weight is the best candidate for a cluster head when we combine these three metrics together as the 

weight, which is calculated in Equation (4).  Since these metrics have different units, we apply the 

inversed exponential function to normalize MPj and EDRj and bound their values between 0 and 1.  

REj is left out because the value of the remaining energy is at most 100%. 
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In Equation (4), REj = REj2, the weighting factors f1, f2 and f3 are set according to different 

application scenarios, and f1 + f2 + f3 = 1.  When we let f2 = f3 = 0, that is, we take away the effect 

of energy and workload, our algorithm turns into a mobility-only-based approach just like MOBIC 

[5]. 

3.3 Cluster Formation  

To form clusters, each node first broadcasts HELLO messages, collects 1-hop neighbors’ 

information, and computes its weight based on mobility, energy and workload using Equations (1), 

(2), (3) and (4) defined above.  After broadcasting their own weights and receiving all 1-hop 

neighbors’ weights, nodes with the highest weights declare themselves as cluster heads, and 1-hop 

neighbors of cluster heads join them as cluster members.  The details of the cluster formation and 

different types of messages used in cluster formation are presented in [44].  Note that because 

clients have less communication strength, less computing power and smaller storage size than 

servers, clients cannot be elected as cluster heads and cannot work as coordinating servers.  

3.4 Cluster Maintenance  

Because every node can roam and has limited battery power in a MANET, cluster heads can resign 

due to its low remaining energy, the links between cluster members and cluster heads can be 

broken, and the links between two cluster heads can be generated [42].  Consequently, clusters 

need be re-clustered.  In other words, leaving clusters, joining clusters, merging clusters, and re-

electing cluster heads are normal re-clustering operations in a clustered MANET.  However, these 

operations should be performed only on demand to reduce the overhead of computation and 

communication, and to provide consistent quality of service.  

In order to maintain connections with neighbors, detect the link breaks and new link 

establishments, each node needs keep periodically broadcasting HELLO messages.  Being a 

cluster head, it has to periodically monitor (after a global transaction commits) its remaining 

energy level so that it will resign from the cluster head status when the remaining energy drops 

below a predefined Low Energy Threshold (LET).  Relying on these two periodic operations, 

cluster maintenance can be done by recovery from a link break between a member and its cluster 
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head, recovery from a link establishment when two cluster heads become 1-hop neighbors, or 

recovery from a link break when a cluster head resigns because its current remaining energy of a 

cluster head is less than LET. The details of these recovery tasks are discussed in [44]. 

 

4   Proposed Concurrency Control Algorithm: 
SODA 

In this section, we present our proposed CC algorithm, called Sequential Order with Dynamic 

Adjustment (SODA).  We first provide some preliminaries to help explain our approach.  Second, 

we describe how SODA works without the clustered MANET architecture involved; in other 

words, how SODA works in a centralized MANET database as originally presented in [43]. Third, 

we provide the correctness proof. Fourth, we analyze the complexity of SODA. Finally, we discuss 

how SODA works in a clustered MANET database presented in Section 3.  

In [43], SODA is originally proposed for mobile P2P databases, in which each peer carries its 

own local database, is fully autonomous and shares information in on-the-fly fashion.  Therefore, 

although global transactions (or called remote queries) do exist, it is unnecessary to maintain the 

global serializability among peers, which is required in traditional distributed databases and 

MANET databases that we focus on in this paper.  However, in mobile P2P databases every peer 

still needs to guarantee the correctness of transactions that it processes locally because it may 

collect or update its own data, reply to requests and update replica simultaneously. 

4.1   Preliminaries 

Two operations (or transactions) are called conflict operations (or transactions) if they access 

the same data item and at least one of them is a write operation (or transaction) [6]. 

Let S = {T1, …, Tn} be a set of transactions. A History (also called Schedule or Log) over S is 

an execution of S where the operations of the transactions are interleaved, but the order of 

operations within the same transaction is preserved [6].  

Two histories are conflict equivalent if they involve the same set of transactions, and every 

pair of conflict operations is ordered in the same way in both histories [6]. 

A history is serial if each transaction is executed from the beginning to the end before the next 

one can start [6]. 

A history is serializable if it is conflict equivalent to a serial history [6]. 

The serialization graph (SG) of a history is a directed graph where the nodes are the 

transactions executed in the history. In the SG, there is an edge Ti → Tj (i ≠ j) if and only if at least 

one of Ti’s operations precedes and conflicts with one of Tj’s operations in the execution history 

[6].  

The Serializability Theorem [6]: A history H is serializable if and only if there is no cycle in 

the serialization graph of H. 

Timestamp Ordering (TO) [6]: a unique timestamp is assigned to each transaction, and 

conflict operations between every two transactions are executed in their timestamp order. The 

timestamp may be assigned at the beginning, middle or end of the execution of a transaction.  

Backward validation: a validating transaction is validated against only committed 

transactions, and the currently active transactions are not involved. 

Being an optimistic CC [23] and given a transaction T, SODA has three phases to go through:  

• Phase 1. Read and Compute Phase: T reads the values of a set of data items (called read 

set, and denoted by RS(T)) and saves them into local variables. When T reads a data item 

d, a timestamp is assigned (denoted by TS(d)). T also computes the values for a set of 

data items (called write set, and denoted by WS(T)) and saves them in local variables. 

• Phase 2. Validation Phase: the read set and write set of T are validated against a set of 

committed transactions. If T passes the validation test, then a timestamp is assigned to T 

(denoted by TS(T)), and used as the commit time of T and the timestamp of the write set 

(denoted by WS_TS(T)). WS_TS(T) is initially +∞ if T is a validating transaction.  
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• Phase 3. Commit and Write Phase: if T succeeds in the Validation Phase, then it can 

write the values of the write set into the database and commit; otherwise, T has to be 

aborted.  

 

Definition 1: Given a validating (or committed) transaction T1, a committed transaction T2 and 

a commonly accessed data item d, T1 must-be-serialized-before T2 if any one of the following 

conditions is satisfied (Note: Ti→TS(d) stands for Ti getting the read timestamp of data d): 

• Read-Write (RW) conflict: RS(T1) ∩ WS(T2) ≠ ∅ and T1→TS(d) < WS_TS(T2). 

• Write-Write (WW) conflict: WS(T1) ∩ WS(T2) ≠ ∅ and WS_TS(T1) < WS_TS(T2). 

• Write-Read (WR) conflict: WS(T1) ∩ RS(T2) ≠ ∅ and WS_TS(T1) < T2→TS(d). 

