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Abstract Having the ability to generate, share, and use ambient multimedia and sensory data
in real-time using both traditional sensors as well as non-traditional ones (such as smart device
users) is a pioneering practice that requires specialized network capabilities and visualization
metaphors. The network must support both service discovery and cache sharing to allow users
to generate real-time sensory data, upload them or share them with end-users searching for the
same data. Visualization and coloring schemes must support both streaming and stored sensory
data to allow users to interact with either recent or up-to-the-minute ambient sensory data on
either smart devices or the server. This article describes the design and reports on the
simulation performance of a social network application that allows a group of users on an
ad-hoc network to share real-time multimedia and ambient data with respect to venues of
potential interest. At the graphical interface level, we present an intuitive interface that allows
users to capture and share, often with a single hand, an array of sensory data comfortably and
efficiently using touch screen smart devices. At the network level, we describe an architectural
model that is supported by a specific design strategy for service discovery and caching to
facilitate data sharing. The performance of the architectural model is then evaluated to show
that it can efficiently handle bulk of sensory data, when accessed using smart devices in a peer-
to-peer environment.
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1 Introduction

There is something quite catchy about being able to receive instant feedback about trendy
places that offer day/night recreational activities in big cosmopolitan cities such as Montreal or
New York. Current feedback venues come in the form of ratings through social networking
services such as those provided by foursquare .com which relies statistically on a five-star
scale system [17]. This scale may satisfy potential clients who are content with static historical
data only. For astute and tech savvy clients the scale lacks most importantly dynamic up-to-
the-minute information on the target place of visit. This information includes data generated
from smart devices with built-in sensors such as barometer, altimeter, temperature, location,
and hygrometer. The information also includes ambient data such as: light, imagery, and sound
artifacts that can be captured and optionally annotated by the user. Annotations [16] can
include augmenting ambient multimedia [33] with impressions that people feel when visiting a
recreational place. They can also be used to keep memories about visited places and more
interestingly, relate to the feelings that people have, even when they do not know each other.

Ambient and sensory data are not simply artifacts that capture reality; they are artifacts that
have an emotional impact on potential visitors that look at them. For example, one can be
emotionally drawn to a crowd of a certain stature in a certain recreational place by looking at
pictures or videos depicting the crowd. When the recreational visitors have this kind of data
available to them, they may override decisions reached exclusively based on the five-star
rating system, simply because it is coming almost instantaneously from other recreational
visitors in the field. This method of peer-to-peer real-time sharing of ambient-based annotated
multimedia artifacts and device-generated sensory data has the potential of creating an
emotionally-rich form of social interaction. This new idea has inspired us to design an urban
social application we call WhatsUpNow or simply, the application. The application allows
smart device users to discover ambient data from other users in places they want to visit. This
promotes the creation of multimedia and sensory data grounded in an almost tangible
environment to help people foster interpersonal communication around this data. Our appli-
cation provides means to create, share, and disseminate ambient-based multimedia like visual
or audio snippets, as well as device generated sensory data. It also allows for service discovery
[11] and connections between users, based on the places they are at, and those who are
searching for the same places. This allows users to generate, upload, and share, in a peer-to-
peer setting, ambient and sensory data.

There are many design issues associated with the creation of our application. First, at the
network level, users with smart devices move randomly, organize themselves capriciously, and
may have very little or no knowledge with respect to identities and capabilities of other smart
devices. As such, service discovery in mobile ad hoc networks [1] consists of a set of mobile
devices operating without the aid of established infrastructure of the centralized administration.
Therefore, service discovery offered to users in the field must be discovered effortlessly to
facilitate data sharing. Many emerging applications such as emergency services, disaster
recovery, environment monitoring, law enforcement, search and rescue, plus commercial
and educational applications rely on mobile ad hoc networks. Service sharing and discovery
play a pivotal role in a mobile ad hoc network environment (MAHNE). When joining a self-
organizing MAHNE, mobile phones should be able to explore the environment to learn about,
locate, and share available. Our application needs to use the latest technology for service
discovery, especially when one might want to discover several instances at the same time. For
example, a user wants to discover two other users in two different places. Second, at the
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caching level [20], once services are discovered, users might want to avoid downloading data
directly from the server, and opt to do so from cached copies in mobile devices within their
service discovery circle. Therefore, our caching technique should use mobile devices as
caching nodes to cache the ambient and sensory data. It should also query directory nodes
responsible of caching the queries and associate them with their corresponding caching nodes,
and a service manager node that takes managerial decisions. Our strategy allows several copies
of ambient data and a query to be cached in MAHNE (logged in to the application), allowing a
user to access the nearest copy of an ambient data item. Third, at the application level, smart
device users should be able to automatically authenticate the alignment of the place of interest
with the Global Positioning System (GPS) before they are able to generate and upload device-
generated sensory and ambient data. Also, care must be taken to design a user interface that
takes into consideration the context of users, especially when interacting with the application
in crowded dark places using often one hand. This means generating and uploading ambient
data with annotations must be done, to an extent possible with one hand. Service discovery and
request should also be supported at the interface level with the same approach. Fourth, at the
multimedia level, ambient data visualization must be temporally oriented (short-time intervals)
with meaningful and easily understood color that are based on commonly and better yet
internationally learned coloring system, such as glowing red or glowing yellow. Such visual-
ization must help users interpret the intent of data by simply looking at it.

