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Summary. This paper concerns resource allocation in dis-be considered as resources to which a transaction needs to
tributed message passing systems, i.e., the scheduling dfave the exclusive access.
accesses to exclusive system resources shared among con- Resource allocation in these kinds of systems has been
current processes. An efficient modular resource allocatioriormulated as three kindshe dining philosophers problem
algorithm is presented that uses any arbitrary resource akhe drinking philosophers problerandthe dynamic resource
location algorithm as a subroutine. It improves the perfor-allocation problem In all these problems, each process has
mance of the subroutine by letting each process wait onlya code segment singled out #e critical regionwhere it
for its currently conflicting processes, and therefore, allowsuses the resources. A process enters its critical region after
more concurrency. For appropriate choices of the subrouacquiring all its needed resources and then relinquishes them
tine, we obtain resource allocation algorithms with the min-when exiting the region. If any two processes have overlap-
imum worst case response times. Simulation studies werping resource requirements, we say that the two processes
conducted which also indicate that on average, the obtainedre inconflict The correctness conditions of these problems
algorithms perform faster and require a smaller number ofdictate that no two conflicting processes can be in the crit-
messages than other previously known algorithms, especiallical region at the same time, and all processes requesting
when resource contention among processes is high and thresources must eventually enter the critical region.
average time that a process remains in the critical region is The dining philosophers problem [6] is a static version
large. 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,
Key words: Dining philosophers — Resource allocation — called drinking philosophers [3], allows a process to request
Modular construction — Concurrency — Message passing disa different subset of its a priori given maximum resource
tributed systems 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
1 Introduction set of conflicting processes. The dynamic resource allocation
problem [1] is the most general of the three resource alloca-
Distributed systems commonly include exclusive resourcesiion pr0b|em5_ In the prob|em, the process set may dynam_
such as files and distributed objects, that must be manaqua”y Change over time and each process may need, for its
so that no two processes access the resources at the sagcution, any set of resources and may need different sets
time, while avoiding starved or deadlocked processes. Thgf resources at different times (i.e., a process has no prior
scheduling of processes with various resource requirementgnowledge about its maximum resource requirement and its
in this type of system is generally known @source alloca-  conflicting processes).
tion. We consider the problem only in the message passing The response time is used to measure the performance
model. of resource allocation algorithms, which is defined to be the
Examples of resource allocation can be found in manytime difference between when a process requests resources
applications including distributed database and file systemsand when it acquires them to enter the critical region. The
In distributed database systems, a transaction can acceffessage complexity is also used to measure the maximum
multiple data records during its operation, and to maintainnumber of messages required for a process to enter the criti-
the consistency of the accessed data, each transaction usghl region. These metrics are often expressed in terms of the
ally locks the data records so that no other transactions cafbllowing parameterss is the maximum number of conflict-
access them during its access. The locks on data records can
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ing processes at any time during the execution of the algosage complexityO(62 + & log* |2¢|) where ¢ is the uni-
rithm, r is the maximum number of resources that a processersal set of from which process IDs are drawwe ob-
requests at a time; is the maximum time that a process is tain a dynamic resource allocation algorithm with response
in the critical region andl is the maximum message delay time O(c + (62 + dlog* | 2/|)d) and message complexity
between any two processes. max{O(6%+§log* | 2¢]), O(rd)}. When log | 77| is less than
4, our dynamic algorithm is the fastest known dynamic re-
source allocation algorithm with the stated message com-
1.1 Our results plexity (see also Table 1). A similar type of modularity was
presented by Welch and Lynch [12], but unlike theirs, one
We present a modular algorithn#Z that uses any arbitrary modular algorithm can improve the performance of the sub-
resource allocation algorithm as a subroutine S. It can im+outine being used.
prove on the overall response time by letting each process The system structure of our solution is similar to those
wait, if it has to, only for its currently conflicting processes. of Lynch [7] and Weidman et al. [13], in that there is one
To be specific, consider a resource allocation algorithmdesignated process feachresource, called eesource man-
of any kind with response tim@(x - (c + d)) and message ager, that allocates its resource to the requesting processes
complexity O(m) for somex andm. If _Z4 uses this al- or maintains information about conflicting processes. The
gorithm as a subroutine S, the overall response time of théact that the resource managers also participate in schedul-
resulting algorithm isO(6c + max{§?, x}d) and its message ing accesses to resources does not make our algorithm more
complexity is maxm, O(rd)}. Sincec is multiplied by ¢, centralized than other algorithms in terms of fault-tolerance
our modular algorithm reduces the impactcofin the worst  and performance bottlenecks. Since each resource manager
case response time whenis bigger thanO(5) (more pre-  deals with resource requests only pertaining to its own re-
cisely, bigger than &. source, a crash of a resource manager doesn’t necessarily
The modular algorithm#2 uses the critical region of S affect the progress of the other processes that do not require
(i.e., the exclusion property of the region) to schedule re-the resource of the crashed resource manager. In fact, the ef-
source accesses in such a way that processes wait only féect of the failure of one resource manager can be less severe
their currently conflicting processes. The critical region of Sthan that of the failure of one process (that is not a resource
is not used to allocate actual resource, but to lockout competmanager). To see this, imagine that a process crashes in the
ing processes while they schedule themselves for resouragritical region while holding a set of resources. In this sit-
accesses. This modular construction effectively bounds th&ation, all the processes that require these resources cannot
response time to be a function é6&, which is the lower progress. This has the same effect as the failure of all the re-
bound. The time that a process spends in the critical regioisource managers that manage these resources. Therefore, in
of S is also bounded to b@(d) in .#. Minimizing the term  terms of fault-tolerance, our solution is no less distributed
applied toc contributes to minimizing the overall actual re- than fully distributed solutions, such as those in [1,2]. In
sponse time of# because the term is directly related to the terms of performance bottleneck, our algorithm gives an im-
level of concurrency allowed by the protocol (i.e., the num-proved worst case response time than other priorly known
ber of processes in the critical region at the same time). Iralgorithms.
addition,c can often be large in most systems. For example, We simulated our combined algorithms and other known
in distributed database systems, an access to each resoudiging philosophers algorithms using a discrete event sim-
in the critical region requires disk accesses, and 1/O latencylation technique. The simulation results indicate that the
is far (more than 20 times) greater than message delay in average performance (i.e., response time and message com-
typical local area network, more evidently in parallel pro- plexity) of our algorithm can be remarkably better than
cessor systems. the other known algorithms, especially when resource con-
Another advantage of our modular algorithm is that its tention among processes is high and the average time that
concurrency is limited only by the current resource require-a process remains in the critical region is larger than the
ments of contending processes, but not by their maximunaverage message delay.
resource requirements. This allows our algorithm to be ap-
plicable to various resource allocation problems. For exam- )
ple, given any arbitrary dining philosophers algorithm as1-2 Previous results
o, allowing more Soncrrency han the dining philoso. DIKSU2 (6] frst modeled the resource allocation problem
phers, and if the subroutine is a drinking philosophers algo—as a ring of 5 processes, called the dining philosophers,
: ’ . : ; . where each process shares a resource with each neighbor.
rithm or a dynamic resource allocation algorithm, so is the

