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Abstract—StarSS is a parallel programming model that eases
the task of the programmer. He or she has to identify the tasks
that can potentially be executed in parallel and the inputs and
outputs of these tasks, while the runtime system takes care
of the difficult issues of determining inter task dependencies,
synchronization, load balancing, scheduling to optimize data
locality, etc. Given these issues, however, the runtime system
might become a bottleneck that limits the scalability of the
system. The contribution of this paper is two-fold. First, we
analyze the scalability of the current software runtime system
for several synthetic benchmarks with different dependency
patterns and task sizes. We show that for fine-grained tasks
the system does not scale beyond five cores. Furthermore, we
identify the main scalability bottlenecks of the runtime system.
Second, we present the design of Nexus, a hardware support
system for StarSS applications, that greatly reduces the task
management overhead.

Keywords-task management; hardware support; StarSS; par-
allel programming;

I. INTRODUCTION

Currently, processor performance is mainly increasing
due to a growing number of cores per chip. According to
Moore’s Law the number of transistors per die is expected
to double every two years, allowing chips with hundreds
of cores within 10 to 15 years. Successful deployment
of such many-core chips, depends on the availability of
parallel applications. Creating efficient parallel applications,
though, is currently cumbersome and complicated as, besides
parallelization, it requires task scheduling, synchronization,
programming or optimizing data transfers, etc.

Currently there are several efforts to solve the programma-
bility issues of multicores. Among these is the task-based
StarSS programming model [1]. It requires the programmer
only to indicate functions, referred to as tasks, that are
amenable to parallel execution and to specify the input and
output operands. All the other issues, such as determining
task dependencies, scheduling, programming and issuing
data transfers, etc., are automatically handled by StarSS.

The task management performed by the StarSS runtime
system is rather laborious. This overhead affects the scalabil-
ity and performance, and potentially limits the applicability
of StarSS applications. In this paper we study the benefits

of accelerating task management with hardware support.
We show that for fine-grained tasks, the runtime overhead
greatly reduces performance and severely limits scalability.
Fine-grained task parallelization might be important for
future many-core systems as it has greater potential for
parallelism than coarse grained task parallelization. Through
extensive analysis of the current system’s bottlenecks, we
specify the requirements of a hardware support system.
As an example of such a system, we present Nexus: a
hardware task management support system compliant with
the StarSS programming model and potentially applicable to
other programming models using dynamic task management.

Some other works have proposed hardware support for
task management. Most are limited, in contrast to our
work, to scheduling of independent tasks leaving it up to
the programmer to deliver tasks at the appropriate time.
Carbon [2] provides hardware task queueing enabling low
latency task retrieval. In [3] a TriMedia-based multicore
system is proposed containing a centralized task scheduling
unit based on Carbon. For a multicore media SoC, Ou [4]
proposes a hardware interface to manage tasks on the DSP,
mainly to avoid OS intervention. Architectural support for
the Cilk programming model has been proposed in [5],
mainly focussing on cache coherency.

A few works include hardware task dependency resolu-
tion. In [6] a look-ahead task management unit has been
proposed reducing the task retrieval latency. It uses task de-
pendencies in a reversed way to predict due available tasks.
Because of the programmable nature, its latency is rather
large. The latter issue has been resolved in [7] at the cost
of generality: the proposed hardware is specific for H.264
decoding. For System-on-Chips (SoCs), an Application Spe-
cific Instruction set Processor (ASIP) has been proposed
to speedup software task management [8]. Independently,
Etsion et al. [9] have also developed hardware support for
the StarSS programming model. They observe a similarity
between input and output dependencies of tasks and instruc-
tions and have proposed task management hardware that
works similar to an out-of-order instruction scheduler.

This paper is organized as follows. The StarSS program-
ming model and the target processor platform are briefly



reviewed in Section II. The benchmarks used throughout
this work are described in Section III. In Section IV the
StarSS runtime system is analyzed. Section V compares the
performance of the current StarSS system to that of a manu-
ally parallelized implementation and illustrates the need for
hardware task management support. The proposed Nexus
system is described in Section VI. Section VII concludes
the paper.

