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Abstract

In this paper we consider seveal hardware im-
plementations of the generl-purpose atomic primi-
tives fetch _and. , compareand_swap load _linked ,
and store _conditional on large-s@ale shared-memory
multipr ocessors. These primitives have proven popu-
lar on small-scale bus-lasel machines, but have yet
to become widely available on large-sale, distributed
shared memory machines. We propose seveal alter-
native hardware implementations of these primitives,
and then analyzethe performance of theseimplemen-
tations for various data sharing patterns. Our results
indicate that good overall performance can be obtained
by implementing compare.and_swapin the cache con-
trollers, and by providing an additional instruction to
load an exclusivecopy of a cacheline.

1 Intro duction

Distributed shared memory combines the scalabil-
ity of network-based architectures and the intuitiv e
programming model provided by shared memory. To
ensure the consistency of shared objects, processors
perform syndironization operations using hardware-
supported primitiv es. Syndronization overhead (es-
pecially atomic update) is one of the obstaclesto scal-
able performanceon shared memory multipro cessors.

Seweral atomic primitiv es have been proposedand
implemented on DSM architectures. Most of them are
special-purpose primitiv es that are designedto sup-
port particular syndironization operations. Examples
include test _and_set with special semarics on the
DASH multipro cessor[18], the QOLB primitiv es on
the Wisconsin Multicub e [7] and the IEEE Scalable
Coherert Interface standard [24], the full/lempt y bits
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onthe MIT Alewife [1] and Teramachines[3], and the
primitiv esfor locking and unlocking cade lines on the
Kendall SquareKSR1 [16].

While it is possible to implement arbitrary syn-
chronization mechanisms on top of special-purpose
locks, greater concurrency eciency, and fault-
tolerance may be achieved by using more general-
purpose primitiv es. General-purpose primitiv es suc
as fetch _.and_, compareand.swap and the pair
load _linked /store _conditional can easily and ef-
ciently implement a wide variety of styles of syn-
chronization (e.g. operations on wait-free and lock-
free objects, read-write locks, priority locks, etc.).
These primitiv esare easyto implement in the snoop-
ing protocols of bus-basedmultipro cessorsbut there
are many tradeo s to be consideredwhen deweloping
implemertations for a DSM machine. Compareand_-
swap and load _linked /store _conditional are not
provided by any of the major DSM multipro cessors,
and the various fetch _and_ primitiv es are provided
by only a few.

We propose and evaluate sewral implemerta-
tions of these general-purpose atomic primitiv es on
directory-based cache coheret DSM multipro cessors,
in an attempt to answer the question: which atomic
primitiv es should be provided on future DSM multi-
processorsand how should they be implemented?

Our analysis and experimertal results suggest
that good overall performance will be achieved by
compareand_swap with comparators in the cades,
a write-invalidate coherencepolicy, and an auxiliary
load _exclusive instruction.

In section2 we discussthe di erences in functional-
ity and expressie power among the primitiv es under
consideration. In section 3 we presert seweral imple-
merntation options for the primitiv es under study on
DSM multipro cessors. Then we presert our experi-
mental results and discusstheir implications in sec-
tion 4, and conclude with recommendationsin sec-
tion 5.



2 Atomic Primitiv es
2.1 Functionalit vy

A fetch _and_ primitiv e [8] takes (conceptually)
two parameters: the address of the destination
operand, and a value parameter. It atomically reads
the original value of the destination operand, com-
putes the new value as a function  of the original
value and the value parameter, storesthis new value,
and returns the original value. Examples of fetch _-
and. primitiv esinclude test _and_set, fetch _and.-
store , fetch _and.add, and fetch _and_or.

The compare and_swapprimitiv e was rst provided
on the IBM System/370 [4]. Compareand_swaptakes
three parameters: the address of the destination
operand, an expected value, and a new value. If the
original value of the destination operand is equal to
the expected value, the former is replacedby the new
value (atomically) and the return value indicates suc-
cess,otherwise the return value indicates failure.

The pair load _linked /store _conditional , pro-
posed by Jensenet al. [14], are implemerted on
the MIPS Il [15] and the DEC Alpha [2] architec-
tures. They must be used together to read, modify,
and write a sharedlocation. Load.linked returns the
value stored at the shared location and sets a reser-

vation assaiated with the location and the processor.

Store _conditional  cheds the resenation. If it is
valid a new value is written to the location and the
operation returns successptherwiseit returns failure.
Conceptually, for eac shared memory location there

is a resenation bit assaiated with ead processor.

Resenations for a sharedmemory location are invali-

dated when that location is written by any processor.

Load linked and store _conditional have not been
implemerted on network-based multipro cessors. On
bus-basedmultipro cessorsthey can easily be embed-
ded in a snooping cade coherenceprotocol, in suc
a way that should store _conditional fail, it fails lo-
cally without causingany bus tra c.

