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Abstract 
Several fast and low-overhead dastributed mutual ex- 

clusion algorithms have been proposed. Each of these 
algorithms required O(log n) messages per critical sec- 
tzon entry and O(logn) bits of storage per processor. 
In this paper, we make a comparative performance 
study of four dzstributed m,utual exclusion algorithms. 
Stnce the algorithms use study are the baszs for dis- 
trzbuted synchronization, distributed virtual memory, 
coherent caches, and distributed object systems, OUT 

results have implications about the best methods Jbr 

their implementataon. We find that the distributed 
synchronization algorith‘m of Chang, Singhal, and Liu 
has the overall best performance, though other algo- 
rrlhms are more efficient in special cases. In a system 
of 950 processors, the CSL algorithm requires only six 
messages per critical section entry, zncluding the ini- 
taol request and the tokrn response messages. 

1 Introduction 

Distributed mutual exclusion is an important ac- 
tivity that is required t,o coordinate access to shared 
resources in a distribut,ed system. A set of n pro- 
cessors synchronize their access to a. shared resource 
by requesting an exclusive privilegcn to access the re- 
source. The privilege is often represented as a token. 
Access to the token can represent t,he ownership of a 
page of distributed shared memory exclusive permis- 
sion to update shared data, permission t,o access an 
external resource, and so on. 

In this paper, we discuss four fast and low overhead 
distributed synchronization algorithms. Three of t.he 
algorithms has previously been presented in the liter- 
attire, and the fourth is novel with this paper. Each 
of the algorithms require C?(logn) bits of storage l)er 
pmcessor (the O(logn) bits are required to store the 
names of O(1) p rocessors), and O(logn) messages per 
crrtical section entry. The low space and message pass- 
ing overhead make them scalable and practical for im- 
plementation. 

We present a simulation study of the four algo- 
rit hms. We examine the number of messages per criti- 

cal section entry and the time to pass the token under 
a variety of loadings and numbers of processors. We 
conclude that the algorithm by Chang et al. is the 
best overall, but that other algorithms are better is 
special cases. For example, Raymond’s algorithm is 
the best under a heavy load and the algorithm new to 
this work is best when the load on the critical section 
is close to 100%. We find that the distributed mu- 
tual exclusion algorithms are very efficient. With 350 
processors, distributed synchronization requires as lit- 
tle as four messages per critical section entry under a 
100% load, and six messages per critical section entry 
under a lighter load. 

1 .l Background Work 

Considerable attention has been paid to the prob- 
lem of distributed synchronization. Lamport [4] pro- 
poses a timestamp-based distributed synchronization 
algorithm. Many authors have proposed improve- 
ments to Lamport’s algorithm [9, lo]. However, all of 
these algorithms require O(n) messages per request. 

Maekawa [6] presents a quorum consensus algo- 
rithm that requires O(fi) messages per request and 
O(,,& log n) space per processor. Kumar [3] presents 
the hierarchical quorum consensus protocol, which re- 
quires O(n ‘s) votes for consensus, but is more fault 
tolerant than Maekawa’s algorithm. 

Li and Hudak [5] p resent a distributed synchroniza- 
tion algorithm to enforce coherence in a distributed 
shared virtual memory (DSVM) system. Processors 
point to a best guess about the current owner of a 
page, forming a tree rooted at the current page owner. 
The tree is kept short by using path compression, 
which guarantees an amortized O(log n) bound on the 
number of messages per request. Chang, Singhal, and 
Liu [l] present mutual exclusion algorithms that are 
absed on the path compression technique. 

Raymond [8] h p p as ro osed a simple synchronization 
algorithm that can be configured to require O(logn) 
storage per processor and O(logn) messages per crit- 
ical section request. The algorithm organizes the 
participating processors in a fixed tree. Neilsen and 
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Mizuno [7] present an improved version of Raymond’s 
algorithm. 

