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An important attribute in the specification of many
compute-intensive applications is “time”. Simulation of in-
teractive virtual environments is one such domain. There
is a mismatch between the synchronization and consistency
guarantees needed by such applications (which are tempo-
ral in nature) and the guarantees offered by current shared
memory systems. Consequently, programming such appli-
cations using standard shared memory style synchronization
and communication is cumbersome. Furthermore, such ap-
plications offer opportunities for relaxing both the synchro-
nization and consistency requirements along the temporal di-
mension. In this work, we develop a temporal programming
model that is more intuitive for the development of applica-
tions that need temporal correctness guarantees. This model
embodies two mechanisms: “delta consistency” — a novel
time-based correctness criterion to govern the shared mem-
ory access guarantees, and a companion “temporal synchro-
nization” — a mechanism for thread synchronization along the
time axis. These mechanisms are particularly appropriate
for expressing the requirements in interactive application do-
mains. In addition to the temporal programming model, we
develop efficient explicit communication mechanisms that ag-
gressively push the data out to “future” consumers to hide the
read miss latency at the receiving end. We implement these
mechanisms on a cluster of workstations in a software dis-
tributed shared memory architecture called “Beehive.” Using
a virtual environment application as the driver, we show the
efficacy of the proposed mechanisms in meeting the real time
requirements of such applications.

1 Introduction

application is one in which the mechanisms for synchroniza-
tion and consistency are based purely on the order of access
to shared dataand synchronization variables Therefore,

we will use the labebpatialwhile referring to the standard
shared memory systems and the corresponding programming
model.

Several applications that are enablers for “everyday comput-
ing” have real time constraints inherent in their specifica-
tion. Simulation of interactive virtual environments, interac-
tive speech raagnition, and interactive vision are examples
of such applications. As the problem size is scaled up, these
applicationsimpose tremendous computational requirements
that are beyond the realm of sequential processing. These ap-
plications are prime candidates for parallel computing. Be-
ing interactive in naturefime is an important attribute of
these applications and this characteristic sets them apart from
scientific applications. However, like applications from sci-
entific and engineering domains, the state sharing needs of
such applications are easier to express using the shared mem-
ory programming paradigm. However, there is no straight-
forward way for the programmer to present the temporal re-
guirements in such applications to the spatial memory sys-
tems.

A spatial memory model likeelease consistency (RCY]
corresponds to a programming model wherein synchroniza-
tion operations are used to protect shared data. Conse-
guently, it guarantees the consistency of shared memory at
well defined synchronization points in the program. On the
other hand, the interactive nature of time based applications
calls for synchronization as a “rate control” mechanism to
maintain “loose” synchrony among various parts of the ap-

The shared memory programming paradigm is useful for a plication. .Further, the consistency re_quirements for data are
large class of paraliel applications. Models of synchroniza- temporal in nature and the applications can tolerate a cer-
tion and consistency in this paradigm are quite adequate fortain degree of “staleness” with respect to shared state in-
expressing the requirements in many scientific and engineer-formation. Adapting spatial synchronization constructs (e.g.
ing applications. The programming model presented to the @ barrier) necessarily result in a “tight” synchrony among
*Thi k has been funded in part by NSF grants MIPS-9058430 and thetthreadfs of a Cf'mtpUtatlp?' Similarly, ? spatial memoryt
Is wor u ! - system enforces strict consistency guarantees commensurate
MIP-9630145 and NSF Il grant CDA-9501637. - : ; ;
fcurrently with Digital gEquipment Corporation, Cambridge Research with the memory model. Adherlng to St.nCt semar_mcs for
Lab, on sabbatical leave from Georgia Tech synchronization and consistency can fail to exploit oppor-
tunities for weaker interactions (“loose” synchrony, “stal-
eness” of data) and can thus adversely affect both perfor-
mance and scalability of the memory system. Further, the
inability to express temporal requirements leads to cum-
bersome programming practices for interactive applications.
Therefore, enhancing the shared memory paradigm to allow
the programmer to naturally express the temporal require-




ments and allowing relaxation of synchronization and con- allel computing.

sistency in an application specified manner has the poten-vjrtual environments consist of humans and simulated actors
tial to provide improvements in efficiency and programming interacting in a virtual world. Virtual environments require
“ease.” We develop two novel concepts in this conteleita  the ability to incorporate input from human users, move syn-
consistencyndtemporal synchronization thetic actors in a compelling and interactive fashion, and pro-
We build these mechanisms into a flexible software architec- duce a real time graphical rendering of the virtual world. In
ture for a distributed shared memory (DSM) system called our virtual environment, the user rides a recumbent bicycle
Beehive Beehive implements a global address space acrossto move through the world. A view of the world that reflects