II. BACKGROUND

The StarSS programming model is based on simple anno-
tations of serial code, by adding pragmas. The main pragmas
are illustrated in Listing 1. The pragmas css start and
css finish indicate the initialization and finalization of
the StarSS runtime system. Tasks are functions that are anno-
tated with the css task pragma, including a specification
of the input and output operands. The programmer does
not have to specify which task can be executed in parallel
as the runtime system detects this, based on the input and
output operands. In addition to the pragmas illustrated in this
example, StarSS provides several synchronization pragmas.

i n t ∗A[N] [N ] ;

#pragma c s s t a s k i n p u t ( ba se [ 1 6 ] [ 1 6 ] ) \
o u t p u t ( t h i s [ 1 6 ] [ 1 6 ] )

void foo ( i n t ∗ base , i n t ∗ t h i s ){
. . .

}

void main ( ) {
i n t i , j ;
. . .
#pragma c s s s t a r t
foo (A [ 0 ] [ 0 ] , A[ i ] [ j ] ) ;
. . .
#pragma c s s f i n i s h
. . .

}
Listing 1. Basics of the StarSS programming model.

The current implementation of StarSS uses one core with
two threads to control the application, while the others
(worker cores) execute the parallel tasks. A source-to-source
compiler, processes the annotated serial code and generates
the codes for the control and worker cores. The first thread
of the control core runs the main program code that adds
tasks and the corresponding part of the runtime system. The
second thread handles the communication with the worker
cores and performs the scheduling of tasks.

Tasks are added dynamically to the runtime system, which
builds the task dependency graph based on the addresses
of input and output operands. Tasks whose dependencies
are met, are scheduled for execution on the worker cores.
Furthermore, the runtime system manages data transfers
between main memory and local scratchpad memories,

if applicable. It tries to minimize the execution time by
applying a few optimizations. First, it creates groups of
tasks, referred to as bundles within StarSS. Using bundles,
reduces the overhead per task for scheduling. In addition,
the runtime system optimizes for data locality by assigning
chains within the task graph to bundles. Within such bundles,
data produced by one task is used by a next, and thus locality
is exploited.

Throughout this paper, we use the StarSS instantiation
for the Cell Broadband Engine, which is called CellSS. We
use CellSS version 2.2 [10], which is the latest release at
time of writing. It has an improved runtime system with
significantly lower overhead than prior releases. CellSS has
several configuration parameters that can be used to tune
the behavior of the runtime system. We manually optimized
these parameters to obtain the best performance for small
task sizes.

Our experimental platform is the Cell processor, which
contains one PowerPC Processing Element (PPE) and eight
Synergistic Processing Elements (SPEs). The PPE is a
general purpose core that runs the operating system. The
SPEs are autonomous but depending on the PPE to receive
work to do. The CellSS runtime system runs on two threads
of the PPE. The SPEs wait to receive a signal from the
helper thread indicating what task to perform. Once they
are ready, they signal back and wait for another task.
The SPEs have scratchpad memory only and use DMA
(Direct Memory Access) commands to load data from main
memory into their local store. When using bundles, CellSS
applies double buffering, which hides the memory latency by
performing data transfers concurrently with task execution.
The measurements are performed on a Cell blade containing
two Cell processors, running at 3.2GHz. Thus, in total 16
SPEs are available.

One of the main metrics used throughout this paper is
scalability, which is defined as the speedup of a parallel
execution on N SPEs compared to execution using one
SPE. Furthermore, scalability efficiency is defined as S/N ,
where S is the scalability and N is the number of SPEs.
For example, if an application takes 1 ms using a single
SPE and 12 ms using 16 SPEs, the scalability is 12 and the
scalability efficiency is 75%.

III. BENCHMARKS

To analyze the scalability of StarSS under different cir-
cumstances, we used three synthetic benchmarks. We used
synthetic benchmarks rather than real applications because
it allows controlling the application parameters such as the
dependency pattern, the task execution time (and, hence,
the computation to communication ratio), etc. The three
benchmarks are referred to as CD (Complex Dependencies),
SD (Simple Dependencies), and ND (No Dependencies).
The dependency pattern of the CD benchmark is similar to
the dependency pattern in H.264 decoding [11], [12].



All three benchmarks process a matrix of 1024 × 1024
integers in blocks of 16 × 16 . Each block operation is one
task, adding up to a total of 4096 tasks. The task execution
time is varied from approximately 2µs to over 2ms.

i n t ∗A[ 6 4 ] [ 6 4 ] ;

#pragma c s s t a s k i n p u t ( l e f t [ 1 6 ] [ 1 6 ] , \
t o p r i g h t [ 1 6 ] [ 1 6 ] ) i n o u t ( t h i s [ 1 6 ] [ 1 6 ] )

void foo ( i n t ∗ l e f t , i n t ∗ t o p r i g h t , i n t ∗ t h i s ){
. . .