: ) L Later, Lynch [7] generalized the problem to an arbitrary
resultlng algorithm. So,'when we use Choy apd 5'”9‘"’5 conflict graph where a node represents a process and an
ing philosophers algorithm [4] as a subroutine, which has

esponse Gme)(r( ). we obtan sdrkng phioso-  Cooc, *FI°SEIS 3 Shring of escurces petueen 1o o
. N . S .

phers algorithm with 'mprOVEd response trogdc + 6%d) set a partial ordering on the shared resources, so that each

and message complexit(rd). This is the fastest known

drinking philosophers algorithm with the stated messagé)rocess requests its needed resources in that order. The re-

. >>Ysponse time iD(c’(c + d)) wherec is the number of col-
comple_xny (see Table l)'. When we use Choy and Smgh “ors used in the coloring. The message complexit@(s).
dynamic resource allocation algorithm [5] as a subroutine,

which has respons@(§?c + (52 + § log* | 2¢|)d) with mes- 1 log* n = min{i : logé n < 1}.
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Table 1. Time and message complexities of resource allocation algorithms

Authors Problem Time Message
Lynch [7] dining O(c3(c + d)) 0O(5)
Styer and Peterson [11] dining O(8™93* (¢ + d)) O(61095+1))
Choy and Singh [4] dining O(6%(c + d)) 0(6)
Page et al. [9] dining O(6c + nd) 0(6?)
Chandy and Misra [3] | drinking O(n(c +d)) O(n)
Rhee drinking O(6c + 02d) O(max{62, ro})
Awerbuch and Saks [1] dynamic O(bc + 6%log| 24d) O(5%log|27])
Weidman et al. [13] | dynamic O(n(c+d)) 0(9)
Choy and Singh [5] | dynamic | O(8%c + (6° + 6 log* |2/])d) O(5% + §log* [ 22))
Rhee dynamic | O(@5c+ (6% +dlog* [24])d) | O(max{6? + §log* | 24|, 6}

Styer and Peterson [11] extended Lynch’s algorithm to de-andlocal step Send and receive are communication primi-
velop a dining philosophers algorithm with response timetives and a local step changes local variables of processes.
O(8'°9%*1(c + d)) and message complexity(5'°9°*1). Page, Each process; is modeled by a finite state automaton with
Jacob and Chern [9] presented a dining philosophers algostate set);. The state se); includes an initial stateg ;.
rithm with response timé&(dc+nd) and message complexity The automaton for each process is specified by a single
0O(6%). Choy and Singh [4] developed a dining philosophersguarded command seBf — A; 0B, — A,0...0B,, —
algorithm with response tim@(§?(c+d)) and message com- A,,]. EachB; — A; is a guarded command, where a guard
plexity O(5). They also include some discussion of fault- B; is either a boolean expression or a message reception (re-
tolerance. ceive step), or a conjunction of both, and a finite list of action
Chandy and Misra [3] presented a dining philosophersstatements4; that consists of either multiple local steps or
algorithm using an acyclic directed version of the conflict one send step, or both. While the executiondfappears
graph. They also first proposed the drinking philosophersatomic to all the other processes, the statements within
problem and its solution which uses their dining philoso- will be executed in sequence.
phers solution as a subroutine. The response time for both Processes communicate by sending messages to each
of the solutions ar@(n(c + d)), and the message complex- other. A send step represents the sending of message to a
ity is O(6). Welch and Lynch [12] generalized the modular process, and a receive step of a process involves a recep-
construction of Chandy and Misra’s drinking philosopherstion of one message destined to the process. We assume that
algorithm to come up with a drinking philosophers algo- messages sent are eventually received by their destination
rithm which uses, as a subroutine, any dining philosophergprocesses within a finite time.
algorithm. Its response time and message complexity are A configurationis a vectorC = {q1, g2, . . .} whereg; is
equal to those of the subroutine. the local state op, for eachp; € P (including the network).
Awerbuch and Saks [1] first defined and solved the dy-A guarded command ienabledin a configuration if its as-
namic resource allocation problem. In their model, theysociated boolean expression is true and associated receive,
assume that processes have to know a priori the IDs off any, can return nonempty messages, i.e., the messages
their conflicting processé&sThe algorithm’s worst case re- specified in the receive are in the buffer of its process. An
sponse time i€)(dc + §?(log| 24|)d), and the message com- execution of a guarded commaird/olves an atomic execu-
plexity is O(6%log|24]). Weidman et al. [13] developed a tion of all the steps in the action statements of the guarded
dynamic resource allocation algorithm using Chandy andcommand. It results in simultaneous changes to the state of
Misra’s drinking philosophers algorithm as a subroutine. Itsthe process of the guarded command based on the previous
response time and message complexity are the same as thastate of the process, and possibly to the state of the network
of Chandy and Misra’s. Bar-llan and Peleg [2] developedif the guarded command involves a send step. A guarded
a synchronousalgorithm that improves on Awerbuch and command enabled in a configurati6hcan beappliedto C
Saks’ algorithm to have response tirdédc + 6(log | 72 ])d) to yield a new configuratio@’ as a result of the execution
in a synchronousetwork. Choy and Singh [5] also devel- of the guarded command.
oped a dynamic resource allocation algorithm with worst A systemis specified by describing®, an initial con-
case response tim@(d?c + (62 + log*| 2¢|)d) and message figuration Co = (qo.1, 0.2, --.), and the automaton of all
complexity O(62 + log*| 2¢|). processes inP. An execution sequencef a system is an
infinite alternating sequence of configurations and enabled
guarded command§€y, 71, Cq1, 72, ... Ci7; . .., wherem; is
2 The system model an enabled guarded commanddf_,; and C; is obtained
by applyingm;_; to C;_1. We say that in an execution se-
There exists a (finite or infinite) set of processEs = quence, a guarded commanc@ntinually enabledrom C;