a cluster of uniprocessor or SMP nodes. It also supports athe motion of the user's head is displayed on a head-mount
configurable access granularity, hitlhreading, and a flex-  display. The world is populated with dynamically simulated,
ible memory system. Because workstation clusters have tolegged robots that attempt to avoid the bicycléstch other,
deal with message latencies that are an order of magnitudeand obstacles in the world. The user's goal is to herd, like a
larger than those in tightly coupled multiprocessors, there is sheep dog, the legged robots towards a goal. Many interact-
a need for efficient mechanisms for latency tolerance. Bee-ing actors are required to create an interesting environment.
hive addresses these issues by incorporating mechanisms fopne of the open problems in virtual environments is gener-
aggressive state sharing. These mechanisms provide intelliating the motion for virtual actors. The solution we use for
gence to the system on “when” to send data, and to “whom” this problem is to perform realistic physical simulation of
to send data. Along one dimension, tteenporal mecha-  multiple virtual actors in real time [9]. In the particular ap-
nismsgive a (time) window of opportunity for coalescing plication we are exploring, each creature has between 4 and
writes by the processor to the same location as well as ag-22 degrees of freedom and requires between 0.25 and 0.9
gregating consistency actions to the same coherence uUnikeconds to compute 1 second of motion on an Ultra Sparc.
(cache line). Along the other dimension, Beehive provides The realistic simulation of multiple actors is the core of the
a set ofexplicit communication mechanisrtisat allow the ~ gpplication and the mechanisms we synthesize in this work
producer of data to push it to prospective consumers thusare inspired by the requirements for supporting the compu-
avoiding the read stall overhead at the receiving end. While tational requirements of this simulation.

there have been several other efforts in building DSM sys- p el processing is required because of the high compu-

tems [3, 11, 12, 16, 21], to the best of our knowledge, all 5ion cost of simulating multiple creatures. The application
such efforts support the standard spatial notions of synchro-ig inherently parallel as each actor can be simulated as an
nization and consistency. . independent thread with some sharing of state information.
The primary contributions of this paper are: As the number of synthetic actors increases from the cur-

o temporal mechanisms for consistency and synchro- rent 25 to hundreds, a network of workstations will clearly
nization to enhance the shared memory programming emerge as the most cost effective and scalable parallel pro-

paradigm for time based applications, cessing platform. Cluster systems are also more amenable to
o explicit communication mechanisms for latency toler- concepts of availability, a critical constraint in some virtual
ance, environments.

o design and implementation of a flexible memory system A shared memory programming paradigm is the simplest
embodying these mechanisms in a workstation cluster, programming model for developing a virtual environment
¢ performance results showing the utility of this flexible application and a shared memory abstraction is an attractive
memory system for a virtual environment application.  option for the type of state involved in these applications.

The rest of the paper is organized as follows: Section 2 dis- But applications in this domain have novel synchronization
cusses the virtual environments application domain which @nd consistency requirements. A concept of time is inher-
is used as the driver in synthesizing the temporal mecha-€nt in the application: all threads need to have a concept
nisms for consistency and synchronization. The mechanismsof real time because they simulate actors that must interact
themselves are presented in Section 3. Section 4 gives arVith @ human user; the graphics display rate of the system
overview of the system architecture of Beehive focusing pri- Should be 30 frames/second and the graphics engine must
marily on the memory subsystem design. Using a virtual receiveupdates okach actor's location and configuration at
environment application, Section 5 presents the experimentsthat update rate. Actors that are neach other but notin
and the performance results. In particular, we show the util- contact should be allowed to move together and avoid colli-
ity of the proposed mechanisms to meet the real time require-Sions. Thus, there is a need to maintain *loose” synchrony
ments of the application. Section 6 presents concluding re-2mong synthetic actors while eadfilsdhering to the con-

marks. cept of real time. The application can tolerate significant
levels of “staleness” with respect to various actors' percep-
2 Virtual Environments tion of each other's state because the time granularity of the

simulation is relatively fine compared to the rate at which
We use interactive applications (with “soft real time” re- the state is visible to the outside world (simulation rate of
quirements) as the driver for synthesizing the temporal pro- 0.003 s vs. a frame rate of 0.03 s). A creature's behavior is
gramming model. Therefore, we now describe one such do-normally expected to be fairly stable and thus requires low
main in general, and the specific application which we use update rates for most planning operations (in the range of
in our experimental study in particular. Applications in the 0.03 to 0.3 s). However, if two actors were to collide, the
domain ofvirtual environmentsnclude interactive virtual  simulations would need to share state at the simulation rate
world scenarios ranging from video arcade games for enter-in order to transfer force information and maintain physical
tainment to medical, security, and military training exercises. realism.

and mass appeal and will sustain a prolonged interest in par-



“spatial” memory models to this problemis an artificial solu- P1 P2
tion that would significantly hurt performance and scalabil-

ity on a cluster of workstations. All opportunities for latency

hiding are specified temporally in such applications and spa-

tial memory systems cannot take advantage of them. Spa- t
tial memory systems also lead to cumbersome programming
practices for interactive applications. For examplaploops t
are often required in such applications to make the passage delta pa I
of real time to correspond to the application's notion of time. \
For these reasons, we exploit the application characteristics /
and develop time dependent mechanisms to deliver perfor-
mance and meet the real time demands of any interesting = read(x)
virtual world involving many creatures.

The work by Singhal [23] addresses the problem of scaling Figure 1: Delta Consistency
to large virtual worlds at the application level by reducing
the amount of information that needs to be shared and the
frequency of communication. Our effort in synthesizing ap-
propriate system level mechanisms for communication an
synchronization is complementary to Singhal's work.

