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Abstract
There are performance deficiencies that hamper the deployment 
of Wireless Sensor Networks (WSNs) in critical monitoring 
applications. Such applications are characterized by considerable 
network load generated as a result of sensing some characteristics 
of the monitored system. Excessive packet collisions lead to packet 
losses and retransmissions, resulting in significant overhead 
costs and latency. In order to address this issue, we introduce a 
distributed and scalable scheduling access scheme that mitigates 
high data loss in data-intensive sensor networks and can also 
handle some mobility. Our approach alleviates transmission 
collisions by employing virtual grids that adopt Latin Squares 
characteristics to time slot assignments. We show that our 
algorithm derives conflict- free time slot allocation schedules 
without incurring global overhead in scheduling. Furthermore, we 
verify the effectiveness of our protocol by simulation experiments. 
The results demonstrate that our technique can efficiently handle 
sensor mobility with acceptable data loss, low packet delay, and 
low overhead.
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I. Introduction 
Sensor networks are being deployed for a wide range of applications, 
such as habitat sensing, target tracking, etc. 
Wireless Sensor Networks (WSNs), however, perform poorly when 
the applications have high bandwidth needs for data transmission 
and stringent delay constraints. Such require- ments are common 
for Data-Intensive Applications (DIAs). As an example of a 
DIA that utilizes a WSN infrastructure, consider the task of 
Structural Health Monitoring (SHM) system [9, 42] that monitors 
the integrity of civil and military structures. Wireless sensors 
observe excitations around a surveillance structure, perform data 
gathering, and periodically report sensed data to a base station 
(BS). Another example of a DIA is the near-continuous monitor- 
ing of heat exchangers in a nuclear power plant. Such applications 
generate considerable network load in a short period of time. 
As a result, collisions between packets can be a considerable 
obstacle to achieving the required throughput and delay for 
such applications. As the data load increases, we observe severe 
degradation of network performance. Packet success ratio drops 
due to frequent collisions and retransmissions. The data glut results 
in an increased time delay to reach the sink and an increase in 
the overall energy consumption in the WSN. After a certain load 
threshold, the performance characteristics of tradi- tional WSNs 
become unacceptable. In addition, wireless sensor networks may 
include mobile platforms (e.g., mobile robots) [23-25], carrying 
wireless sensor devices that can be deployed in conjunction with 
stationary sensor nodes to acquire and process data for applications, 
such as surveillance and tracking, environmental monitoring in 
highly sensitive areas, or search and rescue operations. Resource 
constraints in mobile WSNs make it difficult to utilize them for 

advanced environmental monitoring that requires data-intensive 
collaboration between the sensors (e.g., exchange of multimedia 
data streams) [19, 26] and collisions further exacerbate the 
problem. Also, applications may have stringent requirements on 
the response time for delivering the query results. Minimizing 
sensor query response time and simultaneously minimizing energy 
consumption per query is crucial. In general, the time/ energy 
trade-offs involve energy and time gains/losses associated with 
specific layouts of the nodes. Proper positioning (relocation) of 
mobile sensors has a consider- able impact on the time/energy 
trade-off [22]. 
Methods of wireless channel access of sensor networks can be 
classified into two categories: random access and scheduling 
access [28]. Under the random access category, even high-rate 
wireless networks (e.g., IEEE 802.11) use best-effort service that 
can lead to packet loss (from collisions), delay, and jitter impacting 
data-intensive multi- media applications [3]. These problems are 
aggravated in low-rate wireless sensor networks, such as IEEE 
802.15.4 [12]. A previous study [9] reported that successful packet 
delivery ratio (PDR) in an 802.15.4 network can drop from 95 to 
55 percent as the load increases from 1 to 10 packets/ sec. Note 
that it is common for Data-Intensive Sensor Networks (DISN) to 
generate 6-8 packets/sec, making the problem quite significant. 
Moreover, as the PDR drops, sensors may retransmit more in order 
to increase the likelihood of delivering information resulting in 
more collisions, energy waste, and reduced network lifetime.

Table 1: General Framework of MAC Schemes Classification

The issue of performance degradation in WSNs can be addressed 
at different layers of the wireless protocol stack. Our specific 
focus is the Medium Access Control (MAC) layer where fine-
grained control can reduce collisions and energy waste [11]. 
Carrier Sense Multiple Access/Collision Avoid- ance (CSMA/
CA) is the popular contention-based MAC scheme adopted in both 
IEEE 802.11 and IEEE 802.15.4 standards. However, as already 
mentioned, the perfor- mance of CSMA/CA degrades as the load 
increases [9, 12]. Scheduling-based access avoids this problem (for 
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example, Distributed randomized TDMA scheduling (DRAND) 
[4] and Data Transmission Algebra (DTA) [20]). DRAND 
provides reliable data transmission and reduces collisions, but 
the concerns that arise include increased control overhead and 
scalability with network size [21] and especially mobility. DTA 
efficiently manages data delivery in DISNs, but it is centralized 
and its shortcomings are similar to those of DRAND. We have 
previously proposed hybrid access approaches that combine 
advantages of random access and scheduling access [21]. In this 
work, we proposed a Cyclic Probabilistic Transmission Protocol 
(CPT) that allows sensors to transmit with probabilities in time 
slots and a Neighbor-Aware Probabilistic Transmis- sion protocol 
(NAPT) that controls these probabilities based on neighborhood 
information. We demonstrated that CPT and NAPT considerably 
outperform random access proto- cols (such as CSMA/CA) and are 
compared with schedul- ing access protocols (such as DRAND). 
Table 1, provides a qualitative summary of various MAC schemes 
for WSNs in terms of the scalability of access method and expected 
utility (throughput without losing packets) in Data- Intensive 
Sensor Networks.
In this paper, we propose a decentralized technique called Grid-
based Latin Squares Scheduling Access (GLASS) that maintains 
graceful performance degradation in DISNs as the data load 
increases. Meanwhile, the protocol is designed to be lightweight, 
overhead-efficient, highly scalable, and robust in the presence of 
mobility. Our motivation for this work stems from our previous 
research in hybrid access using NAPT and CPT. At the one end 
of the spectrum (see Table 1), we have distributed but scalable 
CSMA/CA and CPT schemes with performance limitations due to 
collisions during periods of high data loads. At the other end of the 
spectrum, we can ensure that there are no conflicting transmissions 
in the network using scheduling (e.g., DRAND and DTA). While 
these scheduling approaches save on the energy waste due to 
collisions, they can increase the energy waste due to overhead 
from control messages. This concern further worsens as network 
scale expands, which is likely in WSNs. Schedules also need 
recomputation if the topology drastically changes due to even 
some mobility. At the middle of the spectrum, i.e., NAPT, the 
overhead concern is alleviated, but its performance does not match 
the performance of scheduling access. 
In this paper, we propose a novel approach called GLASS that 
provides a decentralized scheme for creating conflict-free (resulting 
in high network utility) time slot schedules, analogous to DRAND, 
as shown in Table 1, while, at the same time, reducing the control 
overhead. GLASS exploits several opportunities for minimizing 
over- head cost while maintaining conflict-free concurrent trans- 
missions in DISNs. In particular, sensors use location information 
to improve channel access. First, sensors virtually divide the 
monitoring area into a grid. Then, each sensor associates itself 
with one virtual grid cell. This design allows neighboring sensors 
to maintain spatial and temporal separation between potentially 
colliding packets while keeping channel access distributed. 
The novelty in GLASS is its use of the Latin Squares (LS) 
characteristics [13] to facilitate the assignment of time slots for 
transmis- sions among sensors within a grid cell, thus, reducing the 
number of colliding transmissions. We demonstrate the feasibility 
of our technique using analysis and simulations. In particular, the 
simulation results show that the control overhead cost of GLASS 
is about 70 percent less compared to DRAND and the performance 
of GLASS is robust with respect to changes in topology, while 
its transmission efficiencies are comparable to those of DRAND 
in static networks. Note that GLASS assumes that each node in a 

