


2. HIPEAC Vision

Keep it simple for the hardware
developenr

Just as it will be necessary to increase the abstraction level for
programmers in order to cope with the complexity of modern
information processing systems, hardware designers will also
have to cope with additional complexity. Future systems will
therefore be built from standard reusable components like
cores, memories, and interconnects as shown in Figure 2. This
component-based design methodology will be applicable at
different levels, from the gate level to the rack level.
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Figure 2: Component-based hardware design at different levels

Similar to high-level software design, most computing systems
will be designed using high-level design tools and visual devel-
opment environments. Computing systems will be built from
modules with well-defined interfaces, individually validated
and tested. Building complex systems is simplified by selecting
hardware or software library components and letting the tools
take care of the mapping and potential optimizations. Standard
interfaces introduce overheads in the system design, in terms
of performance loss, or power/area increase. Therefore, before
finalizing a design, dedicated tools might break down the in-
terfaces between modules in order to improve performance
through global optimization, rather than only focusing on lo-
cal optimizations. For example, for certain application domains,
caches, and even floating-point units, can be shared by several
cores. The synthesis tools and design space exploration systems
could perform such optimizations. The applied transformations
will lead to the blurring of processors, which will be less and
less individually distinguishable. As such, full-system optimiza-
tion will overcome many of the inefficiencies that were intro-
duced by the component-based design methodologies.

The increasing non-recurring engineering (NRE) cost of Sys-
tems-on-Chip (SoC) requires that they be sold in larger quanti-
ties so this additional cost can be amortized. This can lead to
a decrease of the diversity of designed chips, while the market
still requires different kinds of SoCs, specialized for various ap-

plication domains. A technology called System in Package (SiP)
can help to solve this dilemma. In a SiP, each die uses the tech-
nology most suited to its functionality such as analog, digital,
and is interconnected either in two or in three dimensions. The
latter is called 3D stacking, allowing for higher density of inte-
gration than with standard chips.

Research challenges in this domain are reducing costs, and ex-
ploring new technology for interconnects, for example in the
form of a wireless Network-on-Chip (RF-NoC). The flexible com-
position of various components while avoiding the high cost of
making new masks for IC fabrication is a potential answer to
ASICs becoming unaffordable. The ESIA 2008 competitiveness
report also explains this trend on page 42 (“D4 The increasing
importance of multi-layer, multi-chip solutions”) [ESIA2008].
Besides the potential use in SiPs, the module approach is al-
ready used in several systems at the chip level such as the Nota
proposal from Nokia [Nota] but not at the die level.

We again encounter an inverted pyramid, depicted in Figure 3.

Figure 3: HIPEAC hardware vision

End users represent the vast majority of the population coming
into contact with computing systems, and they do not need to
know anything about the complexity of the underlying system.
All they want (and need) is for the system to work. Next up
are the high-level designers, whose main concern is productiv-
ity, combining predefined blocks such as processors, IP blocks,
interconnects, chips, and boards. Many of these designers do
not know the architectural nor micro-architectural details of the
components they are integrating, and cannot spend their time
optimizing them for performance, power, or cost. Instead they
rely on automated tools to approximate these goals as much as
possible.

One particular case is embedded systems integration where real-
time guarantees are required for the total system design while
the critical and less critical components are sharing resources.
This type of “mixed criticality systems” needs new design veri-
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fication technologies that must adhere to rigid verification and
certification standards that apply to, e.g., transport or medical
systems.

Finally, we have a small set of people who make the productivity
layer possible by designing the different components, and by
developing the high-end tools that automatically do most of the
job. Architects and efficiency designers are primarily concerned
with the definition and shaping of libraries of components, their
interconnection methods, their combination and placement,
and the overall system organization and efficient interfacing
with the rest of the system. Architects can only do so while
working closely with developers of programming languages,
compilers, run-time systems, and automated tools, and require
assistance themselves from advanced software and tools. They
have to come up with efficient, technology-aware processing
elements, memory organizations, interconnect infrastructures,
and novel I/O components.

Every one of these library components faces a number of unre-
solved challenges in the foreseeable future:

e General-purpose processor architecture: a range of such
cores will be needed, from simple ones for power and area
efficiency to complex ones for sequential code performance
improvements required by Amdahl’s law, and from scalar to
wide vectors for varying amounts of data parallelism. Opti-
mization for power and reliability are whole new games, as
opposed to optimization for performance as seen in previous
decades.

e Domain-specific accelerators: a large spectrum of such cores
will be required, including vector, graphics, digital signal
processing (DSP), encryption, networking, pattern matching,
and other accelerators. Each domain can benefit from its own
hardware optimizations, with power, performance, and reli-
ability or combinations thereof being primary concerns. The
extensive use of accelerators automatically leads to heteroge-
neous domain-specific architectures.

e Memory architecture: as discussed earlier, communication,
including processor-memory communication, is expensive.
Consequently, a central concern in all parallel systems is im-
proving locality, through all means possible. Caches are one
method to do so, but there is still significant room for im-
provements in coherence, placement, update, and prefetch-
ing protocols and techniques. Directly addressable local
memory, so-called scratchpad memory, with explicit commu-
nication through remote DMA control is another method for
managing locality. Memory consistency, synchronization and
timing support are other critical dimensions where hardware
support can improve performance.

e Component interconnection: the more components there are
in a system, the higher the importance of the interconnect
characteristics. Chip-to-chip connections already account for
a major portion of system cost in terms of pins, wires, board
area, and power consumption to drive them. Intra-chip com-
munication is quickly turning to Networks-on-Chip (NoC) for
solutions; however, NoCs still require large areas and a lot
of power, while exhibiting deficiencies in quality of service,
latency, guarantees, etc. Glueless interfacing between cores,
memories and interconnects is another open problem.

e Reconfigurable architectures: Reconfigurable multi-core ar-
chitectures can help with solving the problem of hardware
flexibility without excessive NRE and process mask costs; in
addition, they can be very useful for reliability in the presence
of dynamic faults. The current state of the art barely scratches
the surface of the potential offered by such flexible systems.

Future systems will be heterogeneous. Paradoxically, the ‘keep it
simple for humans’ vision naturally leads to heterogeneous sys-
tems. Component-based hardware design naturally invites the
hardware designer to design heterogeneous systems. On top of
this designed heterogeneity, increasing process variability will in-
troduce additional heterogeneity in the chip fabrication process.
As a result of this variability, fabricated systems and components
will operate at different performance/power points according to
probabilistic laws, including even some completely dysfunctional
components. Furthermore, the appearance of multiple domain-
specific languages will lead to applications that are built from
differently expressed software components. At first sight, this
increase in complexity might look like a step backward, but this
is not necessarily the case.