The rest of this article is divided as follows: in Section II, we describe work related to three
essential categories for our application: service discovery, cashed strategies, and ambient
concepts and visualization. After citing a related work for a category, we discuss design
alternatives for the application, relevant to each category. It is important to know that the
thorough coverage of all three areas is essential to reach successful design strategy for our
application. Service discovery and cached techniques are two essential design choices that can
determine the practicality and scalability of the application. In Section III, we describe the
design choices of our application with respect to the three aforementioned categories. We also
present the interface design of the application. In Section IV, we present results of a network-
based experimentation. The experiment was conducted to mimic the deployment of mobile
phones or nodes with the application, and better understand our ambient data cached strategy.
In Section V, we conclude with observations about current results and future directions.

2 Related work and general design alternatives

This section presents work related to the design issues we previously mentioned for our
application. We cite works related to service discovery in MAHNE, caching techniques, and
visualization and color schemes for ambient and device generated data. In each related work,
we also describe some design challenges and offer recommendations.

2.1 Service discovery in MAHNE

In wireless ad hoc networks, service discovery approaches can be divided into broadcast-
based, advertisement-based, application-based, network-supported, probability-based, and se-
mantic routing-based, directory-based, and directory-less schemes [30]. In the broadcast-based
solution, a service discovery request is broadcasted throughout the network. Mobile devices
receiving the service request apply the service matching process to find out whether the
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requested service description matches one of the services that they offer. If it matches, a reply
containing the service description that can be used to invoke the service is generated [34].
Upon receiving a positive reply, the requesting node launches the service invocation process in
which it establishes a session with the service provider to invoke the service. The requesting
node may receive several replies from different service provider nodes that offer the same
service. In such case, it selects the most optimal service provider through a process referred to
as service selection as shown in Fig. 1.

In the advertisement-based solution the services advertise themselves to all nodes and each
node interested in discovering services will cache the advertisements. When a node wants to
request a service, it first runs the service matching locally and the service selection to identify
the service provider, then the service invocation process to invoke the service from the
appropriate service provider [19].

In the application-based solution, the service discovery protocol finds the address of the
service provider node and the service description and access mechanisms that should be used
to invoke the service; but a routing protocol is needed to find the route between requesting
client and the service provider. This motivated, in addition to other intrinsic characteristic of ad
hoc networks, the combination of routing-based and application-based service discovery in
one approach [35]. Indeed, frequent mobility in ad hoc networks implies that the network
topology may vary; consequently routes in the network can change, network partitioning can
occur, and previously available services may become unavailable. Thus, one can say service
discovery and routing are more tightly coupled than in fixed networks.

Fig. 1 Packet forwarding in the case of both cache hit and miss
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In probability-based service discovery schemes, when receiving a service request, nodes
that fail the service matching process forward the packet with probability P [14, 15]. When the
value of P is high, most if not all nodes will be forwarding any request they receive, causing
flooding and forwarding redundancy, serious contention, and frequent collisions. When the
value of P is low, the redundancy of request forwarding will be reduced. Meanwhile the
coverage of service request will also be reduced, which may affect the ability of finding
matched services. In semantic routing based schemes such as [8], nodes can intelligently select
the next-hop nodes for service request packets by inspecting service description semantics as
well as current network topology. When receiving a service request, only selected nodes will
forward the packet.

In directory-less solutions, which are based on client/server architecture, the service
requester (i.e. clients) reactively send out service request messages. Service providers (i.e.,
servers) listen to such messages at a well-determined network interface and port, and apply the
service matching process on the received requests. If the requested service is matched, then a
reply message is generated and sent to the clients. Service requesters can also passively learn
about the available services by listening to the service advertisements that are proactively
generated by the servers. Directory-based solutions involve service directories that reside
between service requestors and the service provider logical entity [4, 28] as shown in Fig. 2.
Service requesters direct their requests to well-known service directories with which service
providers register their services. In return, service directories send back service reply messages

Fig. 2 Packet forwarding in the case of both cache hit and miss
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to the clients and registration acknowledgments to the service providers. Upon receiving a
reply message, the requestor starts the service selection and service invocation processes [30].

2.2 Cached techniques

Many caching techniques were recently proposed [5, 9, 10, 12, 29]. The cooperative-based
database caching system (COACS) that was proposed in [5] caches database data and SQL
queries in separate nodes in MANETs. In COACS, nodes can play the roles of Query
Directory (QD) nodes, Caching Nodes (CN), and/or Requesting Nodes (RN). CN nodes are
responsible of caching the data and associate them with their corresponding queries in QD
nodes. QD nodes are responsible of caching the queries and associate them with their
corresponding CN nodes. COACS distributes the network management responsibilities to
several nodes. If a node receives data items for a certain query from the database, the node
will become a CN and the query will be cached by the nearest QD. The role of QD nodes is
essential in COACS since they represent a distributed indexing system used to access data
items in CN nodes. In COACS the first node needing to cache a data item sends a special
packet to its neighbors to specify the list of QD nodes, then this packet is forwarded
sequentially until all the nodes are explored. The last explored node assigns the node with
the highest score to become a QD. When a node requests a data item, it sends a message to the
nearest QD. If the QD does not cache the query, it forwards the message to its nearest QD. The
process continues until a QD that caches the data is found or all QD nodes are checked. In case
of a cache miss, the data is fetched from the database server. In case of a cache hit, a QD will
ask the CN that caches the response to respond to the requesting node. The problem with
COACS is that it allows only one copy of a data item and a query to be cached in the network.
Therefore, it suffers from a latency problem because the QD may be several hops away from
the RNs and also a CN may be far away from the QDs indexing its data items.

