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Abstract

The rising availability of multiprocessing platforms has increased the importance of providing pro-
gramming models that allow users to express parallelism simply, portably, and efficiently. One popular
way to write parallel programs is to use threads for concurrent sections of code. User-level threads
packages alow programmers to implement multithreaded programs in which thread creation, thread
management, and thread synchronization are relatively inexpensive.

Fine-grain programs are multithreaded programs in which the work is divided into a large number
of threads, where each thread contains a relatively small amount of work. The potential benefit of large
numbers of threads include easier load balancing, better scalability, greater potential for overlapping
communication and computation, and improved platform-independence. However, fine-grain programs
are largely considered inefficient due to the overheads involved in managing numerous threads. In this
paper, we survey several thread packages that take different approachesto the problem of efficiently sup-
porting the creation and management of large numbers of fine-grain threads. Each package is compared
based on its level of support of the general thread model as well as its performance on a set of fine-
grain paralel programs. We find that while the thread packages we tested may support medium-grain
parallelism efficiently, they do not always support fine-grain parallelism. Although no package supports
fine-grain parallelism and a general thread model, we believe that it can potentialy be done with help
from the compiler.

1 Introduction

A process is an abstraction of aphysical processor. It isused to make systems programming easier to design
and implement, both inside and outside of the operating system (OS) kernel. Typically, a process consists of
the CPU state, the kernel stack, aworking directory, open file descriptors, asignal table, the signal mask, the
user id, the group id, and a memory map. The CPU state includes a stack pointer (SP), which points to the
current activation frame on the stack, the program counter (PC), which references the current instruction,
and the remaining registers that store other global and local data.

Concurrency is achieved by allowing several independent processes to exist at the same time. They are
scheduled by the kernel, one at a time, to run on the CPU. As a result, if a process is waiting to access
the disk or other 1/O device, another process can be run while the first is idle. This model extends to a
multi processor, where each processor can run a process simultaneously.

*This research was supported by National Science Foundation Grant CCR-9733063.



Unfortunately, switching from one process to another introduces a large amount of overhead. The CPU
state and the other process information must be stored, the TLB is typically flushed and reloaded, and the
next scheduled process must restore its own CPU state and other information before executing. Communi-
cation between processes is also cumbersome.

A thread is a lighter-weight process developed to overcome many of these shortcomings. Multiple
threads can exist within aprocess and will share the memory map, the file descriptors, code, and global data.
Thethreads themselves consist only of aprogram counter, stack pointer, stack, general purpose registers, and
asmall amount of additional thread management information. The lower overhead of threads makesit much
easier to achieve speedup in parallel programs in which athread is assigned to each logically independent
unit of work. On the other hand, due to the larger overhead, the use of multiple processes can result in
speedup only if each process performs a significant amount of computation.

Many operating systems are implemented using kernel threads, which are created by the OS to perform
various internal tasks such as scheduling, running user programs, and handling page faults. To protect the
kernel from errant user programs, such tasks are executed in kernel space, and user programs that access the
disk or otherwise interact with the kernel are required to make a system call. Such acall causes a switch to
kernel space, execution of the desired task, and areturn to user space.

User threads, on the other hand, are those that are created by a user to take advantage of concurrency in
the code. User threads have the advantage that the kernel need not be involved in creation, scheduling, and
context switching. Thisavoids excessive user-kernel boundary crossings. Such crossings must be minimized
in order to achieve good performance when tens or hundreds of thousands of threads are created. Because
thisis often the case in very fine-grain parallel programs (see below), in this paper we focus exclusively on
user-level threads packages.

The purpose of this paper is to evaluate four user-level threads packages: Cilk [BJK"95, FLR98], Fil-
aments [FLA94, LFA96], Lazy Threads [GSC96] and StackThreadssMP [TTY 96, TTY99]. Each claims
to provide support for large numbers of efficient, fine-grain threads. We compare these packages in two
ways. First, we examine how closely each package supports the thread model that is generally accepted
by programmers of multithreaded applications. Second, we measure the performance of each package on
benchmarks that create huge numbers of threads, where each thread performs little work. We examine both
the overhead relative to a sequential (single-threaded) program as well as speedup when a second processor
is added. It isimportant to note that we are not testing these packages on a range of fine-, medium-, and
coarse-grain programs. We are focusing exclusively on how well each package supports fine-grain programs.

We found that each package excels in at least one dimension, but also has some drawbacks. The inte-
gration of Lazy Threads with a compiler allows it to support the general thread model and provide efficient
fine-grain paralelism, but the dependence on the compiler hampers portability. StackThreads/M P removes
this compiler dependence, but cannot efficiently handle (1) iterative parallel programs and (2) threads with
very little work. Filaments provides efficiency in fine-grain programs across multiple application domains,
but does not support agenera threads model. Finaly, Cilk ishighly scalable for medium grain applications,
but is inefficient when the granularity is much smaller. It also supports only recursive parallelism efficiently.

The remainder of this paper is organized as follows. Section 2 describes our general thread model, and
Section 3 discusses drawbacks and potential benefits of fine-grain threads. Section 4 introduces and exam-
ines four user-level threads packages that support fine-grain threads. Section 5 evaluates the performance of
each package with aset of benchmarks that use fine-grain parallelism. Finally, Section 6 presents a summary
of features for each package and concludes.



2 General Thread Mode

As discussed in the previous section, in order to examine each threads package relative to the generally
accepted threads model, we must define such a model. Our model is patterned after two popular threads
packages. Solaris Threads] PK B 91] and PThreads[Ber98]. It contains the following elements.

Creation: Threads can be created (often called forked) at any point during program execution.
The user specifies a procedure that the thread is to execute. Creation involves alocating space
for the thread descriptor and some amount of space for a private stack. The thread descriptor
holds the thread id, a pointer to its parent, a counter and/or pointers for any children created,
and other thread specific data,

Destruction: Upon completion, threads are deallocated, return values (if any) are stored, and
the parent of the terminating thread is notified of the status of the child.

Independence: A thread can continue after its parent terminates. A multi-threaded process will
not terminate until all threads have completed .

Blocking: Threads can voluntarily be suspended at any time (e.g., block) or can be involuntarily
suspended by the scheduler so that another waiting thread can be run. A blocked thread can
sleep for a specific amount of time or until a given condition is met. Threads typically block to
wait for /O, for another thread to finish (often called join), or for accessto alock or other form
of synchronization (see below). Blocked threads may be resumed by the scheduler at any time
after the condition is met. Note that in atypical fork/join model, athread forks n threads and
then joins on some or all of them.

Synchronization: Since threads can share code and global data, amechanism is necessary to pre-
vent multiple threads from accessing the same location at about the same time, where at least
one thread writes to that location. This race condition will cause nondeterministic (and some-
times fatal) results from one execution to the next depending on how the threads are schedul ed.
Race conditions can be circumvented by allowing only one thread to access global dataat atime
using locks inserted by the programmer around these critical sections of code. Other constructs
such as semaphores and condition variables [And0Q] can be used to ensure that threads access
shared data in the proper order.

3 Fine-Grain Parallelism

One way to implement a parallel program for a multiprocessor machine with p processors is to divide a
program into p units and create one thread per unit. The size of the division isreferred to asthe granularity.
Theleft-hand side of Figure 1 shows a coarse-grain division; the advantage to such divisionsisthat only the
exact number of threads needed are created; consequently, any thread overheads (see below) are minimized.
The disadvantages to a coarse granularity are (1) the programmer isrequired to divide the work into p units,
which limits the portability of the code, and (2) if the units do not contain an equal amount of work or the
processors are of different speeds, one processor may become idle while another completes a majority of
the work, which reduces scalability and makes balancing the load between processors more difficult.

