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Abstract. Although caching has been shown to be an efficient technique to im-
prove the performance of database systems, it also introduces the overhead and 
complexity in maintaining data consistency between the primary copies on 
servers and the cached copies on clients. Little research has been performed for 
data caching in the mobile ad-hoc network (MANET) environment where both 
servers and clients are nomadic. In this paper, a caching model called 
GMANET is designed to maintain both strong and weak cache consistency for 
distributed real-time database transaction systems in group-based MANETs, 
and at the same time, to incur as few update control messages as possible. 
GMANET is compared with the existing caching models by means of simula-
tion. The experiment results show that the GMANET has the best performance 
in terms of percentage of transactions processed before their deadlines and is 
compatible with other caching models in terms of mobile hosts’ energy con-
sumption. 

1   Introduction 

With the advances in wireless networking technology and portable mobile devices, a 
new computing architecture called mobile ad hoc wireless networks (MANETs) is 
emerging. Applications in MANET are typically those that require the rapid deploy-
ment of mobile hosts and occur in a situation where a fixed infrastructure is not avail-
able. Example applications include military operations and disaster relief efforts. 

Mobile hosts in MANETs are powered by short-lived batteries, communicate via 
an unreliable wireless link, and move in various speeds. As a result, these mobile 
hosts may experience severe network congestion, prolonged transaction execution, or 
even frequent abortion of the transactions. These additional restrictions plus the dead-
line constraints imposed on time-critical applications call for a new power-aware and 
communication-cost efficient caching technique for real-time MANET database sys-
tem. Developing such a technique is the objective of our research.  

Caching has been proven to be an essential technique for improving the perform-
ance of many computing environments, such as network file systems, wired distrib-
uted database systems, and web applications [3]. The purpose of caching is to bring 
the data source as close to clients as possible, and thus, save a round-trip when the re-
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quested data are found in the local cache storage [1]. However, maintaining cache 
consistency is a challenging problem. Cache consistency can be categorized into two 
types: tight/strong cache consistency and loose/weak cache consistency [3, 14]. 
Strong cache consistency refers to the caching techniques that can always maintain 
consistency between the cached data and the original ones. Weak cache consistency 
refers to those that allow the data divergence between the cached data and the original 
ones.  

The rest of this paper is organized as follows. Section 2 reviews the current cach-
ing techniques in mobile database systems. In Section 3, GMANET, a caching model 
for group-based MANETs, is proposed. Section 4 reports simulation results. Section 5 
presents conclusions and future research work. 

2   Literature Review 

Several proposals have been made to solve the cache consistency problem in mobile 
databases. The invalidation report technique in which the servers broadcast the invali-
dation reports to their clients periodically was proposed to maintain strong cache con-
sistency [2,7]. But, it incurs the query latency [2,7] and tremendous communication 
cost. The refresh time strategy aimed at maintaining weak cache consistency was pro-
posed in [4]. However, it does not guarantee the freshness of the cached data so data-
base transactions may access the dirty data.  

Cooperative caching in MANET, which allows a client to access the cached data of 
its neighbors, was proposed in [13]. The Time-To-Live (TTL) mechanism in [13] is 
used to maintain the weak consistency level of the cache. Again, it is not applicable 
for transactions that need accurate data. Another caching model, called MANET cach-
ing, was proposed in [10]. The refresh time strategy was adopted from [4] and modi-
fied to maintain the weak cache consistency. However, the cached data can be only 
used for the read-only transactions that can tolerate out-dated data.   

In reality, the mobile clients in many applications, such as battlefields, medical 
emergencies, and fire-fighting operations, are organized in groups and their move-
ments follow pre-defined patterns [6] instead of total randomness of mobility like the 
mobility model used in [10]. Thus, a new caching model called GMANET for a 
group-based MANET is proposed in this paper and also takes power consumption, 
bandwidth, and real-time constraints into consideration. 

3   The GMANET Caching Model 

3.1   The GMANET Architecture  

The GMANET architecture is illustrated in Fig. 1. Similar to the environment in the 
MANET caching model in [10], the proposed group-based MANET also consists of 
two representative devices, Large Mobile Hosts (LMHs) such as laptops, and Small 
Mobile Hosts (SMHs) such as PDAs. The group-based MANET has a number of 
groups. Each group logically has the following entities: group leader LMH (LMHg), 
ordinary LMH and group member SMH. The LMHgs and LMHs have the whole da-
tabase management system and SMHs has a caching and query processing module. 
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The Location-Aided Routing protocol (LAR) [8] is assumed to carry out routing 
packets from the sending MH to the receiving MH. The groups, group leaders, and 
group members are defined by applications. If a group leader fails or needs to re-
charge its power, it will designate another LMH in its group as a deputy group leader 
until it recovers and then assumes the group leader role again. 