= Write(X)

= read(x)

For applications needing temporal guarantees, it is more nat-
ural to express the correctness criterion for memory coher-
qence, as well as the ordering guarantees temporally. The

delta consistency model presented here is motivated by this

fact. The consistency model builds on the following cor-

; rectness criterion for memory coherence: “a read of a mem-

3 A Temporal Programmlng Model ory location returns the last value that was produced at most
It is our belief that applications that require “temporal guar- deltatime units preceding that read operatioeltais an
antees” for correctness need a radically different program- application-specified “temporal tolerance” given in virtual
ming model than the one offered by spatial memory systems.time.
In this section we will develop the mechanisms of temporal The delta consistency model specifies the ordering properties
synchronization and consistency for supporting such a pro-for shared memory reads and writes with respect to the above
gramming model. The two together form what we will refer  correctness criterion. It is a contract that puts a bound on
to as @emporal memory systerin Section 4, we presentthe the “staleness” of values seen by a consumer (i.e. reads to
API to this temporal memory system. shared memory) to at modeltaunits before the time of the
In the previous section, we presented a virtual environmentread operation. The temporal synchronization mechanism
application to motivate the need for a temporal programming ensures that this contract is met and is explained in detail in
model. In fact, any application that has any notion of “time” Section 3.2. There are three basic “production rules” for data
inherent in its specification can benefit from the mechanisms values (i.e. writes to shared memory):
we develop in this section. We expect such other domains as 1. Avalue produced at time™by any producer in the sys-
process control, interactive vision, web-servers and on-line tem is guaranteed to be visible to all future consumers

monitoring to benefit from a temporal programming model. no later than time#‘+deltd’.

The temporal programming model is based on any applica- 2. Successive writes to the same location by the same pro-
tion specific notion of time calledtirtual time The ingre- cessor are observed in the same order by all future read-
dients of a temporal programming model include: providing ers.

an interface for the application thread to advertise its vir- 3. There is no global ordering for writes to the same lo-
tual time; maintaining virtual time on behalf of each appli- cation from different processors. Therefore, different
cation thread; computingglobal virtual time(GVT) as the consumers can see writes to the same location by dif-
minimumof all the per-thread virtual times; and providing ferent processors within@eltawindow of time in any

temporal guarantees for synchronization and shared memory  order.

operations with respect to the thread virtual times and GVT. e ordering properties of delta consistency are reminiscent
Concepts of virtual time and GVT are not new, and have been of processor consistency [8], with the difference that the or-
used extensively in distributed discrete-event simulation sys- dering guarantees are per-location and are with respect to the
tems [4, 6, 10]. Similarly, concepts of “deadline schedul- temporal correctness criterion for memory coherence.

ing” and "dead-reckoning” in real time systems [22, 26] have |, the proposed temporal programming model, shared mem-
similarity to the temporal synchronization we are proposing. oy access primitives use delta consistency as the ordering
The primary contribution of our work is in integrating thése _ criterion, Figure 1 illustrates delta consistency. The second
concepts into a shared memory programming paradigm thatieaq(x) on P2 is guaranteed to return the valuesite(x)
allows an intuitive approach to developing applications with ,'p1 "The firstead(x) can return an older value.

temporal requirements. R
3.2 Temporal Synchronization

3.1 Delta Consistency : :

. .. . The second aspect of a temporal programming model is syn-
In spatial shared memory systems, _thg (“:orrectness criterionshronization. The mechanism we are proposing for tempo-
for memory coherence is the following: “a read of a mem- 5| synchronization achieves two objectives simultaneously.
ory location returns the most recent write to that location”. T first objective is to keep the threads of the computa-
Memory consistency models such as sequential consistencyjon jn “loose synchrony” along the time axis. As we will
(SC) [14], and release consistency (RC) [7] build on this gee shortly, this objective also achieves the delta consistency
criterion to provide a global ordering guarantee for shared g arantee for the consumers of data. The second objective is
memory reads and writes. to advertise to the system where a thread is along the virtual



time axis so that the system can compute GVT. As will be- the the largestime_stegspecified by any thread.

come apparent (see Section 3.3), it is fairly straightforward Figure 2 shows three threads in loose synchrony via tempo-
to link the thread's notion of virtual time to real time (if nec-  ral synchronization. Threadi2 has atime_steptwice that
essary). This feature is crucial for interactive applications of threadsT1 and T3 and the corresponding virtual time is
where “the correctness criterion” for the application is tied shown with each thread at eatth syncpoint. Figure 2 also

to the passage of real time and responsiveness to externashows the relationship between delta consistency and tem-
real time events. poral synchronization. Ifleltais equal to 8, the system will
Essentially the idea of temporal synchronization is very sim- not allow any thread's virtual time to advance to 16 until the
ple, and is best explained via the primitives we have de- write w(x) at 8 is visible to the future consumers.

veloped to support it. The primitive for synchronization is . . .

tg_sync()(stands for time-group synchronization), and can 3'3. Imp'lement.atlon .ConS|dera.t|ons _ .