WSN is aware of its geographic location.1 While location- based 
approaches have been adopted in routing mechan- isms for sensor 
networks [1-2], to the best of our knowledge, they have not been 
utilized for optimizing channel access of sensors. 
The paper is organized as follows: Section II, considers related 
research. In Sections III and IV, we describe the GLASS approach 
and provide analysis of the same. Section V, describes the 
simulation-based study. We offer conclusions and discuss future 
work in Section VI.

II. Related Work
Channel access in sensor networks can be classified into 
scheduling-based and random access categories [28]. Below, we 
briefly describe some prior work in both categories. For DISNs, 
which need to support continuous and/or periodic traffic loads, it is 
more appropriate to employ the schedul- ing approach to manage 
channel access [28]. The scheduling approach is mostly adopted 
into a structure, Time-Division Multiple Access (TDMA).

A. Time-Division/Scheduling Schemes
We describe some of the time-division-based MAC protocols for 
sensor networks here.
We have previously proposed an algebraic optimization framework 
called DTA that performs collision-aware query scheduling in 
Wireless Sensor Networks [20]. The DTA approach makes use 
of a set of operations that take transmissions between sensors as 
input and produce a schedule of transmissions as output by a DTA 
optimizer. The generated transmission schedule is collision-free 
due to the knowledge of the collision domains of elementary 
transmis- sions. We have shown that the DTA framework 
considerably outperforms the existing 802.15.4 CSMA-CA as 
it enables concurrent transmissions to a high degree and reduces 
collisions [20]. However, the overhead cost of generating the DTA 
transmission schedule is a concern. This problem can be further 
magnified in dynamic networks. 
Sensor MAC (S-MAC) [29] is a static-scheduling-based energy 
saving protocol that allows neighboring nodes to sleep for long 
periods and wake up, both in a synchronized fashion, to avoid 
wasting energy from idle listening, collisions, and retransmissions. 
Thus, neighbors conserve energy when a node is transmitting. 
However, S-MAC does not provide an on-demand interaction with 
the receiver (it uses a static sleep interval). Sivalingam et al. [30] 
proposed an Energy-Conserving Medium Access Control protocol 
(EC-MAC) for ad hoc networks. Using this protocol, a central 
controller is responsible for reservation and sche- duling strategies. 
The EC-MAC protocol can only operate in an environment where 
every sensor hears each other. Lightweight MAC (LMAC) [18] 
implements a distributed time slot scheduling algorithm for 
collision-free commu- nications. Time is divided into slots and 
sensor nodes broadcast information about time slots, which, as 
they believe, they control. Neighboring sensor nodes will avoid 
picking up those slots and choose other slots to control. Within its 
time slot, a sensor node will transmit a message with two parts: 
control and data. The control part includes sufficient information 
for neighbors to derive a time slot schedule of local sensors so 
that transmissions among neighboring sensors will not collide. 
Sensors must listen to the control parts of their neighbors. Time 
slots can be reused at distances where interference is small (three 
hops for instance). With such an algorithm, the goal of collision 
avoidance is achieved at the price of extra control overhead and 
listening time. Chatterjea et al. enhanced LMAC with Adaptive, 
Information-Centric, and Lightweight MAC (AI- LMAC) [31] that 
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uses captured local data about traffic patterns to modify operations 
accordingly. While AI-LMAC is adaptive and information-
centric, it still shares LMAC's extra control overhead and faces 
possible performance deficiency from unexpected bursty traffic. 
Both LMAC and AI-LMAC were designed not with the goal of 
supporting high data loads, but with the objective of reducing the 
switching time/cost from sleep mode to transmit mode. 
Rhee et al. [4] propose a distributed randomized time slot scheduling 
algorithm, DRAND that is used within a MAC protocol called 
Zebra-MAC [5] to improve perfor- mance in sensor networks by 
combining the strength of scheduled access during high loads and 
random access during low loads. The distributed implementation 
of DRAND allows a sensor to select a time slot, which is distinct 
from time slots of its two-hop neighboring sensors. This feature 
reduces data packet collisions. The DRAND algorithm includes 
two major phases: Neighbor Discovery- Hello and DRAND Slot 
Assignment. In the neighbor discovery phase, sensors broadcast 
Hello messages periodi- cally to announce their existence. Next, 
sensors exchange control messages like Request, Grant, Release, 
or Reject to determine the time slots of sensors. With this scheme, 
the message complexity is O(n), where n is the maximum size of 
a two-hop neighborhood in a wireless network. While DRAND 
provides reliable data transmissions, some con- straints are noted. 
First, this algorithm is suitable for a wireless network where most 
nodes do not move. If the topology changes dynamically, the 
algorithm should be run frequently to ensure delivery reliability. 
The frequent executions of the algorithm will likely consume 
more resources in sensors. Next, the algorithm ensures data 
delivery by assigning collision-free time slots to sensor nodes. 
However, transmissions can still collide in the DRAND slot 
assignment phase because of randomized transmissions and 
channel contentions. Wave scheduling, proposed by Trigoni et 
al. [34], minimizes packet collisions by scheduling groups of trans- 
missions (waves) in sensor networks. Another type of distributed 
TDMA protocol was proposed in [32]. Its goal is to permit mobile 
sensors to move, and then, reallocate themselves a time slot without 
involving the entire network. Ali et al. [33] proposed distributed 
and adaptive TDMA algorithms for multihop mobile networks. 
One concern with this design is that dynamic topology changes 
may lead to frequent exchanges of control packets that could 
consume bandwidth and energy resources. The protocols in [38], 
[40] combine Latin Squares and TDMA scheduling design. Bao 
[38] integrates the value of the symbol in the Latin Square into 
priority-based channel access mechanisms where a node with the 
highest priority number is granted access to the channel for one 
time slot or a node defers the channel access by the priority number 
of time slots. Ju and Li [40] propose a time-based scheduling 
design with Latin Squares in multi- channel networks. While 
aiming at collision-free channel access at any moment, they have 
limited scalability or feasibility due to expensive multichannel 
components for lightweight sensors. A hybrid protocol, NAPT, 
was proposed in [21]. It combines the features of randomized 
transmission and heuristic scheduling where the scheduling feature 
is used to avoid possible packet collisions and sensors facing fewer 
contentions apply randomized transmission. It results in alleviation 
of excessive overhead messages, but it cannot guarantee collision-
free transmissions. 
We have considered the methods deriving time slot schedules 
at the MAC layer. Next, we review the related work in TDMA-
based bandwidth reservation for QoS routing. Jawhar and Wu 
[39] address the issue of race conditions and parallel reservation 
conflicts in ad hoc networks. They propose an algorithm based 

