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ABSTRACT

As Moore’s Law and Dennard scaling trends have slowed, the challenges of building high-

g g g hig
performance computer architectures while maintaining acceptable power efficiency levels have
heightened. Over the past ten years, architecture techniques for power efhiciency have shifted
from primarily focusing on module-level efficiencies, toward more holistic design styles based on
p y g g
parallelism and heterogeneity. This work highlights and synthesizes recent techniques and trends
in power-efficient computer architecture.
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CHAPTER 1

Introduction

1.1 FROM THE BEGINNING...

Managing the power dissipation of current computer systems is a Grand Challenge problem.
Power affects computer systems at all scales: from the computational capacity of our large-scale
data centers [18], to the processing performance of our high-end servers [25], and the battery life
and performance of our mobile devices [45, 152, 207].

To today’s computer architects, the emergence of power as a grand challenge [91] may seem
like a relatively recent issue, but the reality is that the very earliest computer systems faced vexing
power challenges. For example, the ENIAC computer first became operational in 1946, and its
initial press release [191] included this alarming text' about its kilowatts of power dissipation:

The ENIAC consumes 150 kilowatts. This power is supplied by a three-phase, regulated,
240~volt, 60-cycle power line. The power consumption may be broken up as follows; 80
kilowatts for heating the tubes 45 kilowatts for generating d.c. voltages, 20 kilowatts for
driving the ventilator blower and 5 kilowatts for the auxiliary card machines.

Over the decades that have followed, computer systems benefited from technology refine-
ments that improved circuit performance, cost, and power. Gordon Moore’s predictions of tech-
nology scaling linked integration levels (transistors per chip) to production cost [138]. For many
years, these cost-driven integration improvements also translated quite naturally into performance
improvements.

Nearly concurrently, Dennard articulated a scaling principle that would lower supply volt-
ages as transistors became smaller [42]. It is Dennard scaling that enables the transistor increases
predicted by Moore’s Law to be parlayed into performance improvements and power savings.

Despite the benefits of Dennard Scaling, the power dissipation of integrated systems has
spiked before. Most notably, some of the high-performance bipolar ECL processors of the late
1980s and early 1990s dissipated over 100 W [100]. While these designs were impressive and
offered then unmatched performance, the costs and challenges of designing and packaging such
chips [99] are considered to have played a major role in the adoption of CMOS technology for
high-performance designs. The challenge for us today is that we have reached a similarly difficult
operating point regarding CMOS power dissipation, but without any viable alternative technol-
ogy available to turn to next.

The text’s punctuation is as in the original.




2 1. INTRODUCTION
Table 1.1: Dennard scaling rules [42]

Device or Circuit Parameter Scaling Factor
Device dimension T, L, W 1/k
Doping concentration Na k
Voltage V 1/k
Current I 1/k
Capacitance eA/t 1/k
Delay time per circuit VC/I 1/k
Power dissipation per circuit VI 1/k?
Power density VI/A 1

In addition to technology trends, our industry is also driven by application trends that fur-
ther drive the need for power-efficient computing systems. Compared to 30 years ago, much
more of today’s computing market (phones, laptops, tablets, games) is at least moderately mo-
bile, and therefore designed with battery life as an important characteristic. In years past, mo-
bile technology would simply “trickle down” from the server world, as old designs are shrunk
in new processes. Now the mobile domain is a distinct target with great need for nimble, adap-
tive power/performance tradeoffs [70]. At the other extreme—the server and enterprise end of
the spectrum—power also matters more than ever. Data centers co-locate thousands of high-end
servers, and are often limited by their ability to offer sufficient power and cooling to sustain their
desired execution throughput [19].

'Thus, both technology and application drivers have placed us at a point where power-
efficient computation is both vital to future computer systems’ viability, and also increasingly
difficult to achieve. The following sections elaborate on this.

1.2 THE END OF DENNARD SCALING AND THE SWITCH
TO MULTICORES

The power problem as we have faced it over the past decade is largely due to two effects. First,
it is primarily a consequence of the end of the Dennard scaling rules (Table 1.1) that parlayed
Moore’s Law into performance and power benefits for more than three decades. Dennard scaling
rests on several key shifts that can be made when transitioning to a smaller feature size. For
example, smaller transistors can switch quickly at lower supply voltages, resulting in more power
efficient circuits and keeping the power density constant. But supply voltages cannot drop forever.
A breakdown of Dennard scaling occurred when voltages dropped low enough to make static
power consumption a major issue. Second, even if Dennard scaling had continued on-track, our
propensity for faster clock rates and larger die sizes meant that each generation’s power dissipation

was scaling up faster than Dennard effects were able to hold it in check.
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In particular, a key advantage of CMOS technology for many years was its lack of static
power dissipation. That is, the complementary p- and n-networks in CMOS gates (theoretically)
do not allow any path from supply voltage to ground, consuming power only when switching
(dynamic power and some glitch power). Static power consumption was therefore safely ignored
at the architectural level. However, when technology scaling broke the 100 nm barrier, transistors
showed their analog nature: they are never truly off, and this allows sub-threshold leakage currents
to flow. Worse, sub-threshold leakage currents are exponential to threshold voltage reductions.
In Dennard scaling, the major mechanism to improve power efficiency is the reduction of the
supply voltage, which assumes a reduction of the threshold voltage (since the difference of the
two voltages dictates transistor switching speed). The rise of static power brought a complete stop
to the power benefits architects took for granted for many technology generations. One-time
reductions of static power consumption are possible but the trends remain the same with scaling.
For example, current technologies employ multi-gate transistors also known as FinFETs. In these
transistors, a fin between the drain and source is “wrapped” by silicon in a non-planar fashion
to enable the gate to better encompass the channel, which reduces leakage. As one particular
example, Intel switched to 3D or tri-gate transistors in their 22 nm technology [24]. While this
change provided a step reduction in leakage going from 32 nm to 22 nm, further reductions will
be limited in subsequent scalings.

In the 1980s and early 1990s (the heyday of Moore’s Law scaling), architects primarily im-
proved performance by exploiting instruction-level parallelism (ILP)—parallelism found in the
dynamic instruction stream during execution of a program. To discover and exploit this paral-
lelism, significant hardware resources were thrown at the problem. Sophisticated techniques such
as out-of-order execution, branch prediction and speculative execution, register renaming, mem-
ory dependence prediction, among others, were developed for this purpose. These approaches can
be highly complex and do not scale well. This results in diminishing performance returns (number
of instructions executed in parallel) for increasing hardware investments. Dynamic power scales
even worse, deteriorating the power efficiency of such approaches. In fact, as illustrated in Fig-
ure 1.1, power dissipation scales as performance raised to the 1.73 power for the typical ILP core:
a Pentium 4 is about six times the performance of an i486 at 23 times the power [71]!