}

void main ( ) {
i n t i , j ;

i n i t m a t r i x (A ) ;

#pragma c s s s t a r t
f o r ( i = 0 ; i <64; i ++){

f o r ( j = 0 ; j <64; j ++){
foo (A[ i ] [ j −1 ] , A[ i −1][ j + 1 ] , A[ i ] [ j ] ) ;

}
}
#pragma c s s b a r r i e r
#pragma c s s f i n i s h

}
Listing 2. The code of the CD benchmark including StarSS annotations.

In the CD benchmark, each task depends on its left and
top-right neighbor if it exists. Listing 2 shows the simplified
code of the CD benchmark, including the annotations. Due
to the task dependencies, at the start of the benchmark
only one task is ready for execution. During the execution,
the number of available parallel tasks gradually increases,
until halfway, after which the available parallelism similarly
decreases back to one. Therefore, the amount of available
parallel tasks at the start and end of the benchmark is lower
than the number of cores. Due to this ramping effect in the
CD benchmark, the maximum obtainable scalability is 14.5
using 16 cores.

In the SD benchmark, each task depends on its left
neighbor if it exists. Thus, all 64 rows are independent and
can be processed in parallel. In the ND benchmark all tasks
are independent of each other and thus the application is
fully parallel. Therefore, the maximum obtainable scalability
for the SD and ND benchmarks is 16 when using 16 cores.

IV. SCALABILITY OF THE STARSS RUNTIME SYSTEM

The main purpose of this section is to quantify the task
management overhead of the StarSS runtime system. Besides
measuring performance and scalability, we have also gener-
ated Paraver traces to study the runtime behavior in more
detail. First, we study the CD benchmark in detail, especially
for small task sizes, as it resembles H.264 decoding, which
has an average task size of approximately 20µs.

A. CD Benchmark

For the CD benchmark a maximum scalability of 14.2
is obtained, as depicted in Figure 1. This near optimal
scalability, however, is only obtained for large task sizes.
The figure also shows that in order to obtain a scalability
efficiency of 80% when using 16 SPEs, that is a scalability of
12.8, at least a task size of approximately 100µs is required.
Similarly, for 8 SPEs a task size of 50µs is required. For a
task size of 19µs the scalability is only 4.8.
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Figure 1. Scalability of StarSS with the CD benchmark.

Figure 2 depicts a part of the Paraver trace of the CD
benchmark with a task size of 19µs. The colored parts indi-
cate the execution phases, of which the legend is depicted in
Figure 3. The first and second row of the trace correspond
to the main and helper thread, respectively. The other rows
correspond to the 16 SPEs. The yellow lines connecting the
rows indicate communication. The helper thread signals to
the SPEs what task to execute. The SPEs, in turn, signal
back when the task execution is finished.

The second row of the trace shows that scheduling (yel-
low), preparing (red), and submitting a bundle (green) takes
approximately 6µs, while removing a task (magenta) takes
approximately 5.8µs. As the total task size, including task
stage in, wait for DMA, task execution, task stage out, and
task finished notification, is 22.5µs, the helper thread can
simply not keep up with the SPEs. Before the helper thread
has launched the sixth task, the first one has already finished.
However, its ready signal (yellow line) is processed much
later, and before this SPE receives a new task, even more
time is spent.

The stress on the helper thread can be reduced by allowing
the runtime system to create bundles. Our measurements
show that bundles of four tasks provides the optimal per-
formance for this task size. Grouping 4 tasks in a bundle
reduces the scheduling time with 45%, the preparation and
submission of tasks with 73%, and the removal of tasks with
50%. In total, the overhead per task is reduced from 11.6µs
to 5.5µs resulting in an overall performance improvement of
20%. The scalability, however, is not affected as the helper
thread remains a bottleneck. To efficiently leverage 16 SPEs,



Figure 2. Partial Paraver trace of the CD benchmark with 16 SPEs, a task size of 19µs, and the (1, 1, 1) configuration.

