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ABSTRACT
Heterogeneous processing cores in a single system are be-
coming more popular as their improved performance and
reduced power consumption gain notice. Extra accelerator
cores are added to existing multi-purpose CPUs to offload
computationally heavy work. These accelerator cores are
typically designed for this kind of work so the result is an
increase in performance with less work on the main CPU.

Software support for these architectures typically demands
a lot more from a programmer and the operating system.
Traditional types of parallelization have to be re-evaluated
for use with these accelerators. A few tools are available to
help the programmer with this task, however they are very
new and require more work to fully utilize these accelera-
tors. The OS also has to adjust its scheduling algorithms
in order to accommodate for various performance capabili-
ties of each core. The OS also has to worry about memory
management since caches are bound to vary between these
heterogeneous cores. Many human and non-human factors
have to be taken into consideration when attempting to fully
utilize a heterogeneous core system.

1. INTRODUCTION
The idea of using different types of processing cores in a
single system is something that should be considered now
that the industry is becoming more comfortable with homo-
geneous multicore processors. The idea is a very basic one
that has apparent advantages. For example, today’s off the
shelf systems all include Graphic Processing Units to help
render the graphics that appear on our screens so the CPU
doesn’t have to. Why shouldn’t we add other processing
units to help with other specialized tasks?

Embedded systems already use heterogeneous cores on a sin-
gle system[7]. Re-programmable FPGAs are used to supple-
ment the main processing unit when a computation has to
be performing many times which would normally bog down
the main processor. This computation can be programmed

into the FPGA and whenever that computation is needed,
the data is offloaded to the FPGA. This frees the processor
to continue doing other tasks or scale down its frequency.
When the FPGA is idle, we even have the option of com-
pletely shutting it off to save power, a very essential part of
some embedded systems.

Using heterogeneous cores on a single system is nothing new,
but using them in very fast and very powerful systems to
reduce cost and improve performance is. One major obstacle
is the adjustments needed to be made by the programmer.
Programs have to be written so different behaving parts are
able to be executed on different cores. Sometimes this means
compiling different binaries for different parts of the code,
like for the Cell Processor, or just adding extensions and
library calls to ensure one area of code is executed on a
GPU instead of the CPU. Programmers have to be aware of
available accelerators when writing programs to fully utilize
the extra cores.

The operating system also has to make adjustments for het-
erogeneous cores. Schedulers can’t assume each processor
now computes at exactly the same speed and with the same
ISA. Each core has to be sampled with various pieces of code
in order to determine which processes perform best on which
core. The operating system also has to worry about memory
management for these different cores. Typically heteroge-
neous cores also means heterogeneous caches. NUMA has
to be considered and adjustments to the operating system
structure should be made to work best with heterogeneous
cores.

This paper will begin by introducing some hardware archi-
tectures used in heterogeneous chip systems in Section 2.
Section 3 will be devoted to the difficulties of programming
on heterogeneous cores and how a programmer can imple-
ment various levels of parallelism on such a platform. Sec-
tion 4 will discuss language and compiler support to help
the programmer utilize the different kinds of cores. Section
5 discusses what the OS must provide in order to allow ap-
plications to use different cores. Section 6 focus on a case
study of the Cell BE and its benefits and drawbacks. Lastly
Section 7 will make conclusions and state insights based on
content discussed in the paper.

2. HARDWARE
There are a few different ways of arranging multiple hetero-
geneous cores in a single system. This section will take a



look at some of these architectures and hardware obstacles
that have appeared.

2.1 Architecture
Two main hardware architectures of heterogeneous cores ex-
amined are placing multiple heterogeneous cores on a single
chip, and utilizing a GPU as an accelerator for the CPU. The
direction of chip manufactures toward multiple core chips in-
spires us to investigate the possibility and results of using
various kinds of cores on a chip. While another approach
considers using the GPU as an accelerator, since the hard-
ware is already present, and the newest GPUs are proving
to provide exceptional computation power.

One of the most desired architectures is placing multiple het-
erogeneous cores on a single chip. This not only improves
communication between the chips, but makes multiproces-
sor systems easier to manufacture since we can use multiple
cores in one socket.

Figure 1 illustrates the layout of the entire Cell Processor
and shows details about each Synergistic Processing Element
(SPE). The SPEs contain all the necessary components of
a processing core (Local Store Cache, Floating Point Unit,
Registers, Instruction Logic, etc.) but are much smaller than
the Power Processing Element (PPE), which is much closer
to the traditional processor cores in today’s computers. In
order to reduce the physical size of the core, the local cache
is small and contains only the most basic instructions.