The shift to multicore architectures started in 2004 as a reaction to this looming problem
of increased power consumption and power density. Effectively, we abandoned frequency scaling
(which resulted in significant increases in both dynamic and static power consumption) in favor
of laying down more cores on the same chip. This dramatic shift to chip multiprocessors (CMPs)
in the past decade is a response to the power wall and the end of Dennard scaling. In particular,
Borkar et al. [26] walks through an example for 45 nm technology that is still instructive. For a
45 nm chip with 150M transistors, Figure 1.2 shows a range of possible options for implementing
the processor. To abide by the total limit of 150M transistors, one can use more logic transistors
(x-axis) in opposition with fewer cache transistors. The resulting power dissipation is shown on
the left y-axis, and the resulting cache capacity is shown on the right y-axis. As one increases
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Figure 1.1: Moore’s Law and corollaries. Data shows scaling trends, with clear shifts in trend lines at
roughly 2004 [37].

the number of transistors devoted to logic, the power dissipation increases (because caches are
“cool” from a power standpoint). Pollack’s rule [154] argues that microprocessor performance
scales roughly as the square root of its complexity, where the logic transistor count is often used
as a proxy to quantify complexity.

From these rules of thumb, multiple parallel cores essentially always beat monolithic single
cores on power-normalized performance. For example, Figure 1.3 shows three approaches that
use parallel cores to enhance throughput while maintaining the same power envelope [26]. Case A
(far left of Figure 1.2) harnesses 6-way parallelism at a fairly coarse-grain, and is out-performed by
Case B (far right), which is more aggressively parallel, when enough thread/task level parallelism
exist in the workload. Case C represents heterogeneous parallelism, in which two large cores are
mixed with several small ones, to good effect. An even more heterogeneous approach would be to
include some specialized accelerators, which use very few transistors or chip area, but have large
performance and power benefits when applicable.

Overall, these examples and rules of thumb begin to explain the direction that industry has
taken: a quick and aggressive adoption of medium-scale, on-chip parallelism. Parallelism helps

with the impending power wall, by offering a path to high performance that does not rely on
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Figure 1.2: A range of implementation options trading off processor area devoted to cache, and re-
sulting power tradeoffs [26].

high clock rates and high supply voltages. Parallelism—particularly heterogeneous parallelism—
also helps with the so-called “utilization wall” [186] and the “Dark Silicon” problem [54], as
discussed next.

1.3 DARKSILICON, THE UTILIZATION WALL, AND THE
RISE OF THE HETEROGENEOUS PARALLELISM

Our inability to scale a single core to further exploit ILP in a power efficient manner turned
computer architecture toward exploring alternative kinds of parallelism (task/thread parallelism,
data parallelism). Multicore and manycore architectures are designed for explicit parallelism, and
recalling Figures 1.2 and 1.3, they offer greater performance-per-watt than large monolithic ap-
proaches. Unfortunately, even homogeneous CMPs will not be sufficient to solve the power prob-
lem for more than a few more generations [137]. This road is also faced with the same problems
as with the single core architecture: we are unable to efficiently extract sufficient speedup from
parallel programs (Amdahl’s Law [7]).

Furthermore, some postulate a near future in which the number of dynamically active tran-
sistors on a die may be greatly constrained, forming the “utilization wall” [186]. The concept of the
utilization wall is that power envelopes may lead to scenarios in which few (perhaps 20% or less)
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Large-Core Homogeneous Small-Core Homogeneous Small-Core Homogeneous
Large-core 1 Large-core Large-core 1
throughput throughput throughput

Small-core Small-core Pollack’s Rule Small-core Pollack’s Rule
throughput throughput  (5/25)°5=0.45 throughput  (5/25)°%=0.45
Total 6 Total 13 Total 11
throughput throughput throughput

(a) (b) (c)

Figure 1.3: Enhancing throughput while maintaining power envelope [26].

of a chip’s transistors can be “on” at a time. The argument for this possible future is exemplified
in Figure 1.4. If transistor density increases in line with Moore’s Law, a 45 nm chip will shrink
to one-quarter the size at 22 nm in 2014, and one-sixteenth at 11 nm in 2020. Using the ITRS
roadmap [91] for scaling, the smaller chips would be more efficient, drawing the same power at
22 nm even though the peak frequency increases by a factor of 1.6, and 40% less at 11 nm with
2.4 peak clock speed. But, if we maintain the same chip area, we can pack four times the number
of transistors at 22 nm and 16 times at 11 nm. For the same initial power budget this means that
only 25% of the transistors can be powered-up in 22 nm, and 10% in 11 nm. These results are
also supported in recent academic studies [54].

'The answer to the challenge of the utilization wall is the rise of heterogeneous architectures
where some general-purpose cores are augmented by other cores of different microarchitectures
or even specialized accelerators that offer outstanding performance-per-watt by being very lean
hardware designs for a particular computational purpose. The approach of heterogeneous paral-
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Node 45nm 22nm 11nm

Year 2008 2014 2020

-

Area™ 1 4 16
Peak freq 1 1.6 2.4
Power 1 1 0.6

(4x1)'=25% (16 x 0.6)"= 10%

(in 45nm power budget)

Source = ITRS 2008

Figure 1.4: A depiction of Dark Silicon trends as seen by ARM [2, 143].

lelism with specialized accelerators is well-suited for “Dark Silicon” scenarios. A large number of
accelerators can be built on the same chip to be woken up only when needed. These heterogeneous
architectures are fast becoming the dominant paradigm after multicore.

In fact, we do not need to speculate about future heterogeneity, as heterogeneous parallel
computing is here today. If we examine the product lines from the major chip manufacturers we
see that they now have separate multicore x86 architectures targeted at high performance (2-12
cores, 100W, 100 GFLOPs) and low power (1-2 cores, 10W, 10 GFLOPs), and are integrat-
ing data-parallel graphics cores onto their CPU devices with distinct programming and memory
models [28]. In the embedded world, there are a range of cores at different performance/efficiency
points (1-8 cores, 2W, 10 GMIPS) with a range of programmable graphics cores [133]. NVIDIA,
Samsung, and Qualcomm all sell heterogeneous ARIM/GPU processors with many fixed-function
accelerator blocks for the smart phone market [12, 144, 159], and there are multiple start-ups with
64-100 core devices [183] for networking and telecom. This present-day processor heterogeneity
forces system and software designers to address the difficult optimization challenge of choosing
the right processor (both at design time and runtime) for their product’s power and performance
requirements.