 

Definition 2: Given a validating (or committed) transaction T1, a committed transaction T2 and 

a commonly accessed data item d, T1 must-be-serialized-after T2 if any one of the following 

conditions is satisfied: 

• Read-Write (RW) conflict: RS(T1) ∩ WS(T2) ≠ ∅ and T1→TS(d) > WS_TS(T2). 

• Write-Write (WW) conflict: WS(T1) ∩ WS(T2) ≠ ∅ and WS_TS(T1) > WS_TS(T2). 

• Write-Read (WR) conflict: WS(T1) ∩ RS(T2) ≠ ∅ and WS_TS(T1) > T2→TS(d). 

4.2   How SODA Works in a Centralized Database 

Inspired by the dynamic adjustment technique proposed in [21], and based on the combination of 

Timestamp Ordering (TO), Optimistic Concurrency Control (OCC) [23], and backward validation, 

we propose an optimistic CC algorithm called SODA.  In SODA, a list of committed transactions 

is maintained and will be utilized to validate committing transactions.  During the validation, the 

list can be dynamically adjusted to avoid unnecessary aborts.  After the committing transaction 

commits, the list is updated and trimmed. 

Assume that Ti’s (i = 1, …, n) are committed transactions, and T is a validating/committing 

transaction.  If we simply let the validation/commit order be the serialization order if any like in 

traditional OCC [23], and if there is a read-write conflict between T and Ti, i.e., T reads a common 

data item d before Ti updates d, then T is aborted because two orders are different.  Such aborts 

should be avoided.  

To avoid such aborts, in SODA, a dynamic order instead of validation order among committed 

transactions is used.  In SODA, a Sequential Order (SO) of committed transactions is maintained 

as {T1, T2, …, Ti, ..., Tn} (also called a SO_list, which is ordered from left to right) and can be 

dynamically adjusted.  The dynamic adjustment can be either simple or complex.  In the simple 

case, the validating transaction T can commit if it can be directly inserted into the maintained SO 

without any adjustment, and the final sequential order will be {T1, T2, …, low, … T, up, ..., Tn}, 

such that T must-be-serialized-after the transaction low but must-be-serialized-before the 

transaction up.  On the other hand, in the complex case, the sequential order must be adjusted 

before the insertion of T.  After T passes the validation and commits, the maintained SO is updated 

with T’s information.  In addition, old committed transactions are removed from the maintained 

SO to reduce the overhead and save the limited storage. 

The simple case: Our goal is to find the transactions low and up, such that SO(low) < SO(T) < 

SO(up).  If we do, then T passes the validation test (lines 2 to 19 in Figure 2).  SO(Ti) is the 

function to get the sequential order number of Ti in the SO_list. For instance, SO(T2) = 2 and 

SO(Ti) = i if the maintained sequential order is {T1, T2, …, Ti, ..., Tn}. 

Without loss of generality, we should find two transactions low and up, where,  

SO(low) = max{SO(Ti) | T must-be-serialized-after Ti, 1≤ i ≤ n}, 

SO(up) = min{SO(Ti) | T must-be-serialized-before Ti, 1≤ i ≤ n}. 

 

If low (up) is not found, then we can conclude that T is not serialized after (before) any other 

transactions, and we say that SO(low) = 0 (SO(up)= n + 1) (line 1 in Figure 2). However, if 

SO(low) = SO(up), then it is impossible for T to must-be-serialized-before and to must-be-

serialized-after Ti at the same time, thus, T is aborted. If SO(low) > SO(up), T should be aborted 

because it cannot be inserted anywhere in the list. But T passes the validation test if the 

serialization graph testing is applied instead. Thus, this kind of aborts should be avoided too if 

possible. The details are given in the complex case below. 

The complex case: We have SO(Ti) < SO(Tj) from the maintained SO {T1, T2, T3, …, Ti, …, Tj, 

…, Tn}, but we conclude that SO(Ti) > SO(T) > SO(Tj) after finding low and up, where low = Tj 

and up = Ti. Since T is just stuck between Ti and Tj, if we can find all transactions between Ti and 

Tj that T must-be-serialized-before directly and indirectly (called T_SB), and if there are no 
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transactions in T_SB that T must-be-serialized-after, then T passes the validation test; otherwise, a 

cycle is detected and T has to be aborted (lines 20 to 32 in Figure 2).  

 

Boolean SODA(T, SO_list) { 

1: low_index = 0; up_index = SO_list→length() + 1; 

2: counter = 1; // Find transaction up 

3: for (Ti = SO_list→begin(); Ti != SO_list→end(); Ti++) { 

4:        if (T must-be-serialized-before Ti) { 

5:                 up = Ti; up_index = counter; 

6:                 break; 

7:         } 

8:         counter++; 

9: } 

10: counter = SO_list→length(); // Find transaction low 

11: for (Ti = --(SO_list→end());Ti >= SO_list→begin();Ti--) { 

12:         if (T must-be-serialized-after Ti) { 

13:                 low = Ti; low_index = counter; 

14:                 break; 

15:         } 

16:         counter--; 

17: }  

18: if (low_index < up_index) // The simple case 

19:         return true; 

20: range = SO_list→subset(up, low); // The complex case 

21: T_SB→push_back(T); 

22: for (Ti = range→begin(); Ti != range→end(); Ti++) { 

23:      for (Tj = T_SB→begin(); Tj != T_SB→end(); Tj++) { 

24:           if (Tj must-be-serialized-before Ti) { 

25:                 if (T must-be-serialized-after Ti)  

26:                         return false; // A cycle is detected 

27:                 T_SB→push_back(Ti); 

28:                 break; 

29:           } 

30:      } 

31: } 

32: return true; // Got here. T passes the validation test 

} 

Fig. 2 SODA—Validation and Preparation  

 

After T passes the validation test, the maintained sequential order has to be updated to reflect 

the changes. In the simple case, T is directly inserted in the position just before up (lines 1 to 2 in 

Figure 3). In the complex case, by looping through all transactions between up and low, all the 

transactions Tm in T_SB constructed in the first part of SODA are removed first (lines 3 to 11 in 

Figure 3). To construct SO(low) < SO(T) < SO(up), T and all transactions in T_SB are inserted in 

the position immediately after low (lines 12 to 18 in Figure 3).  

 
 

void update_SO(low, up, T, SO_list, T_SB) { 

1: if (SO(low) < SO(up)) // The simple case 

2:         SO_list→insert(up, T);  

3: range = SO_list→subset(up, low); // The complex case 

4: Tm = T_SB→begin(); 

5: for (Ti = range→begin(); Ti != range→end(); Ti++) { 

6:         if (Ti == Tm) { 

7:                 SO_list→erase(Ti); Tm++; 

8:                 if (Tm == T_SB→end()) 

9:                         break; 

10:         } 

11: } 

12: low++; // Insert T immediately after low 

13: SO_list→insert(low, T); 

14: // Insert all the transactions in T_SB  

15: while (!T_SB→empty()) { 

16:         SO_list→insert(low, T_SB→front()); 

17:         T_SB→pop_front(); 

18: } 

} 

Fig. 3 SODA—Updating the Sequential Order  
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To illustrate how SODA works, let’s see three examples: the easy case, complex case and the 

case in which the maintained SO cannot be adjusted, respectively. 