{p1,p2.ps, ..}, Processes communicate by passing mes_to Cj, 1 < j, if the guarded command is enabled in ev-

? ery configuration fromC; to C; and is not applied to any
sages. There are three types of process stapg receive configuration in betweerC; and C;_;. We also say that

2 Note that our definition of the dynamic resource allocation problem is in an execution sequencee a guarded commang is en-

. ; -
more general in that it doesn't assume a priori knowledge about the confic@Pled beforea guarded command’ in Cj, if there exists
processes. a sequence of configuratiods;, ..., C},...,Cy in o such
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that ¢ is continually enabled fron®; to Cy, but ¢’ is not In a drinking philosophers algorithm and a dynamic re-

continually enabled frond’; to C;. source allocation algorithm, users can have more concur-
An executioris an execution sequence satisfying the fol- rency than in a dining philosophers algorithm because users

lowing fairness conditions: (1)ifr; is a guarded command only need their current resource requirement to be satisfied,

of procesw (that is not the network) and applied€§, then  but not their maximums. To formalize this concept, we define

there is no guarded command wthat is enabled beforg; the following condition: (3) ¢oncurrency in any execution

in C; (i.e. the FIFO execution); (2) all continually enabled of the algorithm, if there is no conflicting user of usein

guarded command will be executed eventually. its trying region after and when enters its trying region,
A timed execution(a,, T) = Co, (m1,t1), ..., (7}, t5), ... then user: eventually enters the critical region. This con-
satisfies the following conditions: (1) = Cop, w1, C1, 72, - . ., dition is stronger than the no-lockout condition, that is, as

[[Ci,m1]] - .. is an execution; (2)[" is a mapping from long as there are no conflicting users while usés in the
guarded commands to real numbers that associates a re@ying region, uset is never stuck in the trying regiogeven
time with each guarded command in the execution. The seif other users are using other resources forevéhe same
qguencety, t1, .. .t; ... is nondecreasing and unbounded. (3) concurrency condition is also given in [12].
All messages sent are received in finite time. A drinking philosophersalgorithm is a system with a
If V is a state variable of a process drid a real number, finite and fixed user sdt’ where for all users, R;*** is a
V(t) denotes the value df in the configurationC; where  priori known to all processes, bil;(¢) is a priori unknown.
T(m;) <t < T(m+1), i.€., @ configuratior”’; represents the Each user’s code is well-formed, and the algorithm has to
states of the system during time interval(fr;), 7'(m;+1)). satisfy the exclusion, no-lockout and concurrency conditions.
Note that the system model here is completely asyn- A dynamic resource allocatioalgorithm is a system with
chronous because there are no constraints on relative timingn infinite setU where for all users, R*** and R;(t) are
of process steps and message delays. 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.

3 Resource allocation problems
4 Algorithm

We now speciali'ze the general system model in Sect. 2 foy 1 Informal description
resource allocation problem. L& be the set of resource in
the system. There exists a set of proceddegs- P) called  The basic idea of our algorithm is an implementation of a
theusersthat need subsets &f for their execution at various distributed queue, where each user in the trying region has
times. a position in the queue and enters the critical region in the
Let R;(t) be theresource requirementf useri at time  order of its position. The distributed queue runs under the
t. Let R*** be themaximum resource requiremenita user  following operational rules: (1) while a user is in the trying
i such that for every executiom, R;*** is the union of the  region, it occupies a position in the queue in such a way that
resource requirements of usein «. no two conflicting users occupy the same position; (2) users
Each user’s local states are partitioned into four regionsat the front of the queue enter the critical region and leave
In thetrying region the user requests its required resourcesthe queue when they enter the exit region; (3) when all the
Having acquiring the resources, the user enterscthial users at the front of the queue leave the queue, all the other
region It remains in the region for a finite time using the users in the queue advance one position, preserving their
resources. When the user is finished with the resources, ielative order and the first rule; and (4) a newly joining user
enters theexit region where it relinquishes the resources. does not prevent any users in the queue from advancing to
Otherwise, the user is in themainder region To specify  their next positions.
this, we assume that each user has a local variable, called It can be proved that the distributed queue with these
region, whose value is set t@'rying, Critical, Exit, or rules guarantees no-lockout and exclusion. Since no two con-
Remainder if and only if the user is in the trying region, flicting users occupy the same position in the queue and only
the critical region, the exit region or the remainder regionthe one at the front of the queue enters the critical region,
respectively. Initially, every user is in the remainder region.rules 1 and 2 ensure that no two conflicting users are in the
At some timet, if usersi and j are in the trying or critical region at the same time (exclusion). By rule 2, when
critical region, andR;(t) N R;(t) # 0, then we say that user a user finishes in the critical region, it leaves the queue, and
1 conflictswith user; at timet. by rule 3, all users in the queue will advance one position.
A dining philosopherslgorithm is a system with a finite Furthermore rule 4 ensures that even if some user enters the
and fixed se/ whereVi € U, R;(t) = R*** and R]*** is gueue just before this advancement, all the users in the queue
a priori known to all processes. Each user’s code is well-advance one position. It prevents the user that has just left
formed, and the algorithm must satisfy the following two the queue and enters the queue again from obstructing the
conditions: (1) éxclusion in any execution of the algorithm, advancing users. Thus, rules 3 and 4 ensure the no-lockout
if usersi andj are both in the critical region at time then: condition. (Formal proof is given in Sect.5).
and; do not conflict with each other; (2n¢-lockouj in any In our implementation, there is a group of special pro-
execution of the algorithm, if a user is in the trying region cesses, calledesource managereach assigned to one re-
or in the exit region, then it leaves its current region in finite source. The distributed queue mentioned above is imple-
time assuming no user remains in the critical region forevermented 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 ofFig. 2. An illustration of queues when a user selects a “hole”: usdoes
queues: usek has to wait for all the users thatis waiting for (occupied not wait for the users that useiis waiting for
positions are shaded)

for its conflicting users. Later, this approach will be slightly
resource managerm; maintains a queu@;. The goal is modified to accommodate the fourth rule.
to make these queues as a whole behave as the distributed To implement the second rule, each resource manager
gueue by enforcing the above-mentioned four rules. The folsends grant message to the user at the front of its queue.
lowing discusses our implementation. A useri, when receiving @rant message from everym;,

