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Satin is a system for running divide and onquer programs on
distributed memory systems (and ultimately on wide-area meta omputing systems). Satin extends Java with three simple Cilk-like primitives for
divide and onquer programming. The Satin ompiler and runtime system ooperate to implement these primitives eÆ iently on a distributed
system, using work stealing to distribute the jobs. Satin optimizes the
overhead of lo al jobs using on-demand serialization, whi h avoids opying and serialization of parameters for jobs that are not stolen. This
optimization is implemented using expli it invo ation re ords. We have
implemented Satin by extending the Manta ompiler. We dis uss the
performan e of ten appli ations on a Myrinet-based luster.

Abstra t.

1 Introdu tion
There is urrently mu h interest in divide and onquer systems for parallel programming [2, 6, 10, 11, 15℄. Divide and onquer style programs start by dividing
the problem into subproblems. Ea h subproblem is then re ursively solved, again
by dividing it into smaller subproblems. An example of su h a system is Cilk [6℄,
whi h extends C with divide and onquer primitives. Cilk runs these annotated
C programs in parallel, in an eÆ ient way, but is mainly targeted at shared memory ma hines. Atlas [2℄, an extension of Java, is a divide and onquer system
designed for distributed memory ma hines. Its primitives have a high overhead,
however, so it runs ne-grained parallel programs ineÆ iently.
In this paper, we introdu e a new system, alled Satin, whi h also is a divide
and onquer system based on Java. Satin (as the name suggests) was inspired
by Cilk. In Satin, single-threaded Java programs are parallelized by annotating
methods that an run in parallel. Our ultimate goal is to use Satin for distributed super omputing appli ations on hierar hi al wide-area lusters (e.g.,
the DAS [8℄). We think that the divide and onquer model will map eÆ iently
on su h systems, as the model is also hierar hi al. In this paper, however, we
fo us on the implementation of Satin on a single lo al luster omputer. In ontrast to Atlas, Satin is designed as a ompiler-based system in order to a hieve
high performan e. Satin is based on the Manta [12℄ native ompiler, whi h supports highly eÆ ient serialization and ommuni ation. Parallelism is a hieved in

Satin by running di erent spawned method invo ations on di erent ma hines.
The system load is balan ed by work stealing.
One of the ontributions we make in the paper is the use of expli it invoation re ords, to enable the on-demand serialization of parameters to spawned
method invo ations. This optimization is possible be ause of Satin's parameter semanti s. Furthermore, we demonstrate that Satin an run eÆ iently on
distributed memory ma hines. Satin also leanly integrates divide and onquer
programming into Java, and solves some problems that are introdu ed by this
integration (e.g., by garbage olle tion).

2 The Programming Model
Satin's programming model is an extension of the single-threaded Java model.
Satin programmers thus need not use Java's multithreading and syn hronization
onstru ts or Java's Remote Method Invo ation me hanism, but an use the
mu h simpler divide and onquer primitives des ribed below.
2.1

Spawn and Syn

We have introdu ed three new keywords to the Java language, spawn, syn ,
and satin. The spawn keyword must be pla ed in front of a method invo ation,
whi h will then be alled a spawned method invo ation. When spawn is pla ed
in front of a method invo ation, on eptually a new thread is started whi h
will run the method. (The implementation of Satin, however, eliminates thread
reation altogether.) The spawned method will run on urrently with the method
that exe uted the spawn. In Satin, spawned methods always run to ompletion.
The syn operation waits until all spawned alls in this method invo ation are
nished. The return values of spawned method invo ations are unde ned until
a syn is rea hed. The satin modi er must be pla ed in front of a method
de laration, if this method is ever to be spawned.
To illustrate the use of spawn and syn , an example program is shown in
Fig. 1. This ode fragment al ulates Fibona i numbers, and is a typi al example of a divide and onquer program. Note that this is a ben hmark, and
not a suitable algorithm for eÆ iently al ulating the Fibona i numbers. The
program is parallelized just by inserting spawn in front of the re ursive alls
to b. The two subproblems will now be solved on urrently. Before the results
are ombined, the method must wait until both subproblems have a tually been
solved, and have returned their value. This is done by the syn operation. A
well known optimization in parallel divide and onquer programs is to make use
of a threshold on the number of spawns. When this threshold is rea hed, work
is exe uted sequentially. This approa h an easily be programmed using Satin.
Satin does not provide shared memory, be ause this is hard to implement
eÆ iently on distributed memory ma hines. Moreover, our ultimate goal is to
run Satin on wide-area systems, whi h learly do not have shared memory. The
only way of ommuni ating between threads is via the parameters and the return

lass Fibona i {
SATIN int fib(int n) {
if(n < 2) return n;
int x = SPAWN fib(n - 1);
int y = SPAWN fib(n - 2);
SYNC;
}

