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Abstract – With the renewed interest in the customization
of embedded processors for applications specific needs, it
becomes imperative to understand its viability both
economically and technologically thus avoiding pitfalls.
Customization and scalability are two terms which are often
used synonymously to denote add/ subtract of additional
functional units or increase/ decrease of ports in memory
register banks in processors. The advantage that comes out of
customization is in the improved performance, reduced
silicon area and power efficiency. With the option of
parameterizing the inclusion/ exclusion of functional units
the hardware can be made leaner and thus more energy
efficient. Removal of redundant units results in shortening of
critical path in circuits. Though the above advantages look
significant but customization carries its own pitfalls which
often are intractable. Firstly, it carries an immense overhead
if performed in General Purpose Processors (GPUs).
Changes in the hardware architecture results in code
mismatch and thus necessitates ISA (Instruction Set
Architecture) extensions or at times complete overhaul.
Besides, users are often reluctant to adapt to the changes in
ISA as it involves additional training. The final death knell
may come from the limited commercial use of customized
processor thus resulting in economic losses due to under-
utilization of production units. Hence a new insight is needed
that caters to the utilization of present technological
advancements in processor customization but at the same
time avoiding adverse economic fallout that comes from
blindly forcing customization everywhere. A graded and
selective use of customization in consonance with market and
user needs is suggested. Therefore, predicting the
development course of micro processors in general and
embedded processors in particular will benefit businesses to
correctly focus on the performance and efficiency of systems
that use these processors.

Keywords – Gartner’s Hype Cycle, Customized Core,
Time-Cost Scheduler, Line Width, ISA, Moore’s Law.

I. INTRODUCTION

Embedded system will play a crucial role in the future
consumer appliances, gadgets and telecommunication
systems [4]. Forecasting the trend embedded
microprocessors will take and charting out the futuristic
development path is an activity that is quite controversial
and fraught with perils of getting absolutely wrong. In
spite of this many parameters and the market trends &
requirements give sufficient hints if not evidences of as to
how the future technological development will take shape.
Considering the past predictions notably the oldest being
the Moore’s law that postulated that the number of
transistors in a chip will double every 18 months, it is

practically feasible to enunciate the future of embedded
microprocessors.

Customization and scalability are the two terms which
are often used interchangeably to describe the process of
tailoring processors for an application specific need.
Processors are used for computations, decision control,
automation, navigation, in many electronic devises
ranging from space shuttles to wrist watches. The
widespread proliferation but often the invisible use of
these small chips in myriad devices sometimes leads to
under-estimation or ignorance about their essence and
utility. Nonetheless these embedded brains play a critical
role and thus is a focus of recent researches. Anticipating
the future of these devices should be an important goal for
businesses that are directly or indirectly involved.
Customizing processors for specific domain or
applications leads to improved performance, reduced die
(silicon) area and power efficiency. On the negative side
there are inherent draw backs in customizing processors
that results in cost escalation due to low sales volumes,
user training and software mismatch. Hence, there exist an
important need for a scheduler that can predict, the time
and cost involved in developing processors in future.
Predicting the future technological developments in the
microprocessors structure will immensely help businesses
plan their manufacturing goals by delivering on the
promises made. As is often seen the chip manufacturers
vie for bringing into the markets embedded devices that
are on forefront of technology that gives users an option to
replace their old gadgets with new ones thus creating
demand. This process in turn prompts other competitors to
come with more innovative products and thus the cycle of
innovation and creating new markets continue. The
example of user interface in video gaming devices is a
case in point [1] In spite of the game being very robust,
marketing the game becomes a challenge if the user
interface is not appropriate and user friendly. Future video
interfaces would involve 3D images, rich sound and
multimedia effects. The growth in this arena is powered
not by businesses but the consumer led demand-driven
market. Thus predicting the usage pattern and preferences
of the consumer is another challenge for the chip industry.