In practice, processorsare generally limited to one
outstanding resenation, and resenations may be in-
validated even if the variable is not written. On the
MIPS R4000 [22], for example, resenations are in-
validated on context switches and TLB exceptions.
We can ignore these spurious invalidations with re-
spect to lock-freedom, so long as we always try again
when a store _conditional fails, and so long as we
never put anything betweenload _linked and store _-
conditional that may invalidate resenations deter-
ministically. Depending on the processorthesethings
may include loads, stores, and incorrectly-predicted
branches.

2.2 Expressiv e Power

Herlihy introduced an impossibility and universal-
ity hierarchy [10] that ranks atomic operations accord-
ing to their relative power. The hierarchy is based
on the conceptsof lock-freedom and wait-freedom. A
concurrert object implementation is lock-free if it al-
ways guararnteesthat someprocessomwill completean
operation in a nite number of steps, and it is wait-
free if it guaranteesthat ead processwill complete
an operation in a nite number of steps. Lock-based
operations are neither lock-free nor wait-free. In Her-
lihy's hierarchy, it is impossible for an atomic oper-
ation at a lower level of the hierarchy to provide a
lock-free implementation of an atomic operation in
a higher level. Atomic load and store are at level
1. The primitiv esfetch _and_store , fetch _and_add,
and test _and_set are at level 2. Compareand_swap
is a universal primitiv ejit is at level 1 of the hierar-
chy [12]. Load.linked /store _conditional can also
be shown to be universal if we assumethat resena-
tions are invalidated if and only if the corresponding
sharedlocation is written to.

Thus, according to Herlihy's hierarchy, compare.-
and_swap and load _linked /store _conditional can
provide lock-free simulations of fetch _and. primi-
tives,and it is impossiblefor afetch _and_ primitiv e
to provide a lock-free simulation of compare.and_swap
or load _linked /store _conditional It should also
be noted that although fetch _and_store and fetch _-
and_add are at the samelevel (level 2) in Herlihy's hi-
erarchy, this does not imply that there are lock-free
simulations of one of these primitiv esusing the other.
Similarly, while both compare.and_swapand the pair
load _linked /store _conditional are universal prim-
itiv es, it is possibleto provide a lock-free simulation
of compare and_swapusing load _linked and store _-
conditional , but not vice versa.

A pair of atomic _load and compare.and_swapcan-
not simulate load _linked and store _conditional
becausecompare and_swap cannot detect if a shared
location hasbeenwritten with the samevaluethat has
beenreadby the atomic _load or not. Thuscompare.-
and_swap might succeedwhere store _conditional
should fail. This feature of compare.and_swap can
causea problem if the datum is a pointer and if a
pointer can retain its original value after deallocat-
ing and reallocating the storage accessedyy it. Her-
lihy preserted methodologies for implemerting lock-
free (and wait-free) implementations of concurrent
data objects using compare and_swap|[11] and load _-
linked /store _conditional [13]. The compare-
and_swap algorithms are lesse cien t and conceptu-
ally more complex than the load _linked /store _-



conditional
lem [13].

On the other hand, there are sewral algorithms
that needor benet from compareand swap[19, 20,
21, 27]. A simulation of compareand_swap using
load _linked and store _conditional is lesse cient
than providing compare and_swapin hardware. A suc-
cessfulsimulated compare and_swapis likely to cause
two cache missesinstead of the one that would oc-
cur if compare and_swapwere supported in hardware.
(If load _linked suers a cade miss, it will gen-
erally obtain a shared (read-only) copy of the line.
Store _conditional  will missagainin order to obtain
write permission.) Also, unlike load _linked / store _-
conditional , compare and_swapis not subject to any
restrictions on the loads and storesbetweenatomic _-
load and compareand_swap Thus, it is more suit-
able for implementing atomic update operations that
require memory accessbetween loading and compar-
ing (e.g. an atomic update operation that requires a
table lookup basedon the original value).

3 Implemen tations

The main design issuesfor implemerting atomic
primitiv es on cade coheren DSM multipro cessors
are:

algorithms due to the pointer prob-

1. Where should the computational power to ex-
ecute the atomic primitiv es be located: in the
cache cortrollers, in the memory modules, or
both?

2. Which coherencepolicy should be usedfor atom-
ically accessedlata: no cacing, write-invalidate,
or write-up date?

3. What auxiliary instructions, if any, can be used
to enhanceperformance?

We focusour attention onfetch _and_, compare-
and_swap and load _linked /store _conditional be-
cause of their generality, their popularity on small-
scale machines, and their prevalence in the litera-
ture. We considerthree implementations for fetch _-
and., ve for compareand.swap and three for
load _linked /store _conditional . The implementa-
tions can be grouped into three categoriesaccording
to the coherencepolicies used:

1. INV (INValidate): Computational power in the
cache cortrollers, with a write-invalidate coher-
encepolicy. The main advantage of this imple-
mentation is that oncethe datum is in the cade,
subsequeh atomic updates are executed locally,
solong as accessedy other processorsdo not in-
tervene.

