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Abstract

This paper describes the main functionalities of the
OpenMP NanosCompiler. It is a source-to-source par-
allelizing compiler implemented around a hierarchical
internal program representation that captures the par-
allelism expressed by the user (through OpenMP direc-
tives and extensions) and the parallelism automatically
discovered by the compiler through a detailed analysis
of data and control dependences. The compiler is �-
nally responsible for encapsulating work into threads,
establishing their execution precedences and selecting
the mechanisms to execute them in parallel. One of the
main features of the NanosCompiler is the abilitity to
exploit multiple levels of parallelism and generate work
from multiple simultaneously executing threads.

1. Introduction

Parallel architectures are becoming a�ordable and
common platforms for the development of computing-
demanding applications. Users of such architectures
require simple and powerful programming models to
develop and tune their parallel applications with rea-
sonable e�ort. These programming models are usu-
ally o�ered as library implementations or extensions to
sequential languages that express the available paral-
lelism in the application. These extensions are usually
o�ered by means of directives and language constructs
(e.g. OpenMP [10] and HPF [6]).

Most current systems (compilers and run{time
threads support) are based upon the exploitation of
a single level of parallelism around loops (for example,
the current version of the SGI MP library, the SUIF
compiler infrastructure [4] or the MOERAE portable
thread{based interface for the Polaris compiler [5]).
Exploiting a single level of parallelism means that there
is a single thread (master) that produces work for other
processors (slaves). Once parallelism is activated, new
opportunities for parallel work creation are ignored by

the execution environment. Exploiting this parallelism
may incur in low performance returns when the number
of processors to run the application increases.

Multi{level parallelism enables the generation of
work from di�erent simultaneously executing threads.
Once parallelism is activated, new opportunities for
parallel work creation result in the generation of work
for all or a restricted set of processors. We believe that
multi{level parallelization will play an important role
in new scalable programming and execution models.
Nested parallelism may provide further opportunities
for work distribution, both around loops and sections;
however, new issues may arise in order to attain high
performance. OpenMP [10] includes in its de�nition
the exploitation of multi{level parallelism through the
nesting of parallel constructs.

Another alternative to exploit multi{level paral-
lelism consists on combining the use of two program-
ming models and interfaces, like for example the use
of MPI coupled with either OpenMP or HPF [2]. The
message passing layer is used to express outer levels
of parallelism while the data parallel layer is used to
express the inner ones.

The Illinois{Intel Multithreading library [3] targets
shared{memory systems. It also supports multiple lev-
els of general (unstructured) parallelism. Application
tasks are inserted into work queues before execution,
allowing several task descriptions to be active at the
same time. Kuck and Associates, Inc. has made pro-
posals to OpenMP to support multi-level parallelism
through the WorkQueue mechanism [7], in which work
can be created dynamically, even recursively, and put
into queues. Within the WorkQueue model, nested
queuing permits a hierarchy of queues to arise, mirror-
ing recursion and linked data structures. These pro-
posals o�er multiple levels of parallelism but do not
support the logical clustering of processors in the mul-
tilevel structure, which may lead to better work distri-
bution and data locality exploitation.



The NanosCompiler targets the exploitation of mul-
tiple levels of parallelism using OpenMP as a single
programming paradigm. The paper �rst discusses the
internal representation based on a hierarchical task
graph. Then the paper presents some extensions to the
current de�nition of OpenMP which are currently sup-
ported by the compiler. The proposals can be grouped
into two major cathegories: the �rst one deals with the
speci�cation of processor groups when the application
may bene�t from the exploitation of multiple levels of
parallelism; the second one deals with the speci�cation
of precedence relations among di�erent sections in a
SECTIONSwork{sharing construct. The code generated
by the compiler contains calls to a highly tuned user-
level threads library (NthLib [9, 8]). The paper also
discusses the requirements needed at this level to e�-
ciently support multiple levels of parallelism and pro-
cessor groups, and the execution of parallel tasks ex-
pressed by means of a general unstructured hierarchical
task graph.

2 The NanosCompiler internal repre-

sentation

The NanosCompiler is based on Parafrase{2 [11] and
in its internal representation taking the form of a Hier-
archical Task Graph (HTG). From the HTG, the back{
end generates parallel code using the services provided
by the NthLib threads package. The hierarchical na-
ture of the HTG enables the NanosCompiler to capture
multiple levels of parallelism available in the applica-
tion.

