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Abstract. When more than seven devices to be connected in a Bluetooth 
scatternet, bridge devices are used to connect two piconets into a scatternet. To 
deal with possible data transmissions between different piconets, the bridge 
device must switch to different masters frequently. Suppose that a bridge is 
serving a piconet and the master in another piconet is calling it at the same time, 
the calling master has to wait until the bridge completes the previous service. 
Such transmission delay may accumulate in a long period and the performance 
of the whole Bluetooth network will degrade significantly. This work tries to 
smooth the kind of transmission delay in Bluetooth network. This work 
proposes two new scheduling protocols: the static schedule and the hybrid 
schedule. This static schedule deals with this kind of coordination among 
piconets distributedly by applying edge coloring technique. In case of heavy 
traffic load, the static schedule is expected to perform well. On the other hand, 
in case of light traffic load, the static schedule may results in long and 
unavoidable routing delay even there is no transmission between piconets; thus 
a naive random round-robin schedule in each piconet becomes more appropriate 
in case of light traffic load. Thus, in the hybrid schedule, each master in its 
piconet runs round-robin scheme initially; when the traffic load is heavier than 
a predefined threshold value, it turn to run the static schedule. Also, a new 
graph model, delay graphs, is proposed to model and estimate the delay time 
required for the proposed scheduling schemes theoretically. Finally, we conduct 
simulations by using ns-2 simulator and Bluehoc to demonstrate the efficiency 
and effectiveness of the proposed scheduling protocols. 
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1   Introduction 

In Bluetooth architecture, the master is connected with at most seven slaves to form a 
piconet, and the salves have to synchronize clock information with its masters for 
future transmission in the same hopping mode. When more than seven devices to be 
connected, bridge devices are used to connect two different piconets into a scatternet; 
and the bridge device must deal with any possible data transmissions between them. 
Suppose that a bridge is serving a piconet and the master in another piconet is calling 
it at the same time, the calling master has to wait until the bridge completes the 
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previous service. Afterward, the calling master connects with the bridge. Such 
transmission delay may accumulate in a long period and the performance of the whole 
Bluetooth network will degrade significantly [1, 2]. 

Inter-piconet scheduling is required to coordinate bridges such that particular slots 
used in each piconet are reserved for specific master-slave pairs. These slots are 
called rendezvous points [2]. Generally, in large-scale scatternets, the coordination of 
the bridges in different piconets is harder than in small-scale scatternets; that is, large-
scale scatternets require complex coordination mechanisms to establish rendezvous 
points in bridge devices [3]. In addition, Misic and Misic’s analysis [4, 5] indicates 
that the crucial factor in minimizing end-to-end packet delay should be in minimizing 
the end-to-end delay for inter-piconet rather than intra-piconet traffic. The intra-
piconet scheduling considers the scheduling problem for a single piconet by tackling 
three main issues: slave activity, fairness, and efficiency [2].  So far, these two kinds 
of scheduling problems have been proposed and evaluated extensively [2, 3, 6-21]. 

This work presents two scheduling protocols: the static schedule and the hybrid 
schedule to smooth the inter-piconet transmission delay in large-scale Bluetooth 
networks. The hybrid schedule applies either the static schedule or RR schedule 
dynamically according to the traffic load of each piconet. Note that some piconets 
may run the static schedule; however, others may run the hybrid schedule 
simultaneously in the same scatternet. Theoretically, we also propose a directed graph 
model, called delay graph, to model time delay resulting from inter-piconet and intra-
piconet scheduling. 

We also conduct simulations by using ns-2 simulator [22] and Bluehoc [23] to 
demonstrate the efficiency and effectiveness of the presented scheduling protocols. 
Three scheduling protocols including round robin (RR) scheme, the static schedule, 
and the hybrid schedule combining with two routing protocols: the routing vector 
method (RVM) [24] and a new simple routing protocol are used as the basis of 
comparisons. Three system metrics in evaluating how these protocols perform include 
throughputs, end to end delays, and packet loss rates. Simulation results demonstrate 
that the protocols with the static schedule increase throughput than the protocols 
without. 