2. UPD (UPDate): Computational power in the
memory, with a write-update policy. The main
advantage of this implementation is a high read
hit rate, even in the caseof alternating accesses
by dierent processors.

3. UNC (UNCached): Computational power in the
memory, with cading disabled. The main advan-
tage of this implemenrtation is that it eliminates
the coherenceoverhead of the other two policies,
which may be a win in the caseof high contention
or even the caseof no contention when accesses
by di erent processorsalternate.

INV and UPD implementations are embedded in
the cadce coherenceprotocols. Our protocols are
mainly basedon the directory-based protocol of the
DASH multipro cessor[17].

For fetch _and. and compare.and_swap INV ob-
tains an exclusive copy of the datum and performsthe
operation locally. UNC sendsa requestto the mem-
ory to perform the operation on an uncaced datum.
UPD also sendsa requestto the memory to perform
the operation, but retains a sharedcopy of the datum
in the local cacdhe. The memory sendsupdatesto all
the cadheswith copies.

In addition, for compare.and_swapwe considertwo
variants of INV: INVd (d' for derny) and INVs ('s'
for share). In thesevariants, if the line is not already
cadhed in exclusive mode locally, comparison of the
old value with the expectedvalue takesplacein either
the home node or the owner node, whichewver has the
most up-to-date copy of the line (the homenode is the
node at which the memory resides;the owner, if any,
is the node that has an exclusive caded copy of the
line). If equality holds, INVd and INVs behave like
INV: the requesting node acquiresan exclusive copy.
Otherwise, the responseto the requesting node indi-
cates that compareand_swap must fail. In the case
of INVd, no caced copy is provided. In the caseof
INVs, aread-only copy is provided. The rationale be-
hind these variants is to prevent a requestthat will
fail from invalidating copiescaded in other nodes.

The implementations of load _linked /store _-
conditional are somewhat more elaborate, due to
the needfor resenations. In the INV implemenrtation,
ead processingnode hasa resenation bit and a reser-
vation addressregister. Load linked setsthe resena-
tion bit to valid and writes the addressof the shared
location to the resenation register. If the cacheline is
not valid, a shared copy is acquired, and the value is
returned. If the cade line is invalidated and the ad-
dresscorresponds to the one stored in the resenation



register, the resenation bit is setto invalid. Store _-
conditional chedsthe resenation bit. If it isinvalid,
store _conditional fails. If the resenation bit is valid
and the line is exclusiwe, store _conditional succeeds
locally. Otherwise, the requestis sert to the home
node. If the directory indicates that the line is exclu-
sive or uncacded, store _conditional fails, otherwise
(the line is shared) store _conditional succeedsand
invalidations are sen to holders of other copies.

In the UNC implementation of load linked /
store _conditional , each memory location (at least
conceptually) hasa resenation bit vector of sizeequal
to the total number of processors. Load.linked
reads the value from memory and setsthe appropri-
ate resenation bit. Any write or successfulstore _-
conditional  to the location clears the resenation
vector. Store _conditional cheds the correspond-
ing resenation bit and succeedsor fails accordingly.
Various spaceoptimizations are conceiwable for prac-
tical implemertations; seesection 3.1 below. In the
UPD implementation, load _linked requestshave to
goto memory even if the datum is cached, in order to
setthe appropriate resenation bit. Similarly, store _-
conditional requestshave to goto memory to chedk
the resenation bit.

We consider two auxiliary instructions. Load -
exclusive readsa datum but acquires exclusive ac-
cess. It can be used with INV instead of an ordi-
nary load when reading data that are then accessed
by compareand_swap The intent is to make it more
likely that compare and_swap will not have to go to
memory. Load exclusive is also useful for ordinary
operations on migratory data. Drop_copy can be used
to drop (self-invalidate) a caded line, to reduce the
number of serializedmessagesequired for subsequeh
accessedy other processors.A write miss on an un-
cacthed datum requires 2 serializedmessagegfrom re-
guestingnodeto the homenode and badk), instead of 4
for aremote exclusive datum (requestingnodeto home
to owner to home and badck to requesting node) and
3 for a remote shared datum (from requesting node
to hometo sharing nodes,with adknowledgmerns sen
badk to the requesting node).

3.1 Hardw are Requiremen ts

If the base coherencepolicy is dierent from the
coherencepolicy for accessto syndironization vari-
ables, the complexity of the cade coherenceprotocol
increasessigni cantly. Howewer, the directory entry
size remains the samewith any coherencepolicy on
directory-based multipro cessorgmodulo any require-
ments for resenation information in the memory for
load _linked /store _conditional ).