be viewed as the temporal counterpart to the spatial notion of In this section we discuss implementation considerations for
a barrier synchronization. We also provide a book-keeping the temporal programming _mo'del on a cluster of worksta-
primitive tg_register(time_steptime-group register). This  tions supporting software distributed shared memory. The
primitive achieves two things: (a) it initializes the virtual key to the temporal programming model presented in the
time of the calling thread to zero; (b) it advertises the time previous section is the notion of GVT. This term has a fairly
quantum {ime_step by which the system should advance Wwell-understood connotation in distributed systems [17] and

the calling thread's virtual time on evety_synccall. Dif- discrete-event simulation systems [25], namely, the mini-
ferent threads can have different values fortiee_steppa- ~ mum of all the per-thread virtual times. All the temporal
rameter. guarantees for consistency and synchronization rely on GVT

The semantics of they_sync()call is the following: (a) ad- calculation by the system which we show is not very expen-
vance the virtual time of the calling thread by tivae_step ~ SIV€ to maintain. o o

quantum specified in theg_registercall; (b) suspend the Virtual time is an application-specific attribute. For exam-
thread if its new virtual time is greater than “GVTdelts, ~ Pple, an application thread could use an internal counter for
until GVT catches up to make this inequality false; (c) take generating successive values for its virtual time. The call
the necessary consistency actions to satisfy the productiortg_syncannounces monotonically increasing values for the
rule (1) in Section 3.1. virtual time of a thread to the system. Thus a node in the
The first point advertises the new virtual time of the thread Cluster knows the virtual times of all the threads executing
to the system. Théme_stepparameter cannot be negative, ©°N it. Further, eachode can also quite easily discern the vir-
which means that the system will not allow the virtual time of tual times of the threads executing on the other nodes of the
a thread to go backwards. The second point ensures that th&lUSter. In a *live” system, message exchanges are frequent
thread remains in “loose synchrony” along the virtual time for example to access distributed shared memory) and there-

axis with the other threads in the system. Hetelfais the fore eachnode of the cluster can calculate the GVT locally
degree of “looseness” in the synchrony i.e. the maximum based on the messages it has received from the ntuks.

permissible skew in the virtual time of threads is bound by A node can send the virtual times of the threads executing on
delta(refer Figure 2). It also enforces the guarantee of delta it PI99y-backed on appropriate memory system messages or
consistency from the consumer end. At a higher level both Periodically as separate “I am alive” messages. _
“staleness ofleltain consistency” and the “maximum degree  One of the primary purposes of the temporal programming
of looseness permissible” translate into the same applicationmodel is to support interactive applications (such as interac-
level guarantee desired (Section 2). A computation's tem-tive virtual environments). In this case, it is natural to use
poral position is reflected via its state only. The third point “real time” as the time base. That is, the passage of virtual
allows tg_syncto serve as a launch point for the required time of athread corresponds to the passage of real wall-clock
consistency actions and a check point for others which maytime. Since this is a special case, we have an interface call
need to be completed before the nxtsynccall. As should set_interactivehat allows an application to instruct the sys-
be apparent, temporal synchronization and delta consistencytem to use real time as the time base. This operation causes
are closely inter-twined. In particular, both give guarantees the system to synchronize the virtual time in the application
using the same unit for time specified by the application. The with real time at eachg_syncpoint and provide the needed
implicit condition for the synchronization and consistency to rate-control mechanism.

work correctly is that delta should be greater than or equal to Although real time is used as the time base, it is certainly

1 T2 T3 not necessary to have a global clock to implement the pro-
posed mechanisms. It is sufficient if all the clocks on differ-
"%’g ] A ent CPUdick at the same rate. Given that there is extremely
low (absolute as well as mutual) clock drift with quartz crys-
‘ 10 —— looseness tals relative to the¢ime_stepgranularity (which we expect
, S+ (<=delta) to be of the order of several milliseconds for the kinds of
vitual o 1} | interactive applications we are targeting with the temporal
time —-16 programming model), a constant rate of clock advance is a
e safe assumption. Therefore, the system can simply use the
4 16145 “local” real time clock to implement the temporal guarantees
— tg_sync of synchronization and consistency.
16+ 120 - Let us discuss the implementation of the three production
) ) rules in Section 3.1. To realize the first production rule the
Figure 2: Temporally synchronized threads system ensures that all consistency information correspond-



ing to a write at virtual time?” is sent out from the producer  Synchronization: Temporal synchronization allows an
by time “t+delta!” (... in Figure 1), wheré is the approx- application to get the appropriate level of synchrony among
imate messaging latency in the system. On the consumerthe participating threads by a proper choice of the time base.
side, a read should be blocked if it can violate the delta con- With spatial synchronization, the user always gets “tight”
sistency contract. As we mentioned in Section 3.2, the tem- synchrony, and there is no way for the user to specify loose
poral synchronization mechanism ensures that all threads ressynchrony. Thus temporal synchronization is expected to
main within timedeltaof each other ensuring that consumers incur fewer messages than a system providing “tight” syn-
will never read any values older thdelta chrony. Moreover, such a loose synchrony reduces the
The second production rule translates to a guarantee requirechances of a thread needing to block at synchronization op-
ment from the underlying messaging layer that messages be€rations, thereby achieving better overlap of computation
tween any two nodes of the system be delivered in order.and communication. Contrast this to a (spatial) barrier syn-
Such a guarantee is easily achievable. The third productionchronization operation, wherein all threads must block until
rule basically says that there is no ordering requirement for the slowest thread arrives at the barrier. Similar to spatial
messages originating from different processors to a set of re-Synchronization, temporal synchronization also serves as a

ceivers. launch point for consistency actions mandated by the mem-
. ory model. Finally, for interactive applications, temporal
3.4 Comparison of Memory Systems synchronization can provide feedback for tuning the appli-