As power and power efficiency become the issue in designing
future systems, new computational concepts start to emerge.
It is well known that using special-purpose hardware to solve
domain-specific problems can be much more efficient. Due to
the increasing NRE costs, it is desirable to design systems for
domains of applications rather than for single applications. The
relative low volume of ASICs and the high cost to prototype and
validate such systems suggests designing custom processors or
accelerators that address specific domain requirements rather
than specific requirements of individual applications. Typically,
the tradeoff between the degree of programmability and the
efficiency of the accelerators is at the heart of this challenge,
with general-purpose processors lying at one end of the spec-
trum, and non-programmable accelerators at the other. GPUs
are in the middle of the spectrum, providing an order of mag-
nitude better performance than general-purpose hardware for
the same use while still being useful for solving non-graphical
computation tasks when they fit the provided hardware [Cuda,
OpenCL].
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Integrating different types of architectures on the same die
seems to be a very attractive way for achieving significantly bet-
ter performance for a given power budget, assuming we under-
stand the class of applications that may run on that die. To cope
with Amdahl’s law, at least two types of cores are required: cores
for fast sequential processing that cannot be parallelized, and
cores optimized for exploiting parallelism. Generic coprocessors,
helping with memory management, task dispatching and acti-
vation, data access, and system control can significantly improve
global performance. Generic tasks, such as data decoding/en-
coding, can be mapped onto more specialized cores, increas-
ing the efficiency without compromising the general-purpose
nature of the system. All of this comes to no surprise: nature has
discovered millions of years ago that heterogeneity leads to a
more stable and energy-efficient ecosystem.

Keep it simple for the system
engineer

Given the growing heterogeneity of multi-core processors both
in the number of cores and in the number of ISAs, it is clear that
the statically optimized binary executable will have a hard time
providing optimal performance on a wide variety of systems.
Instead, run-time systems will need to adapt software to the
available number of cores and accelerators, to failed compo-
nents and other applications competing for resources, etc. Since
such adaptations are done at run time they must be done ef-
ficiently, preferably with assistance from the compiler.

In order to keep all this complexity manageable for the software
developers and system people, and to give hardware designers
the freedom to continue innovating in diverging ways, we need
an isolation layer between the software and hardware, i.e., a
virtualization layer as shown in Figure 4. Depending on whether
this virtualization layer sits above or below the operating system,
we talk about process virtualization or system virtualization, re-
spectively. In this vision, the use of binary executables as distribu-
tion format for applications should be abandoned and replaced
with an intermediate code enriched with meta-data. This code
format should be flexible enough to allow for:

1. efficient translation into a number of physical ISAs;

2. efficient exploitation of parallelism;

3. easy extensibility with extra features.

Virtualization serves two purposes: on the one hand, the vir-
tualization layer can be seen as a separate platform to develop
code for. A well-designed virtual platform will take advantage of
the features of the underlying hardware/software, even if these
features change throughout the execution or were unknown
at the time an application was developed. On the other hand,
virtualization can be used to emulate one platform on top of an-
other. This ensures compatibility for legacy applications, and can
also add extra functionality such as resource isolation by running
different applications inside isolated virtualized environments.

In both cases, the key complexity issues are limited to a single
component, the virtualization layer. These issues therefore be-
come easier to manage. The design of the virtualization layer
will, however, include many challenges of its own, such as the
choice of appropriate abstractions, the communication channels
between the virtual machine and the software running on top
of it, and the kinds of meta-information to include in clients of
the virtual machine.
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The timing requirement can then be realized during system inte-
gration, when software is mapped onto hardware. For real-time
systems, considering time as a core property in the design of
both the hardware and the software will ease the verification
and validation, and hence simplify the work of the system in-
tegrator. For software, traditional programming languages do
not embed a notion of time. Timing information is only an af-
terthought, dealt with by real-time kernels, leading to a night-
mare for system developers and for validation. Adding time
requirements early on in the software development cycle will
enable tools to optimize for it, and to choose the right hardware
implementation. For example, most systems are optimized for
best effort, while the optimum could be on-time scheduling,
resulting in fewer hardware resources. A time-aware virtualiza-
tion layer will ensure that the requirements are fulfilled at run
time, avoiding increased complexity for system developers and
during validation.
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Figure 4: Role of virtualization in the HiPEAC vision

Let the computer do
the hard work
This section gives an overview _
of the ways in which the com- |
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the computing system industry il
is facing the conflicting chal-

lenges of achieving computing
efficiency, of adapting features
to markets and various custom-
ers, and of reducing time to
market and development costs.
By adapting, modifying or adding specific features to generic ar-
chitectures, customized systems allow savings in silicon area and
power efficiency, and they enable us to meet high performance
requirements and constraints. If the future will be heterogene-
ous, it is paramount that the different components of such het-
erogeneous systems can be designed and produced efficiently.
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Let comparier do
the hard work

“Letting the computer do the hard work” might be considered
dangerous by some: we might give up on the fine understand-
ing of how systems work because they will be too complex and
will be built by computers. While it is debatable whether this
will be problematic or not, it does not even need to be the case.
Computers can also be limited to assisting with the logical steps
required to reach the final system, for example formal verifica-
tion can prove the correctness of a process and explicitly list the
steps of the required proof.

From the hardware point of view, SoCs have hundreds of mil-
lions of transistors, and a complete system integrates several
chips. Up to now, complexity management consists of increasing
the number of abstraction levels: after manipulating transistor
parameters, tools enable designers to manipulate sets of transis-
tors or gates, and so on until the building elements become the
processor itself with its memories and peripherals. By increasing
the abstraction level from transistors to processors, the process
of building complex devices is kept manageable for a human
designer, even if the size of teams to build SoCs increased over
time. However, each level of abstraction decreases the overall
efficiency of the system due to complex dependencies between
abstraction layers that are not taken into account during intra-
layer optimizations.
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As the performance improvements of individual cores have be-
come much smaller during the past years, the overhead, not
only in terms of performance, but also in terms of power and
predictability, is not compensated anymore. So the method of
solving all problems by simply adding additional abstraction lay-
ers is no longer feasible. Moreover, when designing and optimiz-
ing an architecture in terms of power, area or other criteria, the
number of parameters is so high and the design space so large,
complex and irregular, that it is almost impossible to find an
optimal solution manually. Hence, techniques and tools to au-
tomate architectural design space exploration (DSE) have been
introduced to find optimized designs in complex design spaces.
In a sense, DSE automates the design of systems.