Computational power (e.g. adders and compara-
tors) needsto be added to ead cache cortroller if
the implementation is INV, or to eadr memory mod-
ule if the implementation is UPD or UNC, or to both
cachesand memory modulesif the implementation for
compare.and_swapis INVd or INVs.

If load _linked and store _conditional are im-
plemerted in the cacdes, one resenation bit and
one resenation addressregister per cache are needed
to maintain ideal semarics, assuming that load -
linked and store _conditional pairs are not allowed
to nest. On the MIPS R4000processoif22] there is an
LLbit and an on-chip system cortrol processorregis-
ter LLAddr. The LLAddr register is usedonly for diag-
nostic purposes,and servesno function during normal
operation. Thus, invalidation of any cace line causes
the LLbit to be reset. A store _conditional to a
valid cade line is not guaranteed to succeed,as the
datum might have beenwritten by another processon
the samephysical processor.Thus, a resenation bit is
needed(at leastto beinvalidated on a context switch).

If load _linked and store _conditional areimple-
mented in the memory, the hardware requiremerts are
more signi cant. A resenation bit for ead processor
is neededfor eadh memory location. There are seweral
options:

A bit vector of sizeequalto the number of proces-
sors can be added to ead directory ertry. This
option limits the scalability of the multipro cessor,
as the (total) directory size increasesquadrati-
cally with the number of processors.

A linkedlist canbe usedto hold the ids of the pro-
cessorsholding resenations on a memory block.
The size overhead is reduced to the size of the
head of the list, if the memory block hasno reser-
vations assaiated with it. However, a freelist is
neededand it hasto be maintained by the cace
coherenceprotocol.

A limited number of resenations (e.g. 4) can
be maintained. Resenations beyond the limit
will be ignored, so their corresponding store _-
conditional 's are doomed to fail. If a failure
indicator can be returned by beyond-the-limit
load _linked 's, then the corresponding store _-
conditional 's can fail locally without causing
any network trac. This option eliminates the
need for bit vectors or a free list. Also, it can
help reducethe e ect of high contention on per-
formance. However, it compromisesthe lock-free
semairiics of lock-free objects based on load _-
linked and store _conditional



A hardware counter assaiated with eadh mem-
ory block can be usedto indicate a serial num-
ber of writes to that block. Load.linked will re-
turn both the datum and the serial number, and
store _conditional must provide both the da-
tum and the expected serial number. A store _-
conditional with a serial number di erent from
that of the counter will fail. The counter should
be large enough (e.g. 32 bits) to eliminate any
problems due to wrap-around. The message
sizesassaiated with load _linked and store _-
conditional must increaseby the courter size.

In eadh of these options, if the spaceoverheadis too
high to accept for all of memory, atomic operations
can, with some loss of corvenience, be limited to a
subsetof the physical addressspace.

For the purposesof this paper we do not needto x
an implementation for resenations, but we prefer the
last one. It hasthe potential to provide the advantages
of both compare and_swapand load _linked / store _-
conditional . Loadlinked resenblesa load that re-
turns a longer datum; store _conditional resenbles
a compareand_swap that provides a longer datum.
The serial number portion of the datum eliminates the
pointer problem mentioned in section2.2. In addition,
the lack of an explicit resenation meansthat store _-
conditional doesnot have to be precededcloselyin
time by load _linked ; a processthat expectsa partic-
ular value (and serial number) in memory canissuea
bare store _conditional , just asit can issuea bare
compareand_swap This capability is useful for algo-
rithms sudh as the MCS queue-basedspin lock [20],
in which it reducesby one the number of memory
accessegequired to relinquish the lock. It is not
even necessarnythat the serial number residein special
memory: load _linked and store _conditional could
be designedto work on doubles. The catch is that \or-
dinary" storesto syndironization variableswould need
to update the serial number. If this number were sim-
ply kept in half of a double, special instructions would
needto be usedinstead of ordinary stores.

4 Exp erimental Results
4.1 Metho dology

The experimental results were collected using an
execution driven cycle-by-cycle simulator. The simu-
lator usesMINT (Mips INT erpreter) [26], which sim-
ulates MIPS R4000 object code, as a front end. The
badk end simulates a 64-node multipro cessor with
directory-based cades, 32-byte blocks, queued mem-
ory, and a 2-D worm-hole mesh network. The sim-
ulator supports directory-based cache coherencepro-
tocols with write-invalidate and write-up date coher-

encepolicies. The basecace coherenceprotocol{used
for all data not accessedby atomic primitiv esin all
experimerts{is a write-invalidate protocol. In order
to provide accurate simulations of programswith race
conditions, the simulator keepstrack of the values of
caced copiesof atomically accessedlata in the cache
of eat processingnode. In addition to the MIPS
R4000 instruction set (which includes load _linked
and store _conditional ), the simulated multipro ces-
sorsupports fetch _and_, compare and_swap load _-
exclusive , and drop_copy. Memory and network la-
tencies re ect the e ect of memory contention and
of contention at the entry and exit of the network
(though not at internal nodes).

