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Abstract

In this paper, we present a quorum based algorithm
for (m, h, k)-resource allocation problem, i.e., a con-
flict resolution problem to control a distributed sys-
tem consisting of n users and m critical resources so
that the following two requirements are satisfied: at
any given time, at most h (out of m) resources can
be utilized by some users simultaneously and each re-
source is utilized by at most k concurrent users. The
problem is a natural generalization of several well-
studied conflict resolution problems such as mutual
exclusion, k-mutual exclusion, generalized mutual
exclusion and group mutual exclusion. The (m, h, k)-
resource allocation problem can be solved by employ-
ing a k-mutual exclusion algorithm, however, it is in-
efficient in terms of the message complexity. We thus
propose a new algorithm and a new quorum system
(m, h, k)-coterie used in it. Then we show that all re-
quirements of the problem are guaranteed, and the
mazimum degree hk of concurrency is achieved as de-
sired and the message complexity is the same as for a
single k-coterie based algorithm.

Keywords: Concurrency, coteries, distributed con-
flict resolution, fault-tolerance, mutual exclusion, quo-
rum systems

1. Introduction

Mutual exclusion (mutex in short) and concur-
rency [14, 3, 17, 1, 8] are two of the most funda-
mental issues in the study of distributed control and
management problems. The mutex, as the first clas-
sical conflict resolution problem, arises when mul-
tiple users compete for a single shared resource in
an uncoordinated way. The problem is to synchro-
nize concurrent multi-users such that at most one
user can be allowed to utilize the critical resource
at a time. In the concurrency, a restricted num-
ber of the non-conflicting users are allowed to allo-
cate the critical resource so that they can simulta-
neously utilize the resource and the system perfor-
mance can be increased. The problem of k-mutual

exclusion (k-mutex) [5, 12] and group mutual exclu-
sion (GME) [10, 7, 21, 15] are the two well-studied
natural generalizations of the mutex and concur-
rency. The k-mutex relaxes the safety concurrency
requirement of mutex such that at most k& (> 1)
users can be allowed to utilize a single resource si-
multaneously, and the GME problem synchronizes
conflicting users in sharing a set of m critical re-
sources (instead of a single resource) such that at
most one resource can be utilized by some concur-
rent users at a time.

In some distributed computing environments,
enforcing mutex while exploring into concurrency
may occur in several interesting situations. For
example, consider a high performance and fault-
tolerant storage systems such as RAID (redundant
arrays of inexpensive disk) [19]. Such systems em-
ploy an array of hard drives, for which concurrent
operations can be performed to lead high through-
put and contains redundant information to recover
the original information for fault-tolerance against
disk failure. A traditional implementation of this
system employs a single disk controller for the disk
array. Although this implementation can survive
with a faulty disk, the entire storage system can be
down caused by a controller failure. Therefore, we
need to consider another architecture which con-
sists of more than one disk controller in order to
avoid the faulty-controllers. This system consists of
an array of m disk drives, h (< m) disk controllers,
n (> m) processors and two interconnected bus as
depicted in Figure 1. (We assume that each proces-
sor has a single process in this example). Due to the
limited number of disk controllers, the number of
processors simultaneously access the controller ar-
ray must be limited to h at any given time. The
GME problem, in practical, cannot be applied in
this case since each controller has a bounded ca-
pacity access to its queue so that it can only han-
dle some requests concurrently in guaranteeing the
quality performance, and thus at most k concur-
rent request commands can be performed simulta-
neously on each controller. It means that this stor-
age system allows k intra-disks and h inter-disks



concurrently while n processors are trying to access
m disks. Therefore, a more general conflict resolu-
tion model which relaxes both the mutex and con-
currency is required. Another similar problem also
appears on a distributed dynamic channel alloca-
tion in mobile cellular networks [9, 22]. Interference
neighbors of a cellular network consists of m cells,
only h channels can be allocated in each interfer-
ence neighbor to avoid conflict or interference, and
each of which only permits up to k concurrent com-
municable sessions.
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Figure 1. A doubled redundant storage archi-
tecture

Recently, Lawi and Yamashita [16], and
Joung [11] independently introduced and de-
fined (m, h, k)-resource allocation as a general con-
flict resolution problem which relaxes the safety re-
quirement of the k-mutex and GME problems.
The problem models the above resource alloca-
tion problems and designs a conflict resolution
such that the following two requirements are sat-
isfied: at any given time at most h (out of m)
resources can be utilized by some users simultane-
ously, and each resource is utilized by at most k
concurrent users at a time. Since h resources are al-
lowed to be utilized simultaneously and &k users
are allowed to concurrently utilize for each re-
source, then at most hk users can enjoy the access
right.