Consistency: We now contrast our temporal memory sys- cation to meet the real time deadlines. For example, suppose
tem against a memory system based on release consistencihe time_stepspecified fortg_syncis less than the passage
(RC) [7]. The first observation is in terms of opportunities of “real time” since the previousy_synacall. This indicates

for overlap of computation and communication. With refer- that the required computation exceeds tilnee_stepspeci-
ence to Figure 1. is the “right” time to push outinforma-  fied by the thread (i.e. it missed a “deadline”). The temporal
tion aboutwrite(x). This provides an optimal time window of ~ programming model allows for application-specified action
opportunity for the memory system to coalesce writes by the to be taken when deadlines are missed.

processor to the same location as well as aggregate consisScheduling:  Inherent to the temporal programming model
tency actions to the same coherence unit (cache line). Therds the requirement that the passage of virtual time for all the
is a similar opportunity to delay consistency actions in an threads of the same application be approximately uniform.
RC-based memory system as well since illeaseopera-  This requirement is crucial for interactive applications sug-
tion acts as a fence to ensure that all such actions are comgesting that “coscheduling” threads of the same application
plete before allowing the computation to proceed. However, in a cluster will be very useful. Currently, in our Beehive
the memory system cannot make much use of this opportu-testbed (described in Section 4) we dedicate the cluster to a
nity since it has no way of knowing, at the point ofwaite single interactive application at a time. Global scheduling
for example, the distance in time to the next boundi®g  such as is done in Berkeley NOW [2], is a reasonable way of
leaseoperation. Thus the memory system is either forced processor allocation for handling a mix of applications.

to take conservative decisions regarding launching of con- L .

sistency actions (which is usually immediately), or waituntil 3-2 Implications for Parallel Programming
thereleasepoint, thereby forcing the processor to stall for the The temporal memory system provides the same set of oper-
completion of the consistency actions. In the first case, the ations as a spatial memory system, namely, reads and writes
RC-based memory system has less opportunity to coalesceon a global address space. In dgigh it provides the tempo-
writes and results in more messages than the temporal memsal synchronization operation. As we mentioned earlier, the
ory system, and in the second case it fails to significantly tg_synmperation would be used in exactly the same context
overlap computation and communication. as a spatial barrier synchronization. Therefore in the sense
The second observation relates to protocol optimization. As- of programming a temporal memory system, the application
suming a reliable messaging layer, all the required guaran-Programmer does not have to do anything differently from
tees for delta consistency can be provided without any ac-a spatial memory system. The significant programming ad-
knowledgments for consistency actions. This leads to a sig-vantage with the temporal memory system is that it elimi-
nificant reduction in protocol overhead. For reasons similar nates the need for cumbersome “hacks” suchagdoops to

to those discussed in the context of the first observation, suchmark passage of real time. The only additional requirement
optimizations are just not viable for spatial memory systems. is for the programmer to specify the “delta” and “time step”
Therefore a temporal memory system can achieve a signifi-Parameters for the consistency and synchronization mecha-
cant reduction in message traffic while still making optimal Nisms, respectively. In the interactive applications for which
decisions regarding overlapping computation with commu- this memory system is proposed these parameters are readily
nication. These overlaps improve the performance and in-available.

crease the scalability of temporal memory systems comparedrigure 3 shows pseudo code for the actors in the virtual en-
to an RC-based memory system for such interactive applica-vironment application (Section 2) using the temporal mem-
tions. ory system. If the simulation is not interactive (for example:
There is another way to look at the temporal programming display is an off-line process), the concept of time in the ap-
model. An RC model ensures that a read by a processor re-lication still remains the same. The application will simply
turnsat leastthe value written into that location by some pro- ot use theset_interactivesall.

cessor in the immediately preceding synchronization epoch RC has become an accepted model for shared memory sys-
in the execution history. If we use synchronization points to tems because it corngsnds exactly to a programming model
mark the passage of virtual time, delta consistency general-where synchronization operations are used to protect shared
izes the RC notion to say that the read can return a value thatdata. The intent in proposing the temporal memory system
can beat most deltaepochs old. is to bridge a gap that exists between interactive applications



actor Control

i bh_fork fork a beehive thread to local/remote nogle
#define delta 77 bh_join join with a beehive thread
time_step = 5.4 ms Global Memory
set_interactive bh_sh_malloc [ allocate a piece of global memory

tg_register(time_step)

Communication

for ea?htSimLt"a“O” step { sh_read shared memory read

\?ng(aa‘:et;isot;te) sh_write_ shar_epl memory write (invalidation be_lsed)

pset_write explicit shared memory communication

tg_sync() sync_write "