}

return x + y;

publi stati void main(String[℄ args) {
Fibona i f = new Fibona i();
int result = f.fib(10);
System.out.println("Fib 10 = " + result);
}

Fig. 1. A Satin example: Fibona

i.

value. The parameter passing me hanism, as des ribed in Se t. 2.2, assures that
all data that an be a essed via parameters will be sent to the ma hine that
exe utes the spawned method invo ation.
2.2

The Parameter Passing Me hanism

Be ause Satin does not provide shared memory, obje ts passed as parameters
in a spawned all to a remote ma hine will not be available on that ma hine.
Therefore, Satin uses all-by-value semanti s when the runtime system de ides
that the method will be spawned remotely. This is semanti ally similar to the
standard Java Remote Method Invo ation (RMI) me hanism [17℄. Call-by-value
is implemented using Java's serialization me hanism, whi h provides a deep opy
of the serialized obje ts [16℄. For instan e, when the rst node of a linked list is
passed as an argument to a spawned method invo ation (or a RMI), the entire
list is opied.
It is important to minimize the overhead for work that does not get stolen
and is exe uted by the ma hine that spawned the work, as this is the ommon
ase. For example, in almost all appli ations we have studied so far, at most 1
out of 400 jobs gets stolen. Be ause opying all parameter obje ts (i.e., using
all-by-value) in the lo al ase would be prohibitively expensive, parameters are
passed by referen e when the method invo ation is lo al. Therefore, the programmer annot assume either all-by-value or all-by-referen e semanti s for satin
methods (normal methods are una e ted and have the standard Java semanti s).
It is therefore erroneous to write Satin methods that depend on the parameter
passing me hanism. (A similar approa h is taken in Ada for parameters of a
stru tured type.)
An important hara teristi of Satin is that when the extensions satin,
spawn, and syn are removed, a sequential standard Java program remains.

This program produ es the same result as the parallel Satin program. This always holds, be ause Satin does not spe ify the parameter passing me hanism.
Using all-by-referen e in all ases (as normal Java does) is thus orre t.

3 The Implementation
The large majority of jobs will not be stolen, but will just run on the ma hine
the jobs were spawned on. Therefore, it is important to redu e the overhead that
the Satin runtime system generates for su h jobs as mu h as possible. The key
problem here is that the de ision whether to opy the parameters must be made
at the moment the work is exe uted or stolen, not when the work is generated. To
be able to defer this important de ision, Satin's runtime system uses invo ation
re ords, whi h will be des ribed below. The large overhead for reating threads
or building task des riptors ( opying parameters) was also re ognized in the lazy
task reation work by Mohr et al. [13℄.
When a program exe utes a spawn, Satin redire ts the method all to a stub.
This stub reates an invo ation re ord (see Fig. 2), des ribing the method to
be invoked, the parameters that are passed to the method, and a referen e to
where the method's return value has to be stored. For primitive types, the value
of the parameter is opied. For referen e types (obje ts, arrays, interfa es), only
a referen e is stored in the re ord. In the example of Fig. 2, a satin method is
invoked with an integer, an array, and an obje t as parameters. The integer is
stored dire tly in the invo ation re ord, but for the array and the obje t, referen es are stored, to avoid opying these data stru tures. The ompiler allo ates
spa e for a ounter on the sta k of all methods exe uting spawn operations. This
ounter is alled the spawn ounter, and ounts the number of pending spawns,
whi h have to be nished before this method an return. The address of the
spawn ounter is also stored in the invo ation re ord.
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SATIN int foo(int i, double[] d, Object o);
int result = SPAWN foo(i, d, o);

Fig. 2.

