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Summary. This paper concerns resource allocation in dis-
tributed message passing systems, i.e., the scheduling of
accesses to exclusive system resources shared among con-
current processes. An efficient modular resource allocation
algorithm is presented that uses any arbitrary resource al-
location algorithm as a subroutine. It improves the perfor-
mance of the subroutine by letting each process wait only
for its currently conflicting processes, and therefore, allows
more concurrency. For appropriate choices of the subrou-
tine, we obtain resource allocation algorithms with the min-
imum worst case response times. Simulation studies were
conducted which also indicate that on average, the obtained
algorithms perform faster and require a smaller number of
messages than other previously known algorithms, especially
when resource contention among processes is high and the
average time that a process remains in the critical region is
large.
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1 Introduction

Distributed systems commonly include exclusive resources,
such as files and distributed objects, that must be managed
so that no two processes access the resources at the same
time, while avoiding starved or deadlocked processes. The
scheduling of processes with various resource requirements
in this type of system is generally known asresource alloca-
tion. We consider the problem only in the message passing
model.

Examples of resource allocation can be found in many
applications including distributed database and file systems.
In distributed database systems, a transaction can access
multiple data records during its operation, and to maintain
the consistency of the accessed data, each transaction usu-
ally locks the data records so that no other transactions can
access them during its access. The locks on data records can

be considered as resources to which a transaction needs to
have the exclusive access.

Resource allocation in these kinds of systems has been
formulated as three kinds:the dining philosophers problem,
the drinking philosophers problem, andthe dynamic resource
allocation problem. In all these problems, each process has
a code segment singled out asthe critical region where it
uses the resources. A process enters its critical region after
acquiring all its needed resources and then relinquishes them
when exiting the region. If any two processes have overlap-
ping resource requirements, we say that the two processes
are inconflict. The correctness conditions of these problems
dictate that no two conflicting processes can be in the crit-
ical region at the same time, and all processes requesting
resources must eventually enter the critical region.

The dining philosophers problem [6] is a static version
of the resource allocation problem, where the process set is
fixed and each process requests a fixed set of resources peri-
odically. A more dynamic version of the dining philosophers,
called drinking philosophers [3], allows a process to request
a different subset of its a priori given maximum resource
requirement. Any two processes whose current resource re-
quirements do not overlap may be in the critical region at
the same time even though their maximum resource require-
ments overlap. In the dining and drinking philosophers prob-
lems, each process has a priori knowledge about its maximal
set of conflicting processes. The dynamic resource allocation
problem [1] is the most general of the three resource alloca-
tion problems. In the problem, the process set may dynam-
ically change over time and each process may need, for its
execution, any set of resources and may need different sets
of resources at different times (i.e., a process has no prior
knowledge about its maximum resource requirement and its
conflicting processes).

The response time is used to measure the performance
of resource allocation algorithms, which is defined to be the
time difference between when a process requests resources
and when it acquires them to enter the critical region. The
message complexity is also used to measure the maximum
number of messages required for a process to enter the criti-
cal region. These metrics are often expressed in terms of the
following parameters.δ is the maximum number of conflict-
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ing processes at any time during the execution of the algo-
rithm, r is the maximum number of resources that a process
requests at a time,c is the maximum time that a process is
in the critical region andd is the maximum message delay
between any two processes.

1.1 Our results

We present a modular algorithmM that uses any arbitrary
resource allocation algorithm as a subroutine S. It can im-
prove on the overall response time by letting each process
wait, if it has to, only for its currently conflicting processes.

To be specific, consider a resource allocation algorithm
of any kind with response timeO(x · (c + d)) and message
complexity O(m) for somex and m. If M uses this al-
gorithm as a subroutine S, the overall response time of the
resulting algorithm isO(δc + max{δ2, x}d) and its message
complexity is max{m, O(rδ)}. Sincec is multiplied by δ,
our modular algorithm reduces the impact ofc on the worst
case response time whenx is bigger thanO(δ) (more pre-
cisely, bigger than 3δ).

The modular algorithmM uses the critical region of S
(i.e., the exclusion property of the region) to schedule re-
source accesses in such a way that processes wait only for
their currently conflicting processes. The critical region of S
is not used to allocate actual resource, but to lockout compet-
ing processes while they schedule themselves for resource
accesses. This modular construction effectively bounds the
response time to be a function ofδc, which is the lower
bound. The time that a process spends in the critical region
of S is also bounded to beO(d) in M. Minimizing the term
applied toc contributes to minimizing the overall actual re-
sponse time ofM because the term is directly related to the
level of concurrency allowed by the protocol (i.e., the num-
ber of processes in the critical region at the same time). In
addition,c can often be large in most systems. For example,
in distributed database systems, an access to each resource
in the critical region requires disk accesses, and I/O latency
is far (more than 20 times) greater than message delay in a
typical local area network, more evidently in parallel pro-
cessor systems.

Another advantage of our modular algorithm is that its
concurrency is limited only by the current resource require-
ments of contending processes, but not by their maximum
resource requirements. This allows our algorithm to be ap-
plicable to various resource allocation problems. For exam-
ple, given any arbitrary dining philosophers algorithm as
a subroutine, it behaves as a drinking philosophers algo-
rithm, allowing more concurrency than the dining philoso-
phers, and if the subroutine is a drinking philosophers algo-
rithm or a dynamic resource allocation algorithm, so is the
resulting algorithm. So, when we use Choy and Singh’sdin-
ing philosophers algorithm [4] as a subroutine, which has
response timeO(δ2(c + d)), we obtain adrinking philoso-
phers algorithm with improved response timeO(δc + δ2d)
and message complexityO(rδ). This is the fastest known
drinking philosophers algorithm with the stated message
complexity (see Table 1). When we use Choy and Singh’s
dynamic resource allocation algorithm [5] as a subroutine,
which has responseO(δ2c + (δ3 + δ log∗ |U |)d) with mes-

sage complexityO(δ2 + δ log∗ |U |) where U is the uni-
versal set of from which process IDs are drawn1, we ob-
tain a dynamic resource allocation algorithm with response
time O(δc + (δ3 + δ log∗ |U |)d) and message complexity
max{O(δ2+δ log∗ |U |), O(rδ)}. When log∗ |U | is less than
δ, our dynamic algorithm is the fastest known dynamic re-
source allocation algorithm with the stated message com-
plexity (see also Table 1). A similar type of modularity was
presented by Welch and Lynch [12], but unlike theirs, one
modular algorithm can improve the performance of the sub-
routine being used.

The system structure of our solution is similar to those
of Lynch [7] and Weidman et al. [13], in that there is one
designated process foreachresource, called aresource man-
ager, that allocates its resource to the requesting processes
or maintains information about conflicting processes. The
fact that the resource managers also participate in schedul-
ing accesses to resources does not make our algorithm more
centralized than other algorithms in terms of fault-tolerance
and performance bottlenecks. Since each resource manager
deals with resource requests only pertaining to its own re-
source, a crash of a resource manager doesn’t necessarily
affect the progress of the other processes that do not require
the resource of the crashed resource manager. In fact, the ef-
fect of the failure of one resource manager can be less severe
than that of the failure of one process (that is not a resource
manager). To see this, imagine that a process crashes in the
critical region while holding a set of resources. In this sit-
uation, all the processes that require these resources cannot
progress. This has the same effect as the failure of all the re-
source managers that manage these resources. Therefore, in
terms of fault-tolerance, our solution is no less distributed
than fully distributed solutions, such as those in [1, 2]. In
terms of performance bottleneck, our algorithm gives an im-
proved worst case response time than other priorly known
algorithms.