Hereafter in this paper, clients refer to those SMHs that initialize transactions and 
send to servers, and servers refer to those LMHs that provide data service to other 
network members. When LMHs request data from other servers, they themselves be-
come clients. 

 

 

Fig. 1. The GMANET architecture modified from [6] 

3.2   Data Access and Update Model 

The data model proposed in [10] is adapted in this paper. According to the update 
characteristics, data are classified into the Periodically Updated data (PU) and Ran-
domly Updated data (RU). The periodically updated data are the data that get updated 
at fixed update intervals that are specified by applications. Obviously, the periodically 
updated data are valid to use before their next updates. In battlefield applications, the 
information about logistics of all battalions is an example of a periodically updated 
data (PU). In contrast, the randomly updated data (RU) are updated anytime. An ex-
ample of such data is the current number of refugees in the emergency and rescue op-
erations. The purpose of this data update model is to support the different data fresh-
ness requirements of different transactions. 

3.3   Transaction Type 

In our real-time database system, transactions can be either firm or soft, which is de-
fined by database applications. Firm transactions are aborted if they missed their 
deadlines while soft transactions continue execution unless they missed their second 
deadlines.  Each transaction consists of a set of read and/or write operations. It has 
been observed that most of the applications in mobile environments generate more 
read operations than write operations [10]. All the write transactions are assumed to 
be executed on the servers; while the read-only transactions can be executed by ac-
cessing the cached data items. In some applications, some read transactions might not 
be as critical as the other read transactions with regard to data freshness. For example, 
from a driver’s viewpoint, the weather information and the traffic information meas-
ured at noon is not much different than those measured at 12:05 PM. But, the infor-
mation about the location, emergency medical care, or accident investigation should 
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be as accurate as possible [9]. Therefore, the read-only transactions in [10] are further 
divided into two types: 1) Up-to-Date (UD) type read-only transactions that accept 
only fresh data (e.g. transactions querying data about locations of enemies) and 2) OD 
(Out-Dated) type read-only transactions that accept slightly stale data (e.g. transac-
tions requesting data about logistics of battalions).  

3.4   The Caching Process in GMANET 

3.4.1   The Cache Consistency 
In the MANET caching model [10], the caches on the servers and clients are both 
maintained at the weak consistency level by using the refresh time strategy, thus pre-
venting all the UD type read transactions from using the cached copies.  As a result, 
The UD type read transactions have to be sent and distributed to the original servers, 
lengthening the processing of these transactions. Therefore, the efficiency of the 
MANET caching model depends largely on the application requirements. I  

In our proposed GMANET caching model, both the strong and weak cache consis-
tency levels will be maintained. The cache on clients will be maintained at the weak 
consistency level by the refresh time strategy and the cache on group leaders will be 
maintained at the strong consistency level by an asynchronous invalidation strategy. 
GMANET with both cache types solves the above shortcoming of the MANET cach-
ing model. These two types of caching mechanism are discussed separately as fol-
lows. 

3.4.1.1   Weak Cache Consistency on Clients 
Clients are allowed to cache the previously accessed data items so that the subsequent 
requests may be satisfied by the cached data and thus avoid sending them to servers. 
The refresh time strategy in [4] is modified to keep the cached data consistent at the 
weak consistency level on the client side (SMHs and ordinary LMHs) in the 
GMANET caching model. Each cached data item is associated with a refresh time in-
dicating how long this particular data item remains valid in the client’s cache. In order 
to calculate the refresh time, the update log containing the statistics about the update 
pattern is maintained on each data server. The update log records the data id, the pre-
vious mean refresh time for this data item, and the latest update timestamp of all data 
residing on the server. Before servers return the transaction results to clients, they es-
timate a refresh time for each data item in the transaction result and the estimated re-
fresh time will be sent along with the transaction result back to clients. 