We usedtwo setsof applications, real and synthetic,
to achieve di erent goals. We beganby studying two
lock-basedapplications from the SPLASH suite [25]
LocusRoute and Choleskyland an application that
computesthe transitiv e closure of a directed graph|
basedon the Floyd-Warshall algorithm [5]|that uses
a lock-free counter to distribute variable-size input-
dependert jobs amongthe processorq gure 1). From
these real applications we identied typical sharing
patterns of atomically accesseddata. In LocusRoute
and Cholesky we replacedthe library locks with an as-
senbly languageimplementation of the test-and-test-
and-set lock [23] with bounded exponertial badko
implemented using the atomic primitiv es and auxil-
iary instructions under study. In Transitive Closure,
we used di erent versions of a lock-free counter us-
ing fetch _and_.add, compareand_swap and load -
linked /store _conditional , and we usethe scalable
tree barrier [20Q] for barrier synchronization.

Our three synthetic applications sered to explore
the parameter spaceand to provide cortrolled per-
formance measuremets. The rst usesa lock-free
concurrert courter to cover the casein which load _-
linked /store _conditional and compareand_swap
simulate fetch _and_. The secondusesa courter pro-
tected by a test-and-test-and-set lock with bounded
exponertial badko to cover the casein which all three
primitiv esare usedin a similar manner. The third uses
a courter protected by an MCS lock [20] to cover the
casein which load _linked /store _conditional sim-
ulates compare.and_swap
4.2 Sharing Patterns

Performanceof atomic primitiv esis a ected by con-
tention and averagewrite-run length [6]. In this con-
text, we de ne the level of contention to be the num-
ber of processorsthat concurrertly try to accessan
atomically accessedshared location. Average write-
run length is the averagenumber of consecutive writes
(including atomic updates) by a processorto an atom-



private pid, procs, size;
shared counter, flag, E;
tclosure()

{

local i,j,k,row,rows,work,pivot,cur;
for(i=0;i<size;i++)
{

if(pid==0){  counter=0;

row=0; rows=0;

barrier();

while(!flag)

{
rows=((size-row-rows-1)>>1)/procs+1;
row=fetch_and_add(&count,rows);
ifrow>=size){  flag=1; break;}
work=(rows<size-row) ? rows :
pivot=E[i];
for(j=row;j$<$row+work;j++)

{

flag=0; }

size-row;

cur=E[jJ;
if((cur[i]==TRUE) && (i'=))
for(k=0;k<size;k++)
if(pivot[k]==TRUE) cur[K]=TRUE;
}
}
barrier();
}
}

Figure 1: Processpid's transitiv e closure program.

ically accessedharedlocation without intervening ac-
cessegreads or writes) by any other processors.

The averagewrite-run length of atomically accessed
data in simulated runs of LocusRoute and Cholesky
on 64 processorswith di erent coherencepolicies was
found to rangefrom 1.70to 1.83,and from 1.59to0 1.62,
respectively. This indicates that in these applications
lock variablesare unlikely to be written more than two
consecutie times by the sameprocessomwithout inter-
vening accessedy other processors. In other words,
a processorusually acquiresand releasesa lock with-
out intervening accessedy other processorsbut it is
unlikely to re-acquireit without intervertion. In Tran-
sitive Closure, the averagewrite-run length wasfound
to be always slightly above 1.00, suggestinga high
level of contention as shown in the next paragraph.

As a measure of corntention, we use histograms
of the number of processorscortending to accessan

atomically accessedshared location at the beginning
of eadh access(we found a line graph to be more
readable than a bar graph, though the results are
discrete, not cortinuous). Figure 2 shows the con-
tention histograms for the real applications, with dif-
ferernt coherencepolicies. The gures for LocusRoute
and Cholesky indicate that the no-cortention caseis
the commonone, for which performanceshould be op-
timized. At the sametime, they indicate that the
low and moderate cortention casesdo arise, so that
performance for them needsalso to be good. High
cortention is rare: reasonabledierences in perfor-
mance among the primitiv es can be tolerated in this
case. Howewer, the gure for Transitive Closure|
which achieves an acceptable e ciency of 45% on
64 processors|indicates a common caseof very high
cortention, implying that di erences in performance
amongthe primitiv esare more important in this case.
The contention can be attributed to the frequert use
of barrier synchronization in the application, which in-
creaseghe likelihood that all or most of the processors
will try to accesshe counter concurrertly.
4.3 Relativ e Performance of Implemen ta-
tions

We collected performance results of the synthetic
applications with various levels of contention and
write-run length. We usedconstan-time barriers sup-
ported by MINT to control the level of contention. Be-
causethese barriers are constart-time, they have no
e ect on the results other than enforcing the intended
sharing patterns. In these applications, ead proces-
sor executesa tight loop, in ead iteration of which it
either updates the counter or not, depending on the
desiredlevel of contention. Depending on the desired
averagewrite-run length, every one or more iterations
are separatedby a constart-time batrrier.