We simulated our combined algorithms and other known
dining philosophers algorithms using a discrete event sim-
ulation technique. The simulation results indicate that the
average performance (i.e., response time and message com-
plexity) of our algorithm can be remarkably better than
the other known algorithms, especially when resource con-
tention among processes is high and the average time that
a process remains in the critical region is larger than the
average message delay.

1.2 Previous results

Dijkstra [6] first modeled the resource allocation problem
as a ring of 5 processes, called the dining philosophers,
where each process shares a resource with each neighbor.
Later, Lynch [7] generalized the problem to an arbitrary
conflict graph where a node represents a process and an
edge represents a sharing of resources between two pro-
cesses. Lynch’s solution uses an edge coloring algorithm to
set a partial ordering on the shared resources, so that each
process requests its needed resources in that order. The re-
sponse time isO(cδ(c + d)) wherec is the number of col-
ors used in the coloring. The message complexity isO(δ).

1 log∗ n = min{i : logi n ≤ 1}.
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Table 1. Time and message complexities of resource allocation algorithms

Authors Problem Time Message
Lynch [7] dining O(cδ(c + d)) O(δ)

Styer and Peterson [11] dining O(δ(log δ+1)(c + d)) O(δ(log δ+1))
Choy and Singh [4] dining O(δ2(c + d)) O(δ)

Page et al. [9] dining O(δc + nd) O(δ2)
Chandy and Misra [3] drinking O(n(c + d)) O(n)

Rhee drinking O(δc + δ2d) O(max{δ2, rδ})
Awerbuch and Saks [1] dynamic O(δc + δ2 log |U |d) O(δ2 log |U |)

Weidman et al. [13] dynamic O(n(c + d)) O(δ)
Choy and Singh [5] dynamic O(δ2c + (δ3 + δ log∗ |U |)d) O(δ2 + δ log∗ |U |)

Rhee dynamic O(δc + (δ3 + δ log∗ |U |)d) O(max{δ2 + δ log∗ |U |, rδ}

Styer and Peterson [11] extended Lynch’s algorithm to de-
velop a dining philosophers algorithm with response time
O(δlogδ+1(c + d)) and message complexityO(δlogδ+1). Page,
Jacob and Chern [9] presented a dining philosophers algo-
rithm with response timeO(δc+nd) and message complexity
O(δ2). Choy and Singh [4] developed a dining philosophers
algorithm with response timeO(δ2(c+d)) and message com-
plexity O(δ). They also include some discussion of fault-
tolerance.

Chandy and Misra [3] presented a dining philosophers
algorithm using an acyclic directed version of the conflict
graph. They also first proposed the drinking philosophers
problem and its solution which uses their dining philoso-
phers solution as a subroutine. The response time for both
of the solutions areO(n(c + d)), and the message complex-
ity is O(δ). Welch and Lynch [12] generalized the modular
construction of Chandy and Misra’s drinking philosophers
algorithm to come up with a drinking philosophers algo-
rithm which uses, as a subroutine, any dining philosophers
algorithm. Its response time and message complexity are
equal to those of the subroutine.

Awerbuch and Saks [1] first defined and solved the dy-
namic resource allocation problem. In their model, they
assume that processes have to know a priori the IDs of
their conflicting processes.2 The algorithm’s worst case re-
sponse time isO(δc + δ2(log |U |)d), and the message com-
plexity is O(δ2 log |U |). Weidman et al. [13] developed a
dynamic resource allocation algorithm using Chandy and
Misra’s drinking philosophers algorithm as a subroutine. Its
response time and message complexity are the same as those
of Chandy and Misra’s. Bar-Ilan and Peleg [2] developed
a synchronousalgorithm that improves on Awerbuch and
Saks’ algorithm to have response timeO(δc + δ(log |U |)d)
in a synchronousnetwork. Choy and Singh [5] also devel-
oped a dynamic resource allocation algorithm with worst
case response timeO(δ2c + (δ3 + log∗|U |)d) and message
complexityO(δ2 + δlog∗|U |).

2 The system model

There exists a (finite or infinite) set of processesP =
{p1, p2, p3, . . .}. Processes communicate by passing mes-
sages. There are three types of process steps:send, receive

2 Note that our definition of the dynamic resource allocation problem is
more general in that it doesn’t assume a priori knowledge about the conflict
processes.

and local step. Send and receive are communication primi-
tives and a local step changes local variables of processes.
Each processpi is modeled by a finite state automaton with
state setQi. The state setQi includes an initial stateq0,i.

The automaton for each process is specified by a single
guarded command set [B1 → A1 �B2 → A2 � . . .�Bm →
Am]. EachBi → Ai is a guarded command, where a guard
Bi is either a boolean expression or a message reception (re-
ceive step), or a conjunction of both, and a finite list of action
statementsAi that consists of either multiple local steps or
one send step, or both. While the execution ofAi appears
atomic to all the other processes, the statements withinAi

will be executed in sequence.
Processes communicate by sending messages to each

other. A send step represents the sending of message to a
process, and a receive step of a process involves a recep-
tion of one message destined to the process. We assume that
messages sent are eventually received by their destination
processes within a finite time.

A configurationis a vectorC = {q1, q2, . . .} whereqi is
the local state ofpi for eachpi ∈ P (including the network).
A guarded command isenabledin a configuration if its as-
sociated boolean expression is true and associated receive,
if any, can return nonempty messages, i.e., the messages
specified in the receive are in the buffer of its process. An
execution of a guarded commandinvolves an atomic execu-
tion of all the steps in the action statements of the guarded
command. It results in simultaneous changes to the state of
the process of the guarded command based on the previous
state of the process, and possibly to the state of the network
if the guarded command involves a send step. A guarded
command enabled in a configurationC can beapplied to C
to yield a new configurationC ′ as a result of the execution
of the guarded command.

A systemis specified by describingP , an initial con-
figuration C0 = (q0,1, q0,2, . . .), and the automaton of all
processes inP . An execution sequenceof a system is an
infinite alternating sequence of configurations and enabled
guarded commandsC0, π1, C1, π2, . . . Ciπi . . ., whereπi is
an enabled guarded command inCi−1; and Ci is obtained
by applyingπi−1 to Ci−1. We say that in an execution se-
quence, a guarded command iscontinually enabledfrom Ci

to Cj , i < j, if the guarded command is enabled in ev-
ery configuration fromCi to Cj and is not applied to any
configuration in betweenCi and Cj−1. We also say that
in an execution sequenceσ, a guarded commandg is en-
abled before a guarded commandg′ in Ck if there exists
a sequence of configurationsCi, . . . , Cj , . . . , Ck in σ such
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that g is continually enabled fromCi to Ck, but g′ is not
continually enabled fromCi to Cj .