 

Example 1 (the simple case): Let {T1, T2, T3} be the sequential order of committed 

transactions, and T be a validating transaction at a server. The read sets, write sets and the 

timestamps are shown in Table 2. 

 

Table 2 Transaction information used in Example 1 

 T1 T2 T3 T 

Read Set (RS) {x} {y} {x, y} {x} 

Write Set (WS) {z} {x} ∅ {z} 

Read Timestamp of Data d (TS(d)) 5 15 25, 30 18 

Timestamp of Write Set (WS_TS) 10 20  +∞ 

 

Since WS(T1) ∩ WS(T) ≠ ∅ and WS_TS(T) > WS_TS(T1), T must-be-serialized-after T1 by 

the Definition 2 and low = T1.  Since WS(T2) ∩ RS(T) ≠ ∅ and WS_TS(T2) > T→TS(x), T must-

be-serialized-before T2 by the Definition 1 and up = T2.  Since SO(low) < SO(up), this is the 

simple case and T passes the validation test. T is inserted immediately before T2, and the final 

sequential order is {T1, T, T2, T3} as shown in Figure 4, where the arrow (�) in the graph 

indicates the serialization order between two transactions such as T1 � T2 means that T1 must-be-

serialized-before T2. 

 

 
Fig. 4 Validating transaction T in Example 1 

 

Example 2 (the complex case): Let {T1, T2, T3, T4, T5, T6, T7} be a set of committed 

transactions and the maintained sequential order, and T be a validating transaction at a server. The 

read sets, write sets and the timestamps are shown in Table 3.  

 
 

Table 3 Transaction Information Used in Example 2 

 T1 T2 T3 T4 T5 T6 T7 T 

Read set (RS) {x} {y} {z} {r} ∅ {s} {u} {r} 

Write set (WS) {z} {x} {r} ∅ {s, u} ∅ ∅ {s} 

TS (d) 5 15 25 35  45 50 28 

TS_WS 10 20 30  40   +∞ 

 

 
Fig. 5 Validating Transaction T in Example 2 
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Since WS(T3) ∩ RS(T) ≠ ∅ and WS_TS(T3) > T→TS(r), T must-be-serialized-before T3 and 

up = T3. Similarly, low = T6. Since SO(low) > SO(up), this is the complex case. T_SB = {T3, T4}, 

and none of T3 and T4  must-be-serialized-before either T5 or T6, thus, T passes the validation test. 

T3 and T4 are removed first and then T, T3 and T4 are inserted immediately after T6, the final 

sequential order is {T1, T2, T5, T6, T, T3, T4, T7} as shown in Figure 5. 

It is time to give another example in which the sequential order is not adjustable because of the 

existence of a cycle. 

 

Example 3 (not adjustable case): Let {T1, T2, T3, T4, T5, T6, T7, T8} be a set of committed 

transactions and their sequential order. T is a validating transaction. Their read sets, write sets and 

their timestamps are shown in Table 4. 

 

Table 4 Transaction information used in Example 3 

Transactions T1 T2 T3 T4 T5 T6 T7 T8 T 

Read set (RS) {x} ∅ {r} {r} ∅ {s} ∅ {u} {y, r} 

Write set (WS) {y} {x} {r} ∅ {s} ∅ {s, u, w} ∅ {w} 

TS (d) 5 ∅ 20 30 ∅ 40 ∅ 50 8, 18 

WS_TS 10 15 25  35  45  +∞ 

  

Since WS(T1) ∩ RS(T) ≠ ∅ and WS_TS(T1) > T→TS(y), T must-be-serialized-before T1 and 

and up = T1. Since WS(T7) ∩ WS(T) ≠ ∅ and WS_TS(T7) < WS_TS(T), T must-be-serialized-

after T7 and low = T7. Because SO(low) > SO(up), T must_be_serializes_after T7, T_SB = {T1, T2, 

T3, T4}, and T_SB conflicts with T7; thus, a cycle is detected, the sequential order is not adjustable 

and T cannot pass the validation. As shown in Figure 6, it is easy to see that there is a cycle: 

T→T3→T4→T7→T. Actually, T3 and T4 are part of T_SB; therefore, the cycle can be simplified as 

T→T_SB→T7→T. 

 

 
Fig. 6 Validating transaction T in Example 3 

 

4.3   Proof of Correctness 

To prove the correctness of SODA, we must show that any schedule produced by SODA is 

serializable. To fulfill this goal, we utilize the Serializability Theorem “A schedule S is serializable 

iff SG(S) is acyclic” [6], that is, we must prove that the new serialization graph is still acyclic after 

the addition of a newly committed transaction that has passed the validation test. 

 
Lemma 1: Given a sequential order {T1, T2, T3, …, Tn} produced by SODA, SODA either 

does not create any cycles or detects every cycle, if any, in SG({T1, T2, T3, …, Tn}+{T}) during 

the validation of any committing transaction T. 

Proof: Since the sequential order of transactions complies with their serialization order, every 

edge (Ti, Tj), if any, must have the same direction. In other words, the edge (Ti, Tj) goes from left 

to right because SO(Ti) < SO(Tj), where 1 ≤ i, j ≤ n.  

In the simple case, SODA does not create any cycles in SG({T1, T2, T3, …, Tn}+{T}): Since low 

and up are found and SO(low) < SO(T) < SO(up), all newly added edges are either (Ti, T) or (T, 

Tj), where SO(Ti) ≤ SO(low) and SO(up) ≤ SO(Tj). Therefore, all existing edges and newly added 

edges must have the same direction i.e. going from left to right, and thus it is impossible for T to 

involve any cycle. 

In the complex case, SODA captures every cycle in SG({T1, T2, T3, …, Tn}+{T}): Since low and 

up are found, but SO(low) ≥ SO(up) in the sequential order, and consequently, T may be involved 

in cycles, such as, T → [up] →…  Ti … → [low] → T, where SO(up) < SO(Ti) < SO(low), and 

[up] and [low] are optional.  
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Without loss of generality, let the cycle be T → Ti1 →… Tim → T, where SO(up) ≤ SO(Tik) ≤ 

SO(low), i1 ≤ ik < im, and im equals to the number of nodes/transactions in the cycle and between up 

and low in the sequential order. Now, we prove that SODA captures every cycle during the 

validation for T by the induction on im.  

