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Abstract

Software barriershave been designed and evaluated for bar-
rier synchronization in large-scale shared-memory multiproces-
sors, under the assumption that all processorsreach the synchro-
nization point simultaneously. When relaxing this assumption, we
demonstrate that the optimum degree of combining trees is not
four as previously thought but increases from four to as much as
128 in a 4K system as the load imbalance increases. The opti-
mum degree calculated using our analytic model yields a perfor-
mance that is within 7% of the optimum obtained by exhaustive
simulation with a rangeof degrees. We alsoinvestigatea dynamic
placement barrier whereslow processorsmigrate toward the root
of the software combining tree. We show that through dynamic
placement the synchronization delay can be reduced by a factor
close to the depth of the tree, when sufficient slack is available.
By choosing a suitable tree degreeand using dynamic placement,
software barriers that are scalable to large numbers of proces-
sorscan be constructed. We demonstr ate the applicability of our
results by performing measurements on a small SOR relaxation
programrunning on a 56-processor KSR1.

KEYWORDS: Synchronization barrier, fuzzy barriers, com-
bining tree, shared-memory multiprocessors, parallel processing

1 Introduction

Synchronization barrier constructs are used by programmers
to ensure that all processors have reached a particular pointin a
computation before any processors are allowed to advance be-
yondthat point. Parallel supercomputer applicationstypically use
data-parallel programming techniqueswhere large data structures
are updated in parallel by all the processors. Barriers are used in
such programs to separate the phases of the computation and to
ensure that all processors have finished updating a data structure
in step ¢ before any processor usesthe updated values asinput in
step ¢+ 1. Thesimplestimplementation of abarrier usesacounter
protected by alock. The overhead of such barriers increaseslin-
early with the number of processorsand can dominate overall ex-
ecutiontime.

In responseto the potential overhead of software barrier syn-
chronization schemes, several hardware schemes have been pro-
posed. The NYU Ultracomputer [1] and the IBM RP3 [2] em-

Appearedin the Proceedingsof the 1995 I nter national Conferenceon
Parallel Processing, pp 63—-72, August 14-18, 1995.

11-63

Santosh G. Abraham

Hewlett Packard Laboratories
1501 Page Mill Road
Palo Alto, CA 94303

abr aham@pl . hp. com

ploy combining networks which combine accesses to the same
memory location, thusalleviating contention on the countersused
to implement synchronization barriers. Other machines such as
the Sequent, SGI, and Alliant have provided special synchroniza-
tion buses. Vector supercomputerssuch as the Cray and the Con-
vex provide a set of communication registers which are used for
fast barrier synchronization. The Cray T3D multiprocessor has a
fast synchronization network for barrier synchronization[3]. The
hardware support for efficient synchronizationisindicative of the
potential impact of synchronization on overall performance.

Software barrier synchronization schemesthat can approach
the performance of hardware techniques are extremely attractive
because hardware schemes have several disadvantages. Hard-
ware synchronization schemes are expensive; for instance, the
combining network is at least six times as expensive as a non-
combining network [4]. Also, hardware schemesemploy special-
purpose logic that has a large design cost, especially significant
for low-volume parallel systems. Thirdly, software barriers are
more flexible and can be adapted to suit the application or to ex-
ploit advancesin synchronization techniques such as fuzzy barri-
ers. Finally, software barrier schemes are more easily portable to
different platforms.

The disadvantages of hardware synchronization schemes
havemotivated the study of software barriers using software com-
bining trees. In some cases, these studies have demonstrated that
the synchronization performance of software schemes approach
that of hardware synchronization [5] [6]. In a software combin-
ing tree, atree of countersis used for synchronization. Processors
aredividedinto groups and agroup is assigned to each leaf of the
combining tree. Each processor updatesthe counter and if it finds
it isthe last one to reach the counter it proceedsto the parent of
the counter. The last processor to reach the counter at the root of
the tree releases all the processors by updating a shared variable.

In previous work, the performance of synchronization barri-
ersis evaluated and optimized for the case where all processors
arrive at the barrier simultaneously. Thisassumptionis motivated
by the perception that synchronization mechanismsand load im-
balance aretwo different issuesthat can be solved independently.
Asaresult, synchronization mechanismsare devel oped assuming
the case of zero load imbalance and consequently maximal con-
tention.

However, experiments on parallel machines have demon-
strated that processors typically fail to reach a synchronization



point at the same time for several reasons. Firstly, the work-
load may be unevenly partitioned among the processors. As a
result, certain processors consistently arrive late at a synchro-
nization point thus idling other processors and resulting in sys-
temic load imbalance. Though, systemic imbalance can be han-
died by effectively partitioning the workload, sufficient informa-
tion may not be availableto perform the best partitioning. In non-
deterministic imbalance, processorsfail to reach a synchroniza-
tion point at the sametime but typically the processor arriving last
changes on each iteration. Non-deterministic load imbalance is
generated by several factors: the workload associated with apro-
cessor may change from cycle to cycle; the interprocessor com-
munication may incur random delays due to contention; or there
may be contention for hardware or software resources.

Theoretically, the earliest a processor can leave a barrier is
when the last processor arrives at the barrier. In practical imple-
mentations such as combining trees, processors have to wait till
this last processor updates the root counter. Thus, we define syn-
chronization delay of combining trees as the difference between
the release time (time when last processor updates root counter)
and the arrival time of the last processor. There are two compo-
nents to this delay: update delay of updating counters and con-
tention delay for locksthat govern accessto the counters. Thefirst
component is determined by the tree depth and the second by the
number of processorssimultaneously attempting to gain accessto
aparticular counter.