Figure 3. Legend of the Paraver traces.

at most an overhead per task of 22.5/16 = 1.4µs is required.
The main reason for the bottleneck in the main thread

is very subtle. Although the benchmark exhibits sufficient
parallelism, due to the order in which the main thread
spawns tasks (from left to right and top to bottom), at
least 16 “rows of tasks” (corresponding to 1/4th of the
matrix) have to be added to the dependency graph before 16
independent tasks are available that can keep all cores busy.
Thus, to exploit the parallelism available in the benchmark,
the addition of tasks in the main thread must therefore run
ahead of the parallel execution. The trace reveals, that the
main thread can only keep up with the parallel execution,
and thus it limits the scalability of the system.

B. SD Benchmark

In the SD benchmark, tasks corresponding to different
rows are completely independent of each other, because
tasks only depend on their left neighbor. The difference
in dependency pattern has several effects on the runtime
system. First, this greatly simplifies the task dependency
graph, which in turn might lead to decreased runtime over-
head. Second, the dependency pattern enables the runtime
system to create efficient bundles, further reducing the

overhead. Our measurements, however, show only a small
improvement in scalability compared to the CD benchmark.

The scalability of the SD benchmark is slightly better than
that of the CD benchmark. As Figure 4 depicts, a maximum
scalability of 14.5 is obtained for large task sizes. For a task
size of 19µs a scalability of 5.6 is obtained. Analysis of the
Paraver trace shows that the main thread is the bottleneck. It
is continuously busy with user code (26.6%), adding tasks
(50.9%), and removing tasks (20.6%). On average per task
these phases take 2.0µs, 3.8µs, and 1.5µs, respectively. This
indicates that the time taken by building and maintaining
the task dependency graph is not much affected by the
dependency pattern, unlike expected.
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Figure 4. Scalability of StarSS with the SD benchmark.

The stress on the helper thread, on the other hand, is sig-
nificantly lower compared to the CD benchmark. The reason
for this is that we allowed the creation of larger bundles. On
average, the time spent on scheduling, preparation of the
bundles, and submission of the bundles is 1.86µs, 0.10µs,
and 0.20µs, respectively.



C. ND Benchmark

The scalability of the ND benchmark is depicted in
Figure 5. The maximum obtained scalability is 15.8, which
is significantly higher than with the two other benchmarks.
This is because all tasks are independent. Thus, first, there
is no ramping effect and second, as soon as 16 tasks have
been added, the runtime system detects 16 independent tasks
to execute.
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Figure 5. Scalability of StarSS with the ND benchmark.

The improvement for smaller task sizes is also due to the
increased available parallelism. The time spent on building
and maintaining the task graph, however, is approximately
equal to the time spent on these for the SD benchmark,
limiting scalability. We conclude that not the dependencies
by itself are time-consuming, but the process of checking
for dependencies.

V. A CASE FOR HARDWARE SUPPORT

In the previous section we analyzed the StarSS system
and showed that the current runtime system has a low
scalability for fine-grained tasks. To show the potential
gains of accelerating the runtime system, in this section we
compare StarSS to manually parallelized implementations
of the benchmarks using a dynamic task pool. Based on
the analysis presented in this and the previous section, we
identify the bottlenecks in the StarSS runtime system. Those
lead to a set of requirements that hardware support for task
management should comply with.

A. Comparison with Manually Parallelized Benchmarks

The benchmarks are also manually parallelized. A dy-
namic task pool is used to determine which tasks are
ready for execution. As the dependencies are predetermined
and hard coded, however, there is no dynamic dependency
detection, in contrast to the runtime system of StarSS.
Moreover, a simple Last-In-First-Out (LIFO) buffer is used
to minimize the scheduling latency, where StarSS tries to
apply several scheduling optimizations. Therefore, the com-
parison between the StarSS system to that of the manually

parallelized (Manual) system, shows the cost of dynamic
dependency detection and the scheduling optimizations.

The task pool implementation was taken from [13]. It is
optimized for the Cell processor. The authors have investi-
gated several synchronization primitives. The direct mapped
mailboxes proved to provide the fastest communication
between the PPE and the SPEs for up to 16 SPEs, although
this approach has scalability issues.

The scalability of the CD benchmark with the manually
coded task pool is shown in Figure 6. For a task size of 19µs,
the scalability using 16 SPEs is almost 12. This is much
higher than the scalability of 4.8 obtained with StarSS. Sim-
ilarly, the scalability of the other two benchmarks increased
significantly.
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Figure 6. Scalability of the manually parallelized CD benchmark.