Quorum based approaches are the well-known
solution to any kind of conflict resolution problem
which is generalized from mutex. The class of these
solutions gives a significant interest in fault-tolerant
of users and communication failures that may lead
to network partitioning [1, 2, 6], and thus it can dy-
namically resolve the conflict among users in allo-
cating the resources. In Lawi and Yamashita [16],
they introduced a new quorum system called m-
group (h,k)-coterie and showed that a quorum

based algorithm adopting it can solve the (m, h, k)-
resource allocation problem. However, their algo-
rithm may not allow users to utilize h resources and
hence the degree of concurrency may not reach hk.
Another quorum system, called (m, 1, k)-coterie,
has also been introduced by Joung [11], but it can
only solve the problem for h = 1.

This paper presents a quorum based algorithm
for (m, h, k)-resource allocation problem. The prob-
lem can, of course, be solved by employing a k-
coterie and an h-coterie based algorithms sepa-
rately, however, it is inefficient in terms of mes-
sage complexity. We thus introduce a new quorum
system called (m, h, k)-coterie, and show that the
quorum based algorithm adopting it, instead of a
k-coterie, can solve the problem in a more efficient
way. That is, it guarantees that all requirements of
(m, h, k)-resource allocation problem, achieves the
maximum degree hk of concurrency as desired and
gives message complexity as for a single k-mutex al-
gorithm. The properties of (m, h, k)-coterie follow
properties of (extended) k-coteries in which a pair
of intersecting and non-intersecting quorums are as-
sociated with a bicoterie and a disjoint pair of co-
teries, respectively. It would also be easy to observe
that the (m, 1, k)-coterie introduced in Joung [11] is
just one example of (m, h, k)-coteries when h = 1.
Some intuitive examples of the new quorum sys-
tem are also presented.

2. Preliminaries
2.1. Model of the System Considered

We consider a distributed system that consists of
a set U of n users (or nodes) in which they commu-
nicate with each other using reliable FIFO bidirec-
tional communication links and share a nonempty
set of m critical resources, R = {r1,...,r,}. We as-
sume that each user is either operational or not but
if failures occur to a user then it can be detected
by other ones. Users fail according to the fail-stop
model in [20] and no bound exists to their rela-
tive speed. As usual in mutual exclusion, users al-
ternate repeatedly between four sections of code as
shown in Figure 2; a possibly nonterminating non-
critical section (NCS), a trying section, a terminat-
ing critical section (CS), and an exit section. A user
within the NCS when it has no interest to allo-
cate any resource, and can utilize a resource only
when it entering its CS. The synchronization is pro-
vided in the trying and ezit section which are exe-
cuted immediately before and after the CS, respec-
tively.

As mentioned, let us consider a distributed sys-
tem consisting of n users, which share m resources.
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Figure 2. The mutual exclusion process

The system is said to be (m, h, k)-resource allocated
if the following conditions hold [16]:

e group h-exclusion: at most h (out of m) re-
sources can be utilized by some users simulta-
neously at a time.

e k-concurrent entering: at any time, at most
k (out of n) concurrent users can utilize the
same resource.

e liveness: a user requesting a resource will
eventually succeed.

It is easy to observe that this problem is a natu-
ral generalization of some classical conflict resolu-
tion problems. If there is a single shared resource
in the system (m = 1), the problem corresponds
to the mutex when k£ = 1, and it corresponds to
the k-mutex when k is constantly determined. If
m > 1, the problem corresponds to the GME when
h =1 and k is undetermined, the generalized mu-
tex [13] when k = 1 and h is undetermined, and the
group k-exclusion [21, 15] when h = 1 and k is con-
stantly determined. The problem also covers some
generalized problems that have not yet been stud-
ied such as when k < 1 and h is constantly deter-
mined, and when k is constantly determined and
h is undetermined (and conversely). Moreover, the
problem also corresponds to some new generaliza-
tions of the writer-readers problem [18, 4] when its
requirements are applied after relaxing or leaving
strained.

2.2. k-coteries and bicoteries

In this subsection, we recall the definitions of the
k-coteries and bicoteries, which are the two build-
ing blocks of (m, h, k)-coteries.