Thefirst contribution of this paper isto investigatethe degree
of a software combining tree that minimizes the synchronization
delay as afunction of the load imbalance. On the one hand, if all
processors arrive simultaneously, contention delay is maximum
and adeep tree is desirable. On the other hand, if one of the pro-
cessors arrives significantly later than the others, the main issue
is to reduce the update delay and a wide tree is desirable. Thus
the requirements for the two cases, viz. deep tree (small degree)
and wide tree (large degree), are conflicting and the best degree
of the combining tree is a function of the amount of load imbal-
ance. Inthis paper, we develop an approximate analytic model for
estimating synchronization delay as a function of load imbalance
and combining tree degree. Simulation results show that the per-
formance of the combining tree obtained using the analytic model
iswithin 7% of the performance of the optimum combining tree
obtained through exhaustive simulation, for normally distributed
processor execution times.

The second contribution of this paper isanovel software bar-
rier where late arriving processors migrate toward the root of the
combining treeto minimize the synchronizationdelay. In thenor-
mal software combining tree, late arriving processorstend to up-
date more counters on average. In presence of systemic load im-
balance, some processorstend to be consistently late and are con-
sistently delayed further by the synchronization barrier. We ex-
plore the possibility of giving less synchronization work to these
processorsby modifying atree structure first proposedin Mellor-
Crummey and Scott [7]. In their tree structure, one processor is
statically attached to each non-leaf counter in the software com-
bining tree. The rest of the processors are split into groups and
assigned to the leaf counters. A processor updates the counter it
is attached to as well asits parent if it is the last processor to ar-
rive at the counter. In contrast to the static assignmentin Mellor-
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Crummey and Scott, we attach processorsdynamically to thenon-
leaf counters. Processorsthat tend to arrive late are attached to
counters closer to the root to reduce the latency delay of syn-
chronization. We comparethe performance of the dynamic place-
ment scheme with the static placement scheme used by Mellor-
Crummey and Scott and obtain significant performance improve-
ment.

This paper is organized as follows. First, we present a sum-
mary of the related work in Section 2. We present an analytical
model for approximating the synchronization delaysin Section 3.
Using this model, we estimate the optimal combining tree degree
of abarrier in Section 4. Weinvestigate adynamic placement bar-
rier in Section 5. In Section 6, we present a quantitative compar-
ison of the simulation results of the two previous sections. Sec-
tion 7 presents our measurementson a parallel machine (KSR1).
Finally, we concludein Section 8.

2 Redated Work

Performance degradations due to busy wait synchronization
are widely regarded as a serious performance problem. Pfister
and Norton [4] showed that the presenceof hot spotscan severely
degrade performance for al traffic in multistage interconnection
networks. Agarwal and Cherian [8] investigated the impact of
synchronizationon overall program performance and showed that
cachelineinvalidations dueto synchronizationreferences can ac-
count for more than half of al invalidations.

In response to performance concerns, hardware support has
been designed and implemented in several parallel machines.
Combining networks [1] [2], that combine concurrent accessesto
the same memory location, have been advocated as a technique
that significantly reduces the impact of busy waiting. Similarly,
special purposecacheprotocols[9] [10] havebeendesignedtoin-
clude synchronization primitives that reduce communication due
to synchronization.

New software synchronization mechanismshave been devel-
oped to approach the synchronization performance of dedicated
hardware at lower cost. Yew, Tzeng and Lawrie [6] investigated
the use of software combining treesto distribute hot spotsin large
scale multiprocessors. Their analysis indicates that combining
trees effectively decreasememory contention. Furthermore, they
showed that the optimal degree of a combining tree (fan in) is
around four. Mellor-Crummey and Scott [7] refined this tech-
nique further, presenting an algorithm that generates the theoret-
ical minimum number of communications on machines without
broadcast. Michael and Scott [5] showed that a software imple-
mented exclusion mechanism could outperform naive hardware
locks, even under heavy contention.

Alternatives to the usual synchronization barriers have also
been investigated. Gupta [11] developed and investigated Fuzzy
Barriers. He measured significant performance improvements
with software implemented Fuzzy Barriers on a four processor
Encore Multimax. He presents techniques [11] [12] that detect
and increase the number of independent operations, and hence
the slack time. Eichenberger and Abraham [13] characterized
the performance improvements due to fuzzy barriers and showed
that the expected idle time at afuzzy barrier is inversely propor-
tional to the slack time. Finally, Nguyen [14] investigated com-
piler techniquesthat transform synchronization barriersinto point



to point synchronizations, showing encouraging performanceim-
provements.

The source and extent of variation of thread (processor) ex-
ecution times have been investigated in a few studies. Adve and
Vernon [15] have measured the fluctuations of parallel execution
timesfor alarge number of applicationsand observedthat the em-
pirical execution time distribution very closely tracks the normal
distribution. Dubois and Briggs [16] obtained an analytical for-
mula describing the expected number of cycles and its variance
for memory references in tightly coupled systems. Sarkar [17]
provided aframework to estimate the execution time and its vari-
ance based on the program’sinternal structure and control depen-
dence graph. Finally, Eichenberger and Abraham [13] analyzed
thefluctuation of processor executiontime dueto randomreplace-
ment caches and communication contention. We derived an an-
alytical formula describing the expected variance for programs
with simple memory and communication access patterns. In all
four papers, the variation in execution timeswas found to approx-
imate a normal distribution and we assume that thread execution
times are normally distributed in this paper.