An executionis an execution sequence satisfying the fol-
lowing fairness conditions: (1)ifπi is a guarded command
of processp (that is not the network) and applied toCi, then
there is no guarded command ofp that is enabled beforeπi

in Ci (i.e. the FIFO execution); (2) all continually enabled
guarded command will be executed eventually.

A timed execution(α, T ) = C0, (π1, t1), . . . , (πj , tj), . . .
satisfies the following conditions: (1)α = C0, π1, C1, π2, . . . ,
[[Ci, πi+1]] . . . is an execution; (2)T is a mapping from
guarded commands to real numbers that associates a real
time with each guarded command in the execution. The se-
quencet0, t1, . . . ti . . . is nondecreasing and unbounded. (3)
All messages sent are received in finite time.

If V is a state variable of a process andt is a real number,
V (t) denotes the value ofV in the configurationCj where
T (πj) ≤ t < T (πj+1), i.e., a configurationCj represents the
states of the system during time interval [T (πj), T (πj+1)).

Note that the system model here is completely asyn-
chronous because there are no constraints on relative timing
of process steps and message delays.

3 Resource allocation problems

We now specialize the general system model in Sect. 2 for
resource allocation problem. LetR be the set of resource in
the system. There exists a set of processesU (⊆ P ) called
theusersthat need subsets ofR for their execution at various
times.

Let Ri(t) be theresource requirementof useri at time
t. Let Rmax

i be themaximum resource requirementof a user
i such that for every executionα, Rmax

i is the union of the
resource requirements of useri in α.

Each user’s local states are partitioned into four regions.
In the trying region, the user requests its required resources.
Having acquiring the resources, the user enters thecritical
region. It remains in the region for a finite time using the
resources. When the user is finished with the resources, it
enters theexit region, where it relinquishes the resources.
Otherwise, the user is in theremainder region. To specify
this, we assume that each user has a local variable, called
region, whose value is set toTrying, Critical, Exit, or
Remainder if and only if the user is in the trying region,
the critical region, the exit region or the remainder region
respectively. Initially, every user is in the remainder region.

At some timet, if users i and j are in the trying or
critical region, andRi(t) ∩ Rj(t) /= ∅, then we say that user
i conflictswith userj at time t.

A dining philosophersalgorithm is a system with a finite
and fixed setU where∀i ∈ U , Ri(t) = Rmax

i andRmax
i is

a priori known to all processes. Each user’s code is well-
formed, and the algorithm must satisfy the following two
conditions: (1) (exclusion) in any execution of the algorithm,
if usersi andj are both in the critical region at timet, theni
andj do not conflict with each other; (2) (no-lockout) in any
execution of the algorithm, if a user is in the trying region
or in the exit region, then it leaves its current region in finite
time assuming no user remains in the critical region forever.

In a drinking philosophers algorithm and a dynamic re-
source allocation algorithm, users can have more concur-
rency than in a dining philosophers algorithm because users
only need their current resource requirement to be satisfied,
but not their maximums. To formalize this concept, we define
the following condition: (3) (concurrency) in any execution
of the algorithm, if there is no conflicting user of useri in
its trying region after and wheni enters its trying region,
then useri eventually enters the critical region. This con-
dition is stronger than the no-lockout condition, that is, as
long as there are no conflicting users while useri is in the
trying region, useri is never stuck in the trying regioneven
if other users are using other resources forever.The same
concurrency condition is also given in [12].

A drinking philosophersalgorithm is a system with a
finite and fixed user setU where for all usersi, Rmax

i is a
priori known to all processes, butRi(t) is a priori unknown.
Each user’s code is well-formed, and the algorithm has to
satisfy the exclusion, no-lockout and concurrency conditions.

A dynamic resource allocationalgorithm is a system with
an infinite setU where for all usersi, Rmax

i andRi(t) are
a priori unknown to all processes. Each user’s code is well-
formed, and the algorithm also has to satisfy the exclusion,
no-lockout and concurrency conditions.

4 Algorithm

4.1 Informal description

The basic idea of our algorithm is an implementation of a
distributed queue, where each user in the trying region has
a position in the queue and enters the critical region in the
order of its position. The distributed queue runs under the
following operational rules: (1) while a user is in the trying
region, it occupies a position in the queue in such a way that
no two conflicting users occupy the same position; (2) users
at the front of the queue enter the critical region and leave
the queue when they enter the exit region; (3) when all the
users at the front of the queue leave the queue, all the other
users in the queue advance one position, preserving their
relative order and the first rule; and (4) a newly joining user
does not prevent any users in the queue from advancing to
their next positions.

It can be proved that the distributed queue with these
rules guarantees no-lockout and exclusion. Since no two con-
flicting users occupy the same position in the queue and only
the one at the front of the queue enters the critical region,
rules 1 and 2 ensure that no two conflicting users are in the
critical region at the same time (exclusion). By rule 2, when
a user finishes in the critical region, it leaves the queue, and
by rule 3, all users in the queue will advance one position.
Furthermore rule 4 ensures that even if some user enters the
queue just before this advancement, all the users in the queue
advance one position. It prevents the user that has just left
the queue and enters the queue again from obstructing the
advancing users. Thus, rules 3 and 4 ensure the no-lockout
condition. (Formal proof is given in Sect. 5).

In our implementation, there is a group of special pro-
cesses, calledresource managers, each assigned to one re-
source. The distributed queue mentioned above is imple-
mented by having one queue per resource manager. Each
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Fig. 1. An illustration of queues when a user selects the end of position of
queues: userk has to wait for all the users thati is waiting for (occupied
positions are shaded)

resource managerrmk maintains a queueqk. The goal is
to make these queues as a whole behave as the distributed
queue by enforcing the above-mentioned four rules. The fol-
lowing discusses our implementation.

We apply a modular approach to implement the first rule:
we use another resource allocation algorithm (of any kind)
as a subroutine. Each useri in the trying region at timet
first runs the subroutine. After entering the critical region
of the subroutine, it selects a position to occupy in each
qk, k ∈ Ri(t). The idea is that while a useri is in the critical
region of the subroutine wherei is selecting a position in
the queue, no conflicting users are in that region. Therefore,
no two conflicting users can select the same position in the
same queue.

In order to select a unique position in a queue, user
i sends areport message to the resource manager of
the queue, and the resource manager acknowledges with a
marked message that contains information about positions
occupied by other users in the queue, based on whichi se-
lects a position in eachqk. After finishing the selection, the
user informs all the relevant resource managers of the se-
lected positions with aselect message, and then it leaves
the critical region of the subroutine. It is easy to see that
it takes at mostO(d) time for a user to select the positions
after entering the critical region of the subroutine. If the re-
sponse time of the subroutine isX(C + d) for someX, a
user can select its position in timeO(Xd).

The position that a user selects in a queue affects the
overall response time of the user. For example, a user may
select the tail position of each queue. But this can cause
unnecessarily long response time. To see this, suppose that
a useri needs resourcesa and b, qa is occupied by four
users, andqb is empty. If useri selects the end position
of each queue, it will occupy position 5 inqa and position
1 in qb. Suppose that a userk requiring resourcesb and c
subsequently selects a position 2 inqb and position 1 inqc.
Now, k has to wait fori to leave the queue which is in
turn waiting for four other users to finish (see Fig. 1). This
waiting chain can grow up toΩ(n)-users in length, which
results inΩ(nc) worst case response time.