Figures 3, 4, and 5 show the performance results
for the synthetic applications. The bars represen the
elapsedtime averagedover a large number of courter
updates. In eath gure, the graphsto the left rep-
resent the no-cortention casewith dierent numbers
of consecutive accessedy ead processorwithout in-
tervertion from the other processors. The graphs to
the right represen di erent levels of contention. The
bars in eat graph are categorized according to the
three coherencepolicies used in the implementation
of atomic primitives. In INV and UPD, there are
two subsetsof bars. The bars to the right represen
the results with the drop _copy instruction; those to
the left represen the results without it. In ead of
the two subsetsin the INV category, there are 4 bars
for compareand_swap These represen, from left to
right, the results for the INV, INVd, INVs, and INV
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Figure 2: Histograms of the level of contention in Lo-
cusRoute, Cholesky and Transitive Closure.

with load _exclusive implementations.

Figure 6 shaws the performanceresults for Locus-
Route, Cholesky and Transitive Closure. Time is
measuredfrom the beginning to the end of execution
of the parallel part of the applications. The order of
barsin the graph is the sameasin the previous gures.

We baseour analysison the results of the synthetic
applications, where we have cortrol over the parame-
ter space. The results for the real applications sere
only to validate the results of the synthetic applica-
tions. LocusRoute and Transitive Closure use dy-
namic scheduling, which explainsthe di erence in rel-
ative performancebetweenprimitiv esin theseapplica-
tions and in the corresponding synthetic applications.
With dynamic scheduling slight changesin timings al-
low processorsto obtain work from the certral work
pool in di erent orders, causingchangesin control ow
and load balancing.
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Figure 3: Averagetime per cournter update for the
lock-free courter application. P denotes processors,
c contention, and a the average number of non-
interleaved counter updates by eadt processor.
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Figure 4: Averagetime per cournter update for the
TTS-lock-based courter application. P denotespro-
cessors,c contention, and a the average number of
non-interleaved courter updates by ead processor.
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Figure 5: Averagetime per counter update for the
MCS-lock-based courter application. P denotes pro-
cessors,c contention, and a the average number of
non-interleaved counter updates by ead processor.

4.3.1 Coherence Policy

In the caseof no contention with short write runs,
UNC implementations of the three primitiv esare com-
petitiv e with, and sometimesbetter than, the corre-
sponding caded implementations, even with an av-
erage write-run length as large as 2. There are two
reasonsfor these results. First, a write miss on an
uncaded line takestwo serialized messageswhich is
always the casewith UNC, while a write miss on a
remote exclusive or remote shared line takes 4 or 3
serialized messagesespectively (seetable 1). Second,
UNC implementations do not incur the overheadof in-
validations and updates as INV and UPD implemen-
tations do.

Furthermore, with contention (even very low),
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UNC

INV to cached exclusive
INV to remote exclusive
INV to remote shared
INV to uncaded

UPD to caded

UPD to uncached

NIWINWAON

Table 1: Serialized network messagesfor stores to
sharedmemory with di erent coherencepolicies.

UNC outperforms the other policies (with the excep-
tion of INV compare and_swap load _exclusive when
simulating fetch _and_), asthe e ect of avoiding ex-
cessserializedmessagesand invalidations or updates,
is more evident as ownership of data changeshands
more frequertly. The INV compareand_swap load _-
exclusive combination for simulating fetch _and.
is an exception as the timing window between the
read and the write in the read-madify-write cycle is
narrowed substartially , thereby diminishing the e ect
of contention by other processors. Also, in the INV
implementation, successfulcompare.and_swaps after
load _exclusive 's are mostly hits, while by de nition,
all UNC accessesre misses.

On the other hand, as write-run length increases,
INV increasingly outperforms UNC and UPD, because
subsequeh accessedn a run are all hits.

Comparing UPD to INV, we nd that INV is better
in most cases.This is due to the excessie number of
uselessupdates incurred by UPD. INV is much bet-
ter in the caseof long write runs, asit bene ts from
cading. In the caseof high cortention with the test-
and-test-and-setlock, UPD is better, sinceewvery time
the lock is releasedalmost all processordry to acquire
it by writing to it. With INV all these processorsac-
quire exclusive copiesalthough only one will eventu-
ally succeedin acquiring the lock, while in the case
of UPD, only successfulwrites causeupdates. How-
ever this is not the common casewith locks, in which
badko sernesto greatly reduce corntention.