Definition 1 (k-coteries[5]) A nonempty setC C
2" s a k-coterie onU iffC satisfies the following prop-
erties:

1. Non-intersection: For any h-set 'H =
h < k, there exists Q € C such that QN Q; = 0
VQ1 e H.

2. Intersection:  For any

H o= {Q,...

J

(k + 1)-set
, Qi1 C C, there exists a

pair Q; and Q; such that Q; N Q; # 0,
1<ij<k+1li#].

3. Minimality: Q; € Q;, i # j, ¥Q;,Q; € C. O

Example 1 The quorum system C = {{1,2},
{1,3},{1,4},{2,3},{2,4}, {3,4}} is a 2-coterie un-
derd = {1,2,3,4}.

Note that a 1-coterie is just called a coterie, and
all elements @ € C are called quorums.

Work of the k-coterie based algorithm for the
k-mutex problem can be outlined as follows. Each
user u; has a queue called QUEUE; which contains
mutex requests ordered by timestamp ts;. The log-
ical timestamp introduced by Lamport [14] is used
to avoid deadlocks and starvations. (Initially, the
logical timestamp of each user is zero). Since each
user’s identifier is unique and non-negative inte-
ger, then the lexicographical order of every users’
priority, i.e., the pair of timestamp and identifier,
(ts;,u;), forms a total order. Priority (ts;,u;) of
user u; is greater than (ts;, u;) of user u;, (ts;, u;) >
(tsj,u;), if and only if

ts; < ts;, or ts; =ts; and u; < u;.

1. When a user u; wants to enter the CS (in order
to utilize the shared resource), it firstly incere-
ments its logical timestamp and selects a quo-
rum @ in the k-coterie C, then u; sends a mes-
sage req(ts;,u;) to all users in @ and places
that request on its QUEUE,.

User u; can execute its CS when the follow-
ing two conditions are satisfied:

e u; has received messages with priority
lower than (ts;, u;) from every users in @,
and

e u;’s request is at the top of its own
QUEUE,;.

2. When a user u; receives the req(ts;, u;) from
user u;, its sends back a timestamped reply
message to u; and puts u;’s request on its own
QUEUE;.

3. When user u; leaves the CS, it takes its re-
quest off of the top of its request queue, and
sends an exit message (with timestamp) to all
the users in its selected quroum Q.

4. When user u; receives an exit message from
u;, it removes that request from its request
queue.

Note that this algorithm gives an excellent solu-
tion for the mutex problem (i.e., for k = 1), since
failing to gather permission from ) means that an-
other user is being in its CS (i.e., the user u; can-
not gather permission from any quorum). However,



in the problem of k-mutex, insisting only on a sin-
gle quorum @ does not give a good idea, since al-
though @ is busy, u; may able to find another quo-
rum from which it can collect permission, because
there are (kK — 1) quorums which do not intersect
with @. To remedy this drawback, we thus give an
enforcing mechanism to the algorithm which will
be presented in the Section 3.

It is easy to observe that this algorithm uses
3|Q| messages per CS invocation: i.e., |Q| number
of messages are sent respectively for req, reply and
exit, where |@| is the quorum size of Q.

Definition 2 (Bicoteries [8]) An ordered pair
B = (C1,C3), where Cy and Cy are sets of sub-
sets of U, is a bicoterie under U if the following two
properties hold:

1. Intersection: QN Q' # 0, VQ € C1 VQ' € Cs.
2. Minimality: VQ,Q € C; (i=1,2), Q € Q'.

A bicoterie B = (Cy,Cy) is called awriter-readers co-
terie (or wr-coterie), only if Cy is a coterie. O

3. The Algorithm
3.1. The (m,h,k)-coteries

A simple approach to (m, h, k)-resource alloca-
tion can use an {¢-coterie based mutex algorithm.
The two requirements of the group h-exclusion and
the k-concurrent entering are independently solved
using the h- and k-mutex algorithms, and a user
can utilize a critical resource only if it gets the ac-
cess right from both of the h- and k-coterie based
algorithms. This algorithm is a natural one, how-
ever, the number of messages required per entry
to the resource will be doubled to the original al-
gorithm. Therefore, it is inefficient in terms of the
message complexity. Intuitively, the number of mes-
sages can be reduced if we can find a new quorum
system which combines the h- and k-coteries into a
single quorum system.