The refresh time calculation is modified as follows to fit the GMANET caching 

model: 1) 
commiii TdTFRT −+=  for randomly updated data, 2) 

commiii TPTPRT −+=  for periodically updated data,  3) 
commT  = NoOfHops * 

PackageSize / Bandwidth, where 
iT  is the current update timestamp of data item i, 

id  is the mean update duration on data item i, 
iP  is the fixed update interval, 

commT  

is the transmission time between the sender and receiver, NoOfHops is the number of 
hops between the sender and the receiver, PackageSize is the transmission amount, 
and Bandwidth is the wireless bandwidth.  The reason that the refresh time is sub-
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tracted by the communication cost is to reduce the effect of the communication time, 
and thus, reduce the staleness degree of the cached data when transmitting from serv-
ers to clients. 

Through the refresh time strategy the clients are not relying on the servers’ help to 
validate their cached data items because each cached data item has already been at-
tached with the refresh time specifying how long it is valid in the future. It means that 
no additional communications between the clients and servers are needed. Unlike the 
invalidation strategy where the clients have to be connected and tuned in to receive 
the invalidation reports from servers periodically or asynchronously, this method al-
lows clients to be free to move and disconnect (offline) and still be able to validate the 
cached data items when the clients access their cached data. However, the refresh 
time strategy cannot maintain strong cache consistency while the invalidation strategy 
does. 

3.4.1.2   Strong Cache Consistency on Group Leaders 
Group leaders are allowed to cache the passing-by data on behalf of their clients. This 
is because all the transactions initiated from clients are first sent to group leaders and, 
therefore, group leaders can see all the network traffic within their registered clients. 
Thus, LMHgs are selected as the locations where the cached data is maintained at the 
strong consistency level and valid for access anytime. This will improve the process-
ing of UD type read-only transactions. 

The caches on group leaders are kept fresh by relying on the combination of in-
validation and refresh time techniques. From the review on strong cache consistency 
in Section 2, maintaining the cache at the strong consistency level is quite expensive 
since it requires all the updates made on the servers be propagated to the cache hold-
ers immediately. In GMANET, of all the LMHs we assume only group leaders are al-
lowed to maintain their cache at the strong consistency level for their clients, thus cut-
ting down the total number of sites that need invalidation messages. As a result, the 
communication overhead to maintain strong cache consistency is tolerable since the 
number of group leaders is much smaller than the number of LMHs in GMANET. 

 

 

Fig. 2. The invalidation messages from LMHs to LMHgs 

The communication overhead to maintain strong cache consistency by invalidation 
technique can be further reduced by making use of the refresh time for each cached 
data item. As discussed in the previous section, each data server maintains an update 
log, which is used to estimate refresh time for each accessed data item for its clients. 
The data servers also use the refresh time to reduce the update or invalidation mes-
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sage exchanges between them and the group leaders. As shown in Fig. 2, when data is 
updated on an data server, it first looks up its update log to see whether the refresh 
time of this updated data item is expired or not. If expired, then it is not necessary to 
send the update message to group leaders; if not expired, then the data server must 
send the update messages to each of the group leaders that have cached the updated 
data item. For example, if 50% of the cached data are associated with the correct re-
fresh time, then the update messages will be cut down by 50%, compared with the 
cost of traditional invalidation methods to maintain strong cache consistency, where 
every update invokes a communication for propagating the updated value to all the 
cache holders. 

It can also be seen that the tighter the estimated refresh time, the fewer update mes-
sages necessary to keep the cache consistent with the original servers. The tight esti-
mation of the refresh time means that the refresh time tends to be small and expired 
before the actual update, and thus the data servers do not need to send out update 
messages, saving a lot of bandwidth and energy to transmit these control messages. 

When a network partition occurs, the delayed update is assumed by the data serv-
ers. It means the data servers will wait to receive all acknowledgements of the group 
leaders before the actual updates are committed. If some group leaders are in a differ-
ent partition, the data servers will delay the updates until the refresh time expires. 

3.4.2   Cache Data by Clients and by Group Leaders 
When a transaction result is returned to a client from its group leader, the client will 
check the transaction type since the client only caches the data requested by OD type 
read transactions; the data items accessed by UD type read transactions have already 
been cached by their group leaders. The reasons for this cache assignment are two 
folds. First, it is to reduce the cache storage burden on the client side since clients are 
much more limited in terms of memory and disk space. Second, it is to reduce the re-
dundancy since it is not efficient if both clients and their group leaders cache the same 
data. For each data item marked with the refresh time in the transaction result, if it is 
already cached, the client updates its value and refresh time; if it is not cached and the 
cache storage is not full, the client inserts it into an empty space; otherwise, the client 
executes the replacement policy (Section 3.4.5) to select a slot for a newly arrived 
data item. 

