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Abstract

In the fully meshed network, where every node is connected
directly to every other node, network traffic is very high because
in the fully meshed network, number of communication links is
N×(N−1)

2 and communication cost is 2×N × (N −1), where N is
total number of nodes in the network. To minimize network traf-
fic, we propose an algorithm for generation of communication sets
that allows any two nodes to communicate by traversing at most
two nodes regardless of the network size by dividing the nodes in
the system into subgroups of size G where G ≥ 1, which are then

organized into quorum groups of size k1 =
(√

N
G approx.

)
in a

method similar to that used in Maekawa’s algorithm except that
now quorum groups are constructed out of subgroups instead of
nodes. The performance analysis of the proposed partitioning
algorithm shows that it significantly reduces network traffic as
well as total number of communication links required for a node
to communicate with other nodes in the system.

Keywords: Quorum; Coterie; Communication sets; Network
traffic

1 Introduction

Every node is connected directly to every other node in the completely
connected network, so that number of communication links is very high,
N×(N−1)

2 , where N is total number of nodes in the network. The num-
ber of hops used in a completely connected network is N × (N − 1)
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because each node can reach every other node using one hop only.
In the proposed partitioning algorithm each node can communicate
with other nodes by either one or two hops regardless of the network
size by dividing the nodes in the system into subgroups of size G
where G ≥ 1, which are then organized into quorum groups of size

k1 =
(√

N
G approx.

)
in a method similar to that used in Maekawa’s

algorithm [1] except that now quorum groups are constructed out of
subgroups instead of nodes. The idea presented in this paper is that
the entire system is divided into number of subsets equal to the num-
ber of nodes. Each node in the system is assigned a subset of size
k, (k =

√
N approx.). After that,

(
N
G

)
subgroups are formed with

G subsets per subgroup. Now subgroups organized into
(

N
G

)
quorum

groups of size k1 =
(√

N
G approx.

)
in a method similar to that used

in Maekawa’s algorithm [1]. Now, each such Quorum group will be
associated with G subgroups. The intersection between every pair of
quorum groups is exactly one subgroup instead of a node. The per-
formance of proposed partitioning algorithm will be evaluated using
network traffic, communication links, communication cost and routing
table size as a criterion for evaluation. The major contributions of the
paper include: (i) a novel approach for generating communication sets
proposed by considering the concept of Quorums (ii) simulation results
show that proposed algorithm performed better than Hajj’s [2] scheme
with respect to reducing the network traffic and the total number of
communication links. The remainder of the paper is organized as fol-
lows: Section 2 features existing research work in the field of generation
of communication sets. Section 3 outlines the model on which our al-
gorithm is based. The proposed partitioning algorithm is presented in
section 4. Section 5 discusses about the performance of the proposed
algorithm. Finally, section 6 concludes the paper.
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2 Related Work

Maekawa’s algorithm [1] is a distributed algorithm and total number
of messages per mutual exclusion required 3

√
Nk messages:

√
Nk mes-

sages to convey a request,
√

Nk messages to obtain permissions, and√
Nk messages to release mutual exclusion. It is assumed that the nodes

communicate only by passing messages instead of sharing of memory.
Drawback of Maekawa’s algorithm is that there is no procedure given
for the construction of overlapped sets when k − 1 is power of a prime
number. Wassim EI-Hajj [2] presented a special network topology that
is unique in terms of nodes interconnection, communication sets are
designed by two techniques, when p+1 is the power of a prime number
and when p+1 is not the power of a prime number. A distributed rout-
ing protocol is proposed by them after constructing the initial topology
that allows any two sites to communicate with each other by travers-
ing at most two nodes regardless of the network size. If k is power
of a prime number then there exists a finite projective plane of order
k. If either k − 1 or k − 2 is divisible by 4 and k is not a sum of two
integral squares (k 6= a2 + b2), then finite projective plane of order k
does not exist. k × (k + 1) + 1 lines are there in a finite projective
plane of order k [3]. A method for creating a coterie with quorum size
k + 1, where k is a prime number is presented by K.T. Tseng, C.B.
Yang [4]. In this paper [5], grid based quorums are constructed using
paths that bear resemblance with billiard ball paths, through the re-
sulting quorums of size

√
2N as compared to 2

√
N of Maekawa’s grid

based method. Barbara [6] examined the relationship through pair wise
non null intersections between weighted voting and sets of nodes. S.
Rangarajan [7] proposed a distributed fault tolerant algorithm for the
replica control problem that can be parameterized to achieve the de-
sired balance between low message overhead and high data availability.
M. Neilsen [8] introduced a new class of protocols within the unifying
framework based on quorums which generalized all consensus proto-
cols which used m rounds of message exchange. Load of a particular
node is distributed over m identical nodes by partitioning the nodes
into mutually overlapping subsets so that, through querying only a few
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nodes, a node gets the partial system state information [9]. Advantage
is that it significantly reduced the total number of messages required
for a node to take scheduling decision.