The other extreme is a fine-grain program, in which each unit encompasses a small, independent part
of the computation. (See the right-hand side of Figure 1.) With traditional threads packages, the overhead
for creating the threads far outweighs the benefits gained from creating massive paralelism. On the other

! Some newer, thread-friendly, operating systems will terminate the process if no threads are runnable (ie, two threads waiting
for each other to complete).
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Figure 1: Three vectors are used to calculate C = A + B. In (@), the vectors are divided into two parts
(coarse-grained) with one thread per division. Each processor will execute one thread and complete half of
the work. In (b), the vectors are divided into many parts (fine-grained) with each part being controlled by a
single thread. Each processor executes a number of threads but still completes half of the work.

hand, automatic code generation is simpler since parallelism can be created based on loops or recursive
procedure calls instead of clustering work into some number of larger units (usually based on the number
of processors). Also, the programs are more scalable since the number of threads created will usually be
much more than the number of processors on the system. Asaresult, load balancing is simplified; when one
processor completes its work, another waiting thread can be run. Note that a particular fine-grain threads
package can implement load balancing through (1) work stealing, where idle processors stea threads from
busy processors, (2) work sharing, where busy processors donate threads to idle processors, or (3) explicit
scheduling on another processor. Section 4 has more details on the load balancing techniques of the thread
packages.

Iterative and divide-and-conquer applications alike can be ideal for fine-grain parallelism. The vector
sum in Figure 1 shows an iterative application; with fine-grain parallelism, the concurrency is expressed in
terms of the application, not the architecture. Divide-and-conquer programs can use a fine-grain thread to
execute each independent recursive call in parallel. Thereisoften no simple analogous coarse-grain program
(a coarse-grain, bag-of-tasks algorithm [And0Q] approximates the fine-grain program but is significantly
more difficult to code).

Fine-grain paralelism is not without significant potential costs, however. Each thread-related action
introduces some small amount of overhead to the program in the following ways:

1. The cost of creating, scheduling, and terminating a thread introduces additional overhead compared
to calling the procedure directly.

2. When threads access the same data, additional code is required to prevent race conditions and other
unexpected results.

3. Since threads can be scheduled in any order, some efficiency is lost because most compilers are
designed to optimize loops. When threads are created for individual loop iterations, as is often the
casein parallel programs, these optimizations are lost.

4 Fine-Grain Threads Packages

A number of research groups have developed methods for the efficient support of fine-grain threads. Cilk
([BIK 95, FLR98]) uses atheoretically efficient scheduler and arestricted thread model to efficiently man-
age threads. Concert[PKZA, CKP93] isafull compiler designed with heavy optimizations for efficiency of
multithreaded programs. Filaments ([FLA94, LFA96]) aso restricts the thread model to reduce the over-
head involved with creating alarge number of threads. Lazy Threads [GSC96] is built into the compiler and



uses an efficient method of stack management that can support fine-grain threads. Finally, StackThreadsMP
([TTY96, TTY99]) attempts to reduce the cost of athread to that of a standard procedure call. Each of these
packages (with the exception of Concert?) will be discussed in detail in this Section, and Section 5 eval uates
the performance of these packages.

4.1 Cilk

Cilk was developed at the Massachusetts I nstitute of Technology and has been an ongoing project since 1992.
Cilk-5.2, the current version, comes with a compiler, runtime system, race detection tool, source code, and
documentation, which can be found at the Cilk Project web site http://supertech.|cs.mit.edu/cilk/index.html.

Cilk currently runs on Sparc Solaris, Linux PC, SGI/IRIX, and Alpha/OSF, and requires the GNU C
compiler (gcc- 2. 7. x is recommended). Currently, Cilk supports SMPs, and a recent release supports
distributed machines as well.

411 Cilk API

The original version of Cilk encouraged a continuation passing style of programming, which is different
from typical fork-join semantics in that a continuation (a second thread) must be created. Return values
from child threads are then passed to the continuation. In this style, parent threads cannot simply block and
wait for their children to finish. It forces programmers to drastically restructure their applications to make
use of these continuations. However, the most recent version employs an APl that hel ps make programming
easier. By using three simple keywords, a C-program can be converted into an equivalent Cilk program with
minimal effort. A simple example of this can be seen in the Fibonacci example in Figure 2.

In the Fibonacci program (Figure 2), the results of fi b(n-1) and fi b(n-2) can be computed in
parallel using fork and join. The keyword cilk indicates that the function is potentially parallel, spawn isthe
equivalent of the traditional fork that indicates the creation of parallelism, and sync blocks until al children
spawned in the current scope have completed. By removing the keywords, the Cilk program can aso be
compiled and run sequentialy by atraditional C compiler. For a Cilk program, the ci | k2c compiler uses
| ex to convert these keywords into a parallel C program that can be compiled by gcc.

Finaly, Cilk provides routines for synchronization through the use of traditional locks in the functions
Gl k1 ock() andCi | k_unl ock() which access a built-in Cilk lockvar type. Caling Ci | kI ock()
will block the current thread if the lock is already held until the lock is released.

4.1.2 Cilk Mode and Implementation

Cilk employs a unique mechanism for efficient threads. Each Cilk thread is a non-blocking unit of work
that can be executed in parallel with other spawned threads. For a given state of aprogram, acall graph can
be constructed that indicates the dependencies, including the continuations necessary to follow Cilk’s hon-
blocking thread model. Figure 3 shows one state of the call graph for the Fibonacci program. In this graph,
horizontal lines represent continuations or successor threads, downward diagonal lines represent spawned
threads, and upward diagonal lines show the dependencies between threads. In other words, threads B, B’
and C can not begin execution until they are created by thread A, and thread C can not run until A, Band B’
are finished.

This example demonstrates two important things about the Cilk model. First, since Cilk threads can-
not block, the simplest way to implement fork-join semantics supported by the traditional thread model is
to spawn a continuation thread (in this case, thread C) to run only after thread B and B’ have completed.

2Unfortunately, Concert was not implemented for the test platform used in this paper and is no longer under devel opment.



CILK int fib (int n) {

if (n<2)
return 1;
el se {

X = SPAWN fib(n-1);
y = SPAWN fib(n-2);
SYNC,

return (x+y);

}
}

CILK int main (void) {
int total = SPAWN fib(20);
SYNC,
printf ("Fibonacci of 20 = %d\n", total);
return O;

Figure 2. An example Fibonacci program implemented using Cilk. Keywords specific to Cilk are capital-

| B

Figure 3: AspawvnsBand B' tocaculatefi b(n-1) andfi b(n-2) respectively. C must wait until both
B and B’ have returned, because C must use the values computed by B and B’ to calculate the sum.

Fortunately, the ci | k2c compiler does this implicitly by transating the spawn and sync keywords men-
tioned above into an equivalent Cilk program. Second, all thread callsin Cilk can be diagrammed in this
way, producing adirected acyclic graph that can be used to algorithmically analyze and prove the efficiency
and correctness of the Cilk’s work-stealing scheduler, which is based on a modified Dijkstra algorithm for
mutual exclusion [Dij65].

Figure 4 demonstrates how wait queues can be structured to alow efficient work stealing. When a
processor is idle (has no work to do), the Cilk scheduler first chooses a processor p at random and then
selects afree thread from the highest level queuein p’scall tree. By stealing the highest-level thread possible
(and consequently al of its children and successor threads), the thief is receiving a significant amount of
work and more efficiently balancing the load. If, by contrast, the lowest level thread were selected, only one
thread would be stolen. The thief would then complete the work and have nothing more to do, forcing it
to make multiple steals instead of just one. Since stealing introduces arelatively large amount of overhead,
multiple steals should be avoided. In a recursive program, this algorithm works well, as each high-level
thread is more likely to have more descendants, and consequently, more work.

4.1.3 Advantages and Disadvantages of Cilk

Perhaps the most notable advantage of the Cilk package is the near-perfect speedup achieved as compared
to the single processor version of the Cilk program. Doubling the number of processors doubles the per-



OO O
\ /
Leve 2

Figure 4: Structuring a queue at each level of thread creation aids in an efficient work stealing algorithm.

formance of the Cilk application. It is important to note that the near-perfect speedup is not speedup as
compared to the sequential program, but as it compares to the single processor version of the Cilk program
(see Section 4 for details).