The remainder of the paper is organized as follows. In the next section, we briefly 
describe related work, followed with some necessary graph definitions and notations 
in Section 3. We then introduce our proposed two scheduling protocols in Section 4. 
Next, we show how delay graphs can be used for modeling the delay time of inter-
piconet and intra-piconet scheduling on Bluetooth networks in Section 5. Simulation 
results will be presented and discussed in Section 6. Finally, Section 7 concludes this 
paper. 

2   Related Work 

A comprehensive survey on the issue of Bluetooth scatternet can be found in [2]. In 
[25], the blue-star build mechanism is applied to construct a scatternet. A device v 
decides whether it is going to be a master or a slave depending on the decision made 
by its neighbors with weights. Specifically, device v becomes the slave of the first 
master among its bigger neighbors that has paged and invited it to join its piconet. In 
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case no bigger neighbors invited v, v itself then becomes a master. Once a device has 
decided its role, it will communicate to all its neighbors so that they can also make 
their own decision. In [6], Johansson et al. proposed a dynamic window-based 
scheduling framework for Bluetooth networks. They introduced a new Bluetooth 
mode, called JUMP mode, which includes a set of communication rules that allow 
efficient scatternet operation by offering flexibility for a device to adapt its activity in 
different piconets with respect to different traffic conditions. 

In demand-based Bluetooth schedule [7], R. Rao et al. used 7 slots for a period so 
as to arrange piconet schedule. If a piconet consists of 3 slaves, each slave could be at 
least takes two turns in a period. If one piconet comprises of four slaves, one of these 
slaves is a bridge device. The time slots are distributed to the remaining slave devices. 
In [8], Racz et al. proposed an approach concerning bridge devices assigning meeting 
points with their peers so that the sequence of meeting points are generated by using a 
pseudo-random sequence. Their method removes the need for explicit information 
exchange between peer devices. Baatz et al. [9, 10] utilized the concept presence 
points, which are some adaptive defined points where a master and its slaves may 
meet. The length of a specific communication period is not pre-defined, but bases on 
current link utilization and the number of packets ready to send. 

In [18], Capone et al. designed and evaluated different simple polling schemes for 
Bluetooth networks. In [11], Zhang and Cao devised a flexible scatternet-wide 
scheduling algorithm for Bluetooth networks, which tried to improve the network 
performance by arranging the polling order based on wasted pools and traffic load. 
Their algorithm uses a switch table concept which directs bridge devices to switch 
between the multiple piconets to which it belongs. In [12], Johansson et al. proposed a 
periodic rendezvous approach, called the maximum distance rendezvous point 
(MDRP) algorithm, whose basis is that rendezvous points are as far away from each 
other as possible. Latter, Kazantzidis and Gerla [13] extended their rendezvous point 
approach by not only selecting non-conflicting rendezvous points, but also seeking 
optimal choices of these points. In [14], Tan and Guttah devised a locally coordinated 
scheduling that dynamically adjusts the schedule based on workload conditions and 
the concept of scheduled meetings. In [15, 16], Son et al. proposed two inter-piconet 
scheduling approaches to satisfy measures for quality of service. In [3], Har-Shai et al. 
showed that the coordination of the bridges in different piconets is easier than in 
large-scale scatternets which require complex coordination mechanisms to establish 
rendezvous points. They presented and evaluated a load adaptive scheduling 
algorithm for small scale scatternets. To improve Bluetooth network performance 
through a time-slot leasing approach, the authors [26, 27] showed that establishing 
temporary piconets can enhance the speed of transmission. They also suggested that 
let one of slave play a role of master to poll the other slaves. It constructs a small 
piconet and sent data directly. After finishing the communication, the master device 
changes to be a slave device again. In [24], Bhagwat and Segall proposed a routing 
vector method (RVM), which is based on the concept of route vector, for routing in 
Bluetooth scatternets. To reduce the overhead of carrying information, piconets in 
RVM are represented by local identification numbers (LocID) selected locally by 
relays and the sequence of LocIDS (as opposed to sequence of MAC addresses) are 
saved in the packet header. 
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3   Definitions and Notations 