The group leaders will cache only data that are accessed by UD read-only transac-
tions. When the results of all the sub transactions are sent back from all the participat-
ing servers (LMHps), the group leaders have a decision to make as to what kind of 
data they should cache. In order to reduce the overhead of the communication cost as-
sociated with the strong cache consistency policy, the group leaders only cache the 
data accessed by UD type read-only transactions instead of all the transactions. The 
accessed data by the OD type read-only transactions will be cached on the clients’ 
side as discussed above. The cache on the group leaders will be used to satisfy all the 
subsequent UD read-only transactions sent from their group members. 

3.4.3   Cache Access by Clients 
In GMANET, the cache on the client side is only kept at the weak consistency level, 
and thus only OD type read transactions accepting slightly out-dated data can access it 
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Fig. 3. The access of cached data items on the client side 

(see Fig. 3); the cache on the group leaders is kept at the strong consistency level, and 
thus, read transactions, either OD or UD type, can access the cached data on LMHgs. 
All the write transactions have to be sent and processed at the group leaders LMHgs. 

It is highly likely that the OD type read transactions are answered by using locally 
outdated cached data because the weak consistency protocol is used on the client’s 
side. Even though the servers help estimate the refresh time based on the past update 
statistics of the clients, the refresh time of each cached data item is only the best effort 
estimation. Any updates happened on the servers may not reflect on the cached copies 
of the clients in a timely fashion, and thus, it is inevitable for OD type read transac-
tions to access the stale cache. 

The access of the cached data items by clients is shown in Fig. 3. If an initiated 
transaction is an OD type read transaction, the client checks its cache first and identi-
fies all the cache misses and cache hits. It then sends the transaction requesting for 
cache misses to the group leader. If it is the UD type read-only or write transaction, 
the client sends it to its group leader for processing directly. 

3.4.4   Cache Access by Group Leaders 
When a transaction is initialized by an SMH and it is an OD read-only transaction, it 
is first processed by the SMH to identify the locally qualified cached data items called 
cache hit or cache miss otherwise. After processing, the SMH will package the cache 
misses and send them to its group leader. Since the cached data on LMHgs are always 
kept consistent with the original copies, all the read transactions, both UD and OD 
types, can access the cached data.  

The cache access by group leaders is shown in Fig. 4. When a new transaction ar-
rives, and it is the read transaction, it will be first processed by using the cached data 
maintained on the group leaders, and the cache hit data set, which is {i’}, and cache 
miss data set, which is {I} – {i} – {i’} (note the {i} is the local cache hit data set on 
the transaction initiator client), are identified. The group leader then distributes the 
cache misses to all the participating servers (LMHps). All the write transactions are 
distributed to the original servers for processing. 
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Fig. 4. The access of cached data on the group leader side 

3.4.5   Cache Replacement 
The cache replacement proposed in [10] is adapted in this research to make room for 
newly arrived data items when the cache storage is full. Both the group leaders and 
their group members use the same replacement policy. Initially, each mobile host 
(server or client) will check whether its storage is full or not. If it is not full, it inserts 
the newly arrived data into the empty entries in its cache. If it is full, it starts the re-
placement process by searching for expired data items in its cache. If an expired item 
is found, it just replaces it; otherwise it searches for the data items with the lowest ac-
cess frequency accessed by soft transactions. If it is not found, then it searches for the 
data items with the lowest access frequency by firm transactions. The unique charac-
teristic of this replacement policy is that it puts a higher caching priority on firm 
transactions than soft transactions, and thus, favors firm transactions over soft transac-
tions since the firm transactions must be aborted if they missed their deadlines. 

4   Simulation Experiments 

Four simulation models using AweSim software [11] are built to compare the 
GMANET caching model, the MANET caching model, CHAN caching model and 
the baseline model without caching module. The performance metrics are 1) the per-
centage of transactions missing their deadlines, indicating how many transactions 
cannot be processed successfully within their transaction deadline requirements [10], 
2) the total energy consumptions of all LMHs and all SMHs, 3) the average difference 
in energy consumption between two LMHs indicating how balance the system is in 
terms of energy consumption, and 4) the cache hit ratio, computed as the transactions 
fulfilled by the servers’ or clients’ caches over the total transactions initialized in the 
system. The parameters listed in Table 1 are the default parameter settings for the fol-
lowing simulation experiments. 