Another domain that needs a look into its future
trajectory is high performance computing [2]. It is now
possible to fit over 1 billion transistors into a single chip
wafer with the line width diminishing to less than 0.1
microns. Foretelling High Performance machines future is
a task that touches the boundaries of silicon and circuit
research. The wires on the chip are becoming
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comparatively slower as compared to the logic gates. Thus
a single clock is not sufficient to handle the whole chip.
Multiple system clocks will be needed.

Fig.1. Surveyed processor architectures

Figure 1 depicts prototypes of the architectures that may
arise in the coming decade. The progress will not be
exactly similar but it will be broadly on the lines as shown
in the figure. The progress of these new architectures will
be conditional to their software compatibility. If the stress
on legacy issues continues, evolution of new architectures
would be severely constrained. Moving towards the right
side of the figure 1 would require departure from the
conventional programming models and experimenting
with new programming paradigms. The architectures
depicted in the figure are briefly outlined as under:
a) Advanced superscalar processor: These processors [6],

[7] have an instruction issue width of 16 to 32 per
cycle.

b) Super-speculative processors: These processors
conduct aggressive speculation in each stage of the
pipeline [8].

c) Simultaneous Multi-threaded processors: These
provide among aggressive ILP speculation task-level
parallelism.

d) Trace processors: The program is broken into traces
which are dynamically executed in parallel [9].

e) Vector IRAM processors: Vector processors are
integrated with large size DRAMS.

f) Raw processors: Consists of many tiles (processors)
that execute program in parallel.

Among the above processors temporal threads in Multi-
threaded processors will be a key design that will be a
focus in future research efforts.

II. FUTURE OF CUSTOMIZED PROCESSOR

In the past decade the development in customization of
embedded processors has been tremendous. Customization
helps in bridging demand supply gap that exists between
processor industry and the users. With innovative
electronic products being launched in the market, it is
essential that the processors used in these products are
optimized and tailor made for a specific functionality. The
processor market is shifting gradually away from the
geographical markets to functionality-based markets. This
is due to the fact that with the proliferation of processors, a
new market has risen in which the consumers make
choices on the basis of the functionality of processors used
in their devices. The consumer may not be enough

knowledgeable about the technical details of the embedded
processor but he may be well versed with the functionality
of these processors. The consumers may decide to switch
to another device/ gadget based on the functionality angle.
This is relatively a new development in consumer
behavior. An example can be derived in the way
consumers choose and replace their mobile phones based
on the extra functionality a particular mobile device offer.
This aspect is expected to be a key ingredient for fuelling
in growth and research in the customization of embedded
processors.

Fig.2. Automatic customization

Processor customization [3] is pursued due to the
following reasons:
1. The cost of silicon has gone down thus making it

possible to build small VLIW processors.
2. Markets have started using high-performance

computing to resolve intractable problems resulting in
mass utilization of super-computers.

These factors spawned interest of many corporations to
fund research. HP Labs [3] started a CFP (Custom Fit
processors) project to develop VLIW processors that are
configurable and can be easily modified as per the needs
of the market thus reducing the time-to-market factor.
Later on a partnership ensued in this project between HP
and STMicroelectronics that led to the development of
Lx/ST200 family of VLIW embedded cores.

The Lx/ST200 family is based on configuring the ISA
visible parameters to derive VLIW cores for specific
needs. These ISA visible parameters include functional
units, registers and memory banks. This selective option
produces the full architectural specification of the core.
When the architectural specification is combined with
micro-architecture template, it becomes possible to
generate the RTL (Register Transfer Language) [11] using
Verilog or VHDL. Figure 2 shows the process of
customization that can be made automatic.

Despite the customization breakthrough the Lx/ST200
family was not well received due to the following reasons:
1. Different implementations of Lx family were designed

(ST201, ST220, ST230, ST231, ST240). Users
preferred to stay in one cluster in spite of the scalability
inbuilt into the systems.
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2. The processor tool chain had a high level of complexity
thus maintenance was a huge burden both in terms of
cost and time.

3. Even though the project provided with synthesizable
RTL, it still took a long time before a fabricated
processor core could be released.