A graph G=(V, E) consists of a finite nonempty vertex set V and edge set E of unordered 
pairs of distinct vertices of V. A graph is simple if it has no loops and no two of its links 
join the same pair of vertices. The ends of an edge are said to be incident with the edge. 
Two vertices which are incident with a common edge are adjacent. An edge with 
identical ends is called a loop, and an edge with distinct ends a link. The degree dG(v) of a 
vertex v in G is the number of edges of G incident with v. We denote the maximum 
degree of vertices of G by Δ(G). A walk in G=(V, E) is a finite non-null sequence 
W=v0e1v1e2…ekvk, where vi∈V and ej∈E for 0≤i≤k and 1≤j≤k. The integer k is the length 
of the walk. When vo, v1, …, vk are distinct, W is called a path. A path is a cycle if its 
origin and terminus are the same. A directed graph is a graph with directed edges. A 
bipartite graph G =(S, T, E) is a graph whose vertex set can be partitioned into two 
subsets S and T such that each of the edges has one end in S and the other end in T. 
A k-edge coloring of a loopless graph G is an assignment of k colors to the edges of G. 
The coloring is proper if no two adjacent edges have the same color. The edge 
chromatic number χ′(G), of a loopless graph G, is the minimum k for which G is k-
edge-colorable. A subset M of E is called a matching in G=(V, E) if its elements are 
links and no two are adjacent in G. The definitions and notations can be found in [28].  

4   Designing Scheduling Protocols by Employing Edge Coloring 
Technique 

We present two scheduling protocols: the static schedule and the hybrid schedule as 
follows. The intuitive idea of the static scheduling protocol originates from the 
following client-server environment [29]. Suppose that there are several clients 
request services from a number of servers. The problem here is to schedule those 
communications between services and clients so that conflicts can be avoided. 

T1
T2

T3

T4

c1 s1

s2

c2 s3
 

Fig. 1. The Client-Server environment 

Suppose that we have two clients {C1, C2} and three servers {S1, S2, S3}, C1 
requests service T1 from S1 and T2 from S2, and C2 requests service T3 from S2 and T4 
from S3 (Fig. 1). If T1 and T4 are scheduled in the first time slot, then T2 and T3 should 
be executed in different time slots to avoid conflicts. As a result, three time slots are 
required to complete the desired communication (Fig. 2(a)). Alternatively, if T1 and T3 
are executed in the first time slot, then T2 and T4 can scheduled in the second time slot 
simultaneously (Fig. 2(b)). The number of overall required time slots is two (one less 
than the previous schedule). Moreover, possible conflicts are also prevented. If we 
view Fig. 2 as a bipartite graph G, sets {T1, T3} and {T2, T4} are two matchings in G, 
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which form an edge coloring by using two colors (i.e., time slots). Fig. 3 presents a 
schedule with edge coloring technique. 

Similarly, the above edge coloring technique can be used for the scheduling 
problem in the Bluetooth scatternet network. A partial schedule for masters and 
bridges (with three time slots) in Fig. 4 is presented. 

In Fig. 4, bridge device B1 requires at least three time slots for {T1, T2, T3}. B2 
requires at least two time slots for {T1, T2}, and B3 requires the processing time of T1 
and T2. The Bluetooth network requires additional two time slots for scheduling the 
remaining slave devices. Determining the least number of required time slots is 
equivalent to determining the edge chromatic number χ′(G) of the graph G 
representing the desired Bluetooth network. An important theorem due to Vizing [28] 
 

T2T1 T1

T2 T3 T4T4 T3

TimeTime
(b)(a)  

Fig. 2. An effective schedule reduces the overall communication time 
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Fig. 3. A schedule with its edge coloring 

 

Fig. 4. A schedule with occupied time slots 
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states that χ′(G)=Δ(G) or Δ(G)+1, when G is a simple graph. Evidently, the 
corresponding graphs of Bluetooth network are simple (i.e., without loops and 
multiple edges). If every communication between two devices occupies a single time 
slots, the minimum number of time slots required in the whole network is the 
maximum degree of the representing graph plus one. Moreover, when G is bipartite, 
we have χ′(G)=Δ(G) [28]. That explains why the network in Fig. 4 requires only five 
(not six) time slots (colors) for schedule because the maximum degree of the 
underlining graph is five and the graph is a tree, which is bipartite. 