When using different cores on the same chip, a question
arises regarding the instruction sets of all cores. Should all
of the cores use the same ISA but differ in size and speed
or should we use cores that have moderately/completely dif-
ferent ISAs? The advantage to using the same ISA is when
efficient power usage is critical, as we can switch off the
power hungry cores and run the same programs on smaller,
lower-power cores[6]. Also, the programmer doesn’t have to
worry about different compilers and multiple binaries for a
single program. However using different ISAs allows us to
run various kinds of code on optimized cores. It also helps
hardware designers to create accelerator cores that contain
only the bare minimum they need to perform computations
quickly. If they had to worry about maintaining ISA be-
tween all cores, they might have to add extra features and
instructions to these cores that really aren’t needed, unnec-
essarily increasing core size and power requirements. Ar-
chitectures with the same ISA between cores are easier to
program and can reduce power consumption vs. a homoge-
neous model, however multiple ISAs might be more popular
if hardware designers don’t have to build in backwards com-
patibility with existing ISAs but can instead introduce their
own.

Another approach to multiple heterogeneous cores that has
been investigated is utilizing the GPU as an accelerator core.
Since the GPU is designed for a large number of complex
graphical calculations, it has many different processors for
vertexes and pixels. These processors result in a large per-
formance capability for the GPU[10].

Using a GPU as an accelerator has not been exploited much
because of the closed structured of the GPU. The only way

to access the computing power of most GPUs is by utiliz-
ing graphic APIs (such as OpenGL). Also, when accessing
the GPU, data has to travel over an external bus from the
CPU to the GPU, which can cause extra latency[10]. This
has to be considered by the programmer so communication
between the units is minimized.

3. PARALLELISM ON HETEROGENEOUS
CORES

Programmers have to adjust their models of parallel pro-
gramming to accommodate and fully utilize heterogeneous
cores. When not using tools to help distribute the loads to
various cores, or when unable to, the programmer has to
manually control which cores run specific areas of code. It
is also up to the programmer to ensure the code that runs
on each specialized core is optimized to perform best on that
core.

3.1 Task-Level Parallelism
A high-level programming model for heterogeneous cores in-
volves off-loading whole functions onto accelerator cores,
usually run as a separate thread from the main thread.
These functions are the computational heavy parts of appli-
cations and typically take up the majority of execution time
when on a single core. Since this computationally heavy
function is executing on an accelerator, simply waiting for
the accelerator to finish that function should yield speed up.
This is one of the easiest, and highest levels, of paralleliza-
tion.

When using this model with heterogeneous cores, the pro-
grammer has to be able to designate tasks to be run on
cores that are best designed to handle these offloaded func-
tions. For example, the rendering of graphic interfaces is
typically offloaded to the GPU. The programmer might have
to define a few different versions of the same function to run
on various types of cores, to avoid overloading one or few
cores of a specific type (Perhaps we can render graphics on
a generic accelerator core if the GPU is busy). Although
ideally only one function and core combination will perform
the fastest, running slightly slower versions of the function
on other cores allows more data to be processed in parallel,
thus the program isn’t waiting on the optimal function to
run on the optimal core.

3.2 Loop-Level Parallelism
On a finer-grain level than Task-Level, Loop-Level can be
implemented on top of Task-Level parallelism to utilize any
idle accelerator cores. Reducing the number of iterations
each accelerator has to execute in a large, many iteration
loop, reduces the time needed to finish the computation.
Distributing these iterations across any idle accelerators can
help achieve this. For example, when using the Cell BE, once
a task is assigned to run on a SPU that SPU can break the
task up by dissecting the loops[4]. This allows for a work-
sharing model between SPUs with a task and idle SPUs.

Implementing Loop-Level Parallelism faces the difficulties
resulting from the fact not all cores are equal in a heteroge-
neous environment. The programmer has to consider how
many loop iterations each core can process so all cores fin-
ish the whole loop at approximately the same time. If the
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Figure 1: The implementation of a first-generation CELL Processor

This paper is organized as follows. We describe the CELL
processor in Section 2 and our programming model in Sec-
tion 3. We present our SPE optimization techniques in Sec-
tion 4 and our automatic SIMD code generation techniques
in Section 5. We discuss our techniques for parallelization
and partitioning of single source programs among the PPE
and its 8 SPEs in Section 6. We report performance results
in Section 7 and conclude in Section 9.

2. CELL ARCHITECTURE
The implementation of a first-generation CELL proces-

sor [1] includes a Power Architecture processor and 8 at-
tached processor elements connected by an internal, high-
bandwidth Element Interconnect Bus (EIB). Figure 1a
shows the organization of the CELL elements and the key
bandwidths between them.

The Power Processor Element (PPE) consists of a 64-bit,
multi-threaded Power Architecture processor with two lev-
els of on-chip cache. The cache preserves global coherence
across the system. The processor also supports IBM’s Vector
Multimedia eXtensions (VMX) [2] to accelerate multimedia
applications using its VMX SIMD units.