) } ] selective_write "
Figure 3: Pseudo code for simulated actors Synchronization

and the standard parallel programming paradigm. bh_tg_sync | temporal time group synchronization
Temporal and spatial mechanisms can coexist in the same Eﬂ—lbar;'er Eqart”irl .
memory system. In fact, the testbed Beehive (to be described bh_l?r(}:lock mﬂ t:x l?:lock
in Section 4) provides for both types of mechanisms. How- =

ever, it is not clear if there will be significant benefits to us- . .
ing both in the same application. For the virtual environment Table 1: Beehive API

application, we have strictly used only the temporal mecha- in the memory system — sequential consistency (SC), release
nisms. It should also be possible to chadgi#adynamically consistency (RC), and delta consistency (Section 3.1) — and
within the application, a characteristic which can be entirely using the appropriate one based on application requirements.

determined by the scope of the implementation. The memory system supporscess to shared memory via
. two calls: sh_readandsh_write which are the simple reads
4 Beehive Cluster System and writes fo shared memory. The base cache coherence

protocol is a directory-based write-invalidate protocol. The
simple read/write primitives are augmented with a set of
three explicit communication primitives that push the data
out upon a write to “future” readers so that the read-miss la-

In this section, we summarize the system architecture of
Beehive a cluster system for supporting interactive appli-
cations and compute-intensive servers. More details of the

system architecture and implementation can be found in a, : ided at th 4 The diff
companion technical report [24]. The system provides a [€NCY IS avoided at the consumer end. The difference among

shared memory programming environment on a cluster of the three primitives is simply the heuristic used to determine

workstations interconnected by a high speed interconnect.iN€ ‘future” consumers. Ipset_writgthe set of consumers
The current implementation of Beehive uses Sun UltraSparc S Statically determinable at compile time and is specified as
CPU boxes (Uniprocessors or SMPs) running Solaris operat-2Processor masto the primitive. Insync_write the next (if

ing system, interconnected by two different networks — 100 21Y) acquirer of a mutex lock is available from the lock struc-
Mbit/Sec Fast Ethernet (using a UDP based message layer){U€: This information is used directly to push the data writ-
or Myricom's Myrinet switch (using a Fast Messages Re- ten during the critical section governed by this mutex lock to
lease 2.0 [18] based message layer). The message layer ig‘e prospective consumer node. The third primitseec-
only used by the Beehive system itself to implement the con- ive_write is the most general for use in situations where the

trol, synchronization, memory allocation, and communica- Communication pattern cannot be discergegriori. The
tion capabilities of the Beehive API. memory directory maintains eurrent sharer sefor each

The principal design features of Beehive include: a global data block. Aselective_writdreezes the sharer set and the

’ . use of a different write primitive destroys it. Now upon a
address space with address equivalence across the cluster, &ective writedata is pushed to the current sharers by ba-
configurable access granularity, Ititlnreading, and flexibil- b

oo 3 ! : icall itchi ite-
ity in supporting spatial and temporal notions of synchro- sically switching the coherence protocol to a write-update

y il X . from a write-invalidate. However, if the sharer set changes
nization and consistency. The mechanisms for shared mem

. X .“"""again (i.e. new readers join the set), then the current sharer
ory parallel programming are made available to the applica- ggt s jnvalidated and the system reverts to the base write-

tion programmer vialibrary calls (see Table 1 for the Beehive ;. slidate protocol until the nexselective_write This set

API). Beehive uses a single consistent and powerful API to |, ; ; i ioti
exploit both the multiple CPU resource of a SMP platform ilépelr?ti%ei)r(:glaesehngéggég implement an alternate heuristic for

and resources on multiple nodes in the cluster. The underly-B hive imol ts th | hronizati h
ing implementation is optimally efficient for each case. eehive implements the temporal synchronization mecha-
nism as presented in Section 3.2. The memory system also

Bleehi\{e pro;/ri]des flelxélbility in the memory syéstem desian ,yovides the spatial synchronization primitives — mutex locks
along two orthogonal diIMmensIons. Along one diMenSION We 5nq harriers. Theync_writeprimitive uses this lock struc-

exploit knowledge of data sharing patterns in the applica- ; d ; : I
tions to decidevhomto send the data to (i.e the “future sharer ]tcg:ethtg BEE’_“” the identity of the next node (if any) waiting

set”). This aspect builds on our earlier work [19] wherein we

proposed a set @xplicit communicatiomechanisms within i

the confines of coherent shared memory. Similar ideas can5 Performance Evaluation

be found in [1, 13, 15, 20]. Along the other dimension, we The Beehive system architecture offers a rich environment
exploit the opportunities that may exist in the applications for the experimental evaluation of different system options

for decidingwhento send the data to the sharers. This as- in cluster parallel computing. In this paper we focus on the

pect is achieved via supporting different consistency levels experimental results pertaining to the temporal mechanisms