The number of time slots T selected in the Bluetooth network directly affects 
system throughput. In the static schedule, we determine the value of T after 
completing the scatternet formation. Actually, we set the value of T to be the 
maximum degree of the underlining graph plus one at the beginning. 

To obtain the desired degree information, every bridge sends its degree value to its 
masters. When receiving degree information from bridge devices, masters preserve the 
largest degree value among them. As master and bridge device receive a bigger degree 
value, they will broadcast it to other masters and bridges; otherwise stop propagating 
this degree information. Eventually, every master and bridge device obtains the largest 
degree T of associated network and prepares a schedule by using T time slots in a round. 

The static schedule is described as below: 

Step 1: Collect the degree information to determine the number of time slots used in 
a round within each piconet. 

Step 2: Schedule master-bridge communications by applying an algorithm modified 
from Dannie Durand et al.’s distributed edge coloring algorithm [29]. 

Step 3: Schedule master-slave communications by selecting them in appropriate 
remaining time slots in each piconet. 

Step 2 can be implemented by modifying Dannie Durand et al.’s distributed edge 
coloring algorithm [29], which is designed originally for bipartite graphs. 

The modified algorithm: 
Input:  A non-bipartite graph G=(M, B, E) which represents a given Bluetooth 

network, where M and B are vertex sets representing masters and bridges, 
respectively and E is the edge set representing all communication links 
between masters and bridges. 

Output: An edge coloring (equivalently a time slot assignment) on G. 
While (G=(M, B, E) is not empty) 
{ 
Get Ncolors new colors. 
For i=1 to Npasses; 
 {  

Bridge selection step: for all bridges in B, assign Ncolors to untried edges(s) 
chosen uniformly at random. 

 Master resolving step: for all masters in M, resolve conflicts by selecting 
uniformly at random. 

 } 
Delete colored edges and vertices of zero degree from G. 
} 
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Note that a node may be belonging to both M and B because its corresponding 
device is not only a master and but also a bridge connecting to another master. Above 
randomized algorithm can be easily applied to select non-conflict time slots for even 
non-bipartite scatternet. For the reason that every edge connecting a master and a bridge 
will definitely be selected and assigned a time slot in bridge selection step; its conflicts 
may occur and resolved in the subsequent master resolving step. For illustration, a 
possible schedule after Step 2 with occupied time slots is shown in Fig. 4. 

In case of heavy traffic load, the static schedule is expected to perform well; in case 
of light traffic load, however, the static schedule may results in long and unavoidable 
routing delay even there is no transmission between piconets; thus a naive random 
round-robin (RR) schedule in each piconet becomes more appropriate in case of light 
traffic load. In Fig. 4, for example, if Source node tries to send packets to Dest node, the 
packets have to pass through M1, B1, and M2. Suppose that Source node is scheduled in 
the fourth time slot to communicate with M1, M1 has to wait for the third time slot of the 
next round to relay the data to B1. Such delay could be unjustified especially when the 
traffic load of network is light. Moreover, collecting degree information in the static 
schedule introduces extra overhead. Therefore, in the hybrid schedule, we try to find a 
compromise between the static schedule and the naive RR schedule. In the hybrid 
schedule, each master in its piconet runs RR schedule initially; when the traffic load of a 
piconet is heavier (determined and decided by the master) than a predefined threshold 
value, it turn to run the static schedule instead. On the contrary, the hybrid schedule will 
run RR schedule again whenever the traffic load becomes light again. 

