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Wim Böhm and Walid Najjar
Colorado State University

Computer Science Department
Fort Collins, Colorado

fbohm,najjarg@cs.colostate.edu

Patrick Miller
CaeSoft Development

Tracy, California
patmiller@sisal.com

Abstract

Programming massively-parallel machine is a daunting
task for any human programmer and parallelization may
even be impossible for any compiler. Instead, the func-
tional programming paradigm may prove to be an ideal so-
lution by providing an implicitly parallel interface to the
programmer. We describe here the Sisal project (Stream
and Iteration in a Single Assignment Language) and its goal
to provide a general-purpose user interface for a wide range
of parallel processing platforms.

1 Introduction

The history of computing has shown shifts from explicit
to implicit programming. In the early days, computers were
programmed in assembly language, mostly with the pur-
pose of utilizing the available memory space as effectively
as possible. This came at the cost of obscure, machine-
dependent, hard to maintain programs, which were de-
signed with high programming effort. Fortran was intro-
duced to make programming more implicit, portable and
less machine-dependent. With the advent of massively
parallel computers and their promise of hundreds of gi-
gaflops, we have seen a return to the explicit program-
ming paradigm. Using for example C with explicit mes-
sage passing library routines as “machine language,” peo-
ple attempt to utilize the available processing power to the
largest extent, again at the cost of high programming effort,
machine-dependent, and hard to maintain code. A compiler
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for an implicitly parallel programming language alleviates
the programmer from the task of partitioning program and
data over the massively parallel machine.

It is our view that explicit parallel programming is a tran-
sition stage in the evolution of parallel computing and that
implicit parallel programming languages will eventually
become the norm as did high-level languages in the sequen-
tial paradigm. This will result in a tremendous improve-
ment in programming quality in terms of programming
effort, readability, portability, extendability and maintain-
ability of parallel code. Another consequence will be the
accessibility of parallel programming to a wider public that
would make use of a wide spectrum of parallel comput-
ers: from a few processors on a chip to several thousand
processor-machines.

On the other hand, functional programming [4] is an al-
ternate programming paradigm which is entirely different
from the conventional model: a functional program can
be recursively defined as a composition of functions where
each functioncan itself be another composition of functions
or a primitive operator (such as arithmetic operators, etc.).
This means that the programmer need not be concerned
with explicit specification of parallel processes since inde-
pendent functions are activated by the predecessor func-
tions and the data dependencies of the program. This also
means that control can be distributed. Further, no central
memory system is inherent to the model since data is not
“written in” by any instruction but is “‘passed’ from” one
function to the next.

Sisal (Stream and Iteration in a Single Assignment Lan-
guage) [20] is such a functional language which was orig-
inally designed by collaborating teams from the Lawrence
Livermore National Laboratory, Colorado State University,

1



the University of Manchester and Digital Equipment Cor-
poration. The goal of the project was to design a general-
purpose implicitlyparallel language for a wide range of par-
allel platforms.

The goal of this paper is to describe the last phases of
this project as we are currently undertaking them. In sec-
tion 2, a short tutorial will present the basic principles of
Sisal. An early compiler implementation for shared mem-
ory systems is described in section 3. We turn our atten-
tion to Distributed Memory implementations in section 4,
while section 5 introduces implementation of multithread-
ing principles.

2 The Sisal language: a short tutorial

Sisal is a functional language that offers automatic ex-
ploitation and management of parallelism as a result of its
functional semantics. In Sisal, and all functional languages,
user-defined names are “identifiers” rather than variables,
and they refer to values rather than memory locations. The
values produced and used in a Sisal program are all dy-
namic entities, and their identifiers are defined, or bound to
them, only for the duration of their existence in an execu-
tion. This is the dynamic of the data flow graph, in which
graph nodes are operations, and values are carried on the
arcs connecting the nodes. The extent of the existence of a
value is the set of arcs on which it travels between the point
of its definition and the point of its final consumption. The
values that are defined by the graph arcs may or may not
have names assigned to them within a program.

All Sisal expressions and higher-level syntactic ele-
ments evaluate to and return values based solely on the val-
ues bound to their formal arguments and constituent identi-
fiers. This eliminates any possibility of side effects, and al-
lows much richer analyses of program by the compiler than
is typically the case for imperative languages.