The effects of load imbalance on idle times, assuming a per-
fect barrier with zero synchronization delay, have been investi-
gated in several articles. Kruskal and Weiss [18] have investi-
gated the total execution time required to complete & tasks for
variousdistributions. The performanceof parallel algorithmsthat
haveregular control structures and non-deterministic task execu-
tion times is quantified by Madala and Sinclair [19]. Durand et
al provide experimental measurements on the impact of memory
contentionin NUMA parallel machines[20].

Axelrod [21] has considered both the effects of load im-
balance and synchronization costs and derived an analytical re-
sult that takes both load imbalance and synchronization costs
into consideration. However, while considering the synchroniza-
tion costs, he assumed that processors arrive simultaneously at
the synchronization point thus overestimating the effects of con-
tention. We determine synchronization delays as a function of
both the particular synchronization structure used and theload im-
balance.

Beckmann and Polychronopoulos[22] have investigated the
effects of barrier synchronization and dynamic loop dispatch
overhead. They classify loops as synchronization bound or
arrival-time bound, depending on the spread of processor arrival
time at the barrier. They derived an analytical result for thesetwo
cases for shared-bus multiprocessors and present theoretical and
simulated speedup curves.

Definitions

Inthisarticle, wedistinguish two synchronizationphases: the
release and the enforce phase. During the release phase, aproces-
sor signalsits arrival at the synchronization point by increment-
ing countersin acombining, or synchronization, tree. A synchro-
nization tree consistsof L levels of counters, where each counter
is connected to at most d other counters, where d is the tree de-
gree. During the enforce phase, a processor checksif all proces-
sors have completed their release phase.

We furthermore definethe arrival time asthetime at whicha
processor arrives at the release phase and the release time asthe
time at which a processor completes the release phase. The time
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needed by aprocessor to update one counter isdefined ast.. This
time includes the communication time to fetch the counter and to
execute an atomic operation.

3 Analytic Model for Estimating Synchro-
nization Delays

In this section, we will first derive the synchronization delay
assuming simultaneous processor arrivals and then estimate this
delay for general processor distributions.

When assuming simultaneous processor arrivals, the result-
ing synchronization delay for a combining tree of degree d with
L full levelsisobtained asfollows. Atthelowestlevel of thecom-
bining tree, d processorswill simultaneously attempt to increment
their counter. Since only one processor can update its counter at
atime, the d processors are serialized. The last processor com-
pletesincrementing of its counter after d - ¢.. Sinceall processors
arrive simultaneously, the same processoccursat eachlevel of the
combining tree. Therefore, the total synchronization delay for a
combining tree with L full levelsis defined as follows:

Teyne,o(L) = Ldt. Q)
Given that the number of levelsin a combining tree for p proces-
sorsisdefinedas I = log, p (p chosen such that it resultsin full
levels), Equation (1) yields aminimum synchronization delay for
acombining tree of degreed = e ~ 2.71.

Two problems arise when extending the previous model to
processors that do not arrive simultaneously. The first problem
is that only the slowest processors propagate upward in the tree,
requiring the use of order statistics [23] at each level of the tree.
The second problem is that contention at one level changes the
distribution of the processorsthat propagateto the nextlevel inthe
combining tree. Asaresult, adirect solution of the synchroniza-
tion delay in the presenceof load imbalance would require expen-
sive numerical computations. Therefore, we introduce three as-
sumptions and find an approximate analytical solution that takes
the load imbalance into account.

First, we partition the processorsinto subsetsand assumethat
all processors of a subset arrive simultaneously. Second, we as-
sume a specific ordering of the arrival time of each subset of pro-
cessors: the closer a subset is to the last processor, the later it ar-
rives. Third, werelate the arrival and release times of each subset
to its respective position in the combining tree.

In Figure 1a, we selected processor p8 to be the last one.
Along its path to theroot, it will experience contention with each
of the three subsets SO through S2. The first assumption of our
approximation statesthat all processorsin subsetsS0, S1, and S2
arriverespectively attimet 0, t 1, and, t 2. Theordering of these
arrival times is illustrated in Figure 1b. Figure 1c and 1d illus-
trate how subset arrival times and contention delays are merged
together. In Figure 1c, the distribution is wide enough to pre-
vent the last processor from being slowed down by the contention
of earlier processors. In Figure 1d, however, the distribution is
narrower and contention from previous processors affects the last
processor.

We compute the subset arrival time by first defining the pro-
cessor subsetsin acombining tree, then computing the percentage
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Figure 1: Estimating the synchronization delay.

of processorsthat arrive earlier, and finally applying the density
function of the processor arrival time.