4.3.2 Atomic Primitiv es

In the caseof the lock-free counter, UNC fetch _and._-
add yields superior performanceover the other primi-
tivesand implementations, especially with corntention.
The exception is the caseof long write runs, which
are not the commoncase,and may well represen bad
programs (e.g. a shared courter should be updated
only when necessary instead of being repeatedly in-
cremerted). We conclude that UNC fetch _and_add
is a useful primitiv e to provide for supporting shared
courters. Howewer, sinceit is limited to only certain
kinds of algorithms, we recommendit only in addition
to a universal primitiv e.

Among the INV universal primitiv es, compare.-
and_swap almost always benets from load -
exclusive , becausecompareand_swapgs are hits in
the caseof no contention and, as mentioned earlier,
load _exclusive helps minimize the failure rate of
compare.and_swap as cortention increases. In con-
trast, load _linked cannot be exclusive: otherwise
livelock is likely to occur.



The performanceof the INVd and INVs implemen-
tations of compare and_swapis almost always equalto
or worsethan that of compare.and_swapor compare -
and_swap load _exclusive . The cost of extra hard-
ware to make comparisonsboth in memory and in the
cachesdoesnot appear to be warranted.

As for UPD universal primitiv es, compareand_-
swap is always better than load _linked /store _-
conditional , as most of the time compare.and_swap
is precededby an ordinary read which is most likely
to be a hit with UPD. Load linked requestshave to
go to memory even if the datum is caced locally, as
the resenation has to be setin a unique place that
has the most up-to-date version of datalin memory
in the caseof UPD.

With an INV policy and an average write-run
length of onewith no contention, drop _copy improves
the performance of fetch _and. and compare.and._-
swap load _exclusive , becauseit allows the atomic
primitiv e to obtain the neededexclusive copy of the
data with only 2 serialized messagesnstead of 4 (no
other processorhas the datum cacded; they all have
dropped their copies). As contention increasesthe ef-
fect of drop _copy varieswith the application. It canin
fact causean increasein serializedmessagesnd mem-
ory and network corntention. For example, an exclu-
sive cade line may be dropped just when its owner is
about to receive a remote requestfor an exclusive copy
of the line. The write-back causesunnecessarymem-
ory and network trac. Moreover, instead of granting
the remote request, the local node replies with a neg-
ative adknowledgmert, and the remote node hasto re-
peat its requestfor exclusive accesdo the subsequeh
owner.

With an UPD policy, drop _copy always improves
performance, becauseit reducesthe number of use-
lessupdates and in most casesreducesthe number of
serialized messagesor a write from 3 to 2.

5 Conclusions

Based on the experimental results and the rela-
tiv e power of atomic primitiv es,we recommendimple-
menting compare.and_swapin the cace cortrollers of
future DSM multipro cessors,with a write-in validate
coherencepolicy for atomically-accesseddata. We
also recommend supporting load _exclusive to en-
hance the performance of compareand_swap (as well
as assisting in e cient data migration). To address
the pointer problem, we recommend consideration of
an implementation based on serial numbers, as de-
scribed for the in-memory implementation of load _-
linked /store _conditional in section 3.1.

Although we do not recommend it as the sole

atomic primitiv e, becauseit is not universal, we nd

fetch _and.add to be very e cien t for lock-free coun-
ters, and for many other objects [9]. We recom-
mendimplementing it in uncached memory asan extra
atomic primitiv e.

Acknowledgmen t

Our thanks to Jadk Veenstra for deweloping and
supporting MINT and for his commerts on this pa-
per, and to LeonidasKontothanassisfor his important
suggestions. We also thank Robert Wisniewski, Wei
Li, Michal Cierniak, and Raj Rao for their commerts
on the paper.

References

[1] A. Agarwal, B.-H. Lim, D. Kranz, and J. Kubi-
atowicz. APRIL: A ProcessorArchitecture for
Multipro cessing. In Proceedings of the 17th An-
nual International Sympsium on Computer Ar-
chitecture, pages104{114, New York, June 1990.

[2] Alpha Architecture Handlook. Digital Equipment
Corporation, 1992.

[3] R. Alverson, D. Callahan, D. Cummings,
B. Koblenz, A. Porter eld, and B. Smith. The
Tera Computer System. In Proceedings of the In-
ternational Conferenae on Supercomputing, pages
1{6, June 11-15,1990.

[4] R. P. Caseand A. Padegs. Architecture of the
IBM System370. Comm. of the ACM, 21(1):73{
96, January 1978.

[5] T. H. Cormen, C. E. Leiserson,and R. L. Rivest.
Intr oduction to Algorithms. The MIT Press,1990.

[6] S.J. Eggersand R. H. Katz. The E ect of Shar-
ing on the Cache and Bus Performance of Paral-
lel Programs. In Proceedings of the Third Inter-
national Conferenae on Architectural Support for
Programming Languagesand Operating Systems
pages257{270, Boston, MA, April 1989.