To best illustrate these points, consider the following
brief code fragment. It is written in Sisal 1.2, the language
currently accepted by the Optimizing Sisal Compiler. The
Sisal language is undergoing expansion and refinement, as
discussed in other sections, but the syntax of version 1.2
will suffice for this example.

type OneDim = array [ real ];
type TwoDim = array [ OneDim ];

function generate( n : integer
returns TwoDim, TwoDim )

for i in 1, n cross j in 1, n
t1 := real(i) * real(j);
t2 := real(i) / real(j)

returns array of t1
array of t2

end for
end function % generate

The first two statements define type names for arrays. Note
that no sizes are provided; all Sisal aggregate data items are
dynamically created, resized, and de-allocated at runtime.
Only the dimensionality and element types are relevant to
the type specifications. The header for function “gener-
ate” shows that one integer argument, “n”, is expected, and
two unnamed values will be returned. The returned values
are arrays, but again, only typing and not sizing is speci-
fied. Names can be bound to these returned values at the
site of invocation of function generate if the programmer
wishes. An invocation of a function is semantically equiv-
alent to the reproduction of the function code at that site,
with appropriate argument substitution. This equivalence,
called “referential transparency” is a fundamental property
of functional languages, and is responsible for the strengths
of the Sisal language.

All Sisal expressions, including whole functions and
programs, evaluate to value sets. In the above case, the
function evaluates to two arrays, which are the values of
the expression contained in the functiondefinition. The for-
expression shown is a loop construct, which is an indica-
tor of potential parallelism to the Sisal compiler. This loop
has an index range defined as the cross product of two sim-
pler ranges. This means that the body of the loop will be
instantiated as many times as there are values in the index
range, in this case n*n, and each body instantiation will be
independent, since no data dependencies exist among them.
The set of independent loop bodies can be executed in par-
allel or not, based on the compiler’s and the runtime sys-
tem’s analyses of their costs, as well as on options specified
by the programmer.

The appearance of the names “t1” and “t2” within the
body of the loop should not be considered a reuse of these
names in the sense of the reassignment of a variable in an
imperative program. Instead, the names are used to define
the computation in the loop body, and in fact these names
will likely have no real existence within the executing pro-
gram. The important point here is that each instance of the
loop body, containing specific values for i and j, will inde-
pendently compute specific instances of the values defined
as real(i)*real(j) and real(i)/real(j); then all these separate



values will be gathered together into a pair of arrays and
returned. The positions of the values in the result arrays
are determined by the loop’s index ranges, as are the over-
all size and dimensionality of the returned arrays. In this
case, two two-dimensional arrays are returned, with index
ranges from 1 to n in each dimension. The use of loop-
temporary names is optional, and the return-clause above
could be rewritten as:

returns array of real(i)*real(j)
array of real(i)/real(j)

with no change in the ultimate results. The loop body,
then, would appear to be empty, but in fact there would still
a potentiallyparallelizable set of independent computations
to be performed by it.

Further syntactic elements of the Sisal language in-
clude let-in statements, which allow for name definition
and use; if-statements, which allow conditional name defi-
nition; record and union types, which allow for flexible data
aggregation; streams, which allow for producer-consumer
computations; and sequential loops, which allow true itera-
tion, with specified data dependencies existing between it-
erations. I/O in Sisal is performed by passing inputs as ar-
guments to, and receiving outputs as the results of, the out-
ermost function. The values used for inputs and returned
as outputs obey a syntax called “Fibre”, which allows the
demarcation of dynamically sized aggregates.

The Optimizing Sisal Compiler translates source pro-
grams into executable memory images, including the run-
time system components required to automatically manage
memory, tasking, and I/O. The amount of parallelism to be
exploited by a program can be controlled by user options,
and once compiled, a program can be executed by any num-
ber of worker processes, by way of a single runtime param-
eter. Similarly, compiler optimization behavior and run-
time performance can be observed and controlled by op-
tions applied at various points during compilation and exe-
cution.

3 An Early Implementation: The Optimiz-
ing Sisal Compiler

Early implementations of the Sisal language were ba-
sic proofs of concept. Various interpreters, like DI[33],
TWINE[21], and SSI[22] but for greatest execution speeds,
a compiled code was needed. Sisal was ported to novel
architectures like the Manchester Dataflow Machine [5],
but complete acceptance for the language required porting
to newly emerging shared memory parallel machines then
coming to market (HEP[1], Encore, Sequent[25], Cray).

3.1 Update in place and copy elimination

Several key obstacles emerged. The first of these came
from Sisal’s semantic concept of making “copies” to pre-
serve single assignment and referential transparency. A
fragment like

let
A := array[1: 1,2,3];
B := A[2 : 999];

in
A,B

end let

returned [1: 1,2,3], [1: 1,999,3]. The original value of A
had to be preserved, so a copy was made to enable the re-
placement.