2.3 Ambient visualization

Information visualization can be generally defined as using visual displays to offer users visual
representations of abstract data in an attempt to amplify their cognition about the data. Unlike
traditional information visualization, ambient information visualizations reside in the environ-
ment of the user rather than on the screen of a desktop, smart device or phone. Ambient data
normally reside in the user’s peripheral environment. Dynamic ambient information visuali-
zation updates were presented in computer-less environments. For example, the work in [18]
introduced a lamp that uses different intensity to indicate variations in an information source.
Figure 3 depicts a glass lamp that is showing stock market trends, weather forecast, and local
traffic via color encoding.

Figure 4 depicts an umbrella handle that glows when rain is in the forecast. This is intended
to provide users with contextual visual clues to help them remember to take the umbrella when
going out.

Figure 5 depicts a commercial ambient device [2] that provides two movable ears and
means for audio/speech output.

Digital display-less approach has imposed limitations with respect to the type and com-
plexity of information that can be shown. With the rapid advancement of display technologies,
and the progressive landslide in costs, researchers have resorted to exploring more and more
the real possibilities of using digital graphics for ambient displays. The work in [24] uses
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specialized computer displays to create virtual paintings from traditional wall-hung art to
inform the design and use of such displays. The work in [13] uses digital picture frame of a
family and augment border of the photo with information about the health of an elderly family
member. Another example is depicted in Fig. 6. It presents a clock that integrates with Google
calendar. It shows appointments of the day. The background-color changes from blue over
yellow to orange to alert people to the beginning & end of events.

The obvious but less understood advantage of digitally displaying contextual complex
ambient information, to boost cognition and share information to help make better decisions,
has not been fully researched. Recent research efforts have focused rather on overcoming
challenges associated with ambient information visualizations. The work [26] categorized data
sources, distinguished ambient, peripheral, and notification systems, and provided compre-
hensive overview of many research and commercial ambient systems. The comparative study
used, design dimensions, information capacity notification level, representational fidelity, and
aesthetic emphasis. The work in [32] showed how information can be dynamically displayed

Fig. 3 Physical ambient visulization. Adapted from [18]

Fig. 4 Physical ambient visulization. Adapted from [18]
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using ideas learned from [26]. The work in [23] presented a service-oriented framework
supporting the implementation of ambient awareness systems based on the Awareness
Mark-up Language (AML). Only few researchers looked into the evaluation of ambient
displays in general. The work in [22] provided a set of generic evaluation criteria. In contrast
to studies that evaluate a concrete tool like the carnet display by [27], this enables evaluating a
concept abstracted from an actual implementation. In fact, most projects presenting ambient
systems use simple information sources such as weather forecasts [31] or bus arrival times
[21]. Hence, they cover mostly public rather than personal information. Even projects that
consider shared (working) environment displaying content created by [7], do not consider
context information of those people themselves. The work in [2] tried to close the gap between
the large amount of contextual information available and the opportunities of presenting them
in an ambient way. It investigated how ambient displays can be used to share contextual

Fig. 5 Visualization of distance and mood. Adapted from [2]

Fig. 6 Ambient clock and calendar. Adapted fom [13]
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information by experimenting with different designs and conducting an online survey to find
out which context information and representations are considered to be useful by users.

3 Design of our application

3.1 The service discovery strategy

Due to the wide variety of service discovery applications in MAHNE, this topic is still
considered as a very important area of research. The research community is headed towards
improving the existing protocols or creating new protocols in order to face the challenges of
MAHNE. The most important of these challenges are the scalability, the limited power
resources, and the device heterogeneity of the network [30]. The scalability and the limited
power resources are tightly related in that minimizing the energy spent by a mobile node will
result in longer network lifetime and will allow the handling of large scale networks. The cross
layer approaches are mainly being studied and adopted in order to minimize communication
by combining service discovery and routing which will reduce the amount of messages
processed by each mobile node and will result in a lower energy consumption. In addition,
new technologies are constantly emerging with new devices that have wireless support, with
different hardware capabilities. Therefore, the need for protocols that can bridge the gap
seamlessly between the different devices is growing. In this work, we use a scalable and
decentralized service discovery protocol similar to the one proposed in [35], which can be
easily customized to our architecture. Clustering promotes a more efficient use of resources in
MAHNE, and as such, the cluster heads (CHs) are used as service lookup directories that know
which nodes hold the requested services. A node that is interested in a particular service
contacts its CH, which is expected to hold a current list of service providers (SPs) in the
network. For service advertisement, an SP will only advertise its services to its CH, and the
latter will disseminate it to the other CHs. Furthermore, by integrating quality of service (QoS)
into its functionality, the service discovery approach allows a requesting node (RN) to choose
an SP that is expected to offer the highest quality service as compared with others.