We apply a modular approach to implement the first rule:k € R;(t), enters the “real” critical region (not of subrou-
we use another resource allocation algorithm (of any kind}tine). After it is finished in its critical region, it sends a
as a subroutine. Each useiin the trying region at time release message to everymy. This is the exit region of
first runs the subroutine. After entering the critical region useri. Upon receiving arelease message, a resource man-
of the subroutine, it selects a position to occupy in eachager marks the front of the queue unoccupied. If a position
qr, k € R;(t). The idea is that while a useiis in the critical ~ in a queue becomes unoccupied, any user occupying the im-
region of the subroutine whergeis selecting a position in  mediately succeeding position needs to advance.
the queue, no conflicting users are in that region. Therefore, Now, we need to implement the third rule in which,
no two conflicting users can select the same position in thavhen all the users at the front of the queue leave the queue,
same queue. all the other users in the queue advance one position, pre-

In order to select a unique position in a queue, userserving their relative order and the first rule. Because of the
i sends areport message to the resource manager ofasynchrony in the system, arbitrary advancement of users
the queue, and the resource manager acknowledges withia a queue may break the relative order among conflicting
marked message that contains information about positionsusers. To illustrate this, suppose that usselects a position
occupied by other users in the queue, based on whgdr  p in resources andb. Assume that all the users at the posi-
lects a position in eacly. After finishing the selection, the tions less tham in ¢, finish the critical region and leave the
user informs all the relevant resource managers of the sequeue before those if,. Suppose that after some time, the
lected positions with a&elect message, and then it leaves positions of useti become equal to, say,— 4 in g, andp
the critical region of the subroutine. It is easy to see thatin g,. It is possible that not all positions below positiprin
it takes at most(d) time for a user to select the positions ¢, are occupied. So, in the meanwhile, some use&rhich
after entering the critical region of the subroutine. If the re-also requires resourcesand b selects, say, positiop — 2
sponse time of the subroutine (C + d) for someX, a  in bothg, andg,. Now, becausg waits fori in ¢, while
user can select its position in tim@(X d). waits for j in g, there is no relative order betweémand j,

The position that a user selects in a queue affects thand this causes deadlock (see Fig. 3).
overall response time of the user. For example, a user may To implement the third rule without breaking the relative
select the tail position of each queue. But this can caus@rder among conflicting users, we let each resource manager
unnecessarily long response time. To see this, suppose thatn; send alec message to useéwhen the position immedi-

a useri needs resources and b, ¢, is occupied by four ately preceding users position ing; is unoccupied. When
users, andy, is empty. If useri selects the end position useri receives onelec message from eachmny, k € R;(t),

of each queue, it will occupy position 5 i), and position it sends arudvance message to evemymn,. Upon receiving

1 in ¢,. Suppose that a usér requiring resources andc the advance messageym; advances usels position ingy
subsequently selects a position 2ginand position 1 ing.. to the next lower position.

Now, k& has to wait fori to leave the queue which is in It can be proved that when the above scheme is used,
turn waiting for four other users to finish (see Fig. 1). This the difference between the positions of usen any two
waiting chain can grow up t@2(n)-users in length, which queues is less than two, i.e., the positions of usir the
results inf2(nc) worst case response time. different queues, advance almost “in synchrony”. The proof

One reasonable approach is to have each ugeselect is given in Sect. 5. This preserves the relative order among
the smallest unoccupied position in eveyry, k € R;(). the conflicting users. For example, in the above example,
That is, a user looks for a “hole” in every queue. In the useri will remain in positionp or p — 1 in bothg, andgy.
above example, will select position 5 because position 5 is Therefore, uselj cannot occupy a position in between the
the smallest position unoccupied in bathandg,, and then  two positions of uset.

k will select position 1 because position 1 is unoccupied in  The fourth rule prevents new users from interfering with
q» andgq.. Therefore k does not have to wait farto finish the advancement of the users in the queues. It can be eas-
(see Fig. 2). This way, each user, if it has to, waits onlyily implemented by dictating those new users not consider
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p-|| | | [ ]
p2|l IRl |—= [ ]| |[[1_]
After sometime
p-3 | | | | ] Fig. 3. An illustration of queues when a useselects positiom
p-4 ‘ ‘ ‘ ‘ \'—1 initially and then after some time, usgselectsp — 2. This shows
that a careless advancement of users (hereusey,) causes a
% % % % deadlock
o = ’”"gé’zgfezfo?ﬁ"f ;C,ij:jzjreg“’" = Remainder — in O(8), the message complexity @(M + rd) if M is the
03 subR; = Ry; message complexity of the subroutine.
04 O sub-region = Critical andreq-report = false —
05 req-report ;= true;
06 for all j € R;: sendreport; ;;
07 O Receivemarked; ;, Vj € R; —
08  p=min{/" — UVjeRi marked; ;}; 4.2 Formal description
09 for all j € R;: sendselect(p); j;
10 req-report ;= false;
11 sub-region = Exit; i i . , . .
12 O Receivegrant; ;, Vj € R; — As described in Sect. 3, in each user’s codgyion is set to
ﬁ O R?C%Zi\‘/’;;;(cp’)ﬁ?wv?e R, for somep Trying, Critical, Exit or Remainder if and only if a user
15 forallj e Rﬂ’;gndadmiwe@)i’j; is the_ trying region, the critical _region, the exit region or the
16 O region = Bxit — remainder region. The subroutine also has its owayfon”
17 region = Remainder; iable. To distinguish these two variables, we calji
18 for all j € R;: sendrelease; j; varia ' g ’ on