Consider instead swapping two elements of an array.
The semantics of Sisal call for making a copy of C to make
the first replacement, and making another copy for the sec-
ond replacement. A FORTRAN programmer would never
do this, instead they would write:

ITEMP = IARRAY[3]
IARRAY[3] = IARRAY[4]
IARRAY[4] = ITEMP

This program has no (array) copies and is done in place.
Similarly, many ’in-place’ algorithms that are efficient in
space and time have been designed in imperative languages
that would run poorly if all data structures had to be copied.
Clearly there was room for improvement[35]. Consider the
following small modification in SIsal:

C := array[1: 1,2,3,4,5];
T0 := C[3]; T1 := C[4];
D := C[3: T1];
E := D[4: T0];

When the array replacement is done on line 3, the value in
“C” is dead. When the replacement is done, the C value
can be thrown away. Instead of making a copy for D and
throwing C away, we can safely use C’s container instead.
Similarly, the second replacement on line 4 is the last use
of D, so E can use D’s container. The Optimizing Sisal
Compiler (OSC) makes heavy use of “update-in-place” and
copy elimination analysis to eliminate many unnecessary
copies[7]. In its simplest sense, update-in-place migrates
reader operations before writers. Here, the C[3] and C[4]
readers were moved before the replacement operations.

3.2 Build in place

Other important optimizations had to be developed [28].
For instance, many functional programs work on pieces of
a large structure and then “Glue” the computed fragments
together. For instance:



L := F(0,A[1],A[2]);
R := F(A[N-1],A[N],0);
III := for i in 2,n-1 ...
LIII = array_addl(III,L);
LIIIR = array_addh(LIII,R);

Semantically, this says: 1) Build piece L, 2) Build piece R,
3) Build size n-2 array III, 4) Stick L.III intoa size n-1 array,
5) Stick LIII.R into a size n array. This seems to require two
allocation and a lot of meaningless data movement. OSC
introduced the idea of “BUFFERS” and persistent memory
to the BACKEND of the compiler – leaving the frontend
unchanged. Using a buffer system, the same operation pro-
ceeds as follows:

% New container of size N
.....
L....
L...R
LIIIR

This trick can be played even if the left and right pieces are
loops. The beauty of this “Build-in-place” system is that
memory can be preallocated and parallel computations can
simply stick values where they belong – even if the original
computation parts were from distant parts of the computa-
tions.

3.3 Reference Counting Optimization

We have seen that we can take advantage of an object
ending its life just as we would otherwise need to copy.
Reference counts were introduced to help know when: 1) a
value can be updated in place and 2) a value’s memory can
be recycled. Reference counting can be a very expensive
operation on sequential machines – on parallel machines
it is much worse!!! Parallel reference counts must be up-
dated in a critical section. This operation keeps banging on
locks every few operations, swamping the machine. Luck-
ily, programs tend to have simple patterns of use for aggre-
gate values and OSC can cleverly eliminate[32] nearly all
reference counting in a program through lifetime analysis
and operation merging.

3.4 Vectorization

On vector machines all the speed advantages come from
routing array operations through temporary vector regis-
ters. OSC has fine control of loop placement so that
reader/writer chains can be established. In imperative lan-
guages, this generally requires very careful writing of loops
in order to clearly establish vector relationships between
loops. The semantics of Sisal’s underlying dataflow repre-
sentation make loops easy to move and so OSC can vector-
ize extremely well[9].

3.5 Loop Fusion, Double Buffering Pointer
Swap, and Inversion

On scalar and scalar/parallel machines, loop overhead
and memory fetch time tends to dominate computations.
OSC can accommodate these machines by applying aggres-
sive loop fusion. Fusion can rewrite loop code like

T0 := for i in 1,n returns
array of A[i]*2

end for;
T1 := for i in 1,n returns

array of B[i]*3
end for;

X := for i in 1,n returns
array of T0[i] + T1[i]

end for;

into

X := for i in 1,n returns
array of A[i]*2 + B[i]*3

end for;

eliminating the generation of two temporary arrays and set-
ting values that can stream into internal registers from the
cache. FORTRAN90 has similar semantics for its array op-
erations: X = A*2 + B*3. Sisal’s OSC compiler can im-
plement this more efficiently than a FORTRAN90 compiler
because FORTRAN must know absolutely that neither A
nor B is aliased to X. Sisal’s functional semantics insure
that a left-hand-side of a definition is never an alias for a
right-hand-side.

A typical scientific computation proceeds as follows:

for initial
A := start_values()

while not done(A) repeat
A := time_step(old A)

...

Here, a new version of A the same size is generated at each
time step. A naive implementation of Sisal would allocate
a new buffer for each time step and throw away the old even
though it was the right size. OSC notices this and initially
allocates a buffer outside the loop and pointer swaps the
original and secondary buffers.