Beyond simply considering heterogeneity in the types of instruction-programmable cores
on-chip, the field is also increasingly considering approaches involving specialized accelerators
that may not be instruction-programmable, and that are tuned to particular application kernels
of interest. Specialized accelerators are a particularly natural response to the Dark Silicon scenario
in which we may have many more transistors than what we can power up at once. With these
“dormant” transistors we could build a plethora of specialized accelerators that cost little either
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in terms of “active” area or power when not in use. The expectations of generality—all transistors
must be useful to all applications—shift considerably in a Dark Silicon world, and what once
might have been viewed as “niche” accelerators become a viable method for achieving performance
goals under dramatic power constraints.

1.4 OTHERISSUES AND FUTURE DIRECTIONS

Overall, computer systems have reached an intriguing inflection point. For architects, power has
been 4 fundamental design constraint for well over a decade now, with the initial reaction be-
ing fairly localized, per-module efforts to improve power efliciency. These efforts have been the
equivalent of turning lights off in unused rooms of one’s house—very sensible, but insufhicient
in leverage to dramatically change the overall power-performance design landscape. The second
wave in power-aware computing has been the recent and seismic shift toward on-chip parallelism.

Software and Programmability Issues: In many ways, the hardware industry’s shift toward
parallelism has occurred much faster than the abilities of the software and systems designers to
react. We know how to build CMPs, and we must build them to keep Moore’s Law rolling along.
But we do not yet know how to program them efficiently—both in terms of software development
time and in terms of getting the best power-performance outcomes from them. Furthermore, the
shift toward on-chip accelerators offers even greater programmability challenges. Finally, there
are a host of programmability concerns that emanate from the basic goal of elevating power to a
first-class design constraint alongside performance. For example, from a power perspective, in-
formation on the relative criticality of different communication or computation operations may
be very useful, but current programming models offer few abstractions or constructs to help pro-
grammers manage this.

Reliability Tradeoffs: Until now, power-performance tradeoffs have been viewed by archi-
tects as a two-dimensional optimization landscape. There is emerging research, however, on the
possibilities of #hree-dimensional optimization scenarios in which power, performance, and re/i-
ability are traded off against each other. Such tradeoffs are already frequently considered at the
device and circuit level, but in ways that enable the architecture and software levels to be shielded
from their effects; abstraction layers give the impression of perfect reliability even when device or
circuit tricks are being employed [52].

Intuitively, there seem to be rich opportunities for raising the abstraction layer at which
reliability, energy, and performance are traded off, in order to enable architects to exploit them
as well. For example, operating with smaller supply voltage noise margins (by lowering supply
voltage) may offer high leverage on power savings, at the expense of possible calculation or stor-
age errors. Likewise, reducing or eliminating parity/checksum protection on memory or inter-
connect also seems to offer some intuitive power/reliability tradeoft possibility. The key research
questions in this space, however, focus on whether the power/performance benefits achievable
through some approaches are large enough to be appealing given the serious impact of relaxing
reliability guarantees to software.
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Beyond the Processor Core: Much of the “first wave” of power optimizations focused on
the CPU itself, because the most serious thermal and power density concerns were experienced
there. And even more specifically, most optimizations were focused on the CPU’s processor cores
and cache memories. As we look, however, to future power issues and ideas, there is a growing
need to look beyond the processor core. Data communications and on-chip interconnect will play
an increasingly important role in power dissipation, especially since the adoption of parallelism has
led to much higher levels of data motion and inter-processor communication in many cases. One
also needs to consider the energy issues related to the memory hierarchy as well. Chapter 4 covers
these topics in this book, but considerable future work in this area is likely to be forthcoming.

1.5 ABOUTTHE BOOK

To conclude this introduction, we include here some further explanations about the book that
may be helpful to readers in finding relevant material and in comparing with contents from a
prior Synthesis Lecture by Kaxiras and Martonosi [103].

1.5.1 DIFFERENCES FROM THE PRIOR SYNTHESIS LECTURE [103]

We view the two books as largely complementary. The first book offered extensive details on the
sorts of local, per-module power optimizations that comprised the industry’s “first wave” response
to the power challenge. In this current book, we take a more holistic view. As a result, both the
structure and content of the book have changed dramatically.

There are three core chapters, which synthesize highlights of power-efficient computer ar-
chitecture techniques. Chapter 2 covers voltage and frequency scaling issues, with a particular
emphasis on trends and techniques that have emerged in the years since the first edition of the
book. Chapter 3 covers techniques related to specialization and heterogeneity that have emerged
with greater prominence in the five years since Dark Silicon began to emerge. Chapter 4 covers
the power implications of data motion and storage, again with a particular emphasis on more
recent techniques and trends. Finally, Chapter 5 concludes the book.

We note that while the power dissipation of main memory has emerged as an important
problem, we feel that this topic is too broad to be covered well as part of this book. Thus, this
book does not cover main memory issues in earnest, and we hope that another synthesis lecture
will take on this topic in detail.

Finally, a note on power modeling approaches. These were covered in the first book [103].
While new tools and modeling environments have been created in the years since then (e.g., [76,
122, 127]), these tools employ fairly similar basic philosophies and approaches as previous gen-
erations of tools. Thus due to space and scope constraints we have chosen not to cover them
turther here.
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1.5.2 TARGET AUDIENCE

'This book is written for researchers who have taken a basic course in computer architecture, and
are interested in becoming somewhat fluent in the power implications of architectural choices.
We envision it being particularly useful for a new graduate student who may be familiar with
the basics of computer design and architectural simulations, but perhaps has been less exposed to
power issues. In addition, systems researchers from related fields (e.g., operating systems, com-
pilers, parallel programming, and others) may find the book useful for understanding some of
the architectural viewpoints and issues interposed between the technology challenges emerging
“from below” and the applications trends “from above.”
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CHAPTER 2

Voltage and Frequency

Management

Issues addressing dynamic power have predominated the power-aware architecture landscape.
Amongst these dynamic power techniques, most methods focus on dynamic voltage and fre-
quency scaling (DVFS). The intuition behind many of these approaches [82, 92, 93, 164, 197,
200, 201] is that if the processor and memory operate largely asynchronously from each other,
then the processor can be dialed down to much lower clock frequencies during memory-bound
regions, with considerable energy savings but no significant performance loss. A good overview of
early DVFES techniques is given by S. Kaxiras and M. Martonosi [103]. This chapter discusses the
motivation for these techniques, DVFS technology trends, DVFS power and performance mod-
els, and OS managed DVFS. Also discussed, is the concept of criticality in parallel applications
and its applicability for controlling DVFS.

2.1 TECHNOLOGY BACKGROUND AND TRENDS

The basic dynamic power equation: P = CV2Af clearly shows the significant leverage possible
by adjusting voltage (V') and frequency (f) [32, 78]. If we can reduce voltage by some small factor,
we can reduce power by the square of that factor. Reducing supply voltage, however, might pos-
sibly reduce the performance of systems as well. Reducing supply voltage often slows transistors
such that reducing the clock frequency is also required.