Invo ation re ords in the job queue.

The stub that builds an invo ation re ord for a spawned method invo ation is
generated by the Manta ompiler, and is therefore very eÆ ient, as no runtime
type inspe tion is required. From an invo ation re ord, the original all an

be exe uted by pushing the value of the parameters (whi h were stored in the
re ord) onto the sta k, and by alling the Java method.
The invo ation re ord for a spawn operation is stored in a queue. The spawn
ounter (lo ated on the sta k of the invoking method) is in remented by one,
indi ating that the invoking method now has a pending spawned method invo ation. The invoking method may then ontinue running. After the spawned
method invo ation has eventually been exe uted, its return value will be stored
at the return address spe i ed in the invo ation re ord. Next, the spawn ounter
(the address of whi h is also stored in the invo ation re ord) will be de remented
by one, indi ating that there now is one less pending spawn. The syn operation exe utes work stored in the job queue, and waits for the spawn ounter to
be ome zero. When this happens, there are no more pending spawned method
invo ations, so the method may ontinue.
Serialization is Java's me hanism to onvert obje ts into a stream of bytes.
This me hanism always makes a deep opy of the serialized obje ts: all referen es in the serialized obje t are traversed, and the obje ts they point to are
also serialized. The serialization me hanism is used in Satin for marshaling the
parameters to a spawned method invo ation. Satin implements serialization on
demand: the parameters are serialized only when the work is a tually stolen.
In the lo al ase, no serialization is used, whi h is of riti al importan e for the
overall performan e. In the Manta system, the ompiler generates highly-eÆ ient
serialization ode. For ea h lass in the system a so- alled serializer is generated,
whi h writes the data elds of an obje t of this lass to a stream. When an obje t
has referen e elds, the serializers for the referen ed obje ts will also be alled.
Furthermore, Manta uses an optimized proto ol to represent the serialized obje ts in the byte stream. Manta's implementation of the serialization me hanism
is des ribed in more detail in [12℄.
The invo ation re ords des ribing the spawned method invo ations are stored
in a double ended job queue. A Dijkstra-like proto ol [6℄ is used to avoid lo king
in the lo al ase. Satin registers the invo ation re ords at the garbage olle tor,
keeping parameter obje ts alive when they are referen ed only via the invo ation
re ord, and not via a Java referen e. (Otherwise, the garbage olle tor might
free obje ts that are needed to exe ute the spawn operations, but are no longer
referen ed via the Java program). Satin's work stealing is implemented on top of
the Panda ommuni ation library [1℄, primarily using Panda's message passing
primitives. On the Myrinet network (whi h we use for our measurements), Panda
is implemented on top of the LFC [3℄ network interfa e proto ol. Satin uses the
eÆ ient, user level lo ks that Panda provides for prote ting the work queue.

4 Performan e Evaluation
We evaluated Satin's performan e using ten appli ation kernels. All measurements were performed on a luster of the Distributed ASCI Super omputer
(DAS), ea h ontaining 200 MHz Pentium Pros that are lo ally onne ted by
Myrinet. The ma hines run the Linux (RedHat 6.2) operating system.

4.1

Basi Spawn Overhead (Fibona

i)