Figure 7 compares the scalability of the StarSS system
to that of the manually parallelized system. It displays the
iso-efficiency lines, which represent the minimal task size
required for a certain system in order to obtain a specific
scalability efficiency (80% in this graph). For the Manual
system and a small number of SPEs, an efficiency of 80%
is always obtained, irrespective the task size. Therefore, the
corresponding iso-efficiency points do not exist and are not
displayed in the graph.
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Figure 7. The iso-efficiency lines of the StarSS and Manual systems (80%
efficiency).

From the iso-efficiency graph it is clear that the Manual



system achieves an efficiency of 80% for much smaller task
sizes than StarSS does. For eight SPEs the difference in
task size is between a factor of 5 and 6, while for 16 SPEs
the difference is between 2 and 3 times. The main cause
for this difference is the dependency resolution process of
the StarSS runtime system. The iso-efficiency lines of both
systems increase with the number of SPEs. Going from 8 to
16 SPEs, for both systems the lines increase because of off-
chip communication. In general, however, there are different
reasons. In the StarSS system the throughput of the two
PPE threads is the limiting factor. Therefore, with increasing
number of SPEs longer tasks are required to hide the task
management overhead on the PPE.

In the Manual system, the iso-efficiency line mainly
increases with the number of SPEs mainly due to the limited
scalability of the synchronization mechanism. When SPEs
have finished the execution of a task they send a mailbox
signal to the PPE. The helper thread checks the mailboxes in
a round-robin fashion. When it finds a signal, it processes the
contents of the signal and send a mailbox back indicating a
new task. The time between the SPE sending a finish signal
and receiving a new task, is depending on the phase of the
round-robin polling. In the worst case the SPE send a signal
just after the helper thread checking that SPEs mailbox.
Moreover, this synchronization latency is increasing with the
number of SPEs.

Besides a lower scalability, also the absolute performance
of StarSS is lower, up to four times, than that of the
Manual System for fine-grained tasks. Table I depicts the
execution time of the CD benchmark. For larger task sizes,
the difference diminishes as the task management overhead
becomes negligible compared to the task execution time. A
similar difference between the StarSS and Manual system is
observed in the ND and SD benchmarks.

B. Requirements for Hardware Support

From the prior analysis, we conclude that the StarSS
runtime system currently does not scale well for fine-grained
task parallelism. The main bottleneck is the dependency
resolution process. Irrespective of the actual dependency
pattern, determining whether there are task dependencies is a
laborious process that cannot keep up with the parallel task
execution. In order to efficiently utilize 8 or 16 SPEs for
H.264 decoding, roughly corresponding to the CD bench-
mark with a task size of 20µs, the process of building and
maintaining the task dependency graph should be reduced
from 9.1µs to 2.5µs and 1.3µs, respectively. Therefore, we
describe the first requirement for task management hardware
support as follows:

Requirement 1: The hardware support system should ac-
celerate the task dependency resolution process by at least
a factor of 3.6 and 7.3, when using 8 and 16 SPEs,
respectively.

Preferably this process is accelerated even more, such
that it can run ahead of execution in order to reveal more
parallelism. As such a large speedup is required, we expect
that software optimizations (if possible) or some hardware
acceleration such as special instructions, are not sufficient.
Instead, we propose to perform this process in hardware.

The second bottleneck is the scheduling, preparation, and
submission of tasks, performed by the helper thread in
StarSS. In total this overhead per task is 5.5µs, where at
least a latency of 2.8µs and 1.4µs is required, for 8 and 16
SPEs, respectively.

Requirement 2: The hardware support system should ac-
celerate scheduling, preparation, and submission of tasks by
at least a factor of 2.0 and 3.9, when using 8 and 16 SPEs,
respectively.

The scheduler tries to minimize the overhead by creat-
ing bundles of tasks, and tries to exploit data locality by
grouping a dependency chain within one bundle. For small
tasks, however, the scheduling costs more than the benefits
it provides. A rudimentary, yet fast, scheduling approach
might therefore be more efficient than a sophisticated one.

Although the numbers mentioned in these first two re-
quirements are specific for the Cell processor, the require-
ments are in general applicable to other multicore platforms
as well. The requirements stem from the fact that the task
management overhead is relatively large compared to the
task execution. As both are performed in software, changing
platform is expected to affect the relative size insignificantly.