Consider a 1D smoothing function that averages val-
ues using a three point stencil – X[i] = (A[i-1] + A[i] +
A[i+1])/3.0 At the endpoints a two point stencil is used in-
stead. This is most easily expressed as:

X := for i in 1,n
v := if i = 1 then (A[1]+A[2])/2.0

elseif i = n then (A[n-1]+A[n])/2.0
else (A[i-1] + A[i] + A[i+1])/3.0

end if
returns array of v end for



The if-tests appear to introduce a large overhead and to in-
hibit parallelism/vectorization/pipelining. The loop can be
specialized doing the boundary computations separate from
the inner computations. The inner computation is simple:

inner := for i in 2,n-1 returns
array of (A[i-1]+A[i]+A[i+1])/3.0

Now we just need to glue on the lower bound computa-
tion and the upper bound computation. We need to be care-
ful to handle zero trip loops here! This is done by produc-
ing an array of for the boundary values. In zero trip case,
an empty array is generated. In all other cases, an array of
size 1 is generated.

leftbound := for in 1,min(1,n) returns
array of (A[1]+A[2])/2.0
end for

rghtbound := for in max(2,n),n returns
array of (A[i-1]+A[i])/2.0
end for

X := leftBound || inner || rghtBound;

The max/min function calls make sure the zero trip cases
are handled gracefully. The final catenation puts the re-
sults in the correct form. The catenations will actually be
removed by build-in-place optimizations later in the opti-
mization process.

4 Sisal90

The original Sisal definitionhas been extended and mod-
ernized. The new language includes language level sup-
port for complex values, array and vector operations, higher
order functions, rectangular arrays, and an explicit inter-
face to other languages like FORTRAN and C. See [12]
for more details. The Foreign Language Interface (FLI)
was included as it became clear that legacy codes were par-
allelized by changing only their kernels, leaving I/O and
bookkeeping code intact. The FLI supports definition of
functions from a language and for a language. The details
of type interface, and parallel task management are all hid-
den.

5 A Prototype Distributed-Memory SISAL
Compiler

In this section we present D-OSC, a prototype SISAL
compiler for distributed-memory machines. D-OSC is an
extension of OSC[10]. A new analysis phase for loop
and array distribution has been added and the code gener-
ation phase has been modified to produce C plus MPI[13]

calls. The run-time system has been modified to support
array distribution and communicating threads. Informa-
tion needed to perform distributed memory optimizations
is established by the analysis phase and provided to the
code generator by decorating the appropriate IF2 nodes and
edges.

The D-OSC model of execution is activation-based. A
master process is responsible for dividing parallel loops
into slices which will be executed by slave processes run-
ning in parallel. A slice is represented by an activation
record, which contains a code pointer, the loop range, a
unique loop identifier, input parameters to the slice, and
destinations for values to be returned upon termination.
Activation records are distributed over the machine and
each processor maintains a local activation record queue.
Upon completion of a slice, the slave process sends a com-
pletion message to the master and updates global results
with locally-computed values. As a slice may contain a par-
allel loop, each slave can become a master and distribute its
inner loop. Each processor must be able to receive a request
for service from other processors, such as a read, write or al-
locate request. This is achieved by having a listener thread
always active on every processor.

D-OSC is implemented in four phases, where each phase
relies on the previous one.

� Base. This phase employs no analysis whatsoever,
hence the code generated is very naive. Arrays and
loops are distributed equally among processors. Mes-
sage passing is used to access remote array elements.
This compiler version serves as a reference for further
implementations, providing useful information about
the effectiveness of certain optimizations.

� Rectangular Arrays. The standard implementation of
higher-dimensional arrays as arrays of arrays is re-
placed, where possible, by rectangular arrays with
a single descriptor. Arrays and the loops creating
or using arrays can be distributed by rows, block or
columns. Not all loops are distributed.

� Block Messages. The reading and writing of remote
array elements within certain loops is optimized by
combining all the messages directed to the same pro-
cessor into a single block message.

� Multiple Alignment. In previous phases arrays parti-
tioning created disjoint sections of an array. In this
phase overlapping array sections are created. This op-
timization reduces the number of messages passed, at
the cost of using more space for the overlapping array
sections.



5.1 Base Compiler

In OSC, the representation of arrays consists of an array
descriptor, which contains information such as bounds, ref-
erence count, size, and other information, and a pointer to
the physical array. OSC assumes a shared-memory model,
and the pointers to the array descriptor provides a unique ar-
ray identifier. An evident problem on a distributed-memory
machine is that the descriptor pointer cannot be used as a
unique identifier, since the address of the array descriptor
is different for each processor. Hence a unique array iden-
tifier is created explicitly as the index in an array table that
exists on each processor. The design of the array table per-
mits a great deal of compatibility with existing array oper-
ations since the OSC array descriptor is preserved.

Arrays are partitioned according to the distribution of
the creating loop, such that each array dimension is dis-
tributed equally among processors. To create the unique
identifier for distributed arrays, the array creating process
that creates the loop slices, allocates the array identifier and
sends it as part of the activation message. Each slice then
proceeds in parallel and updates its local entry in the array
table.

Array access in the base compiler is straight-forward.
The processor that owns the array element is determined.
If the owner is the local processor, the array element is read
directly from local memory, otherwise a request message is
sent to the listener thread of the processor that owns the ar-
ray element.