We definea subset S; as the subset that includes all the sub-
trees of exactly depth [ that are connected to the counters along
the path from the last processor to the root of the combining tree.
For example, the subset S1 in Figure 1a containsall the subtrees
of exactly depth 1, and therefore consists of processorsp5 and p6.
In general, we seethat subset S; consistsof d — 1 subtreesof depth
! and therefore contains (d — 1)d' processors. Furthermore, we
know from our second assumption that all the processorsin sub-
sets Sit1 ... .S—1 arrived before the onesin subset S;. There-
fore, the expected fraction of processors that arrived before the
processorsin subset S; is defined as follows:

Pregore (51) =1 — Py fagier (S1) =1 — 4=t 2

Now that we have obtained the expected fraction of proces-
sors to arrive before the processors of subset S;, we are able to
determine the expected arrival time of each subset:

Tarr (Sl) = F_1 (Pbefore (Sl)) (3)

where F'~* is the inverse of the distribution function of the pro-
cessors. If the processors are normally distributed with parame-
ters ¢ and o, the expected arrival time of subset S; is

Tarr (51) = 0 @7 (Pregore (51)) 4)

where @' is the inverse of the normal distribution function®.
Sincewe consider here only the arrival time relative to the mean,
we omitted the x term in the preceding equation. Finally, we can
asymptotically estimate the arrival time of the last processor with
the help of order statistics [23]:

Tarr (last) = IOg log P + IOg 477) (5)

v/ 21
7 ( osp 24/2log p

lsince Py fore (Sp—1) = 0and ®@~1(0) = —oco we approximate
Pbefore (SL—I) aspbefore (SL—2)/2-

Furthermore, we compute the release times as follows. The
releasetime (7+..;) of asubset.S; correspondsto the sum of its ar-
rival time, contention delays, and propagation time from the sub-
set root counter to the combining tree root counter,

Trel (Sl) = Tarr (Sl) + Tsync, O(Sl) + (L - l)tc (6)

The release time of the last processor correspondsto the sum
of its arrival time and its propagation time to the root counter
through all levels,

Tret (last) = Tarr (last) + Lt. @)

Since the last processor experiences contention with the pro-
cessors of each subset, its release time corresponds to the maxi-
mum of all releasetimes. The synchronizationdelay is defined as
the difference between its release and arrival times:

maXx
s=Sp...5 1

(Trer (last), Trei (8)) — Tarr (last)

®

The steps required to compute Equation (8) are summarized

in Algorithm 1. This approximation is useful in estimating the

optimal degree of acombining tree, sincewe can approximatethe

synchronization delay associated with a given number of proces-
sors, processor distribution, and degree of its combining tree.

Tsync,o’ =

Algorithm 1 Given acombining treewith 7 levelsand degreed,
the synchronization delay is computed as follows.

1. Thereleasetime of each subset Sy ... Sz.—1, with respec-
tive levels 0... L — 1, are computed by using Equa-
tions (1), (2), (4) and (6).

2. Thereleasetime of thelast processor is computed by using
Equations (5) and (7).

3. The synchronization delay is computed by using Equa-
tion (8).

To characterize the accuracy of Equation (8), we compared
its results against simulation results. We assumed the processors
to be normally distributed and obtained data for various proces-
sor numbers, combining tree degrees and standard deviations of
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processor distributions. The time to update a counter, ¢., was ex-
perimentally measured on ak SR1 and that value® was usedin our
set of simulations.

&

] Contention Delay
Il Update Delay
Estimated Synchronization Delay

Synchronization Delay (ms)

°
s

Degree of Synchronization Tree

Figure2: Synchronizationdelay for variousdegrees. (4K Proces-
Sors, o = 250 ms, t. = 20uS)

Figure 2 illustrates this comparison for 4K processorsand for
six different degreesof combining trees. Degrees 2, 4, 8, 16, 32,
and 64 resulted in tree depths of 12, 6, 4, 3, 3, and 2, respectively.
In each pair, the right bar represents the approximated synchro-
nization delay. Since we assumed full trees when deriving Equa-
tion (8), there is no data for the degree 32. The left bar represents
the simulated results and consists of two components: update de-
lays and contention delays. The update delay is directly propor-
tional to ¢. and thetree depth. Thecontention delay increasesdra-
matically after athreshold tree degree (16 in this figure).

Despite the strong assumptions used to obtain Equation (8),
namely the simultaneousarrivalswithin subsetsof processorsand
the ordering of the subset arrival times, we see that this approxi-
mation still capturesthe behavior of synchronization under work-
load imbalance.

4 Optimal Degree of Combining Tree

In this section, we investigate the optimal combining tree de-
gree of a synchronization barrier for various numbers of proces-
sorsand processor distributions. We assumed the processorsto be
normally distributed, an assumption supported by measurements
in [13] and [15]. First, wewill determine the optimal degree ex-
perimentally. Then, we will use the approximation presented in
Section 3 to estimate this degree and compare the performance
improvement between the experimental and estimated optimal de-
gree.

Figure 3 presentsthe optimal combining tree degree for syn-
chronizing 64, 256, and 4K processorsfor various standard devi-
ations defined in units of ¢.. The optimal degree correspondsto
the degree that resulted in the smallest synchronization delay, as
definedin Section 1. The horizontal axis lists arange of standard
deviations for the distribution of processor execution times. The
vertical axis lists the number of processors simulated. The first
number in each entry is the optimal degree obtained by exhaus-
tive simulation. The second number, in parenthesis, is the syn-
chronization speedup obtained when using a combining tree with
optimal degree, expressed as aratio of the synchronization delay

20nthe KSR, it takeson average20.sto acquireasubpagein atomic
mode and to increment its value.

for acombining tree of degreefour to that of the optimal degree.
The performance of a combining tree of optimal degree is com-
pared to acombining tree of degreefour because degreefour was
previously considered as optimal [6] [7].