2.1 The Hierarchical Task Graph

The HTG is implemented as a hierarchical acyclic di-
rected graph composed of nodes and edges. Each node
represents a collection of statements to be executed.
There are �ve di�erent types of nodes: compound,
loop, simple, start and stop. Compound and loop
nodes are de�ned recursively, encapsulating new nodes
and thus creating a hierarchical representation of the
program.

Simple nodes are associated to single statements in
the source code. All the simple nodes that make up
a basic block are organized as an HTG and encapsu-
lated in a compound node. Each compound node also
includes two special nodes: start and stop; they have
no direct correspondence to the source code and rep-
resent decision (scheduling) points in the code genera-
tion phase. Loop nodes are used to represent iterative
constructs and encapsulate a new level in the hierar-
chy; each loop node is composed of two nodes: header

and body. The header node contains the evaluation of
the condition that controls the execution of the loop.
The body node is a compound node containing all the
statements in the original loop body.

Edges are used to represent control and data depen-
dence information. They are obtained after building
the Control Flow Graph (CFG) and the Control De-
pendence Graph (CDG) over the HTG and determine
which nodes are causing control dependences. Through
symbolic analysis, the Data Dependence Graph (DDG)
is also de�ned over the HTG. Once the CDG and the
DDG are obtained, precedences between nodes can be
stablished de�ning sucessor/predecessor relationships.
The compiler assumes a precedence relation when two
nodes are connected through a control or data depen-
dence edge.

At this point, the information contained in the HTG
concerns to precedences between nodes. This informa-
tion is su�cient to determine the maximum parallelism
that can be exploited at a speci�c level of the hierarchy.
However, for an e�cient parallelism exploitation it is
necessary to de�ne tasks whose granularity is appro-
priate for the run{time environment (threads library)
supporting the parallel execution. To achieve this, the
compiler has to perform an estimation of node granu-
larities (either using pro�le information or doing static
analysis) and apply some node grouping strategies that
do not reduce the useful parallelism of the application.

The NanosCompiler parses a large part of the cur-
rent OpenMP de�nition. User annotations refering to
parallel sections and loops are used to supersed the par-
allelism automatically discovered by the compiler. Par-
allelism expressed through PARALLEL adds new levels
in the hierarchical representation and represent thread
creations. Work{sharing directives specify work dis-
tribution strategies for the threads previously created.
For each SECTIONS work{sharing construct, possible
precedences detected by the compiler are removed and
a new task (compound node) in the HTG is de�ned
for the nodes that represent the statements in each
SECTION. The DO work{sharing construct is used to tag
the corresponding loop node in the HTG as parallel,
independently of the data dependence analysis done
by the compiler. The compound node that contains
the statements enclosed by a SINGLEwork{sharing con-
struct is tagged so that parallel code is generated en-
suring that a single processor will execute the node.

2.2 Code generation and execution model

The compiler generates a function that encapsulates
the code associated to each task of the HTG. The par-
allel execution of the program consists on the execu-



tion, in the order speci�ed by the precedence relations,
of the functions associated to the HTG tasks following
the Nano{threads programming model [12]. The exe-
cution of a compound node begins with the execution
of the function associated to the start node. Functions
are executed through user-level entities called nanoth-

reads. A nanothread corresponds to the instantiation
of an HTG task in the form of an independent run{to{
completion user{level control 
ow.

The code corresponding to the start node is in
charge of the application level scheduling for the tasks
enclosed in the compound node. This code evalu-
ates, at run{time, the current availability of resources
and creates the task structures that will be later in-
stantiated as nanothreads, following the corresponding
precedence relations among them. Virtual processors
assigned to the application execute the parallel tasks
being able to generate further parallelism when avail-
able. The start node is also in charge of the allocation
of the local address space used to privatize variables
for the enclosed parallelism.

The code associated with the stop node is in charge
of waiting for the termination of the parallel tasks in
the compound node. When all tasks have terminated,
it deallocates the local address space created by the
start node. In order to ease code generation, the com-
piler encapsulates in a single function the start and stop
nodes. The stop node checks the status of the execu-
tion environment, being able to correct, when neces-
sary, processor preemptions done by the operating sys-
tem. Finally, it is in charge of satisfying the precedence
relations with the successor nodes of the corresponding
compound node, allowing them to execute.