on maintaining three-state slot status (free/allocated/reserved) 
at each node. It performs synchronous and asynchronous time 
slot updates to one-hop and two-hop neighbors and implements 
smart timers to optimize the throughput and efficiency of the 
selected path. This technique is similar to the GLASS protocol in 
the way how conflict-free time slots are assigned among neighbors. 
Gerasimov and Simon [41] use a similar concept and propose a 
protocol that combines information from the network and data 
link layers. The authors modified the AODV protocol to perform 
bandwidth reservation, i.e., time-slotted data link control, thereby 
supporting QoS path reservation and release. They, how- ever, 
did not consider control phases of sensors, cluster definition, and 
evaluation of control messages. 
While the above scheduling schemes are able to reduce time 
and/or energy waste from possible transmission collisions, 
they simultaneously introduce one or more of the following 
problems. Many of them have considerable control message 
overhead (e.g., LMAC, AI-LMAC, and DRAND) for building 
data delivery schedules. In addition, a sensor network is an error-
prone and dynamic environ- ment so it may often be difficult 
to use deterministic schedules (e.g., DTA). For instance, packet 
retransmission for dropped packets (due to channel conditions) may 
lead to high delays, especially in a large multihop network [20], 
[27]. In addition, generating and delivering an optimal schedule 
for data transmissions is complex in a large-scale sensor network 
[27]. These concerns bring up questions about the scalability of 
the existing approaches. 

B. Random Access Schemes
Random access techniques implement highly scalable and 
lightweight distributed medium access control schemes. The 
IEEE 802.15.4 standard utilizes random contention access using 
CSMA/CA but it suffers from poor perfor- mance in DISNs [9], 
[12]. Schurgers et al. [36] proposed a contention-based protocol 
called Sparse Topology and Energy Management (STEM) to 
save energy. STEM imple- ments a two-radio architecture that 
allows the data channel to sleep until communication is required. 
Channel monitor- ing alleviates collisions and retransmission. 
However, a busy tone has to wake up the entire neighborhood of 
a node since the intended receiver's identity is not included on the 
monitoring channel. Thus, neighbors waste extra energy. Vaidya 
and Miller [35] tried to address such issues not considered in 
STEM by introducing a Rate Estimation (RE) scheme on top of 
it. They wake up the node, which had previously been involved 
in communication, via RE using an optimal wakeup interval. 
In this way, they minimize overall energy consumption. Both 
STEM and RE schemes assume a two-radio architecture. They 
ignore the complex- ity of adopting the second radio in a resource-
constrained sensor that may result in difficult transceiver design 
and additional energy consumption by the second radio. Note 
that a probabilistic access approach [27] can reduce over- head 
in terms of control messages to access the channel.

III. Glass Protocol Description

A. System Model
We assume the following system model:
1. Initially, sensors are evenly deployed in a field. Each sensor is 
aware of geographical data (e.g., coverage and location) associated 
with the mon- itored area. Sensors can determine their locations 
with different accuracy (i.e., with finer of coarser location 
granularity). 
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2. Wireless sensor networks may include both stationary and 
mobile sensors. The mobile sensors, e.g., mobile robots using 
sensors for critical monitoring applications [42], may change 
locations to perform their missions. Such sensor relocations are 
often sporadic and unpredictable, which makes channel access 
even more problematic for the sensors delivering collected data 
to next-hop neighbors. We adopt a quasi-periodic traffic model 
as more appro- priate for DIAs. This model also presents a 
challen- ging scenario in terms of channel access due to the large 
numbers of concurrent data transmissions within a short period 
of time. Collisions occur when a sensor receives more than one 
transmission simultaneously from different parties. 
3. Sensors are uniquely identified and equipped with omni-
directional antennas. Every sensor transmits or receives on a 
common carrier frequency. It transmits in assigned time slots 
and "idle listens" or receives otherwise. A sensor can transmit a 
message at the beginning of a time slot and complete the transmis- 
sion, including receiving an ACK message, within the same 
time slot (which is 7 ms given a 250 kbps data rate). All sensors 
transmit at the same power that covers a limited footprint,2 so 
multihop com- munication between a source and a sink is antici- 
pated. Efficient deployment of data-intensive multihop WSN is 
challenging. Meanwhile, it is expected that multihop WSNs will be 
utilized as an implementation platform for a wide class of mission-
critical monitoring applications with high bandwidth needs (e.g., 
bridge monitoring and disaster management). A major reason is 
relatively low deployment cost compared to wired alterna- tives. 
We aim at supporting DIA in such a network. 
4. The previous part of GLASS does not need any time 
synchronization to run, but the TDMA part using the schedule 
requires it. Here, time synchronization is managed by a Base 
Station using beacons. Note that sensors may lose beacon messages 
and there may be clock drift between synchronizations. Hence, 
sensors are designed not to transmit during the first millisecond 
of every time slot. This provides a slack time for synchronization 
errors and prevents colli- sions at the boundary of time slots. It 
trades bandwidth for the error elimination that can be adjusted 
using hardware. 

B. Glass Protocol
The GLASS protocol includes three phases: Grid Searching 
(GS), Transmission Frame (TF) Assignment, and Time Slot 
Assignment. Sensors follow these steps to determine time slot 
schedules cooperatively. The protocol is completely decentralized. 
To account for relocation of nodes in a mobile WSN, the GLASS 
protocol either periodically checks the accuracy of time slot 
assignment or requires the mobile nodes to verify/update their 
time slots following the CAIG function, as described in the 
following session. The cost of time slot reassignment is low (see 
experimental evaluation in Section V) due to the low complexity 
and small overhead. Also, the performance of GLASS is robust 
with respect to changes in topology.

Fig. 1. Virtual Grid Network

1. Grid Searching
We devise a GS algorithm to assign sensors in a monitoring area 
to grid cells. We assume that the monitoring area is virtually split 
into square grid cells with uniform shapes and sizes (see fig. 1). R 
is the length of one edge of any grid cell, and it ranges between 
2r and 2.1r, where r is the sensor's transmission range Such a 
configuration for R is critical for alleviation of collisions and 
overhead. In this paper, we set the R value as 2.1r. We will explain 
this further in Section 4. In addition, each grid cell is identified by 
a unique ID, associated with its location, i.e., a pair of coordinates 
(GS_Xi, GS_Yi). GS_Xi and GS_Yi represent the vertical and 
horizontal coordinates of a grid cell correspondingly. Every sensor 
applies the GS algorithm, presented in fig. 2, to determine the 
ID of the grid cell using its location information. Here, (xi, yi) 
is the location of Sensor i and (X0; Y0) defines the area covered 
by the WSN. Using spatial relationships between the sensor and 
the monitoring area, the sensor independently calculates the ID 
of the grid cell. If a sensor is located on a border between Fig. 3: 
Pseudocode of Assigning the Subtransmission Frame two grid 
cells, namely, the value of Z is an integer (here, Z corresponds to 
the x and y coordinates of a sensor in units of R, the length of a 
side of the grid cell—see Fig. 2), this sensor will randomly choose 
a grid cell's ID between these two grid cells. Note that we here 
introduce a simple grid cell search method based on a proprietary 
two-dimension map. The GS algorithm will be modified if the 
geographical coordinate system changes. Further consideration 
of this subject is beyond of the scope of this work. 