Note that the hybrid schedule assume that each master independently detects 
whether the switching condition is satisfied or not and determines one of RR and the 
static schedule to be adopted in its own piconet distributedly. Since traffic loads 
within different piconet may be unequal at any one time, different schedules may be 
adopted at the same time by different piconets’ masters in the same Bluetooth 
network. In other words, some may run RR schedule while the other may run the 
static schedule at a time; after a period of time, the adopted schedules may be changed 
again due to varying work loads. Moreover, neighboring piconets which newly adopt 
the static schedule and thus forms a connected sub-scatternet require rescheduling for 
selecting appropriate new time slots. 

5   A Graph Model for Inter-piconet and Intra-piconet Delay 

Some papers discuss the performance of bridging strategies. Misic and Misic [4, 5] 
proposed Queuing methods to model access delay, and consider the probability 
distribution of end-to-end delay time for both local and non-local traffic. To the best 
of our knowledge, no graph model has been proposed for this kind of delay problem. 

In this section, we propose a discrete structure, called delay graphs, for modeling 
the inter-piconet and intra-piconet delay time of the scheduling problem in Bluetooth 
networks. Given a Bluetooth network, we first represent it as a simple graph 
G=(V, E), where a vertex (depicted as a circle) in V represents a Bluetooth device and 
an edge (depicted as a straight line) in E indicates a possible communication between 
two devices. Moreover, when the device acts a role as a master or bridge, we 
represent it in the graph with a heavy-line circle, as shown in Fig. 5.  
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Fig. 5. A Bluetooth network with its delay graph 

For a Bluetooth network with its representing graph G=(V, E), we then construct a 
delay graph G*=(V*, E*) from it as follows: 

(1) For each v∈V and its representing device is a slave node; that is, it is neither a 
master nor a bridge, we add v into V*. 

(2) For each v∈V and its representing device is either a master or a bridge, we add a 
set of dG(v) vertices called super node Sv={sv, 1, sv, 2, …, sv, dG(v)} into V*. In a 
word, we use a set of vertices to replace a non-slave vertex. 

(3) For each edge e=(u, v)∈E, we construct the edge set of G* as follows. If one of u 
and v is neither a master nor a bridge, we add e=(u, v) into E*. Otherwise, if u is a 
slave vertex and v is a non-slave vertex, we add e=(u, sv, i) into E*,  where u is the 
ith adjacent vertex of v. If both u and v are non-slave vertices, we add e=(su,j, sv,i)  
into E*,  where u is the ith adjacent vertex of v and v is the jth adjacent vertex of u. 

(4) Add a directed edge [vi, vj] into E* if device vj is scheduled just after device vi in 
intra-piconet schedule for all vi, vj∈V*. 

(5) For each vertex v∈V*, assign an integer wv=i to v if the device v is scheduled in 
ith time slot. 

(6) Associate each directed edge [u, v] with a nonnegative weight w, where w=(wv-
wu) mod k if w>=α; w=((wv-wu) mod k)+k if w<α and a piconet switching occurs. 
Here 0≤w≤k-1 and k is the required time slots in a piconet and α is the required 
time slots for switching between piconets. 

An example of delay graph with k=5 and α=2  is given in Fig. 5, where node 
a, e and d are masters but b is a bridge. Note that in the delay graph we represent the 
intra-piconet schedule of master or bridge nodes by using super nodes with associated 
directed edges. Specially, the induced subgraph of these vertices in a super node is a 
directed cycle which represents a cyclic scheduling order of slaves in a piconet. Since 
the weight of each vertex in the delay graph represents the current time slot assigned 
to the corresponding device, the weight of each directed edge [u, v] in the super node 
then indicates the least required delay time for relaying messages through a master or 
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bridge. Note that switching from one piconet to another incurs a delay due to the need 
to synchronize clocks. As a result, the weight of the edge can be assigned with 
w=(wv-wu) mod k if inter-piconet switching time α is less than or equal to the offset 
time (wv-wu). Otherwise, w=((wv-wu) mod k)+k if inter-piconet switching time α is 
greater than the offset time w because the switching device misses the first scheduled 
time slot. Accordingly, the weight sum of a directed path from a super node A to B in 
delay graphs estimates the least accumulated inter-piconet and intra-piconet delay 
time for packets transmitted from master/slave A to master/slave B through the given 
Bluetooth network. 