'The benefit of DVFS is that within a given system, scaling supply voltage down offers the
potential of a cubic reduction in power dissipation. The downside is that it may also degrade
performance. If the program runs at lower power dissipation levels, but for longer durations,
then the benefit in terms of total energy will not be cubic. It is interesting to note that while
voltage/frequency scaling improves the energy delay product (EDP) (because the reduction in
power outpaces the reduction in performance), it can do no better than break even on the energy
delay-squared product (ED?P) metric—assuming performance is proportional to frequency.

However, there is the opportunity for more benefit when the relationship between perfor-
mance and frequency (f) is non-linear. This happens when there is s/ack in the execution, which
cushions the effect of frequency scaling. This is the main premise of the DVFS approaches that
we discuss in this chapter.
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2.1.1 RELATION OF V AND f

Figure 2.1 shows the relation between supply voltage, frequency, leakage, and energy efhiciency.
The darker curve in the left graph of Figure 2.1 illustrates how the maximum operational fre-
quency depends on the supply voltage, while the lighter curve illustrates how the total power
depends on the same. The darker curve in the right graph of Figure 2.1 illustrates how the energy
efficiency changes with the supply voltage. The greatest energy efficiency is achieved just above
the subthreshold voltage at which point the leakage power is much lower than if the supply voltage
is raised, as shown by the lighter curve.
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Figure 2.1: Showing the dependency between (left graph) maximum frequency and supply voltage
and (right graph) leakage and energy efficiency and supply voltage [26].

'The frequency () at which a circuit can operate is proportional to the difference in supply
voltage (V') and subthreshold voltage (V;j) as given by f W
maximum operating frequency any scaling of the supply voltage requires an equal scaling of the
subthreshold voltage. But since subthreshold leakage increases exponentially with the reduction in
subthreshold voltage, static power has become an increasing concern for submicron technologies.

The increase of subthreshold and gate leakage in submicron technologies, the two major
contributors to static power, has led to a stagnation in the scaling of the subthreshold voltage.
Over the years, this led to the shrinking of the supply-voltage range for which dynamic scaling
can be performed. The maximum operational voltage has continued to shrink while the minimum
operational voltage has remained roughly the same for the past decade, which is illustrated in
Figure 2.2.

While for many technology generations, the voltage and frequency range enabled us to
successfully reduce energy by adapting to current performance requirements of the system, the
end of Dennard scaling reduces the opportunity for using DVFS in contemporary systems.

. To maintain the same
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Figure 2.2: Shrinking V range [192]. IBM PowerPC 405LP: 1.0V-1.8V, TransMeta Crusoe TM
5800: 0.8V-1.3V, Intel XScale 80200: 0.95V-1.55V, Intel Itanium Montecito: 1.2V-0.8V, Intel Atom
Silverthorne: 1.0V=0.75V.

2.1.2 TECHNOLOGY SOLUTIONS

'The increase in leakage currents, and thus static power, is the fundamental cause for the DFVS
problems we are facing in future technologies. Thus, solutions aimed to combat leakage at the
technology or other levels are of particular interest here.

The issue with increasing leakage currents comes from the challenge of controlling the
conducting channel between the drain and source of a transistor. When the channel length is of
the same order of magnitude as the source and drain depletion regions, which it is for submicron
technologies, a number of physical properties affect the capability to turn the channel off. These
physical properties have been termed short-channel effects [147].

There are several ways to mitigate these effects:

* To counteract short-channel effects the gate oxide thickness can be reduced. This provides
better control of the channel without increasing the subthreshold voltage.

* 'Thinner gate oxides increase the chance for gate leakage currents where electrons tunnel
through the oxide. To reduce gate leakage currents new materials with High—io dielectric
structures are used instead of the more conventional silicon dioxide.

* Multi-V;j, designs where performance-critical parts are implemented using low-V;, transis-
tors that are fast but leaky, and less critical parts are implemented using high-Vj, transistors
that are slower but much less leaky.
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Figure 2.3: Intel’s 22 nm FinFET tri-gate transistors [24].

Transistor Operation Transistor Gate Delay Transistor Gate Delay

10 20

1 18

Tri-Gate Z Reduce Threshold [ 37%

Voltage Faster

0.1
32nm

Planar

32nm
Planar

Channel ) o4 Transitor | Transitor

Current : Tri-Gate Gate Delay ,, | | GateDelay ., | i
(normalized) (normalized) (normalized)

0.001 10 10 .
€— Reduce Operating . 22nm 18% | 22 nm S 7
0.0001 Voltage 08 | Tri-Gate Faster | 08 | Tri-Gate |
1E-05 L L . L 0.6 . . . . L 0.6 L . . . L
0.0 0.2 0.4 0.6 0.8 1.0 05 06 07 08 09 10 11 05 06 07 08 09 10 11
Gate Voltage (V) Operating Voltage (V) Operating Voltage (V)

Figure 2.4: Intel’s 22 nm FinFET characteristics [24].

* Another option is to construct three-dimensional gates where the channel is surrounded on
three sides by the gate, so-called FinFET [75] transistors. For example, Intel’s 3D Tri-Gate
transistors in 22 nm depicted in Figure 2.3 form conducting channels on three sides of a
vertical fin structure, which provides “fully depleted” operation. The “fully depleted” char-
acteristics of such transistors provide a steep sub-threshold slope that can be used to lower
leakage. The steep sub-threshold slope (Figure 2.4, left graph) enables the use of a lower
threshold voltage, in turn enabling the transistors to operate at lower voltage (100-200mV)
to reduce power and/or improve switching speed (Figure 2.4, left graph). Compared to a
planar FET, a FinFET transistor can operate faster at the same operating voltage (Fig-
ure 2.4, middle graph), or at lower operating voltage at the same speed (Figure 2.4, right
graph).
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Figure 2.5: Voltage stepping vs. frequency stepping latencies [150].

2.1.3 DVFS LATENCY

Some of the implementation characteristics for DVFS can have significant influence on the strate-
gies an architect might choose, and the likely payoffs they might offer. For example, what is the
delay required to engage a new setting of (V, f)? (And, can the processor continue to execute
during the transition from one (V, f) pair to another?) If the delay is very short, then simple
reactive techniques may offer high payoff. If the delay is quite long, however, then techniques
based on more intelligent or offline analysis might make more sense.

