Constructive and Adaptable Distributed Shared Memory

Jordi Bataller and Je@sM. Bernaleu-Auken
Dept. de Sistemes Informatics i Computacio
Universitat Politecnica de Valencia
Ap. 22012, 46071 Valencia, Spain

E-mail: {bataller,josep@iti.upv.es

Abstract 1. Introduction

Distributed shared memory (DSM) is a paradigm for ~ Shared memory is a widely accepted model to build par-
programming distributed systems, which provides an alter- allel appl|cat|ons. Its main advantage is _that_ it prowdgs the
native to the message passing model. DSM offers the agentB'9rammer with a well-know communication paradigm:
of the system a shared address space through which theyVriting and reading shared variables. When implemented
can communicate with each other. The main problem of N & distributed system (distributed shared memory, DSM),
a DSM implementation on top of a message passing sysPrograms do not h_ave to take care of.the dgtalls_, ofthg under-
tem is performance. Performance of an implementacion is!YiNg communication system, potentially simplifying inter-
closely related to the consistency the DSM system offers:PrOcess communication. In loosely coupled distributed sys-
strong consistency (all agents agree about how memory {€MS, DSM implementations are built on top of a message
events happen) is more expensive to implementweak  P2ssing (MP) system. So, it would seem that using DSM
consistency (disagreements are allowed). There have beefjould always offer worse performance than using the un-
many DSM systems proposals, each one supporting differ-d€rying MP system. However, there are many techniques
ent consistency levels. Experience has shown that no onézvhlch allow to reduce the overheads incurred in implement-
is well suited for the whole range of problems. In some INd & DSM system. As a result, DSM and MP systems
cases, strong consistent primitives are not needed, while in@€ comparable [11, 25] and, in some cases, DSM is better
other cases, the weak semantics provided are useless. ThiE31l: This work focuses on shared memory implemented on
is also true for different implementations of the same mem-00sely coupled systems.

ory model, since performance is also afected by the data ©One of the techniques used to improve DSM perfor-
access patterns of the aplications. mance is the relaxation of the consistency model. The con-

sistency one would expect is the same as that offered by a

In this paper, we introduce a novel DSM model called uniprocessor system with a single memory. Roughly speak-
Mume. Mume is a low level layer close to the level of ing, all the agents agree on the ordering in which memory
the message passing interface. The Mume interface proaccesses occur. This consistency is cafizdng consis-
vides only the minimum requirements to be considered as aency. Strongly consistent systems are easy to understand
shared memory system. The interface includes three types afnd to use but their implementations are somehow ineffi-
synchronization primitives, namely, total ordering, causal cient since maintaining a global view is costly in terms of
ordering and mutual exclusion. This allows efficient imple- the number of messages (query, update or invalidation mes-
mentations of different memory access semantics, accomosages). Different strongly consistent systems have been im-
dating particular data access patterns. plemented using different consistency protocols, tuned to
different data access patterns, but it is an accepted fact that
no single protocol is suitable for all of the possibilities.

On the other hand, it has been observed that not every
algorithm needs strong consistency to solve a given prob-
lem. This fact allows the agents to disagree on the order in
which they view memory access, therefore perceiving dif-

“This work has been supported in part by research grants TIco3-0304ferent states of the memory. This kind of consistency is
and TIC96-0729 calledweakconsistency. A weakly consistent system can
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be implemented more efficiently because the potential dis-
agreement on the memory views allows saving update or
invalidation messages. But weakly consistent systems are ]

user program user program user program user program

more difficult to understand and use. Moreover, many dif- support for programming

. with uential consisten support for programmin
ferent weak memory models have been proposed leading to (mimopraoossts | | wit dtwencordserey | | cer swvies
a confusion about which one is the most suitable. aintain constency) modds

In a parallel environment, synchronization is a funda- ] I
mental issue. It has been shown [2] that a distributed syn{™ it read) oy CRomed -
chronization algorithm based on shared memory (i.e. onlymete<e
using the write and read primitives) can not be developed
if a weakly consistent memory is used: a centralized al-
gorithm is required. But if strongly consistent memory is
used, common synchronization algorithms (based on shared
memory) are also inefficient because of the high level of
message transmission due do the intensive consultation of

synchronizing variables.