Besides, there were other notable barriers like
architecture tuning, micro-architecture tuning, software
and hardware validation & verification. Thus one
processor per application is not a feasible concept in terms
of market acceptability. At least it will take some time
before any of its benefits seems viable worth exploiting.
Alternatively, one processor per domain at present looks to
be a promising and all the future developments will have
this concept in focus.

III. SEARCH FOR AN OPTIMIZED

ARCHITECTURE

Configuring an optimized architecture for a given
application is possible. Tools are available to configure the
best architecture for a particular specific application. But

on the flip side the applications are itself difficult to
characterize due many factors outlined as under:
1. It is a wishful thinking that the application will not

change during the processor developing phase.
Applications in fact change due to many reasons. These
reasons are influenced by market expectations,
development of new standards (or vice versa dumping
or discontinuation of an existing standard), better
algorithms, among others. Another important factor is
the option of flash based firmware online upgrade that
may make the existing application not in conformance
with the processor architecture.

2. Secondly the ISA (Instruction set architecture) can be
derived for a particular application, but similarly an
application can be tailor-made for a particular ISA.
This can be explained that even for a same category of
algorithm, deriving an optimized customized processor
is problematic. Even for the same category of DCT
algorithms [3], deriving a custom processor with add
and multiplier units is a complex task as shown in
Table 1.

Table 1: Comparison of DCT Algorithms
Algorithm 2D (row-columns) 2D (direct)

Multiplications Additions Multiplications Additions
Theoretical 1024 896 512 682
Ligtemberg and Vetterli 208 464 104 466
Arai, Agui, Nakajaima 208 464 104 466
Arai, Agui, Nakajaima with quant. Table 144 464 N/A N/A
Chen and Fralick 512 512 256 490
Chen and Fralick using DA 0 1024 0 746

In addition, another issue that has stifled the
development of customized processors is the non-
availability of reference hardware platforms. For the
general processors vendors have been using a reference
hardware platform for many years but only recently, the
vendors are thinking of developing a common reference
hardware platform for customized processors. If the
embedded product life cycle is to be considered as shown
in Figure 3, a common hardware platform could benefit
speeding up the development time of the customized
processors. Further the software and the hardware
development of the customized processor can be de-
coupled and each can take place concurrently.

Fig.3. Embedded Product Lifecycle

The basic findings in Figure 3 reveal many intricate
issues that need attention. Firstly, the timing closure of
ASICs is easy to achieve. In case of core processors, it is a
distant dream and takes much iteration. Timing closure
refers to aggressive tuning of the cycle time to squeeze the
best out of a processor. Secondly, synthesizing VLIW core
from RTL leads to inefficient designs. It takes a minimum
of 3 to 4 design generations of the micro-architecture to
mature and reach a sweet spot. The sweet spot involves
considering the number of functional units, memory cycle
and optimizing the pipeline manually. Finally, the design
effort is not much but if Figure 3 is to be seen, the
verification takes almost 60% of the time before a final
customized core is released. Summing up, it is clear that
one processor per product is not a feasible solution instead
a processor per domain may be a more suitable alternative.
In addition to this, a major breakthrough isneeded in
software engineering practices related to verification of
processors if the customization of processors is to be
realized in its entirety.

After considering the bottlenecks in the synthesis and
final development of a customized processor, Section 5
focuses on the predictions of the future technology. An
analogy will be stated that relates the current progress to
the future developmental efforts and will provide an
insight into the future expected performances of these
devices.
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IV. EXPECTATIONS AND DISILLUSIONMENTS OF

CUSTOMIZATIONS

Customization of a processor comes as a double edge
sword. Correctly identifying the strength and viability of
the customization process can lessen some gloom in the
market. The Gartner’s hype cycle [5] modified for
customized processor as shown in Figure 4 gives a brief
idea as to how the customization of processor will be
accepted in the market. Referring Gartner’s hype graphics
it can be seen that the customization currently lays in the
trough of disillusionment and in the year 2012 it will be
climbing the steep slope of enlightenment. Though the
present is discomforting nevertheless the research efforts
should continue as it is the time to ride out of the pit of
disillusionment. Markets may not be supportive currently
but the future is inviting and promising. New inventions in
processor verification should be of high priority.