The basic step, for im = 1: that is, the cycle is T → Ti1 → T. Since T → Ti1, the function must-

be-serialized-before(T, Ti1) returns true (line 24 in Figure 2). Since Ti1 → T, the function must-be-

serialized-after(T, Ti1) returns true (line 25 in Figure 2). Thus, SODA returns false because a cycle 

is detected (line 26 in Figure 2). 

The induction step for im = k: Suppose every cycle is detected for im ≤ k, that is, the cycle T → 

Ti1 → …  Tik-1 → Tik → T is detected because T_SB = {Ti1, Ti2, …, Tik-1}, Tik-1 → Tik and Tik → T 

(lines 22 to 26 in Figure 2). Actually, this cycle is equivalent to T → T_SB → Tik → T. Now, we 

show that every cycle is detected for im = k+1. Since Tik-1 → Tik, and T is not serialized after Tik 

directly, Tik is also added into T_SB (lines 24 to 29 in Figure 2). Since Tik → Tik+1 and Tik is part 

of the T_SB and Tik+1 → T, the cycle T → Ti1 → … → Tik → Tik+1 → T (or T → T_SB → Tik+1 → 

T) is detected as well. Thus, SODA returns false for im = k+1 (lines 22 to 26 in Figure 2). 

Therefore, SODA either captures every cycle, if any, or does not create any cycles in SG({T1, 

T2, T3, …, Tn}+{T}) during the validation for any committing transaction T. 

 
Theorem 1: If S is a schedule produced by SODA, then S is serializable. 

Proof: By Lemma 1, SODA either detects every cycle in SG(S) or does not create any cycles 

when it validates any committing transaction, so SG(S) is acyclic. Thus, S is serializable according 

to the Serializability Theorem [6]. 

4.4   Complexity Analysis 

Theorem 2: The time complexity of SODA is (p*n
2
 + n) = O(n

2
), where n is the number of 

committed transactions in the maintained sequential order, and p is the probability of a committing 

transaction conflicting with both low and up and SO(low) > SO(up). 

Proof: Assume that the number of operations in a transaction is constant and the time to check 

if two transactions conflict is also constant [21]. In the simple case (case 1): SODA runs one FOR 

loop after another to find low and up, and the maximum number of iterations in each loop is n 

(lines 2 to 17 in Figure 2). In the complex case (case 2): SODA runs two nested FOR loops to test 

the possibility of dynamic adjustment, the maximum number of iterations in each loop is n, and the 

probability of the complex case to happen is p (lines 18 to 32 in Figure 2). In update sequential 

order (case 3): SODA runs one FOR loop and one WHILE loop to update the sequential order, 

and the maximum number of iterations in each loop is n (lines 3 to 18 in Figure 3). By combining 

the three cases above, the complexity of SODA is: 

 

  

If we assume the conflict probability between two transactions is x, then the value of x will be 

very small (0 < x < 1) as most of transactions in MANET are read-only, and thus, x
2
 will be even 

smaller.  Since p is the probability of a committing transaction conflicting with both low and up 

and SO(low) ≥ SO(up), p < x
2.  For instance, if x = 0.01, then x

2 = 0.0001 and p < 0.0001.  

Therefore, we can safely claim that SODA mostly runs in the linear time. In contrast, the 

complexity of a serialization graph testing algorithm is always O(n
2
) [21]. 

4.5   How SODA Works in a Clustered MANET Database 

In order to make SODA work effectively in a clustered MANET database, the coordinating server 

functionality is combined with the cluster head’s functionality because a cluster head is elected by 

our MEW algorithm [44] as described in Section 3 and is the nearest server with the highest 

energy in clients’ neighborhood.  This would enable clients to save time, limited battery energy 

and bandwidth that they must spend on identifying suitable servers to which they send their 

transactions.  Therefore, only three major functionalities are required: the primary cluster head 

functionality, cluster head functionality, and participating server functionality as shown in Figure 

7.  Note that one server can have all the three functionalities at the same time. 

) O(n n  p*n 22
=+
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Fig. 7 Transaction flow in a clustered MANET database 

4.5.1   Transaction execution model 

As shown in Figure 7, a transaction T issued by a client is distributed to its cluster head; the cluster 

head divides T into sub-transactions and transmits them to the appropriate participating servers 

according to the global database schema.  Each participating server processes the sub-transactions 

locally and sends the results back to the cluster head.  The cluster head runs the 2-Phase Commit 

(2PC), and gathers all results from the participating servers. Note that we adopt 2PC here due to its 

simplicity as our research goal is to develop a concurrency control algorithm, not a commit 

algorithm; however, we do plan to include a more suitable commit protocol for MANET databases 

in our future work. If running 2PC successfully, the cluster head sends T to the primary cluster 

head to validate T globally based on the SO of committed global transactions; otherwise, the 

cluster head sends an abort message directly to the client. After receiving the global validation 

result, the cluster head sends the final results to the client. 

4.5.2   The primary cluster head functionality 

The primary cluster head has the following functionalities: 

• It maintains the sequential order (SO) of committed global transactions. 

• It receives global transaction validation requests from non-primary cluster heads. 

• It validates global transactions using SODA.  After validation, it sends the validation 

results to the non-primary cluster head. 

• It updates the SO after a global transaction commits and adds this global transaction’s read 

set, write set and the timestamp of both sets to the data structure of the maintained SO. 

• It removes the old committed transactions that are not serialized after any 

active/committed global transaction from the maintained SO after a global transaction 

commits.  

• It periodically checks (after a global transaction commits) its remaining energy level.  If its 

level is below a predefined threshold LET and another cluster head’s remaining level is 

above the threshold, it resigns its cluster head status and elects a new primary cluster head 

that has the highest remaining energy from all cluster heads.  It then transfers the 

information of all the transactions it stores to the new primary cluster head.  Note that 

since the primary cluster head is also a non-primary one, if the primary one resigns, the 

non-primary one also resigns if there is a candidate in the neighborhood. 

4.5.3   The non-primary cluster head functionality 

A non-primary cluster head has the following functionalities: 

• It receives a global transaction from a client, divides them into sub-transactions, and sends 

the sub-transactions to appropriate participating servers. 

• It runs 2PC to request the status of the sub-transactions and requests the timestamps of the 

global transaction’s read set. 

• It propagates the global transaction to the primary cluster head after it receives all 

successful messages of the sub-transactions. After receiving the validation result, it sends 

the final results to the client.  