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 ofegion in the resource
the positions immediately preceding any occupied ones irallocation part of the subroutine are replacedshy-region,
the queues of their required resources when they select thend the variableR; in the subroutine is also replaced by
initial positions. This implementation of the fourth rule is subR;. It is assumed that the subroutine is well-formed.
somewhat related to the first rule. Imagine a situation where The following messages and state variables (in addition
a user: sends armudvance message to a resource managerto ones described in above) are used in the algorithm de-
rmy, SO thati can advance tp— 1 from p. Without such im-  scribed in Figs. 4 and 5.
plementation of the fourth rule, it is possible for a new usere select(p); »: message from usérto rmy; indicates that
j to occupy positiorp—1 in g3, just beforerm,, receives the selected positiop in gy.
advance message. Now, we have a situation that either bothe report; . message from useérto rmy,; requests informa-

1 andj may occupy the same position4p, or 7 may not be tion about the occupied positions in.

able to advance to positign— 1 at all. Thus, by preventing e release; ,: message from usérto rmy, ; indicates that it
a new user from occupying any positions immediately pre-has finished using the resource.

ceding already occupied positions, we can keep new usere markedy, ;: message fromm;, to useri; contains all the
from obstructing the advancement without violating the firstoccupied positions and their preceding positiongn

rule. e granty ;:message fromrmy to user:; indicates that re-

We obtain the time complexity of our protocol using the sourcek is granted to the user.
following argument. The initial position of a user is always e dec(p); ;: message fromm,, to users; indicates that po-
less thanO(9), because (1) each user selects the minimunsition p — 1 of ¢ is unoccupied.
position that is not occupied by all its conflicting users; (2)  advance(p); ,: message from usérto rm;; indicates that
the difference between any two positions of user queues rmy can advance useérinto positionp — 1.
is less than two (which means usenccupies no more than e reg-report: a boolean variable; true when a user sent
two position in queues at any time); and (3) there are at mosteport messages, but hasn't receivedirked messages.

0 conflicting users at any time. By induction on the position e has_received_advanced(p): a boolean variable; becomes
that a user occupies, it can be shown that a user advancésie whenrm,, receivesadvance(p); , and becomes false
one position in time)(dd) after all position 1's in all queues when user i advances to positionp — 1 (i.e,,
are unoccupied (which happens at evéxy:+d) time in the  advance _one _position(  p) is called).

worst case). The proof is given in Sect. 5. Therefore, sinces occupanty(p): a variable; contains the ID of the user that
there are at mosb(9) positions in front of any user, a user occupies positiorp of g;. O if the position is unoccupied.
will reach the front of the queue in tim@(dc+452d). Since it (We assume there is no user with ID zero.)

takesO(X d) time for a user to select an initial position, the e rm_criticaly: a boolean variable; true whemn;, received
overall response time of the algorithm@¥dc + 62d + X d). areport message from somi but hasn't received aelect

For the message complexity, before a usadvances to message froni. It indicates that is in the critical region of
a new position ing;, useri receives at most dec messages the subroutine.
and sends at most advance messages while uséris at e has_dec_sent(p): a boolean variable; true whendac(p)
positionp. Therefore, because the initial position is always is sent, and false when a user occupies posipion

Fig. 4. Code for user
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01 O —rme_criticaly, receivereport; j, — // received report msg.
02 markedy, ; = {j — 1,7 1 Vj, occupanty(j) # 0};

// markedcontains information about all

// occupied positions and their immediately preceding positions.
03 Sendm(zrkedk’i;

04 rm_criticaly, = true,; // enter critical section of the subroutine.
05 O rm_criticaly, receiveselect(p); , — // finished the selection

06 rm_criticaly = false; // leave critical section of the subroutine.
07 occupanty(p) := 1,

08 if p = 1 then sendyranty, ;; // send a grant msg if is at the front.

09 adjust _queue( p);

10 O —rm_criticaly, receiveadvance(p); ., — // recvd an advance msg
11 has_received-advance(p) = true;

12 adjust _queue( p);
13 O —rm_criticaly, receiverelease; , — // release the res. to the next user.
14 occupanty(l) := 0;
15 adjust _queue(2) ;

16 Proceduradjust _queue( p)
17 while (eccupanty(p) # 0) and pccupanty(p — 1) = 0)

18 if (has-dec_sent(p) = false) then

19 has_dec_sent(p) := true;

20 Senddec(i’)k,occupa,ntk (p)

21 endif

22 if (has_received_advance(p) = true): advance _one _position(  p);
23 p=p+1;

24 end while

25 Proceduredvance _one _position(  p)

26 occupanty(p — 1) 1= occupanty (p); // advance one position
27 occupanty(p) := 0; // reinitialize position variables

28 has_received-advance(p) := false;

29 has_dec_sent(p) := false;

30 if (p —1=1) then senq;mntk’ocwpamk(p_l);

// if the next position is empty, send a dec message.
31 if (has_dec_sent(p — 1) = false) and pccupanty(p — 2) = 0) then
32 has_dec_sent(p) = true;
33 senddec(p — 1)k,occupantk(p71):

Fig. 5. Code for resource managefn

5 Correctness proof and performance analysis manager’s code is set to true whem,, receives areport
message from user (see line 4 in Fig. 5), which is sent
For convenience of presentation, we define some terms. Wenly after the user enters the critical region of the subrou-
denote byi; the fact that usei occupies a position ig;. If tine. Since other conflicting users cannot be in the region at
a useri occupies or advances to a positiptin ¢, then we  the same timerm,, doesn’t receive aelect message un-
say thati;, occupies or advances fo If 7m;, sends alec(p) ~ til i sends it. Thus, whilg is selecting a position inyy,,
for any p while i occupies position in ¢, then instead of rm_criticaly remains true Untihelecti’k is received. Since
saying that the resource manager sendsdiremessages, 1y doesn't receive any other message while_criticaly
we say more conveniently thaj, sendsdec(p). We also is true, the positions of other usersdgp do not change dur-
assume that each user enters the trying region no more thdfg the selection. Also by the codé, doesn’t select any
once. This assumption does not affect the correctness of ouosition occupied byj or its preceding position (see line
protocol as the protocol relies only on the current resource8 in Fig. 4). This guarantees thatever selects the posi-
requirement of users. tion that j; selected since usérselects a position that are
As it is straightforward to show that the user code isunoccupied ing.
well-formed, we only prove the exclusion, no-lockout and  Sincei, advances to a new position only after its imme-
concurrency conditions. diately preceding position is unoccupied (see lines 17 and 22