Fig. 2: Pseudocode of Grid Cell Search

Fig. 3: Pseudocode of Assigning the Subtransmission Frame

2. Transmission Frame Assignment
After a sensor locates its grid cell, it proceeds with TF assignment. 
We define a TF as a group of continuous time slots. The TF structure 
repeats to handle sensors' transmit, idle, or receive states. The TF 
can be divided into multiple equal Subtransmission Frames (STFs) 
that are orthogonal. In this paper, we use a configuration with two 
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STFs: A and B. Fig. 3 describes the algorithm for assigning an 
STF to a sensor. The sensor uses the GS result from the first phase 
to independently assign itself an STF (either A or B). As a result, 
sensors in adjacent grid cells operate at different STFs, reducing 
the potential for collisions. We can also configure four STFs via 
a minor modification of the algorithm in fig. 3. 
Fig. 4 presents examples of STF assignments. There is a network 
with nine grid cells and five nodes with two different STF scenarios 
(see figs. 4(a) and 4(b)). Each node uses the algorithm to find 
its STF as shown in fig. 4(c). Thus, collisions of transmissions, 
for example, from Sensors 2 and 3 are avoided due to temporal 
separation. With the four STFs configuration (see fig. 4(b)), this 
scheme extends sensors' transmissions over more STFs and 
intuitively guarantees collision-free intergrid transmissions in 
the network. However, it may result in worse bandwidth utilization 
and higher packet delay compared to the two STFs configuration 
because of the reduction in concurrent transmissions by sensors. 
Therefore, we pick the two STFs configuration for the rest of 
this paper.
In the two STFs case, the length of a TF is configured 
differently for different sensor distributions: 

 
The number of deployed sensors and number of grid cells are 
known in the predeployment stage. ff is an adjustable variable 
between zero and Number of deployed sensors/Number of grid 
cells. If sensors in the network are evenly distributed, ff will be 
small. If the sensors are not evenly distributed, ff will increase. 
To avoid uncertainty in sensor deployment, ff should not be too 
small, but this may slightly impact packet delay due to longer 
transmission cycle/frames.

Fig. 4(a): Network with two STFs configuration, (b). Network with 
four STFs configuration, (c). Comparison of STF examples

3. Time Slots Assignment 
After sensors discover their GS and STF, the next step is to 
determine a time slot for the transmission state of each sensor. We 
use LS to assign time slots for sensors, thereby avoiding collisions 
between neighbors. First, each sensor performs neighborhood 
discovery to prepare for time slots scheduling. The neighborhood 
discovery requires all sensors to broadcast their information about 
GS and STF to one-hop neighbors. In this way, every sensor 
is aware of its neighbors and maintains a neighbor table which 
records neighbors' ID, distance/hop count, GS, and STF. Further- 
more, sensors need to keep complete and accurate neighbors' 
information within their grid cells (local data), so each sensor 
must broadcast newly received data and update its neighbor table. 
Sensors adopt the data aggrega- tion, CSMA broadcast, and ACK 
techniques to avoid fine- grained and failed broadcasts. Because 
the side length of all grid cells is 2.1r, the maximum distance 
for a sensor to convey data within a grid cell is three hops. In 
other words, the sensor needs two or three broadcast messages 
to announce itself and discover neighbors' presence within a grid 
cell if none of the messages is lost. 
Next, sensors utilize the given information about the STF to 
generate a Latin Squares Matrix (LSM) for time slots assignment. 
An LSM for m time slots of an STF is an m Â m array, where 
each cell of the array contains one of a set of m symbols. Each 
symbol occurs only once in each row and once in each column 
[13]. An LSM with immediate sequential symbols can easily be 
constructed. One method of building a 2k Â 2k LSM is explained 
next and illustrated in fig. 5 [14]. 

Fig. 5: Example of LSM
1. Enumerate the 2k symbols successively from 1 to n. Assign
2. Successively the integers from 1 to n to the n cells in the first 
row by proceeding from left to right entering only cells in odd-
numbered columns, then reversing direction and filling in the cells 
in even-numbered columns. 
3. In each column, starting with the number already entered in 
the top cell, proceed downward, entering in each cell the integer 
immediately following the one in the cell above it, except the 
integer n followed by 1.
This way sensors can build an LSM of any size. We define rows 
of the LSM to represent each local sensor's transmission and 
columns of LSM to represent time slots of the STF (see fig. 5). 
Each sensor selects the local sensors of its LSM by choosing the 
sensors with the same GS and STF in the neighbor table. The 
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selected local sensors are sorted by ascending order of their IDs 
in the LSM rows. When Value of a cell of Latin Squares Matrix 
VLS (i, j) is equal to 1, the corresponding sensor i of the cell is 
allowed to transmit in its corresponding time slot j. For example, 
Sensor 5 is set to transmit its data within time slot 5 according to 
the LSM shown in fig. 5. The rest of the time slots are either in 
receive or in idle states. Note that the sensors can configure the 
time slots to the receive state using the information of one-hop 
neighbors' time slots assignment. The rest of the time slots are in 
the sleep state for energy savings. After the time slot of a sensor is 
determined using the LSM, the sensor broadcasts the information 
of its time slot and neighbor table to one-hop neighbors using 
CSMA and ACK. 
There is no guarantee that the generated LSM rows can be 
completely assigned to the local sensors. When the number of local 
sensors is less than the size of LSM, some sensors, e.g., sensor 1 in 
Fig. 5, are asked to access the channel more frequently in order to 
use bandwidth efficiently, but channel access fairness becomes an 
issue. We adopt the rotating procedure that arranges local sensors 
in extra rows of the LSM to give fair channel access to all the 
sensors inside the grid cell. If the number of local sensors is more 
than the size of the LSM, some sensors' operations are temporarily 
omitted based on the rotating procedure. Such a situation reveals 
an overcongested grid cell. In other words, network resources 
are unfairly distributed. With the above procedures, local sensors 
can create an identical LSM that ensures the same transmission 
schedule is shared by all the sensors in the grid cell if the sensors 
perform their neighborhood discovery correctly. The whole 
process is independent and distributed for every sensor.