A major source of compute power is provided by the eight
on-chip Synergistic Processor Elements (SPEs) [3, 4]. An
SPE consists of a new processor, designed to accelerate me-
dia and streaming workloads, its local non-coherent mem-
ory, and its globally-coherent DMA engine. Key units and
bandwidths are shown in Figure 1b.

Nearly all instructions provided by the SPE operate in
a SIMD fashion on 128 bits of data representing either 2
64-bit double floats or long integers, 4 32-bit single float
or integers, 8 16-bit shorts, or 16 8-bit bytes. Instructions
may source up to three 128-bit operands and produce one
128-bit result. The unified register file has 128 registers and
supports 6 read and 2 write per cycle.

The memory instructions also access 128 bits of data, with
the additional constraint that the accessed data must reside
at addresses that are multiples of 16 bytes. Namely, the
lower 4 bits of the load/store byte addresses are simply ig-
nored. To facilitate the loading/storing of individual values,
such as a byte or word, there is additional support to ex-
tract/merge an individual value from/into a 128-bit register.

Instructions Pipe Lat.

arithmetic, logical, compare, select even 2
shift, rotate, byte sum/diff/avg even 4
float even 6
16-bit integer multiply-accumulate even 7
128-bit shift/rotate, shuffle, estimate odd 4
load, store, channel odd 6
branch odd 1-18

Figure 2: Latencies and pipe assignment for SPE.

An SPE can dispatch up to two instructions per cycle
to seven execution units that are organized into even and
odd instruction pipes. Instructions are issued inorder and
routed to their corresponding even/odd pipe. Independent
instructions are detected by the issue logic hardware and are
dual-issued provided they satisfy the following code-layout
conditions: the first instruction must come from an even
word address and use the even pipe, and the second in-
struction must come from an odd word address and use the
odd pipe. When this condition is not satisfied, the two in-
structions are simply executed sequentially. The instruction
latencies and their pipe assignments are shown in Table 2.

The SPE’s 256K-byte local memory supports fully-
pipelined 16-byte accesses for memory instructions and 128-
byte accesses for instruction fetch and DMA transfers. Be-
cause the memory is single ported, instruction fetches,
DMA, and memory instructions compete for the same port.
Instruction fetches occur during idle memory cycles, and up
to 3.5 fetches may be buffered in the 32-instruction fetch
buffers to better tolerate bursty peak memory usages. To
further avoid instruction starvation, an explicit instruction
can be used to initiate an inline instruction fetch.

The branches are assumed non-taken by the SPE hard-
ware but the architecture allows for a branch hint instruction
to override the default branch prediction policy. In addi-
tion, the branch hint instruction prefetches up to 32 instruc-
tions starting from the branch target, so that a correctly-
hinted taken branch incurs no penalty. One of the instruc-
tion fetch buffers is reserved for the branch hint mechanism.
In addition, there is extended support for eliminating short
branches using bit-wise select instructions.
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Figure 1: First Generation Cell Processor. Note that each SPE has its own processing elements[12].

programmer has specific knowledge of the cores the applica-
tion will be running on, this isn’t quite as difficult, it just
requires some fine tuning of the code.

However if the programmer has no knowledge of the cores
a loop may be spread out onto, a large amount of extra
code might be required to eventually achieve equal process-
ing time for all the cores. A sampling mechanism could be
introduced to test how many loop iterations each core can
perform in a set amount of time, and based on this sample
the program can distribute the work accordingly. However
this in itself introduces extra overhead as samples have to
be determined and face communication delays as the sam-
ples are sent to the cores and results are returned. If im-
plemented correctly, an application could see enough speed
up using a sampling mechanism that the overhead can be
considered tolerable.

Another idea is to allow for dynamic chunks of iterations
be distributed to all cores. When a core finishes a chunk of
iterations, it requests more work. This happens until all of
the iterations are finished. This allows for fine tuned load
balancing, by specifying the chunk size, however it also has
overhead in the form of extra communication. The chunk
size and number of work requests are inversely proportional.

The final decision of how to use loop-level parallelism has to
be done by the programmer after considering which model
will yield the best performance for the individual applica-
tion.

3.3 SIMD Vectorization
On the lowest level, we have to make adjustments to oper-
ations in order to accommodate for Single Instruction Mul-
tiple Data (SIMD) architectures. These architectures are
able to perform the same operation on multiple pieces of
data simultaneously. Many kinds of accelerator cores and
the vertex shading processors in most GPUs are SIMD ar-
chitectures. To fully utilize this the programmer must try
to fill up the data vector so the accelerator core processes
as much data as possible per clock cycle[3]. This is where a

lot of speed up will be noticed. Used in an efficient manner
might require the programmer to handle a few loop itera-
tions at once.