One reasonable approach is to have each useri to select
the smallest unoccupied position in everyqk, k ∈ Ri(t).
That is, a user looks for a “hole” in every queue. In the
above example,i will select position 5 because position 5 is
the smallest position unoccupied in bothqa andqb, and then
k will select position 1 because position 1 is unoccupied in
qb andqc. Therefore,k does not have to wait fori to finish
(see Fig. 2). This way, each user, if it has to, waits only

qa qb qc
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Fig. 2. An illustration of queues when a user selects a “hole”: userk does
not wait for the users that useri is waiting for

for its conflicting users. Later, this approach will be slightly
modified to accommodate the fourth rule.

To implement the second rule, each resource manager
sends agrant message to the user at the front of its queue.
A useri, when receiving agrant message from everyrmk,
k ∈ Ri(t), enters the “real” critical region (not of subrou-
tine). After it is finished in its critical region, it sends a
release message to everyrmk. This is the exit region of
useri. Upon receiving arelease message, a resource man-
ager marks the front of the queue unoccupied. If a position
in a queue becomes unoccupied, any user occupying the im-
mediately succeeding position needs to advance.

Now, we need to implement the third rule in which,
when all the users at the front of the queue leave the queue,
all the other users in the queue advance one position, pre-
serving their relative order and the first rule. Because of the
asynchrony in the system, arbitrary advancement of users
in a queue may break the relative order among conflicting
users. To illustrate this, suppose that useri selects a position
p in resourcesa andb. Assume that all the users at the posi-
tions less thanp in qa finish the critical region and leave the
queue before those inqb. Suppose that after some time, the
positions of useri become equal to, say,p − 4 in qa andp
in qb. It is possible that not all positions below positionp in
qb are occupied. So, in the meanwhile, some userj which
also requires resourcesa and b selects, say, positionp − 2
in both qa andqb. Now, becausej waits for i in qa while i
waits for j in qb, there is no relative order betweeni andj,
and this causes deadlock (see Fig. 3).

To implement the third rule without breaking the relative
order among conflicting users, we let each resource manager
rmk send adec message to useri when the position immedi-
ately preceding useri’s position inqk is unoccupied. When
useri receives onedec message from eachrmk, k ∈ Ri(t),
it sends anadvance message to everyrmk. Upon receiving
theadvance message,rmk advances useri’s position inqk

to the next lower position.
It can be proved that when the above scheme is used,

the difference between the positions of useri in any two
queues is less than two, i.e., the positions of useri in the
different queues, advance almost “in synchrony”. The proof
is given in Sect. 5. This preserves the relative order among
the conflicting users. For example, in the above example,
useri will remain in positionp or p − 1 in bothqa andqb.
Therefore, userj cannot occupy a position in between the
two positions of useri.

The fourth rule prevents new users from interfering with
the advancement of the users in the queues. It can be eas-
ily implemented by dictating those new users not consider



162

qa qb

i

qa qb

i

j j

pposition 

After some time

i

i

p-1

p-2

p-3

p-4
Fig. 3. An illustration of queues when a useri selects positionp
initially and then after some time, userj selectsp−2. This shows
that a careless advancement of users (here useri in qa) causes a
deadlock

01 � region = Trying andsub-region = Remainder →
02 sub-region := Trying;
03 subRi := Ri;
04 � sub-region = Critical andreq-report = false →
05 req-report := true;
06 for all j ∈ Ri: sendreporti,j ;
07 � Receivemarkedj,i, ∀j ∈ Ri →
08 p := min{N −

⋃
∀j∈Ri

markedj,i};

09 for all j ∈ Ri: sendselect(p)i,j ;
10 req-report := false;
11 sub-region := Exit;
12 � Receivegrantj,i, ∀j ∈ Ri →
13 region := Critical;
14 � Receivedec(p)j,i, ∀j ∈ Ri for somep →
15 for all j ∈ Ri: sendadvance(p)i,j ;
16 � region = Exit →
17 region := Remainder;
18 for all j ∈ Ri: sendreleasei,j ;

Fig. 4. Code for useri

the positions immediately preceding any occupied ones in
the queues of their required resources when they select the
initial positions. This implementation of the fourth rule is
somewhat related to the first rule. Imagine a situation where
a useri sends anadvance message to a resource manager
rmk so thati can advance top−1 from p. Without such im-
plementation of the fourth rule, it is possible for a new user
j to occupy positionp−1 in qk just beforermk receives the
advance message. Now, we have a situation that either both
i andj may occupy the same position inqk, or i may not be
able to advance to positionp − 1 at all. Thus, by preventing
a new user from occupying any positions immediately pre-
ceding already occupied positions, we can keep new users
from obstructing the advancement without violating the first
rule.

We obtain the time complexity of our protocol using the
following argument. The initial position of a user is always
less thanO(δ), because (1) each user selects the minimum
position that is not occupied by all its conflicting users; (2)
the difference between any two positions of useri in queues
is less than two (which means useri occupies no more than
two position in queues at any time); and (3) there are at most
δ conflicting users at any time. By induction on the position
that a user occupies, it can be shown that a user advances
one position in timeO(δd) after all position 1’s in all queues
are unoccupied (which happens at everyO(c+d) time in the
worst case). The proof is given in Sect. 5. Therefore, since
there are at mostO(δ) positions in front of any user, a user
will reach the front of the queue in timeO(δc+δ2d). Since it
takesO(Xd) time for a user to select an initial position, the
overall response time of the algorithm isO(δc + δ2d + Xd).

For the message complexity, before a useri advances to
a new position inqk, useri receives at mostr dec messages
and sends at mostr advance messages while useri is at
positionp. Therefore, because the initial position is always

in O(δ), the message complexity isO(M + rδ) if M is the
message complexity of the subroutine.

4.2 Formal description

As described in Sect. 3, in each user’s code,region is set to
Trying, Critical, Exit or Remainder if and only if a user
is the trying region, the critical region, the exit region or the
remainder region. The subroutine also has its own “region”
variable. To distinguish these two variables, we callregion
in the subroutinesub-region.

Given a subroutine, we take only the resource allocation
part of the code and concatenate it to the user code described
in Fig. 4. All the occurrences ofregion in the resource
allocation part of the subroutine are replaced bysub-region,
and the variableRi in the subroutine is also replaced by
subRi. It is assumed that the subroutine is well-formed.