4.1   Effect of Firm/Soft Ratio 

The four models show different capacities of processing transactions before their 
deadlines in Fig. 5. The NO caching model performs the worst, followed by the 
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Table 1. The simulation parameters in the system 

Parameter Value Range Default  Reference 

Firm/Soft Ratio 0, 0.25, 0.5, 0.75, 1  0.5  

OD/UD Ratio 0, 0.25, 0.5, 0.75, 1  0.75  

Cache Size  0.2, 0.4, 0.6, 0.8  0.6  

Number of LMHs - 20  

Number of SMHs - 40  

Simulation Area - 1000x1000  

Bandwidth - 11 Mpbs [12] 
LMH Energy Dissipation 
Rate in Active Mode - 15.4 w [5,12] 
LMH Energy Dissipation 
Rate in Doze Mode - 7.97w [5,12] 
SMH Energy Dissipation 
Rate in Active Mode - 2.178 w [5,12] 
LMH Energy Dissipation 
Rate in Doze Mode - 1.4w [5,12] 

CHAN caching model and the MANET caching model; the best is the GMANET 
caching model. With more firm transactions in the system, the performance gaps 
among these four models become larger. It is obvious that the NO caching model is 
the worst because it does not equip with the caching component like the other three 
caching models. The better performance of the three caching models is contributed to 
the caching mechanism so that some transactions can reduce their transaction paths by 
going through shortcuts of the cached copies instead of the whole transaction path. 
Also, the shortened transaction path means a reduced amount of transmission, thus 
saving a lot of energy spent on transmission and computation. Among the three cach-
ing models, the GMANET has the best performance due to the fact that its caching 
system allows not only OD type read transactions but also UD type read transaction to 
access its cached data. Compared to GMANET, the MANET and CHAN Caching 
models allow only OD type read-only transactions to access their cached data, and re-
quire all the UD type read-only transactions to be processed by the original servers. 
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4.2   Effect of OD Ratio 

Fig. 6 shows that when the OD type transaction increases, the percentage of transac-
tions missing deadlines decreases in both CHAN and MANET, but it remains more or 
less the same in the GMANET caching model, and does not exhibit as much sensitiv-
ity to the changes of OD type transactions as the other two caching models do. The 
above observed trend is expected. As all the caches in both the CHAN and MANET 
caching models are maintained at the weak consistent level, only OD type transac-
tions are allowed to access the cached data and all the UD type transactions will be 
sent to the origin server to process. While the cache on the group leaders in 
GMANET is maintained at the strong consistency level and the cache on the clients is 
maintained at the weak consistency level, the OD type transactions can access the 
cached data on the clients and on the group leaders, and the UD type transaction can 
access the cached date on the group leaders. Thus, the performance gain in GMANET 
is contributed to its double cache types in the system. The performance in terms of 
percentage of transactions missing deadlines of GMANET is on average about 20% 
better than MANET, 50% better than CHAN, and 100% better than NO Caching.  

4.3   Effect of Cache Size 

The cache size on the clients and servers is varied to show its effect on the perform-
ance of the four models. The NO caching model does not change with the cache size 
in all the metrics studied because it has no caching mechanism. It can be seen in Fig. 
7 that the percentage of the transactions missing deadlines decreases with the increase 
of the cache size in all the three caching models. With the increase of the cache size 
more data can be cached for the subsequent transactions, and thus, the probability of 
satisfying the transactions with the local cached data increases. Among the three cach-
ing models, the GMANET technique performs the best, followed by MANET and 
CHAN. The same analysis as that in the previous experiments holds true for the per-
formance differences among the three caching models. 
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5   Conclusions 

Designing a caching technique in group-based MANETs is meaningful since, in prac-
tice, with most applications such as battlefields, medical emergencies, and fire-
fighting, there are several logical units involved and their movements follow some 
pre-defined patterns instead of total randomness. A new caching model called 
GMANET has been proposed for group-based MANETs in this research, and the pre-
liminary simulation results show that it performs the best in terms of its ability to 
complete transactions before their deadlines. However, a hand-off mechanism is 
needed to handle the scenario when the group leaders run out of energy and new 
group leaders are designated as their successors. 
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