When vectorizing code that is to be run on SIMD accelerator
cores, it is important to know the abilities of that specific
core. The biggest concern is the size of the data vector
that a single instruction can be performed on. For example,
the SPU in the Cell has a 128 bit data vector that, when
fully filled, can dramatically improve computation time. If,
in a hypothetical sense, we have another core next to the
SPU that has a 256 bit data vector but everything else is
the same as a regular SPU, computation time could be cut
in half if the application accommodates for this larger data
vector size.

Knowledge of the various cores by the programmer is es-
sential for maximizing efficiency when an application is ex-
ploiting SIMD Vectorization. As suggested with Loop-Level
Parallelism, it might be possible to implement a sampling
mechanism, however this depends on the architecture of the
core. If we are able to use any size of vector and have the
hardware split up the vector into chunks that utilizing the
maximum data size, then a sampling mechanism would work
out well. Or the abstracts provided to access the SIMD
capabilities of that core might limit the data that can be
operated on at a time. It highly depends on the abstracts
provided that determine what we can do with the individual
core’s SIMD capabilities.

Another possibility is if the programmer knows a large range
of cores the application could be run on, the application
could adjust the vector size according to parameters in a
table the programmer has implemented. If the process can
tell what core it is running on when it begins, it is possible
to look up these parameters in a table and use these.

3.4 Pipelining
Pipelining is a method of processing data in a streaming
fashion. Each accelerator core performs certain operations
on global streams of data. Streams of data are processed by



each core, usually in a specific order. When core 0 finishes
processing the first chunk of data and passes it to core 1,
it can begin work on the second chunk of data. This pro-
cess continues: when the cores 0 and 1 are done processing
the second and first chunks, respectively, the first chunk is
handed to core 2, the second chunk is handed to core 1, and
core 0 begins work on the third chunk. This process contin-
ues until there are no more streams of data to process.

Each core should be implementing SIMD vectorization if it
can perform SIMD operations for maximum speed up. Also,
communication buffers need to be of optimal length so they
do not take away too much memory from the computations,
but are big enough to hold incoming chunks the previous
core finishes.

The difficulties of implementing pipelining on a heteroge-
neous core environment are significant. Due to the way
pipelining is organized, all data streams are computation-
ally bound by the slowest process. A few ways to get around
this is to give the process less to do or have a couple cores
perform the same process, however when the environment is
heterogeneous and the programmer is not targeting a spe-
cific platform, this becomes much more challenging.

As mentioned in the previous difficulties, a sampling mech-
anism could be used to determine how the work should be
distributed. However, because of the nature of pipelining,
the sampling structure would be much more complex than
sampling for Loop-Level Parallelism or SIMD Vectorization.
A collection of tasks to be performed on the data stream
could be executed on each core, thus creating a ranking of
which cores performed which tasks the best. This sample
could then be used to assign multiple cores to work on a
single task, if there are fewer tasks than cores, but care has
to be taken that data flow in and out of each task remains
approximately constant. If a task is performing slower than
the others, data flow has to stop in the earlier tasks until
the slower task finishes. These fine tuning adjustments could
mean a lot of extra implementation code.

While many of the solutions suggested to adapt various par-
allelism models to heterogeneous cores include approaches
that require the application to sample each core, this might
not be possible or be infeasible for some kinds of applica-
tions. Therefore the programmer might find extra tools use-
ful that can automatically allocate the processing resources
and utilize them efficiently.

4. LANGUAGE, COMPILER, AND RUNTIME
SUPPORT

This section discusses various kinds of libraries and com-
piler support for utilizing multiple heterogeneous cores in a
single program. These tools are designed to aide the pro-
grammer during application development. We examine the
most popular methods of parallelism in C# and C/C++
with OpenMP and suggest tools that help exploit heteroge-
neous cores.

4.1 Accelerator
When programming with C#, task level parallelism is of
the utmost importance. Putting the GUI, I/O, and var-

ious other tasks on their own threads is important for a
responsive application. C# provide easy to use threading
mechanisms to help the programmer separate the tasks in
the application. Modifying this to utilize a heterogeneous
system is not a very far stretch.

Accelerator was developed by a few members of Microsoft’s
research group to provide an API in C# for offloading tasks
to the GPU[10]. Since the GPU has many different pixel
shader processors that perform operations on data in the
GPU’s texture memory, the Accelerator API adjusts ordi-
nary data so that it appears as a texture in the GPU’s mem-
ory. The API primarily provides new data types, that when
used for computations are compiled into textures as the pro-
gram runs in order to be executed on the GPU.

Accelerator is still a very recent tool and as such it has many
optimizations that can be made to improve performance.