Processors Optimal Degree (Sync. Speedup)

o = 0t. | o = 25t. | o = 500t.
64 4 (1.00) [ 64 (287) [ 64 (299
256 4 (100) | 32 (1.97) | 256 (4.00)
4K 4 (1.00) | 32 (1.98) | 128 (2.99)

Figure 3: Simulated optimal degree of combining trees.

To obtain these optimal degreeswe used aconventional event
driven simulator. The time for updating a counter (¢.) was set to
20us and the contention for updating the counters was accounted
for in the simulation. The optimal degree was determined by car-
rying a simulation for all feasible degrees and choosing the one
that yields the smallest synchronization delay.

There are several conclusionsthat can be drawn from this ex-
periment. First, this experiment confirms the fact that combining
trees of degree four are optimal when processors arrive simulta-
neously, or when the distribution of processorsis small compared
to t.. Second, this experiment confirms our assertion that with a
wide distribution of processors, large degreesyield smaller syn-
chronization delays. For example, when 64 processors are dis-
tributed with a standard deviation of 25¢., a single counter yields
the smallest synchronization delay. Finally, the synchronization
speedup gained by synchronizing processors with a combining
tree of optimal degree compared to a combining tree of degree of
four rangesfrom 30 percent faster with adegreeof eight upto 300
percent faster with a degree of 256.

One could arguethat if thereis substantial load imbalancerel-
ative to the counter update time ¢., that the overall parallel ap-
plication is inefficient and any improvements in synchronization
performancewill have only a small impact on the overall perfor-
mance. However, when fuzzy barriers are employed, load imbal-
ance does not necessarily translate into idle times[13] and an ap-
plication could have substantial load imbalance and still be effi-
cient, provided synchronization delays are not excessive.

We now investigate the use of the approximated synchroniza-
tion delay of Equation (8) to estimate the optimal degree of acom-
bining tree. Figure 4 presents the estimated optimal degree for
synchronizing 64, 256, and 4K processorsfor variousstandard de-
viations defined in units of ¢.. These estimated optimal degrees
are found in the rows labeled “est”. For comparison, the optimal
degree obtained by exhaustive simulation are shown in the rows
labeled “opt”. Resultsin bold indicate the cases where the esti-
mated degree differs from the simulated optimum. Asin the pre-
vious figure, we present the synchronization speedup gained by
synchronizing processors with combining tree of optimal degree
comparedto adegree of four. Thedifference between the speedup
associated with the optimal and the estimated optimal degree is
particularly interesting, becauseit isametric of how accurate our
approximation is.

As indicated in Figure 4, the approximated synchronization
delay is useful in determining the optimal degree. Moreover,
when the estimation fails to identify the optimal degree, the
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Processors Optimal Combining Tree Degree (Synchronization Speedup)
o = 0t. | o= 6.2t | o =12.5t. | o = 25t. | o = 50t. | o = 500¢.
64 opt. |4 (100) |8 (131) ] 16 (147) [ 64 (287)] 64 (294) [ 64 (2.99)
est. |4 (1.00) [ 8 (131) | 8 (146) | 8 (148) | 64 (294) | 64 (2.99)
256 opt. |4 (1.00) [ 8 (1.26) | 32 (1.89) [ 32 (1.97) | 64 (1.99) | 256 (4.00)
est. |4 (100) | 4 (1L00) | 16 (1.78) | 16 (1.96) | 16  (1.99) | 256 (4.00)
4K opt. [4 (100) [ 4 (100) [ 8 (143) [ 32 (198 [ 128 (297) [ 128 (2.99)
est. [4 (100) [ 4 (100) | 8 (143) |16 (1.96) | 64 (294 | 64 (299
Figure4: Simulated and estimated optimal degree of combining trees.
speedup associated with the estimated optimal degree is usually
not significantly smaller than the optimal speedup. Indeed the op- 15
timal degree combining trees are only 7% faster on average than g“dplgoczrg
the estimated degrees. v =.eoms

Wealso investigated the combining trees proposed by Mellor-
Crummey and Scott [7], as described in Section 1. We simulated
these trees and obtained results similar to the one of Figure 4.
Comparing these results with the ones of Figure 4, we noticed
performance improvements of 5%, on average, for all combin-
ing trees with an optimal degree of four. However, this perfor-
mance improvement vanishes when the optimal degreeis larger
than four. For degree four, this performance improvement is due
to thefact that the average depth seen by the processorsis smaller,
since some of the processors are attached at higher levels of the
combining tree; however, for larger degreesthisimprovement de-
creases as the proportion of processors at the higher levels also
decreases.

We note that if one could guess which of the processors will
arrive late at a synchronization point, one could place those pro-
cessors near the top of the combining tree, and therefore reduce
the synchronization delay. The next section will investigate the
feasibility of this technique.

5 Dynamic Placement in Combining Trees

In this section, we use the combining tree presented by
Mellor-Crummey and Scott [7]. Asmentioned in Section 1, this
technique uses combining trees of degree d where each counter
in the tree is connected to at least one processor, and where |eaf
counters are connected statically to at most d + 1 processors. We
will investigate the feasibility of a schemethat positions|ate pro-
cessors near the top of the tree, thus reducing the synchroniza-
tion delay of the slower processors. Thistechniquecan beviewed
as the shifting of the synchronization cost from the slower to the
faster processors. We usea prediction schemebased onrecent his-
tory that isexpected to work well intwo situations: with systemic
workload imbalance and with fuzzy barriers.