An important indi ation of the performan e of a divide and onquer system
is the overhead of the parallel appli ation on one ma hine, ompared to the
sequential version of the same appli ation. The sequential version is obtained by
ltering the keywords satin, spawn, and syn out of the parallel program. The
di eren e in run times between the sequential and parallel programs is aused
by the reation, the en-queuing and de-queuing of the invo ation re ord, and
the onstru tion of the sta k frame to all the Java method. Fibona i gives an
indi ation of the worst- ase overhead, be ause it is very ne grained. Cilk is very
eÆ ient, the parallel Fibona i program on one ma hine has an overhead of only
a fa tor of 3.6 (measured on a Sun Enterprise 5000, with 167 MHz UltraSPARC
pro essors) [6℄. Atlas is implemented ompletely in Java and does not use ondemand serialization. Therefore its overhead is mu h worse, a fa tor of 61.5
(hardware unknown) [2℄. The overhead of Satin is a fa tor 7.25, substantially
lower than that of Atlas.
These overhead fa tors an be redu ed at the appli ation level by introdu ing threshold values that spawn only large jobs. For Fibona i, for example, we
tried a threshold value of 20 for a problem of size 45, so all alls to b(n) with
n <20 are exe uted sequentially, without using spawn. This simple hange to
the appli ation redu ed the overhead to almost zero. Still, 22:8  10 jobs were
spawned, leaving enough parallelism for running the program on large numbers
of ma hines. For Fibona i, the threshold an easily be determined by the programmer, while for other appli ations this may be diÆ ult or impossible. In
general, however, it still is important to keep the sequential overhead of a divide and onquer system as small as possible, as it allows the reation of more
ne-grained jobs and thus a better load balan ing.
The overhead for the other appli ations we implemented is mu h lower than
for the (original) Fibona i program, as shown in Table 1. Here, ts denotes the
run time of the sequential program, t the run time of the parallel program on
one ma hine. In general, the overhead depends on the number of parameters
to spawned methods. All parameters have to be stored in the invo ation re ord
when the work is spawned, and pushed on the sta k again, when exe uted.
6
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4.2

Parallel Appli ations

We ran ten appli ations on the DAS luster, using up to 32 CPUs. Figure 3
shows the a hieved speedups while Table 2 provides detailed information about
the parallel runs. All speedup values were omputed relative to the sequential
appli ations, with the Satin-spe i annotations removed from the ode.
There is a strong orrelation between measured speedup and the sequential
overhead value, as already shown in Table 1: the lower the overhead, the higher
the speedup we a hieved. In Table 2 we ompare the measured speedup with its
upper bound, omputed as the number of CPUs divided by the overhead on a single CPU. We also show the per entage of this upper bound as a tually a hieved
by the measured speedup. This per entage is very high for most appli ations,

Table 1.

Appli ation overhead fa tors, times in se onds.

appli ation
problem size
ts
t1 overhead
adaptive integration 0, 2.0E5, 1.0E-4 363.137 451.117
1.24
58, 29 1983.723 2071.333
1.04
set overing problem
bona i
41 65.517 475.133
7.25
bona i threshold
45 473.749 473.834
1.00
Iterative deepening A*
60 220.131 250.001
1.14
28 1064.220 1150.016
1.08
knapsa k problem
matrix multipli ation
1024 x 1024 137.982 141.742
1.03
n over k
34, 17 971.991 977.847
1.01
15 1861.318 1909.942
1.03
n-queens
prime fa torization
1234567890 874.504 930.954
1.06
traveling sales person
17 982.864 1352.617
1.38

linear
fib. threshold
n over k
n queens
prime factors
integrate
IDA*
TSP
knapsack
mmult
set cover
fibonacci

30
25

speedup

20
15
10
5
0
0
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Fig. 3.

Table 2.

10

15
20
number of processors

25

30

Appli ation speedups

Parallel performan e breakdown for 32 CPUs

#CPUs/ % max
appli ation overhead speedup overhead speedup jobs
integrate
1.24 26.09
25.81 101 % 63:3  106
1.04
6.85
30.8 22.2 % 51:0  106
set over
bona i
7.25
4.31
4.4 98.0 % 536  106
b. threshold
1.00 31.77
32.0 99.3 % 22:8  106
1.14 25.82
28.1 91.9 % 33:6  106
IDA*
knapsa k
1.08 12.36
29.6 41.8 % 33:5  106
mmult
1.03
9.49
31.1 30.5 % 37:4  103
n over k
1.01 31.27
31.7 98.6 % 1:05  106
1.03 31.02
31.1 99.7 % 2:47  106
n-queens
prime fa tors
1.06 28.98
30.2 96.0 % 33:6  106
tsp
1.38 22.79
23.2 98.2 % 200  106