• It periodically checks (after a global transaction commits) its remaining energy level.  If 

the level is below a predefined threshold and there is a candidate for cluster head in the 

neighborhood, it resigns its cluster head status and elects a new cluster head in the 
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neighborhood.  It then transfers the information of all the transactions it stores to the new 

cluster head.  Note that if the old cluster head is also the primary cluster head, then the new 

cluster head can be the new primary cluster head as well if this new one has the highest 

remaining energy among all cluster heads. 

4.5.4   The participating server functionality 

A participating server has the following functionalities: 

• It receives and processes sub-transactions, and maintains the SO of committed sub-

transactions. 

• It runs SODA locally based on the local SO of committed sub-transactions when it 

receives the request about the status of the sub-transactions. 

• It sends the final status of the sub-transactions to the requesting cluster head. It also sends 

the timestamps of the read sets of the sub-transactions to the cluster head if the sub-

transactions pass the validation. 

• It updates the local SO of committed sub-transactions if a sub-transaction commits and 

adds this sub-transaction’s read set, write set and timestamps of both sets to the data 

structure of the maintained SO.  It removes the old committed sub-transactions that are not 

serialized after any active/committed sub-transaction from the maintained SO after a sub-

transaction commits. 

 

5   Performance Evaluation 

The simulation experiments are conducted to compare the performance of our proposed SODA 

with those of SESAMO [7] and the most widely used CC protocol - S2PL (Strict 2-Phase Locking) 

[6].  As we discussed in Section 2, SESAMO relaxes atomicity and global serializability due to its 

assumption.  However, global serializability is guaranteed by S2PL when S2PL is combined with 

2PC [1].   In this section, we describe our simulation model, simulation parameters, performance 

metrics, and simulation results. 

5.1 Simulation Model 

Our simulation model consists of a transaction generator, a real-time scheduler that schedules 

transactions using early deadline first [38], participating servers, coordinating servers or cluster 

heads for SODA only, and a deadlock manager for SESAMO and S2PL.  In the SODA model 

shown in Figure 7, a transaction T issued by a client is transmitted to its cluster head CHc; CHc 

divides T into several sub-transactions, and transmits them to the appropriate participating servers 

through their cluster heads according to the global schema.  Each participating server processes the 

sub-transactions locally, and sends the results back to CHc.  CHc runs the 2PC and gathers all 

results from the participating servers.  If running 2PC successfully, CHc sends T to the primary 

cluster head to validate T globally based on the SO of committed global transactions; otherwise, 

CHc sends an abort message directly to the client.  After receiving the global validation result, 

CHc sends the final results to the client.  

The simulation models for SESAMO and S2PL are similar to that of SODA except for a couple 

of points.  One is that SODA is applied locally and globally to validate transactions, while in 

SESAMO, strict 2PL is applied globally [7] and locally [19], and in S2PL, strict 2PL is run only 

locally. The other point is that SESAMO and S2PL have no any cluster head and use coordinating 

servers instead.  

Three simulation models are built to compare SODA with S2PL and SESAMO. All three 

simulation models are implemented using the AweSim simulation language [39].  Global 

transactions are defined as entities, and mobile modes are defined as resources with different initial 

energy levels and randomly distributed locations. The static parameters and dynamic parameters 

about the database and system settings are shown in Tables 5 and 6. These values are chosen in 

order to create scenarios with high utilization of data and more data contention.  Since transactions 

in mission-critical applications must be executed not only correctly but also within their deadlines 

where, 

 factor ime)*slacknnection tated discome + estimecution titimated extime + (es creation Deadline =  
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In other words, we use real-time firm transactions to evaluate the performance.  Therefore, in 

our simulation, a transaction will be aborted if either it missed its deadline or the system could not 

complete it successfully such as being aborted by the CC technique. 

Following are the simulation details of the mobile nodes, transactions and mobility. 

5.1.1 Mobile nodes  

In the simulation model, 10 servers and 40 clients are system resources, randomly deployed in 3 

areas initially, and the radius of each area is about 100 meters. Each mobile node is assigned with 

a unique id, x and y coordinates as location, moving direction and initial energy level between 

80% and 100%. Each of the servers stores a portion of the whole database, and the data stored on 

one server are not replicated on other servers. The transmission range of a server is 250 meters and 

of a client is 100 meters.  The bandwidth is fixed at 11 Mbps according to the current wireless 

technology such as the Intel Wireless WiFi Link 5300 wireless card [22].  The server is modelled 

from the Lenovo Thinkpad T400s notebook [36], which has Intel Core 2 Duo SP 9600 2.53 GHz 

CPU, a 4 GB DDR3 RAM and 23240 MIPS (Million Instructions per Second). The client is 

modelled from the HP iPAQ 210, which has Marvell PXA310 624MHz Processor with the 128MB 

SDRAM [20] and 800 MIPS.  

5.1.2 Transactions  

Global transactions are entities, request and release system resources during the execution. 

Transaction start time, transaction id, transaction type (read-only or write), deadline, and number 

of sub-transactions are assigned to each transaction when it is generated. The inter-arrival time, 

proportion of read-only transactions, number of sub-transactions, and number of participating 

servers are defined in Table 5 and Table 6.    

5.1.3. Mobility Model 

Mission-critical (or tactical) applications are strictly structured (e.g., platoons in military 

operation) and their actions are strictly organized. There is a leader or a group of leaders who tells 

everybody where and how to move or in which area to work. In general, their movements are 

driven by tactical reasons. Due to this, the units normally use the optimal path to a destination. The 

destinations depend on the work area that is based on tactical issues. The tactics as well as the 

scene are usually hierarchically organized.  Typically, the site is divided into different tactical 

areas. Each unit belongs to one of these areas.  For example, in a disaster rescue scenario, 

firefighters belong to an incident site and medical workers are in the casualty’s treatment area.  

Once the units are sent to a specific location, they stay close to this location.  Thus, the area in 

which a unit moves depends on tactical issues but is restricted to one specific area [3].  The 

simulation area is fixed in a 1000x1000 meters
2
 region. All the nodes are divided into groups, and 

in each group, nodes are moving within a relative direction angle being in the range (-30
o
, 30

o
) 

[32] and the moving direction is random from a set of eight possible directions (�, �, , �, , 

�, �, �) [30].  By placing 10 servers and 40 clients onto the region with the size of 1000x1000 

meters
2
, the MANET is assumed to remain good connectivity, implying the network partitions 

occur rarely.  

5.2   Simulation Parameters and Performance Metrics 

The simulation static parameters and their values are shown in Table 5.  Note that in a clustered 

MANET, cluster heads are more stable than non-cluster head nodes; so cluster heads should have 

lower disconnection probability than non-cluster head nodes.  In order to include this observation, 

the percentage of disconnection that cluster heads can have is set to 10%. For example, if the 

default disconnection probability is 0.3, then the disconnection probability of cluster heads is 0.27 

= 0.3 – 10% * 0.3. 