5.2 Rectangular Arrays

Rectangular arrays have only one descriptor per array,
regardless of its dimensionality. Only one possibly remote
memory access to fetch the array element is needed, where
an arrays of arrays implementation requires n memory ac-
cesses to fetch an element. With one array descriptor per ar-
ray traditional distributions, such as row, block and column,
are easier to implement. A disadvantage of rectangular ar-
rays is that sub-arrays cannot be shared. However, sharing
also has disadvantages since update-in-place cannot be per-
formed. Another disadvantage of rectangular arrays is that
ragged arrays cannot be represented.

Arrays are created using IF2 AGather nodes. Con-
sider the case of a SISAL triple cross product for loop
that returns a three-dimensional array. In the original IF2,
AGather nodes in the result graphs of all three nested
loops create arrays. In the rectangular array case, the ac-
tions that AGather nodes perform are different. The out-
ermost AGather node must perform the allocation of the
physical space for the whole 3D-array, and the allocation of
the single array descriptor. The innermost AGather node

fills in the elements of the array. The AGather node in the
middle loop does not perform any action.

In the original IF2 an arrays of arrays access consists of
multiple AElement nodes scattered over the dependence
graph, each with one index input. For a rectangular array
this must be transformed into one AElement node with
all indices as input. The analysis phase identifies the tree of
AElement nodes that is spanned by the output edge of a
rootAElement node and marks these nodes with informa-
tion such as the level of the node in the tree and back-edges
to ancestor nodes.

5.3 Block Messages

The implementation of array access operations de-
scribed above is not always efficient for array references in
loop bodies, as performing remote exchanges for individual
elements is less efficient than performing at most one block
exchange per producer-consumer processor pair. Our algo-
rithm for obtaining block messages is a modification of the
algorithm presented in [14].

5.4 Multiple Alignment

The last phase of the compiler implements the overlap-
ping allocation of array sections presented in [15] for one-
dimensional arrays. Overlapping allocation is applied to
loops with restricted affine references as in the following
loop model, where the cjs are constants.

for i in lo, hi
returns array of

f(B1[i+c1],...,Bm[i+cm])
end for

In the case of single alignment, i.e. m = 1, the first el-
ement of the consumer array is aligned with element 1 +
c1 of the producer array. For the general case, the analy-
sis phase identifies restricted affine loops, that create one-
dimensional arrays while accessing elements from other
one-dimensional arrays. Multiple alignment is achieved by
identifying all the unaligned references required, and the
maximum and minimum offsets of these with respect to the
consumer index. The contiguous set of indices thus ob-
tained is a superset of the producer array elements needed.
Loops are marked RightOverlap and LeftOverlap to be used
in the code generation phase to determine the upper and
lower bounds for each slice.

5.5 Results

The benchmark programs used here to assess the effec-
tiveness of the various optimization phases are Livermore



loops 1, 2, 3, 6, 7, 9, 12, 21, and 24, run on a network of
four workstations. Since the initial objective is to reduce
communication, we measure the total number of messages
exchanged - the first number in table1, and the total volume
of communication - the second number in table1.

Rectangular arrays decrease the number of messages
exchanged for some of the programs that use 2-D arrays.
However, sometimes the number of messages increases, as
in loop 21. The reason for this is that the partitioning of the
loops and arrays performed by the base compiler matches
the accesses of the array elements better than the rectangu-
lar arrays implementation.

Most of the programs that access arrays benefit greatly
from the implementation of block messages. The great-
est improvements occur for loops 1 and 21. Loops 2 and
24 are sequential and the current implementation only gen-
erates block messages for references accessed in parallel
loops. Loop 6 contains subscript expressions that use non
loop variables.

Multiple alignment reduces the number of messages for
the programs with producer consumer relations of one-
dimensional arrays, such as loops 1,7 and 12.

The volume of communication does not always decrease
and varies with program characteristics. In loop 24, where
the number of messages exchanged remains the same for
all the compiler phases, the volume of communication in-
creases. This is because the implementation of rectangular
arrays increases the size of messages required to access ar-
ray elements in order to accommodate the multiple indices
of rectangular arrays.

5.6 Further Work

D-OSC is a prototype implementation that helps us to
quantify compiler optimizations for distributed-memory
machines. The following are some of the tasks that must
be performed to improve DOSC. A more efficient run-time
system is needed. There are situations where run-time ref-
erence counting is necessary. If one processor owns a ref-
erence count, each remote processor that updates the ref-
erence counter must contact this processor. When deallo-
cating an array, the responsible processor must notify all
processors that have partial copies of the array to deallocate
the space. The implementation of function call parallelism
is very easy under the activation-based model. However,
inter-functional analysis is required to determine when and
where to spawn functions. Currently loops are always dis-
tributed over all processors. If an analysis phase can esti-
mate the computation cost of a loop body, then it is possi-
ble to generate code that decides the number of processors
to be used. Parallel I/O must be implemented.