From the software point of view, the abstraction level has also
been increased: assembly programming is rarely used anymore
compared to the vast amounts of compiled code. Nowadays op-
timizing compilers are the primary means to produce executable
code from high-level languages quickly and automatically while
satisfying multiple requirements such as correctness, perform-
ance and code size for a broad range of programs and architec-
tures. However, even state-of-the-art static compilers sometimes
fail to produce high-quality code due to large irregular optimi-
zation spaces, complex interactions with underlying hardware,
lack of run-time information and inability to dynamically adapt
to varying program and system behavior. Hence, iterative feed-
back-directed compilation has been introduced to automate
program optimization and the development of retargetable op-
timizing compilers. At the system level, it is important that hard-
ware and software optimizations are not performed in isolation
but that full system optimization is aimed at and combined with
the adaptive self-healing, self-organizing and self-optimizing
mechanisms.

Figure 5 shows the different hard tasks that can be delegated
to a computer. The ultimate goal of all the tasks is to optimize
the non-functional metrics of the list of challenges that we have
identified.
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Figure 5: Hard tasks that can be delegated to the computer

Electronic Design Automation
Electronic design automation (EDA) methodologies and tools
are key enablers for improved design efficiency concerning com-
puting systems. In the light of moving towards higher density
technology nodes in the time frame of this vision, there is an
urgent need for higher design productivity.

EDA is currently aiming at a new abstraction level: Electronic
System Level (ESL). ESL focuses on system design aspects beyond
RTL such as efficient HW/SW modeling and partitioning, map-
ping applications to MPSoC (Multi-Processor System-on-Chip)
architectures, and ASIP design. While ESL is currently driven by
the embedded systems design community, there are numer-
ous opportunities for cross-fertilization with techniques that
originate from within the high-performance community, such as
fast simulation and efficient compilation techniques. Similarly,
the high-performance community could benefit from the ad-
vanced design techniques that were developed for the embed-
ded world.

EDA definitely helps to solve the problem of ASICs becoming
unaffordable.
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Automatic Design Space
Exploration

In order to explore the immense computer architecture and
compiler design spaces, intuition and experience may not be
good enough to quickly reach good enough/optimal designs.
Automated DSE can support the designer in this task by au-
tomatically exploring and pointing to good designs, both with
respect to architecture features and compiler techniques such as
code transformations and the order in which they are applied.
For modern computing systems, the combined architecture and
compiler space is immense — with 10100 design points being
no exception — and the evaluation of a single design point
takes a lot of time because in theory it encompasses the simula-
tion of an entire application on a given system.

Challenges in the DSE area are:

1. Since the total design space is now so huge, improved heu-
ristics are needed to efficiently cull the design space in search
for a good solution. The challenge is to find efficient search
strategies in combinatorial optimization spaces, determining
how to characterize such spaces and how to enable the re-
use of design and optimization knowledge among different
architectures, compilers, programs, and run-time behaviors.

2. Besides parametric design space exploration by which an
optimal solution is searched in a parameter space, hetero-
geneous multi-core systems also require structural design
space exploration where complete structures such as inter-
connects, memory hierarchies, and accelerators are replaced
and evaluated. Changing the structure of the system also
requires changes to the complete tool chain in order to gen-
erate optimized code for the next system architecture. One
of the challenges is to solve all compatibility, modularity, and
concurrency issues so as to allow all architectural options to
be explored fully automatically.

3. Identifying correlations between architectures, run-time sys-
tems and compilers in relation to how they interact and in-
fluence performance. Automatic exploration should provide
feedback to help understand why certain designs perform
better than others, and predictive models need to be built to
accelerate further explorations.

DSE directly contributes to addressing most of the technical
challenges.

Effective automatic parallelization
Since we believe that the application programmer should mostly
be concerned with correctness and productivity, and the com-
puter should take care of the non-functional aspects of code
such as performance, power, reliable and secure execution,
the mostly non-functional task of parallelization should also be
taken care of by the compiler rather than the programmer. For
this purpose, automatic parallelization for domain-specific lan-
guages is indispensable.

Identifying concurrency in legacy code, either manually or au-
tomatically, is extremely cumbersome. Besides, for many legacy
applications it is a non-issue as these applications already run
fine as sequential processes on existing hardware. For new ap-
plications, the choice of the development environment is crucial.
Domain-specific languages should be seen as an opportunity to
provide the software and compiler development community
with appropriate means to express concurrency and to auto-
matically or semi-automatically extract parallelism.

After identifying the concurrency, it has to be exploited as paral-
lelism. A very important aspect here is the level at which con-
currency manifests itself, as this determines the granularity of
parallelism. For example, it can be quite impossible to obtain
performance benefits from mapping a certain fine-grained data-
parallel kernel onto thread-level parallelism of a multi-core proc-
essor, while the same fine-grained parallelism can yield huge
speedups on single-instruction-multiple-data (SIMD) architec-
tures such as graphics processors.

The automatic extraction of concurrency and mapping it onto
parallel hardware will be a two-phase approach, a.k.a. split com-
pilation, where at least some time-consuming hardware-inde-
pendent code analyses will be performed by a static compiler
to extract concurrency. Subsequently, a dynamic compiler will
perform the hardware-dependent transformations required to
exploit the available parallelism based on the results of these
concurrency analyses.

In such an approach, the first phase might be hardware-in-
dependent, but is not necessarily independent of the second
phase. Depending on which tools will be used in the second
phase, the first phase might need to extract different kinds of
information. It will then be the responsibility of the first phase to
produce the necessary meta-data in byte code or native code for
the second phase, and to present the programmer with feed-
back on the available concurrency or the lack thereof.

Automatic parallelization definitely contributes to resolve the
constraint that parallelism seems to be too complex for humans.
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Self-adaptation

Ever more diversified and dynamic execution environments re-
quire applications, run-time environments, operating systems
and reconfigurable architectures to continuously adjust their
behavior based on changing circumstances. These changes may
relate to platform capabilities, hardware variability, energy avail-
ability, security considerations, network availability, environ-
mental conditions such as temperature, and many other issues.

For example, think of a cell phone that was left in a car in the
summer, and heated up to 60°C. For this type of situation,
run-time solutions should be embedded to cope with extreme
conditions, and help the system to provide minimal basic func-
tionality, even in the presence of failing high-performance com-
ponents, all the while maintaining real-time guarantees.

With respect to protection against attacks, a system that is ca-
pable of detecting that it is not being observed by potential
intruders can choose to run unprotected code rather than code
that includes a lot of obfuscation overhead. When the system
detects potential intrusion, it can defend itself by switching to
obfuscated code.