As with any threads package, there is overhead introduced in a one-processor (single-threaded) Cilk
version of an application. With Cilk, this is especialy significant; Cilk one-processor programs always
run much slower than their sequential counterparts in our tests. Unfortunately for Cilk, some applications,
such as the Fibonacci program, can be as much as nine times slower than a sequential version of the same
program. Another notable disadvantage of Cilk isthat it relies on divide-and-conquer algorithms to produce
efficient speedup through the use of the load balancing scheduler (see section 3.1.2).

Consider the call tree for an iterative program such as Jacobi iteration example in Figure 5. Each thread
created would be a leaf node in the tree, and if stolen, only a small amount of work is migrated. Conse-
guently, many more steal attempts are required in order to balance the load on the system, which in turn
results in a significant decrease in performance of the parallel program. Transforming this algorithm into a
divide-and-conquer style agorithm in Figure 6 will produce more efficient load balancing and better speedup
as aresult, but the transformation may not be atrivial task (for example, with LU decomposition, it is not).
Rewriting iterative applications to take advantage of the recursive nature of Cilk is unfortunately Ieft to the
burden of the programmer. As a side effect of this transformation, many compiler loop optimizations are
aso lost.

4.2 Filaments

Filaments was originally developed at the University of Arizonain 1993 but is currently being maintained
at the University of Georgia. Filaments contains the runtime system, source code and documentation, and is
available for download from http://www.cs.uga.edu/~dkl/filaments/dist.ntml (a 516K .tar.gz file).

The current version runs on Sparc/Solaris, X86/Solaris, X86/Linux, and SGI/IRIX. Filaments supports
either shared memory machines or distributed memory systems —mixed platforms are not supported.

421 FilamentsAPI

The Filaments library includes a number of macros and procedure calls to aid the programmer in writing
Filaments programs. Routines exist to initialize the package, allocate and control memory, and to create
fil ament s (lightweight threads). Fork-join and iterative algorithms use separate library routines, which
makes the package more efficient for each type of program. In the Fibonacci program in Figure 7, the
recursive fi b() procedure is replaced with a Filaments header f i | Decl ar eFJHeader (... ), which
has as parameters the return type, the name of the function, the type of the parameter, the parameter name,
and the body of the function. The function fi | Creat eFJFi | anent (. ..) indicates the creation of
parallelism (fork) and f i | Joi nFJFi | ament () synchronizes the forked threads (join).

In the body of the main function of Figure 7, the package initialization routines and other miscellaneous
functions are invoked. Functionfi |l I nit Fi | ament s() initiaizes the runtime system and f i | Set K-

3Current research in Filaments is working on support for mixed systems.



cilk void update(int i, int j) {
doubl e tenp;
newi][j] = (old[i][j-1] + old[i][j+1] + old[i-1][j] + old[i+1][j]) * 0.25;
tenp = (old[i][j] - newi][j]);
if (temp < 0)
tenp = -tenp;
G I k_I ock( mut ex);
if (nd < tenp)
md = tenp;
Ci | k_unl ock(mutex);

cilk int main (int argc, char* argv[]) {
doubl e** tenp;

n = atoi(argv[1]);

maxiters = atoi (argv[2]);

Gl k_lock_init(nutex);

/* Not Shown: Allocate and Initialize Matrices */

while (numters < nmaxiters) {
md = 0.0;
for (i =1; i < n-1; i++4)
for (j =1, j < n-1; j++)
spawn update(i, j);
sync;
tenp = old; old = new, new = tenp;
num ters++;
}
printf ("Done. nd: %\n\n", md);
return O;

Figure 5: A simple Jacobi iteration example in Cilk.



cil k doubl e updateR(int startl, int stopl, int startJ, int stopJd) {
double t1, t2, t3, t4;
int i, j, mdpt;
doubl e maxdi ff = 0.0;

if ((stopl - startl) < 2) {
maxdi ff = 0.0;
for (i = startl; i <= stopl; i++)
for (j = startd; j <= stopd; j++) {
newl[i][j] = (oldl[i-1][j] + oldi[i+1][j] + oldl[i][j-1] + oldl[i][]j+1]) * O.25;
if ((t1 = newl[i][j]-oldl[i][j]) < 0)
tl1 = -t1;
if (t1 > maxdiff)
maxdi ff = t1;
}
return maxdi ff;
} else {
m dpt = (stopl-startl)/2;
t1l = spawn updateR(startl, startl+mdpt, startJ, startJ+ni dpt);

t2 = spawn updateR(startl, startl+m dpt, startJ+m dpt+1l, stopJd);

t3 = spawn updateR(startl+m dpt+1, stopl, startJ, startJ+m dpt);

t4 = spawn updateR(start! +ni dpt+1, stopl, startJ+nidpt+l, stopJd);
sync;

/* Not Shown: Set nmaxdiff to the Greatest of (t1, t2, t3, t4) */
return maxdiff;

}
}
cilk int main(int argc, char **argv)
{
while (nunmiters < maxiters)
{
nmd = 0.0;
md = spawn updateR(1, n-2, 1, n-2);
sync;

tenp = old; old = new, newl = tenp;
nuniters++

Figure 6: A recursive implementation of Jacobi iteration.



fil Decl areFJHeader(int, fib, int, n,

{
int ri;
int r2;

if (n <= 2)
return 1;

el se {
filCreateFJFilanment(fib, rl, n-1);
filCreateFJFilanment(fib, r2, n-2);

filJoinFJFi | ament ();

return rl+r2;

}
b

int main (int argc, char *argv[]) {

fillnitFilanments();

fil Set Kernel (F_FJ_KERNEL) ;
fil Enabl eLoadBal ance();
fil SetPrune(...);

filCreateFJFilanment1(fi b, answer, n);

filStartFil anents();

Figure 7: An example Fibonacci Sequence program implemented using Filaments.

er nel () chooses between fork-join or iterative filaments. With fork-join filaments, f i | Enabl eLoad-
Bal ance() alows work-stealing to occur if aprocessor isidl¢ and fi | Set Prune() setsthe pruning
threshold®. Finally, the package isinitialized and the first thread isrunwhenf i | Start Fi | anment s() is
called, and the return of this function serves as an implicit join implying that the initial forked filament has
completed.

An iterative algorithm that uses the Filaments library can be seen in the Jacobi iteration in Figure 8.
Similar to fork-join Filaments, a macro surrounds the updat e() function with two integer arguments i
and j , but in this case there is no return argument. Next, the function f i | Updat eRedVar () updates a
special shared variable called areduction discussed in section 3.2.2.

In function mai n( ), after the initialization of memory, the reduction variable and the package itself,
filaments are divided among separate processor pools for locality. Each processor runs filaments from its
own pool until that pool is either empty or blocked due to aremote data referencé. A phaseisacollection of
pools and in this case, it represents one complete Jacobi iteration. The number of iterations runis determined
by the reduction variable maxdi f f .

“Dynamic load balancing is not performed when executing iterative Filaments; the work must be divided up by the programmer,
acompiler such as SUIF [HAA96], or arun-time system such as Adapt [HLOO].

5See section 3.2.2 Filaments Model and Implementation for details.

A remote reference occurs only in a distributed environment when accessed data is on another node.

10



fil Decl arelterHeader (update, int, i, int, j,

{
doubl e tenp;

newi][j] = (old[i-1][j] + old[i+1][j] + old[i][j-1] + old[i][j+1]) * 0.25;
if ((tenmp = newi][j]-old[i][j]) < 0)
tenp = -tenp;
fil Updat eRedVar (maxdi ff, tenp, <);
})

int main(int argc, char *argv[]) {
int n; /[* Initialized to matrix size */
fil Reset Reduction(fil Get RedNane(maxdi ff), R MAX, T_DOUBLE);

fillnitFilaments();
fil Set Ker nel (F_| TERATI VE_KERNEL) ;

/* Create a phase for each iteration in which update() is called */
phase = fil Creat ePhase(2, update, checkConvergence, 0);

/* Create a pool (queue) for each processor */
pool = fil CreatePool (phase, (n-1)*(n-1));

for (i =1; i <n-1; i++)
for (j =1, j < n-1; j++)
filCreatelterFilament(pool[i*n/p], i, j);

filStartFilaments();

Figure 8: An example Jacobi Iteration program using the Filaments package.