The following messages and state variables (in addition
to ones described in above) are used in the algorithm de-
scribed in Figs. 4 and 5.
• select(p)i,k: message from useri to rmk; indicates thati
selected positionp in qk.
• reporti,k: message from useri to rmk; requests informa-
tion about the occupied positions inqk.
• releasei,k: message from useri to rmk ; indicates that it
has finished using the resource.
• markedk,i: message fromrmk to useri; contains all the
occupied positions and their preceding positions inqk.
• grantk,i:message fromrmk to useri; indicates that re-
sourcek is granted to the user.
• dec(p)k,i: message fromrmk to useri; indicates that po-
sition p − 1 of qk is unoccupied.
• advance(p)i,k: message from useri to rmk; indicates that
rmk can advance useri into positionp − 1.
• req-report: a boolean variable; true when a user sent
report messages, but hasn’t receivedmarked messages.
• has received advanced(p): a boolean variable; becomes
true whenrmk receivesadvance(p)i,k and becomes false
when user i advances to position p − 1 (i.e.,
advance one position( p) is called).
• occupantk(p): a variable; contains the ID of the user that
occupies positionp of qk. 0 if the position is unoccupied.
(We assume there is no user with ID zero.)
• rm criticalk: a boolean variable; true whenrmk received
a report message from somei, but hasn’t received aselect
message fromi. It indicates thati is in the critical region of
the subroutine.
• has dec sent(p): a boolean variable; true when adec(p)
is sent, and false when a user occupies positionp.
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01 � ¬rm criticalk , receivereporti,k → // received report msg.
02 markedk,i := {j − 1, j : ∀j, occupantk(j) /= 0};

// markedcontains information about all
// occupied positions and their immediately preceding positions.

03 sendmarkedk,i;
04 rm criticalk := true; // enter critical section of the subroutine.
05 � rm criticalk , receiveselect(p)i,k , → // finished the selection
06 rm criticalk := false; // leave critical section of the subroutine.
07 occupantk(p) := i;
08 if p = 1 then sendgrantk,i; // send a grant msg ifi is at the front.
09 adjust queue( p) ;
10 � ¬rm criticalk , receiveadvance(p)i,k , → // recvd an advance msg
11 has received advance(p) := true;
12 adjust queue( p) ;
13 � ¬rm criticalk , receivereleasei,k → // release the res. to the next user.
14 occupantk(1) := 0;
15 adjust queue(2) ;

16 Procedureadjust queue( p)
17 while (occupantk(p) /= 0) and (occupantk(p − 1) = 0)
18 if (has dec sent(p) = false) then
19 has dec sent(p) := true;
20 senddec(p)k,occupantk(p);
21 endif
22 if (has received advance(p) = true): advance one position( p) ;
23 p := p + 1;
24 end while

25 Procedureadvance one position( p)
26 occupantk(p − 1) := occupantk(p); // advance one position
27 occupantk(p) := 0; // reinitialize position variables
28 has received advance(p) := false;
29 has dec sent(p) := false;
30 if (p − 1 = 1) then sendgrantk,occupantk(p−1);

// if the next position is empty, send a dec message.
31 if (has dec sent(p − 1) = false) and (occupantk(p − 2) = 0) then
32 has dec sent(p) := true;
33 senddec(p − 1)k,occupantk(p−1);

Fig. 5. Code for resource managerrmk

5 Correctness proof and performance analysis

For convenience of presentation, we define some terms. We
denote byik the fact that useri occupies a position inqk. If
a useri occupies or advances to a positionp in qk, then we
say thatik occupies or advances top. If rmk sends adec(p)
for any p while i occupies positionp in qk, then instead of
saying that the resource manager sends thedec messages,
we say more conveniently thatik sendsdec(p). We also
assume that each user enters the trying region no more than
once. This assumption does not affect the correctness of our
protocol as the protocol relies only on the current resource
requirement of users.

As it is straightforward to show that the user code is
well-formed, we only prove the exclusion, no-lockout and
concurrency conditions.

Lemma 5.1. In any timed execution of the algorithm, for any
conflicting usersi and j, ik and jk do not occupy the same
position at the same time.

Proof. Without loss of generality, we assume thati selects a
position inqk afterj does (i.e.,i enters the critical region of
the subroutine afterj). Note that they cannot select positions
at the same time because of the exclusion condition of the
subroutine and becausei conflicts withj.

When i selects a position inqk, it receives amarked
message fromrmk, which contains information about all
the occupied positions inqk. rm criticalk in the resource

manager’s code is set to true whenrmk receives areport
message from useri (see line 4 in Fig. 5), which is sent
only after the user enters the critical region of the subrou-
tine. Since other conflicting users cannot be in the region at
the same time,rmk doesn’t receive aselect message un-
til i sends it. Thus, whilei is selecting a position inqk,
rm criticalk remains true untilselecti,k is received. Since
rmk doesn’t receive any other message whilerm criticalk
is true, the positions of other users inqk do not change dur-
ing the selection. Also by the code,ik doesn’t select any
position occupied byjk or its preceding position (see line
8 in Fig. 4). This guarantees thati never selects the posi-
tion that jk selected since useri selects a position that are
unoccupied inqk.

Sinceik advances to a new position only after its imme-
diately preceding position is unoccupied (see lines 17 and 22
in Fig. 5), it never happens thatik advances to the position
that jk occupies or vice versa.

Theorem 5.2. (Exclusion) In any timed execution of the al-
gorithm, if usersi andj are both in the critical region, then
i and j do not conflict with each other.

Proof. By Lemma 5.1,ik and jk never occupy the same
position at the same time. By the code, only the users at
position 1 will be in the critical region (see lines 8 and 30 in
Fig. 5). Thus, if users occupy different positions in a queue,
there is no such case that they are in the critical region at
the same time.
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We now prove the no-lockout condition of the algorithm.
The proof is structured as follows. We first prove in Lemma
5.5 (using Claims 5.4 and 5.3) that a userik advances one
position from a positionp if and only if positionp − 1 in
everyqk′ , k′ ∈ Ri, is unoccupied. The lemma implies that all
ik ’s are advancing “in synchrony” whenever positionp − 1
in every qk′ , k′ ∈ Ri, is unoccupied. As everyik initially
occupies the same position in everyqk, the distance between
any ik and ik′ (k /= k′) is at most 1.

Then we prove in Lemma 5.7 that if a userjk occupies a
position lower thanik, it is always the case thatjk′ occupies
a position lower thanik′ , e.g., there is no such situation that
while a userik is at position 2 and a userjk is at position
1, ik′ is at 1 andjk′ is at 2. Lemmas 5.5 and 5.7 together
guarantee that all users that occupy position 1 at all queues
will eventually receive agrant message from their resource
managers, enter the critical region, and leave the queues.
Also, using Lemma 5.5, Lemma 5.9 proves that after all
users that occupy position 1 at any queue leave the queues,
all other users in the queues advance one position eventually.
Inductively applying this argument, we can prove that all
users in the queue eventually advance to position 1. This
proves the no-lockout condition.

Claim 5.3. If has dec sent (p)k is true andik is at p,
thenrmk sends at least onedec(p) to i.

Proof. Since only at line 19 in Fig. 5,has dec sent (p)k
becomes true, after which adec(p) message is sent to the
occupant ofp, we only need to prove that whenik first
occupiesp, has dec sent (p)k is false.

Assume by way of contradiction that whenik first occu-
pies p, has dec sent (p)k is already true. Since
has dec sent (p)k is initially set to false, there must have
been some userjk that occupiedp and sethas dec sent
(p)k to true (at line 19 in Fig. 5) previously, and some other
user sk that subsequently occupiedp (at either line 7 or
line 26 in Fig. 5) and foundhas dec sent (p)k to be true.
Note thathas dec sent (p)k becomes false only at line
28 in Fig. 5 which is executed when the occupant ofp ad-
vances top − 1 (line 26 in Fig. 5). Therefore, the fact that
has dec sent (p)k was already true whensk first occu-
pied p implies thatjk has not had moved fromp yet. This
contradicts Lemma 5.1 sincejk and sk were at the same
position in the same queue.