6 Architecture Support for Multithreaded
Execution

Multithreaded execution has been proposed as a model
for parallel program execution. As a model, or rather a
family of models, multithreading views a program as a col-
lection of concurrently executing sequential threads that
are asynchronously scheduled based on the availability of
data. This definition is intentionally wide in that it at-
tempts to capture the common features among various mul-
tithreaded execution models proposed to date. It is impor-
tant to note that in this definition the multithreaded exe-
cution model does not specify any form of memory hier-
archy (it is common though to expect a single logical ad-
dress space mapped over several nodes), any specific lan-
guage feature, whether threads are user specified or com-
piler generated, the mechanism for communication and/or
synchronization among threads, or the order of thread exe-
cution. There is no standard definition of a thread. In this
document we will define a thread as the set of sequential
instructions executed between two synchronization points.
This does not preclude exploiting any instruction level par-
allelism within a thread.

Because of its functional properties, the Sisal language
is particularly well suited as a source for multithreaded
code. In this Section we present some results related to the
evaluation of multithreaded execution. The performance of
multithreaded execution is determined by the complex in-
teraction of a number of inter-related architectural and com-
pilation issues such as code generation, thread firing rules,
synchronization schemes and thread scheduling. The rela-
tion between these issues and the tradeoffs between various
alternatives for each of these issues is complex and requires
extensive experimental evaluation. For example, the thread
firing rule (which determines when threads are enabled)
can be based on either a blocking or a non-blocking strat-
egy. The blocking strategy is adopted in Iannucci’s Hybrid
Architecture [18], the Tera MTA [2] and the EARTH ma-
chine [17]. The non-blocking strategy is adopted in Mon-
soon [26, 27], *T [23] and the EM-4 [31] among others.The
Threaded Abstract Machine (TAM) [11] is a software im-
plemented multithreaded execution that has been ported to
a number of platforms (such as the TMC CM-5 and the
Cray T3D), it implements the non-blocking model.

In this section we present an experimental and quantita-
tive evaluation of these two execution models. The evalua-
tion includes their respective code generation strategies, its
implications on data distribution and access and the perfor-
mance of their respective storage hierarchies.



Table 1: Number of Messages, Communication Volume (4 PEs).

Program Type Base RecArrays BlkMssgs Mulal
ll1 1D 6605, 132132 6603, 211368 603, 31368 303, 12168
ll2 1D 6443, 126656 6443, 213128 6443, 213128 6443, 213128
ll3 1D 3, 96 3, 168 3, 168 3, 168
ll6 1D, 2D 10533, 213036 13223, 430408 13223,430408 13223, 430408
ll7 1D 4807, 86568 7503, 225168 953, 18968 303, 8568
ll9 2D 5883, 117136 2403, 76968 603, 28968 603, 28968
ll12 1D 9005, 180132 3003, 96168 1503, 24168 3, 168
ll21 2D 471, 8520 14403, 460968 123, 58728 123, 58728
ll24 1D 29703, 594096 29703, 950568 29703, 950568 29703, 950568

6.1 Blocking and Non-Blocking Models

The two multithreaded execution models considered
here are based on data-driven dynamic execution with stat-
ically generated threads. A detailed description of these
models can be found in the following:

Blocking Thread Model. In this model a thread may be
suspended and then resumed later. It requires the architec-
ture to support context switching: the saving of thread state,
the selection of a new thread and moving threads between
the different states. A thread is suspended after initiating a
remote memory access.

In this model the synchronization and storage mecha-
nisms rely on the Frame model: A frame represents a stor-
age segment associated with each invocation of a code-
block1. All the threads within the code-block instance re-
fer to its associated frame to store and load data values.
Frames are of variable size and contiguously allocated in
the virtual address space. The size of a frame is determined
based on the maximum number of data values associated
with the code-block. The Frame model is used in several
multithreaded machines (e.g. TAM [11], StarT-NG [3] and
the EM-4 and EM-X [19]). When an instance of a particular
code-block is invoked, a frame is first allocated in a given
processor’s frame store and all the tokens generated within
that code-block instance will be stored in that frame. The
virtual address carried by a token is of the form:

<frame pointer, frame offset>
A synchronization slot in the frame is associated with

each thread. The synchronization slot is initialized with the
count of the number of the inputs to the thread and is decre-
mented with the arrival of each input. The thread is ready
when the count reaches zero: a continuation corresponding
to that thread is placed on the Ready Queue by the Synchro-
nization Unit. A data value that is shared (i.e. read) by sev-
eral threads in the same frame occupies only one location.

1A code-block is a semantically distinguishable unit of code such as a
loop or function body.

The content of the frame is accessed by the Execution Unit
via a read-only cache. Data values generated by the exe-
cuting threads are sent to the Synchronization Unit which
writes them in the frame. The frame is deallocated when all
the threads in the code-block have terminated. The cache
organization is that of a conventional write-through cache.
Because of their variable size, frames are not aligned with
cache blocks.