11



4.2.2 Filaments Model and Implementation

Each filament is alightweight, non-blocking, stackless thread that is an independent unit of work. Each one
may also contain a shared function pointer and the arguments to that function. For an iterative filament, each
phase contains the pointer to the function caled by each filament. In addition, afork-join filament contains
apointer to its parent, acounter representing the number of children, and aplace to the store the return value
(if any). One server thread per processor executes the filaments. Filaments also uses macros and inlining to
reduce the overhead and eliminate loss of compiler optimizations introduced by procedure calls. In addition
to this, there are optimizations specific to either the fork-join or the iterative type.

After anumber of fork-join filaments are created, any filament created that would exceed a user-specified
pruning threshold, p, are run sequentialy, eliminating any overhead due to the creation of further paral-
lelism. If the number of existing filaments drops below p, the next filament created will include the nec-
essary paralel code. If p islessthan the number of processors in the system, some processors will remain
idle. With an algorithm such as the Fibonacci sequence where the work per filament is small enough that a
condition statement would comprise a substantial percentage of work per filament, another function header,
fil CreateFJFilament Opt (...),can be used. It eliminates the condition on p once the threshold
is reached by executing an equivalent sequentia function provided by the programmer. Since this func-
tion lacks any parallel code, the subtree will run to completion on that processor without creating additional
parallelism’. Filaments accomplishes work stealing of fork-join filaments with asimple round-robin scheme
of taking filaments from the head of a processor queue, using locks for synchronization.

The effects of the cache on the efficiency of programs has also been considered by the designers of
Filaments. For an iterative program, al filaments are created before the runtime system starts. As aresult,
for work done by shared code, the code pages should safely remain in the cache. Next, for an iterative
phase, the filamentsin that phase are executed in a’back-and-forth’ pattern. By executing the last filaments
of phase k first in phase k+1 the filament descriptors and argument data for the first few filaments should
still be in the cache during the later iteration. Finally, Filaments includes an option to analyze the pattern of
execution of iterative filaments. If aregular pattern, such as aloop, is discovered, the Filaments package,
during runtime, switches to code that iterates over the filaments to generate arguments in registers rather
than loading them from memory.

With the help of the programmer or a compiler, the Filaments scheduler can also overlap computation
and communication. If a filament incurs a remote access, instead of continuing to the next filament, the
entire pool containing that filament is suspended. Because of data locality, by placing filaments that access
the same data into the same pool, repetitive remote accesses on the same page can be circumvented. While
the pooal is blocked, the Filaments scheduler can execute filaments from an alternate pool (if available) until
the remote data is available. Finally, pools that incurred remote accesses on previous phases are scheduled
to execute first in subsequent iterations. By doing so, remote communication is incurred sooner and the
scheduler can execute other pools during communication.

The Filaments library does not include explicit locks and as a result, reductions are used ensure the
safety of shared memory accesses. A reduction variable is a logicaly shared variable for which a copy
exists on each node. Accessto reductions isrestricted to the use of library routines and may only be updated
using an associative/commutative operators such as addition or maximum. Performing a check on a shared
memory system causes a single node to step through the array of values performing the reduction operation
for each value. Filaments uses a standard fan-in algorithm to collect the values on a distributed system and
then broadcasts the results to all nodes.

A potential problem with load imbalance may arise with pruning (see section 3.2.4 for details).
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4.2.3 Advantages and Disadvantages of Filaments

The differentiation of Filaments between fork-join and iterative filaments is both its greatest advantage as
well asits most notable disadvantage. Primarily, this separation alowed the devel opers of Filamentsto opti-
mize each type of filament individually without sacrificing performance of the other. Asaresult, algorithms
using either type of filament run efficiently and produce good speedup. Also, Filamentsisimplemented with
routines for both shared and distributed memory systems. Through this diversity with fork-join and itera-
tive filaments, the package runs efficiently on awide variety of applications (see section 4 for performance
results).

Another advantage of the Filaments package is the ability to designate which node or processor to run
each filament. This allows the programmer or a compiler with knowledge of the application to divide work
initially to reduce work stealing and/or communication costs. Similarly, the programmer or compiler could
divide work among iterative pools to overlap communication and computation (described in section 3.2.2).
This is most easily done by a compiler that can analyze memory access patterns. It can be done by hand,
although it can be cumbersome to code.

The efficiency of pruning fork-join filamentswhen using fi | Cr eat eFJFi | arent Opt () isavalu-
able optimization to the Filaments package, but if the call tree is unbalanced, a heavily loaded branch may
cause other processors to remain idle while one processor completes a majority of the work. Filaments,
upon reaching the pruning threshold, will execute an entire subtree of the call graph sequentialy. If there
is no additional work available when other processors complete their work, they will remain idle while one
processors finishes.

The distinction between filament types, while efficient, forces the programmer to learn the interface for
both iterative and fork-join filaments. The Filaments runtime system also restricts the programmer to using
one type of filament for each call of fi |l Start Fi | ament s(). In an agorithm that may benefit from
both types of filaments, one type would be required to run sequentially, which reduces the potential for
parallelism.

It isimportant to note that filaments are not general threads. They were designed to be smaller and faster
than traditional threads, but as a result are more limited. They cannot assume independent control (i.e., if
one thread forks another, but does not join, the threads will not run concurrently, as would the general thread
model). Also, the programmer is left without the use of standard locks or semaphores that are available
with traditional threads, which means point to point synchronization is not possible. The use of reductions
is more efficient with iterative filaments, but larger critical sections of code introduce a new burden to the
programmer®.

4.3 Lazy Threads

Lazy Threads was created at the University of California at Berkeley in 1995. It was developed as a patch
togcc- 2. 6. 3 and runs on the CM5 and a cluster of Sparc workstations. Lazy Threads did not support
the shared memory platform used in our tests, but the stack management model, stacklets, included in the
package provides an efficient framework for fine-grain thread creation and execution.

431 Lazy ThreadsAPI

Lazy Threads isintegrated with the compiler and provides several compile-time options including different
representations of work in the parent, work queuing methods, and thread state management techniques
(including stacklets). Compilation creates several executables — each of which take advantage of various
combinations of the compile-time options.

8The programmer could use reductions to implement a basic lock, but this would be inefficient as compared to standard locks
in other packages.
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forkable int fib (int n) {
int x, vy;

if (n <= 2)
return 1;
{
pcal
pcal

I fib(n-1);
I
j oi n(

fib(n-2);

() X
Oy
)
}

return (x+y);

}
int nymain (int argc, char *argv[]){

all _start_threads() result = fib(n);

Figure 9: An example Fibonacci Sequence implemented using Lazy Threads.

Implementing a parallel algorithm using the Lazy Threads system requires inserting library calls into
the program. In the Fibonacci sequence example in Figure 9, the f or kabl e keyword indicates that the
procedure is potentialy parallel, pcal | () indicates the creation of parallelism, andj oi n() synchronizes
the running threads. The keywords pcal | and j oi n may only be used within af or kabl e function.
Finaly, al | _start _t hr eads() initializes the runtime system and runsthefirst f or kabl e function.

4.3.2 Lazy Threads Mode and Implementation

The goa of Lazy Threads is to efficiently support an unrestricted parallel thread model by minimizing the
overhead required to create and manage parallelism in a program. In order to do so, the developers of Lazy
Threads implemented severa different thread and stack management models—most notably the implemen-
tation of a stack layout caled stacklets. A stacklet is a contiguous region of memory on a single processor
that acts like anormal stack but contains enough extra information to handle independent threads of control
if necessary. Multiple stacklets can be allocated on a single stack to form a tree structure commonly known
as a cactus stack.

Each stacklet (Figure 10) consists of aframe area that holds any activation frames created by procedure
calls or forked threads (described later in this section) and a stub that stores the global information necessary
to manage the stacklet tree. Inside the frame area, activation frames are allocated and deallocated using
standard call-return semantics, updating the frame pointer and stack pointer appropriately. Following this
model, if the compiler can determine that a thread will run to completion without blocking, it is executed
exactly like a procedure call. If the compiler determines that the thread will block or if an explicit fork
is called, the thread is allocated on a new stacklet that can be run independently of its parent. Finaly, if
the compiler cannot determine exactly what the thread will do, and it has the potential to block, the thread
is executed as a parallel ready sequential call or PRSC. A PRSC contains enough added information to
allow independent control if necessary, but will behave exactly like a sequential call if the thread runs to
completion without blocking. Simplicity of memory management is preserved in this model because no two
frames within the same stacklet will ever contain free space between them.