3.2 The caching strategy

Our strategy aims at minimizing the data accessing delay and maximizing the availability of
data cached in the network without inducing excessive large traffic. Unlike COACS which
employs three types of nodes, CN, QD, and RN, our strategy defines a fourth type called the
Service Manager (SM) which is an elected entity that oversees the resources of nodes in the
network and makes Bmanagerial^ decisions accordingly. These decisions include electing QD
nodes, calculating the maximum number of QD nodes, updating the list of QDs when needed,
and informing all nodes in the network about the current list of QD nodes as will be described
shortly. A QD is assigned and supervised by a SM and it is responsible for caching the queries
requested by mobile nodes without their corresponding data. The CN caches the query
responses returned by the database server or by another CN. The CN keeps indices to the
QD nodes that index its cached data. These indices can be used later to inform a QD that the
cached data in the CN has been removed or replaced. A RN is any node that requests a query.
Figure 7 shows a conceptual overview of the proposed approach. The service discovery
protocol that we have adopted can be easily customized to work with this architecture by
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considering the QDs node as cluster heads for service discovery purpose. We present next its
network setup process, search algorithm, and cache management policy.

i. Network Setup Process

The SM and QD nodes are assigned responsibilities that require considerable power and
processing resources. Therefore, powerful nodes with high capabilities should be designated as
SM and QD nodes. To measure the capability whether a node should become a SM or QD,
each node is designated a SM score and a QD score. A node with high SM score is elected as a
SM. Nodes with high QD scores are considered as Potential QD (PQD) nodes. A PQD is a
candidate to become a QD anytime a new QD is needed. We have used a scoring mechanism
similar to the one used in [12], which considers five node parameters:

1) Cache size of the node at time t which is calculated as cache tð Þ ¼ 1−loadOfMem tð Þ
MAXMem

where MAXMem is the node maximum cache size and loadOfMem(t) is the used portion
of cache capacity in MByte at time t.

2) Node battery level at time t which is calculated as Bat(t)=1− loadOfBat(t) where
loadOfBat(t) is the actual used battery capacity at time t.

3) Node CPU capacity at time t which is calculated as CPU(t)=1−loadOfCPU(t) where
loadOfCPU(t) is the actual used fraction of the node’s CPU at time t.

4) Transmission rate which specifies the device’s transmission rate.
5) Class that specifies the type of the mobile node (cell phones, PDAs, or Laptops).

Each parameter is associated with a weight. A weight of a certain parameter will differ
depending on the SM or QD score. The node computes a weighted score, W(t), for SM and
QD that varies between [0..1] where 0 means that a node is not powerful:

W tð Þ ¼ Wcpu� CPU tð Þ þWcache� cache tð Þ þWbat � Bat tð Þ þWtyp� TYP tð Þ þWtr � TR tð Þ
NUM

where NUM is the total number of parameters used.
To elect a service manager node, we use the following algorithm:

1) A node starts the SM election by sending a Score Packet (SP) sequentially to the nodes in
the network. The SP is composed of an address list, a score list, and an exhausted node
list. The address list contains addresses of all nodes that have already received the SP

SM

QD QD QD QD

CN CN CN CN CN CN

DB

Server

Fig. 7 Conceptual and hierarchical view of the proposed architecture
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message. The score list contains the 3 highest SM scores. If a SM score is added to the
score list, it references the corresponding node address in address list. A node address is
added to the exhausted node list if all nodes from its routing table are included in the
address list.

2) Upon receiving a SP packet, a node checks if its score is larger than the scores included in
the SP. If it is, it replaces the lowest score with its score. Then the node checks if the
information about all other nodes in the network are included in the packet by checking
the address list. If they are not included, the node sends an SP to the nearest node that is
not included in the address list and exhausted list. If they are included, the node adds its
address to the exhausted list and sends a SP to a node included in the address list but not in
the exhausted list. If such node does not exist, the node becomes a SM Assigner (SMA).

3) SM Assigner sends a SM Assignment Packet (SMAP) to the node with the highest score
in the SP. This node becomes the new SM and broadcasts a Network Information Packet
(NIP) packet to inform all other nodes in the network about the new SM.

4) Upon receiving the NIP packet, the nodes in the network will send a Credentials packet
(CP) containing their SM and QD scores to the SM.

When the elected SM receives the SM and QD scores of all nodes, it calculates the
maximum number of QD nodes NQD

max using the following notations:

1) The expected number of hops between any two nodes in a rectangular network topology
with area a×b where one destination choice is available is given as Ε[Η]=0.521a/r0
where r0 is the maximum node transmission range.

2) The expected number of hops, from RN to the nearest QD, within a system that comprises

NQD QD is Ε Η ijNQD
� � ¼ ∑

j¼NQDþ1−i

NQD

Ε Η jn ¼ j½ �.

3) The expected number of hops to get to the QD with the requested data is Ε ΗQDData

� �
¼ ∑

NQD

i¼1
ΡiΕ Η ijNQD

� �
where Ρi=1/NQD is the probability that the data is located in QDi.

4) The expected number of hops to get to the last QD in the system is

Ε ΗQDLast

� � ¼ Ε ΗNQD

���n ¼ NQD

h i
¼

X
j¼1

NQD

Ε Η
���n ¼ j

h i

5) The expected number of hops to the external network is Ε[ΗAP]=0.7652/r0.
6) The expected response time of the system (query directory access and delay) is calculated

in function of the hit ratio Rhit, the delay for transmitting packets between nodes inside the
network Τin, and the delay for accessing a node outside the network Τout. In case of a hit,

the delay is the summation of Τ inΕ ΗQDData

� �
(to get the QD with the data) and 2ΤinΕ[Η]

(to access CN and reply to RN), then the expected response time of the system is

Ε τhit½ � ¼ Τ in Ε ΗQDData

� �þ 2Ε Η½ �� �
. In case of a miss, the delay is the summation of Τ in

Ε ΗQDLast

� �
(after traversing all QD nodes), ΤinΕ[ΗAP] (when forwarding the request to
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AP), 2Τout (delay for accessing the database and getting its reply), and ΤinΕ[ΗAP] (to send
the reply to RN), then the expected response time of the system is