Fig. 6: Pseudocode of CAIG Fnction

With the LS function, we enable nonoverlapping time slots 
assignment inside each grid cell. However, it is still possible that 
collisions will occur between transmissions near the intersection 
of four grid cells because sensors from different grid cells may use 
an identical STF. To address this challenge, we devised a function 
called Collision Avoidance near Intersection of Grids (CAIG) 
illustrated in Fig. 6. This function is initiated when a sensor with 
even GS_Yi finds that its time slot overlaps with the time slots of 
its two-hops neighboring sensors. In this case, the sensor updates 
its time slot and broadcasts the new neighbor table using CSMA 
and ACK. The sensors with even GS_Yi are chosen to perform 

the update since collisions occur near intersections of the grid 
cells with the same STF. Thus, it is sufficient to avoid all of the 
collisions by monitoring partitions of the network. This design 
indirectly reduces computation of the reassignment of conflicting 
time slots. Regarding the process of updating a conflicting time 
slot, the sensor chooses the smallest available time slot from the 
time slots not occupied by the sensor and its neighbors within two- 
hop, so it reduces the chance of exceeding the length of STF. If the 
length of STF is too short to include the required amount of time 
slots, some sensors will be forced to turn their transmission states 
off, resulting in a gap in the WSN. We can avoid this problem by 
adjusting the ff parameter. 
We use an example to illustrate the CAIG function. Given the 
network shown in fig. 7, A and B denote the STF, sensors are 
denoted by the letters in circles, and an underlined red number 
next to the sensor is the time slot of the sensor (derived from 
the LSM technique). In the case study, we assume that every 
sensor already knows the information about its neighbors in the 
same grid cell because of local neighborhood discovery. A sensor 
broad- casts the updated neighbor table after determining a time 
slot using LSM, so that the sensors located at the boundary of 
other grid cells can discover potential collisions. For instance, 
nodes S1 and S7 are one-hop apart and located in different grid 
cells. After node S7 broadcasts its neighbor data, node S1 will 
know that they share the same time slot. Node S1 thus starts the 
reassignment of its time slot (time slot 5), and then, broadcasts 
the updated neighbor data.

Fig. 7. Illustration of CAIG Functionality

Note that the assignment of a new time slot involves searching 
for the smallest available time slot in the sensor's two-hop 
neighborhood, i.e., the two-hop graph coloring problem [4, 16]. 
For Node S1, time slots 1, 2, 3, and 4 are used by nodes S7, S8, 
S2, and S3, respectively. So, the next smallest time slot is time 
slot 5. Similarly, node S4 learns about the collision between itself 
and node S8. Therefore, node S4 locally reassigns and broadcasts 
its new time slot (time slot 6). An instance of the hidden terminal 
problem is between nodes S2 and S5. They belong to different 
grid cells and are two-hops apart. So, the broadcast message from 
one is not received by the other. However, when node S3 hears 
the broadcast message of node S5, it finds that its neighbor node 
S2 shares the same time slot 3 with another neighbor, node S5. 
Node S3 thus broadcasts its updated neighbor data to help node 
S2 know of the possible collision. Node S2 reassigns its time slot 
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to time slot 2 and broadcasts it. Thus, CAIG alleviates possible 
collisions by providing distinct time slots to sensors in any two-
hop neighborhood. 
After the time slot assignment schedule is set (supported by 
LSM and CAIG), sensors run the transmission, receive, or sleep 
mode in time slots by following this schedule. In static networks, 
transmission of data should be conflict-free and needs no ACK 
message, but this protocol still adopts the ACK function in data 
delivery for higher layers management, e.g., the regeneration of 
time slots allocation for excessive colliding packets. 
In this paper, the spatial reuse of channel assignment is based on 
TDMA on a single frequency. The channel (time slot) assignment 
of GLASS can be converted into a frequency channel or an 
orthogonal spread spectrum code with no significant changes 
whatsoever. We note here that if time slots are replaced by a set 
of frequency channels or orthogonal codes, this will imply that 
the entire transmis- sion occurs during the same time and does 
not require time synchronization.

IV. Glass Analysis
In this section, we analyze the correctness and the overhead 
complexity of the protocol. 

A. Correctness of the Time Slots Schedule
To test the validity of the time slots schedule generated by 
the GLASS, we first define what a conflicting time slot is.
Based on the two-hop graph coloring problem, there is a conflict 
with the time slot, when the time slot of a sensor is the same as 
the time slot of another sensor within two-hops neighborhood 
[4], [16]. If we satisfy the condition that no conflicting time slots 
exist between any two sensors from any one grid cell and from 
any two different grid cells, we will prove that the generated time 
slot schedule is conflict-free. 
Theorem 4.1. There is no conflicting time slot assignment 
between any two sensors within any grid cell when the protocol 
converges. 
Proof. To prove Theorem 4.1, it is sufficient to prove that no two 
sensors within two-hop of each other share the same time slot 
in any grid cell. Given the side length of a grid cell as 2.1r, the 
maximum distance between any two points within a grid cell is 
Diagonal (D), 2.98r

To cover such a distance, three-hop transmission is required. Our 
neighborhood discovery scheme covers the neighbors up to three-
hops away within the grid cell. This 
 
ensures that every sensor discovers all of its neighbors within its 
grid cell for the correct time slots assignment. Next, we apply 
the LS characteristic to guarantee distinctive time slots for all the 
sensors located within a given grid cell. Under the assumption 
of correct neighborhood discovery, local sensors use the LS 
generation algorithms [13], [14] to create an identical LSM. 
Such an LSM ensures that every local sensor has the same time 
slots assignment schedule as every other sensor, which prevents 
overlapping time slots within a grid cell (see Fig. 5). If a sensor's 
time slot conflicts with its neighbor's time slot, then the CAIG 
function is initiated. This situation will not impact the accuracy of 
the time slots assignment in any two-hop neighborhood because 
the CAIG follows the two-hop graph coloring. Thus, we guarantee 
that any sensor selects a time slot different from the time slots of 
its two-hop neighbors in the grid cell.

Theorem 4.2. There is no conflicting time slot assignment 
between any two sensors from any two different grid cells after 
the protocol converges. 
Proof. To prove Theorem 4.2, it is enough to prove two points: 1) 
there are no conflicting time slot assignments between any two 
sensors that belong to different grid c el l s an d u se d if f eren t S T 
Fs a nd 2 ) t h ere are no conflicting time slot assignments between 
any two sensors that belong to different grid cells but use the same 
STF. We refer these to the fact that any two neighboring grid cells 
share either an identical STF or different STFs in this GLASS 
protocol. To prove point 1, in the Transmission Frame Assignment 
phase, we interleave STFs of nonadjacent grid cells, as shown 
in Figs. 4a and 4b so that transmissions from the grid cells with 
different STFs never overlap because of temporal separation. This 
validates the first point. Concerning the point 2, transmissions can 
conflict due to overlapping time slots either at a common receiver 
in between (a hidden terminal problem) or around intersections 
of any four grid cells (diagonally neighboring grid cells). In case 
of the two STFs setup, the distance between any two grid cells 
with identical STF is the side length of a grid cell, 2.1r, except 
at the intersections of four grid cells. Such a distance prohibits 
the sensors from these two grid cells to communicate directly 
if the sensors are not in the intersection region. The sensors are 
also unable to find a common receiver to relay data because the 
distance between them is greater then two-hops (2.1r). Therefore, 
there is no common receiver that uses overlapping time slots to 
receive data from both sensors. The CAIG function is devised to 
address the conflicting time slot in the cell intersections. Using 
collected neighbor information from other grid cells, a sensor 
near the border of its grid cell can examine the assigned time slots 
to exclude potential collisions. It reassigns itself to a distinctive 
time slot that is different from the time slots used by its two-hop 
neighborhood, if a conflicting time slot is discovered. As a result, 
the concerns with the hidden terminal problem and the collision 
around intersections of any four grid cells are alleviated. Thus, 
we guarantee that there is no conflicting transmission between 
any two sensors from any two grid cells.
Theorem 4.3. There is no conflicting time slot assignment between 
any two sensors when the protocol converges. 
Proof. According to Theorems 4.1 and 4.2, there is no conflicting 
time slot assignment within any grid cell as well as between any 
two grid cells. So, the time slots assignment schedule with the 
two STFs configuration proves to be conflict-free. Besides, the 
time slot assign- ment schedule with the four STFs configuration 
is also conflict-free (as it follows from Theorem 4.1 and point 1 
of Theorem 4.2).
These results regarding the behavior of GLASS are based on the 
spatial and temporal relationships between different sensors. In 
this section, we do not consider the effects of radio propagation 
or interference. We do incorporate the two-hop graph coloring 
problem into the design of GLASS to support conflict-free time 
slot scheduling. The hops indicate radio connectivity rather than 
any particular radio propagation model. 