Typically, DVFS transition latencies are in the order of tens of microseconds [150]. This
limits the timeframe for DVFS techniques to that of operating system (OS) task-switching, at
best. The reason for such a high transition latency is the latency of voltage stepping by the off-chip
voltage regulator (VR). Typical off-chip voltage regulators constructed of discrete components
(board-level inductors and capacitors) operate at a switching frequency of less than 5 MHz and
have relatively slow voltage adjustment capabilities [110] (see Figure 2.5). Frequency stepping is
faster, accounting for only 7.6% of the delay overhead, depending on the frequency steps and the
response time of the PLL [150].

A solution to the voltage-stepping latency problem is to use on-chip voltage regulators op-
erating at much higher switching frequencies (see Figure 2.6). This solution is first explored at the
architectural level in the work of Kim et al. [110]. The downside of using on-chip voltage regu-
lators is that conversion efficiency drops, leading to increased energy losses [110]. However, the
benefits from fine-grain (V, f) control outweigh the negatives [110]. Intel’s Haswell processor
family has a fully integrated on-chip voltage regulator [88].

15
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Figure 2.6: On-chip voltage regulators [105].

2.1.4 DVFS GRANULARITY

The bulk of the DVFS research has focused on cases in which the entire processor core operates
at the same (V, f) setting but is asynchronous to the “outside” world, such as caches. In such
scenarios, the main goal of DVFS is to capitalize on cases in which the processor’s workload
is heavily memory-bound. In these cases, the processor is often stalled, waiting on memory, so
reducing its supply voltage and clock frequency will reduce power and energy without having
significant impact on performance.

Some of the early architectural work on DVFS focused on opportunities within multiple-
clock-domain (MCD) processors [168, 169, 181, 198, 199]. The rationale for MCD processors
is that as feature sizes get smaller, it becomes more difficult and expensive to distribute a global
clock signal with low skew throughout the whole processor die.

'The multi-core paradigm, is a natural MCD design [44]. Cores can be scaled more aggres-
sively than memories, resulting in multiple voltage and clock domains with asynchronous com-
munication between them. One example of this aggressive scaling is core boosting where the supply
voltage of a core is temporarily increased if power and temperature envelops are not breached in
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order to boost the performance of individual cores. The power budget cannot sustain permanent
core boosting of all the cores at the same time and a boosted core can result in reduced power
budgets for the remaining cores that have to operate at a lower frequency. Both Intel [86] and
AMD [3] implement core boosting in their latest processor architectures.

Another related question regards whether continuous settings of (V, f) pairs are possible,
or whether these values can only be changed in fixed, discrete steps. If only discrete step-wise
adjustments of (V, f) are possible, then the optimization space becomes difficult to navigate
because it is “non-convex.” As a result, simple online techniques might have difliculty finding
global optima, and more complicated or offline analysis becomes warranted. Industry has now
settled in a discrete and small number of DVFS states.

2.2 MODELS OF FREQUENCY VS. PERFORMANCE AND
POWER

A naive approach for estimating the impact of frequency scaling in performance is to assume
that the execution time of an application is inversely proportional to the processor’s frequency.
'This, however, is a very pessimistic estimation of the penalty implied by frequency scaling. The
processor communicates with the memory in an asynchronous way, i.e., accessing the main
memory is not affected by the processor’s frequency. Therefore, changing the core’s frequency
only affects the parts of the application that do not exhibit any accesses to the main mem-
ory. In other words, memory-bound programs can be scaled down in frequency with only mi-
nor impact on their performance. This effect has been exploited empirically in a number of ap-
proaches [82, 92, 93, 164, 197, 200, 201]. Recently, analytical models quantify the relationship
of performance to f scaling, giving a better insight for such techniques. As with other DVFS
techniques applied at the OS level the key enabler is s/ack [103]—in this case, the slack that re-
sults from waiting for memory (memory slack). We present these models here, for the insight they

offer on DVFS behavior.

2.2.1 ANALYTICAL MODELS

Karkhanis and Smith introduced a first-order interval/-based analytical model for superscalar pro-
cessors [102]. Eyerman and Eeckhout together with Karkhanis and Smith later refined this model
and proposed practical approaches for the on-line collection of its parameters [57]. The interval
model estimates performance as a function of various event counts, such as cache misses, branch
mispredictions, etc., and the instruction-level parallelism (ILP) that is inherent to an application.
Apart from predicting raw performance numbers, an equally important contribution of the in-
terval model is to serve as a framework for understanding how the so-called “miss events” affect
the performance of a processor. In this direction, three different groups, working independently
(Keramidas et al. [106], Eyerman and Eeckhout [56], and Rountree et al. [160]) extended the
basic interval model to describe how frequency scaling affects the execution time of a program.
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'The model introduced by Karkhanis and Smith breaks the execution of a program into
intervals. During “steady state” intervals, the execution rate in instructions-per-cycle (IPC) of
the processor is only limited by the processor’s width and the program’s dependencies within an
instruction window (for sufficiently large instruction windows). Steady state intervals are inter-
rupted by “miss-intervals,” which introduce stalls cycles to the processor. A miss-interval starts
with a miss-event (off-chip load accesses in our case), and lasts until the pipeline reaches again
a steady state (a period related to the memory latency). The realization that underlies all DVFS
models is that core frequency scaling in these models is equivalent to changing the memory latency in

cycles. This is depicted in the diagram of Figure 2.7.
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Figure 2.7: Performance scaling with f. Memory latency, measured in cycles, shrinks as we scale f
lower, eliminating the stalls caused by the miss [106].

Scaling down frequency does not always result in a proportional slowdown in the processor’s
performance. This is due to the asynchronous way that a processor core communicates with the
remaining system and main memory. Processor core operations that do not incur an L1 cache miss
have a fixed latency in terms of cycles because every core component and the L1 cache operate
under the same clock signal. Thus, in a program with few L1 misses, scaling the clock frequency
does not change the total number of cycles required for the program to execute. Of course, the
duration of the cycle (cycle period) is affected in an inverse proportional way, thus the execution
time is also inversely proportional to frequency. However, latencies to components outside the
core and the L1 cache scale proportional to the difference between the core and the components’
clock frequencies. This effect is particularly tangible for off-chip accesses (e.g., to main memory)
as they operate at a relatively low frequency and have long latencies.

Figure 2.8 shows in more detail what happens upon an access that misses in the last level
cache (LLC). When the miss occurs, the processor continues to issue instructions at a steady-
state rate, since there are still instructions that do not depend on the pending miss. This area is
called ROB-fill (reorder buffer fill), and corresponds to the number of cycles required until the
pending miss reaches the head of the reorder buffer. At this point, no more instructions can be
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committed, thus no more new instructions can enter the instruction window. The processor now
has a limited pool of instructions to choose from for issuing to the execution units—a pool that
gradually shrinks as instructions execute. This results in the IQ_(instruction queue) drain area
of the graph: the processor has fewer and fewer candidate instructions to pick from, thus the
issue rate starts dropping. At some point, all of the remaining instructions will depend on the
pending LLC miss, and the processor stalls waiting for the miss to be resolved (full-stall area).
When the miss is finally resolved, pending instructions can execute, new instructions can enter
the instruction window and, thus, the issue rate ramps-up to the stead-state rate again.