With systemic workload imbalance, theworkload isunevenly
partitioned among processors, and therefore processorsthat were
attributed alarger amount of work will systematically arrive late
at synchronizationpoints. A similar situation ariseswith evolving
workload imbalance, where the workload slowly fluctuates from
iteration to iteration. In both cases, recent history is a good indi-
cation of future processor arrival order.

With fuzzy barriers [11], independent operations are inserted
between the release and the enforce phase, thus significantly re-
ducing the expected idle time due to non-deterministic work-

—=— Fuzzy Barrier, slack=16 ms

Density Function

—e— Sync Barrier, slack=0ms
—— Fuzzy Barrier, slack=4 ms

°
@

ReIaIi\;eArrivaJ TimeA; Release (in ms) ’
Figure5: Distribution of processor arrival timefor fuzzy barriers.
(0 =0.25ms, p = 64)

load imbalance. The independent operation execution time cor-
respondsto the slack of a fuzzy barrier. In [13], we showed that
the expected idle timeis inversely proportional to slack.

Here, we will consider another interesting property of fuzzy
barriers. With increasing slack, some processors can be signif-
icantly slower than others without requiring faster processors to
wait for them. As a consequence, processorsthat arrive late at a
synchronization point are likely to arrive late in the near future.

Figure5illustrates the processor arrival time distributionsfor
64 processorsand arange of slacksafter 500iterations. Inthisfig-
ure, the arrival times are relative to the mean: negativetimes cor-
respond to processorsfaster than the averageand vice versa. The
curvelabeled“ SyncBarrier” correspondsexactly to the processor
arrival time distribution after one singleiteration sinceall proces-
sors were strongly synchronized at the previous synchronization
barrier. We seethat the larger the slack is, the wider the distribu-
tion is. This effect is explained by the fact that with large slack,
processorsare allowed to desynchronizethemselvesand are even-
tually distributed over the entire slack.

Several conclusions can be drawn from this experiment con-
cerning the processor distribution synchronized with fuzzy barri-
ers. First, we see that the processor distributions become wider
with increasing slack. Second, we see that the distributions are
not symmetric on their mean, resulting in an increasing number
of fast processors and a decreasing number of slow processors.
Finally, we see that the slowest processors are far away from the
mean and are likely to remain far away during the next few iter-
ations. Since the curve labeled “Sync Barrier” indicates the dis-
tribution after a single iteration, we know from the graph that it
is unlikely that a processor changesits relative position by more
than a half millisecond in this graph. As aresult, processors that
areten millisecondsor more away fromthemean arevery likely to
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Figure 6: Dynamic placement barrier mechanism.

remain significantly slower for the next 20 iterations. Thismeans,
in turn, that a dynamic placement scheme is feasible with fuzzy
barriers when the slack is larger than the distribution of proces-
sors after oneiteration.

5.1 Dynamic Placement Barrier Algorithm

Thissection presentsa Dynamic Placement Barrier algorithm
that predicts the ordering of the processor arrival time based on
previous history and places slower processors near the top of the
combining tree. This algorithm is based on the combining tree
presented in [7]. However, we expect to reduce the critical path
from O(log p) to O(1) when the prediction is successful.

The dynamic placement barrier proceeds as follows. When a
processor propagatestoward the top of thetree, it positionsitself
at the highest level counter where it arrived last. Figure 6aillus-
trates this scheme: processor Pi starts incrementing up the tree
from the counter Cm its initial counter, up to the counter Cn+1.
We can deduce from this fact that processor Pi arrived last in the
wholesubtree attachedto the counter Cn. Our dynamic placement
scheme swaps processor Pi with the processor associated with
Cn, namely Pj . For the remainder of this section, we name the
processor that is swapped to a higher level in the combining tree
the victor processor, and the one that is swapped to alower level
the victim processor.

Thisschemerequirestwo datastructures, asillustrated in Fig-
ure 6b. Thefirst one, Fi r st - Count er, is private to each pro-
cessor and provides a pointer to the first counter associated with
each processor. The second data structure, Count er , is associ-
ated with each counter and consists of two entries, Local and
Desti nati on. Itsfirst entry alows us to locate the processor
that is currently attached to a counter and the second entry pro-
vides an index to the new initial counter of the victim.

The swapping of a pair of processors occurs in two phases:
the first phase occurs on the victor side and is followed by
a second phase on the victim side. During the first phase,
shown in Figure 6c¢, the victor processor checks if the condi-
tions are fulfilled for a swap. If a swap is indicated, it updates
its Fi r st - Count er pointer to the counter of the victim and
modifies the two entries of the victim's initial Count er asfol-
lows: it writes its processor ID in the Local entry and its old
Fi rst- Count er vaueinthe Desti nati on entry. During
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TYPE Counter = RECORD
count, init: |NTECER (* #children *)
local: [0..P-1]; (* current id *)
dest, parent: *Counter;
END;

VAR sense: BOOLEAN (* shared var *)
first_counter: *Counter; (* private var *)
private_sense: BOOLEAN (* private var *)

PROCEDURE Rel ease(id: [0..P-1]);

private_sense := NOT private_sense;

IF (first_counter->local !=id) AND
NOT Leaf (first_counter) THEN
(* swap, victimsize *)
first_counter := first_counter->dest;

first_counter->local :=id;
END;
curr := first_counter; prev := NULL;