This level of adaptability is only possible if the appropriate se-
mantic information is made available at run time at all levels.
This ranges from the software level, where opportunities for
concurrency have to be specified, over to the system level where
information about attacks and workload are being produced, to
the physical hardware, where information about the reliability
of the hardware and about operating temperature needs to be
available. All this information has to be made available through
a transparent monitoring framework. Such a framework has to
be vertically integrated into the system, collecting information
at each level and bringing it all together. This information can
then be used by clients to adjust their behavior, to verify other
components, to collect statistics and to trace errors.

Radically new approaches based on collective optimization,
statistical analysis, machine learning, continuous profiling, run-
time adaptation, self-tuning and optimization are needed to
tackle this challenge.

Self-adaptivity helps dealing with the constraint that hardware
has become more flexible than software, that systems are con-
tinuously under attack, and that worst case design leads to
bankruptcy.

If all above is not enough

it is probably time to start
thinking differently

The previous directions for solving the challenges are mainly
extrapolations of existing methods, still relying on architectures
with processors, interconnect and memories organized as con-
ceptual Von Neumann systems, even if under the hood most of
them are not Von Neumann architectures anymore. Moreover,
in those solutions, the architectures were programmed explicitly
with languages that more or less describe the succession of op-
erations to be performed. However, to solve future challenges it
might also be possible to start thinking more out-of-the-box. In
nature, there are plenty of data processing systems that do not
follow the structure of a computer, even a parallel one. Trying to
understand how they process data and how their approach can
be implemented in silicon-based systems can open new horizons.

For example, to solve the power issue, reversible computing of-
fers the theoretically ultimate answer. Neural systems are highly
parallel systems but they do not require a parallel computer lan-
guage to perform useful tasks. Similarly, drastic technology con-
straints for CMOS architectures are often seen as a difficult if
not deadly issue for the computing community. However, they
should also be considered as a tremendous opportunity to imag-
ine drastically different architectures, to shift to alternative tech-
nologies, and to start designing systems for radically different
purposes than just computing.

Alternative reasoning need not be restricted to the elementary
computing elements; it can also apply to the systems themselves.

On the one hand, researchers from the architecture/program-
ming domain are too often solely focused on performance, and
they often miss application opportunities where they could lever-
age their knowledge for novel applications. For instance, archi-
tects could have anticipated way in advance when cost-effective
hardware would be capable of performing real-time MPEG en-
coding, leading to hardware-based video recorders. There prob-
ably exist countless further applications that researchers from our
or other domains could anticipate.

On the other hand, systems can do far more than compute tasks.
Distributed control and collective behavior could breed self-or-
ganizing and self-healing properties. Such systems can be used
for surveillance applications, as in so-called smart dust or smart
sensors, for improving the quality of life or work in smart spaces -
smart town, building, room - or for 3D rendering (e.g., Claytron-
ics) and a vast range of yet unforeseen applications, and propose
an entirely different approach for system design, management
and application.

We also need to think differently about synergies between differ-
ent technologies, and interfaces between them. For example, the
Human++ could pave the way of interfacing biological carbon-
based systems with silicon-based sensors or processing modules.
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Impact on the applications

In this section, we discuss the potential impact of the directions
and paradigms presented in the HIPEAC vision on the future
applications, to determine how this vision can help to enable
said applications.

Domestic robots

As discussed before, domestic robots will perform a myriad of
tasks, which will differ from user to user, from room to room,
from time to time. Important parts of the tasks will likely be ar-
tificial intelligence and camera image processing. These have to
happen in real time for safety and for quality of service reasons.
This requires very high performance systems. Furthermore, to
increase the autonomy of the robot, the processing needs to be
power-efficient. That will imply, amongst others, that depend-
ing on the particular situation and task of the robot, less or
more complex image processing has to be performed. As indi-
cated before, such power-efficient processing capabilities can
only be delivered through heterogeneous, many-core comput-
ing devices. The proposed vision makes this possible as follows:

1. Domain-specific programming languages enable the Al de-
velopers and the image processing developers to operate
most efficiently within their own domain without requiring
them to have a deep understanding of the underlying hard-
ware and the underlying design-time or run-time software
support.

2. Having time-aware languages that support the notion of
concurrency rather than parallelism will further increase
their efficiency. Improving the tool chain’s ability to special-
ize the program to each target and execution context will
also help.

3. The use of virtualization will enable programmers to develop
independently of specific hardware targets, thus enlarging
the market for the developed software.

4. As such, the development of domestic robot software be-
comes more efficient, up to the point where the develop-
ment of niche applications for very specific circumstances
(that would otherwise imply too small markets) becomes
economically viable.

5. By enabling the design of programmable computing com-
ponents that support the same virtual bytecode interface,
these components can easily be composed into many-core
distributed robot processing systems. The result is that a
de-verticalized market for robots is created in which robot
designers can easily combine components, up to the point
where robot extensions become available that are add-ons
to basic robot frameworks.

6. This creates a larger market for robot components, and al-
lows specific robots to (1) be designed for specific environ-
ments, (2) to be adapted cheaply to changing environments
such as people that move to different locations or live longer.

The HIPEAC vision



2. Trends and Challenges

7. The availability of multiple components that support the
same interface, albeit at different performance levels for dif-
ferent applications or application kernels, enables the run-
time management to migrate critical tasks from failing com-
ponents to correctly operating components, thus increasing
the reliability of the device and offering a graceful degrada-
tion period in which the luxury functionality of the devices
might be disabled, but in which life-saving functionality is
still operating correctly.

8. With the run-time techniques proposed in this vision, the
robot will be able to optimize, at any point in time, its com-
puting resource usage for the particular situation at hand.
Because of virtualization and run-time load balancing tech-
niques, a minimal design can be built that switches dynami-
cally between different operating modes in time (time-multi-
plexing so to speak) without needing to be designed as the
sum of all possible modes. Moreover, adaptive self-learning
techniques in the robot can optimize its operation over time
as it learns the habits of the people it is assisting.

As a result, software designers, hardware designers and robot
integrators can achieve higher productivity in designing and
building robots as well as being able to target and operate
in larger markets. At the same time the resulting designs will
be cheaper for end users, both in terms of buying cost and in
terms of total cost of ownership, and they will provide longer
autonomy and higher reliability without sacrificing quality of
service. Without the directions and paradigms proposed in this
vision, it is hard to imagine such an evolution.

The car of the future

Today's cars already contain numerous processors to run numer-
ous applications. Top-end cars contain processors for engine
control and normal driving control, processors for active safety
mechanisms such as ABS (anti-lock braking systems) or ESC
(electronic stability control), processors for car features such as
controlling air-conditioning, parking aids, night vision, windows
and doors, processors for the multimedia system including GPS,
digital radio, DVD players, ... In current designs, these applica-
tions are isolated from each other by running them on separate
processors. Clearly, this is a very expensive, inflexible solution,
which does not scale.