Fig.4. Modified view of Gartner’s Hype Cycle for
customized processors

V. TIME COST SCHEDULER DESIGN

After taking into perspective various factors as outlined
in Sections 2, 3, & 4, it becomes imperative to design a
peep-window for the future that can be utilized as sort of
an oracle for vendors and users who are connected with
customization of processors.
Benefits

The time-cost scheduler matrix on the future of
processors will provide an opportunity to vendors to
feasibly design new cores that cater to the expectations of
the consumers. These cores can be practically
implemented as they will be based on current technology.
Recently many projects in customization were either
shelved or failed due to a false belief in over-hyped
technological achievements which were not exactly there.
This led to financial loss and a beginning of a
psychological mindset among design engineers that
customization in general does not work. In addition the
final product may be incomplete (not matching the
consumer expectations) or might suffer from intractable
bugs. With the availability of a peep-window, the vendors
would be able to look into the distant future and define
their development goals in advance.
Time-cost peep-window

The time cost scheduler (or the peep window) is
proposed to address the intricacies involved in predicting
the future growth of the processors. This is based on the
following parameters:
 Past development of microprocessors.
 Predictions if any of the future progress made in the

distant past and the success rate of those predictions.
 Current or prevailing technology.
 Technologies that are on the threshold of

breakthroughs.
 Effects of technology on consumer behavior.
 Cost/ volume analysis (scale)
 Future predictions.
 Hyped technologies.

The above eight parameters though not exhaustive,
cover almost all aspects of the trends that may emerge in
the near future. The analysis part in the beginning details
the past growth that may need to be intelligently
extrapolated, synthesized or inferred to understand the
future in terms of the following broad domains:
(a) Technology

In order to provide a forecast that is consistent, it is
necessary to observe the progress in the advancements of
technology [1] of the processor core that have recently
taken place. These are lithography (line width), die size,
number of transistors, clock frequency, power and voltage
among many others as shown in Table 2.

Table 2: Semiconductor Technology Roadmap (Source: Semiconductor Industry Association)
1997 1999 2001 2003 2006 2009 2012

Lithography (nm) 250 180 150 130 100 70 50

Die Size (mm2) 300 340 385 430 520 620 750

Transistors (M) 11 21 40 76 200 520 1400

Frequency (MHz)
Local clock

Cross-chip clock
750
750

1250
1200

1500
1400

2100
1600

3500
2000

000
2500

10000
3000

Power (W) 70 90 110 130 160 170 175

Voltage (V) 1.8-2.5 1.5-1.8 1.2-1.5 1.2-1.5 0.9-1.2 0.6-0.9 0.5-0.6

I/O pins 1450 2000 2400 3000 4000 5400 7300

Wiring Levels 6 6-7 7 7 7-8 8-9 9
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The line width is decreasing and has crossed the 0.01-
micron physical barrier. Beyond this, it is not possible to
decrease it further. Thus, this is a major bottleneck. Unless
some major breakthrough is seen this will continue to
deter the packing density of the processor core.

Fig.5. Moore’s Law Vs Processor generation

(c) Line width
The line width as shown in Figure 6 has been

consistently decreasing and reaching the physical limits of
material science. Unless a new breakthrough is made in
the discovery of lower resistance and lower capacitance
materials, smaller line width can become a potential
bottleneck in realizing faster processors. Other barrier to
future performance enhancement is the increasing design
complexity. It is difficult to control and coordinate a big
design team.

Figure 6: Line width versus time

(d) Market segment size
The scale of the microprocessor market has long been

under-estimated historically. The main reason behind this
is in the false notion that the market is business-driven. In
fact the market is consumer-driven and the guiding factor
is the functionality aspect of the new processors.
Customized processor will always be in demand due to
reasons much beyond that could at present be
comprehended. Since these processors are used as sub-
parts of many devices, hence it is difficult to envisage their
future growth. Figure 7 displays PC market growth over a
period between 2000 and 2014. The average 13% annual
growth is realizable at least in the next 3 years. Though
this growth has fallen as according to Gartner report but

still the excess money generated from the PCs sales can be
pumped back into more R&D thus realizing the
exponential growth as dictated by Moore’s law-2.