. . ) in Fig. 5), it never happens that advances to the position
Lemma 5.1. In any timed execution of the algorithm, forany that j, occupies or vice versa. -

conflicting userg and j, i and j, do not occupy the same
position at the same time. Theorem 5.2. (Exclusion) In any timed execution of the al-

. ) gorithm, if users and j are both in the critical region, then
Proof. Without loss of generality, we assume thaelectsa  ; and j do not conflict with each other.

position ing; after;j does (i.e.; enters the critical region of

the subroutine aftef). Note that they cannot select positions Proof. By Lemma 5.1,i; and j; never occupy the same

at the same time because of the exclusion condition of thgosition at the same time. By the code, only the users at

subroutine and becauseonflicts with j. position 1 will be in the critical region (see lines 8 and 30 in
When i selects a position imy, it receives amarked Fig. 5). Thus, if users occupy different positions in a queue,

message fromrmy, which contains information about all there is no such case that they are in the critical region at

the occupied positions ip;. rm_critical;, in the resource the same time. [ |
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We now prove the no-lockout condition of the algorithm. adjust _queue( p) (line 9 in Fig. 5). When;, advances to
The proof is structured as follows. We first prove in Lemmap from p+1, it is always checked whethgr— 1 is occupied
5.5 (using Claims 5.4 and 5.3) that a ugsgradvances one or not. Line 31 in Fig. 5 will be executed.
position from a positiorp if and only if positionp — 1 in In all caseshas _dec _sent (p); is checked and if it is
everyqi, k' € R;, is unoccupied. The lemma implies that all not set to true, aledp) message is sent to If it is set to
ix'S are advancing “in synchrony” whenever positipa- 1 true, then by Claim 5.3, at least owedp) message must
in everyqr/, k' € R;, is unoccupied. As every, initially be sent tai.
occupies the same position in evegy the distance between (Only if part) Trivially true by the code (see lines 17
any i, andiy (k # k') is at most 1. and 31 in Fig. 5). [ |

Then we prove in Lemma 5.7 that if a uggroccupies a
position lower tharni,, it is always the case thgt. occupies
a position lower than,, e.g., there is no such situation that
while a useriy is at position 2 and a usgy; is at position  Lemma 5.5. An rmy, k € R; executesadvance _one _
1,4 is at 1 andjy is at 2. Lemmas 5.5 and 5.7 together position(  p) if and only ifi is aligned at positiorp, and
guarantee that all users that occupy position 1 at all queuefr everyl, [ € R;, occupant;(p — 1) = 0.
will eventually receive grant message from their resource ) )
managers, enter the critical region, and leave the queue§roof. By Claim 5.4, useri receives adeqp) message
Also, using Lemma 5.5, Lemma 5.9 proves that after allfrom all the rmy’s if for all I, I € Ri, occupanti(p —
users that occupy position 1 at any queue leave the queued) = O andoccupant;(p) = . By line 15 in Fig. 4,
all other users in the queues advance one position eventuallyser ¢ Will send anadvancgp) message to'm,.. Receiv-
Inductively applying this argument, we can prove that all'ng the message;m,. setshasreceivedadvancép) to true
users in the queue eventually advance to position 1. Thighdadjust _queue (p) is called in which line 22 in Fig. 5

proves the no-lockout condition. is executed. ) )
hasreceivedadvancép) is set to true only at line 11

Claim 5.3. If has _dec _sent (p), is true andi, is at p, which is  when rmg receives advancép).
thenrmy sends at least ondedp) to i. hasreceivedadvancép) is set to false either initially or

) ) o when a user ap advances top — 1 (at line 28). Thus
Proof. Since only at line 19 in Fig. Hhas _dec _sent (p).  if hasreceivedadvancép) is true, then it has received an
becomes true, after which @edp) message is sent to the advancép) from the current occupant of positign Note
occupant ofp, we only need to prove that whei first  that by the code, aadvancép) message is sent by the occu-
occupiesp, has _dec _sent (p); is false. _ pant ofp only when the occupant receivesiadp) message

~ Assume by way of contradiction that whénfirst occu-  from all the resource managers of the resources it requires.

pies p, has_dec_sent (p), is already true. Since Thys, by Claim 5.4, the fact thamsreceivedadvancép) is
has _dec _sent (p); is initially set to false, there must have {rye implies that for all, | € R;, occupant;(p — 1) = 0 and

We say that a useris alignedat positionp if for every
k, k € R;, occupani(p) = i.

been some usej; that occupied and sethas _dec _sent occupant;(p) = i. ™
(p)i to true (at line 19 in Fig. 5) previously, and some other _
user s, that subsequently occupied (at either line 7 or Lemmas 5.1 and 5.5 imply that no new user can obstruct

line 26 in Fig. 5) and foundhas _dec _sent (p); to be true.  the advancement of useif i is aligned and the immediately
Note thathas _dec _sent (p), becomes false only at line Preceding position of every, is unoccupied. This is because
28 in Fig. 5 which is executed when the occupanpafd- (1) new users cannot select their initial positions to be im-
vances top — 1 (line 26 in Fig. 5). Therefore, the fact that Mediately preceding any occupied position, and (2) while a
has _dec _sent (p), was already true whes, first occu- ~ New user selecting a position in some quétiem_critical,
pied p implies thatj, has not had moved from yet. This IS true. Thus, by the codeym,, receives onlyselectmes-
contradicts Lemma 5.1 sincg, and s, were at the same Sages. Sincem; does not receive angdvanceor release

position in the same queue. n message while the new user is selecting, other users in queue
k cannot advance.
Claim 5.4. An rmy, k € R, sends at least onéec(p) mes- Let Py(z) be the position ofy, in gy.

sage to userif and only if positionp—1 in ¢ is unoccupied

and positionp in g is occupied byi. Claim 5.6. For any user; and anyk and k' € R;, it is

always true thatPy (i) — P (7)| < 1 while i, andi; are in
Proof. (If part) The condition that positiop — 1 in ¢, is  gx andg respectively.

unoccupied and positiop in ¢, is occupied byi becomes
true only either (1) whem — 1 becomes unoccupied while
iy is atp, or (2) wheni, first occupies positiop, p — 1 is
already unoccupied.