A new stacklet may be created when athread has blocked. In Figure 11, the thread executing P() forks
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Figure 10: The basic form of a stacklet
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Figure 11: &) The current state of a stacklet where parent P() forksf oo() . b) f oo() has blocked and
control returned to P() , which forks bar () on anew stacklet.

foo() inthefirst stacklet and f oo() later blocks. Control returns to the parent P() , but an additional
pointer top remains pointed to the top of the used stack. In order to maintain call-return semantics found in a
traditional stack implementation, until f oo() completes, any future procedure calls or thread invocations,
such as bar (), are allocated on a new stacklet. Since P() is no longer on top of the stack, a simple
comparison between the stack pointer (sp) and top determines if a new stacklet is necessary. To prevent
unnecessary overhead, the compiler only adds this check to code where a PRSC is followed by either (1)
a procedure call or (2) another PRSC This is because the first PRSC (with the exception of the overflow
case described below) should have enough space in the current stacklet to execute like a procedure call. In
other words, no other threads (PRSCs) should be blocked above the current frame when the first PRSC is
executed.

After f oo() isresumed and eventually finishes, control must return to the parent to a location differ-
ent from the original return address. To avoid unnecessary overhead by passing two return addresses, the
compiler guarantees that the two return addresses are separated by a fixed number of instructions, allowing
asimple address addition to calculate the return point. Within stacklets, both parent and child have accessto
the child's return address. The parent can then modify the suspension return address if necessary to indicate
the proper return location within the parent. Among other optimizations, Lazy Threads uses code duplica-
tion to improve the efficiency of the synchronization between the parent and the children in the special case
when ajoin followsapair of forks. Basicaly, the parent updates the return address of the child to point to an
inlet that reflects the state of the parent. By creating one inlet for each possible state, proper synchronization
without additional checks or variablesis possiblée’.

If enough procedures are called without returning, the activation frames will eventually overflow the

Further details of this implementation can be found in [GSC96].
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stacklet. In this case, since there may be more memory available on the stack, a new stacklet is allocated
and the frame is created in the new location. Upon completion, the procedure in the new stacklet returns
through a stub handler function specified and control passes back to the original stacklet. The address for the
stub handler is stored below the bottom frame of a stacklet where the return address for a procedure would
normally be. In essence, the stacklet returns to the stub handler which deallocates the now empty stacklet
and returns to the parent stacklet (whose address is also stored in the stub).

In Lazy Threads, the creation of parallelism does not always create a full thread. Instead, a nascent
thread can be created and placed on a queue. A nascent thread consists only of a pointer to the parallel code
and can be instantiated at any time by an idle worker. This method of work stealing introduces no additional
overhead from creating the thread on the idle worker outright. If there are no nascent threads waiting, a
thief may steal an entire idle stacklet, which introduces alarger amount of overhead. The benefits of nascent
threads can be seen with an example of two forks followed by ajoin. Thefirst fork will be instantiated and
run immediately and the compiler can create a nascent thread for the second fork. The nascent thread can
then be stolen by a second processor if necessary.

4.3.3 Advantages and Disadvantages of Lazy Threads

With stacklets, Lazy Threads has introduced a unique method for thread management that supports an unre-
stricted thread model with a minimal amount of overhead introduced to a sequential (single-node) program.
A worst case overhead caused by stacklet overflow is one notable disadvantage. If a series of procedure calls
fills a stacklet, the next procedure call would be alocated on a new stacklet. Consider the case where this
procedure returns quickly and is called again repeatedly. A new stacklet would be allocated and deallocated
again for each call to the procedure, introducing a large amount of overhead to the program. A similar
situation occurs when a blocked thread is on top of the stacklet, and the parent makes a number of forks or
procedure calls, creating a new stacklet for each call.

In many cases, this situation can be circumvented during compile time. Since Lazy Threads was de-
signed as a compiler modification for gcc- 2. 6. 3, call graph analysis can be performed to determine the
best possible size for all of the stacklets to minimize the number of stacklet allocations. This analysis aso
aids the simple memory management scheme, ensuring that each stacklet is used efficiently. While integra-
tion with the compiler limits portability to a small degree, the unique form of stacklets would be difficult to
implement strictly in alibrary and far less efficient.

Because Lazy Threads did not support shared memory on the platform used in our benchmarks, wewere
unable to analyze its performance and measure speedup to compare to the other packages. However, on a
single processor, the compiler assistance alows fork and join to be as close to a procedure call and return as
possible.

4.4 StackThreadsdMP

The original idea for StackThreadsMP was developed in 1994 at the University of Tokyo, but the Stack-
Threads/MP library itself was not released to the public until early 1999. The most recent release includes

the StackThreads/MP library, source code, documentation, and patches for gcc-2. 7. 2. 3 and gcc-

2. 8. 119 which can be downloaded from the Stack Threads/M P web site http://www.yl.is.s.u-tokyo.ac.jp/sthreads/
ina900K .tar.gz file.

StackThreads/MP requires gcc (version 2.7.2.3 preferred) and GNU awk (version 3.03), and recom-
mended software includes GNU maeke (version 3.77). Currently, StackThreads/M P runs on SPARC and x86
based Solaris, Alpha and x86 based Linux, Digital UNIX, IRIX, Windows NT, and requires approximately
2 megabytes of disk space.

Dye to abug in the later versions of gec, StackThreads/M P requires the patch to ensure thread safety.
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void pfib (int n, int *r, st_join_counter *c) {

if (n<2) {
*ro=1; /* Wite the result */
st _join_counter finish(c); /* Announce current thread conpletion */

} else {
int a, b;
st _join_counter _t cc[1]; /* Create a join counter */
ST POLLINE) ; /* Work stealing and garbage collection */
st _join_counter _init(cc, 2); /* Initialize join counter to 2 threads */
ST_THREAD_CREATE(pfib(n-1, &a, cc)); /* Fork fib(n-1, ...) */
ST_THREAD_CREATE( pfib(n-2, &b, cc)); /* Fork fib(n-2, ...) */
st _join_counter wait(cc); /* Wait until forked threads are finished */
*r = a + b; /* Wite the result */
st _join_counter_finish(c); /* Announce current thread conpletion */
ST _POLLI NE) ; /* Work stealing and garbage coll ection */

}
}

int st_main() {
int n = 20, answer;

st _join_counter_t c[1]; /* Create a join counter */
st _join_counter _init(c, 1); [/* Initialize join counter to 1 thread */

ST_THREAD CREATE( pfi b(n, &answer, c));/* Create initial thread */
st _join_counter_wait(c); /[* Wait unitl forked thread has finished */

printf ("Fibonacci of % = %\n", n, answer);
return O;

Figure 12: An example Fibonacci sequence program including the necessary StackThreads/MP library rou-
tines.

441 StackThreaddMP API

The StackThreads'MP library implements several methods that are useful to parallel programmer. As
demonstrated by the example (Figure 12), a StackThreads/M P program is not simply atrivial transformation
from the original algorithm. In order to indicate the creation of parallelism, themacro ST. THREAD CREATE( )
is used, and to implement a fork-join protocol, an explicit join counter must be created and initialized by
the programmer. ST_POLLI NG ) is a macro that causes both the work-stealing algorithm and a simple
garbage collector to be run. The garbage collector frees dead frames from the top of the stack.