Each thread executes the code that corresponds to
the work distribution scheme speci�ed by the OpenMP
directives or by the parallelism automatically detected
by the compiler.

2.3 NthLib support

The execution model de�ned in the previous section
requires some functionalities not available in most of
the current user{level threads libraries supporting par-
allelizing compilers.

The most important aspect to consider is the sup-
port for spawning nested parallelism. Current im-
plementations of thread packages spawn parallelism
through a work descriptor located at a �xed mem-
ory location. This is an optimal form of spawning
in which the master and slave processors only take
one cache miss to generate and access the work de-
scriptor, respectively. Generating parallelism through
a �xed memory location forbids the spawning of mul-

tiple levels of parallelism because the location cannot
be reused till the parallelism is terminated. There-
fore, once parallelism is activated, new opportunities
for parallel work creation are ignored by the execution
environment. Multi{level parallelism enables the gen-
eration of work from di�erent simultaneously execut-
ing threads. In this case, new opportunities for parallel
work creation result in the generation of work for all
or a restricted set of processors.

The NthLib package interface has been designed to
provide di�erent mechanisms to spawn parallelism. De-
pending on the hierarchy level in which the application
is running, the requirements for creating work are dif-
ferent. When spawning the deepest (�ne grain) level of
parallelism, the application only creates a work descrip-
tor and supplies it to the participating processors. The
mechanism is implemented as e�ciently as the one cur-
rently available in most of the current available thread
packages. However, extra functionality has been in-
cluded to allow work supply from several (simultane-
ously executing) threads [8]. On the other hand, when
the application knows that it is spawning coarse grain
parallelism, not at the deepest level, it can pay the
cost of supporting nested parallelism. Higher levels of
parallelism, containing other parallel regions, are gen-
erated using a more costly interface that provides task
descriptors with a stack [9]. Owning a stack is nec-
essary for the higher levels of parallelism to spawn an
inner level; the stack is used to maintain the context of
the higher levels, along with the structures needed for
joining the parallelism, while executing the inner one.

3. Some extensions to OpenMP

In this section we brie
y describe two sets of exten-
sions to the OpenMP programming model that have
been implemented using the NanosCompiler and Nth-
Lib. The �rst set is oriented towards the de�nition of
processor groups. The second set is oriented towards
the de�nition of precedences among sections.

3.1 Processor groups

A group of processors is de�ned by a 'master' thread
and a number of 'slave' threads. The de�nition of
groups may be originated in any parallel construct.
Once de�ned, work{sharing constructs inside the par-
allel construct will assign work to the master threads
(instead of assigning the work to all the threads avail-
able). The slave threads will cooperate with the master
in the exploitation of any additional parallelism inside
these work{sharing constructs.



The extensions proposed allow: 1) the de�nition of
the groups (i.e. the number of master threads and the
number of slave threads assigned to each master); and
2) the assignment of work to the groups. This allows
the user to control the allocation of work, avoiding the
default allocations performed by the compiler. This
default allocation (lexicographical order of chunks of
iterations in the DO work{sharing construct and code
segments parceled out by each SECTION in a SECTIONS

work{sharing construct. This defautl assignment is a
consequence of the unique work descriptor mechanism
used to generate work. The descriptor contains the
lower and upper bounds and step of the whole itera-
tion space; each thread determines from its own thread
identi�er the chunk or chunks of iterations that has to
execute. Similarly, the usual conversion of SECTIONS
to a parallel loop that conditionally branches to each
part also establishes the same default lexicographical
order.

The GROUPS clause can be applied to any paral-
lel construct. It establishes the groups of processors
that will execute any work{sharing construct inside
and nested parallel constructs:

C$OMP PARALLEL [DO|SECTIONS] [GROUPS(gdef[,gdef])]

...

C$OMP END PARALLEL [DO|SECTIONS]

where each group de�ner gdef has the following form:

[name:]ncpus

The name attribute is optional and is used to identify
the group. The ncpus attribute is used to determine,
from the number of currently available processors, the
number of processors that will be assigned to the group.
By default, groups are numbered from 0 to an upper
value; this upper value is the number of groups de�ned
within the clause GROUPS minus one.