Claim 5.4. An rmk, k ∈ Ri sends at least onedec(p) mes-
sage to useri if and only if positionp−1 in qk is unoccupied
and positionp in qk is occupied byi.

Proof. (If part ) The condition that positionp − 1 in qk is
unoccupied and positionp in qk is occupied byi becomes
true only either (1) whenp − 1 becomes unoccupied while
ik is at p, or (2) whenik first occupies positionp, p − 1 is
already unoccupied.

Case 1 happens only either whenrmk receives an
advance(p − 1) message or whenp = 2 andrmk receives
a release message. In either case,adjust queue( p) is
called. Thus, line 18 in Fig. 5 will be executed

Case 2 happens only either wheni selects positionp
by sending aselect(p) or when ik advances top from
p + 1. When rmk receives aselect(p) message, it calls

adjust queue( p) (line 9 in Fig. 5). Whenik advances to
p from p + 1, it is always checked whetherp− 1 is occupied
or not. Line 31 in Fig. 5 will be executed.

In all cases,has dec sent (p)k is checked and if it is
not set to true, adec(p) message is sent toi. If it is set to
true, then by Claim 5.3, at least onedec(p) message must
be sent toi.

(Only if part ) Trivially true by the code (see lines 17
and 31 in Fig. 5).

We say that a useri is alignedat positionp if for every
k, k ∈ Ri, occupantl(p) = i.

Lemma 5.5. An rmk, k ∈ Ri executesadvance one
position( p) if and only ifi is aligned at positionp, and

for everyl, l ∈ Ri, occupantl(p − 1) = 0.

Proof. By Claim 5.4, useri receives adec(p) message
from all the rml’s if for all l, l ∈ Ri, occupantl(p −
1) = 0 and occupantl(p) = i. By line 15 in Fig. 4,
user i will send anadvance(p) message tormk. Receiv-
ing the message,rmk setshasreceivedadvance(p) to true
andadjust queue (p) is called in which line 22 in Fig. 5
is executed.

hasreceivedadvance(p) is set to true only at line 11
which is when rmk receives advance(p).
hasreceivedadvance(p) is set to false either initially or
when a user atp advances top − 1 (at line 28). Thus
if hasreceivedadvance(p) is true, then it has received an
advance(p) from the current occupant of positionp. Note
that by the code, anadvance(p) message is sent by the occu-
pant ofp only when the occupant receives adec(p) message
from all the resource managers of the resources it requires.
Thus, by Claim 5.4, the fact thathasreceivedadvance(p) is
true implies that for alll, l ∈ Ri, occupantl(p − 1) = 0 and
occupantl(p) = i.

Lemmas 5.1 and 5.5 imply that no new user can obstruct
the advancement of useri if i is aligned and the immediately
preceding position of everyik is unoccupied. This is because
(1) new users cannot select their initial positions to be im-
mediately preceding any occupied position, and (2) while a
new user selecting a position in some queuek, rm criticalk
is true. Thus, by the code,rmk receives onlyselectmes-
sages. Sincermk does not receive anyadvanceor release
message while the new user is selecting, other users in queue
k cannot advance.

Let Pk(i) be the position ofik in qk.

Claim 5.6. For any useri and anyk and k′ ∈ Ri, it is
always true that|Pk(i) − Pk′ (i)| ≤ 1 while ik andik′ are in
qk andqk′ respectively.

Proof. Everyik, k ∈ Ri occupies the same position initially
(line 9 in Fig. 4). By the code,i sends anadvance(p) mes-
sage only after it receives adec(p) message fromik andik′ .
By Claim 5.4, ifi receivesdec(p)k,i anddec(p)k′,i ik andik′

must be atp. By the code,advance one position( p)
is executed when anadvance(p) is received. Since
advance one position( p) advancesik only one po-
sition, the claim follows.

For anyk, i andj, i /= j, if Pk(i) > Pk(j), then we say
that userik waits for userjk, denoted byik → jk.
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Fig. 6. Two aligned chains of user 1

Lemma 5.7. There is no cycle in the wait-for relation cre-
ated by the execution of the algorithm.

Proof. We show that ifik → jk at time t, ik′ → jk′ , for
any resourcesk and k′ ∈ Ri ∩ Rj . The lemma is trivially
true if k = k′. Assumek /= k′. Without loss of generality,
assume thati selects a position beforej does. Ifjk occupies
a position less thanPk(i), jk′ should also occupy a position
less thanPk′ (i). This is because whenj selects a position in
qk andqk′ , P (jk) = P (jk′ ). By Claim 5.6,| P (ik)−P (ik′ ) |≤
1. Therefore, ifik → jk, then ik′ → jk′ . This is sufficient
to show there are no such cycles since a user cannot wait
on itself.

Claim 5.8. Let p be the lowest position that a useri is in at
some timet. Useri will be eventually aligned at positionp
at some timet′, t′ ≥ t.

Proof. Every ik, k ∈ Ri initially occupies the same posi-
tion. A useri advances to the next positionp−1 only when
it receives anadvance(p) message and the message is sent to
everyik. advance(p) is sent by useri only when it receives
a dec(p) message from everyik which is sent only whenik
occupiesp. Thus, if ik is at positionp, then it must have
received anadvance(p + 1) message. Then everyik′ , k′ /= k,
will receive it as well and advance top. ik cannot advance
to p− 1 before everyik′ advances top becauseik′ does not
send adec(p) message until it advances top.

Lemma 5.9. At some timet, let Ut be the set of users at
position 1 in every queue. If all users inUt leave the critical
region and their queues by some timet′, t′ ≥ t, a userik that
is at positionp at t will eventually advance top − 1 after t.

Proof. By Claim 5.8, useri will be aligned at eitherp or
p−1. If it is at p−1, then the lemma is trivially true. Assume
that i is aligned atp. There are two cases to consider.

(1) Positionp−1 in every queue thati is in is unoccupied.
In this case, this lemma is true by Lemma 5.5.

(2) Positionp − 1 in some queue is occupied by some
userj. By Claim 5.8, user j is (or will be) aligned at position
p − 1 or p − 2. If it is aligned atp − 2, this lemma is true
by Lemma 5.5. Note that no new user can occupyp− 1 left
by j. Assuming thatj is aligned atp − 1, we can find a
chain of usersx(0), x(1), . . . , x(l) for somel, l ≥ 2, such
that x(0) is i, andx(m), for somem, 1 ≤ m ≤ l, is aligned
at p − m, andx(m) andx(m + 1) are in conflict. Let us call
this chain analigned chainof i. Figure 6 shows an example
of two aligned chains of a user 1. The two chains are 1,2,4
and 1,3,5,6.