B. Overhead Complexity
The overhead of GLASS occurs during neighborhood discovery 
and the message complexity depends on the area of local 
neighborhood (grid cell). Thus, the value of R has significant 
impact on the overhead cost. R ranges between 2r and 2.1r. We 
set R to be larger than 2r to alleviate the hidden terminal problem 
(see the proof of Theorem 4.2) and less than 2.1r to minimize the 
overhead messages by limiting the maximum hop count (i.e., three 
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hops, inside a grid cell, see the proof of Theorem 4.1). In other 
words, we configure R to enhance the transmission reliability 
while minimizing the neighborhood discovery cost. Intuitively, the 
smaller the value of R, the better is the spatial reuse of all sensors. 
Meanwhile, we take into account the effect of radio irregularity 
[15] between transmissions, so we keep a buffer distance to reduce 
this effect. We set the default of R as 2.1r to preserve the buffer, 
i.e., 10 percent of r, avoiding transmission collisions while taking 
into account the spatial reuse factor, the transmission reliability, 
and the overhead cost. 

Fig. 8: Network Topologies: (a). Random Dense Network, (b) 
Sparse Network, (c). Medium Sparse Network, (d). Large Dense 
Network

After neighborhood discovery is completed, each sensor derives the 
time slots schedule in a distributed way with one or more broadcast 
messages. These depend on the degree of local contention. The 
complexity remains O(x), where x is the size of locally contending 
neighbors.

V. Simulation Results
We implemented GLASS in Network Simulator (ns-2) [10] and 
evaluated transmission efficiency, overhead complexity, latency, 
impact of changing topology, and scalability. We compare the 
GLASS protocol with the IEEE 802.15.4 CAP mode (CSMA/
CA) [6] and DRAND [4]. We used the comparison with 802.15.4 
as a baseline of this study, and DRAND served as an example of 
an advanced access- scheduling approach. DTA [20] and NAPT 
[21] are not included in this comparison study since DTA is not a 
distributed scheme and NAPT does not perform as well as DRAND 
in terms of transmission efficiency. We set the channel data rate 
to 250 Kbps and the sensor transmission range to 15 meters. The 
packet size is 70 bytes. Four network topologies are tested in 
simulation, as shown in Fig. 8. The first topology (fig. 8(a) is a 
random dense network. It includes 20 sensors randomly placed in 
a 63 Â 63 m2 flat area with a BS, and all sensors intend to report 
sensed data to the BS. We place the BS in two different locations to 
demonstrate different aspects of the GLASS. The first BS location 
is near an Intersection of Grid Squares (IGS), e.g., node 0, and 
the second location is Not near an Intersection of Grid Squares 
(NIGS), e.g., node 20. The average two-hop neighborhood size 
in this topology is 12.5 sensors. It reflects a densely populated 
network with challenging hidden terminal problems and multihop 
data delivery to the BS. Topologies (b), (c), and (d) represent 
networks with different node densities. They include 20, 40, and 

80 nodes in a 126 Â 126 m2 flat area with a BS in a center. We 
follow the system model described in Section 3. We assume that 
each sensor always has pending data ready for transmission, so 
the simulations represent a data-intensive traffic scenario. For the 
radio channel propagation model in the simulations, a two-ray path 
loss model was chosen and fading was not considered.
The reported simulation results are averaged over 30 runs. 
Simulations run for 400 seconds of simulation time. Mobile 
scenarios are discussed later. 
We evaluate the network performance using the following 
metrics: 
Throughput: Amount of the data successfully arrived at the BS 
per second. 
Success rate: Ratio of the number of transmitted packets that reach 
the BS successfully to the total number of generated packets from 
the application layer. 
Average number of control messages per sensor: Number of 
transmitted control messages per sensor per cycle of time slot 
generation. 
Variation ratio of the packet loss rate: A measure of dispersion 
between the packet loss rate at the 100th second and the packet 
loss rates afterward. The network topology has no changes until 
100 seconds. Then, it begins to periodically have a certain node 
move to a new position in the rest of simulation time (see details 
of the mobility scenario in Section 5.4). Packet loss rate ¼ ð1 À 
Success RateÞ.
Average number of cumulative overhead messages per sensor: 
Number of transmitted control messages per sensor at the end 
of all time slot recoveries. The time slot recovery is designed to 
update a time slot schedule for all sensors.
Probability of conflict-free time slot schedule in the new two- hop 
neighborhood: Probability that a sensor's time slot does not conflict 
with those of its neighbors within a two-hop distance after the 
sensor moves to a new location.
Average delay of successful packets: The average time for a packet 
to successfully reach the BS.

A. Transmission Efficiency
To show transmission efficiency at different levels of network 
loads, we vary the number of simultaneous senders from 1 (low 
contention) to 20 (high contention) in the random dense network. 
These simultaneous senders are selected around the BS for each 
run. Furthermore, we configure all sensors in the network as 
simultaneous senders and program them to deliver CBR packets 
for different data generation rates, i.e., (packet/second/node). We 
utilize two metrics to demonstrate the transmission efficiency: 
throughput and success rate (Fig. 9). We notice that transmission 
efficiency of the CSMA is unacceptable for high contention 
scenarios. On the other hand, transmission efficiency of the 
DRAND is satisfactory for all traffic loads. In Figs. 9a and 9b, 
the GLASS protocol is not equipped with the CAIG function. It 
shows lower performance compared to the DRAND protocol, but 
significantly outperforms the CSMA. Since collisions still occur 
near intersections of grid cells, the DRAND protocol is better 
than the GLASS protocol without the CAIG function. Overall, 
the performance with NIGS is higher compared to the case of IGS 
since, with NIGS, the BS is not near the high-contention area. 
The success rate of GLASS-IGS with 8-20 senders has a concave 
shape: more data are lost with more than 15 senders. Next, the 
GLASS protocol with the CAIG function is tested under stringent 
conditions: 20 simultaneous senders and different data generation 
rates. Fig. 9c shows that the GLASS and DRAND are comparable 
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in the success rate metric, while the CSMA performs worse because 
of high channel contention and retransmission. Accordingly, it 
is apparent that the CAIG function indeed maintains collision 

resolution around intersections of grid cells, and the complete 
GLASS protocol matches the DRAND protocol in transmission 
efficiency under different traffic loads.