This fact has led to introduce Synchronization as the third p||ed to every cache according|y to the causal relation. ME

primitive in DSM systems. We uniformly call 8ync(there  (mutual exclusion) is to gain exclusive access to a set of
are many types, e.g. acquire, release, barriers, etc). Syngaches.

can be implemented through efficient MP algorithms. This . o _
primitive is also used in some weakly consistent systems to ~ With that set of primitives, a number of important advan-
signal the points in which the memory has to be globally tage§ can be achieved, see figure 1. The primitives of the
consistent to all the agents. We call these systynshro-  principal memory models proposed up to now can be emu-
nizedsystems. lated, thus permitting to re-use algorithms based on particu-
At present, things are well understood, but there is not aar models. Within the same memory model, a single prim-
definitive approach on how to achieve the desirable shared!iveé can be implemented in different ways to have different
memory system being capable of rivalling MP systems in behaviours, so that it can fit specific data access patterns.
terms of performance and still retaining simplicity of us- SO, different primitives, having the desired behaviour, can
age. The solution we propose is based on the (old) idea ofoe developed to be used in a single application. l_:lnally, be-
offering simple, efficient, adaptable and constructive meanstause a high level” program can be transformed into a low
which can be used to develop new tools fulfilling specific '€vel” Mume program, the latter program can be fine tuned

basic Mume system

Figure 1. Mume environment.

requirements and allowing ad-hoc improvements. tp improve performance by removing unnecessary opera-
We propose a shared memory model called Mume,10NS:
Mume has got two types of primitivesrdinary operations, Roughly speaking, Mume can be viewed as a shared

read and write; and synchronizatioroperations,TOsyn¢ memory system where the sharing unit is the whole mem-
CRsynandMEsync It has a set of memory areasathey ory and where the programmer, through a reduced set of
accessible through ordinary operations. primitives, is in charge of maintaining the consistency.

Ordinary actions are similar to MP primitivegndand
receive because, like them, they have a parameter indicat- We want to remark that our Mume description, although
ing the cache where they have to act on. This enables arPeing operational, does not force any particular implemen-
almost direct, and thus efficient, implementation. Although tation.
both kinds of primitives have similarities, they are quite dif-
ferent. A Mume write action does not need to be observed
and it is overwritten by a subsequent write. A sent message
even out of order, has to be received. This is also discusse@
in[1].

Each Mume cache has a FIFO behaviour, i.e. it applies
ordinary actions in the order they arrive, unless they are syn-  The rest of the paper is organized as follows. Section 2
chronized. Sync operations are used for relating ordinarydescribes Mume operationally. Section 3 illustrates Mume
operations, controlling the order in which they are applied versatility and adaptability. Section 4 shows a preliminary
to different caches. TO (total order) related operations havedesign of a Mume system and discusses which techniques
to be applied to every cache following the same order. Sim-can be used to build it. Finally, in section 5 we summarize
ilarly, CR (causal order) related operations have to be ap-this paper and discuss further work.

Mume builds on the work in [6] and [4], where the au-
thors present a formalism with which to express and com-
are most memory models proposed to date. Mume has
een formally defined in [3], where, in addition, it is proved
that Mume can emulate other memory models.



2. Description of Mume are synchronized by syncs acting on the same synchroniza-
tion variable.

As we have previously indicated, Mume memory prim-
itives are classified into ordinary (or data) operatiorad Program:
and write; and synchronizationssync Mume offers a

shared memory which may be accessed through these opadenta: — TOsync(a,s1,acq)  afer,ea] - aser, es]
erations. The memory is arranged as a set of azahé$ TOsync(a, s1,rel)

that can be independently accessed by each agent. Therea—gent b - TOsyne(b, 51, acq) biler, e
fore, TOsync(b, s1,rel) bafc, ca]

e Acacheis a copy or a version of the whole memory.  ~qrect execution:

¢ At a given moment, caches can have different states. cachec; : aj by as by

e There is no cache designated as the primary COPY-cachecs : by ay by as
(This type of meanings are left to the programmer.)
Because, as andb; are TO-related on; they are applied

Implementations are not forced to associate a cache withy the same order to both caches. PO betweeand a,
each agent to use it as a local copy of the memory. Anyway,js also respected. Becaubgeis not TO-related it can be
this seems to be a good choice. By default, caches apply opgpplied in any order to any cache.

erations as soon as they are received, i.e. FIFO. This means

that Mume data actions are totally independent of each other

even if they are from the same agent or process. Figure 2. TOsync example.
We denote data actions asrite(i,z,v)[A] and

read(i, z,v)[a]. iis the identifier of the agent issuing the  The meaning of each synchronization type is natural and

operationy is the variable and the value being written or  opyious. TO-related actions are applied in the same order

read. A is the set of caches where the value is to be written ¢ every cache they act upon. In other words, if action

anda is the cache from which the value is to be fetched. 343 should be applied to cachésnd2, it can not happen
The basic orderings we consider are process order (PO)that cachd applies firstz and therb and cache appliesb

the order in which an agent issues actions; writes4,(  peforea. TO-related actions respects PO. See figure 2.
which relates a write with the read which gets the value;

and causal relation (CR), the transitive closure of PO and
—. This is,a andb are CR related ib follows a in PO, or
a — b, or there exists such thatz andc are CR related
andc andb are CR related. See [1] for details about causal
relation in shared memory.

The way of relating ordinary actions is by means of agentb : CRsync(b, s1,acq) r(b,vi,1)[c1]  bi[ez]
synchronizations. Mume has three kinds of sync actions, CRsync(b, s1,rel)
namely, total ordering, causal ordering and mutual exclu- _
sion. They are respectively denoteda@sync(i, sto, t), Correct execution:
CRsync(i, scr,t) andM Esync(i, sy e, t). ¢ is the agent
identifier. sro,scr and sy g are synchronization vari-
ables.t is the type of actiongeq (acquirg or rel (release,
and they are to mark which data actions are affected.

Acquire sync marks the beginning of a synchronization v (a, v, 1) andb, are CR-related (CR-synchronized op).
and release sync marks the end. So, we say that ordinary, causally followsw(a,v:,1) (w(...) writes tor(...) and
actions issued between an acquire and a release and thg PO followsr(...)). Therefore, cache, must applyw(...)
sync actions themselves asgnchronized actionslssuing before thab, .
a second acquire before releasing the previous one is not
allowed. In other words, it is not allowed nested synchro-
nizations even if they are different types of synchronizations Figure 3. CR example.
or the sync acts on different synchronization variables.

We say that synchronized actions from different agents  Similarly, two CR-related actions should be applied to
arerelated(TO-related, CR-related, ME-relatgdhen they every cache according to the causal relationship between

Program:

agenta: CRsync(a, s1,acq)  w(a,vy,1)[er, co]
CRsync(a, s1,rel)

cachec; :w(a,vy,1)r(b,v1,1)

cachecy : w(a,vy,1) by




them (see [1]). If they are not causally related any order is Sequential consistency

fine. See figure 3.
g This model was introduced by Lamport in [24]. A se-

guentially consistent system must behave (produce the same

Program: results) as a uniprocessor system with a single (non dis-
agenta: MEsync(a,s1,acq) ailer,c2]  azfer, ] tributed) memory does. . .
If one cache per process is used, all of the actions must
M Esync(a, s1,rel) S
be TO-related so as to ensure that all of them are applied in
agentb : M Esync(b, s1,acq)  bi[ci,ca]  bafer, o] the same order to all of the caches.
M Esync(b, s1, rel) The manner to do this is simple: the first and last
action of each process should B&)sync(i,0,acq) and
agentc: M Esync(c, s2, acq) ciler, e2)

TOsync(i,o,rel), respectively. That relates every action
between the pair acquire and release, and, because the only
synchronizing variable used is every action (from any
process) is TO-related.