Without loss of generality, we can assume that there are
c aligned chains ofi for some integerc, c ≥ 1.

x0(0), x0(1), . . . x0(l0)
x1(0), x1(1), . . . x1(l1)
x2(0), x2(1), . . . x2(l2)

...
xc(0), xc(1), . . . xc(lc)

Note thatxk(0), 1≤ m ≤ c, is equal toi, and for some
k′ andk′′, lk′ and lk′′ could be different meaning that each
chain can be of different length. Suppose thatxk(lk) is at
positionplk . plk is either 1 or some position higher than 1.
(1) If xk(lk) is aligned at 1, then it is inUt and will leave its
queues at timet′′. (2) If plk is not 1, then by the definition
of aligned chain,plk − 1 in every queue thatxk(lk) is in
is unoccupied. Thus, by Lemma 5.5,xk(lk) will advance to
plk − 1.

In both cases,plk will be unoccupied. The same is true
for everylk, 1 ≤ k ≤ c. Then, by Lemma 5.5, everyxk(lk −
1), 1≤ k ≤ c, will advance toplk . Note that new users can
occupyplk becausexk(lk−1) occupiesplk −1. By induction
on positionplk , we can prove that useri eventually advances
to p − 1.

Theorem 5.10. (No-lockout) If a useri is in the trying re-
gion or in the exit region, then it leaves its current region
in finite time assuming no user remains in the critical region
forever.

Proof. By the no-lockout condition of the subroutine, useri
will eventually select a position in all queues of the resources
that it requires. By Lemma 5.7 and by the code, all users at
position 1 of queues will receive agrant message from all
resource managers of the resources they require, and enter
the critical region. If they leave the critical region in finite
time, then the position 1’s occupied by them will be free.
Then, as all the users in the position 1 leave their queues, all
of position 1’s in all queues will be unoccupied eventually.
Since all the position 1’s in all queues will be unoccupied,
by Lemma 5.9, all the users in the queues will advance one
position eventually.

Induction on the position that useri occupies proves that
i eventually leaves the trying region in finite time, and enters
the critical region.

Since in the exit region, users sendrelease messages and
then enter the remainder region immediately, users leave the
exit region in finite time.

Theorem 5.11. (Concurrency) in any execution of the algo-
rithm, if there is no conflicting user of useri in the trying
region after and wheni enters the trying region, theni even-
tually enters the critical region.
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Proof. If i is in the trying region, it will eventually enter the
critical region of the subroutine because of the no-lockout
condition of the subroutine. Since there is no conflicting
user, allqk, k ∈ Ri, are empty, useri will select position 1
in all qk and enter the critical region.

To measure the response time of the algorithm, we define
functionsRespA(c) andMsgA to be the response time and
the message complexity of a resource allocation algorithm
A.

Theorem 5.12. If a resource allocation algorithmA is used
as a subroutine for our algorithm, then our algorithm has
response timeO(δc+δ2d+RespA(d)) and message complexity
O(MsgA + rδ).

Proof. For the response time, we only need to show that
any useri that sends arequest message at timet will receive
grant messages from all resource managersrmk, k ∈ Ri(t)
by time t + O(δc + δ2d + RespA(d)).

Note that for a message to be received, it takes timed+1
in the worst case (the maximum message delay plus one step
to receive the message). The maximum time period that a
user spends in the critical region of the subroutine is 2d + 2,
i.e., sending areport message, receiving amarked message
(after sending aselect message, a user leaves the region
immediately). Since the response time of the subroutine is
RespA(c) and in the subroutine,c = 2d + 2, a user will enter
the critical region of the subroutine within timeRespA(2d+
2).

Let p be the initial position of useri. There are at most
δ − 1 other users in the queues of resources that useri
requires. By Claim 5.6, no user occupies more than two
positions at any time. By the code, the position immediately
preceding any occupied position is not considered for the
selection. Therefore,p ≤ 3δ.

We now show that it takes at mostO(pc + p2d) time for
any useri to leave a queue after it occupies positionp.

It can be shown by an easy induction onp that if position
1’s of all queues are unoccupied at timet′, then all users
at the positions higher than 1 will advance top − 1 within
time t′ + p(2d + 2). Assume, by way of induction, that all
users at positionp − 1 advance one position to position
p − 2 within time t′ + (p − 1)(2d + 2). When all users at
p − 1 advance, all users at positionp senddec(p) messages,
which will be received within timed + 1, and then advance
messages will be sent, which takes at mostd + 1 time to be
received. All users at positionp will advance top − 1 by
time t′ + (p − 1)(2d + 2) + 2d + 2.

After all jk ’s, k ∈ Rj , occupy position 1 in allqk ’s,
it takes at mostc + 2d + 2 time for all rmk ’s to receive a
release message from userj, i.e., d + 1 time for agrant
message to be received byj; c time for j to be in the critical
region; andd+ 1 time for arelease message to be received.
Thus, after a useri occupies positionp, all users at position
1 will leave the queue within timec + 2d + 2. It follows that
within time t + Resp(2d + 2) + c + 2d + 2 +p(2d + 2), every
ik occupiesp − 1 or less.

Since there arep − 1 positions to advance, within time
t+Resp(2d+2)+(p−1)(c+2d+2+p(2d+2)), useri advances
to position 1. Sincep ≤ 3δ, useri enters the critical region
by timet+Resp(2d+2)+(3δ−1)(c+2d+2+3δ(2d+2)) plus

the time to receive agrant message (d + 1). Therefore, user
i enters the critical region by timet+O(Resp(d) +δc+δ2d).

For the message complexity, each user receivesr dec
messages and sendsr advance messages at each position
in the queues. Since a user occupies at most 3δ positions,
the message complexity isO(MsgA + rδ) before it actually
uses its required resources in the critical region.

One may also wonder about the number of bits that each
message requires. Among all the messages in our algorithm,
a markedmessage can be largest because it contains infor-
mation about all the occupied positions in one queue. Since
there are at mostδ conflicting users at a time and all the
users in the same queue are conflicting, amarkedmessage
can contain up toO(δ) positions. Because each position can
be represented by logP bits whereP is the total number
of positions in a queue, amarkedmessage needs at most
O(δ logP ) bits.

6 Simulation

We are interested in comparing the mean response time of
different resource allocation algorithms. We do the compar-
ison by discrete event simulation. This section discusses the
simulation results.

We simplify the model in Sect. 2 to reduce the complex-
ity of simulation. We model the execution of the system to be
synchronous, so that at every one time unit, each process ex-
ecutes one enabled guarded command (if there is no enabled
guarded command, it takes an idle step). However, message
passing among processes is still asynchronous so that each
message has a random delay with uniform distribution.

The simulation model has 100 users and 100 resources.
The resource requirements of processes are set randomly
prior to the execution of each simulation, and the conflict
graph is constructed based on the resource requirements of
all users. We assume a uniform probability distribution of
the resource requirements of users (i.e., the probability that
a user requires a resourcea is the same as the probability
that it requires a resourceb).

Each user takes idle steps in the remainder region for
some random time before it enters the trying region. We call
the time period thethinking time. The time period that a user
uses one resource is called theresource service time. The re-
source service time for each resource is set randomly before
a user enters the critical region. The time period that a user
stays in the critical region is determined by the sum of the
resource service times of all resources that the user needs to
use. The probability distributions of the thinking time and the
resource service time are also uniform. To increase the accu-
racy of the simulation, we adjusted simulation run lengths in
such a way that the sample mean response times and mean
numbers of messages had 95% confidence intervals which
were less than 5% of the measured values.