In addition to the join counter, the StackThreads/MP library also includes primitives for synchronization
such as semaphores, condition variables and locks, which may be accessed using methods similar to the
join counter type. Other interface routines provided by the library include functions for examining the stack
contents and some profiling tools.
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442 StackThreadssMP Model and | mplementation

StackThreads/M P does not employ the use of an additional preprocessor but instead relies on the library
routines and a postprocessor. The postprocessor isan AWK script that performs the following tasks. First, it
analyzes stack frame formats for procedure calls and attaches the analysis information to the assembly file.
Second, it adds to the epilogue code for each procedure . Specifically, if the procedure blocks, the epilogue
code is run (see below), but the procedure has not terminated; hence, the epilogue code must include this
case. Findly, the AWK script collects and updates the stack tables from al of the object files. Because
of this, programmers are only required to insert a few library calls in order to use the StackThreadssMP
package.

The goal of StackThreads/MP is to provide efficient fine-grain threads by reducing thread overhead to
that of a procedure call. In atypical procedure call of an imperative programming language, the context
of the caller is saved, and the parameters and the return address are placed above the stack pointer (which
points to the top of the current frame). Control isthen passed to the called procedure by updating the program
counter, moving the stack pointer to point to the new top of the stack, and moving the frame pointer to point
to the location of the old stack pointer. Once the procedure has finished, the context of the caller is restored
and control returns to the parent at the location specified by the return address.

In StackThreadssMP, the stack pointer always points to the first free frame on top of the stack. This
enables newly created procedures and threads to be placed in afree frame on top of the stack. Once alocated,
the thread can run as any other procedure would. Upon completion the frame is deallocated and the thread
returns to the caller just as any standard procedure call does with the addition of a couple of instructions?
to the epilogue code of the procedure.

When athread blocks, it sets a flag, executes its own epilogue code to restore the context of the parent
and then returns control to the parent. In previous StackThreads/M P versions, the frame was also copied to
the heap, but this was slow, and since frames were not guaranteed to resume in the same stack frame where
it was originally created, a problem arose for any architectures with absolute addressing. For example, if a
framef blocked and was consequently copied off of the stack, avariable x inf might be in a new location
oncef isresumed, and an absolute address would be incorrect for X. In the current version, frames are left
in place on the stack when they block!3.

For athread that has called a chain of procedures, or forked additional threads, this procedure is alittle
more complicated. Following the example in Figure 13, consider a parent thread P who forks a procedure
f oo(), which calls the procedure bar () . If bar () at some later point blocks, then the following events
occur. First, aframe for the bl ock() procedure is placed on top of the stack. Next, bl ock() modifies
it's own return address to jump directly to the epilogue code of bar () and modifies the return address of
bar () to enter a specia handler when returning. The handler then captures the context of f 0o, runs the
epilogue code of f 0o(') and returns control to P. By executing the epilogue code for each procedure in the
call tree, the context for the parent thread is guaranteed to be restored to the state when P originally called
foo() . Inasimilar manner, resuming a blocked thread occurs by reconstructing the call chain to return to
the point where the thread was blocked. This is done by recreating the contexts of the blocked frames that
are stored during the suspend call.

By using the core library routines provided in the library, a work-stealing algorithm is provided (called
by ST POLLI N& ) ) that performs a series of blocks and two resume actions (Figure 14). After Stack-
Threads/MP selects athread T to migrate, al threads above T on the stack are suspended (blocked). Next, T
is suspended and the parent thread of T resumes thefirst thread above T on the stack. Thethief then resumes

1 The epilogue code is the code executed at the end of every procedure to restore the context of the caller before returning.

12The number of instructions executed depends on whether or not the thread has blocked. A thread which has not blocked
executes only two additional instructions on a Sparc.

13This introduces a few problems such as stack fragmentation, etc. See section 3.5.3 for details.
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Figure 13: An example of how the chain of epilogue code is executed for a blocked thread. When f 0o()
blocks, the block runs the epilogue code for itself, for f oo() , and for bar before returning control to P.
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Figure 14: During thread migration, a) any threads above the selected thread T (consisting of any number of
activation frames) are suspended, b) T suspends, c) the parent of T restarts the threads above T, d) the thief
restarts T.

T using the context saved when T suspended. This agorithm, while simple, introduces significant overhead
when work is stolen.

In addition to the work-stealing algorithm, ST_POLLI NG() also performs garbage collection. Since
blocked threads are left on the stack, subsequent threads are placed above the blocked frames. The lower
threads can finish at any time, so the stack may become fragmented. The garbage collector checks the top
of the stack for dead frames, deallocates them, and moves the stack pointer down to the highest used frame.

4.4.3 Advantages and Disadvantages of StackThreadssM P

Since each thread is executed at nearly the same speed as a sequential procedure, StackThreads/MP is
efficient for programs where threads run to completion without blocking. By only adding a couple of
instructions in the epilogue code for each of these types of threads, in many cases, the performance loss for
the single-processor version as compared to the sequential program is minimal.

Unfortunately, StackThreadssMP has afew notable drawbacks. First, by leaving blocked frames on the
stack, if athread below the blocked thread finishes, the stack will become fragmented and in the worst case,
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#i ncl ude "st.h"

st _mutex_t *A; /* dobal Lock */

void foo() { void bar() {
st_mutex_|l ock(A); st _mutex_| ock(A);
ST_THREAD CREATE(bar ()); ST_THREAD CREATE(fo00());
st _mut ex_unl ock(A); st _mut ex_unl ock(A);

} }

st_main() {
st_mutex_init(A);
ST_THREAD CREATE(f o00());
}

Figure 15: An example that shows how a program with two threads foo() and bar that runs on a traditional
threads package can overflow the stack in StackThreadsMP.

Figure 15 shows an example that demonstrates how the stack can overflow. In this example, thread f oo()
creates bar () , and before running to completion, bar () recreatesf oo() ontop of the stack. This causes
an active frame to be on top of the stack at al times. Since dead frames are only deallocated when they
are at the top of the stack, this pattern will climb the stack and eventually overflow. On a standard threads
package, this example could run indefinitely, but would not crash.

Second, if athread executes a large number of procedures and eventually blocks far down in the call
chain, the epilogue code for each procedure must be executed until control returns to the root node of the
thread. Similarly, resuming control of such athread requires reconstructing the call chain, which introduces
alarge amount of overhead aswell.

Finaly, it is up to the programmer to insert ST_.POLLI N& ) calls to balance the load on the system.
While the StackThreadsyMP documentation details some theoretical ideas about where to insert polling
calls to achieve maximum efficiency, the most efficient placement depends on the structure of the program.
Unfortunately, each ST_POLLI NG ) call executes about ten additional instructions in addition to any frame
deallocation that may occur.

5 Experimentation and Results

5.1 Test Platform

Our test platform was a SUN Enterprise 3000 with two 248 MHz processors and 512 MB RAM. The ma-
chine runs Solaris 2.5.1, and we are using gcc- 2. 7. 2. 3", GNU nake version 3.76.1, and GNU | d
version 2.9.1. Since each package had a separate set of requirements, this was the most common environ-
ment for our tests.

5.2 Micro Overhead

In order to get a better understanding of the benchmark results, we measured three key thread overheads.
Figure 16 summarizes these results. The first row in the figure demonstrates that most packages do not
introduce any additional overhead for traditional procedure calls. The alternate stack protocol in Lazy

1The exception to thisis Lazy Threads, which was built into gcc- 2. 6. 3
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Overhead(ns) Sequential | Cilk | Filaments | StackThreadsMP | Lazy Threads
Empty Procedure 16.14 | 16.14 16.14 16.14 57.35
Empty Thread N/A | 2276 135.3 77.63 87.90
Joining Threads N/A | 598.2 335.5 623.7 | linstruction

Figure 16: Comparison of overheads in nanoseconds for each package.

Threads accounts for a majority of the overhead produced, but some loss of performance is due to the
version of gcc that is used as a base compiler for the package (Lazy Threads uses version 2.6.3 where the
other packages are tested using 2.7.2.3).

Creating and running a single thread introduces overhead, which is shown in the second row. Overheads
include thread creation, deallocation and any scheduling costs that may be incurred when running athread.
Our test measures the time it takes for each package to create and run one thread by creating one million
threads and taking the average. StackThreads/M P accomplishes one of its primary goals by being the cheap-
est in this category with Lazy Threads falling only a few nano-seconds behind. In both StackThreads/MP
and Lazy Threads a forked thread behaves much like a standard procedure call, resulting in minimal over-
head in this test. The overhead introduced is caused by the few instructions inserted to manage the frame
pointer (StackThreads/MP) or the stacklet structure (Lazy Threads). Competitively, Filaments, using macros
and inlining, introduces a dightly larger amount of overhead for each thread. And finally, due to an implicit
sync at theend of every ci | k procedure, Cilk performs the worst of the four packages.