The dynamic parameters, their value ranges and their default values are listed in Table 6. We 

use these three dynamic parameters to study their effects on the performance of the concurrency 

control algorithms. 

• Inter-arrival time is the mean of an exponentially distributed time between the arrivals 

of two consecutive transactions; it varies over the range from 1 to 10 seconds in order to 

vary the system load [17] and create a scenario with high data contention.  

• One of the major characteristics of MANET is frequent disconnections due to the 

mobility and energy limitation of nodes and unreliable wireless communication between 
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nodes; so mean disconnection time is studied where disconnection time is the time 

interval during which a node is unavailable for other nodes to communicate with. 

• Node moving speed varies from 1 to 10 m/s to study the effect of node mobility on the 

performance. 

  

Table 5 Static Parameters 

Parameter Values References 

Server energy consumption rate in active mode 30.3 Watts [36] 

Server energy consumption rate in doze mode 12.5 Watts [36] 

Client energy consumption rate in active mode 0.99 Watts [20] 

Server transmission range 250 meters [46] 

      Client transmission range 100 meters [20] 

Speed of server processor 2.53GHZ(23240 MIPS) [36] 

Speed of client processor 624MHZ(800 MIPS) [20] 

Packet size 512 bytes [46] 

Bandwidth  2 Mbps [46] 

No. of sites in global transaction Triangular(3,4,5) [30] 

No. of operations or sub-transactions Uniform(5, 10) [28] 

CPU computation time 10 ms [28] 

Low energy threshold 50%  

Percentage off disconnection probability  

due to being a stable cluster head 10%  

No. of clients 40 [30] 

No. of servers 10  

Slack factor  4 [28] 

Simulation area  1000x1000 meters2 [30] 

Disconnection probability  0.3 [30] 

 

Table 6 Dynamic parameters 
Parameter Value Range Default Value References 

Mean inter-arrival time  
1 to 10 seconds  
(exponentially distributed) 5 [29, 28] 

Mean disconnection time  1 to 10 seconds 5 [18, 28] 

Node moving speed 1 to 10 m/s 3 [13]  

 

The following five performance metrics defined in Equations (5), (6), (7), (8) and (9), 

respectively, are used to evaluate the proposed techniques: total time when servers are in active 

mode, abort rate, total number of cluster head reelections, total energy consumed by all servers, 

and average difference in remaining energy between two servers.  Among these metrics, the total 

time when servers are in active mode, and the total number of cluster head reelections are utilized 

to support the other three performance metrics. Since transactions in mission-critical applications 

must be executed not only correctly but also within their deadlines where, 

 factor ime)*slacknnection tated discome + estimecution titimated extime + (es creation Deadline =  

We use real-time firm transactions to evaluate the performance.  In our simulation, a transaction 

will be aborted if either it misses its deadline or the system could not complete it successfully (e.g. 

when it is aborted by the CC technique). 

The first performance metric is the total time when servers are in active mode.  Only when a 

server is processing transactions, it is in active mode; otherwise, it is in doze mode to save energy.  

This metric evaluates how long servers spend on processing transactions, where m is the total 

number of servers and Ta,i is the total time when server Si is in active mode. 
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The second performance metric is the abort rate to measure the percentage of aborted 

transactions. The higher the abort rate is, and the more system resources are wasted.  
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The third performance metric is the total number of cluster head (primary and non-primary) 

reelections to evaluate whether an algorithm takes balancing energy among servers into 

consideration, where Nprimay (Nnon-primay) is the number of primary (non-primary) cluster head 

reelections.  However, more reelections do not guarantee more balanced energy among servers 

because of overhead of transferring the information from the old cluster heads to the new ones.  

 primarynonprimay N Ntions ad  reelecluster  heber  of  cTotal  num
−

+=  (7) 

The fourth performance metric is total energy consumed by all servers in both active mode and 

doze mode.  This metric evaluates how energy-efficient each technique is, where m is the total 

number of servers, ECRa (ECRd) is the energy consumption rate when a server is in active (doze) 

mode, and Ta,i (Td,i) is the total time when server Si is in active (doze) mode. 
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The fifth performance metric is the average difference in remaining energy between two 

servers to evaluate how balanced the system is in terms of energy consumption.  If a system 

balances energy consumption better, then it will have a longer lifetime.  This metric is computed 

using the following formula, where m is the total number of servers, and REi and REj are the 

remaining energy of servers Si and Sj, respectively. 
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5.3   Simulation Results 

This section presents the results of the experiments performed.  In each simulation run, 1000 

transactions are simulated and results are collected at the end of each run.  When one dynamic 

parameter is studied, all other dynamic parameters are fixed with their default values specified in 

Table 5.  The three compared algorithms are labeled as S2PL, SESAMO and SODA in the result 

figures. 

5.3.1   Effect of inter-arrival time 

In this experiment, the inter-arrival time between two consecutive transactions is varied to test the 

system load and create scenarios with low or high data contention.  The inter-arrival time is 

generated using the exponential distribution with mean from 1 second to 10 seconds. The 

experiment results are shown in Figures 8 - 12. 

Figure 8 shows that the total time when servers are in active mode of S2PL, SESAMO and 

SODA increases as the transaction inter-arrival time increases. When transactions enter into the 

database system at a slow inter-arrival rate, which is the reciprocal of inter-arrival time, system has 

low workload. Thus, transactions have less waiting time for resources and have more chances to 

complete before their deadlines. Since the more transactions are committed, the more time servers 

spend on processing these committed transactions.  It is obvious that SESAMO performs the 

worst, SODA performs the best and S2PL is in the middle.  Furthermore, the increasing rate of 

SEASAMO and S2PL is much higher than that of SODA.  This happens because S2PL and 

SESAMO are pessimistic and utilize locks to hold limited system resources to prevent conflicting 

transactions from accessing them.  In other words, servers in S2PL and SESAMO have to be in 

active mode most of time to keep processing transactions.  SESAMO performs the worst because 

it takes SESAMO more time to run strict 2PL locally and globally. 