2 The Algorithms 

All four algorithms that we study in this paper 
require O(logn) messages per critical section entry, 
altd O(logn) bits per processor. In addition, t,he al- 
gorithms are symmetric: there is no centralized pro- 
cessor that performs a. special function. These tight 
rrstrictions require t,hat, the the processors use a hier- 
archical structure (i.e., a tree) to guide the prot,ocol. 

There are t,wo approaches to maintaining a tree that 
points to the token holder: the fixed-t,ree approach and 
the path-compression approach. In the fixed tret> ap- 
pr,oach, a tree structurch is imposed on the processes, 
atld processes are generally restricted to communicat- 
ing with their neighbors in the trt:e. In the path- 
compression approach. each processor stores a best 
guess about which processor holds the token. Follow- 
ing a sequence of guesses leads to the token holder. 
\\‘hen a processor processes a reqltest for t,he token, 
ii, changes its guess about the token holder to 1,~ the 
rrrquester. As a result. if any rclquest for the token 
f!-lllows a long chain of guesses, t#he tree is compre,vsed. 

Three of the four algorithms in this paper have pre- 
viously been published in the lit.era.ture (Raymond’s 
algorithm, Chang, Singhal, and Liu’s algorithln, and 
N4lsen and Mizuno’s algorithm), and a fourth which 
i:s original with this paper (which we call List L0c.k). 
The algorithms use a variety of tee-hniques for main- 
taming informat,ion about which process holds the to- 
kt,n and about which processes are waiting to 11~1 the 
token. We give only brief descriptions of the algo- 
rl! hms here. We provide citations that give further 
d(*tails about the algorithln implemr~ntations. 

2.1 Raymond’s Algorithm 

Raymond[8] p ro os( s an algorithm for maintaining p : 
a distributed lock which makes use of a tree structure 
that is imposed on the processes. Each processor keeps 
a pointer, dir, to the nerghbor which is the root of the 
subtree where the t,oken is located (see Figure 1). In 
addition, each processor keeps a FIFO queue of pend- 
ill,< requests. The possible entries 01^ the queue arr the 
processor itself a,nd t>he processor’s nrighbors. When 
a processor that does not, hold t.h+: token receives a 
request for the token (perhaps generated locally). it 
puts the request into the queue. If the queue was pre- 
vit)usly empty, it forwards the requf,st in t.he direction 
of the token holder. Whell the processor receives f.he 
token, it removes the entry at the head of t,he queue. If 
thr: processor itself was at the head of the queue, t.he 

processor enters the critical section. Otherwise, the 
processor forwards the token to the neighbor which 
was at the head of the queue, and then sends a request 
to the neighbor. When the token holder receives a re- 
quest, it either stores the request in the queue (if it 
is in the critical section) or it replies with the token. 
The execution of Raymond’s protocol is illustrated in 
Figure 2. A request is indicated the by name of the 
requester in parentheses, and the FIFO queue is indi- 
cated by a box attached to the processor. 

Figure 1: Process structure in Raymond’s algorithm. 

I) D request the token 

3) C requesu the token 

2) B receives the request and fommds 

4) B receives and stores the request. 
but does not forward it. 

Figure 2: Sample execution of Raymond’s algorithm. 

One property of Raymond’s algorithm 1s that the 
number of messages required for synchronization de- 
creases as the request activity increases. If your re- 
quest reaches a node that has already processed a re- 
quest, no further messages are sent. The chance of this 
happening increases as the number of waitmg proces- 
sors increases. 

2.2 Neilsen and and Mizuno’s Algorithm 

One potential source of inefficiency in Raymond’s 
algorithm is that the token must travel through the 
tree in order to reach the process which next accepts 
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tht: token. Neilsen and Misuno [7] observed that it is 
possible to pass the token directly to the requester, 
since the identity of the original requester can be at- 
tached to the request. Neisen and Mizuno used this 
observation to develop an algorithm which we will call 
the NM algorithm. 