Examining Figure 2.8, and keeping in mind that time is measured in processor core cycles,
the models identify how different regions are affected by frequency scaling. Individual regions
of the miss-interval are affected by frequency scaling in different ways. Regarding the ROB-fill
area, the number of cycles that it takes until the reorder buffer fills up does not depend on frequency.
All of the operations that occur during this period are core operations, synchronized at the same
clock, and changing the clock-period does not affect the number of cycles these operations take.
1Q_drain, full-stall and ramp-up intervals, on the other hand, scale with frequency in a way that
the total memory latency (measured in processor cycles) will scale proportionally to frequency.

There are two models that can be constructed based on these observations, a simple model
called stall-based, which is practical for on-line implementations, and a more elaborate, more
accurate leading-loads model, which, however, is less practical given the current event-counter
support in commercial processors. Both are explained below.

Stall-based Model

'The simplest model assumes that the time it takes to fill the ROB is negligible and therefore
the bulk of the memory latency is elastic to frequency scaling. This corresponds to the case of
an isolated LLC-miss. When multiple LLC-misses overlap (Figure 2.9), the issue rate begins to
rise after the first miss has been serviced but drops again when the second miss reaches the ROB
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Figure 2.9: Interval model for multiple overlapping misses [106].

head. When the data of the second miss arrive from the main memory, the issue rate rises until
it reaches the steady-state rate. In Figure 2.9, although the second miss occurs y cycles after the
occurrence of the first miss the second miss reaches the ROB head x cycles (where x < y) after
the first miss has been serviced. As a result, two separate stall intervals appear: ST1 and ST2.

The stall-based model assumes that either stalls are generated by an isolated miss or the
sum of stalls generated by overlapping misses (e.g., ST1 and ST2) are both approximately equal
to the memory latency (in cycles). Because memory latency is proportional to core frequency, these
quantities are approximately proportional to frequency as well. Consequently, the total number of
stall cycles is approximately proportional to frequency, while the total number of non-stall cycles
(steady state) is independent of frequency (measured in cycles).

'The advantage of this model is that only in-core information (number of stall cycles) is used
to predict performance under various frequencies. However, the model assumes that ROB-fill is
negligible, which is a source of errors especially in applications characterized by little dependence
between instructions and thus large ROB-fill time.

Leading Loads Model
While the stall-based model assumes that the number of stall cycles is approximately equivalent
to the memory latency for both isolated and overlapping misses, the “leading loads” model rec-
ognizes that there is an inelastic area in the miss-intervals (the ROB-fill time) that does not scale
with frequency (in cycles). While this is not modeled or measured directly, its implications, es-
pecially with respect to overlapping misses, are captured in the model: stall cycles of only the first
miss of a group of overlapping misses or the stall cycles of an isolated miss are taken into account.
Leading load models require an accurate accounting of zhe number of groups of overlapping
misses. Support for measuring these at run-time is not readily available in contemporary processors

but has been proposed by Eyerman and Eeckhout [56].
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There are several assumptions underlying these models, for example, the conditions that
stall the processor [56], and the effect of store misses [106]. Perhaps one of the most important
simplifications is that the access latency of the main memory is considered constant, even though
in reality it may vary considerably. This assumption is addressed in the work of Miftakhutdi-
nov et al. [134] where the authors show improvement in accuracy by adopting a more elaborate
memory latency model.

2.2.2 CORRELATION-BASED POWER MODELS

Power models can be split in two broad categories: highly parameterized models that try to
estimate power consumption of non-existent hardware (CACTI [119], WATTCH [27], Mc-
PAT [127]) and models that characterize a specific hardware. This subsection briefly discusses
the second approach.

'The standard method for building a model to characterize the power behavior of a specific
system is to train a correlation model [39, 64, 65]. Different benchmarks (or microbenchmarks)
are used to stress different parts of the system (caches, ALU, out-of-order engine, etc.) and per-
formance counters are programmed to measure different statistics such as caches misses, branch
mispredictions, and integer/floating point instructions. At the same time, power consumption is
measured for each of the benchmarks of the training set, and curve-fitting techniques are used to
derive the relationship between the performance-counter statistics measured and the power ob-
served for each benchmark. The mathematical representation of the above is to express power as a
linear function of all the statistics that are believed to correlate strongly with power consumption,

! paramy X eventy

(2.1)

Power = -
fime
k=0

Power and values for the performance counter events are used to derive the parameters
paramy that best fit the observed measurements. Notice that this model is tightly connected
with a specific (V, f) pair, the one that the benchmarks were run at while creating the correlation
model. Recently, Spiliopoulos et al. [177] proposed an extension to this approach to create a
unified power model that estimates power consumption not only for the voltage and frequency
that were used during the training of the correlation model, but for any frequency of interest.
'Their model acknowledges that, since power consumption is given by the formula P = Py +
afCV? = Pyuic + f CeﬁcVZ, and C.y is the only non-deterministic part of the equation, the
correlation formula can now be constructed for Cy

Ce _ ! paramy. X eventy (22)

cycles
k=0 Y

'The parameters are derived in a similar way, but the model is now decoupled from specific
voltage and frequency values—the accounting of 1 and f is done once using the generic equation
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P = Pyuic + fCy V2. The most important aspect of this approach is that, by using the analytical
DVEFS models presented in the previous subsection, statistics can be collected in a base frequency
and estimated for a target frequency, therefore power can be estimated not only for the base but
also for the target frequency.

2.2.3 A COMBINED POWER AND PERFORMANCE MODEL

Throughout this chapter, it is clear that abstract models play a significant role toward understand-
ing the efficiency of DVFS. It is also important to realize that DVFS is something that should be
explored not statically for each program, since the impact of (V, f) scaling into performance and
energy dissipation can vary significantly within the same program, depending on the behavior of
the difterent phases. Spiliopoulos et al. built a tool that takes all this into account and analyzes the
behavior of different phases in terms of energy dissipation and execution time for any frequency
of interest [178]. This tool, called PowerSleuth, combines three basic components:

* 'The first component is a phase-detection library called ScarPhase [167]. ScarPhase is an
online phase detection tool that is capable of detecting phases at a very low overhead (2%)
concurrently with the execution of the application.

* 'The second component is an approximation of the stall-based model discussed earlier in this
chapter. The “approximation” is due to the fact that contemporary processors do not provide
the necessary information for applying the model as it is, hence certain approximations have
to be taken in order to predict the impact of frequency scaling in the execution time of an
application.