Let C and C’ be two k-coteries under U and
U', respectively. We say that they are disjoint if
QRNQ =0,VQ € C, VQ' € C'. Clearly they are
disjoint if & and U’ are disjoint.

Our new quorum system, (m, h, k)-coterie, is de-
fined as follows:

Definition 3 ((m, h, k)-coteries) A collection of
sets B = {C1,...,Cn}, where C; is a k-coterie un-
derU,NC; € B, is an(m, h, k)-coterie underlU iff the

following conditions hold:

1. Disjoint: For any ¢(< h) mutually disjoint ele-
ments C1,...,C) € B, there is another element

C € B such that C and C! are disjoint for all
1<i</.

2. Bicoterie: For any (h + 1)-set {Ci,...,
Chi1} C B, there exists a pair (C},C%) forms
bicoterie,V1 < i # j < h+1.

Example 2 The quorum system B; = {Ci,Cq,
C3,Cy} is a (4,2,2)-coterie on a set U = {1,2,
..., 16}, where

Cy ={{1,2,5,7},{3,4,6,8}},

Cy ={{5,6,9,11},{7,8,10,12}},

Cs = {{9,10,13, 15}, {11, 12,14, 16}}, and

Cy = {{1,3,13,14},{2,4,15,16}}.

The k-mutex algorithm can directly adopt an
(m, h, k)-coterie, instead of k-coterie, to resolve
the (m, h, k)-resource allocation problem. The al-
gorithm simply modifies the conflict resolution al-
gorithm explained in the Subsection 2.2., but for
the convenience of reader, we roughly explain how
it works, with its formal description in Figure 3.

Each user w; has queue sets called AGREE;,
DISAGREE;, PERM; and QUEUE,, respectively, store
user ids which replied ack message, user ids replied
wait, message requests in which u; has sent ack,
and message requests in which u; has sent wait or-
dered by timestamps. Let B = {Ci,...,Cpn}
be an (m,h,k)-coterie under U in the algo-
rithm.

1. When a user u; wishes to allocate a resource 7,
it firstly increases its timestamp and chooses a
quorum (@ in a k-coterie C, and sends a mes-
sage req(ts;, u;) to every member in @), where
t; is u;’s current timestamp.

2. If u; receives a permission from all users in @,
then u; can enter its Critical Section in or-
der to utilize the resource r,. Otherwise, u; se-
lects another quorum @’ and repeats to send
its request to all members in @', or staying in
state Walit only if no quorum satisfies.

3. When user u; receives a request req(ts;,u;)
from a user u;, u; checks whether it has sent
its permission or not. If u; has sent its per-
mission to another user u,, then a fair arbitra-
tion mechanism is used to determine whether
to let u; wait, or to acquire u,’s occupancy
of u;’s permission. Otherwise, u; sends its per-
mission (ack message) to u,;.

4. When user u; wishes to leave the resource r,,
u; sends an exit message to all users in AGREE;
and DISAGREE,;.

As suggested in the point 3, suppose u,;’s request
came first than u; at the user u,;. Although u; has
higher priority than u,, u; may have sent its per-
mission to u, (instead of u;). Thus, a fair arbitra-
tion should be provide to overcome this situation.



The Fair Arbitration Mechanism:

Suppose that request of user u, is included in the
set PERM; (i.e., user u; has sent its permission to u,,)
and u, is still in its trying section. Let (ts,,u,) is
the highest priority in the QUEUE;.

e When user u; received message req(ts;,u;)
from u; and the priority of (¢s;,u;) is higher
than max{(tsz,us), (tsy, uy}, then u; sends a
reclaim message to u, in order to acquire u;’s
occupancy of u;’s permission.

e When user u; received message relinquish
from w, (i.e., u; reclaimed wu,’s permission),
then u; sends the returned permission to u;.

Theorem 1 The algorithm in Figure 3 solves
the (m, h, k)-resource allocation problem when an
(m, h, k)-coterie is adopted.

Proof. Since each C; in an (m, h,k)-coterie B is
a k-coterie, by the definition of k-coteries, the k-
concurrent entering is guaranteed. The two prop-
erties Disjoint and Bicoterie of (m, h, k)-coteries
guarantee the group h-exclusion.