The NM algorithm adds a dynamic waiting chain 
to the static tree to permit the token to be passed 
directly to the next processor in line. lf a process holds 
or 11s requesting the token, it rnaintains a pointer. next, 
which points to the next processor in line for t,he t.oken 
(or is NIL if there is no next, processor). To support 
thf, waiting chain, the fixed tree no longer points t,o the 
token holder, but r&her to the end of the chain (which 
is t,he token holder if there are no waiting processes). 
The structure of the NM algorit,hrn is illust,rated in 
Figure 3. The dir pointers are solid arrows and the 
next pointers are dashed a.rrows. ‘The nodes marked 
wit.h an ‘r’ represent nodes that art’ waiting for the 
t,oken. 

When a processor that 1s not requesting the l,ok(ln 
receives a request, it forwards the rt>quest to dir, t)hen 
srts dir to the neighbor that. sent it the requrst. Whf.11 
a Ibrocessor that is requesting the token receives a re- 
quest, it checks the value of next. If next is NIL, it sets 
nex.t to the requester (i.e., makes tlte requester next- 
in-,line for the token). If next is not NIL, the request is 
forwarded to dir (i.e.. scbnt to the end of t#he list). In 
either case, the requester is the processor’s best guess 
atjout where is the rnd of the list,. ACI dir is set to the 
neighbor who sent the request. 

The execution of the NM algorithm is illustrat,ed in 
Figure 4. The solid xrrt:Iws represent t.he dir pointt,rs 
alul the dashed arrows represent t htt next pointt,rs. 

I,‘igure 3: Process structure in the NM algorithm 

If the demand for the crit,ical section is low, then the 
Neilsen-Mizuno algorithm should require about half 
the: messages that Raymond’s algorithm requires. In 
addition, there is less wasted time in passing the token 
because the token is sent directly to the next waiting 

I ) C  issues LL request 2) A  forwards the request 3) B  adds, C  to the end of 
lhc wuung let 

Figure 4: Sample execution of the NM algorithm. 

process. However, when the demand for the token is 
high Raymond’s algorithm can usually stop forward- 
ing a request early while in t,he NM algorithm the re- 
quest must search for the tail of the waiting chain. As 
a result, it is not clear which protocol is more efficient. 

2.3 Chang, Singhal, and Liu’s Algorithm 

The algorithm of Chang Singhal and Liu [l] (which 
we call the CSL algorithm) makes aggressive use of 
path compression t,o achieve good performance. Each 
processor maintains a guess (in the variable dir) about 
which processor holds the token. If a processor that 
neither holds nor is requesting the token receives a re- 
quest,, it forwards the token to the processor indicated 
hy dir, then sets dir to the name of t,ht: requtsting pro- 
cessor. 

When a processor requests the token, it sends a re- 
quest message to the processor indicated by dir. It 
then sets an additional pointer, next to NIL. If a pro- 
cessor that holds or is waiting for the token receives a 
request, and its next pointer is NIL, it, sets next to the 
identity of the processor lhat, sent the request. Other- 
wise, it, forwa.rds the request to the processor indicated 
by dir, and sets dir to the requesting processor. 

Arnong the processors that hold the token or are 
waiting, the next variable forms a queue of the blocked 
processors. If a processor is waiting arid its next 
pointer is NIL, the processor is (effectively) at the end 
of the waiting queue. If next is not NIL, the end of the 
waiting queue is at the processor pointer t,cI by dir, or 
beyond. Since the requestming processor will become 
t,he one at the end of the list, it is appropriate to set 
dir to the identity of the requesting processor. When 
t,he token holder releases the t,oken, it sends the token 
to next if next is not NIL. Otherwise, t,he token holder 
keeps the token without using it. 

The struct$ure of the CSL algorithm is shclwn in Fig- 
ure 5. The solid arrows represent the dir pointers, and 
the dashed arrows represent, the next pointers. The 
processors that are not, requesting the tokt,n lie on a 
path that leads either to the token holder or to a pro- 
cessor that is in the waiting list. The next pointers 
form a. list of blocked processes whose head is the to- 
ken holder. In addit.ion, the dir pointers in the list of 
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blocked processors point to another blocked processor 
that is closer to the end of the list. 