4.2 EXOCHI
One of the most popular ways to parallelize large chunks of
computations C/C++ code is to implement loop-level par-
allelism. This is most commonly done by using OpenMP,
as it provides the programmer with compiler directives to
mark sections of code that should be executed as multiple
parallel threads[11]. While this works out very well for ho-
mogeneous cores, since the work is typically partitioned into
equal chunks, we need a few modifications to fully utilize
heterogeneous cores.

EXOCHI provides two significant tools for programmers to
help program for heterogeneous accelerators[11]. The first
is the Exoskeleton Sequencer (EXO) which wraps heteroge-
neous cores so they appear as resources in the actual pro-
gram code. The second is the C for Heterogeneous Inte-
gration (CHI) which uses the accelerator resources provided
by the EXO with abstracts to designate which cores specific
sections of code should run on.

EXOCHI helps programmers utilize multiple heterogeneous
cores in the same way OpenMP helps programmers use ho-
mogeneous cores. However the usability comes at the price
of not knowing much about the underlaying hardware. Com-
munication heavy operations has shown to perform poorly
on certain performance tests using EXOCHI, and the pro-
grammer might be better off using tools specific to that ac-
celerator core to manually optimize communication.

4.3 Improvements
Both Accelerator and EXOCHI are relatively young and
their use is only experimental. Further work needs to be
done on both in order to seriously consider them as possible
candidates for production application development. Accel-
erator provides a very easy to use interface for the program-
mer, however its execution could be a lot better. Future
versions might deliver more promise but until then program-
mers are stuck either writing vertex shader code by hand to
handle their computations or hope the less than optimal per-
formance of Accelerator is still greater than not offloading
the work all together.

EXOCHI is also in a similar situation. It provides a very
easy way to utilize, in theory, any sort of accelerator core.



The ideas are very good and the current results are promis-
ing, however there is still work done, especially consider-
ing its age. Communication heavy work still performs quite
poorly with EXOCHI and further work needs to be done to
improve this. Perhaps building in some mechanisms to allow
for double buffering, so data can be requested far enough in
advance that its latency is not noticed. This is no easy task,
however if accomplished EXOCHI would become a very vi-
able candidate for heterogeneous core development.

With or without extra tools, libraries and runtimes, the per-
formance and capability of a program largely relies on the
platform upon which it runs.

5. OS SUPPORT
The Operating System has to worry about a few extra pa-
rameters when the system consists of multiple heterogeneous
cores.

5.1 Loading Programs
The Cell BE is able to run the Linux operating system since
the PPE is based on a PowerPC architecture. The tools and
libraries provided by IBM help the programmer manage the
code that is run on the SPEs. However the Linux kernel
that is run by the Cell is modified from the vanilla kernel so
the Operating System has minimal knowledge of the SPEs
(mostly just where they are and how to send code to them),
only enough so the IBM provided libraries can do the rest.
Current work is being done to represent the SPEs are a
virtual file system, however this is still a work in progress[2].

While this is one approach, another could be to compile
and run the bulk of the Operating System on a single ISA
but build in support for a selection of other ISAs. If the
Operating System is able to read a program, decipher what
architecture it should be run under, and place it on a run
queue for cores of a matching architecture, it would allow
for a mix of architectures among running processes.

5.2 Memory Management
If the Operating System supports different architectures, it
would have to be mindful of memory accessibility. In the
case of a General Purpose GPU, data has to be transferred
across the system to the GPU’s memory before any opera-
tions can be performed on it. The operating system has to
know that any memory that GPU allocates should be us-
ing a page table for that GPU’s physical memory, and not
the system memory. Paging across a long distance multi-
purpose bus might experience more latency than the main
CPU paging with main memory, so the programmer would
have to keep that in mind when developing the application.

The SPUs on the Cell also have special restrictions when
accessing memory. Each SPU has a local storage of only
256k, this can fill up quickly. The SPUs have access to main
memory via a DMA interface. The Operating System could
implement a page table for each SPU, where ”paged out”
pages would go to main memory instead of disk. Then the
main page table for the main memory can handle paging to
disk. This can also be extremely taxing if the SPU needs a
page that is on disk, since it would have to travel through
two page in operations, one to bring it into main memory
and another to bring it into the local storage.

This two tiered paging approach also could work for any kind
of accelerator core. When using one giant address space for
virtual memory, at worst two page faults can trigger. One
to load the page into main memory, and another to load the
page from main memory into the core’s local store.

If an efficient paging and virtual memory system needs to be
devised so the programmer doesn’t have to worry about cus-
tom memory management, that can result in another hurdle
cleared for heterogeneous core programming.

5.3 Scheduling Tasks
This section focuses primarily on scheduling between hetero-
geneous cores of the same ISA. Scheduling for different ISAs
wouldn’t be very difficult as each ISA could have its own
run queue, which then distributes tasks to each core of that
specific ISA (if there are more than one). Sampling mech-
anisms explained in this section can also be applied when
there is a mix of ISAs, but a large number of cores of the
same ISA in that mix.