Case 1 happens only either whem; receives an
advance(p — 1) message or whep = 2 andrmy, receives
arelease message. In either casadjust _queue( p) is
called. Thus, line 18 in Fig. 5 will be executed

Case 2 happens only either whéerselects positiorp
by sending aselect(p) or when i, advances top from For anyk, < andj, i # j, if Px(i) > Px(j), then we say
p + 1. Whenrm, receives asclect(p) message, it calls that useri; waits for userji, denoted byix, — ji.

Proof. Everyiy, k € R; occupies the same position initially
(line 9 in Fig. 4). By the code; sends amdvance(p) mes-
sage only after it receivesdec(p) message fromy, andiy .
By Claim 5.4, ifi receivesiec(p)x,; anddec(p)y: ; iy, andig
must be ap. By the codeadvance _one _position(  p)

is executed when armadvance(p) is received. Since
advance _one _position(  p) advances; only one po-
sition, the claim follows. [ |
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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- z°(0), 2°(1), ... 2°(lo)

ated by the execution of the algorithm. z40), (1), ... 2(ln)
. . 2?(0), 2%(1), ... z%(l2)

Proof. We show that ifiy, — ji at timet, iy — jir, for .

any resourceg andk’ € R; N R;. The lemma is trivially :

true if k = k’. Assumek # k’. Without loss of generality, 2(0), z°(1), ... z°(l.)

assume that selects a position beforedoes. Ifj, occupies A i ]

a position less thai®,(i), j,- should also occupy a position Note”thatx (0), 1<m < ¢, is equal toi, and for some

less thanP, (). This is because whepselects a position in  #* @ndk”, I andl,. could be different meaning that each

gx andgi, P(ji) = P(jw). By Claim 5.6,| P(i,)—P(i,) |<  Cchain can be of different length. Suppose tht_é(lk) is at

1. Therefore, ifi, — jy, theniy — jw. This is sufficient  POSitionp;, . py, is either 1 or some position higher than 1.

to show there are no such cycles since a user cannot wafi) If 2*(1%) is aligned at 1, then it is i/ and will leave its
on itself. m queues at time”. (2) If p;, is not 1, then by the definition

of aligned chainp;, — 1 in every queue that*(i;) is in
Claim 5.8. Let p be the lowest position that a useis in at  is unoccupied. Thus, by Lemma 55(l;,) will advance to
some timet. User: will be eventually aligned at positiopn  p;, — 1.
at some timet/, t’ > t. In both casesp;, will be unoccupied. The same is true
, o . . foreveryl,, 1< k < c. Then, by Lemma 5.5, every*(l;, —
Proof. Everyix, k € R; initially occupies the same posi- 1), 1< k < ¢, will advance top;, . Note that new users can
tion. A useri advances to the next positign-1 only when  oceypyn, “becauser* (1, — 1) occupiesy, — 1. By induction

it receives aradvancép) message and the message is sent (g positionp;, , we can prove that uséreventually advances
everyi. advancép) is sent by usef only when it receives g p—1.

a dedp) message from every, which is sent only wheri -
occupiesp. Thus, if i, is at positionp, then it must have

received aradvancép + 1) message. Then eveiy, k' # k, Theorem 5.10. (No-lockout) If a user is in the trying re-
will receive it as well and advance o i;, cannot advance gion or in the exit region, then it leaves its current region
to p — 1 before everyi,, advances t@ becausé,. does not in finite time assuming no user remains in the critical region
send adedp) message until it advances o [ | forever.

Lemma 5.9. At some time, let U, be the set of users at Proof. By the no-lockout condition of the subroutine, user
position 1 in every queue. If all users i leave the critical ~ will eventually select a position in all queues of the resources
region and their queues by some timg’ > ¢, a useri;, that  that it requires. By Lemma 5.7 and by the code, all users at
is at positionp at ¢ will eventually advance tp — 1 aftert. position 1 of queues will receive grant message from all

] o ) ) resource managers of the resources they require, and enter
Proof. By Claim 5.8, user will be aligned at eithep or  the critical region. If they leave the critical region in finite
p—1.Ifitis atp—1, then the lemma is trivially true. Assume time, then the position 1's occupied by them will be free.

thati is aligned afp. There are two cases to consider. Then, as all the users in the position 1 leave their queues, all
(1) Positionp—1 in every queue thatis in is unoccupied.  of position 1's in all queues will be unoccupied eventually.
In this case, this lemma is true by Lemma 5.5. Since all the position 1's in all queues will be unoccupied,

(2) Positionp — 1 in some queue is occupied by some py | emma 5.9, all the users in the queues will advance one
user;j. By Claim 5.8, user j is (or will be) aligned at position position eventually.
p—1lorp—2. Ifitis aligned atp — 2, this lemma is true Induction on the position that useépccupies proves that

by Lemma 5.5. Note that no new user can occppyl left  ; eyentually leaves the trying region in finite time, and enters
by j. Assuming thatj is aligned atp — 1, we can find @ the critical region.

chain of _us_erSr(O), x(1),...,z(l) for somel, I > 2, such Since in the exit region, users sendease messages and
thatz(0) is 2, andz(m), for somem, 1 <m <, is aligned  then enter the remainder region immediately, users leave the
atp —m, andxz(m) andx(m + 1) are in conflict. Let us call  gyit region in finite time. -

this chain araligned chainof i. Figure 6 shows an example

of two aligned chains of a user 1. The two chains are 1,2,4Theorem 5.11. (Concurrency) in any execution of the algo-

and 1,3,5,6. rithm, if there is no conflicting user of usérin the trying
Without loss of generality, we can assume that there aregegion after and whem enters the trying region, theneven-

c aligned chains of for some integer, ¢ > 1. tually enters the critical region.
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Proof. If i isin the trying region, it will eventually enter the the time to receive grant messaged+ 1). Therefore, user
critical region of the subroutine because of the no-lockouti enters the critical region by time+r O(Resp(d) + 6c + §2d).
condition of the subroutine. Since there is no conflicting  For the message complexity, each user receivegc
user, allg;, k € R;, are empty, user will select position 1  messages and sendsadvance messages at each position

in all g, and enter the critical region. [ | in the queues. Since a user occupies at méspasitions,
i ) _ the message complexity 3(M sg4 + o) before it actually
To measure the response time of the algorithm, we defingses jts required resources in the critical region. [

functions Resp(c) and M sg 4 to be the response time and

the message complexity of a resource allocation algorithm  One may also wonder about the number of bits that each
A. 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 mosi conflicting users at a time and all the

Theorem 5.12. If a resource allocation algorithm is used
as a subroutine for our algorithm, then our algorithm has

response time(c+%d+Resp 4 (d)) and message complexity | cer< in the same queue are conflictingnarkedmessage
O(Msga +19). can contain up t@®(J) positions. Because each position can

Proof. For the response time, we only need to show thatP€ represented by lag bits whereP is the total number
any usel that sends aequest message at timewill receive ~ Of positions in a queue, markedmessage needs at most
grant messages from all resource managers,, k € R;(t)  O(d10g P) bits.
by time t + O(dc + 62d + Resp 4(d)).