The fina entry in Figure 16 represents the amount of time for a parent thread to join with a child
thread once it has completed. For Cilk programs, this value is significant because every ci | k procedure
upon termination implicitly joins with any child created in the context of the terminating procedure. Stack-
Threads/MP also introduces a large amount of overhead for this benchmark with itsj oi n.count er ma-
nipulations required for ajoin. Filamentsisless expensive than both. Finally, Lazy Threads outperforms all
other packages in this case by only introducing asingle instruction of overhead. The Lazy Threads compiler
and runtime system ensure that the return address of the child will always return to the proper location in
the parent, which eliminates the need for ajoin procedure.

5.3 Benchmarks

Many parallel agorithms can be broken down into either a divide-and-conguer or an iterative implemen-
tation. We measured the performance of two benchmarks from each category in an effort to (1) form a
comparison of the sequential program to the single-node parallel program (overhead), and (2) evaluate the
speedup with the addition of asecond processor. Note that we are not performing scal ability tests. Our focus
is primarily on the overhead of fine-grain programs relative to sequential ones; in general, it is harder for a
fine-grain threads package to compete on a single processor against a sequential program than it is for it to
get speedup'® There are circumstances with some packages where speedup is hard to achieve; this is what
we are trying to detect on the two-processor experiments (see the iterative benchmarks for more details).

Starting with a purely sequential algorithm, a parallel implementation for each package was devel oped
which is as closely modeled after the original sequential implementation as possible. In order to maintain
fairness, we have also attempted to make each parallel implementation as similar as possible. The results of
each benchmark are discussed below.

'5Even early fine-grain implementations of functional languages were able to often achieve perfect speedup on recursive pro-
grams [Gol88].
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doubl e quad (double a, double b, double fa, double fb, double area) {

double left, right, fm m aleft, aright;
[* conmpute mdpoint m*/
/* conmpute the area under the curve froma to m(aleft) */
/* conpute the area under the curve frommto b (aright) */
if (close enough)

return aleft + aright;
el se {

/* recurse, forking two new threads */

Fork(quad, left, a, m fa, fm aleft);

Fork(quad, right, m b, fm fb, aright);

Join(); /* Wait for Forked children to conplete */

return left + right;

Figure 17: Basic adaptive quadrature divide-and-conquer implementation.

5.3.1 Adaptive Quadrature

Adaptive quadrature is adivide-and-conquer algorithm used to approximate the area under a curve generated
by a continuous function. The example code below (Figure 17) demonstrates how the area is approximated
by dividing an interval in half and calculating the area of each of the smaller intervals using trapezoids. If
the sum of the two smaller trapezoids is close enough to the original interval, computation ceases. For finest
granularity, athread was created for each interval approximated.

All packages ran well in this benchmark producing relatively little overhead and good speedup as seen
in Figure 18. One minor problem was encountered in Lazy Threads in that there was a limit to the number
of parameters that could be passed to af or kabl e procedure. A simple work-around was implemented
by passing a structure with al the parameters. Unfortunately, as seen in Figure 18, this introduced alarge
amount of overhead to the program.

5.3.2 Fibonacci Sequence

The nth Fibonacci number can be computed using the algorithm given earlier (e.g., Figure 2). Each number
in the sequence is the sum of the two previous numbers and a recursive algorithm, while inefficient, is a
common benchmark that exercises fork-join parallelism. For finest granularity, we created a thread at each
recursive call.

The results of the tests (Figure 19) show that Filaments actualy runs slightly better than its sequential
counterpart. Thisis an anomaly which we cannot explain; we inspected the generated codes, which were
basically identical. The Filaments program should perform about identically to the sequentia program; this
is mainly because the pruning threshold (described in section 3.2.3) limits the number of filaments created
and most of the algorithm is executed sequentially*®. StackThreads/M P and Lazy Threads run with minimal
overhead, but Cilk runs quite abit slower. Aswith amajority of the test cases, the single-processor overhead
for Cilk is quite large. By removing the spawn and sync keyword from the Cilk program, the execution
time returns to that of asequential program, implying that the thread creation and management accounts for
al of the overhead. Also, when the number of threads increases (a higher value of n is given), both Cilk and
StackThreads/MP slow down tremendously; slowdown does not occur with Filaments.

16 See section 3.1.2 for details.
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Adaptive Quadrature
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Figure 18: Adaptive quadrature results. Due to alimitation in the number of parameters in a Lazy Threads
function, an implementation was used that passed a structure with the necessary parameters. Unfortunately,
this introduced a large amount of overhead to the Lazy Threads benchmark. (See text for details.)) Note:
Lazy Threads does not support shared memory and therefore does not have a two-processor performance
result.
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Figure 19: Fibonacci sequence results. Both Cilk and StackThreads/M P introduce a large amount of over-
head when the number of threadsincrease. Filaments pruning threshold limits the number of threads created,;
it should almost matches sequential performance, but for unexplained reasonsis slightly faster. Note that (1)
this chart uses a logarithmic scale, so the speedups are near perfect, and (2) Lazy Threads does not support
shared memory and therefore does not have a two-processor performance result.

23



void update (int i, int j) {
} Blilljil = (Ali+1][j] + Ali-1][j] + ALi][j+1] + A[i][j-1]) * 0.25;

int main (void) {
Matrix **A, **B; /* Initialized to a 2-D matrix of size N */

for (i =1; 0 < N1; j++) {
for (i =1; i < N1; i++) {
Fork(update, i, j);
}
}
Join();

swap(A, B);

Figure 20: A generic implementation of the Jacobi iteration which creates one thread per point
(For k() )and then waits for all threads to return (Joi n() ).

5.3.3 Jacobi lteration

The Jacobi iteration is a finite difference method used to solve Laplace’s and other similar equations. It
iteratively updates each point based on its neighbors until convergence. We achieve the finest granularity by
creating athread for each point in the matrix as seen in the example in Figure 20.

Unfortunately, this naive implementation does not provide speedup in either StackThreads/MP or Cilk
(Figure 21). After verifying that roughly half the work was being done by each processor, we determined that
because both of these packages rely on polling to achieve parallelism, the simple implementation produces
significant overhead from work stealing and that the application actually runs slower than its sequentia
counterpart. In essence, when work is stolen in a divide-and-congquer algorithm, a thread and al of its
children are stolen. On the other hand, in an iterative algorithm such as a Jacobi iteration, all of the threads
are on a single level and a work stealing request only takes a single thread. This causes repeated work
stealing requests to occur.

In order to efficiently use Cilk and StackThreads/MP it was necessary to rewrite the Jacobi benchmark in
adivide-and-conquer style seen in Figure 22. With a more complicated algorithm, this transformation may
be more challenging, and because of the added procedure calls and maintenance involved with arecursive
programs, the implementation runs slower than its sequential counterpart (Figure 21). This program does,
however, produce more efficient speedup for Cilk and StackThreads/M P which can also be seenin the results
in Figure 21. However, neither implementation runs as efficiently as the original sequential version — even
after a second processor is added.

5.3.4 LU Decomposition

LU decomposition is the process of solving a system of equations by transforming a matrix A into two
sub-matrices L and U that are in lower and upper triangular forms respectively. At that point, the equation
Ax = b is easily solvable using forward substitution. Our test uses partial pivoting and creates a single
thread for each row of the matrix. The agorithm for a standard parale LU benchmark can be seen in
Figure 23.