LOOP (* through combining tree levels *)
c := FetchAndDecrenent (curr->count);
IF (¢ !=0) THEN EXIT END,
(* last at this level: reinit counter *)
curr->count curr->init;

prev := curr; curr := curr->parent;
if (curr = NULL) THEN EXIT END;
(* last in last level: exit *)
END;

I F not Leaf(prev) AND (prev->local !=id) THEN

prev->local :=id; (* swap, victor size *)
prev->dest := first_counter;
first_counter := prev;

END;

(* last in last level reverse sense *)
I'F (curr = NULL) THEN sense := NOT sense END;
END

PROCEDURE Enf orce()

(* wait for last processor *)

WH LE (private_sense != sense) DO END;
END

Figure 7: Dynamic placement barrier algorithm.

the next synchronization phase, the victim processor detects that
it has been swapped by inspecting itsinitial counter Local field
and by noticing that it isno longer local to itsinitial counter. As
illustrated in Figure 6d, the victim uses the Dest i nat i on en-
try of itsinitial counter to find out its new initial counter and up-
datesitsFi r st - Count er entry accordingly. Figure 7 presents
the detailed operations of this algorithm.

Assuming that the cachelineislarge enough to accommodate



a counter, local, and destination field, the communication over-
head of the dynamic placement algorithm is one communication
per swap, since one additional communication occurs on the vic-
tim side to acquire its new initial counter. Fortunately, this over-
head occurs on the victim side, which was the faster of the two
processors. Sincethere isat most one such swap among acounter
and its direct children, the communication overhead is bounded
by 1/(d + 1) additional communications per processor. Asare-
sult, we can limit the upper bound communication overhead of
this algorithm by choosing an appropriate degree of the combin-
ing tree.

Slack
Oms | Ims | 2ms | 4ms | 16ms

Degree: 4
Last Proc Depth 585 | 334 | 183 | 144 | 1.24
Sync. Speedup 100 | 1.73 | 3.07 | 398 | 471
Comm. Overhead | 1.09 | 1.08 | 1.07 | 1.04 | 1.01
Degree: 16
Last Proc Depth 299 | 216 | 159 | 1.36 | 1.21
Sync. Speedup 099 | 134 | 1.85 | 221 | 245
Comm. Overhead | 1.04 | 1.03 | 1.02 | 1.01 | 1.00

Figure 8: Performance of the dynamic placement barriers.

Figure 8 presents the performance improvement obtained
with the dynamic placement barrier for 4K processors, normally
distributed with a standard deviation of 0.25 ms for various
slacks. Each set of measurements presents the average depth of
the combining tree seen by the last processor releasing the barrier,
the synchronization speedup of the dynamic placement scheme
relativeto the static placement scheme, and the fractional increase
in communication occurred in the dynamic placement scheme.

First, we notice that as the slack increases the average depth
of the last processor is effectively reduced from 5.85 to 1.24 and
from 2.99 to 1.21 for barriers of degree 4 and 16, respectively.
Second, we see that the synchronization speedup, relative to the
performance of a static placement scheme, increases from 1 to
4.71 and from 0.99to 2.45 for barriers of tree degree4 and 16, re-
spectively. It isinteresting to notice that dynamic placement does
not improve the performance with a slack of zero, in which case
astatic placement is asrelevant a placement asthe one of the pre-
viousiteration.

6 Quantitative Comparison

The performanceimprovements dueto individual techniques
were presented in earlier section. This section attempts to com-
bine these techniques together and presents the cumulative per-
formance effect.

Figure 9 presentsthe performanceimprovements due to syn-
chronization with an optimal degree combiningtree. First, we see
that, for the curves corresponding to combining trees of degree
four, the synchronization delay exactly correspondsto the depth
of the tree, indicating that there is no contention. Therefore, the
smallest standard deviation presented is sufficient to remove all
contention problems for combining trees of degree four. Second,
we see the performance improvements due to combining trees of
optimal degree. Their synchronization delay is consistently less
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Figure 11: Static versusdynamic placements (degree 16).

than combining trees of degree four. Furthermore, the slope of
these curves decreaseswith increasing standard deviation. Thus,
the synchronization delay is relatively insensitive to the system
size when load imbalance is sufficiently large.

Figure 10illustrates the benefits of dynamic placement for ex-
ecution times that are distributed with a very small standard de-
viation (3.1¢.). First, we see that the curves that correspond to
a synchronization degree of four are similar to the curves of the
previousfigure, again indicating that there is no contention prob-
lem. Second, we see the performance improvement due to dy-
namic placement. The dynamic placement scheme almost neu-
tralizes the tree depth in larger systems, and the synchronization
delay is nearly constant.

Finally, Figure 11 illustrates the combined effects of higher
tree degrees and dynamic placement. Asin the previous figures,
the curves that correspond to a static placement with a combin-
ing tree degree of 16 result in curves increasing stepwise with
the number of processors, again indicating that there is no con-
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Figure 12: Measured optimal degreeon the KSR1 for 56 proces-
sors.

tention problem. The curves associated with the dynamic place-
ment present a synchronization delay that is smaller and increas-
ing at a slower rate. We note that the curves associated with the
dynamic placement scheme are more sensitive to the variations
in slack than the corresponding curves of Figure 10. This effect
isdueto thefact that flatter trees have proportionately fewer pro-
cessors near the top of the tree, making the choice of the slower
processors more critical.