We simulated Chandy and Misra’s algorithm (CM), Choy
and Singh’s algorithm (CS), Awerbuch and Saks’ algorithm
(AS), our modular algorithm with Choy and Singh’s algo-
rithm as a subroutine (CSR) and our modular algorithm with
Chandy and Misra’s algorithm as a subroutine (CMR). Ap-
proximately 300 random conflict graphs were tested.
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Fig. 7. Average response time when average resource service time = 25
and average message delay = 50
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Fig. 8. Average response time when average resource service time = 50
and average message delay = 50

Figures 6, 8, 9, 10 and 11 show the result of our simula-
tions, where the average response times and message com-
plexities are shown for various numbers of conflicting users.
To see the impact of the ratio of message delay over the re-
source service time on the response time, we simulated the
algorithms with different ratios. The average message delay
was fixed to 50 time units while the resource service time
was varied from 25 to 100. The average think time was set
to 25.
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Fig. 9. Average response time when average resource service time = 75
and average message delay = 50
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Fig. 10. Average response time when average resource service time = 100
and average message delay = 50
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Fig. 11. Average message complexity of when average resource service
time = 100 and average message delay = 50

When the ratio of the average response time over the
average message delay was small, all the algorithms except
CM performed comparably (see Fig. 6). CS performs better
than all other algorithms tested when the average number of
conflicting users is small. However, as the average number
of conflicting users gets bigger, the average response time
of CS grows more steeply than those of CSR, CMR and AS.
This phenomenon becomes more evident when the ratio of
the average resource service time over the average message
delay gets bigger (compare Fig. 6 with Figs. 8, 9 and 10).

Our result shows that CSR and CMR give clearly better
response time than the other algorithms (AS, CS and CM)
when the average number of conflicting users is large and the
ratio of the average resource service time over the average
message delay is high. CMR and CSR show up to 60%
improvement over CS and up to 80% improvement over
CM. CMR and CSR show better average performance even
than AS (up to 40%) as the ratio gets bigger. CMR works
surprisingly better than CM on average. Even in the case
where the ratio is small, if the average number of conflicting
users is large, CMR and CSR show improvement over all the
other algorithms (see Fig. 8). Chandy and Misra’s algorithm
is worst in every case.

For the message complexity, our combined algorithms
naturally require more messages than the subroutines. How-
ever, they require fewer messages on average than polyno-
mial response time algorithms such as AS (see Fig. 11).
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In summary, the simulation result clearly indicates that
the modular algorithm can improve the average response
time of its subroutine algorithm with small increase in the
messages complexity, especially when there is high con-
tention for resources and the message delay is smaller than
the resource service time.

7 Conclusion

We presented an efficient modular resource allocation al-
gorithm that uses another resource allocation algorithm of
any kind as a subroutine. When our algorithm uses Choy
and Singh’s dining philosophers algorithm [4], the com-
bined algorithm gives worst case response timeO(δ2(c +d))
and message complexityO(rδ), which is the fastest known
drinking philosophers algorithm with the stated message
complexity. When Choy and Singh’s dynamic resource al-
location algorithm [5] is used, the combined dynamic re-
source allocation algorithm gives worst case response time
O(δc + (δ3 + log∗ |U |)d) and message complexityO(rδ),
which is again the fastest known dynamic resource allo-
cation algorithm with the stated message complexity. We
also simulated various resource allocation algorithms using
a discrete event simulation technique. The simulation results
indicate that our algorithm performs better than other algo-
rithms on average, especially when the average number of
conflicting users is large and the ratio of the average time
period that a user is in the critical region over the average
message delay is high.

Acknowledgments.The author is greatly indebted to Jennifer Welch for
her helpful comments on earlier versions of this paper, and continuous
encouragement. This work is supported through her NSF PYI Award CCR-
9158478, and IBM Faculty Development Award. Many thanks also go to
Ivor Page and Tom Jacob for providing their simulation programs, which
helped me understand the algorithm of Awerbuch and Saks. The author
would like to thank the anonymous referees for their critical reading of
earlier versions of this paper and many helpful comments. Much of this
work was done while the author was with the Department of Computer
Science, University of North Carolina, Chapel Hill.

References

1. Awerbuch B, Saks M: A dining philosophers algorithm with polyno-
mial response time,Proc. 31st IEEE Symposium on Foundations of
Computer Science,St. Louis, MO, pp. 65–74, October 1990,

2. Bar-Ilan J, Peleg D: Distributed resource allocation algorithms,Proc.
6th International Workshop on Distributed Algorithms,, pp. 277–291,
September 1992

3. Chandy K, Misra J: The drinking philosophers problem,ACM Trans-
actions on Programming Languages, Systems6: 632–646 (1984)

4. Choy M, Singh A: Efficient fault-tolerant algorithms for resource allo-
cation in distributed systems,Proc. 24th ACM Symposium on Theory
of Computing,pp 593–602, May 1992. Also to appear inACM Trans-
actions on Programming Languages, Systems

5. Choy M, Singh A: Distributed job scheduling using snapshots,Proc. of
the 7th International Workshop on Distributed Algorithms,, pp. 145–
159, September 1993

6. Dijkstra E: ierarchical ordering of sequential processes,Acta Informat-
ica 1(2): 115–138 (1971)

7. Lynch N: Upper bounds for static resource allocation in a distributed
system,J Comput Syst Sci23: 254-278 (1981)

8. Peterson G, Fisher M: Economical solutions for the critical section
problem in a distributed system,Proc. 9th ACM Symposium on Theory
of Computing, pp 91–97, May 1977

9. Page I, Jacob R, Chern S: Fast algorithms for distributed resource
allocation,IEEE Trans Parallel Distrib Syst, pp 632–646 (1993)

10. Rhee I:Efficiency of Partial Synchrony, Resource Allocation in Dis-
tributed Systems, PhD Dissertation, TR94-071, Department of Com-
puter Science, University of North Carolina, Chapel Hill, April 1994
(ftp://ftp. cs. unc. edu/pub/technical-reports/94-071. ps. Z)

11. Styer E, Peterson G: Improved algorithms for distributed resource al-
location,Proc. 7th ACM Symposium on Principles of Distributed Com-
puting, Toronto, Canada, pp 105–116, August 1988.

12. Welch J, Lynch N: A modular drinking philosophers algorithm,Distrib
Comput6: 233–244 (1993)

13. Weidman E, Page I, Pervin W: Explicit dynamic exclusion algorithm,
Proc. of the 3rd IEEE Symposium on Parallel, Distributed Processing,
pp 142–149, December 1991

Injong Rhee received B.E. in electrical engineering from Kyung-Pook Na-
tional University, Korea in 1989, and Ph.D. in Computer Science from the
University of North Carolina, Chapel Hill, USA in 1994. After conducting
postdoctoral research for one year at Warwick University, U.K., and for
one year at Emory University, USA, he is now an assistant professor of
computer science at North Carolina State University, USA. His research
interests include distributed systems and networks, networked multimedia
systems, and distributed algorithms.