* 'The final component is a model to correlate the power consumption to various performance
events in a real processor, similarly to other works [39, 64, 65].

PowerSleuth can capture the runtime variation of an application over different phases, as
well as estimate how execution time and energy are impacted by frequency scaling.

2.3 OS-MANAGED DVFS TECHNIQUES

Architectural techniques for dynamic voltage and frequency scaling first appeared in the literature
pertaining to the system (or operating system) level. Commercial implementations controlled at
this level are also the most common form of DVFES (e.g., Intel’s Enhanced SpeedStep® [85] and
AMD’s PowerNow!™ [4]).

Weiser et al. first published on this type of DVFS [193]. They observed that idle time rep-
resents energy waste. To understand why this is, consider the case of a processor finishing up all
its tasks well within the time of a scheduling quantum. The remaining time until the end of the
quantum is idle time. Typically, an idle loop is running in this time, but let us assume that the

processor can be stopped and enter a sleep mode during this time. One could surmise that a prof-
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itable policy would be to go as fast as possible, finish up all the work and then enter the sleep
mode for the idle time and expend little or no energy. But that is not so.

2.3.1 DISCOVERING AND EXPLOITING DEADLINES

Whereas the DVFS techniques of Weiser et al. are based on the idle time as seen by the operat-
ing system (OS) (e.g., the idle loop), Flautner, Reinhardt, and Mudge look into a more general
problem of how to reduce frequency and voltage without missing deadlines [59]. Their technique
targets general purpose systems that run interactive workloads.

What do “deadlines” mean in this context? In the area of rea/-time systems, the notion of a
deadline is well defined. Hard real-time systems have fixed, 470wn deadlines that have to be re-
spected at all times. Since most real-time systems are embedded systems with a well-understood
workload, they can be designed (scheduled) to operate at an optimal frequency and voltage, con-
suming minimum energy while meeting all deadlines. An example would be a mobile handset
running voice codecs. If the real-time workload is 7of mixed with non-real-time applications,
then DVFS controlled by an on-line policy is probably not necessary—scheduling can be deter-
mined off-line.

Flautner et al. consider an entirely different class of machines. In general-purpose machines
running an operating system such as Linux, program deadlines have more to do with user per-
ception than with some strict formulation. Thus, the goal in their work is to discover “deadlines”
in irregular and multiprogrammed workloads that ensure the quality of interactive performance.

'The approach to derive deadlines is by examining communication patterns from within
the OS kernel. Application interaction with the OS kernel reveals the so-called execution episodes
corresponding to different communication patterns. This enables the classification of tasks into
interactive, periodic producer, and periodic consumer. Depending on the classification of each
task, deadlines are established for their execution episodes. In particular, the execution episodes
of interactive tasks are assigned deadlines corresponding to the user-perception threshold, which
is in the range of 50-100 ms. Periodic producer and consumer tasks are assigned deadlines corre-
sponding to their periodicity. All this happens within the kernel without requiring modification
of the applications.

2.3.2 LINUXDVFS GOVERNORS
DVES is handled in the Linux kernel by the so-called ¢pufreq component. Cpufreq is modular,

in the sense that it separates the low-level operations for setting voltage and frequency and the
higher-level operations of selecting the frequency to run at. The low-level operation are handled
by the cpufreq driver, which is responsible of setting up the voltage and frequency tables, exposing
this information to the higher levels, and controlling voltage and frequency according to the
commands that it receives from the higher levels of the software stack. On the other hand, the
[frequency governors are responsible for selecting the frequency to run at depending on the workload
executing on the system. Essentially, a single cpufreq driver is enough for a specific system, but
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various different frequency governors can co-exist in the system, and the user can easily switch
between them at runtime depending on the power and performance profile that better suit the
current use-case. Here we briefly discuss the standard governors that come with every Linux
distribution:

* Performance: The simplest possible governor, runs always at maximum frequency.

* Powersave: The complete opposite of the performance governor, runs always at minimum
frequency. This governor minimizes the power consumption but may severely prolong the
execution time of certain applications.

* Ondemand: The default governor used in many systems, tries to set frequency based on the
CPU utilization. Frequency is reduced in steps when utilization drops below some certain
low-threshold, and it is restored back to the maximum value if CPU utilization rises above
the high-threshold. Notice that CPU-utilization is expressed at a system-level, which means
that a CPU that is waiting for some cache misses to be serviced by the main-memory still
appears to be fully utilized to the OS.

* Conservative: Very similar to the ondemand governor, with the difference that this gov-
ernor is much more conservative to increase the frequency when an increase in the CPU-
utilization is detected.

* Interactive: This is also a utilization-based governor, but it does not use any threshold to
rise and drop the frequency. Instead, the governor uses the observed CPU-utilization to
determine what fraction of the maximum frequency should the frequency be.

Green Governors

Based on the analytical performance-model and the power-correlation model presented earlier in
this chapter, Spiliopoulos et al. proposed a class of frequency governors that intelligently select
the voltage and frequency setting that optimizes an energy efficiency metric [177]. Being based
on models that estimate performance and power as a function of frequency, these governors can
be tuned for various different policies, i.e., for optimizing different power efficiency metrics. The
authors demonstrate two different policies, optimizing energy delay product (EDP), and also a
variation of this policy that minimizes EDP to the extent possible, without harming performance
by more than 10% compared to the execution of the application at maximum frequency. However,
any policy that involves some tradeoff between power and performance can be created by using
the two models presented in the previous subsections.

Green Governors are implemented as Linux kernel modules, in a similar way as the stan-
dard frequency scaling governors that come with all the popular Linux distributions. Given the
performance and power models presented in previous subsections, the idea is really simple. The
kernel profiles the workloads running on the system for a short period of time, typically a few

tens of milliseconds, and gathers the information required by the models. The models determine
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what the performance and the power consumption of the workload would have been in any other
possible frequency, and based on the policy used, the optimal frequency for the interval that just
executed is estimated. Assuming the next interval has a similar behavior with the previous one,
the best frequency estimated for the previous interval is the frequency that the upcoming interval
will execute at.

2.4 PARALLELISM AND CRITICALITY

As chip multiprocessors (CMPs) have become the predominant general-purpose, high-
performance microprocessor platform, it becomes important to consider how DVFS management
can be applied to them most effectively. One major design decision concerns whether to apply
DVFEFS at the chip level or at the per-core level. As with other MCD designs, per-core DVFES is
considered more expensive; it requires more than one power/clock domain per chip, and synchro-
nizer circuits are required to avoid metastability between domains. On the other hand, multiple
clock domains may be employed anyway for circuit design or reliability reasons, in addition to
voltage and frequency control.