When more and more electronic features will be added in the
future, the software of those applications will be executed on
much fewer processors, each running multiple applications.
Some of these processors will run safety-critical software in
hard real time, while others will run non-critical, soft real-time
software.

Both the design of these processors and the design of the soft-
ware running on top of them will benefit from the technical
paradigms presented in this vision. As with domestic robots,
hardware and software reuse will be improved, as will the pro-
ductivity with which they are designed and implemented, for
example by allowing domain experts to use their own domain-
specific programming languages. We expect that open plat-
forms will be created based on different aspects of this vision,
that will result in multiple cars with a wide range of supported
(luxury) features.

Such platforms that facilitate the combination of different soft-
ware components for design-time differentiation of built cars
will also facilitate updates to the software during a car’s lifetime.
It can be expected that during a car’s lifetime, developments
in software-controlled applications such as engine efficiency
or automatic traffic sign recognition will occur. As an example
of this, consider the optimization of the Toyota Prius engine
control by means of recurrent neural networks developed by
Prokhorov [Prokhorov]. This improved the fuel efficiency of the
Prius with 17%, using a simple software update.

The different design-time and run-time tools outlined in this
vision will enable maintainers to perform updates fully auto-
matically or semi-automatically. In the latter case, driver input
can be taken into account, e.g., to prioritize the non-critical
applications that are available but cannot be installed together.

Another step is to combine safety-critical real-time applications
and non-critical applications on the same processors. Virtualiza-
tion can play an important role here, to isolate different applica-
tions from each other and to guarantee real-time performance
for those applications that need it.
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Telepresence

Many questions about how telepresence systems will operate in
the future are currently unanswered. Will systems be based on
thin clients with very limited processing power or on more ex-
pensive and powerful fat clients? How much processing will be
carried out on centralized servers? Maybe the market will slowly
evolve between different systems. Maybe multiple systems will
co-exist, for example with one system for the consumer mar-
ket and another for the professional market, which has differ-
ent quality requirements. Alternatively, service providers could
provide different quality levels to different consumers, which
require different types of client devices and different amounts
of centralized processing. In short, many different approaches
are likely to co-exist over time.

Developing the necessary hardware components and devices
that can handle the processing demands of telepresence sys-
tems, as well as the necessary software that runs on top of
them will be too expensive if that hardware and software can
only be used in specific systems with specific setups and opera-
tion modes.

The HIPEAC vision provides adequate means to avoid this prob-
lem, as it proposes strategies that enable developing software
independently of the specific hardware setup, and provides the
means to develop components that can be used in a wide range
of systems. Furthermore, the run-time techniques for managing
software running on hardware components such as virtualiza-
tion, self-observation / adaption / checking / monitoring, etc.
will enable load-balancing between client-side computing and
centralized computing on servers, thus easing the support for
a multitude of business models and service levels for different
users.

Aerospace and avionics

Postponing many decisions to flight-time in order to optimize
the efficiency of routes and procedures, seems to make it hard-
er to validate the decision making process and to prove it cor-
rect and safe, and hence it will make it harder to certify new
designs.

However, by allowing the developers of that decision process to
work with domain-specific tools and by allowing them to de-
velop for a virtual platform, that does not change over time and
remains the same for all plane designs, the validation and certi-
fication will become simpler and more cost-effective. Moreover,
this might allow for simpler decision processes to be validated
and certified early on during the lifetime of an airplane, and
more complex ones later on. This is fundamentally not all that
different from the engine control of the Toyota Prius being up-
dated when it enters the dealer’s garage for maintenance, al-
beit the safety criteria being stricter for aerospace and avionics.
Also, giving the developers a means to express the time param-
eter in the description of their systems will further enhance the
predictability and safety of the system when used in combina-
tion with appropriate validation and mapping tools.

Furthermore, it might also allow airplane designers and build-
ers to replace individual components by other, improved ones
during the airplane’s lifetime, which would then save large
amounts of money, as no large stacks of original components
need to be stocked for long periods of time.

For space missions and devices that get launched into space, the
vision supports the assembly of devices from components that
can more easily be reprogrammed and reconfigured. As such,
the individual hardware components can serve to some extent
as backups for each other, and redundancy can be implement-
ed at the system level, where it can be done more efficiently
than at the individual component level. The whole-system EDA
tools that perform the vertical integration and whole-system
optimization will take care of this.
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Human++

As with domestic robots, implants in human bodies and exten-
sions to those bodies will have to operate under a variety of
circumstances, performing a wide range of tasks. Those circum-
stances and tasks depend on the patient at hand, on his or her
disease, handicap, job, etc.

Developing specific solutions from scratch for each patient is
not economically feasible. Still, all solutions have to be very en-
ergy efficient in order to increase their autonomy and limit heat
emission. In advanced uses, one may design systems capable
of simulating the behavior of millions of neurons in real time
under tight resource constraints. Such challenges will feed a
never-ending quest for performance/Watt and performance/
Joule, leveraging very specific and multi-disciplinary domain
knowledge.

Reuse and customization, both of hardware and software de-
signs, and optimizations late during the design, i.e., when spe-
cific combinations of hardware and software have been cre-
ated for specific patients, are therefore paramount. Clearly the
HIPEAC vision supports such productive designs and assembly
of components into customized systems. Furthermore, adap-
tive components, either in hardware or in software, will enable
adapting to changing patient conditions, e.g., to learn patient-
specific brain functioning and the appropriate responses to
patient-specific inputs.

Computational science

Just like datacenters, supercomputers are composed of compo-
nents (containers, racks, blades, interconnects, storage, cooling
units, etc.). At this point there is not much difference to tra-
ditional datacenters. The biggest difference is in the workload,
which is a single application in case of a supercomputer.

Given the nature of these workloads, most programmers are
currently working at the efficiency layer as performance is the
only metric that really counts in supercomputing. However,
also in this area, there is a clear need to look for more abstract
domain-specific frameworks and toolboxes for expressing the
algorithms that need to be executed. Such toolboxes make
the algorithms more portable between different systems, they
speed up program development, and they hide the intricacies
of parallelizing computational kernels. Current models such as
MPI are too low level, and therefore inadequate to deal with
future exascale systems with millions of cores, especially when
several of them fail during the execution of an application.

We expect that, according to the principles and paradigms of
this HIPEAC vision, future domain experts will be able to prac-
tice computational science within their own domain. Today’s
scientists either need to become domain experts in parallel
programming languages themselves or they need to rely on
the limited capabilities of software toolboxes that were pro-
grammed by their colleagues to solve particular problems on
particular hardware platforms. In the future, they will instead
be able to write new applications in their own domain-specific
language. Next, tools developed by the HIPEAC community will
make sure these applications run well on the exascale comput-
ers that this community will also develop.