The latency of synchronization on the Cell processor
is too long and scales poorly due to the round-robin
polling mechanism. Interrupts are more scalable than the
polling mechanism, but still need to execute a software
routine. Instead, SPEs should be able to retrieve a new
task themselves instead of waiting for one to be assigned.
Hardware task queues, such as Carbon [2], is an example
of such an approach. Each core can read a task from the
queue autonomously, avoiding off-chip communication and
execution of a software routine. Assuming a 5% overhead for
synchronization is acceptable, the synchronization latency
should be at most 1µs, irrespective of the number of cores.

Requirement 3: The hardware support system should pro-
vide synchronization primitives for retrieving tasks, with a
latency of at most 1µs, irrespective of the number of cores.

The round-robin synchronization mechanism is specific
for the Cell processor. Despite, the need for low-latency and
scalable synchronization is platform independent. In [2] it
was shown that synchronization through a hardware queue
is beneficial for a wide range of platforms. Therefore,
Requirement 3 is also generally applicable.

When compliant with these three requirements, a hard-
ware support system will effectively improve the scalability
of StarSS, while maintaining its ease of programming. In
the next section we propose the Nexus system, which is
developed based on this set of requirements.



Table I
ABSOLUTE EXECUTION TIME, IN ms, OF THE CD BENCHMARK FOR THE STARSS AND MANUAL SYSTEMS, AND USING 8 SPES.

System Task size
1.92 µs 11.2 µs 19.1 µs 66.7 µs 241 µs 636 µs 2373 µs

StarSS 23 23 23 41 132 340 1250
Manual 6.0 10 13 39 130 337 1250

VI. NEXUS: A HARDWARE TASK MANAGEMENT

SUPPORT SYSTEM

In this section we present the design of the Nexus system,
which provides the required hardware support for task
management in order to efficiently exploit fine-grained task
parallelism with StarSS. Nexus can be incorporated in any
multicore architecture. In this section, as an example, we
present a Nexus design for the Cell processor.

A. Nexus System Overview

The Nexus system contains two types of hardware units
(see Figure 8). The first and main unit, is the Task Pool Unit
(TPU). It receives tasks descriptors from the PPE, which
contain the meta data of the tasks, such as the function
to perform and the location of the operands. It resolves
dependencies, enqueues ready tasks to a memory mapped
hardware queue, and updates the internal task pool for every
task that finishes. The TPU is designed for high throughput
and therefore it is pipelined. It is directly connected to the
bus to allow fast access from any core. The TPU is a generic
unit and can be used in any multicore platform.

The second unit in the system is the Task Controller
(TC), which can be placed at individual cores. The TC
fetches tasks from the TPU, issues the DMAs of input and
output operands, and enables double buffering of tasks. TCs
are optional and platform specific. In future work we will
investigate for the Cell processor whether the benefits of the
TC are enough to be worth its costs.

SPE

SPESPE

LS SPU

MFC

SPE

MEM

PPE

TPU

TC

ELEMENT INTERCONNECT BUS

Figure 8. Overview of the Nexus system (in bold) implemented in the Cell
processor. The depicted architecture could be one tile of a larger system.

Storing all tasks in a central unit provides low latency
dependency resolution and scheduling. The hardware queues
ensure fast synchronization. Such a centralized approach,
however, eventually creates a scalability bottleneck for in-
creasing core count. In such a case, a clustered approach can

be used. Tasks are divided among TPUs such that inter TPU
communication is low while task stealing allows system
wide load balancing.

B. Design of the Task Pool Unit

The block diagram of the Nexus TPU is depicted in
Figure 9. Its main features are the following. Dependency
resolution consists of table lookups only, and therefore has
low latency. The TPU is pipelined to increase throughput.
All task descriptors are stored in the task storage to avoid
off-chip communication.

ptr size

in buffer

descriptor

descriptor

handler

loader

id *descriptor

finish
handler

....

register
status 

task storage
descriptor 1
descriptor 2

address kick−off list

ready queue

id

finish buffer

id *descriptor status #deps

task table

producers table

address #deps kick−off list

consumers table

Figure 9. Block diagram of the Nexus TPU. The ports are memory mapped
and can be accessed anywhere from the system.

The life cycle of tasks starts at the PPE that prepares the
task descriptor and writes the pointer to it in the in buffer
of the TPU. The descriptor loader reads task descriptor
pointers from the in buffer and loads the descriptor into the
task storage, where it remains until the task is completely
finished.