Finally, after going through the classical aspect
(Moore’s law), technological aspect (line width) and the
consumer demand, it is possible to deduce a realistic
forecast based on these factors. Since the customized
embedded processors have a different growth pattern as
compared to the general purpose microprocessors different
Gartner style hype charts are created to portray a graphical
view of the trends that may be expected in the near future.
These charts have been constructed using information
retrieved from past, current & future technological trends
coupled with predictions made in the past. Some efforts
and research has been made in the recent past to predict
future processors based on either technology, past
predictions or consumer market. This study aims to
amalgamate these three crucial issues and finally outlines
two Gartner styled hype chart each for embedded
processors and general purpose CPUs respectively. In
view of the lack of direction for the vendors to channelize
their growth focus, these charts would be of immense
value in predicting the future path-breaking technologies
with realistic balance provided by the factors related to
past predictions (both that were successful or went awry)
and consumer expectations (market). It is expected that
this may help save precious resources (time, money &
human manpower) thus providing a competitive edge to
businesses. Further, software development can keep pace
with the emerging hardware functionalities, thus creating
more consolidation in the software-hardware world. On
the flip side if the predictions err in forecasting a suitable
expected event, the graph can be refined by adding
additional parameters that may reflect suitably the growth
feasibility. The main objective is to provide an easy-to-use
graphical chart that is simple yet incorporates the
necessary essentials in making an intelligible guess. It is to
be noted that no extrapolation of data has been done as has
been seen in earlier studies and the forecast is based purely
on logical factors.

Fig.7. PC sales by regions (Source: eTForecasts)

The new Gartner styled hyped charts created are
explained as under:
Gartner styled hype cycle for general-purpose
processors (GPUs).

A concise but exhaustive description in Figure 8
explains the growth of general purpose processors
beginning from year 2002 to 2018. This wide time-
window of 16 years reflects the trends in technology at
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future processors based on either technology, past
predictions or consumer market. This study aims to
amalgamate these three crucial issues and finally outlines
two Gartner styled hype chart each for embedded
processors and general purpose CPUs respectively. In
view of the lack of direction for the vendors to channelize
their growth focus, these charts would be of immense
value in predicting the future path-breaking technologies
with realistic balance provided by the factors related to
past predictions (both that were successful or went awry)
and consumer expectations (market). It is expected that
this may help save precious resources (time, money &
human manpower) thus providing a competitive edge to
businesses. Further, software development can keep pace
with the emerging hardware functionalities, thus creating
more consolidation in the software-hardware world. On
the flip side if the predictions err in forecasting a suitable
expected event, the graph can be refined by adding
additional parameters that may reflect suitably the growth
feasibility. The main objective is to provide an easy-to-use
graphical chart that is simple yet incorporates the
necessary essentials in making an intelligible guess. It is to
be noted that no extrapolation of data has been done as has
been seen in earlier studies and the forecast is based purely
on logical factors.
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Fig.5. Moore’s Law Vs Processor generation
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Figure 6: Line width versus time
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different points in time correlated with the developments
that took then. If the graph in Figure 8 is considered for
the period 2002-2009, it shows a moderate steep slope
climb. The technology was more or less static during this
phase and the only visible change was seen in the
improvement in the processor design. This was due to the
increase in popularity of the desktop PCs which generated
the volume. The technology was continuously tweaked to
squeeze the maximum performance out of the processor
cores. No major breakthroughs were reported as the
technology carried enough room for optimizations. Thus
we see the frequency of the clock that was 500 MHz in
2002 gradually rose to 2.0 GHz in 2009. There were many
benefits of these faster clocks. Multimedia was among the
major area that got the boost. PCs now had better
resolutions with high definition sound & 3D-image
quality. The PCs were doubling up as TVs, DVDs and
display panels and also as gaming stations. This upward
slide is arrested as seen in 2010 due to the over-heating of
technology. During this phase, line width cannot be
reduced further. New materials are being researched for
building circuits paths (lines), data buses and
semiconductor memories. In addition to this the increased
design complexity has made processor design difficult and
expensive. A 200 MHz Intel facility used to cost $200
million, but to build a facility now that produces Core 2
Duo Intel products cost more than $ 4 billion. This
quantum jump in the cost has in part been diluted by the
increased volumes in sale. But this may not continue any
further. Therefore we see a trough after the steep climb.
This is termed as the trough of disappointments and
setbacks. It is important for this trough to occur as it will
create new vistas in funding for research in new areas of
physical and material science. It is expected that in the
beginning of year 2015 new research will bring fruits and
will provide avenues for further expansion in system
performance touching 4-5 GHz. This will truly be an
incredible speed, but applications and operating systems
may not be in a position to take advantage of. Then a
consolidation phase will emerge starting from 2016. This
will deal with tweaking, optimizing and fine tuning the
processor. At this stage 6-8 GHz of speed would be at the
extreme end of a realizable spectrum.