Ε τmiss½ � ¼ Τ in Ε ΗQDLast

� �þ 2Ε ΗAP½ �� �þ 2Τ out. Hence, the general expected response

time of the system is

Ε τ½ � ¼ RhitΤ in Ε ΗQDData

� �þ 2Ε Η½ �� �þ 1−Rhitð Þ Τ in Ε ΗQDLast

� �þ 2Ε ΗAP½ �� �þ 2Τout
� �

The maximum number of QD nodes is

Nmax
QD ¼ max NQD

� ����E τ½ � < E τNoCaching
� �

where Ε[τNoCaching]=Τin(2Ε[ΗAP])+2Τout.
Using the above equations, we can obtain the following inequality:

Ε ΗQDData

� �þ 1=Rhit−1ð ÞΕ ΗQDLast

� �
−0:4884a=r0−2Τ out=Τ in < 0

This inequality is evaluated for different values of Rhit and NQD. Table 1 shows the
maximum NQD for different Rhit values.

When a new node joins the network, it gets the list of QD nodes and potential QD nodes
from its neighbors in case a SM already exists. If no SM exists the node sends a SP packet and
the SM election starts.

After electing an SM, the SM selects the first NQD nodes with the highest QD scores as
PQD nodes and broadcast a NIP packet to inform other nodes in the network about the list of
PQD nodes. Then, it waits a certain period of time (i.e., until RN nodes start requesting
queries) before broadcasting for the first time the list of QD nodes. QD nodes will be chosen
from the list of PQD nodes progressively by different RN nodes. A RN chooses a PQD from
the list of PQD nodes, and then it sends a request to SM to assign this PQD as QD. After
assigning it as QD, the SM sends a NIP packet to inform all nodes about the new list of QD
nodes. Because some QD nodes can be assigned simultaneously as soon as RN nodes start
requesting data, allowing the SM to wait shortly before broadcasting the first list of QD nodes
will reduce the number of times a NIP is broadcast.

ii. Information Search Algorithm

When a RN needs to access QD nodes to search for a cached item, it generates a query then
checks if it caches the requested data. If this is the case, the RN can directly access the data in
its cache. Otherwise, it sends a Data Request Packet (DREQ) to the nearest QD. If this QD
caches the query, the request is forwarded to the CN that caches the corresponding data. If the
CN caches the data, it will send a Data Reply Packet (DREP) directly to RN as shown in Fig. 4
and a CN Acknowledgement Packet (CN_ACK) to the QD. If the nearest QD does not cache
the requested query, it adds its address to the list of checked QD nodes to indicate that it has

Table 1 Maximum values of NQD to avoid excessive delays

Rhit→ 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

NQD
max→ 2 3 5 9 12 20 32 55
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been checked for this request, appends this list to the requested query, and sends the query to
its nearest QD that has not been checked yet. The process continues until a QD that caches the
data is found or all QD nodes have been checked. If all the QD nodes are checked and no one
caches the query, the data is fetched from the database server as shown in Fig. 8.

If the CN does not cache the requested data, it sends a Negative Acknowledgement Packet
(NACK) to the QD which deletes the corresponding query to prevent further misdirected
requests for the data then sends the DREQ to the database server. On the other hand, if no
acknowledgement is received from the CN, the QD will conclude that the CN has gone offline
and therefore, it deletes the query and forwards the request to the database server.

When a RN receives the data corresponding to a requested query from the database server
directly, then it caches them and sends a Query Add Packet (QAP) or a Cache Add Request
(CAREQ) to a QD as explained in the next sub-section. Whenever a query is cached in a QD,
the latter sends a QD Acknowledgement Packet (QD_ACK) to the corresponding CN to create
and maintain a link to the QD. In case the data is deleted or replaced in CN, this link will be
used to inform the QD that the data has been deleted.

iii. Cache Management Policy

The cache management policy is composed of both a cache admission control and a cache
replacement policy. The cache admission control is triggered when a RN receives a requested
data to decide if it should cache it and become a CN. It is composed of two parts. The first part
describes how a RN reacts in case of a cache miss (i.e., the QD does not cache the requested
query and the database replies to RN’s request). The second part presents how a RN reacts in
case of a cache hit. The cache admission control algorithm uses three thresholds. The
threshold_RN indicates when a RN can adopt or ignore the cache admission control algorithm
in case of a cache hit. If the number of hops between the RN and the QD caching the query is
greater than threshold_RN, RN triggers cache admission control algorithm; otherwise RN

Fig. 8 Packet forwarding in the case of both cache hit and miss
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ignores it and does not cache the requested data. The two other thresholds, called
threshold_QD and threshold_PQD, used on both cache miss and hit, are the maximum number
of hops a RN should be away from a QD or PQD respectively to cache the requested query on
it. Note that threshold_QD and threshold_PQD are usually equal, but they can be different
from threshold_RN.

Figure 9 shows that in case of a cache miss, a RN becomes a CN and caches the requested
data. To cache the requested query, RN first checks if there is any QD where the number of
hops between RN and this QD is less than threshold_QD. If such QD exists, RN sends to it a
Query Add Packet (QAP) to cache the query. If the QD is full, the cache replacement policy is
invoked. If such QD does not exist, RN checks the list of PQD nodes for a PQD where the
number of hops between it and RN is less than threshold_PQD. If such PQD exists, RN sends
an Allocate QD Packet (ALLQDP) to SM to assign this PQD as QD. Then, RN sends a QAP
to the new QD to cache the query. If such PQD does not exist, RN sends a CAREQ to cache
the query in one of the existing QD nodes. Although CAREQ and QAP are both sent by a RN
to cache a query, QAP is sent to only a specific QD and does not contain a list of visited QD
nodes. CAREQ is sent to several QD nodes till one of them accepts to cache query and has to
contain a list of visited QD nodes.