Much like Jacobi, thisiterative style algorithm produces poor results (Figure 24) in both Cilk and Stack-
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Figure 21: Jacobi iteration results. The first chart shows that Cilk performs poorly with an iterative style
program. The second chart demonstrates that while slower, the recursive style of programming produces
more efficient speedup for both StackThreadsMP and Cilk. Note: Lazy Threads does not support shared
memory and therefore does not have atwo-processor performance result.

voi d updateR (int Startl, Endl, StartJ, EndJ) {
int Mdl, MdJ;

if (Endl == Startl)
IB[i}[J'] = (ALP+1[j] + Ali-1][j] + ALiT[j+1] + AliJ[j-1]) * 0.25;
el se

/* Divide the Matrix into 4 snmaller parts and recurse on each part */
Mdl = (Endl - Startl) / 2;
MdJ = (Endd - Startd) / 2;
Fork(updateR, Startl, Mdl, StartJ, MdJ);
Fork(updateR, Startl, Mdl, MdJ+1, EndJ);
Fork(updateR, Mdl+1, Endl, StartJ, MdJ);
For k(updateR, Mdl+1, Endl, MdJ+1, EndJd);
Join();
}
}

int main (void) {
Matrix **A, **B; [/* |Initialized to a 2-D matrix of size N */

Fork(updateR, 0, N, 0, N);
Join();
swap(A, B);

Figure 22: A recursive (divide-and-conguer) implementation of the Jacobi iteration.
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void parallel _lu(int myrow, int iter, int pivot, double **a) {

int i =0;
if (pivot !'=iter)

swap (&a[iter][i], &[iter][pivot]);
for (i =iter+l; i < n; i++)

a[nyrow] [i] = a[nyrow][i] - a[iter][i] * a[myrow][iter];

int main (int argc, char** argv[]) {

for (k = 0; k <n-1; k++) {
max = a[ k] [k];
pi vot = k;
for (i = k+1; i < n; i++4)
if (fabs(a[k][i]) > fabs(max)) {
max = a[k][j];
pivot = i;

}

if (pivot !'= k)
swap (&[Kk][k], &a[k][pivot]);

for (j = k+1; j < n; j++)
a[kl[j] = a[k][j] / a[k][k];

for (i = k+1; i < n; i++)
Fork(parallel lu(i, k, pivot, a));

Join();

Figure 23: A basic implementation of LU decomposition.
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Figure 24: LU decomposition results. Again, Cilk and StackThreadssMP are inefficient with a second
processor. With a recursive style program the speedup improves, but the single processor time is much
slower. Note: Lazy Threads does not support shared memory and therefore does not have a two-processor
performance result.

Threads'MP. Again, adivide-and-conquer algorithm would produce better results. Unfortunately, due to the
partial pivoting in this version of LU, arecursive solution is not a straightforward transformation from the
original version since the pivoting must be done sequentially. Aside from the pivoting, the LU algorithm
in Figure 23 can be transformed in a manner similar to the recursive Jacobi iteration above (Figure 22). As
seen by theresultsin Figure 24, Cilk and StackThreads/M P produce better speedup, but they still do not run
as efficiently as the sequential version of LU.

5.4 Discussion

Two significant conclusions can be drawn from the performance numbers of the previous section. First, on
our benchmarks, a single processor implementation of Cilk and StackThreads/M P applications introduces
a significant amount of overhead to the program. While multithreaded applications always introduce some
overhead for thread creation and scheduling, Filaments and Lazy Threads outperform the other two pack-
ages. For Cilk, this overhead is caused at least in part by the implicit sync call at the end of every ci | k
procedure. StackThreads/MP, on the other hand, creates overhead inthej oi n_count er manipulations re-
quired in fork-join applications. Very fine-grain applications written using these two packages only amplify
this overhead and make them unsuitable unless the granularity is larger. On the other hand, both Cilk and
StackThreads/M P perform well with threads with larger workloads. Indeed, Cilk may well be the package
of choice for medium-grain recursive parallel programs because of its excellent scalability.

The second conclusion that can be drawn from the performance charts is that while most of the packages
produce significant speedup for recursive (divide-and-conguer) style algorithms, only Filaments and Lazy
Threads includes the structure and the optimizations for producing efficient iterative fine-grain programs.
While Lazy Threads does not support shared memory, it is our opinion that the structure of stacklets and the
efficiency of the package would produce efficient speedup if shared memory were supported. Both Cilk and
StackThreads/M P use a polling method of work-stealing which are (for reasons described in Section 4.3.3)
inefficient for iterative programs.

We believe that Lazy Threads has the best potential when considering the combination of an unrestricted
threads model as well as an efficiently performing package. However, the cost is a very complicated im-
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Threads Thread Package | 1-Processor | Recursive Iterative Load

Package Model Impl. Performance | Paralelism | Parallelism | Balancing

Cilk Restricted Library® Poor® Efficient Inefficient Yes

Filaments Restricted Library Good Efficient Efficient Some*
Compiler

Lazy Threads Unrestricted | +Library Average N/A N/A Yes?

StackThreads/MP || Unrestricted | Library® Average Efficient Inefficient Yes

Figure 25: Summary of features for each package

“Cilk employs the use of a preprocessing script to convert ci | k keywords into C-statements.

®For fine-grain programs.

“Filaments |oad balances on fork-join filaments, but not iterative filaments.

4 Although Lazy Threads does not support shared memory, work stealing stacklets or nascent threads are provided (See Section
3.3 for details).

¢ StackThreads/MP includes an awk script that performs postprocessing on the generated assembly files.

plementation interwoven with the (gcc) compiler, which may be very difficult to port. Although thread
creation takes longer than we expected, which causes inferior performance when compared to Filaments,
we do not believe this overhead isinherent. Filamentsisagood choice for the specific subset of applications
it supports, at the expense of a relatively complicated APl and restricted thread model. StackThreadsMP
issimilar to Lazy Threads without the implementation headaches of modifying a large compiler. However,
there is no way to avoid additional code in thread creation aswell as synchronization, which hurts efficiency
on very fine-grain programs. Finally, Cilk isan excellent choice for medium-grain parallel programs.

6 Conclusion

This paper has presented a detailed overview of a number of user-level thread packages that efficiently
support fine-grain threads. With the ever-increasing availability (and rapidly decreasing cost) of shared-
memory multiprocessing environments and the simple and efficient load balancing provided by larger num-
ber of threads, this type of research is becoming more prevalent and more important to application level
programmers.

Figure 25 provides asummary of the packages evaluated in this paper and indicates a number of details
about each one. Beginning with the traditional thread model, only Lazy Threads and StackThreadssMP fully
support the functionality of the traditional thread model. Both Cilk and Filaments restrict the thread model to
help achieve efficiency. Neither of these packages allow threads to block and in doing so, they eliminate any
overhead created by context switching (except when threads are initially scheduled). Filaments, however, is
the only package that does not provide the programmer with alocking mechanism or other form of mutual
exclusion synchronization.

With the exception of Lazy Threads, all four packages are implemented around the compiler. Cilk
uses a preprocessor to convert keywords into C-statements and StackThreadsMP uses a postprocessor to
add additional stack management information to the intermediate assembly code. All packages use runtime
library calls, but only Lazy Threadsis built into the gcc compiler giving it a unique advantage over the other
packages. Intimate control over stack management and the elimination of extra calls required to access a
library can reduce the overhead for multithreading to a minimum.

Finally, each package includes some form of load balancing within the runtime system. Filaments, while
providing work stealing for fork-join filaments, does not implement a runtime load balancing mechanism
for iterative filaments. To its advantage, however, Filaments does provide the programmer with sufficient
means to divide the work among processors initialy. Both Cilk and StackThreadsMP fail to do so and
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instead rely on polling to produce a balanced load, which introduces additional overhead.

Each of the four packages performs well under certain conditions. Cilk is highly scalable and works
extremely well with coarser-grain threads. Filaments provides efficiency in iterative applications as well as
fork-join programs, at the cost of a more complicated and restricted model. StackThreads'MP reduces the
cost of thread creation to that of a procedure call, supports an unrestricted thread model, and is relatively
simple use; however, there are significant hidden overheads in very fine-grain programs. Finaly, Lazy
Threads produces the same procedure call-like efficiency, minimizes overhead for synchronization, and still
supports the full thread model; however, it does require significant compiler support. Asif often the case,
the best package depends on the application and the ability of the programmer.
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