Non-blocking model. In the non-blocking model, once a
thread starts its execution it runs until termination. Hence
the thread is activated only when all the inputs to the thread
are available. All memory accesses are performed as split-
phase accesses: the request is issued by a thread but the re-
sult is returned to another thread. In this mode the thread
never has to block waiting for a remote memory access.

The synchronization and storage mechanisms for the
non-blocking threads is the Framelet model. A framelet
is a fixed sized unit of storage that is associated with each
thread instance. Each framelet has one synchronization slot
for that thread instance. In the Framelet model a data value
that is shared among several threads within a same code-
block would be replicated in the framelet of each thread
instance. The framelet is deallocated when the thread in-
stance completes its execution. Because their size is fixed,
framelets are aligned with cache blocks. The virtual ad-
dress of a data value in the Framelet model is of the form:

<context #, thread #, framelet offset>

Example. A code-block consisting of three threads is
shown in Figure 1. The corresponding Frame memory
model is shown in the Figure 2. The input z which is used
by both threads A and B is stored at only one place in the
frame memory. Each of the values in the frame memory is
accessed by the frame base address and the offset into the
frame. The first three slots are the counters for the three
threads. Thus when the value y is stored only Counter A
is decremented. But when z is stored both Counter A and



CounterB are decremented but only one copy of z is stored
in the frame.

The Framelet memory model corresponding to the same
code block is shown in Figure 3. There are three sep-
arate framelets. Each framelet contains the counter for
the corresponding thread. Each framelet contains a mem-
ory location for all the inputs to the corresponding thread.
Hence framelet A corresponds to one particular activation
of thread A. The z is stored in the framelets of both threads
A and B and both counters are decremented. This accom-
plished as two separate store operations.

6.2 Code Generation

The source language used for the generation of mul-
tithreaded code is Sisal. The compilation process con-
verts the programs into two intermediate forms: MIDC-
2 (non-blocking) and MIDC-3 (blocking) which are both
derived from the Machine Independent Dataflow Code
(MIDC) [30]. MIDC is a graph structured intermediate
format: The nodes of the graph correspond to the von
Neumann sequence of instructions and the edges repre-
sent the transfer of data between the nodes. MIDC has
been used to generate the executable code for other multi-
threaded machines (e.g Monsoon and EM-4). Both MIDC-
2 and MIDC-3 are highly optimized codes with optimiza-
tion done both at the inter- and intra-thread level.

The code generation compiler is guided by: (1) Mini-
mize synchronization overhead. (2) Maximize intra-thread
locality. (3) Assure deadlock-free threads. (4) Preserve
functional and loop parallelism in programs. The first
phase of the code generation is the same for both models,
it involves compiling the Sisal programs to IF2 using OSC
[8].

The second phase differs for the two models in the han-
dling of structure store accesses and the data storage mod-
els (frames or framelets). The long latency operations con-
sist of remote memory reads, memory allocations, func-
tion calls and remote synchronizations. The remote mem-
ory references can be handled either as Split-phase access
or Single-phaseaccess. In the split-phase access the request
is sent by one thread and the result is forwarded to another
thread. In the single-phase access the result is returned to
the same requesting thread. In the non-blocking model all
remote accesses are split-phase. The blocking model uses
both types of accesses: the code is analyzed at compile time
to identify remote and local accesses. Remote accesses are
implemented by split-phase operations while local accesses
are regular memory access.

� In the non-blocking model (MIDC-2 form) all struc-
ture store accesses are turned into split-phase accesses.
A split-phase access terminates a thread: the request

Thread A Thread B

Thread C

Code Block
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a       b c

t                      u

Figure 1: Code block with Three threads.
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Figure 3: Framelet Memory Representation.
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Figure 4: MIDC-2 and MIDC-3 code examples.

is sent by a thread but the result is returned to another
thread. In this model a thread has never to block on
a remote memory access. This model does not make
any assumption regarding data structure distribution.

� In the blocking model (MIDC-3) the IF2 graph is stat-
ically analyzed to differentiate between local and re-
mote structure store accesses: a local access does not
terminate a thread while a remote one does. If the re-
sult of a structure store access is used within the same
code-block where the access request is generated, the
access is considered local. In this case, the thread
will block until the request is satisfied. This model re-
lies on a static data distribution to enhance the local-
ity of access. Note that a data structure is often gen-
erated in one code block and used in several others
in which case only one of the consumer code-blocks
would have a local access.

Example The example in Figure 4 demonstrates the
difference between MIDC-2 and MIDC-3. In MIDC-2,
Thread 255 performs a structure memory read opera-
tion. The read is performed as a split-phase access where
the result is sent to Thread 256. Thread 255 does not
block, it continues execution until termination. When the
results of the split-phase read is available it is forwarded to
Thread 256 which starts execution when all its input data

is available. There are no restriction on the processor on
which Thread 255 and Thread 256 are executed.