The algorithm implements the Lamport’s times-
tamp [14], then it is deadlock- and starvation-free.
Therefore, the liveness condition is guaranteed

3.2. Examples of (m, h, k)-coteries

1. Singleton (m, h, k)-coteries

A set B={Cy,...,Cn}, where C; = {{u;}}
for some h number of distinct nodes in U, is
called a singleton (m, h, k)-coterie. The single-
ton (m, h, k)-coterie corresponds to the case of
the centralized algorithm for the group (h, k)-
exclusion problem where some users control
the actual conflicts to the corresponding re-
sources.

2. Disjoint (m,m, k)-coteries

In case of h = m, (m,m,k)-coterie B
can be easily constructed by assigning m
disjoint k-coteries to each C; such that

B = {C,...,Cy}, where C; is k-coterie un-
der U; (€ U) and set {Uy,...,U,} is a
pairwise-partition of U for i = 1,...,m.

3. Simple uniform (m, h, k)-coteries

For the sake of simplicity we initially assum-
ing that n = 2hk% and m = 2h. These re-
strictions will be removed in the next. We first
partition U into m subsets of Uy, ..., U,,, such
that |U;| = k%, 1 < i < m, and create a k-
coterie C; on each set U; by constructing k dis-
joint sets (or quorums) Q;;, 1 < j < k, where

Trying Section{ //When u; wishes to access a resourcery

1: tsj++; //tsj isuj’s current logical time

2: Select a quorum Q inCy;

3: sendreq(tsj;uj) touj,Vuj € Q;

4:  Adduj (€ Q) answering ack into AGREE

5: if (thereis aQ(€ Cv) C AGREB {

6: state := Critical Section; }

7: else-if { // Ifthere exists uj (€ Q) answers wait

8 Adduj answering wait into DISAGREE

9 Select another quorum Q\/ € Cy such that
Q°NDISAGREE= (§  Q° = max{|Q N AGREE};

10: if (thereis no quorum satisfy) {

11: state := Wait; }

122 Q:=(Q°-Q) andgoto line3; }}

Exit Section{ // When useru; leaves resourcery
1:  send exit to Vu; € (AGREEJ DISAGREE; }

When U; receives req(ts; ;Uj ) message:
if (PERM= 0) {
send ack to uj and addreq(tsj;u;j) to PERM }
else-if { //If there exists (tsx;Ux ) € PERM
// Let (tsy; uy) is the highest priority in QUEUE
Insertreq (s ;uj ) into QUEUE
if ((tsj;uj) > max{(tsx;ux); (tsy;uy)}) {
send reclaim to ux; }
else-if {
send wait to uj; }}

When u;j receives exit message from u;:

1:  Remove request Uj from PERM

2: if (QUEUE# 0) {

3: // Let (tsy; uy ) is the highest priority in QUEUE
4: Movereq (tsy; uy) from QUEUEo PERM

5: send ack to uy; }

When U receives reclaim message from u;:
1: if (uj notin critical section and u; € AGREB {
2: Mowe uj from AGREELo DISAGREE

3 send relinquish  to u;j; }

When u; receives relinquish message from u;:
1: // Let (tsx;ux) is the highest priority in QUEUE
2: if (tsx;ux) > (tsj;uj) {

3: Movereq (tsj ; uj ) from PERMto QUEUE

4 send ack to ux;

5 Movereq (tsx; ux ) from QUEUE o PERM }

Figure 3. A quorum based distributed
(m, h, k)-resource allocation algorithm

Qij:{u§,s|1§s§k}.F0ra112§i§m
and 1 <j <k, let

Qij = QijUfu;' [1<s <k}, 1<j<k

Then, |Q;;| = 2k. Finally let B = {C4,...,
Cm}7 Where Cz = {Qilv e 7Qik}~

Lemma 2 C; is a k-coterie under (U; UU;_1),
2<i<m. .

Lemma 3 (C;,Ciy1) is a bicoterie for any 1 <
i < m—1, and C; and Ci42 are a disjoint for
anyl <i<m —2. 1

Let us summarize.



Theorem 4 B is an (m, 3, P I)-coterie. The

size of each coterie C; is k(=" ) and the size
of each quorum Q;; is2" . I
We can construct (m, %7 P %)—coteries,
t=1,2,3,..., %] by a similar procedure: As
above, partition U; into k k-subset Q);; to cre-
ate a k-coterie C; = {Q;;}. Let
—1
Qi = QuU( {u}"|1<5 <k},

v=1
Then we have, 1) |Q;;]| = tk for i > ¢, 2) Q;; N

Qo =0 forall 1 < j,j" <k, and 3) Q;; N
Qitvyjo #Dforalll <v<tand1 <j,j <k

Define B = {C4,...,Cy}.
Theorem 5 B is an (m, 7, P %)-coterie un-
dert, t =1,2,...,[F]. I

The (4,2, 2)-coterie By given in the Exam-
ple 2 is a simple uniform (m, h, k)-coterie in
which m, and h, k and ¢ are equal to 4 and 2,
respectively.