A sample execution is shown in Figure 6. The solid 
lines represent the dir pointers, the dashed lines rep- 
resent the next pointers, and the dotted lines repre- 
sent the direction that message travels when the cor- 
responding pointer has already been erased. 

:oken holder 

waiting tasks 

ci- ‘iI 
Figure 5: Processor structure in the CSL algorithm. 

I ) Processor D sends tts req”e\t to A 2) A fonvard, the request to B 

1) B forwards the reque\t to ( 
41 C’s ne*t pinter is ml, so II 

adds D to thr end of the waiting 
list 

Figure 6: Example execution of t hca CSL algorit,hnl. 

2.4 List Lock Algorithm 

In this section, we describe an algorithm, which 
WC‘ call the Lzsl Lock, that. was insplred by our pre- 
vious work on a dist,ributed pri0rit.y lock that used 
path compression to achieve good performance [2]. ‘1’0 
t,ransform a priority lock into a noll-prioritized lock, 
we prioritize a request based on the tune of the request 
(to ensure causality. w!’ can use a Lamport t,inips- 
t,amp). 

As in the CSL algorithm, the processors that are 
waiting to enter the critical section form a chain. itrld 
processors that are not waitmg point towards the Walt- 
ing chain. The differenccx between t,he list lock and tile 
CSL algorithm is tha.t a processor tha,t makes a request, 

(usually) cuts in line at the position where its request 
first reaches the waiting chain, instead to moving to 
the end of the line. To ensure fairness, the requests 
are tagged with the processor’s request time and the 
time of the processor’s last critical section entry. If a 
request arrives at a waiting processor, and the time of 
the requestor’s last critical section entry is later than 
the request time of the next waiting processor, the 
request is forwarded down the chain. Otherwise, the 
requesting processor is added to the waiting chain. An 
example execution is shown in Figure 7. 

I) B receives A’? request. 
2) A’s last enuy is later than C’s request, 

so B fowards the request to C. 

request “me=32 requcn Llmc;32 

@)-@-.+, @--a--($ 

ryucs, tin,c=l’) request time =39 

@  lu5( cnrry=3s @  lavt cnuy=35 

3) A’s last entr IS earlier than D’s 
request, so zadmits A to the 

4) A is informed of its SUCCESSOR in 

waiting list 
the waiting list. 

rcquesl l imc=1* rcqucst timc=39 request time=32 mqucs( ,im=3y 

Figure 7: Example execution of the List 1,ock algo- 
rithm. 

There are several irnplementational details that 
must be considered. For example, the dir variable does 
not have a meaningful value during the time interval 
between which a processor requests the critical section 
and when it is informed of its position in the waiting 
list. These details all can be handled, and we refer the 
interested reader to our previous technical report for 
the solution methods. 

3 Performance 

Since a theoretical analysis of the four distributed 
priority lock algorithms does not clearly show that one 
algorithm is better than another, we make a simula- 
tion study. The simulator modeled a set of processors 
that communicate through message passing. All de- 
lays are exponentially distributed. The parameters 
to the simulator are the number of processors, the 
message transit delay (mean value is 1 tick), the mes- 
sage processing delay (1 tick): the time betwt:en releas- 
ing the token and requesting it again (the inter-access 
time, varied), and the time t,hat a token is held once 
acquired (the release delay, 10 ticks). The fixed-tree 
algorithm uses a. nearly-complete binary trcbe (requir- 
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ing about the same number of hi& per processor a3 
the CSL algorithm). 