In the MIDC-3 code, Thread 255 and 256 belong to
the same code-block. The read structure memory operation
is a local single phase operation. Hence, the two threads
become a single thread. The thread blocks when the read
operation is encountered and waits for the read request to
be satisfied.

Discussion of the Models. The main differences between
the blocking and non-blocking models lie in their syn-
chronization and thread switching strategies. The block-
ing model requires a complex architectural support to effi-
ciently switch between ready threads. The frame space is
deallocated only when all the thread instances associated
with its code block have terminated execution which is de-
termined by extensive static program analysis. The model
also relies on static analysis to distribute the shared data
structures and therefore reduce the overhead of split-phase
accesses by making some data structure accesses local. The
non-blocking model relies on a simple scheduling mech-
anism: data-driven data availability. Once a thread com-
pletes execution, its framelet is deallocated and the space
is reclaimed.

The main difference between the Frame model and the
Framelet models of synchronization is the token duplica-
tion. The Framelet model does require that variables which
are shared by several threads within a code block be repli-
cated to all these threads while in the Frame model these
variables are allocated only once in the frame. The advan-
tage of the Framelet model is that it is possible to design
special storage schemes [29] that can take advantage of
the locality of the inter-thread and intra-thread locality and
achieve a cache miss rate close to 1%.

6.3 Effect of Network and Memory

This section studies the effect of cache misses and net-
work latencies on the overall performance.

Effect of Network Latency. The plots in Figure 5 show
the execution time versus average network latency with five
and ten processors. These plots take into consideration the
effect of cache misses on the execution time.

The performance of the blocking model degrades more
than the non-blocking model with a non-ideal memory sys-
tem. This is due to the higher miss rates of the frame
memory used for the blocking execution model. Since the
number of tokens generated both in the blocking and non-
blocking models are almost the same, as the miss rate is
higher for the blocking model, the memory access time is
also higher and hence the performance degrades.



With a non-ideal memory at a network latency of 100
cycles the performance of the non-blocking model is com-
parable to the blocking model with a 50% success rate.
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Figure 5: Execution time versus average network la-
tency(10 processors and 8 cycle miss penalty)

Effect of Miss Penalty. Figure 6 shows the effect of vary-
ing miss penalty on the execution time. Three miss penal-
ties (8, 25, 50 cycles) are used in this figure. A network
latency of 50 cycles is assumed here. The non-blocking
model masks higher miss penalties effectively compared
with the blocking model. The slopes of all the four plots
corresponding to the blocking model are the same. The
slope is higher than the non-blockingmodel. Since the miss
rates are higher for the blocking model, the miss penal-
ties affect the execution time more severely than the non-
blocking model.

8 25 50
Miss Penalty (cycles)

5.0e+06

1.0e+07

1.5e+07

2.0e+07

2.5e+07

E
xe

cu
tio

n 
T

im
e

Blocking(100% Hit)
Blocking(90% hit)
Blocking(50% hit)
Blocking(10% hit)
Non−blocking

Figure 6: Execution time versus miss penalty(5 processors,
50 cycle network latency)

7 Conclusions and Future Research

The functional model of computation is one attempt at
providing an implicitly parallel programming paradigm2.
Because of the lack of state and its functionality, it allows
the compiler to extract all available parallelism, fine and
coarse grain, regular and irregular, and generate a partial
evaluation order of the program. In its pure form (e.g., pure
Lisp, Sisal, Haskell), this model is unable to express algo-
rithms that rely explicitly on state. However, extensions
to these languages have been proposed to allow a limited
amount of stateful computations when needed. Instead, we
are investigating the feasibility of the declarative program-
ming style, both in terms of its expressibility and its run-
time performance, over a wide range of numerical and non-
numerical problems and algorithms, and executing on both
conventional and novel parallel architectures. We are also
evaluating the ability of these languages to aid compiler
analysis to disambiguate and parallelize data structure ac-
cesses.

On the implementation side, we have demonstrated how
multithreaded implementations combine the strengths of
both the von Neumann (in its exploitation of program and
data locality) and of the data-driven model (in its ability to
hide latency and support efficient synchronization). New
architectures such as TERA [2] and *T [24] are being built
with hardware support for multithreading. In addition, soft-
ware multithreading models such as TAM [11] and MIDC
[6]), are being investigated.

We are currently further investigating the performance
of both software-supported and hardware-supported multi-
threaded models on a wide range of parallel machines. We
have designed and evaluated low-level machine indepen-
dent optimization and code generation for multithreaded
execution. The target hardware platforms will be stock ma-
chines, such as single superscalar processors, shared mem-
ory, and multithreaded machines. We will also target more
experimental dataflow machines, (e.g., Monsoon [16, 34]).
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