As a result, computational science will have a much more gen-
tle learning curve for scientists in many other disciplines. Con-
sequently, this domain will open up to many more scientists
and it will be able to evolve at a much faster rate, not being
slowed down by the huge efforts it currently takes to port exist-
ing scientific code bases to new platforms or new applications.
An example of a relatively novel new application is financial risk
analysis. Many other new applications will follow. That way, this
vision will help growing the field of computational science.
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Smart camera networks
Smart camera networks can be used for a large variety of moni-
toring tasks being performed under varying conditions. Also,
the tasks and hence the applications running on the individual
cameras might change at deployment time.

It is likely that different applications will feature different sub-
algorithms, so-called software kernels, featuring different kinds
of concurrency. Hence different hardware designs are optimal
for different applications. However, designing hardware com-
ponents such as individual cores and accelerators that will only
be used for one (niche) smart camera application is economi-
cally infeasible. Likewise, writing software kernels that will only
be used in one application is very expensive, in particular if this
has to be redone for each possible accelerator design.

The HIPEAC vision of using virtualization will increase both the
market for developed software and the market for developed
hardware components. It will also make life easier for the smart
camera network maintainer, as it will allow him to add new
cameras to a network of different manufacturers and with dif-
ferent features, as long as they support the same virtual inter-
face.

Moreover, the reconfiguration, customization and run-time ad-
aptation techniques will facilitate the switching between tasks
during the deployment of smart camera networks.

Realistic games

At least some future games will involve multiple devices, with
differing computational power and different functionalities.
These devices might also be running other applications that
have to be kept isolated from games, for example because of
security reasons. Consider, e.g., devices accessing mobile com-
munication networks and running downloaded game software.
Obviously, the network operator does not want his network to
be vulnerable to incursions by the downloaded software.

Moreover, games will have to run on a much wider range of
hardware devices. Whereas today's games are programmed
for a single platform such as Microsoft's Xbox, Sony’s Playsta-
tion 3, or the Nintendo DS, or where their implementation in-
volves a very large porting effort to target multiple platforms,
the HIPEAC vision supports more productive programming with
portable performance. Virtualization, domain-specific program-
ming languages, and component-based hardware design. Con-
sequently it will help to create a larger, more competitive mar-
ket for gaming devices and games.

As entertainment in general and gaming in particular has al-
ways been a technology driver, we expect this larger, more
competitive market to benefit other markets and technology
progress as well.
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Strengths

During the past decades, the European ICT industry succeeded
in creating a strong embedded ecosystem, which spans the en-
tire spectrum from low power VLSI technologies to end user
products.

In the semiconductor and processing elements field, companies
such as ARM, ST, NXP, Infineon, etc. are leading companies in
the domain of embedded systems, and have very strong pres-
ence in the European and worldwide market. Validation and
real-time processing are aspects in which the European industry
has particularly excelled.

At the end of the value chain of this ecosystem, large end-user
European companies have a strong market presence in differ-
ent domains such as in the automotive industry (Daimler, Re-
nault, Fiat, ..), the aerospace and defense industry (Dassault,
Thales, ..) and the telecommunication industry (Orange, Voda-
fone, Nokia, Sony Ericsson,...). These large industries heavily
depend on, and influence the technologies produced by the
semiconductor and associated tools industries. They also rely
on a strong portfolio of SMEs that strengthen the technical and
innovative offers in the market.

From an educational perspective, it is worth noting that, as
of 2008, 210 European universities are rated among the top
500 universities in the Shanghai lJiao Tong University ranking
[ARWU], this is more than the United States of America (190
universities). The European university system thus benefits from
a very strong educational taskforce and a highly competitive un-
dergraduate and graduate educational system. Also, European
research traditions and different educational policies installed
at national levels and at the European level help with estab-
lishing longer-term research as well as a stronger analytical ap-
proach in the ICT research area. The ongoing bachelor-master
transformation will hopefully further strengthen the European
educational system.

Weaknesses

Probably one of the biggest weaknesses of the European Re-
search in ICT is a fairly weak link between academia and in-
dustry, especially at the graduate level. Many companies favor
newly graduated engineers over PhD graduates. Companies
in the United States value PhD degrees much more than Eu-
ropean companies. This sometimes leads to a brain drain of
excellent computing systems researchers and PhD graduates to
other countries where their skills are valued more, or to differ-
ent economic sectors like banking. As a consequence, some of
the successful research conducted in Europe ends up in non-EU
products or does not make it into a product at all.

The lack of venture capitalist culture and policy contributes even
more to this brain drain: it is much harder for a PhD graduate in
Europe to attempt to build his own startup to industrialize the
result of his research. More generally, bureaucracy and admin-
istrative procedures in some countries are preventing or killing
several new initiatives.

From an industrial point of view, Europe lacks truly pan-Euro-
pean industrial players in the HIPEAC domains, especially com-
pared to the USA. This severely reduces the potential syner-
gies and impact of these industries. Furthermore, the European
ICT industry misses a major high-performance general-purpose
computing company such as HP, Intel or IBM in the United
States. Main components for general-purpose computers, such
as microprocessors and GPUs, are also produced outside of Eu-
rope.

At the political level, Europe does not consider computing sys-
tems a strategic technology, unlike other technologies such as
energy, aerospace and automotive technology. We should not
forget that most other major economies treat computing sys-
tems as a strategic technology, even under control of national
security agencies as in the USA. Computing systems technology
is, however, at the basis of almost all other strategic areas, in-
cluding defense equipment and satellite control. Export restric-
tions could one day limit European ambitions in these areas,
especially if Europe would become completely fabless.

At the research level, European research in computing systems
is lacking international visibility due to the absence of a suf-
ficient number of highly visible computer engineering depart-
ments. Furthermore, several major and competitive computing
systems conferences are controlled by American universities
who use them as a tenuring mechanism for their own gradu-
ates, making it more difficult for Europeans to get their work
published there.

The HIPEAC vision



3. Recommendations

All these weaknesses are linked together: perhaps because
computing systems is not considered as a strategic domain, no
truely pan-European company in this field has emerged. This
may explain the lack of European industrialization of Europe-
an research results and the weak links between industry and
universities. Consequently, Europe lacks internationally visible
computer engineering departments.

It is also worth noting that the language diversity in Europe is
a handicap to attract bright international students to graduate
programs. Furthermore, the lack of command of the English
language by graduates in some countries is also hampering in-
ternational networking and collaboration.

Opportunities

Although ICT in Europe may suffer from several weaknesses,
several assets as well as economic and geopolitical evolutions
open the door to huge opportunities that can strengthen the
European industry as a leader in the HIPEAC domain.