Figure 10 shows that, in case of a cache hit, the RN checks if the number of hops between it
and the QD caching the requested query is greater than threshold_RN. If this is the case, the
RN may become a CN by caching another copy of the requested data in its cache. Therefore,
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Fig. 9 Cache Admission Control Algorithm (miss)
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several copies of a data item or a query can be cached in the network. In this case, the RN
triggers the following steps:

1) RN checks if there is any QD, QD1, where the number of hops between RN and QD1 is less
than threshold_QD. If this is case, RN becomes CN and sends to QD1 a QAP packet to cache
the query. If QD1 is full, the cache replacement policy is used to cache the query in QD1

2) If there is no near QD1, RN checks the list of PQD nodes for a PQD, PQD1, where the
number of hops between RN and PQD1 is less than threshold_PQD. RN becomes a CN and
caches the query on PQD1 after requesting from SM to assign the role of QD to PQD1.

3) Even when distance between RN and QD caching requested query is larger than
threshold_RN and no QD1 or PQD1 are found in step 1 and 2, RN checks if it is closer
to QD than the CN caching the requested data. If this is the case, RN becomes a CN for
the requesting data and sends an ACK packet to QD to delete its link with the old CN and
establish a new link with the new one.

If the number of hops between RN and the QD caching the requested query is less than
threshold_RN, RN checks if it is closer to QD than the CN caching the requested data. If this is the
case, RN becomes a CN for the requesting data and sends an ACK packet to QD to delete its link
with the old CN and establish a new link with the new one. A cache replacement policy is used in
both QD and CN to decide which data item should be replaced when the cache is full. An item can
be either a query for aQDor a data item for aCN.We use a two-phase cache replacement algorithm
that is based on both Least Frequently Used (LFU) and Least Recently Used (LRU) replacement
algorithms. In this algorithm, we use first the LFU replacement algorithm which bases its decision
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on the frequency of references: a data item which is used the least often is selected. If several items
that have the same least number of accesses are selected, then we apply on them the LRU
replacement algorithm which bases its decision on the heuristic reference of data items. Therefore,
among the several selected data items, the least recently used one will be selected to be replaced.
When a data item is replaced, the CN informs the corresponding QD that holds the corresponding
query to invalidate this query to prevent any misdirected requests for the data.

3.3 The GUI design strategy

There are many design issues with respect to the graphical user interface (metaphors to use),
the ambient data visualization, and the feedback a user gets when the mobile device is not in
plain sight.

i. The Graphical User Interface

a) The Serach View
To get to the Search View, the user normally chooses the Search View from the

dropdown menu that is built into the slider/button called: BSearch for a Location^. This
action takes the user to the view shown in Fig. 11(b). In this view, the user sees the search
result based on the GPS location of the smart phone. The search results (various clubs) are
displayed on a map as icons that the user can interact with. There are two modes of

Fig. 11 The Top view (a), and the Search view (b)
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interactions with these icons. The first mode requires a quick press, and will pop up a
multi-function widget that allows the user to choose the date and request the desired
ambient and sensory data. Figure 11(b) shows the image of a guitar player as the data
received and displayed in the time-based rollover media widget for ambient data. This
data can come from the server or from a cached copy (services discovery, and cached data
as previously mentioned) on other smart devices in the field. The second mode requires
the user to press longer on an icon which causes the icon to be selected. Once, the desired
number of icons (i.e. icons representing the search result on themap) the user can click the
BGet Selected^ button and this will take the user to the view in Fig. 12. The user can also
choose the BSearch tab^ and perform a manual search, after which the results will be
displayed as previously described.

The view in Fig. 12 shows the four tabs that were created for the specific category-
based search. These tabs provide the user with a quick read and flips between the chosen
places and their ambient data. As can be seen from the figure, each chosen place on the left
vertical tabs has four horizontal tabs associated with it. Each one of which, represents a
specific ambient data. For each ambient data tab, there is a clock with a ButtonArrow that

Fig. 12 The clock with the ButtonArrow to examine ambient data
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slides clockwise and counter clockwise. This new kind of interface element gives
contextual affordance; that is, it allows the user to intuitively recognize the possibility of
examining ambient data according to time. This buttonArrow, when clicked, provides a
gallery (relevant to the chosen time). Changing the date can simply be done by clicking on
the date/time widget. Users can browse the gallery for ambient media of their choice. The
images gallery shows a court side image of a basketball game.