A shortcut is available to specify the simplest group
de�nition: GROUPS(number). In this case, the user
speci�es the de�nition of number groups, each one re-
ceiving the same number of processors.

If the number of processors available at the time of
reaching the parallel construct is di�erent than the sum
of processors speci�ed in the clause, the numbers spec-
i�ed are considered as proportions; the runtime system
has to be able to distribute (in the more fair way and
with minimum overhead) the total number of proces-
sors according to these proportions.

The default assignment of iterations in a DO work{
sharing construct or individual sections in a SECTIONS

work{sharing construct to processors can be changed
by using the ONTO clause.

C$OMP DO [ONTO(expr)]

When this clause is used, expr speci�es the group of
processors that will execute a particular chunk of it-
erations (in fact, only the master of each group will
execute the work). If the expression contains the loop
control variable, then the chunk number (numbered
starting at 0) is used to perform the computation; oth-
erwise, all chunks are assigned to the same processor.
In all group computations, a 'modulo the number of
active groups' operation is applied. If not speci�ed,
the default clause is ONTO(i), being i the loop control
variable of the parallel loop.

For the SECTIONS work{sharing contruct, the
ONTO(expr) clause is attached to each SECTION direc-
tive to specify the group that would execute each sec-
tion. Each expression expr can be di�erent and is used
to compute the group that will execute the statements
parceled out by the corresponding SECTION directive.
If the ONTO clause is not speci�ed the compiler will as-
sume an assignment following the lexicographical order
of the sections.

At the compiler level, this extension required adding
some new �elds to the data structures that represent
the nodes in the HTG. This new �elds record the in-
formation provided by the user through the di�erent
clauses. At the threads library level, it requires the
possibility of queuing threads into local queues (i.e.
accessed by a single processor) in addition to global
queues (i.e. accessed by all the processors). Local
queues allow the supply of work to the set of processors
that compose a group. It also requires additional �elds
in the thread descriptor to store, for each thread, in-
formation regarding the team of processors it is being
or going to be executed.

3.2 Named sections

Directive NAME has been designed to extend the paral-
lelism supported by the SECTIONS directive. SECTIONS
assumes that all the sections inside can be executed
completely in parallel. The NAME directive is proposed
with the aim of allowing the de�nition of precedence
relations among these sections.

C$OMP SECTIONS

...

C$OMP NAME(name) [PRED(name[,name])] [SUCC(name[,name])]

...

C$OMP END SECTIONS

The NAME directive gives a name to a section and al-
lows the speci�cation of its predecessors and succes-
sors (through the PRED and SUCC clauses, respectively).
Each clause accepts a list of names of named sections.

Named and unnamed sections can be mixed within
the same SECTIONS work{sharing construct.



This proposal has a direct representation in the in-
ternal HTG structure of the NanosCompiler. How-
ever, it requires support at the user{level threads li-
brary level in order to support an execution model
guided by precedence relations resolved at run-time.
This support is provided in NthLib through two enti-
ties included in the de�nition of the thread structure:
each thread has an associated counter (that records the
number of pending predecessor threads that need to �-
nalize their execution) and a list of successor threads
that can be executed as soon as the thread �nishes.
As soon as a thread �nishes its execution, the prece-
dences counter of all its successor tasks is decremented;
if one of these counters reaches zero, then the successor
thread is queued for execution.

4. Conclusions

In this paper we have presented the main as-
pects related with the internal representation of the
NanosCompiler and the support provided by the Nth-
Lib user{level threads library. Finally, and in order to
show the system as a research platform for the evalu-
ation of OpenMP extensions, we brie
y describe some
extensions to the current de�nition of OpenMP ori-
ented towards the de�nition of processor groups when
multiple levels of parallelism exist in the application
and the speci�cation of precedences among sections.
Although the majority of the current systems only sup-
port the exploitation of single{level parallelism around
loops, we believe that multi{level parallelism will play
an important role in future systems. In order to ex-
ploit multiple levels of parallelism, several program-
ming models can be combined (e.g. message passing
and OpenMP). We believe that a single programming
paradigm should be used and should provide similar
performance. The paper also discuses the requirements
and functionalities needed in the threads library.

The reader is referred to [1] for an experimental eval-
uation of the NanosCompiler based on some SPEC95
benchmark applications.
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