As paradoxical as it may appear, several societal challenges that
the European and worldwide society will face are by themselves
huge opportunities for the research and industry in ICT. For
example, the aging population challenge will require the de-
velopment of integrated health management systems. Other
challenges such as environment, energy and mobility will open
the market to new potential products and systems that should
highly benefit from the European experience in low-power and
embedded systems and its SME ecosystem in this domain.

Furthermore, disruptive technologies such as cloud computing
and convergence of embedded systems may represent huge
opportunities for Europe. On the other hand, these may also
represent a threat if the European industry does not offer com-
petitive solutions and if it does not exploit its assets in embed-
ded systems and low-power computing. The trend of more dis-
tributed systems, integrated in the environment using a mix of
technologies such as the “More than Moore” approach, could
be beneficial to the European semiconductor industry, that
masters the wider range of technologies required.

The cultural diversity of Europe can also create opportunities
for Europe in a global world that will not necessarily be domi-
nated by American companies and institutions anymore. Euro-
pean companies are more sensitive to cultural differences that
might become important in developing new markets all over
the world.

Finally it is worth noting that the proximity of Europe to the
Middle East, the Russian Federation and Africa represents a
huge market opportunity and should not be neglected.
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Threats

As previously described, the lack of visibility and mass excel-
lence/innovation of computing systems research in Europe can
represent an important threat to the European industry.

Of course, the labor cost, global economy, as well as the inertia
caused by administrative overhead and IP regulations may seri-
ously hamper the European industry as well.

A very important and strategic aspect is the ability of the Euro-
pean industry to keep manufacturing and controlling its semi-
conductor products. Currently most, if not all, high and middle-
end general-purpose processors are technologies developed in
the USA. China is also developing its own hardware, of which
the Loongson processor is the best-known example. With the
development of low power processors such as the Intel Atom
in the USA, there is a risk to end up with Europe having no
semiconductor industry left, neither in the high-performance
domain nor in the embedded domain.

Also the lack of open source tools in the computing systems
domain (for example synthesis tools) can be a threat to the Eu-
ropean research in the HIPEAC domain. Open source software
is an important facilitator for basic research.

Research objectives
The HIPEAC vision is summarized in Figure 6 and Figure 7.

We believe that in order to manage the complexity of future
computing systems consisting of hundreds of heterogeneous
cores, we should make a distinction between three groups of
stakeholders. End users who are buying hardware and software
for example in a store or on the Internet are by far the larg-
est group. For them, installing and using hardware and soft-
ware should be just plug-and-play, completely hassle-free. They
should be completely oblivious of the kind of hardware and
software they are using. This should be comparable to the type
of alloy used in the engine of a car, undeniably very important
for the car manufacturer, but infinitely less important for the
end-user than the features of the in-car entertainment system.
For the end user, there is no distinction between hardware and
software, there is only the system.

Plisg & play

Component-
Bk P
e = Conturrent

design = Teming-aware

Hurdware /2

Companenty’y

Figure 6 Productivity and efficiency layers in hardware and software design

The second group is working at the productivity layer; these
are the product designers who mostly care about correctness,
but less about the non-functional properties of a system. For
this group, design time and time to market are the most impor-
tant criteria once design constraints (e.g. power, real-time) have
been met. The faster a correctly working system can be built,
the better. The magic word at this level is abstraction. The more
we can abstract the low level details of the implementation, the
better. At the software level, we radically propose the use of
domain-specific languages that enable expressing concurrency
and timing in a way that is familiar to the designer. At the hard-
ware level we propose the use of component-based hardware
design, from the transistor level to the rack level. This will lead
to less optimized systems, but it will dramatically reduce the
complexity of the design, and therefore improve the time-to-
market of the product.

Finally, there are the engineers working at the efficiency layer.
At the hardware level, they are implementing the (optimized)
building blocks for the component-based design. This hardware
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will be able to adapt itself, for example by switching off unused
parts and by migrating activity across the systems to avoid hot
spots or to deal with failing components. At the software level,
the engineers are designing parallel and distributed program-
ming languages that are to be considered the machine lan-
guage in the multi-core era. They also take care of the runtime
systems and virtual machines. One of the major challenges for
software is portable performance, meaning that platform-neu-
tral software adapts itself to the hardware resources available
on a given platform.

The main research focus of the HIPEAC community is on the
efficiency layer. It also produces some of the tools for the pro-
ductivity layer. Of course, it also uses its own productivity tools
when working on the basic components of the efficiency layer.

This HIPEAC vision can be realized by the use of domain-spe-
cific, concurrent, and timing-aware systems, component-based
hardware and software design, self-adaptation and portable
performance. The use of these techniques leads to shorter de-
sign cycles but this does not come for free: the resulting sys-
tems may be less-than-optimal. To compensate for this, we pro-
pose to use global optimization techniques that eliminate the
overhead from the extra abstraction layers and from additional
interfaces.

In order to realize the HIPEAC vision, we propose six research
objectives. They all take the technology trends into account, and
support the HIPEAC vision. They are described in more detail
below.

Design space exploration

Design space exploration is about automatically optimizing
a system for non-functional metrics as listed under the chal-
lenges. Design space exploration searches for the best design
point in a high-dimensional design space. The dimensions of
the design space can be either parametric (such as cache size),
or structural (such as the number and types of cores). Design
space exploration is a global optimization technique that can
automatically generate optimized domain-specific solutions. Ef-
fective design space exploration should not only explore the
hardware design space, but also the software design space (a
different hardware architecture might require a different algo-
rithmic solution, or different compiler optimizations).

Key issues are:

* Design space exploration for massively heterogeneous multi-
core designs, i.e. selecting the optimal heterogeneous multi-
core system for a given workload. This requires modular
simulators, and a parametric and structural design space.

* The development of efficient search strategies in combinato-
rial optimization spaces, and the building of predictive mod-
els to guide the search.

e Combined hardware/software exploration, i.e. support for
co-evolution of hardware and software. Identifying the ap-
propriate software design space, and the development of
tunable compilers.

e Multi-objective optimization for two or more of the techni-
cal challenges, e.g., not only for best-effort performance but
also for on-time performance.

Performance,
Performance/€, Power, Energy,
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Concurrent programming models
and auto-parallelization

The holy grail of the multi-core era is automatic parallelization
of code. Rather than starting from legacy C code, we propose
to start from platform-neutral domain-specific, timing-aware
and concurrent languages. The auto-parallelizer must be able
to convert concurrency into parallelism, and exploit the parallel
resources that are available in a given hardware platform, ef-
fectively realizing portable performance.