3 The System Model

In our proposed algorithm, each node in the network allocates a com-
munication set satisfying the following constraints:
A1. Si

⋂
Sj 6=φ ∀i, j ∈ 1, 2 . . . N .

A2. Si, 1 ≤ i ≤ N always contains i.
A3. The size of |Si| is k for any i. That is,

|S1| = |S2| = |S3| = . . . . . . = k

A4. Ri is contained in k S′js ∀i, j ∈ 1, 2 . . . N .

Where set of subsets Si is called coterie, Ri is referred to as requesting
subset of Si. According to Maekawa algortihm [1], for a network with
N number of nodes, create N different sets of size k (k =

√
N approx.)

such that N is represented as N = k×(k−1)+1, where k−1 is a prime
number. If N cannot be represented in this form, then some dummy
sites have to be added for the construction to work.

Considering a system with 13 nodes, we see that the communication
sets of the nodes 3, 7, 8 & 12 are as follows:
S3 = {3, 7, 8, 12}, S7 = {2, 7, 10, 13},
S8 = {1, 8, 9, 10}, S12 = {4, 5, 10, 12}.

Rule 1 states that there is at least one common node between the
communication sets of any two nodes. Communication sets S3 and
S7 have node n2 in common as in Figure 1. Rule 2 states that each
node should belong to its own communication set, i.e. node n1 is
part of communication set S3. Rule 3 states that the size of each
communication set is to be equal to k, i.e. size of S3, S7, S8, S12 is 4
whenever N = 13. The fourth constraint states that each site should be
contained in k other sets. Whenever communication sets are generated,
each node can communicate with other nodes by either one or two hops
regardless of the network size. So in case of S3, node 3 will exchange its
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Figure 1. Network topology of size N = 13 nodes

state change messages only with node 7, 8 and 12. From these nodes
it can also acquire the state information of nodes numbered 1, 2, 4,
5, 7, 8, 9, 10, 12 and 13 and can update its system state table also.
So node 3 does not need to communicate explicitly with all the nodes
except missing nodes 6, 11. So that total number of messages is equal
to 2×(k−1)+2× number of missing nodes. Therefore, given a network
of size N , our task is to generate a communication set for each node
such that constraints A1 through A4 are satisfied.

4 The Proposed Partitioning Algorithm

Consider a system with N (N ≥ 2) nodes, entire system is divided into
number of subsets equal to the number of nodes. Each node in the
system is assigned a communication set of size k, (k =

√
N approx.)

according to algorithm 1 & 3. After that, we group these subsets into(
N
G

)
subgroups with G subsets per subgroup, where G ≥ 1. We then
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construct
(

N
G

)
quorum groups such that each quorum group is made

up of k1 =
(√

N
G approx.

)
subgroups; where each subgroup contains

G subsets according to algorithm 1&3, except that now the quorum
groups are constructed out of subgroups instead of nodes. Whenever
Quorums are generated, each node can communicate with other nodes
by either one or two hops regardless of the network size. Algorithm 2
calculates total number of missing nodes (worst case), through which
each quorum communicated explicitly, because each quorum contained
only partial system information.

4.1 Case 1: N = k(k − 1) + 1

Algorithm 1: Generating the communication sets where k−1 is a prime
number
Result: Generate k groups of (k − 1) non-intersecting sets.
1. begin
2. Data K, count=2
3. Result: Generate a matrix B [K] [K-1]
4. for i = 0 to K do
5. for j = 0 to K-1 do
6. B[i] [j] = count++
7. end loop
8. input c = 1
9. Result: Calculate all S[i] rows by performing operation on inter-
secting rows.
10. begin
11. for i = 0 to K do
12. S[c] [0] = 1
13. for j = 0 to K-1 do
14. S[c] [j+1] = B[i] [j]
15. end loop
16. c = B[i+1] [0]
17. end loop
18. end
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19. input c = 2
20. Result: Calculate all S[i] columns by performing operation on
intersecting column.
21. begin
22. for j = 0 to K-1 do
23. S[c] [0] = 2
24. for k = 0 to K-1 do
25. S1[c] [k+1] = B [k+1] [j]
26. end loop
27. c = B[1] [j+1]
28. end loop
29. end
30. Result: Perform the operations of diagonal matrix
31. begin
32. set c = 0, s = 0, t2 = 2, z = 2
33. for k =1 to K-1 do
34. set t3 = 0, n = 0, r = 0
35. while (r < k-1) do
36. if (t3 < z-1) then
37. set t1 = B [t2] [++t3]
38. else
39. set t1 = B [0] [k]
40. set S1[t1] [0] = B[0] [k]
41. set c = 1+ n, j =1+ n, m1=1
42. for i =1 to k-1 do
43. S1[t1][m1] = B[i] [j-1]
44. m1++
45. c+ = k + s
46. P = c % (k-1)
47. if (P==0) then
48. set j = z
49. else
50. set j = P
51. end for loop
52. n = n + 1, r = r + 1
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53. end while loop
54. end for loop
55. end
56. Result: Display the no. of S[i] matrix.
57. for i =1 to n do
58. for j = 0 to k do
59. print S1[i] [j]
60. end loop
61. end loop
62. end