5.3.1 Concept
Creating schedulers that are aware of heterogeneous cores
is a task that has been investigated with a few proposed
solutions. The general idea is to use a sampling technique
of running each task on each core for a brief period of time
(relative to the time to execute the whole task) and using
these results, tasks are scheduled on the cores where they
perform the best. These schedulers assume all tasks and
cores are of the same ISAs.

Nollet, Coene, Verkest, Vernalde and Lauwereins introduced
a paper describing an OS they developed that was able work
with a heterogeneous reconfigurable system[8]. The biggest
contribution of the paper is a scheduler that uses a two-
level scheduling technique to assign tasks to heterogeneous
processors. The top level decides which task should run
on which processor. The lower level involves running local
schedulers on each processor, so that specific processor is
able to fairly run all tasks assigned to it. Each scheduler
(top and lower) assigns each task a timeslice before that
scheduler re-schedules that task. The top level scheduler has
the ability to move tasks between processors, however this
can only occur at specific programmer-defined checkpoints
in the task. It is up to the programmer to ensure context
information that is stored and transferred with the task at
a checkpoint is minimal.

5.3.2 Performance
A simulated heterogeneous configuration of Alpha cores was
constructed by Kumar, Tullsen, Ranganathan, Jouppi, and
Farkas in order to test a scheduler for a heterogeneous en-
vironment and provide benchmarks against a few homoge-
neous systems[7]. Their scheduling mechanism is similar to
the one in Concept. Sampling each task on each core is
done to determine the best pairing and scheduling is per-
formed based on these results. Various benchmarks compare
a static scheduling mechanism and the sampling scheduling
mechanism versus standard scheduling on a homogeneous
environment.

Various heterogeneous scheduling mechanisms (using three
EV6 and five EV5 Alpha processors), plus a homogeneous
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of reacting quickly to workload changes and minimizing sam-
pling.

While the individual event trigger performs well in general,
using a global event trigger achieves better performance. This
is because a change in the behavior of a single application
might often not result in changing the workload-to-cores map-
ping. Using a global event trigger guards against these false
positives. The bounded-global-event trigger achieves the best
performance (close to a 20% performance improvement over
static) indicating the benefits from a hybrid timer-based and
event-based approach. It has all the advantages of a global-
event trigger, but the bounds also help to guard against false
positives and false negatives. By eliminating most of the sam-
pling overhead, this hybrid scheme also closes the gap again
with the homogeneous processor at 4 threads. Similar trends
were observed for different values of parameters embodied in
the event-based triggers.

4.3.3 Summary

The results presented in this section indicate that dynamic
heuristics which intelligently adapt the assignment of appli-
cations to cores can better leverage the diversity advantages of
a heterogeneous architecture. Compared to the base homoge-
neous architecture, the best dynamic heuristic achieves close
to a 63% improvement in throughput in the best case (for 8
threads) and an average improvement in throughput of 17%
over configurations running 1-8 threads. Even more interest-
ing, the best dynamic heuristic achieves a weighted speedup
of 6.5 for eight threads, which is close to 80% of the optimal

speedup (8) achievable for this configuration (despite the fact
that over half of our cores have roughly half the raw com-
putation power of the baseline core!). In contrast, the ho-
mogeneous configuration achieves only 50% of the optimal
speedup. We have also demonstrated the importance of the in-
telligent dynamic assignment, which achieves up to 31% im-
provement over a random scheduler.

While our relatively simple dynamic heuristics are effec-
tive, there are clearly many other heuristics that could be con-
sidered. For example, event-based sampling could be based on
other metrics aside from IPC, such as changes in ILP, cache or
branch behavior, or basic block profiles as suggested in [17].
Further, rather than using past behavior as a simple approx-
imation for future behavior, more complex models for phase
identification and prediction [17] could also be used.
4.4 Cores supporting multithreading

The availability of multithreaded cores adds one more di-
mension of heterogeneity to exploit. While the previous sec-
tion demonstrated that interactions between scheduled threads
could be largely ignored when that interaction occurs at the
L2 cache, jobs co-scheduled on a simultaneous multithread-
ing processor interact at a completely different level, sharing
and competing for virtually all processor resources. In this
case, interactions cannot be ignored. For example, running
ammp co-scheduled with mcf tells us little about the perfor-
mance of ammp co-scheduled with bzip. Prior research has
indeed shown that not all combinations of jobs coexist with
the same efficiency on a multithreaded processor [18], a phe-
nomenon called symbiosis.

In a heterogeneous design with only some cores multi-
threaded, those jobs that do have high symbiosis will migrate
to the multithreaded cores (assuming intelligent core assign-
ment), resulting in more efficient multithreaded execution than
if all cores were run in multithreaded mode.