and the explicit communication primitives. The main point
we want to convey through the experiments is the power of 15
these Beehive mechanisms in meeting the soft real time re-
quirements of interactive applications. The experiments are - *
conducted on a cluster of 8 uniprocessor UltraSparc nodes _ -
interconnected by Fast Ethernet and Myrinet. The latencies Pe
for a one-way null message for the two corresponding mes- 10 © ———&— — = —&
saging layers (Section 4) are 400 microseconds and 30 mi- e
croseconds, respectively. Thus this study is also useful in
understanding the impact of messaging cost on various sys-
tem design choices. '
We use a virtual environment application that consists exclu- St
sively of simulated one-legged robots for our experiments.
The one-legged robot has four controlled degrees of free-
dom: three degrees of freedom at the hip and one for the
length of the leg. During each step of the computation,
the equations of motion for the dynamic simulation are in- 0
tegrated forward in time to determine the new position and
velocity for each obot. The control torques at the joints are
computed to maintain balance, hopping height and forward
speed. When the robot is part of a group, a new desired po-the number of robots participating in the simulation propor-
sition in the group is calculated to avoid collisions. tionate to the number of nodes. The robots are divided into
Each step represents a passage of 5.4 milliseconds of realwo flocks. The aim is to be able to perform this 10 second
time in the life of a robot. Each robot updates its own state simulation within 10 seconds even as the number of nodes
each time step. 6bots are organized into groups called (and robots) in the system is increased.
flocks. On an average, a robot reads the state information ofwe performed two sets of experiments. The first set is to
all other robots in its own flock 30% of the time, and reads show the power of the temporal memory model to meet the
the state information of all the robots in the simulation about real time requirements for this application. The next set of
2% of the time. The state information for a single robot is experiments is to show the benefit of the explicit communica-
approximately 256 bytes which is also the cache line size tion mechanisms in context of the different memory models.
specified to Beehive for this application. 51 M Syst C .
The standard notion of speedup with increasing humber of =* emorY ystems L.omparison )
processors for a constant problem size is not a meaningful\We are comparing memory systems that use two different
metric for such applications. The application is interactive consistency modelsemporalandRC. For RC we are con-
and the challenge is to be able to simulate more interest-sidering two differentimplementations of the application. To
ing virtual worlds as more computational capacity becomes keep the discussion simple we will refer to the two imple-
available while still being able to meet the real time con- mentations on RC as two different memory systems.
straints. Therefore in all the experiments we linearly scale Temporal is the memory system that uses delta consistency
the problem size with increasing number of processors. The in concert with temporal synchronization developed in
base experiment is a 10 second real time simulation of this Section 3. In the coding of the application for this mem-
virtual environment application with three robots per node. ory system, eachobot does dg_syncat each simula-
We have one “Beehive-Application” process per cluster node tion step. The correspondirigne stepis 5.4 millisec-
with three application threads — one per robot. We increase onds as stated above and the modimisractive The
deltafor this application was chosen to be 35 millisec-

onds in consultation with the application developers.
RC is the memory system that uses the release consistency
memory model in concert with spatial synchronization
50F |+- + RCg , mechanisms. In the coding of the application for this
G—o© Temporal e memory system, eaclobot does a barrier synchroniza-
soh R | }ic;n with all the other robots for every step of the simu-
’ ation.
Protocal: exp 7 RGCg isthe same memory systemR€. The only difference
1 here is that instead of using barriers for synchronization
’, on every step of the computation asR€, the robots
7 | synchronize every 6 steps. This approach roughly cor-
responds to the 35 millisecond slacknedslia value
for Tempora) that is available for updating the state in-
formation in the application.

For the memory systems being compared, we use the
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invalidation-based coherence protocol augmented with the
explicit communication mechanisms described in Section 4.
For this application only theelective_writeprimitive was
used, and we essentially changed all shared writeglex-



to advantage, maximally overlapping computation with com-
15 ; ; - - munication without incurring synchronization stalls. In all
experiments eacty_synadeadline is met in real time.
Though the virtual environment application we use in this
study is an interactive application, usingiateractivemode
(through theset_interactivecall to the memory system) for

op  +— ; — it does not fully bring out the potential of the temporal mem-
2 o_tﬁmfoia’g’afkﬂeis ______ o ory system as visible in Figures 4 and 5. In certain instances,
& o~ the system could be causing the application threads to re-
2 main idle in order to remain in synchrony with real time.
'_

These wasted cycles constitutéesmporal slacknesg/hich
St 1 can be gainfully assigned for other useful work on the node.
Figure 6 shows theemporal slacknesis the system on run-
ning this application on FM using thexpprotocol obtained
by comparing the performance for ti@eractiveand non-
interactivemodes. It also highlights the superior scalabil-
o, 5 n . . 10 ity of the temporal memory system as shown by the perfor-
No. of nodes mance for théon-interactivenode. There is no correspond-
Figure 6: Temnoral Slackness on FM ing concept forRC andRGg. Therefore it is interesting to
9 ) P compare the number of robots that can be simulated in real
tive_writes We refer to this protocol asxpin the rest of the  time with increasing number of nodes in the cluster using
section and the graphs, and to the base invalidation-basedRC, RGg and Temporalwith zerotemporal slacknessFig-
protocol asnv. All three memory systems useerge buffers ~ ure 7 shows the result of this experiment. It can be seen that
[5] to coalesce outgoing write traffic. the behavior offemporalis almost linear in this range, while

Figures 4 and 5 compare the performance of the three mem-the other two memory systems show sub-linear scalability.
ory systems using thexpprotocol for UDP and FM respec-  Apartfrom the performance advantage of the temporal mem-
tively. The x-axis is the number of nodes in the cluster, and ory system, it is easier to program for interactive applica-
the y-axis is the execution time taken by the application. tions. To program this application using the non-temporal
Since the application executes for 10 seconds of real time,memory model (eitheRC or RGg), would require the pro-

we want a flat line at 10 seconds as the number of nodesgrammer to explicitly add busy-wait in the threads to ensure
(and robots) is increased to meet the correctness criterion forthat atime stephad elapsed before proceeding to the next
the interactive application. We observe tAamporalout- step of the computation. For example, this happens with 1,
performs botfRCandRCg by closely following aflat lineat 2, and 4 nodes fdRCg on FM (see Figure 5).