We wanted to investigate the influence of the re- 
qliest load on the performance of the algorithms. Since 
the different algorithms have different degrees of over- 
head, it is not meaningful to measure the lock uti- 
lization directly. Instead, we define the load, I, on t,he 
critical section to be 1 =I G/R, where n is the number 
of processors, C is t,he average critical sect,ion execu- 
tion time, and R is the avera,ge time between releasing 
the critical section and requesting it again. If lhe al- 
gorithm overhead is negligible, then a load I <: 1 will 
result in a (lOO*E)% lock ut,ilization Since the requests 
are generated by a finite population, it i3 meanin.gful 
t,o have a load larger than 1. For example, a load of 
260% means tha,t on average half of’ bhe processors are 
waiting for the critical section. 

We ran the simulator for varying numbers of pro- 
cessors and varying loads. For each run, we executed 
the simulation for 100,000 critical section entries. We 
collected a variety of statistics, llut, principally t.he 
amount of time to iinish t,he sirnulat~ion (which cap- 
tures the time overhea~:l of running t#he protocol). md 
t Ire number of messages sent,. 

In our first :set of experiments, we plotted the uum- 
her of messages sent leer critical :iection elitry for a 
5(1%, a 75%, and a. 100% load. ‘Ih: results are shower 

iii Figures 8 through II). 
When the load is light (i.e., 50%), t.he CSL algo- 

rithm requires t#he fewest messages while Raymond’s 
algorithm requires the most messages. When the load 
is heavy (i.e.! lOO%), it. is Raymond’s algorithm that. 
requires the fewest. messages. The wide swing in the 
number of messages per critical section ent.ry that 
Raymond’s al,gorit,hm requires is diie to its ability 
t11 let a previous requ(‘st, subsume a. curreut request. 
:2s the request loacl inrreases, it. becomes more likely 
t tiat a request will reach a node t.haJ, has already l)ro- 
cussed a request, and so shop early In Figure 9 (75% 
load), the number of messages required R,ayinond’s 
algorithm drops sharply between 160 and 200 proces- 
sclrs. This phenomenoii occur3 because I ht: system is 
driven into a heavy load. We will return to this subject, 
+lrortly. 

The List Lock algorithm t,ypically requires less than 
one more message t,ha.n t.he CSI, :ilgorithm requires. 
Their dynamic performance is very similar in spite the 
different rules they use admit procc’sses t,o the waiting 
list. The difference is primarily club to t,he fact that, in 
l,he List Lock algorit hni, a processor must, be informed 
01’ its position in t,he waiting list requiring the one 
additional message. If the waiting list is very long 

(the load is high and the number of processes is large), 
the List Lock algorithm is slightly more efficient in 
admitting processes to the waiting list. 

If the load is light the NM algorithm requires fewer 
messages than Raymond’3 algorithm, but more mes- 
sages than the CSL algorithm or than the List Lock 
algorithm. TJnlike Raymond’s algorithm, the NM al- 
gorithm does not take advantage of previously est.ab- 
lished paths. A3 a result, its performanc e does not 
improve as the load increases and becomes the worst 
of the four algorithms. 

Figures 8 through 10 show that the performance of 
the algorithms strongly depends of the request load. 
In Figures 11 through 13, we plot the number of mes- 
sages required per critical section entry against the 
load, for 20, 120, and 350 processors. 

These figures more clearly show the influence of the 
load on the performance of the algorithms. Raymond’s 
algorithm improves significantly in a heavy load. In 
addition, t,hr dramatic performance improvement oc- 
curs at a lower loading as the number of processors 
increases. Both the CSI, and the List Lock algorithm 
require fewer messages a5 the load increases. Since 
a high load means that there are fewer lion-wailing 
processes the length of the path to the waiting list 
decreases, account,ing for most of the gain Once a re- 
quest reaches the waiting list, the List Lock algorit.hm 
admits the request to the list faster than t#he CSL al- 
gorithm does, and the List Lock algorithni overcomes 
its handicap of one addit.ional overhead mtssage. The 
NM algorithm is not affected by changes in the load. 