However, the multithreaded processor core creates a signif-
icant challenge to the core scheduler. First, because jobs inter-
act at such an intimate level on an SMT processor, the simpler
sampling policies that ignored job interactions will not work
well, meaning we should only consider scheduling the per-
mutations we are willing to sample. Second, the permutation
space of potential assignments is itself much larger. Consider
just one multithreaded core and several smaller cores. With 4
jobs, if the larger core were not multithreaded, we would con-
sider only four permutations. But with the multithreaded core,
it is not clear whether one, two, three, or four jobs should go
on the faster core before we decide to use the others. In fact,
there are now 15 permutations that have reasonable chances
of being the best. It should be noted that this problem is not
unique to heterogeneous cores. A homogeneous SMT multi-
processor will require very similar sampling just to find the
optimal partitioning of jobs to cores. In fact, the application
of our heterogeneous scheduling principles to a homogeneous
SMT CMP architecture, and a comparison of the two architec-
tures, is the subject of future research.
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Figure 2: Homogeneous vs. Heterogeneous speed up
using various trigger conditions for resampling[7].

configuration (four EV6 Alpha processors), are tested to de-
termine the best configuration. Random scheduling places
a task on a random core with no sampling or monitoring.
Static best uses a static heuristic where the more powerful
cores are used first. Steady 125M represents sampling at
every 125 million cycles unconditionally. Individual-event
represents resampling whenever that thread’s steady-phase
IPC suddenly changes by more than 50%. Global-event is
similar, except it looks at the change in everyone’s IPC and
if this change is greater than 100%, a resample is triggered.
Lastly, bounded-global-event is very similar to global-event,
however it also considers the cycles that have passed since
the last resample. If an event is triggered but it hasn’t been
more than 50 million cycles since the last resample, the event
is ignored. Also, if more than 300 million cycles pass without
a resample, one is manually triggered.

Figure 2 shows the results of running these different trig-
gering mechanisms. We see bounded-global-event is the
best scheduling mechanism performance-wise. This is not
surprising since this mechanism is incorporating the best
trigger-based resampling mechanism with a cycle counting
resample mechanism.

Scheduling in a heterogeneous environment using relatively
simple mechanisms can yield great performance increases.
The performance tests in this section show the performance
gains of applying simple scheduling rules over a homoge-
neous environment. Adding a couple rules help determine
when to resample gets even more performance benefits.

These scheduling mechanisms can be easily applied to mul-
tiple cores with different ISAs. As stated before, using two-
level run queues allows for a top-level run queue for each
ISA. These top level run queues then divide up the work
onto core-specific run queues that match the top level run

queue’s ISA. With support for individual accelerator pro-
cesses in Linux, applying these scheduling rules can provide
a very heterogeneous-core friendly environment.

6. CASE STUDY - THE CELL BE
The Cell Broadband Engine, developed by IBM, Toshiba,
and Sony, consists of a main PowerPC-based processor (PPU)
and 8 accelerator cores (SPUs) of a different ISA[1].

6.1 Hardware
The Cell was constructed so it could run as a single two-
way PPC core with optional accelerator cores (SPUs). The
main PPC core uses a common 64-bit PowerPC architecture.
The SPUs use a different, specialized architecture since the
SPUs are physically much smaller and provide fewer special-
ized instructions and features than the PPU. The SPUs also
operate in a SIMD fashion in order to provide faster com-
putational performance. All of the cores are on a very fast
Element Interconnect Bus (EIB) which provides communi-
cations between cores and to external components, such as
I/O, ethernet, and main memory. Each core has a DMA
element that moves data between cores and main memory.

One obstacle that appeared while designing the Cell was
heat dissipation. The generation of heat from many small
hot spots instead of a few centralized hot spots caused trou-
ble for the spreading of the heat across the silicon sub-
strate[9]. It took extra analysis and design adjustments to
ensure maximum and average heat didn’t exceed thresholds.
Once the design was adjusted, conventional thermal sensors
were placed throughout the chip to control active cooling.

6.2 Application Development
When developing applications for the Cell BE, various ap-
proaches are taken. Typically when a well known application
is ported to the Cell, that program is initially ran entirely
on the PPU with profiling code added. This profiling code
describes what pieces of code are taking the most amount of
time to execute. The functions that take the most amount
of time to execute are targeted for offloading on to the SPUs.

This task-level parallelism allows the PPU to worry about
other housekeeping components of the application while the
SPU executes the heavy lifting. Once the code is off loaded
to a few SPUs, the code can be adjusted to utilize loop-level
parallelism or data decomposition to utilize any remaining
idle SPUs. DMA transfers between cores, not just a core to
main memory, is a popular mechanism to achieve synchro-
nization. The local storage of each SPU is given an address
range lower than main memory’s address range which can
be accessed via regular DMA calls.