7 Measurements

In order to test the performance improvements due to opti-
mal tree degree and dynamic placements on the KSR1 [24], we
used a program that has awell defined computation and commu-
nication pattern. We used a relaxation algorithm (SOR) where
each element is averaged with its four neighbors. The relax-
ation is performed in two alternating arrays, thus avoiding addi-
tional communication due to race conditions among processes.
Thetwo-dimensional dataof size(d, d,) is partitioned alongthe
x-dimension, resulting in 4[d, /16] communication events per
processors’. By varying the y-dimension, we change the total
number of communications and therefore the variation of execu-
tiontime[13]. All measurementsconsist of 200 relaxations on 56
processors® with d., setsto 60 data points per processor.

In the first set of measurements, we investigated the optimal
combining tree degree for various numbers of data along the y-
dimension. Figure 12 showsthe optimal combining tree degreeas
well asthe synchronization speedup achieved by using an optimal
degree as opposed to a degree of four. As the data size along the
y-dimensionincreases, the variance of the executiontime also in-
creases. The experimentally determined standard deviation o, is
givenfor each data size. Asthe standard deviation increases, the
optimal degree increases from 4 to 32 and the resulting speedup
increases from zero to 23 percent.

In the second set of measurements, we evaluate the per-
formance improvements due to the dynamic placement barriers.
We used the same SOR program with 56 processors and 210
data points along the y-dimension, resulting in an execution time
of 9.5 ms and a statistical standard deviation of 110us. Fig-
ure 13 presents the achieved performance improvements for var-
ious slacks and for a tree degree of 2, 4, and 16. We also present
acombining tree of degree of two to test our dynamic placement
barriers with as deep a combining tree as possible. Each set of
measurements presents the combining tree depth seen by the last
processor releasing the barrier® and the synchronization speedup
achieved by using dynamic placement instead of static placement.

3The denominator, 16, correspondsto the cache sub-line size on the
KSR1.

“We used 56 processorsout of 64 to avoid using dedicated nodes (10s)
that would perturb the precision of the measurements.

50n the KSR, the processors are organized in rings of 32 processors.
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Slack
Oms [ Ims | 5ms | 10ms [ 15ms

Degree: 2

Last Proc Depth | 4.38 | 3.93 | 223 | 1.755 | 1.67
Sync. Speedup | 0.89 | 0.98 | 1.11 | 144 | 1.73
Degree: 4

Last Proc Depth | 3.24 | 288 | 1.63 | 1.75 | 144
Sync. Speedup | 0.84 | 0.96 | 1.15 | 1.23 | 1.25
Degree: 16

Last Proc Depth | 2.88 | 27 | 1.72 | 157 | 1.24
Speedup 082 | 1.09 | 153 | 1.34 | 1.32

Figure 13: Performance of dynamic placement barriers on the
KSR1.

First, we see that the combining tree depth for the last pro-
cessor is effectively decreased from 4.38 to 1.67 and from 2.88
to 1.24 for trees of degree 2 and 16 respectively. Second, we see
that dynamic placementsresult in aslower performance up to ap-
proximately a slack of 1 ms, and a performance improvement up
to 1.73 and 1.32 for trees of degree 2 and 16 respectively.

8 Conclusion

Prior to our work, software synchronization barriers have
been developed, evaluated and optimized under the assumption
that all processors arrive simultaneously at the barrier. But, in
most parallel systems there is some load imbalance. Therefore,
we evaluate and reconfigure software combining trees for vary-
ing amounts of load imbalance.

Through analytic models and simulation results we show that
the synchronization delay is minimized by choosing an optimum
combining tree degree that is a function of the load imbalance.
Thus, software barriers configured under the common assumption
of simultaneousarrival are not merely over-designed for the prob-
ably more common case of distributed arrivals but have higher
synchronizationdelays. Our analytic model can be used by acom-
piler to estimate the optimum degree and this estimate yields a
performancethat iswithin 7% of the actual optimum obtained by
exhaustive simulation. This finding also indicates the feasibility
of barriers that would adapt their degree at run time to minimize
their synchronization delay.

Fuzzy barriers are effective in reducing the impact of non-
deterministic load imbalance on overall performance. These bar-
rier constructs also tend to distribute the arrival times of proces-
sorsat abarrier over the slack interval. Asaresult, higher degree
combining trees perform better when fuzzy barriers are used. Fur-
thermore, processor arrival times are asymmetrically distributed
with afew processors being much slower than average.

We show that dynamic placement schemes are very effective
when fuzzy barriers are used. The average depth of the last pro-
cessor to arrive at thebarrier isindicative of the update delay com-
ponent of the overall synchronization delay. The average depth
reduces from close to L to close to 1.2 as the slack increases.

To preserve the ring locality, our dynamic placement scheme does not
crossring boundaries. As aresult, the number of tree levels corresponds
to two subtrees of 32 processors merged by an additional level. This ex-
plainswhy atree degree of 16 resultsin aninitial tree depth of three.



Since the contention delay component is small once the slack is
sufficiently large, a speedup of closeto L/1.2 is obtained over the
static placement schemefor large slack.

The two techniques are combined and evaluated: a suitable
tree degreeis chosen based on load imbalance considerationsand
adynamic placement schemeis used to exploit the last processor
predictability under fuzzy barriers. Theresulting synchronization
delay is relatively insensitive to the number of processors when
sufficient slack is present. These experiments demonstrate that
software barriers implemented using simple hardware locks are
scalable to large numbers of processors provided slack is avail-
able.
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