6   Simulation Results 

Bluehoc [23] is used to simulate the proposed scheduling protocols. Based on the 
open source simulator network simulator (ns-2) [22], Bluehoc provides a Bluetooth 
extension to ns. In addition, Bluehoc provides a standard platform for performance 
comparisons between various routing and service discovery protocols over ad-hoc 
networks. 

In the following simulations, we specify a 100 by 100 meters rectangular region 
with 100 to 500 nodes. Each of these devices is placed randomly inside the region. We 
also use BlueSstar formation protocol [25], which is also supported by ns-2, to 
construct a scatternet. Three scheduling protocols RR, the static schedule, and the 
hybrid schedule combining with two routing protocols: RVM [24] and a simple 
routing protocol are used as the basis of comparisons. Three system metrics in 
evaluating how these protocols perform include throughputs, end to end delays, and 
packet loss rates 

Note that the simple routing protocol constructs a shorter routing path for pairs of 
sources and destinations; however, shorter paths may result in larger power 
consumption. Moreover, more piconets constructed in the same scatternet may also 
introduce additional switching time required for those devices included in those newly 
added piconets. Simulation results with respect to the hybrid schedule and the simple 
routing protocol in this work are omitted intentionally due to page limit. 

In the following simulations, we use constant bit rate (CBR) as traffic model and 
20% of 100~500 devices are chosen for generating traffic data. Diverse traffic loads 
ranged from 50 to 500 packets / second are also considered. 

 

Fig. 6. System throughput 
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Fig. 7. The packet transmission delay 

As the traffic rate becomes heavier, system throughputs of four combinations 
(including either RVM or the simple routing protocol with either RR or the static 
scheduling) rise gradually, and then reach peaks, and finally decline slowly. Particularly, 
Fig. 6 reveals that these protocols combined with the static schedule increase throughput 
than the protocols without. When comparing the highest throughput, RR combined with 
RVM routing reaches its peak rate at 420 packets/second. However, the static schedule 
combined with our routing protocol reaches its peak rate at 780 packets/second, 
increasing about 85 percent. 

Fig. 7 depicts the packet transmission delays. Evidently, the static schedule 
combined with the simple routing results in shortest packet delay than other 
combinations do. When combining with RR schedule, both our routing protocol and 
RVM result in long waiting delay due to unexpected meeting point nature of RR 
schedule. We also note that, in these scenarios, inter-piconet scheduling deeply affects 
average packet delay time than routing protocol does. For the same reason, as the 
traffic rate is increasing, these gaps between protocols combined with RR and that 
with the static schedule become wider gradually. 

Another important metric in Bluetooth network is packet loss rate. In the following 
simulations, the size of buffer prepared for every master device is 500 packets.  Fig. 8 
depicts the packet loss rates. The combination of RVM with RR schedule achieves the 
highest packet loss rate, which is within 0.4% ~ 0.3%. The merit of the static schedule  
can be easily seen by noting that protocols combined with RR schedule have higher 
packet loss rates than protocols combined with the static schedule. Particularly, the 
static schedule combined with the simple routing protocol has the lowest packet loss 
rate between 0.02% and 0.1%. Moreover, the combination achieves a lower packet 
 

 

Fig. 8. The packet loss rate 
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loss rate even as the traffic load become heavier due to conflict-free schedule and 
shorter routing paths. 

7   Conclusions 

In this work, we present two scheduling protocols: the static schedule and the hybrid 
schedule in Bluetooth networks. The static schedule increases system throughput by 
shortening packet delay time. The hybrid schedule, a mixture of the static schedule 
and RR schedule, further increase system throughput and shorten the required delay 
time. We also define the delay graph, which can be used to estimate required delay 
time in Bluetooth networks. 
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