The automatic mapping will be a two-phase approach, a.k.a.
split compilation. The first, static, hardware-independent phase
will extract concurrency information from the code and give
feedback to the programmer about the available concurrency
or lack thereof. The second, possibly dynamic, hardware-de-
pendent phase, will then map that concurrency on the available
parallel hardware. In this approach, the first phase is hardware-
independent, but is not necessarily independent of the second
phase. Depending on the tools or mapping techniques that will
be used in the second phase, the first phase might need to
extract different kinds of information.

Key issues are:

e The design of truly platform-neutral concurrent, domain-
specific, timing-aware languages. Although not per se a
HIPEAC activity, language designers might need our help to
come up with concepts that are amenable to parallelization.

e The design of a tool flow that allows the extraction of all
necessary concurrency information to exploit all possible par-
allelism. The static first phase of the split compilation needs
to be made retargetable to the dynamic second phase.

e How to give to programmers the most useful feedback con-
cerning the concurrency in their applications.

¢ The development of second-phase techniques for automati-
cally mapping concurrency to a multitude of parallel hard-
ware structures, including reconfigurable fabrics, graphical
processing units, and accelerators of all kinds. Portable per-
formance.

Electronic Design Automation
Component-based design requires tools that enable productiv-
ity designers to compose their design starting from a high level
functional description. EDA technology is a key factor in reach-
ing higher design productivity of future heterogeneous multi-
core systems.

EDA is currently aiming at a new abstraction level: Electronic
System Level (ESL). ESL focuses on system design aspects be-
yond RTL such as efficient HW/SW modeling and partitioning,
mapping applications to MPSoC architectures, and ASIP design.

Key issues are:

e Component-based design, from the basic building blocks up
to the complete datacenter.

e Accurate and fast evaluation of performance, power con-
sumption and temperature of the resulting system.

* Manageable simulation, validation and certification time.

e Automatic generation of hardware accelerators from high-
level specifications.

e The design of self-adaptive systems.

Design of optimized components
Component-based design can only be productive if it can build
upon an extensive set of well-designed and fully-debugged
components. In the hardware domain, they are called IP-blocks;
in the software domain, we call them libraries. These compo-
nents should on the one hand be optimized for the function
they were designed for, and on the other hand they should be
general enough to be applicable in a wide range of applica-
tions. This dilemma might lead to suboptimal solutions, which
is the price one has to pay for a faster time to market.

Key issues are:

e General-purpose processor architecture: optimization for
power and reliability.

» Correct selection and architecture of domain-specific accel-
erators.

* Improvements of the memory architecture.

e New components interconnection systems.

e Efficient reconfigurable architectures.
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Self-adaptive systems

Three aspects of future computing systems will show variability
over time and space. The available hardware will vary because
of wear-out, process variability, reconfiguration and monitoring
local heat production. Furthermore, the environment in which
the system operates will change. Physical properties, such as
temperature, will change and affect the operation of the de-
vices, as well as other properties that form inputs to the applica-
tions running on the devices, such as changing light conditions
around a smart camera. More virtual changes will also occur,
such as when previously undisturbed systems become the tar-
get of a security invasion. Furthermore, we have seen many ap-
plications where the applications themselves, i.e., the software
running on the devices, changes because different functionality
is needed at different points in time.

Since optimizing these computing systems for all worst-case
scenarios of the three aspects is not feasible, we have to start
developing systems that adapt dynamically to changing condi-
tions. This requires a large investment in methodologies and
tools.

Key issues for these methodologies are that they should support

¢ An integrated approach for all three kinds (hardware, soft-
ware, environment) of changing variables.

e System-wide approaches for global adaptation and optimi-
zations rather than local adaptation and optimization.

e Appropriate split between static compilation phases and dy-
namic, adaptive phases.

Virtualization

Virtualization is a basic technique that separates workloads
from the physical hardware. It allows for running legacy soft-
ware on new hardware, for dynamically adapting applications
to changing hardware resources, and for isolating software do-
mains (to do dedicated resource provisioning, or for security).

Key issues are:

e Efficient virtualization of heterogeneous multi-core systems,
or how to create a virtual architecture for a multitude of het-
erogeneous platforms, including accelerators. Modular virtu-
alization frameworks.

e Performance models for virtualized workloads, essential for,
a.0., scheduling virtualized workloads. Hardware/software
support for dynamic instrumentation, monitoring and opti-
mization.

e Real-time guarantees in virtual environments, validation, cer-
tification.
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Conclusion

This document describes the HIPEAC vision. It starts by listing the
grand societal challenges, the application and business trends, and
the ten technical constraints ahead of us:

Hardware has become more flexible than software;
Power defines performance;

Communication defines performance;

ASICs are becoming unaffordable;

Worst-case design for ASICs leads to bankruptcy;
Systems will rely on unreliable components;

Time is relevant;

Computing systems are continuously under attack;
. Parallelism seems to be too complex for humans;
0. One day, Moore’s law will end.
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These lead to technical challenges that can be summarized as im-
provements in seven areas: Performance, Performance/€ and per-
formance/Watt/€, Power and energy, Managing system complex-
ity, Security, Reliability, and Timing predictability.

From these challenges, trends and constraints follows the HIPEAC
vision: keep it simple for humans, and let the computer do the
hard work. This leads to a world in which end users do not have
to worry about technicalities of platforms, where 90% of the pro-
grammers and hardware designers only care about productivity
in designing software and hardware, and were only 10% of the
trained computer scientists have to worry about efficiency and per-
formance.

Systems will be heterogeneous for performance and power rea-
sons, and computers will be used to specialize and optimize the
system beyond the component level.

Besides the tasks for the humans, computers will do the hard
work of searching for a good enough system architecture through
design space exploration, generating it automatically using EDA
tools, automatically parallelizing applications written in domain-
specific languages, and make sure the system can automatically
adapt to varying operating conditions.

Finally, the vision also reminds us that one day scaling will end,
and that we should be ready by then to continue advancing the
computing systems domain. Therefore it is suggested to start look-
ing into upcoming alternatives, and to start building systems with
them, in order to be ready when needed.

The vision concludes with a set of recommendations, areas in which
research is needed to support the HiPEAC vision. These areas are,
in no particular order: adaptive systems, concurrent programming
models and auto-parallelization, the design of optimized compo-
nents, design space exploration, electronic design automation, and
virtualization.

This document does definitely not offer “silver bullet” solutions for
the identified problems and challenges, but it does offer a number
of directions in which European computing systems research can
progress.

The described vision has been created by and for the HIPEAC
community. By working in accordance with this common vision,
European collaboration will become the most natural option for
computing systems research. This vision can also focus the Euro-
pean research capacity to a smaller number of research objectives,
thereby creating communities with enough critical mass to force
real breakthroughs in the different areas.
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