Algorithm 2: Find the all missing nodes
1. begin
2. input l, k, c
3. for t1 = 1 to N do
4. initialize j = 0
5. for m1 = 0 to k do
6. l = S [t1] [m]
7. k = 0
8. while k <= K do
9. c = 0
10. for a = 0 to 1000 do
11. if SS[a]==S1[l] [K] then
12. c =1
13. break
14. end if
15. end for loop
16. if c = 0 then
17. SS[j] = S1 [l] [k]
18. j++
19. end if
20. end while loop
21. end step 4 for loop
22. for i = 0 to 1000 do
23. if S[i] != 0 then
24. print SS[i]
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25. else
26. break
27. end if
28. end for loop
29. print t1
30. print N-i
31. end for loop of Step 2
32. end

4.2 Case 2: N 6= k(k − 1) + 1

When N 6= k × (k − 1) + 1, we need to find the value of a number
M such that M = k × (k − 1) + 1, where M > N . First, we create a
degenerate set of Si’s in a similar way as in algorithm 1 and eliminate
M −N Si’s from this coterie as well as these nodes must be replaced
from each quorum such that M1 replaced by N1, M2 replaced by N2

etc.

Algorithm 3: Calculation of D and replacement of D sites
1. begin
2. k =

√
N and let M = k (k-1) + 1

3. if M < N then
4. k = k + 1
5. D = M – N
6. Replace these D sites, D1, D2...... from coterie as well as from quo-
rums by N1, N2 . . . in such a way that each quorum size should be
k in such a way that Ri is contained in more than k Sj ’s, for all
i, j ∈ 1, 2 . . . N .
7. If there is a duplication of node in Si then insert a new node (starting
from the first node) in such a way that Ri is contained in k Sj ’s, for
all i, j ∈ 1, 2 . . . N

8. end

An example of such grouping strategy is discussed here. We con-
sider a system with 28 nodes; Figure 2 groups nodes with

√
N nodes

per subset. Figure 3 shows subgroups that contain four subsets (G = 4)
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per subgroup and there are seven quorum groups
(

N
G

)
= 7 as shown in

Figure 4. Each quorum group consists of k1 = 3, k1 =
(√

N
G approx.

)

subgroups. The intersection between every pair of quorum groups is
exactly one subgroup. Now construct communication sets for N = 28
by algorithm 1 and 3.

S1 = {1, 2, 3, 4, 5, 6}
S2 = {2, 7, 12, 17, 22, 27}
S3 = {3, 11, 12, 18, 24, 27}
S4 = {4, 8, 15, 17, 24, 28}
S5 = {5, 8, 16, 19, 22, 27}
S6 = {6, 11, 15, 19, 23, 27}
S7 = {1, 7, 8, 9, 10, 11}
S8 = {2, 8, 13, 18, 23, 28}
S9 = {2, 9, 14, 19, 24, 26}
S10 = {2, 10, 15, 20, 25, 27}
S11 = {2, 11, 16, 21, 26, 28}
S12 = {1, 12, 13, 14, 15, 16}
S13 = {3, 7, 13, 19, 25, 28}
S14 = {3, 8, 14, 20, 26, 27}
S15 = {3, 9, 15, 21, 22, 28}
S16 = {3, 10, 16, 17, 23, 26}
S17 = {1, 17, 18, 19, 20, 21}
S18 = {4, 9, 16, 18, 25, 27}
S19 = {4, 10, 12, 19, 26, 28}
S20 = {4, 11, 13, 20, 22, 26}
S21 = {4, 7, 14, 21, 23, 27}
S22 = {1, 22, 23, 24, 25, 26}
S23 = {5, 9, 12, 20, 23, 28}
S24 = {5, 10, 13, 21, 24, 27}
S25 = {5, 11, 14, 17, 25, 28}
S26 = {5, 7, 15, 18, 26, 6}
S27 = {1, 27, 28, 26, 6, 8}
S28 = {6, 7, 16, 20, 24, 28}