Once the descriptor is loaded into the task storage, the
descriptor handler processes the descriptor and fills the three
tables with the required information. These three tables
together, resolve the dependencies among tasks, as described
below. This process can be performed fast, as it consists of



simple lookups only. There is no need to search through the
tables to find the correct item.

The task table contains all tasks in the system and records
their status and the number of tasks it depends on. Tasks
with a dependency count of zero are ready for execution
and added to the task queue. The producers table contains
the addresses of data that is going to be produced by a
pending task. Any task that requires that data, can subscribe
itself to that entry. Thus, this table is used to prevent write-
after-read hazards. Similarly, the consumers table is a table
containing the addresses of data that are going to be read by
pending tasks. Any new task that will write to these locations
can subscribe itself to the kick-off list. This table prevents
read-after-write hazards. The lookups in the producers and
consumers tables are addressed based. As the lists are much
smaller than the address space, a hashing function is used
to generate the index. Write-after-write hazards are handled
by the insertion of a special marker in the kick-off lists.

The three tables, the two buffers, and the ready queue
all have a fixed size. Thus, they can be full in which case
the pipeline stalls. For example, if the task table is full, the
descriptor handler and the descriptor loader stall. If no entry
of the task table is deleted, the in buffer will quickly be full
too, which stalls the process of adding tasks by the PPE.
Deadlock can not occur, because tasks are added in serial
execution order.

The SPEs obtain tasks by reading from the ready queue.
This operation can be performed by either its Task Controller
(TC) or by the software running on the SPU. The task
descriptor is loaded from the task storage after which the
task operands are loaded into the local store using DMA
commands. When execution is finished and the task output
is written back to main memory, the task id is written to the
finish buffer. Optionally, double buffering can be applied, by
loading the input operands of the next task while executing
the current task.

The finish handler processes the task ids from the finish
buffer. It updates the tables and adds tasks whose dependen-
cies are met to the ready queue. Finally, the finished task is
removed from all tables.

VII. CONCLUSIONS & FUTURE WORK

The task-based StarSS programming model is a promising
approach to simplify parallel programming. In this paper
we evaluated its runtime system. It was shown that for
fine-grained task parallelism, the task management overhead
prohibits scaling beyond five cores. More specifically, in
order to efficiently utilize 8 or 16 cores for task based
parallel H.264 decoding, the runtime system should be
accelerated by at least a factor of 3.6 and 7.3, respec-
tively. Mainly the task dependency resolution process is too
laborious to perform in software. Other bottlenecks were
found in the scheduling of tasks and the lack of fast syn-
chronization primitives. We proposed the Nexus hardware

task management system. It performs dependency resolution
in hardware using simple table lookups. Hardware queues
are used for fast scheduling and synchronization. We are
currently implementing Nexus in a simulation environment
to evaluate its performance and scalability.
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[6] M. Själander, A. Terechko, and M. Duranton, “A Look-Ahead
Task Management Unit for Embedded Multi-Core Architec-
tures,” in Proc. Conf. on Digital System Design Architectures,
Methods and Tools, 2008.

[7] G. Al-Kadi and A. Terechko, “A Hardware Task Scheduler
for Embedded Video Processing,” in Proc. High Performance
Embedded Architectures and Compilers Conference, 2009.

[8] J. Castrillon et al., “Task Management in MPSoCs: an ASIP
Approach,” in Proc. Int. Conf. on Computer-Aided Design,
2009.

[9] Y. Etsion, A. Ramirez, R. Badia, and J. Labarta, “Cores
as Functional Units: A Task-Based, Out-of-Order, Dataflow
Pipeline,” in Proc. Int. Summer School on Advanced Com-
puter Architecture and Compilation for Embedded Systems.

[10] “Cell Superscalar,” http://www.bsc.es/plantillaG.php?cat id=
179.

[11] E. van der Tol, E. Jaspers, and R. Gelderblom, “Mapping
of H.264 Decoding on a Multiprocessor Architecture,” in
Proc. SPIE Conf. on Image and Video Communications and
Processing, 2003.

[12] C. Meenderinck, A. Azevedo, B. Juurlink, M. Alvarez, and
A. Ramirez, “Parallel Scalability of Video Decoders,” Journal
of Signal Processing Systems, 2008.

[13] C. Chi, B. Juurlink, and C. Meenderinck, “Evaluation of
Parallel H.264 Decoding Strategies for the Cell Broadband
Engine,” in Proc. Int. Conf. on Supercomputing (ICS), 2010.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