[7] 3. R. Goodman, M. K. Vernon, and P. J. Woest.
E cien t Syndronization Primitiv es for Large-
Scale Cache-Coheren Multipro cessors. In Pro-
ceedings of the Third International Conference
on Architectural Supprt for Programming Lan-
guagesand Operating Systems pages64{75, April
1989.

[8] A. Gottlieb and C. P. Kruskal. Coordinat-
ing Parallel Processors: A Parallel Uni cation.
Computer Architecture News 9(6):16{24, Octo-
ber 1981.



[9] A. Gaottlieb, B. D. Lubachevsky, and L. Rudolph.
Basic Techniquesfor the E cien t Coordination of
Very Large Numbers of Cooperating Sequettial
Processors. ACM Trans. on Programming Lan-
guagesand Systems 5(2):164{189, April 1983.

[10] M. P. Herlihy. Impossibility and Universality
Results for Wait-Free Syndronization. In Pro-
ceedings of the 7th Sympsium on Principles of
Distributed Computing, pages276{290, Toronto,
Canada, August 15-17,1988.

[11] M. P. Herlihy. A Methodology for Implement-
ing Highly Concurrent Data Objects. In Proceed-
ings of the Second Symposium on Principles and
Practices of Parallel Programming, pages 197{
206, Seattle, WA, March 14-16,1990.

[12] M. P. Herlihy. Wait-Free Synchronization. ACM
Trans. on Programming Languagesand Systems
13(1):124{149,January 1991.

[13] M. P. Herlihy. A Methodology for Implementing
Highly Concurrent Data Objects. ACM Trans.on
Programming Languagesand Systems 15(5):745{
770, November 1993.

[14] E. H. Jensen, G. W. Hagensen, and J. M.
Broughton. A New Approch to Exclusive Data
Accessin SharedMemory Multipro cessors.Tech-
nical Report UCRL-97663, Lawrence Livermore
National Lab, November 1987.

[15] G. Kane. MIPS RISC Architecture. Prentice-
Hall, Englewood Clis, N.J., 1989.

[16] KSR1 Principles of Operation. Kendall Square
Researt Corporation, 1991.

[17] D. Lenoski, J. Laudon, K. Gharachorloo,
A. Gupta, and J. Hennessy The Directory-Based
Cache CoherenceProtocol for the DASH Mul-
tipro cessor. In Proceeedings of the 17th Inter-
national Symmsium on Computer Architecture,
pages148{159, Seattle, WA, May 28-30,1990.

[18] D. Lenoski, J. Laudon, K. Gharachorloo, W.-D.
Weber, A. Gupta, J. Hennessy M. Horowitz, and

M. S.Lam. The Stanford DASH Multipro cessor.

Computer, 25(3):63{79, March 1992.

[19] H. Massalin. A Lock-FreeMultipro cessorOS Ker-
nel. Tednical Report CUCS-005-91, Computer
ScienceDepartment, Columbia University, 1991.

[20] J. M. Mellor-Crummey and M. L. Scott. Algo-
rithms for Scalable Synchronization on Shared-
Memory Multipro cessors.ACM Trans. on Com-
puter Systems 9(1):21{65, February 1991.

[21] J. M. Mellor-Crummey and M. L. Scott. Scal-
able Reader-Witer Syndhronization for Shared-
Memory Multipro cessors.In Proceeedings of the
Third Symposium on Principles and Practices of
Parallel Programming, pages106{113, Williams-
burg, VA, April 21-24,1991.

[22] MIPS R4000 Microprocessor User's Manual.
MIPS Computer Systems,Inc., 1991.

[23] L. Rudolph and Z. Segall. Dynamic Deceriral-
ized Cache Sthemesfor MIMD Parallel Proces-
sors. In Proceedings of the 11th Annual Inter-
national Symmsium on Computer Architecture,
pages340{347,June 1984.

[24] IEEE Standad for Salable Coherent Interface
(SCI). IEEE, Inc., 1993.

[25] J. P. Singh, W.-D. Weber, and A. Gupta.
SPLASH: Stanford Parallel Applications for
Shared-Memory. Computer Architecture News
20(1):5{44, March 1992.

[26] J. E. Veenstraand R. J. Fowler. MINT: A Front
End for E cien t Simulation of Shared-Memory
Multipro cessors.In Proceedings of the Second In-
ternational Workshopon Modeling, Analysis, and
Simulation of Computer and Telecommunication
Systems pages201{207, 1994.

[27] R. W. Wisniewski, L. Kontothanassis,and M. L.
Scott. ScalableSpin Locks for Multiprogrammed
Systems. In Proceedings of the Eigth Interna-
tional Parallel Processing Sympsium, Cancun,
Mexico, April 26-29,1994.