Fig. 9: Transmission Efficiency in Random Dense Network Topology: (a). Effect of CAIG on Throughput Performance, (b). Effect 
of CAIG on Packet Success Rate Performance, (c). Transmission Reliability Comparison Given ff is 3, (d). Effect of ff on Collision 
Avoidance

Tuning the ff parameter can influence the trade-off between 
collision avoidance and packet delay. Fig. 9d shows the collision 
effect, while the delay effect is demonstrated in the next results. 
We use the percentage of sensors without conflicting time slots 
as a metric of collision avoidance. In the random dense network, 
we observe that collision avoidance improves with an increase in 
ff. The optimal value of ff depends on network topology. For the 
topology in Fig. 8a, an optimal ff from simulation is 3.

B. Scalability
Next, we here compare performances of the considered schemes 
in the large dense network (80 nodes). Fig. 10(a) displays the 
success rate of packets. Both GLASS and DRAND are consistently 
reliable because of their conflict- free time slots assignment. 
This is in contrast to CSMA, which demonstrates even lower 
success rate compared to the random dense network (see fig. 9(c), 
since additional multihop transmissions increase the probability 
of conflict- ing transmissions in the large dense network. Fig. 
10(b).
shows the throughput of the CSMA is much lower than that of 
the DRAND and GLASS protocols. This is because the CSMA 
is less efficient in the network with higher channel contention. 
Both the DRAND and GLASS protocols are designed to overcome 
challenges of data-intensive traffic scenarios, and so, their 
performance is better. DRAND and GLASS results are comparable 

under low traffic loads, e.g., 1 packet/second/node. As the traffic 
load increases, the DRAND protocol shows higher throughput 
compared to the GLASS protocol since its Transmission Frame 
(TF) is shorter. Both techniques face a bottleneck at the BS: their 
throughputs remain flat at higher traffic loads. Fig. 10c displays 
the latency performance of CSMA, GLASS, and DRAND. The 
average delay of the successful CSMA packets matches those of 
the DRAND and GLASS packets at lower traffic loads (e.g., 1 
packet/second/node) since the CSMA's retransmission function 
increases the likelihood of delivering packets to destinations, if the 
traffic load is low. As the loads increase and create more packet 
interference, the CSMA delay performance degrades significantly 
with high variations, while the DRAND and GLASS delay 
performances show a smoothly linear increase. This phenomenon 
can be explained by the fact that while the scheduling schemes 
(e.g., DRAND and GLASS) reduce transmission collisions via 
efficient local coordination, the CSMA results in increasing packet 
delay (i.e., unreliable transmission) due to the hidden terminal 
problem and the high channel contention. In addition, because 
of the shorter length of DRAND's TF, the average delay of a 
successful DRAND packet is shorter than that of a successful 
GLASS packet. We previously mentioned that the ff parameter 
influences the length of TF. With a longer TF, average packet delay 
increases, as shown in fig. 10(c). Proper selection of ff would tune 
the observed trade-off.

Fig. 10: Performances in Large Dense Network Topology: (a). Packet Success Rate Performance Comparison, (b). Throughput 
Performance Comparison, (c). Packet Delay Performance Comparison
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Fig. 11: Comparison of Control Overhead: (a). Overhead Cost 
in Random Dense Network, (b). Effect of Node Density on 
Overhead 

C. Overhead Evaluation
Some access control mechanisms may exchange control packets to 
establish channel access. Such control packets hold no application 
data and consume resources (e.g., bandwidth, energy, and time), 
so we regard these packets as overhead. For scheduling-based 
approaches, like GLASS and DRAND, the control overhead 
occurs in both of Neighborhood Discovery phase (ND) and Time 
Slots Schedule and Dissemination phase (TSSD). For CSMA, 
no control message is used since the RTS/CTS mechanism is not 
applied. For a fair comparison, both the GLASS and DRAND 
protocols adopt the broadcast method to exchange the control 
messages. 
Fig. 11(a), shows comparative overhead costs in the random 
dense network. DRAND has higher overhead than GLASS due 
to extensive messages exchanged for the time slot assignment. 
GLASS, relying on local sensor computations outperforms 
DRAND in the 3-to-1 ratio. We also explored the effect of network 
density on the control overhead. We performed experiments with 
different network topologies varying the average number of two-
hop neighborhoods from 0.5 to 11 nodes. The neighborhood size 
of the network was changed by changing the numbers of nodes 
from 20 to 160 within a 150 Â 150 m2 flat area. Fig. 11b shows 
that control overhead with DRAND increases proportionally as the 
network density increases. The overhead with GLASS is almost 
independent of the network scale and node density. In addition, we 
note that the overhead cost, contributed by the CAIG is low since 
the CAIG function only involves locally conflicting sensors. Next, 
we investigate the convergence time of executing GLASS for all 
sensors in the network. We assume that sensors are not moving 
during the GLASS process. Each sensor starts from performing 

Grid Searching and Transmission Frame Assignment to define its 
spatial and temporal bounds. After that, sensors run neighborhood 
discovery within their grid cells for 30 seconds to configure an 
LSM for time slots assignment. Note that the network with a lower 
node density commonly requires less time to collect neighbor 
information. In our work, we configure a long period, 30 seconds, 
for the neighborhood discovery taking into account the networks 
with different node densities. Finally, sensors perform CAIG to 
ensure accuracy of the assigned time slots. The runtimes of the 
above steps for the network topologies in Figs. 8b, 8c, and 8d are 
approximately 32, 32, and 34 seconds, respectively. Such close 
results are explained by the low overhead of GLASS protocol.
We performed experiments with networks scaling from 20 to 80 
nodes, and with node densities from 0.5 to 12 nodes per two-
hop neighborhood. We observed that the network scale and node 
density do not have a significant impact on reliability and overhead 
cost of GLASS, which proves its feasibility.

D. Impact of Sensor Mobility
In mobile WSNs, the topology may change because of sensors 
relocation. Sensor mobility may result in degrading transmission 
efficiency and/or increasing overhead cost. Here, we investigate 
the impact of changing network topology on GLASS compared 
to DRAND. 
First, we conduct three sets of experiments in the random dense 
network with different topology update frequencies resulting in 
time slot recovery, i.e., 1, 2, and 4 times. We randomly select five 
mobile nodes moving to random locations. The node relocations 
and time slot recovery occur evenly within the simulation duration. 
We use the Variation ratio of the packet loss rate metrics to 
demonstrate 1) the effect of changed topology on transmission 
efficiency and 2) the improvement after time slot recovery. Fig. 
12a illustrates that the topology changes result in an increase in 
packet loss until the time slot recovery. For instance, GLASS 
and DRAND with 1 TS recovery (red lines) show continuous 
increases of the metric up to 375 seconds when the time slot 
recovery occurs. We observe a step trend in the variation ratio 
increase since some node relocations do not impact network 
performance. For example, with GLASS, the performance does 
not change much from 300 to 350 seconds of simulation time. 
More frequent time slot recovery reduces variations in the packet 
loss rate and enhances transmission efficiency. Thus, the degrading 
influence of the changed topology is alleviated (as shown with 
the blue and green lines). In other words, a regular update of time 
slots helps sensors to overcome the impact of changed topology. 
The overhead cost caused by the 
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Fig. 12: Influence of the Changed Topology Between GLASS and DRAND: (a). Transmission Efficiency in Dynamic Networks with 
Time Slot Recovery, (b). Overhead Cost of Time Slot Recovery, (c). Robustness Against Changing Topology