Ambient data can be seeded on any node or phone, and a requesting node or a phone
asking for the ambient data can get cached copies, as mentioned before in our caching
network discussion.

b) The Post View
To get to the Post View, the user has to authenticate first. This can be done from the

dropdown menu that is built into the (initially disabled) slider/button called: BPost for a
Location^. The Authentication ensures that the user must confirm the GPS location and
place of visit pair. The tuple (G4/WiFi, GPS, Google Maps/place) is used for the
authentication. A 50 m radius is permissible. This allows for free movement without
jeopardizing the authentication. This feature ensures that the people posting the data are in
the place of visit, or extremely close by during observational reports. Once the authen-
tication is confirmed, the slider/button called: BPost for a Location^ is enabled. Once
clicked, it will take the user, as depicted in Fig. 13, to the Post View where the user has
three choices: Post Ambient Sensors, Post Ambient Media, and Post Extras. These
Buttons will remain enabled until a new authentication is required. This feature is
designed to boost the confidence of people relying on this data to make informed
decisions. The Post Ambient Sensors button, once clicked, activates all relevant sensors
and allows the application to capture ambient sensory data such as temperature, humidity,
barometer, and noise level. This option is fairly straightforward and in line with mini-
mizing the interaction with the GUI and keeping the operation possible with one hand.
The Ambient Media Post button, once clicked, takes the user into a tabbed folder with
three tabs: Video, Sound, and Images. When for example the Images tab is chosen, the
user sees a Record button. After recording the user is given the option to annotate the
picture. Posting is then done from the same tab, analogous to Facebook. The Post Extra
Button allows the user to post using predetermined GUI elements, happy hour, prices, etc.
The user can also type feelings and or suggestions. The typed text is not further processed
by the application. It is reported as is, and has no bearing on the visual representation of
ambient data.

c) The History View
The History View allows the user to browse stored ambient and sensory data on

the device This data can be used later for satistical purposes. At this point we are not
considering such data for statistical informative purposes. We will however do so in
our future work. The historical/statistical data can have many uses such as annual
averages of sensory data. This data might be usefull to many agencies such as the Fire
and Health Departments

d) The Settings View
The Settings View is a standard smart-device settings view with extra options to allow

users to perform many settings necessary to maximize the benefits of using the applica-
tion. For example, the user can set the phone to vibrate/make sound if many people are
reporting about the same place. Other settings can adress in our future work the idea of
notifications.
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The Graphical User Interface (GUI) design must take into consideration that users
interacting with the application are often doing it with one hand. This condition puts
design constraints on the way a user accesses different features of the application. Once
the application is started and the user enters his/her credentials, the user is given the
choice, as depicted in Fig. 11(a), to access four main views: the Search, Post, History, and
the Network and GPS Settings views. We will describe each view next.

ii. The Visual Representation of Ambient data
The Request View is designed to metaphorically represent folders, multimedia and

time. The vertical tabs representing places to visit can start to glow based on ambient data
coming from that place. Also horizontal tabs can start to glow indicating activities in
ambient media or sensory data reporting. The clock concept is influenced from the work
in [13]. In our work though, time is associated with all activities; especially when it comes
to people wanting to visit one or more place during the day/night. This watch/clock is
normally in the ambient of a person when planning or executing a trip. So it is an excellent
metaphor for all ambient data that stems from time based intervals. The clock is
surrounded by a wide band that is initially orange, that is, an equal amount of Red/

Fig. 13 The post view
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Yellow/Green (RYG). During the operation of the application, different glowing shades
RYG, according to different ambient data, can be spotted around the clock. The user can
slide to a glowing area of interest, and then hold the button which causes the ambient data
that associated with that time frame is shown in the gallery. The clock also has four resting
corners onto which happy faces can appear to indicate up to 4 preferential groups of
friend’s state of overall visit to a place. Friend groups can be added in the settings.

4 Network performance evaluation

To determine the scalability of our application, we have evaluated it using the network
simulator NS2 [25] and compared it to that of COACS [5] and No Cache strategies. Several
metrics were measured used such as average query delay, average hit ratio, and bandwidth
consumption per node. Each metric was measured by varying different parameters such as
QD’s cache size, CN’s cache size, time, and zipf distribution.

In this simulation, we have used a network topology of 100 mobile nodes distributed in an
area of 1000×1000 m with only one access point placed near one of the corners with a data
rate and a transmission range are 2 Mb/s and 250 m respectively. We have used the Random
Waypoint (RWP) mobility model. The speed of the mobile nodes is set by default to 2.00 m/s
in most scenarios and the pause time is 300 s. We have used 7 as the number of starting QD
nodes in COACS because COACS yields best results with this starting number of QDs. The
proposed approach starts with only one QD and 7 PQD nodes. Then QD nodes are assigned as
needed depending on the cache admission control policy. The cache size of CN and QD were
set to 200 Kbytes and 250 Kbytes respectively. The threshold_QD, the threshold_PQD, and
the threshold_RN were all set to 3 hops. The query size is set to 500 bytes and the query results
size was set to 10 Kbytes. The used routing algorithm was DSDV. The database server has a
database containing 1000 data items. i.e. nq. Every 20 s, the query generator on RN nodes
generate a read-only query following a Zipf-like access pattern [6]. In Zipf’s law, the frequency
of a request for the ith most popular data item is proportional to 1/i. Therefore, the probability P

of accessing a data item with rank i (1≤i≤nq) is 1= iθ ∑
k¼1

nq

1=kθ
� �

where θ varies between 0 and

1. If θ is 1 or 0 then we have a strict Zipf’s law distribution or uniform distribution
respectively. If θ is between 0 and 1, we have a Zipf-like distribution.

The number of runs for each scenario was set to 10 using the central limit theorem [3] to
achieve 90 % confidence level, given the precision level for both the average hit ratio and
delay as 0.2 and 10 respectively.