Fig.8. Modified Gartner’s hype cycle for GPUs

Gartner styled hype cycle for Customized Embedded
processors

Gains in the customized processor would be similar in
terms of graph trajectory as shown for the GPUs but for
very different reasons. As it can be seen in Figure 9
families of customized processor emerge in the beginning
of year 2002. This is an offshoot of the projects taken up
by Hewlett Packard and the likes to customize VLIW
cores for specific domains and products. It can be further
noticed that Philips TriMedia family of customized cores
(starting from TM100 to TM3282) got a good response in
the DSP market and were the basis of many customized
core applications. But after the year 2009, the customized
market reached a stalemate and the growth took a nose
dive. This was due to over-dependence in the belief that
vendors will embrace customized cores for every single
product or application. This did not happen because the
added cost of user training and rebuilding applications that
used these cores having different ISAs was prohibitive.
Thus after some hard time, vendors realized the futility of
a customized core for every product. In fact in the
beginning of 2011, new initiatives have been made to
create a common platform (both hardware & software) for
each customized core per domain. It of course is an
oxymoron, as the customized processors cannot have a
common platform or else they cannot be called
customized. But this new reality has sunk in purely by the
market forces. It is not that the customized cores will
never be built for specific products in future. It is expected
that with the maturity in the market-driven technology,
new initiatives in the core-for-product may see a
beginning by year 2015. The prime benefits of the
modified Gartner cycle is very similar to the ones as
outlined for the general purpose processors as espoused
earlier. Customized processors already possess a niche in
the market. The current phase involves efforts in adjusting
and adopting cores based on consumer preferences.

Fig.9. Modified Gartner’s hype cycle for Customized
Embedded processors

VI. FUTURE WORK

The present effort in future prediction involves
gathering evidences to substantiate future occurrences of
events and trends. As mentioned earlier that there exists no
clear heuristic technique that can forecast the growth trend
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of cores. Predicting without due care & diligence can be
fraught with dangers. The bigger question is whether the
processor market requires future predictions. Considering
the investments made in setting up units to manufacture
cores, it sounds but natural to develop and fine tune
techniques and methodologies that can act as a benchmark
for predictions. Managers to assess future requirements
can then use these benchmarks. Further, it can aide in
selecting suitable future technologies that may be realized
with some certainty. The future work will be directed in
creating these very heuristics and benchmarks to make
predictions more accurate and error free.

VII. CONCLUSION

It is clear that predictions in future emerging trends in
processor core are now a necessity especially for the
vendors to ascertain the business options for the near
future. Timely and correct availability of the predictions is
an asset that no vendor can ignore. Gauging into the future
can open new opportunities both for businesses and
researchers. A research coupled with market reality can be
remunerative and carries a chance to see its transition from
a laboratory to the real markets in a short span. It is also
hoped that predictions will generate wider interest among
both academia and industry in forging new partnerships.
Considering the immense benefit that it can create, there is
fear of catastrophic failure if the predictions that are taken
seriously fail. This is a grey area that needs to be explored
further in order to bring confidence in processor trend
predictions.
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