Figure 2. Grouping nodes with
√

N nodes per subset
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G1 = (S1, S2, S3, S4)
G2 = (S5, S6, S7, S8)
G3 = (S9, S10, S11, S12)
G4 = (S13, S14, S15, S16)
G5 = (S17, S18, S19, S20)
G6 = (S21, S22, S23, S24)
G7 = (S25, S26, S27, S28)

Figure 3. Grouping subsets with G subsets per subgroup
Q1 = {G1, G2, G3}
Q4 = {G1, G4, G5}
Q6 = {G1, G6, G7}
Q2 = {G2, G4, G6}
Q5 = {G2, G5, G7}
Q7 = {G3, G4, G7}
Q3 = {G3, G5, G6}

Figure 4. Grouping subgroups with
√

N
G subgroups per Quorum

5 Experimental Study

Performance of the proposed partitioning algorithm is evaluated using
network traffic, communication links, communication cost and routing
table size as a criterion for evaluation. According to simulation study,
the proposed algorithm performs better than Hajj’s [2] algorithm with
respect to reducing the network traffic and the number of communica-
tion links. First, consider Hajjs [2] algorithm in some detail which is
based on Maekawa’s [1] algorithm.

5.1 Hajj’s Algorithm

In Hajj’s Algorithm [2], it is shown that how N sites in an ad-hoc net-
work can be divided into communication sets with

√
N nodes per com-

munication set such that constraints A1 through A4 are satisfied. Com-
munication between two nodes takes place either directly or through
a third node, which will exist to connect them. An example is shown
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in Figure 5 where there are 7 nodes and 7 communication sets with 3
nodes per communication set.
S1 = {1, 2, 3}
S4 = {1, 4, 5}
S6 = {1, 6, 7}
S2 = {2, 4, 6}
S5 = {2, 5, 7}
S7 = {3, 4, 7}
S3 = {3, 5, 6}

Figure 5. Grouping nodes with
√

N nodes per communication set

So in case of S3, node 3 will exchange its state change messages only
with node 5 and 6. From these nodes it can also acquire the state
information of nodes numbered 1, 2, 5, 6 and 7 and can update its
system state table also.

5.2 Simulation Result

5.2.1 Routing Table Size

Usually, each node stored a routing table of size (N × N) for making
routing decisions. Now no routing table needs to be stored on any one
of node, route is computed on demand.

5.2.2 Communication Links

The number of links in a completely connected network is N×(N−1)
2 ;

number of links required by our algorithm is N ×
(√

NG − 1
)

.

Gain =


 N − 1

2×
(√

NG− 1
)


 (1)

5.2.3 Communication Cost

The number of hops used in a completely connected network is N ×
(N−1) because each node can reach every other node using one hop. In
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the proposed algorithm each node can communicate with other nodes
by either 1 or 2 hops. So, total number of hops is = N×(no. of 1 hop

+ 2 ×(no. of 2 hops)) = 2×N ×
(√

NG − 1
)2

.

Loss =


 N − 1

2×
(√

NG − 1
)2


 (2)

Figure 6. Gain Figure 7. Loss

5.2.4 Network Traffic

Quorum contained only partial system information, so that some node
information is missed through which each quorum communicated ex-
plicitly. If quorums explicitly communicate with these nodes, then the
required number of messages will be 2 × {[(k − 1) × G]} + 2× num-
ber of missing nodes according to the proposed partitioning algorithm
where, as in traditional systems, the number of required messages is
[2× (N − 1)] and in Hajj’s algorithm [2], the number of required mes-
sages is [2× (k − 1)+ number of missing nodes ×2].
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5.2.5 Analysis

It can be clearly seen from Figure 9 that network traffic is less in the
proposed algorithm as compared to Hajj’s algorithm [2], as N increases,
traffic increases almost in a linear fashion. If communication sets are
generated using the proposed algorithm, then the number of missing
nodes is less as compared to Hajj’s algorithm [2] (Figure 8). But in
terms of gain (Figure 6) and loss (Figure 7), Hajji’s algorithm [2] per-
forms better than the proposed algorithm. As N increases, the gain
increases almost in a linear fashion, while the loss is bounded by a
constant in case of Hajj’s [2] algorithm.

Figure 8. Missing Nodes Information Figure 9. Network Traffic

6 Future work and conclusion

It is shown that from the perspective of the network traffic and par-
tial system information, the proposed algorithm provides a significant
performance over the traditional one. We illustrated by simulation
that this protocol reduces both network traffic and number of messages
communicated explicitly with missing nodes. Now, we will propose an
algorithm for load balancing problem in P2P system using concept of
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this paper.
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