In Figure 9, the abort rates of S2PL, SESAMO and SODA decrease when the transaction inter-

arrival time increases.  This is expected because when fewer transactions are in the system, fewer 

conflicts among transactions, so that servers are not overloaded, and transactions have less waiting 

time for resources and have more chances to commit before their deadlines.  The abort rate of 

SODA is much lower than those of SESAMO and S2PL right after the inter-arrival time is longer 

than 1 second.  This is mainly because transactions arrive at the system with a slow rate, and 

conflicts among transactions become rare, so that optimistic algorithms perform better than 

pessimistic algorithm due to no prevention of conflicts overhead.  SESAMO’s abort rate is lower 

than S2PL’s except after the inter-arrival time of 9 seconds.  Although SESAMO does not enforce 
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global serializability, it still blocks many conflicting transactions due to running strict 2PL both 

locally and globally. S2PL runs strict 2PL locally only, but it enforces global serializability using 

2PC.  In other words, in S2PL, all locks of sub-transactions are held until global transactions 

commit, which also increases significant waiting time of conflicting transactions.  When the inter-

arrival time is getting shorter, it is easy to see that the abort rate of SODA is close to SESAMO’s 

and S2PL’s because conflicts among transactions increase; in addition, this confirms the fact that 

optimistic CC techniques work well only if conflicts among transactions are rare. 

 

  
 

Fig. 8 The total time when servers are in active mode 

vs. inter-arrival time 

Fig. 9 The abort rate vs. inter-arrival time 

Figure 10 shows the total number of cluster head reelections of SODA increases as the inter-

arrival time increases.  When the inter-arrival time reaches 10 seconds, the total simulation time is 

around 3 hours (1000 transactions * 10 seconds = 10,000 seconds).  Consequently, more cluster 

heads have the remaining energy below the predefined threshold LET, and more reelections are 

triggered to change roles for preserving energy and balancing energy usage.  However, the total 

number of reelections of S2PL and SESAMO is always zero because their designs do not involve 

any cluster head.  In other words, S2PL and SESAMO do not rotate roles among servers to 

balance energy. 

 

 

Fig. 10 The total number of cluster head 

reelections vs. inter-arrival time 

Fig. 11 The total energy consumed by all servers 

vs. inter-arrival time 

 

Figure 11 shows that the total energy consumption of all servers increases with the increase of 

the inter-arrival time.  This is expected because more transactions are committed as inter-arrival 

time increases as shown in Figure 8, so that each server has to spend more time in active mode on 

processing these committed transactions as shown in Figure 8.  In other words, the more 

transactions are committed and the more time servers are in active mode, the more energy is 

consumed, and Figure 11 confirms this fact.  SODA consumes at least 64,632 J and at most 

563,676 J less than both S2PL and SESAMO right after the inter-arrival time is longer than 2 

seconds.  This happens because transactions arrive into the system with a slow rate, and conflicts 

among transactions become much rarer, so that optimistic SODA performs better than pessimistic 

S2PL and SESAMO due to no prevention of conflicts overhead. 



25 

The average difference in the remaining energy between two servers in the three algorithms 

does not have strict trends of increase or decrease as the inter-arrival time increases as shown in 

Figure 12.  Through this metric, we want to check whether the energy consumption is balanced 

among servers.  If a technique does not balance energy consumption among servers, some servers 

may run out of energy quickly and, consequently, those servers without energy affect the whole 

database system.  It is easy to see that SODA is the best to balance energy consumption, and S2PL 

does the worst except when the inter-arrival time is  2 seconds.  This is because more non-primary 

cluster heads and primary cluster heads with higher energy are reelected as shown in Figure 10.  

However, in S2PL and SESAMO, there is no role rotation strategy and clients may keep 

submitting transactions to the same servers so that these servers are overloaded. 

 

Fig. 12 Average difference in remaining energy 

between two servers vs. inter-arrival time 

5.3.2   Effect of disconnection time 

In this experiment, the disconnection time is varied to study the effect on the performance of the 

three algorithms because frequent disconnections are common in MANETs. The experiment 

results are shown in Figures 13-17. 

Figure 13 shows that the total time when servers are in active mode of SODA slightly increases 

as the disconnection time increases, but those of S2PL and SESAMO goes up or down as the 

disconnection time increases.  It is obvious that servers in SESAMO spend the longest total time in 

active mode on processing transactions, followed by S2PL, and SODA has the shortest total time.  

This happens because S2PL and SESAMO are pessimistic and utilize locks to hold common data 

to prevent conflicting transactions from accessing them.  In other words, even though servers are 

disconnected in S2PL and SESAMO, their data are still locked by some transactions, and these 

servers have to be in active mode to keep processing transactions. 

In Figure 14, the abort rates of S2PL, SESAMO and SODA increase when the disconnection 

time increases.  This reflects the fact that fewer servers are available as servers are disconnected 

from the network longer and longer.  The abort rate of SODA is much lower (at most 28%) than 

those of SESAMO and S2PL.  This is mainly because S2PL and SESAMO utilize locks to prevent 

conflicting transactions from accessing common data and now servers are frequently disconnected, 

so that lots of transactions are aborted due to not able to access data and missing deadlines.  

SESAMO’s abort rate is lower than S2PL’s because SESAMO does not enforce global 

serializability. 
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Fig. 13 The total time when servers are in active 

mode vs. inter-arrival time 

Fig. 14 The abort rate vs. inter-arrival time 

Figure 15 shows the total number of cluster head reelections of SODA occurs only 4 times 

when the disconnection times are 5s, 8s, 9s and 10s.  This is because the inter-arrival time is fixed 

with its default value 5 seconds when we study the effect of the disconnection time, thus, the total 

simulation time is around 1.5 hours (1000 transactions * 5 seconds = 5,000 seconds).  After 

running 1.5 hours, most cluster heads’ remaining energy is not below the predefined threshold LET 

yet, therefore, only 4 reelections are triggered to change roles for preserving energy and balancing 

energy usage.  However, the total number of reelections of S2PL and SESAMO is always zero 

because their designs do not involve any cluster heads. In other words, S2PL and SESAMO do not 

rotate roles among servers to balance energy. 

In Figure 16, it can be observed that the total energy consumed by all servers of SODA slightly 

increases as the disconnection time increases, but those  of S2PL and SESAMO do not always 

increase or decrease  as the disconnection time increases.  SESAMO has the highest total energy 

consumed by all servers, followed by S2PL, and SODA has the lowest energy consumption. This 

happens because S2PL and SESAMO utilize locks to hold limited system resources to prevent 

conflicting transactions from accessing them.  In other words, even though servers are 

disconnected in S2PL and SESAMO, their data are still locked by some transactions, and these 

servers have to be in active mode to keep processing transactions. SODA consumes at least 

115,890 J and at most 299,643 J less than both S2PL and SESAMO.  This is expected because the 

more time when servers are in active mode as shown in Figure 13, the more energy is consumed 

by all servers. 