We first studied the effect of QD’s cache size. In contrast to COACS where a query is
cached only once in the network, the cache admission control algorithm of the proposed
approach allows the possibility of query replication. Therefore, its performance depends on the
cache size of QD nodes. As the QD’s cache size increases its performance increases because
the QD nodes have more room for replication without excessively using the cache replacement
policy. The left side of Fig. 13 shows the effect of QD’s cache size on the average query delay.
The figure shows that the proposed approach outperforms COACS. It shows that as the QD’s
cache size increases the performance of the proposed approach increases because the QD
nodes have more room for replications without excessively using the cache replacement
policy. Consequently, an RN can access the nearest copy of the query while in COACS one
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copy of a query is available in the network and a request has to traverse several QD nodes
before getting to the QD that caches the requested query. Figure 14 (right) shows the effect of
QD’s cache size on the average bandwidth consumption per node. The performance of No
Cache is better than the performance of COACS and worse than the performance of the
proposed approach. Unlike No Cache which sends a request directly to the database server; in
COACS a request packet traverses a list of QD nodes before sending a request to the database
server in case of a cache miss. First, during a cache miss a request packet should be forwarded
to all QD nodes before being forwarded to the database server. Second, in case of a cache hit, a
request packet starts traversing the list of QD nodes before finding the requested query in one
of the QD nodes. The proposed approach aims to minimize the average bandwidth consump-
tion per node by minimizing the number of QD nodes traversed by a request packet. First, it
minimizes as possible the number of QD nodes used in the network and therefore reduce the
number of traversed QDs compared to COACS during a cache miss. Second, during a cache
hit, because a query can be cached in several QD nodes, a request packet will get to the nearest
QD caching the query and therefore traverse less QD nodes to reach the request.

Figure 14 shows the impact of CN’s cache size on the average query delay, average hit
ratio, and average bandwidth consumption per node. The left side of the figure shows the effect
of CN’s cache size on the average query delay. We can see that the proposed approach
outperforms COACS because of several replications of a query. CN’s cache size has no effect
on COACS and the proposed approach in terms of average query delay because the effective
query delay depends on the cache size of QD nodes as we have seen previously. The right part
of Fig. 14 shows the effect of CN’s cache size on the average hit ratio. The hit ratio of No
Cache protocol is zero because no data or query is cached in the network and all requests are
forwarded to the database server. The figure shows that the proposed approach hit ratio is close
to that of COACS. The marginal difference is because the proposed approach has less QD
nodes and deals with representations there is always the possibility of replacing queries that
have no other copies in the network. In COACSwhen a query is cached in the network, there is

Fig. 14 QD’s cache size versus average query delay (left) and versus average bandwidth consumption per node (right)
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no possibility that this query is replaced unless all QD nodes are full and a query coming from
the database server has to be cached. Therefore, we have always a tradeoff between average
delay and average hit ratio. The average hit ratio slightly increases as CN’s cache size increases
for COACS and the proposed approach because fewer cache replacements are encountered in
CN nodes and therefore fewer queries will be deleted from QD nodes.

Figures 15 and 16 show the effect of Zipf parameter θ on the average query delay. The
figure shows that when Zipf parameter θ is between 0 and 0.3, the average query delay of the
proposed approach and COACS slightly increases. Then when Zipf parameter θ starts increas-
ing above 0.3, the average query delay decreases because, as Zipf parameter θ increases, the
requesting nodes are more likely to request similar queries especially neighbouring nodes. A
new request for a query is then more likely to be answered by a QD that caches it rather than

Fig. 15 CN’s cache size versus (left) average query delay (right) average hit ratio

Fig. 16 Zipf parameter θ versus average query delay
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the database server. The proposed approach outperforms COACS because an RN receiving a
reply packet triggers the cache admission control algorithm and tries to cache a copy of the
query in a neighboring QD (QD1) depending on Threshold_QD and Threshold_PQD. Also,
the nodes within the vicinity of RN and QD1 are more likely to request the same query, and in
this case, the request will be answered by QD1. In addition, the cache replacement policy of
the proposed approach is based on LFU and LRU and makes use of the Zipf distribution
property by replacing queries and data items in QD and CN that are the least accessed.

5 Conclusion

Our work is centered on the creation of new opportunities for people to use the latest in service
discovery, caching techniques and ambient data (media/sensory) in a state of the art application
for smart devices we call WhatsUpNow. This application allows for the generation of ambient
data, and peer-to-peer communication of such data. The purpose it to give people the opportu-
nities to make better informed decisions when deciding to visit different places. It is argued that a
key design principle for urban social applications is to include a set of features that bring value to
individual users, before they start interacting with one another.We believe that the design features
of the application both in terms of its social capabilities and ambient data visualization features
that ultimately have the potential of reducing the cognitive load of users should be a decisive
factor in removing the challenge associated with the social urban application syndrome, espe-
cially with the young, the savvy, outgoing generation. When the application is deployed, we
intend to conduct a field study that includes 30 students over a year to learn from their
experiences. With respect to the networking features of the application, we have proposed a
replication based caching strategy that focuses on improving the latency problem that exists in the
Cooperative and Adaptive Caching System (COACS) proposed in [5]. The proposed approach is
mainly composed of caching nodes (responsible of caching the data items, query directory nodes
responsible of caching the queries, and associate them with their corresponding caching nodes)
and a service manager node that takes managerial decisions. It focuses on improving the latency
problem of COACS strategy. Indeed, COACS caching techniques allow only one copy of a data
item and a query to be cached in the network. However, the proposed approach allows several
copies of a data item and a query to be cached in the network. Therefore, a requested node
accesses the nearest copy of a data item it requests. We have evaluated the performance of the
proposed approach using the network simulator NS2. The results show that the proposed
approach outperforms other strategies in most experiments.
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