M Esync(c, 2, rel)
Correct execution:

Cach801 tap az by c1 by

PRAM consistency
Cach802 tap e as by by

PRAM was introduced in [27]. This is a weakly consistent

Because actions from agemtand from agenb are ME-  model. It has only to ensure that each agent sees writes
related, caches can't interleave them and have to apply infrom other agents in PO. Distinct agents may disagree in
the same order;; is not ME-related to actions fromor b. the order in which writes from different agents are seen.

The way to emulate it is by TO-relating actions
from the same process, that i$,0sync(i, 0;,acq) and
TOsync(i,0;,rel) should be the first and the last action

ME is the st ; hronizati . it dissued by agent, respectively. Note that here, a different
sync s the strongest synchronization since 1 1s use synchronizing variabley;, is used for each process, so as

to achieve mu'tual exclusion among ME-reIated accesses. A i o globally TO-relate all actions.
MEsync acquire can not proceed until the agent holding the
exclusion right (for the affected synchronization variable) )
issues a MEsync release. Obviously, not two agents are alCausal consistency

lowed to simultaneously hold the right. Roughly speaking, 1o causal model was introduced in [21]. This is another

when an agent gains the exclusion on a given synchronizay, e oy consistent model. Each agent should perceive writes

tion variable it can access any cache knowing that no other, , other agents in accordance with causal order. In other

agent will access any cache at the same time if this Seco”q/vords, two writes can be seen in a different order only if
agent synchronizes on the same variable. See figure 4. they are not causally related

) That means that we have to CR-relate every action of
3. Using Mume every process so that they are causally applied. Thus, the
first and last action of every process should be, respectively,
In this section we want to show the versatility of Mume, C Rsync(i,r, acq) andC Rsync(i, r,rel). The causal syn-
illustrating how to use it to emulate most memory models, chronizing variable used, r, is the same for every agent.
how to develop primitives with different implementations
W|th|'n the same memory model or simply how to directly Cache consistency
use it to build final applications.

Figure 4. ME example.

This weak model was introduced in [18]. Actions on the
3.1. Emulation of memory models same variable should be seen in the same total order. But

actions from the same process can be perceived out of PO

The first thing to be noted is that each model can be em-if they act on different variables.

ulated in different ways. The way we have chosen here is The way to emulate this model, having one cache per
by associating each agent with a “local” cache. Therefore,agent, is by TO-relating actions acting on the same vari-
writes are to act on all of the caches, while reads shouldable. Thus, one different synchronizing variahig, is to
fetch values from their respective local cache. The cor- be used per ordinary variable So, an ordinary action
rectness of the descriptions that follows has been formally acting onv is to be surrounded Y Osync(i, o,, acq) and
proved in [3], where many more emulations can be found. T Osync(i, 0,,rel).



Synchronized models same shared unit (e.g. page, block, etc.) managed by the
consistency protocol. When accessing one of these vari-
ables, messages due to the consistency maintenance tar-
geted to other copies of the unit may be unnecessary if re-
mote agents do not actually need to access them.

In order to mitigate this drawback, protocols allowing
different agents to simultaneously access the same unit have
been developed. They are calleulltiple writers protocols
?MW), for instance TreadMarks [23], and Munin [9] in a
recent release [10].

These models include the sync primitive, which is used to
synchronize processes as well as copies of the memory
They are Weak consistency [14], Release consistency [17],
Entry consistency [7] and Scope consistency [19].

The ME synchronization of Mume has a behaviour simi-
lar to the sync primitive of those models (perhaps, itis more
close to the Scope model), therefore, a Mume system can b
used in an similar way.