 

 

Fig. 15 The total number of cluster head 

reelections vs. inter-arrival time 

Fig. 16 The total energy consumed by all servers 

vs. inter-arrival time 

 

Figure 17 shows that the average difference in remaining energy between two servers of the 

three algorithms does not always increase or decrease  as the disconnection time increases, and 

S2PL has a sudden increase at the disconnection time of 8 seconds and 9 seconds.  It is easy to 

observe that SODA is the best to balance energy consumption, followed by SESAMO, and S2PL 

is the worst.  This is expected because SODA elects nodes with higher remaining energy and less 

workload to be cluster heads, and these cluster heads work as coordinating servers and will be 

reelected when their remaining energy is low as shown in Figure 15.  However, in S2PL and 

SESAMO, there is no clustering and role rotation strategy and clients may keep submitting 

transactions to the same servers so that these servers are overloaded. 
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Fig. 17 Average difference in remaining energy between 

two servers vs. inter-arrival time 

5.3.3   Effect of node moving speed 

The effect of the node mobility on the performances is studied in this section since every node can 

move freely in a MANET.  Unlike other MANET characteristics, such as disconnection time 

studied in Sections 5.3.2, the node moving speed has negligible effects on all five performance 

metrics.  In other words, regardless of the node moving speed, the performance metrics remain 

more or less the same.  This is because even if all nodes move with the maximum moving speed 

10 m/s,  they move along with their  groups (due to application semantics) and are limited within 

the area 1000*1000 meters
2
, thus, the distances between nodes do not change significantly and the 

routine of transaction processing is not heavily impacted.  The experiment results are shown in 

Figures 18 - 22 to confirm this observation.  

In Figure 18 the total time when servers are in active mode of the three algorithms shows no 

significant changes when  the node moving speed increases except for S2PL at the speed of  7 m/s.  

It is obvious that servers in SESAMO spend the longest total time in active mode on processing 

transactions, followed by S2PL, and SODA has the shortest total time. This happens because S2PL 

and SESAMO are pessimistic and utilize locks to hold limited system resources to prevent 

conflicting transactions from accessing them.  In other words, even though servers are 

disconnected in S2PL and SESAMO, their data are still locked by some transactions, and these 

servers have to be in active mode to keep processing transactions. 

In Figure 19, the abort rates of S2PL, SESAMO and SODA show no significant changes when 

the node moving speed increases.  The abort rate of SODA is much lower (at most 27%) than 

those of SESAMO and S2PL.  This is mainly because SODA is optimistic and non-blocking, and 

conflicts among transactions become rare, so that servers are not in active mode most of time as 

shown in Figure 18, and can process transactions in time.  SESAMO’s abort rate is lower than 

S2PL’s because SESAMO does not enforce global serializability and more transactions can 

complete before their deadlines. 

 

  
 

Fig. 18 The total time when servers are in active 

mode vs. inter-arrival time 

Fig. 19 The abort rate vs. inter-arrival time 

Figure 20 shows the total number of cluster head reelections of SODA occurs only once at 2 

m/s as the node moving speed increases.  This is because the inter-arrival time is fixed with its 

default value 5 seconds when we study the effect of the node moving speed, thus, the total 
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simulation time is around 1.5 hours (1000 transactions * 5 seconds = 5,000 seconds).  After 

running 1.5 hours, most cluster heads’ remaining energy is not below the predefined threshold LET 

yet, therefore, only one reelection is triggered to change roles for preserving energy and balancing 

energy usage.  However, the total number of reelections of S2PL and SESAMO is always zero 

because their designs do not involve any cluster heads. In other words, S2PL and SESAMO do not 

rotate roles among servers to balance energy. 

 

  
 

Fig. 20 The total number of cluster head 

reelections vs. inter-arrival time 

Fig. 21 The total energy consumed by all servers 

vs. inter-arrival time 

 

Figure 21 shows that the total energy consumption of all servers does not change significantly 

with the increase of the node moving speed, but it is easy to observe that SESAMO has the highest 

total energy consumed by all servers, followed by S2PL, and SODA has the lowest energy 

consumption. This happens because S2PL and SESAMO utilize locks to hold limited system 

resources to prevent conflicting transactions from accessing them and, consequently, servers have 

to be in active mode longer to process transactions as shown in Figure 18.  SODA consumes at 

least 199,388 J and at most 296,734 J less than both S2PL and SESAMO.  This is expected 

because SODA is optimistic and is not in active mode most of the time as shown in Figure 18. 

As shown in Figure 22, when varying the node moving speed, the average difference in 

remaining energy between two servers  in the three algorithm does not change significantly  except 

for S2PL at the speed of 2 m/s and 3 m/s.  It is easy to observe that SODA is the best to balance 

energy consumption, followed by SESAMO, and S2PL is the worst. This is because SODA elects 

nodes with higher remaining energy and less workload to be cluster heads, and these cluster heads 

work as coordinating servers and will be reelected when their remaining energy is low as shown in 

Figure 20.  However, in S2PL and SESAMO, there is no node clustering and role rotation strategy 

and clients may keep submitting transactions to the same servers so that these servers are 

overloaded. 

 

 
Fig. 22 Average difference in remaining energy between 

two servers vs. inter-arrival time 
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6   Conclusion and Future Research 

In this paper, we proposed an energy-efficient CC algorithm, called Sequential Order with 

Dynamic Adjustment (SODA), for mission-critical MANET databases in a clustered network 

architecture.  In this architecture, nodes are divided into clusters, each of which has a node, called 

cluster head, responsible for the processing of all nodes in the cluster.  In SODA, in order to 

conserve energy and balance the energy consumption among servers so that the lifetime of the 

network is prolonged, we elected cluster heads using our weighted clustering algorithm MEW 

(Mobility, Energy, and Workload) to work as coordinating servers.  SODA is based on optimistic 

CC to offer high concurrency and avoid unbounded blocking time.  It utilizes the sequential order 

of committed transactions to simplify the validation process, and dynamically adjusts the 

sequential order of committed transactions to reduce transaction aborts. The simulation results 

show the superiority of SODA over the existing techniques SESAMO and S2PL in terms of 

transaction abort rate, total energy consumption by all servers, and degree of balancing energy 

consumption among servers. 

To guarantee global serializability, in SODA, a primary cluster head is elected to validate 

global transactions and, consequently, it becomes the bottleneck, thus, other solutions to enforce 

global serializability should be explored as well.  In the simulation of S2PL and SODA, 2PC is 

simply applied to guarantee transaction atomicity, but 2PC does not take MANET characteristics 

into consideration, thus, a new commit protocol should be investigated to overcome the drawbacks 

of 2PC.  In order to deal with network partition and improve data access time and data availability, 

a suitable data replication technique should be adopted into our simulation model.   
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