time slot recoveries, however, results in extra control messages 
consuming energy and bandwidth [11]. Fig. 12b displays this trade-
off for GLASS and DRAND. As we observe, GLASS considerably 
outperforms DRAND (three- fold decrease in the overhead cost). 
Note that some time slot recovery may not enhance network utility 
if the network is not changing frequently. Meanwhile, the overhead 
cost will be added anyway. 
Fig. 12c shows the robustness of the considered schemes 
with respect to the changing topology in different networks. Here, 
we assume that the time slot is not updated after relocation of a 
node. We set up an experiment that randomly selects a node with a 
random location in the network. After that, we check if the current 
time slot of the node is conflicting with the time slots of its new 
two-hop neighbors after the relocation. If it does, this node is in a 
possible collision area and its time slot schedule is not conflict-free. 
This is repeated 10 times (i.e., we consider 10 randomly moving 
nodes) in each experiment. Ten trials are run for each network 
topology, i.e., Figs. 8b, 8c and 8d, with 95 percent confidence 
intervals represented by error bars. To capture variation of results, 
we calculate the percentage of similarity between the average 
results shown by a red number above the DRAND column in Fig. 
12c. In the sparse network, DRAND and GLASS demonstrate 
comparable performance with 92 percent similarity and with their 
probabilities of conflict-free time slot schedule after reloca- tion 
both being around 0.7. As more nodes join the network (resulting 
in medium sparse and large dense networks), we observe that 
performance of both of the techniques degrade, but degradation 
of the DRAND protocol is more consider- able compared to the 
GLASS protocol (only 39 percent similarity in the large dense 
network). This means that in the large dense network, GLASS 
better adapts to changing topology according to the statistical 
results. This is because of the two STFs configuration and the 
grid concept utilized in GLASS. In the case of GLASS, there is 
50 percent chance that a node moves to a new location and finds 
a different temporal domain, i.e., a different STF, so potential 
collisions are avoided. DRAND protocol does not support such a 
feature and it is more vulnerable to sensor mobility and changing 
network topology. 

E. Discussion
Sensor applications have different bandwidth requirements. 
Some WSNs performing telemetry monitoring require low data 
rates while Structural Health Monitoring networks demand high 

data throughputs. IEEE 802.15.4 networks perform reasonably 
well in the case of low data rates. Fig. 9(b) illustrates this fact, 
which is also confirmed in literature [9, 20]. As the traffic load 
increases, a more intelligent scheme of GLASS or DRAND is 
required to handle data-intensive communication between sensors. 
GLASS efficiently miti- gates high data loss in mobile data-
intensive sensor net- works. We have demonstrated that GLASS 
considerably outperforms IEEE 802.15.4 contention mode and 
matches DRAND in terms of transmission efficiency. Meanwhile, 
GLASS is much more efficient in adapting to sensor mobility 
and changing network topology. At the same time, it provides a 
distributed and scalable channel access. 
The traffic load has no impact on overhead of the GLASS protocol 
regardless of the application requirements. More- over, our 
experiments demonstrate that the GLASS over- head is practically 
independent of network scale and node density. In general, the 
ratio of overhead cost to data cost is higher in the low data rate 
network than in the high data rate network. Meanwhile, with the 
low number of control messages for the time slot generation with 
GLASS (see Fig. 11), energy consumption is acceptable even in 
the case of low data rates. The overhead generation with DRAND 
is about 0.02 percent of the total battery capacity of a node with 
2,500 mAh and 3 V battery [4]. Apparently, the overhead cost with 
GLASS is less than 0.02 percent given the same battery. The light 
weight of GLASS protocol considerably enhances its adaptability 
in the networks with different traffic loads. 
GLASS performs channel access using sensor location information. 
In general, the precision and cost of location determination 
techniques may be an issue. Recently, this has been partially 
resolved via the advancement of intelligent and inexpensive 
positioning techniques [7-8]. For example, the authors in [7] 
proposed a distributed location algorithm for sensors, which is 
accurate up to 10 centimeters. Mean- while, the average node 
energy spent during localization at the networks ranging from 
100 to 700 nodes is less than 1 J (i.e., 0.004 percent of the total 
battery capacity of a node with 2,500 mAh and 3 V battery). That 
enhances practicability of the location-aware channel access, such 
as the GLASS protocol. In addition, the GLASS protocol is not 
sensitive to the location-based errors since the designs of STF and 
CAIG function provide temporal and spatial collision prevention 
techniques. The length of TF is an important factor. It affects 
bandwidth utilization and packet delay. GLASS and DRAND both 
adopt the two-hop graph coloring to assign time slots, and so, the 
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protocols try to minimize the length of TF. Because of the two STFs 
configuration in GLASS, it may trade small amounts of throughput 
and packet delay to reduce collisions, control messages overhead, 
and degradation due to changing topology, which are important for 
resource-constrained WSNs. Due to the low complexity and small 
overhead, the cost of time slots recovery in GLASS is considerably 
lower compared to DRAND. Finally, the GLASS performance is 
less susceptible to changing topology. 

VI. Conclusion
In this paper, we presented a novel grid-based scheduling access 
technique called GLASS to mitigate the performance degradation 
in data-intensive mobile sensor networks. According to GLASS 
protocol, each sensor utilizes the two-hop graph coloring to derive 
a collision-free transmis- sion schedule based on the Latin Square 
Matrix and the CAIG function. The design of a virtual grid network 
minimizes the protocol complexity and overhead, and subsequently 
improves the scalability. GLASS provides conflict-free time slots 
assignments in transmission sche- dules, low control messages 
overhead, and good adapt- ability in dynamic environments. 
The results from our analysis and simulations demon- strate the 
feasibility of our approach in terms of transmis- sion reliability, 
control overhead, and packet delay. While efficiently eliminating 
conflicting time slots in transmission schedules, GLASS uses about 
33-100 percent of the DRAND overhead in each generation of time 
slots scheduling. Their transmission reliability is comparable. Our 
approach is especially suitable for mobile data-intensive sensor 
net- works with frequently changing topology. 
In future research, we plan to investigate more sophis- ticated 
cooperation between sensors in the process of time slots assignment. 
The design of a virtual grid network of GLASS is an effective 
and simple method to cluster local sensors, improving network 
scalability. However, its opera- tion depends on sensor location 
awareness. Applying other clustering techniques (e.g., [43]), we 
can relax the require- ment of location awareness. Increasing the 
complexity of clustering or changing cluster coverage may impact 
the control messages overhead, which needs further investiga- 
tion. We also plan to implement and evaluate the GLASS protocol 
in a real sensor network testbed.
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