Note that for a message to be received, it takes timg
in the worst case (the maximum message delay plus one stepSimulation
to receive the message). The maximum time period that a
user spends in the critical region of the subroutineds-2,  We are interested in comparing the mean response time of
i.e., sending aeport message, receivingraarked message different resource allocation algorithms. We do the compar-
(after sending aselect message, a user leaves the regionison by discrete event simulation. This section discusses the
immediately). Since the response time of the subroutine isimulation results.

Respa(c) and in the subroutine; = 2d + 2, a user will enter We simplify the model in Sect. 2 to reduce the complex-
the critical region of the subroutine within timResp 4 (2d + ity of simulation. We model the execution of the system to be
2). synchronous, so that at every one time unit, each process ex-

Let p be the initial position of usei. There are at most ecutes one enabled guarded command (if there is no enabled
0 — 1 other users in the queues of resources that user guarded command, it takes an idle step). However, message
requires. By Claim 5.6, no user occupies more than twopassing among processes is still asynchronous so that each
positions at any time. By the code, the position immediatelymessage has a random delay with uniform distribution.
preceding any occupied position is not considered for the The simulation model has 100 users and 100 resources.

selection. Thereforey < 36. The resource requirements of processes are set randomly
We now show that it takes at moSk(pc + pd) time for prior to the execution of each simulation, and the conflict
any user; to leave a queue after it occupies positjan graph is constructed based on the resource requirements of

It can be shown by an easy inductionpthat if position  all users. We assume a uniform probability distribution of
1's of all queues are unoccupied at tinfe then all users the resource requirements of users (i.e., the probability that
at the positions higher than 1 will advancezte- 1 within a user requires a resoureeis the same as the probability
time ¢’ + p(2d + 2). Assume, by way of induction, that all that it requires a resourds.
users at positionp — 1 advance one position to position Each user takes idle steps in the remainder region for
p — 2 within time ¢’ + (p — 1)(2d + 2). When all users at some random time before it enters the trying region. We call
p— 1 advance, all users at positiprsenddec(p) messages, the time period th¢hinking time The time period that a user
which will be received within timel + 1, and then advance uses one resource is called tiesource service timé&he re-
messages will be sent, which takes at mbstl time to be  source service time for each resource is set randomly before
received. All users at positiop will advance top — 1 by a user enters the critical region. The time period that a user
timet' +(p— 1)(2d + 2) + 2d + 2. stays in the critical region is determined by the sum of the

After all ji.’s, & € R;, occupy position 1 in allg,’s, resource service times of all resources that the user needs to
it takes at most + 2d + 2 time for all rm;’s to receive a  use. The probability distributions of the thinking time and the
release message from user, i.e., d + 1 time for agrant resource service time are also uniform. To increase the accu-
message to be received Pyc time for j to be in the critical  racy of the simulation, we adjusted simulation run lengths in
region; andd + 1 time for arelcase message to be received. such a way that the sample mean response times and mean
Thus, after a user occupies positiom, all users at position numbers of messages had 95% confidence intervals which
1 will leave the queue within time+2d + 2. It follows that  were less than 5% of the measured values.
within time ¢ + Resp(2d + 2) +c¢ + 2d + 2 +p(2d + 2), every We simulated Chandy and Misra’s algorithm (CM), Choy
iy, occupiesp — 1 or less. and Singh'’s algorithm (CS), Awerbuch and Saks’ algorithm

Since there are — 1 positions to advance, within time (AS), our modular algorithm with Choy and Singh’s algo-
t+Resp(2d+2)+(p—1)(c+2d+2+p(2d+2)), useri advances rithm as a subroutine (CSR) and our modular algorithm with
to position 1. Since < 34, useri enters the critical region Chandy and Misra’s algorithm as a subroutine (CMR). Ap-
by timet+ Resp(2d+2)+ (3 —1)(c+2d+2+35(2d+2)) plus  proximately 300 random conflict graphs were tested.
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Fig. 7. Average response time when average resource service time = 2Fig. 10. Average response time when average resource service time = 100
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Fig. 8. Average response time when average resource service time = 5§i9- 11. Average message complexity of when average resource service
and average message delay = 50 time = 100 and average message delay = 50

When the ratio of the average response time over the

tions, where the average response times and message co verage message delay was small, all the algorithms except

plexities are shown for various numbers of conflicting users. M performed comparably (see Fig. 6). CS performs better

To see the impact of the ratio of message delay over the ret_han all other algorithms tested when the average number of

source service time on the response time, we simulated th‘é?nﬂ'cﬂ.n%. USErs 1S sm?II.bI_-iowevS]r, as the average nunwtber
algorithms with different ratios. The average message dela§7f é%n Icing Users tge SI tlﬁgert,h N a\]f%g%ze (r:e'aFF’zonsg A'ge
was fixed to 50 time units while the resource service time2 ~= 9rows more steeply than those o ' and As.

was varied from 25 to 100. The average think time was s:eg_h'S phenomenon become; more evident when the ratio of
to 25. he 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
7 than AS (up to 40%) as the ratio gets bigger. CMR works
i 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
7 other algorithms (see Fig. 8). Chandy and Misra’s algorithm
is worst in every case.
EE For the message complexity, our combined algorithms
naturally require more messages than the subroutines. How-
Fig. 9. Average response time when average resource service time = 7&ver, they require fewer messages on average than polyno-
and average message delay = 50 mial response time algorithms such as AS (see Fig. 11).

Figures 6, 8, 9, 10 and 11 show the result of our simula-
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