stolen
2187
579
2906
1951
3866
417
8567
2458
3027
2609
3026

denoting that Satin's ommuni ation osts are low. The a tual per entage depends (like the sequential overhead) on the number of method parameters and
their total serialized size. Table 2 also lists the total number of spawned jobs and
the number of stolen jobs, whi h is less than 1 out of 400 for all appli ations,
ex ept for mmult. Be ause the number of stolen jobs is so small, speedups are
mainly determined by sequential overhead. A good example is Fibona i, whi h
a hieves 98% of the upper bound, but still has a low speedup due to the sequential overhead. Satin's sequential eÆ ien y thus is important for the su essful
deployment of the divide and onquer paradigm for parallel omputing.
Mmult does not get good speedups, be ause the problem size is small due
to memory onstraints, the run time on 32 pus is only 14 se onds. Also, mu h
data is transferred, in total over all CPUs, 31 MByte is sent per se ond. The
medio re speedup of knapsa k, a very irregular appli ation, is aused by load
imbalan e. The sear h spa e is pruned by both the weights and the values of
the elements in the knapsa k, making it diÆ ult to estimate the grain size of a
job. Therefore, many small jobs get stolen. The same holds for the set- overing
problem, where a large per entage of the time is spent in nding work. On 32
nodes, only 1.2 per ent of the work stealing attempts were su essful.

5 Related Work
We dis ussed Satin, a divide and onquer extension of Java. Satin has been designed for distributed memory ma hines, while most divide and onquer systems
use shared memory ma hines (e.g. Cilk [6℄). There is also a version of Cilk for distributed memory ma hines, alled CilkNOW [5℄, but it only supports fun tional
Cilk programs (without shared memory), and it does not make a deep opy of
the parameters to spawned methods. Our own previous work on parallel divide
and onquer [9℄ was based on the C language while having similar restri tions
as CilkNOW. Ali e [7℄ and Flagship [18℄ o er a hardware solution for parallel
divide and onquer programs (e.g., a redu tion ma hine with one global address
spa e for the parallel evaluation of de larative languages), while Satin is purely
software based, and does not require, or provide, a single address spa e.
Mohr et al. [13℄ des ribe the importan e of avoiding thread reation in the
ommon, lo al ase (lazy task reation). Satin also avoids reating threads in
the lo al ase, targeting distributed memory adds the problem of opying the
parameters of parallel invo ations (marshalling). Satin builds on the ideas of
lazy task reation, and avoids both the starting of threads and the opying of
parameter data by hoosing a suitable parameter passing me hanism.
Another divide and onquer system based on Java is Atlas [2℄. Atlas is not
a Java extension, but a set of Java lasses that an be used to write divide
and onquer programs. While Satin is targeted at eÆ ien y, Atlas was designed
with heterogeneity and fault toleran e in mind, and aims only at a reasonable
performan e. Be ause Satin is ompiler based, it is possible to generate ode
to reate the invo ation re ords, thus avoiding all runtime type inspe tion. The

Java lasses presented in [11℄ an also be used for divide and onquer algorithms.
However, they are restri ted to shared-memory systems.
A ompiler-based approa h is also taken by Javar [4℄. In this system, the
programmer uses annotations to indi ate divide and onquer and other forms of
parallelism. The ompiler then generates multi-threaded Java ode, whi h runs
on any JVM. Therefore, Javar programs run only on shared memory ma hines
and DSM systems, whereas Satin programs run on distributed memory systems.
Java threads impose a large overhead, whi h is why Satin does not use threads at
all, but provides light weight invo ation re ords. There are many other proje ts
whi h use Java for parallel pro essing, for instan e [14℄ and the work referen ed
in this paper.

6 Con lusions and Future Work
We have des ribed our experien es in building a parallel divide and onquer system for Java, whi h runs on distributed memory ma hines. We have shown that
an eÆ ient implementation is possible by hoosing onvenient parameter semanti s. An important optimization is the on-demand serialization of parameters to
spawned method invo ations. This was implemented using expli it invo ation
re ords. Our Java ompiler generates ode to reate these invo ation re ords for
ea h spawned method invo ation. We have also demonstrated that divide and
onquer programming an be leanly integrated into Java, and that problems
introdu ed by this integration (e.g., through garbage olle tion) an be solved.
Our ultimate goal is to use Satin for distributed super omputing appli ations
on hierar hi al wide-area lusters. We believe that divide and onquer programs
will map eÆ iently on su h systems, as the model is also hierar hi al. Our intention is to arry out resear h on the s heduling of divide and onquer programs
on hierar hi al wide-area systems.
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