A bﬁlef description on constructing the

(m, 5, It)-coterie is given in Figure 4.

Legend
e— : Bicoterie

— 1 Quorum
Intersection

Figure 4. Description of the construction

(m, 2, I)-coterie

3.3. The domination of (m, h, k)-coterie

Garcia-Molina and Barbara [6] proposed the
concept of dominance to compare the failure re-
silience of coteries. A coterie C dominates D, C # D,
iffvQ' e D,3Q € C, Q C Q. A coterie C is an ND
(non-dominated) coterie iff there is no coterie which
dominates C. ND coteries are better than the dom-
inated ones. Suppose that coterie D can still live
at the occurrence of some failures in the system
then coterie C can also live as well, but not con-
versely. Moreover, since most of quorums in C are
subsets of the quorums in D, the number of mes-
sages using C must be smaller than or equal to D.
Similarly, dominance of (m, h, k)-coteries can be de-
fined as follows.

Let B = {Cy,...,Cp} and D = {C4,..., C/.}
are two (m, h, k)-coteries under a same set of nodes
U,and B#D,ie., C; £ Clforalli=1,...,m

Definition 4 B dominates D if, and only if, VQ' €
C!,3Q € C; suchthat Q@ C Q', V1 <i<m. d

The singleton (m, h, k)-coterie and the dis-
joint (m,m, k)-coterie (when each C; is an ND
k-coterie) given in previous subsection are two ex-
amples of ND (m, h, k)-coteries, however, the sim-
ple uniform (m, h,k)-coterie is dominated. The
open issues are remained and opened on find-
ing and exploring the existence of the ND
(m, h, k)-coteries in a general case.

3.4. Performance Analysis

The algorithm achieves the maximum degree
hk of concurrency: Each resource is associated
with a k-coterie C, in an (m,h,k)-coterie B =
{C1,...,Cn}, by the definition of k-coteries, each
resource can be utilized by at most k users at a
time. The disjointness property guarantees that at
most h sets C, are disjoint, 1 < v < m. Hence, at
most hk users can utilize the critical resource si-
multaneously.

Next, the number of messages required per en-
try to the resource is the same as for the mutual
exclusion algorithm [17] and hence for the k-mutex
algorithm [5]. The message complexity of the algo-
rithm in the best case is 3|Q)|, since a user u; wish-
ing to allocate a resource r, sends req, receives ack,
and sends exit to and from all users in the selected
quorum @, where @ is the quorum in C,(€ B) se-
lected by u;. The worst case message complexity oc-
curs whenever u; unsuccessfully collects permission
from all members in a selected quorum @, then u;
selects another quorum Q’(€ C,) and tries to col-
lect permission from that quorum. For example, u;
sends req to u, (for all u, # w;), u, sends reclaim
to uy, u, replies relinquish to u,, u, sends ack to
u;, u; sends exit to u,, and finally u, sends ack to
uy. Thus, unfortunately, the number of messages
required per user to a resource can be as bad as
6n, where n is the number of users in the system.
To overcome the number of users that u; can re-
peatedly sends messages, a bounding function f(n)
(> ¢) is provided [5], where ¢ is the maximum quo-
rum size of B. Therefore, the number of messages
required per user to the resource can be bounded
from above by 6f(n), in the worst case. If f(n) is
equal to ¢, for instance, the message complexity in
the worst case is 6c.



4. Conclusions

We have presented a quorum-based algorithm to
resolve the (m, h, k)-resource allocation problem us-
ing a new quorum system called (m, h, k)-coterie.
All properties to the problem are satisfied and the
maximum degree of concurrency, hk, is achieved as
desired. Since the algorithm directly works as for
the k-coterie based algorithm [5], the number of
messages is the same as for a single k-mutex. The
open issues of finding or exploring the existence of
the ND (m, h, k)-coteries in a general case and in-
vestigation of some important metrics to measure
the goodness performance of the new quorum sys-
tem are left as future works.
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