The key differences, as we know, are that Mume memory . . . u i
is a set of independently accessible caches and that Mum?lovsvITg\?egaalﬁmwelzur;reo;\:gtri;irr‘dc;enaizg:et \Ivagigtlzfltesdet, tgfe

has other two types of synchronizations to relate data ac- i :
yb y caches are to be updated. For example, if an array is be-

cesses. This enables Mume to emulate more memory mod="".
els and allows the programmer to fine tune the programs. ing independently processed by two agents, each one may
use only its “local” cache. When the processing ends, each

agent can update its cache or the cache of other agents by
performing a “block update”, a read or a write of part of
the cache using a single message. Obviously, this simple
technique can save unnecessary messages in the processing

phase.

3.2. Derived memory primitives

The results of several studies [5, 15, 33, 10] show that
the performance of an implementation can be improved if

different types of protocols are used to maintain (the same Also, MW protocols can be developed in Mume to be

(r;:)?(i(:nogf.?ennst'ftzncy'ortTg'Ser's (;)aet(;a;zsegg S;rt]t?-:!fn pgtg'nused in a “higher” level of programming. Anyway, as [22]
iciently supp Very P - BV hows, the consistency model has a higher impact on the

ywthm asingle program, different variables can be a.CCESSEdzveraII performance of a system than the use of a (complex)
in a different manner. Thus, the programmer, knowing how

the variables are accessed, may choose the most suitabl'vIW protocol. The use of a weak model, like Release con-
» may gstency, masks most of the false sharing problem. If such
protocol to manage them.

The native primitives of Mume explained in the previous a model is uset_:i, the |.mprovement obtained by emplpylng
section are low level, which allows to use them in a con- a MW protocol is relatively small. In some cases, a single
structive manner in (;rder to develop new primitives with writer protocol performs better than a MW protocol, due to

. : the overhead of this second protocol.
customized behaviour. . . . I
A particular implementation of the MEsync primitive of
« Libraries of new access operations (derived primitives) MUme can make it behave as a release system does, this is,
can be developed. These libraries can offer support for {0 delay messages to Mume caches until the release of the
different memory models. Within the same model, the lock. According to [22], this will improve part of the false

same primitive can be supported with different imple- sharing problem. Because as discussed before, specific im-
mentations. provements can be made to the low level Mume code in cru-

cial phases, this would permit to improve the performance
e A programmer can develop an application using a of programs more than the use of a general MW protocol:
given memory model emulated by Mume. The Mume it is not incurred in the MW protocol overhead but crucial
equivalent basic program (i.e. in terms of native Mume performance problems can be solved.
primitives) can be obtained an then he/she can inspect

and fine tune it.
3.2.2 Access Patterns

e For a single application, the programmer can, obvi- . . )
ously, build his/her own access operations fulfilling [10] classifies variables according to how they are accessed

specific needs. and suggests that each type should be maintained using a
particular protocol to enhance performance. We will show

Now, we are going to discuss how Mume native primi- how they can be managed in Mume, what is obvious in

tives can be used to address typical problems and issues. Most cases. In order to follow [10] suggestions and to make
things easy, a new Mume layer or library, with a new prim-

itive for each type of variable, could be developed upon
the basic Mume primitives. This layer can include a man-
The false sharing problem appears when “unrelated” orager who makes intelligent decisions in real time basing on
“logically independent” variables are held together in the the execution access patterns. [32] is an example of a self-

3.2.1 False Sharing and Multiple Writers Protocols



adjusting coherence support. 3’
! user process

Mostly Written and Mostly Read Variables Mostly ‘
read variables can be efficiently managed by using “broad-
cast” writes, that is, writes acting on every cache. Since!
reads are frequently issued, updated local copies reduce ac-
cess latency. §
On the other hand, if a variable is often written, it is !
advisable to centralize it into a single cache. In this case|
writes should be addressed to the cache where the variable
is hosted. §
If a real time manager is being used, the host cache for
each variable can be dynamically changed changed accord-
ing to the agent issuing the highest number of writes. 77777

Mumeinterface

TO-manager
vl v2 v3
B B A M

comunication channel

Migratory Variables These variables (see [10]) are alter-
natively accessed by different agents, each one issuing mul-
tiple accesses. This behaviour is typical of data accessed
inside a critical section. Therefore we should protect the
accesses with MEsync. An efficient implementation of this
type of primitives will only deliver updates at release time
thus saving messages.