We have observed that Raymond’s algorithm ap- 
pears to go into a heavy load condition when the load 
is 75% and the number of processors increases. This 
phenomenon occurs because the load on Raymond’s 
algorithm does increase as the number of processors 
increases. IJnlike the other three algorithms, Ray- 
mond’s algorithm does not pass the token directly to 
the next token holder, instead the token must travel 
through a pre-specified return path. Therefore, as the 
number of processors increases, the length of the re- 
turn path increases, and the effective crit,ical section 
execution time (i.e., the minimum time bet,ween crit- 
ical section entries) increases. Since Raymond’s al- 
gorithm increases the effect,ive critical section execu- 
tion time. we measured this increa.se. Surprisingly, 
as t,he number of processors increases, tlie time be- 
tween critical sections does not increase in Raymond’s 
algorithm. The reason is that Raymond’s algorithm 
prefers to give the token to a process t,hat, is close to 
the requester instead of to a processor that is distant 
from the request,er. As a result, the distance that the 
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token travels stays about the same as the number of 
processors increases. 

We finish by noting that some of the algorithms are 
“more fair” than others. While all of the algorithms 
guarantee that all waiting processes are served even- 
tually, some of the algorithms prefer t,o pass the token 
to “close” processors. In Figure 14, we plot the maxi- 
mum time between requesting the token and receiving 
bhe token as we vary the number of processors in a 
100% load. The CSL and the NM algorithm are very 
fair, because they require processors to always join the 
end of the waiting list. Raymond’s algorithm is some- 
what less fair, since it tends to serve requests in one 
suhtree before moving on to a different subtree. The 
List Lock algorithm is the least fair, because it lets 
processes cut into line. However, the differences in 
thr:, maximum waiting t,imr are related by a constant 
factor. 

4 Conclusions 

1) We have presented a performance study of four 
fast and low overhead distributed synchronization al- 
gorithms. Our findings include: 

2) Recently proposed distributed synchronization 
algorithms are as fast and efficient as advertised. In 
a system of 350 processors; only four to six messages 
are required per critical section entry. 

1,) The CSL algorithm is the best, overall, as it is a 
sinlple algorithm, it is fan, it imposes a small overhead 
on the effective critical section execution t,ime, and 
requires the fewest, number of messages when the load 
is light (the expected case). 

4) Raymond’s algorithm is the best asymptotically 
in I.he following sense: Given a load on the critical sec- 
tiou, increase the number of processors and count the 
number of messages per critical section entry. Eventu- 
ally Raymond’s algorithm will be driven into a heavy 
load and will require t,he fewest messages among all of 
the, algorithms. In addition. it will impose a bounded 
ovtyrhead on the effc‘ctivc, time to execute the crltical 
set t,ion. 

1;) Path compression algorithms generally perform 
better than fixed-structure algorithms. 

7) The technique of allowing proctssses to cut in line 
is more effective than requiring processes t)o always 
find the end of the line. In the setting considered here, 
the advantage was more than offset by the additional 
overhead and complexity of the algorithmi 
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Figure 8: Number of messages per critical section en- 
try, 50% load. 
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Messages per critical section entry, 75% load Messages per critical section entry, 120 processors 
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*List Lock 
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Figure 9: Number 01‘ mc’ssages per critlcal section erl- Figure 12: Number of messages per critical section 
try, 50% load. viltry, 120 processors. 

Messages per critical section entry, 100% load -- - 

number 01 messages 

Messages per critical section entry, 350 processors 

number ot messages 
20 

-1 
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I’igure 13: Number of messages per critical section 
entry. 350 processors. 

Messages per crltical section entry, 20 processors 
Maximum time to enter the CS, 100% load 

number of messages 

10 
Waltlng time in ticks (thousands) 

I 1 

0 50 100 150 200 250 300 350 

o 
0 50 too 150 200 

load III pwxrtage 

Figure 11 : Nulnber of nle~+ges IWI’ c.ritical sclctjil In 
c:nl ry, 20 processors. 

number of processors 

Figure 14: Maximum waiting time, 100% load 
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