Each SPU core is of a SIMD architecture, which requires
the programmer to manually vectorize the data being com-
puted in order to achieve maximum performance. A group
of researchers at IBM have developed XL, a compiler that
performs extra optimizations, such as automatically vector-
izing computations, automatically when the code is com-
piled[5]. Also discussed are compiler techniques to automat-
ically spread a single source program across all SPUs, but
these techniques are not yet integrated into the compiler.
Many of the programming models discussed in Section 3 are
helpful in utilizing all the SPUs in the Cell BE.



6.3 Operating System Support
Since the Cell is still a relatively young technology, OS sup-
port is in heavy development current. Linux is capable of
running on the Cell Processor since the PPU is just a Pow-
erPC architecture chip. However little development has been
accomplished to support the SPUs.

The most promising development for SPU support is SPUFS[2].
This provides a way of accesses each SPU via a mechanism
similar to the procfs. Each SPU is assigned a directory, and
inside of the directory various virtual files are used to access
different components of the SPU. A mem file provides access
to the local storage of the SPU and can be written into us-
ing regular file operations. Another file, run, provides a way
to start and stop execution and either tell the SPU where
to begin executing or return the place last executed when
stopped. The last few files provide access to the SPU’s in
and out mailboxes. Eventually these can be used with the
scheduler to help schedule many SPU-only processes inside
of Linux.

6.4 Performance
When fully optimized, a program can perform exceptionally
well on the Cell BE. With a theoretical peak of 204.8Gflop/s
on single-precision operations, this far outperforms most sin-
gle chip processors. Running variety of matrix tests shows
about a 8.4x speedup over Opteron and Itanium2 processors,
and about 2.7x speedup over a Cray X1E[12].

Since the double precision operation on the SPE performs
so poorly (mostly because of the lack of double point preci-
sion operations in video games, where the Cell BE is being
marketed) a few changes were proposed to help increase per-
formance[12]. These changes result in a DP operation dis-
patch every other cycle instead of every 7 cycles with just a
slight increase in surface area and heat dissipation. When
modeled, the DP performance went from 1.83 GFlops/sec to
6.4 GFlops/sec. While still no where near the performance
of SP, 25.6 GFlops/sec, it is a welcome improvement with
insignificant hardware changes.

7. CONCLUSIONS
The introduction of multiple heterogeneous core instead of
homogeneous in a single environment caters to the different
demands of applications. Allowing cores that specialize in a
particular type of computation to run tasks that are heavy
with these computations results in significant speedup and
lighter load on other cores in the system.

The kind of heterogeneous environment varies. The key
tradeoff observed is how easily a programmer can write for
a particular environment efficiently (utilizing all possible re-
sources) tends to have an inverse relationship with the per-
formance abilities of the environment. The Cell Broadband
Engine has a very specialized and powerful heterogeneous
environment, but it requires its programmers to compile
two different binaries for each type of processor. Single-ISA
heterogeneous environments allow very little modifications
to the code to use the environment to see performance in-
creases, however these performance increases are not close
to the performance increases of the Cell.

Various levels of parallelization have been modified to work

more optimally in heterogeneous environments. However
each level of parallelization brings with it more difficulties
the programmer must overcome. Sometimes a sampling
mechanism is needed to determine the right about of work
per core to achieve approximately equal load balancing. How-
ever these sampling mechanisms are not possible in some
applications and might be impractical in others (where time
to sample might be comparable to time to execute the whole
application).

Tools are available to help the programmer utilize hetero-
geneous cores. EXOCHI does for programming heteroge-
neous cores what OpenMP did for programming homoge-
neous cores. Accelerator is another good tool for utiliz-
ing heterogeneous cores in C#, which can be used to of-
fload whole tasks. Rendering a C# GUI entirely on the
GPU could prove to be very beneficial. However both of
these tools are very young and still in heavy development.
Once these tools reach their full potential, their utilization
could become essential efficiently programming for a hetero-
geneous core system.

Operating system support has some good ideas proposed but
needs more development. Load balancing using the sam-
pling mechanism in the scheduler has shown performance
increases, however this needs to be adapted for real systems
and for multiple ISAs. Using a two tiered paging system can
also help alleviate problems of transferring required data to
each core but without fully consuming that core’s local stor-
age. These are ideas worth investigating as they could prove
to be very beneficial to OS support for heterogeneous cores.

Hardware manufacturers seem to be testing the waters of
creating heterogeneous multi-core chips as the popularity of
homogeneous multi-core chips has been on the rise. It is
up to the software programmers to adapt their program-
ming styles to these different environments to fully utilize
them, even though tools can help a programmer in this task,
we are still a far way from any sort of tool that will make
programming for a heterogeneous environment as easy as a
homogeneous environment.
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