10 secondsRCfails to meet the real time constraint even for ; e At

two nodes (6 robots) on UDP and beyond 4 nodes (12 robots)5'2 Effectiveness of ,EXP“C” Commqnlcatlon

on FM despite the fact that messages are much cheaper od he second set of graphs in Figures 8 and 9 illustrate the ef-
FM. The trend of thRCG curves ShOWS that |t Sca|es much fe'C“VeneSS Of the eXp|ICIt Commur!lcatlpn me'Charﬂsm fOI’the
better tharRC. The number of messages generate®y different memory systems. The first figure is for UDP and
the 10 second constraint beyond 4 nodes (12 robots). ThisPased protocolikv) incurs a significant read miss penalty.

is because of stall times at Synchronization points incurred Increasing the cluster size implies increased data sharing
in RC4 to flush the write and merge buffers. On the other Since the problem size increases with the size of the cluster.
hand,Temporaluses the temporal information at its disposal Thusinv scales poorly with increasing cluster size. On the
other handgxp aggressively pushes out data to future con-
sumers and thereby hides the read miss latency at the cost of
increased number of messages. On UDP, where the message
latencies are higher, it can be seen timatperforms better

. thanexpfor RC (Figure 8). ButRCs; and Temporalgener-

A ally reduce the communication traffic at the memory system
P level and the messaging layer is not saturated despite the in-
' 1 creased number of messages éap relative toinv. Thus

- expcan still outperforninv for these memory systems. On
FM where message latencies are much lowepis signif-
icantly better tharinv even onRC. The performance dahv

is always better for the small cluster size of two nodes; ex-
tremely limited degree of data sharing renders the use of any
“aggressive” protocol worthless. These experiments show
Protocol: exp | that explicit communication mechanisms are good for hiding
read miss latencies in contemporary cluster interconnects.

The good performance of thexp protocol suggests that the
% 5 7 6 8 10 selective_writgprimitive does a reasonable job of tracking
No. of nodes the sharing pattern for shared data. In this application, which
Figure 7: Possible “problem size” Scaling is a good representative of similar applications from this do-
) main, active sharing is primarily restricted to a flock, and
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thusexpscales quite well with creatures dynamically enter- processors, it is necessary to find appropriate mechanisms
ing or leaving a flock.Exp has the potential to scale well for latency hiding. Anapplications driven systems support
even with increasing problem size if increasing the prob- for cluster computingapproach, such as ours, can be use-
lem size entails adding additional flocks while maintaining ful in coming up with the right mechanisms within the scope

a fixed flock size. A simple update protocol would not per- of the shared memory paradigm. The temporal mechanisms
form well for this kind of application. Also it is not clear if  help in latency hiding along one dimension. Along another
prefetch can be of any help in this application. Due to the dy- dimension, we have developed a set of explicit communica-
namic nature of this application it is uncleahatto prefetch tion mechanisms for aggressively pushing the data out to the
andwhento prefetch and still hope that the prefetched items future consumers, that helps hide the read miss latencies at

will be useful when the computation needs them. the receiving end. We have implemented these mechanisms
. in a software distributed shared memory architecture called
6 Conclusions Beehive for a cluster of workstations. The Beehive software

architecture is flexible and allows experimentation of various
system options for cluster parallel programming.

Using a virtual environment application as the driver we
show the efficacy of the temporal and explicit communica-
tion mechanisms, working in concert, in meeting the real
time requirements of such applications. We also show the
jnadequacy of the spatial notions for such applications de-
spite using explicit communication mechanisms. While the
specific applications of the temporal mechanisms in this pa-
per used real time as the frame of reference, the mechanisms
are general and can use any application specified frame of
reference. Given this, an open question is whether these
gnechanisms can be adapted to other situations to relax the
synchronization and consistency requirements in an applica-
tion specific manner. It would also be interesting to study
the impact of messaging systems with real time guarantees
on the scope and implementation of the temporal model in
shared memory programming.

The shared memory paradigm is convenient and intuitive for
developing parallel applications. The synchronization and
communication abstractions available for shared memory
parallel programming have been quite adequate for scientific
and engineering kinds of applications. However, we have
seen that these spatial notions of synchronization and con
sistency are inadequate to express an important attribute o
interactive applications —time. Apart from making program-

ming cumbersome for interactive applications, these spatial
notions miss out on the opportunities available in such appli-
cations for relaxing the consistency requirements. Moreover,
spatial synchronization results in a tight synchrony among
participating threads that is neither necessary nor desirabl
in such applications. We have developed temporal notions of
consistency and synchronization that provide the right sys-
tem abstraction for interactive applicationsto express “time”.

In addition, by choosing the right frame of reference for

the temporal primitives it is possible for the applications to
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