| o

TO-manager
memory copy vl v2 v3
H H H#

SM

CR-manager
vli v2 v3
BH B B

SM

M E-manager
vl v2 v3
H H H#

Write-shared These variables (see [10]) are concurrently
written by multiple agents without synchronization since
each agent accesses a disjoint set of them. They may pro-
duce false sharing if the implementation tries to keep all of

them consistent all of the time. We have already discussed

this problem. in previous sections. Each process is associated with a “pro-
cess manager” (PM) which directly serves its calls. Simi-
Synchronization As we have discussed, the MEsync larly, each cache is managed by a “cache manager” (CM).
primitive must be used for synchronizing purposes instead PMs and CMs communicate through a peer-to-peer channel
of “normal” data variables. MEsync should be implemented Which is only assumed to offer send and receive primitives
with a special and efficient protocol that, compared to a con-without loosing messages, although it may deliver them out
ventional protocol for maintaining the consistency of data of order.
variables, dramatically reduce the number of messages re- Given that nesting syncs is not allowed, only one type
quired to synchronize agents. of relation is possible for each ordinary action, e.g. not-
synchronized, TO, CR or ME. Therefore, each PMs and
CMs have “synchronization managers” (SM) specialized in
each type of synchronization. Since synchronization modes
. ] o are independent a SM only talks with SMs of its same type.
In this section, for the sake of exemplifying thata Mume  \yhen g process issues an acquire, the local PM knows
system is implementable, we want to show a preliminary \yhich type of synchronization is desired and which sync
design in which we are currently working. We also want yariaple is to be used, given the last sync acquire used. This
to briefly comment which techniques and protocols may be gj;ation ends when a release is performed. Then, actions

Figure 5. Basic System Architecture.

4 Implementing Mume

used. issued between an acquire-release pair are addressed to the
) corresponding local SM which, using the implemented pro-
4.1 Architecture tocol, communicates with the other SMs to perform the re-

guests accordingly to the selected quality of service. When

The basic sketch of our general Mume architecture is an agent issues a non-synchronized action, the PM simply
shown in figure 5. Processes use the system through a hoforwards the request to the target CM.

mogeneous interface which offers the primitives introduced = CMs are not just passive memory containers. Some pro-



tocols may need coordination among CMs or making intel- nique which significantly improves performance in message
ligent decisions. For instance, existing Causal Memory pro- passing systems.

tocols, [1], require to block update messages until causally

previous ones are applied. This is why CMs have SMs as5  Conclussions

well.

The motivation for having separated PMs and CMs is | the present work, we have introduced a novel shared

only fqrsake of generality, i.e., a cache does notnegd to bememory model called Mume. Mume offers ordinary ac-
associated to each user process nor to each machine. Bylegg primitives (read and write) which operate on memory
in & real implementation, it seems to be more convenientyensits as well as three types of synchronizations (total or-
to host a CM in each machine, thus allowing fast local ac- jering, causal ordering and mutual exclusion) so as to relate
cesses. ordinary accesses.
We have argued why we think Mume is a suitable and ef-
4.2 Protocols ficient model for the shared memory paradigm in a loosely
coupled system: it can be implemented using existing effi-
Implementing the architecture presented is not difficult. cient protocols upon a message passing system, it allows to
The architecture is modular and the protocols for each typedevelop new high-level primitives to support other memory
of synchronization run independently. Therefore, it should models or to adapt to different data access patterns. In these
be specified which protocol is to be used for each type of cases, because low level Mume code can be obtained, the
SM, e.g. TO, CR and ME. Obviously, we need to implement programmer can fine-tune critical parts of it.
the best existing protocol of each type, specially in terms  We have also presented a preliminary and general design
of the required number of messages, since within a certainof a Mume system and we have briefly discussed which pro-
range of message sizes, there is no difference in sending ontocols and techniques can be used in the development.
small or one big.
For mutual exclusion, we plan to use a “path compres- References
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