Early research has explored the benefits of per-core versus per-chip DVFES for CMPs. For
example, on a four-core CMP in which DVFS was being employed to avoid thermal emergencies
(rather than simply to save power), a per-core approach had 2.5x better throughput than a per-
chip approach [44]. This is because the per-chip approach must scale down the entire chip’s (V,
f) when even a single core is close to overheat. With per-core control, only the core with a hot
spot must scale (V, f) downward; other cores can maintain high speed unless they themselves
encounter thermal problems.

'The discussion so far in this chapter centered on the DVFS behavior of a core running
a single-threaded program. When considering one single-threaded application in isolation, one
need only consider the possible asynchrony between compute and memory.

While a multicore processor can be used to run independent programs for throughput, its
promise for single-program performance lies in thread-level parallelism. Managing power in a
multicore when running parallel (multi-threaded) programs is currently a highly active area of
research. Many research groups are tackling the problem, considering both symmetric architec-
tures, which replicate the same core and asymmetric architectures that feature a variety of cores
with different power/performance characteristics [117]. Independent DVFES for each core [8], a
mixture of chip-wide DVFS and core allocation [123], or work-steering strategies at the program
level in heterogeneous architectures [117, 139] are considered. In this scenario, reducing the clock
frequency of one thread may impact other dependent threads that are waiting for a result to be
produced. Thus, when considering DVFS for parallel applications, some notion of critical path
analysis may be helpful.
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241 THREAD-AND TASK-LEVEL CRITICALITY: STATIC SCHEDULING

Mishra et al. performed some of the early work (2003) on power management of multithreaded
workloads [136]. They examined the case of distributed real-time systems where a set of real-time
tasks with precedence constraints and deadlines is statically scheduled to execute. Their starting

point is a static schedule generated by any list scheduling algorithm, such as for example the one
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given in Figure 2.10. In this example three tasks, A, B, and C, run for the specified amount of time
(at a given f'). The communication between A and C (with a cost of two time units) is indicated
with a dotted line in the schedule. A global deadline D is set at time 6.

Prior to their work, simple static algorithms distribute the global slack (L in Figure 2.10)
proportionally to the tasks and by scaling (V, f) obtain energy savings respecting at the same
time the precedence constraints, the communication, and the deadlines. Scheduling results of
three static algorithms are shown in Figure 2.11. The authors argue that these static approaches
are not optimal for parallel and distributed systems when parallelism varies in an application. Thus
their proposal is based on the intuition that more energy savings can be obtained by distributing
proportionally more slack to sections with higher degree of parallelism. The effect is to further
reduce the idle periods in the system. Although their approach is static and relies on a statically
scheduled real-time task graph, it saw the seeds for later work. The authors keenly observe:

“Due to synchronization of tasks and parallelism of an application, gaps may exist in the
middle of a static schedule. After distributing global static slack, gaps in the middle of the schedule
can be further explored. Finding an optimal usage of such gaps seems to be a non-trivial problem.
One simple scheme is to stretch tasks adjacent to the gap when such stretching does not affect
the application timing constraints.”

Subsequent work in this area addresses exactly this observation: how to detect “gaps” in ex-
ecution and exploit them for energy savings. The key is to detect load imbalance between threads
and slow down non-critical threads to achieve energy savings. However, it has proven more fruit-
tul to detect critical threads that cannot be slowed down (on account of their direct impact on the
total program execution) than to try to assess which threads are non-critical.

2.4.2 THREAD-AND TASK-LEVEL CRITICALITY: DYNAMIC
SCHEDULING

The first attempt to exploit “gaps” in execution of parallel programs is the proposal for Thrifty
Barriers by Li, Martinez, and Huang [124]. The gaps in question are experienced by threads that
arrive early at a barrier. At this point a thread can select to set its core in a sleep mode. However,
because entering the sleep mode involves significant latency, and exiting the sleep mode late can
impact performance (as it can delay crossing the barrier for all threads) it is important to be
able to gauge the size of the “gaps” before sleep decisions are made. To solve this problem Li,
Martinez, and Huang use prediction. The size of the gaps cannot be accurately correlated to the
executing threads, since it is unpredictable how the barrier load imbalance is distributed between
the threads. However, they found that the interval between successive invocations of the same
barrier is quite stable and therefore predictable. Thus, in their proposal, each thread arriving at
a barrier has a prediction of the inter-barrier interval and can gauge its own compute time. The
difference between the two is the predicted gap for this particular thread’s execution. This enables
threads to decide whether to set their core to sleep or not while waiting for the end of the barrier.
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If a thread decides to enter a sleep mode it must also wake up in a timely manner so as to
not penalize the whole execution. A thread sets an alarm (according to its predicted gap), which
is also guarded by a safety net in case the prediction is widely off. The safety net is provided by
the coherence mechanisms and concerns the flag that is typically used in barriers to signify the
crossing of the barrier by the last thread. This flag’s address is monitored by the cache controller
of the thread’s sleeping core, and in case an external coherence invalidation is detected for this
address the core is immediately woken up.

Whereas Li, Martinez, and Huang aimed at detecting and predicting the gaps in execution,
Cai et al. first turned the attention to hread criticality [30]. They proposed a technique to dynam-
ically detect critical threads in a parallel region. As a critical thread they simply define the thread
with the longest completion time in the parallel region. To find a solution Cai et al. constrain
the problem. They detect imbalance in parallel loop iterations. For this reason, the approach is
not appropriate for dynamic scheduling of irregular code but rather tuned to static scheduling as
offered, for example, in OpenMP.

'The approach is simple: a meeting point is established (by the programmer or compiler, or
conceivably by the hardware itself) such that each thread regularly visits this point. For example, a
meeting point can be the back edge of a parallel loop. The number of times that each thread passes
the meeting point corresponds to the amount of “work” the thread executes. A thread running
behind others in terms of the number of times it passes the meeting point, means it is critical
(i.e., has the potential of delaying the whole execution as it does not progress as fast as the others
on its assigned work). The slack between a slow thread and other threads can be estimated by the
difference in the times they pass the meeting point.

Knowing the relative rate at which threads go through their assigned work permits slowing-
down the fast threads (since the total execution time is bounded by the slowest) to gain in energy
or alternatively speeding up the slow (critical) thread to gain in performance. In both cases the
DVES decisions are taken locally by each core running a thread. This, however, assumes global
knowledge at every core. The authors propose that each core periodically broadcasts to all other
cores, the number of times it passed a meeting point. Once this global knowledge is established
then distributed decisions can be made. Each core attempts to match the rate of the slowest core
by proportionally adjusting its frequency.

243 CRITICALITY

While the work of Cai et al. focused specifically on parallel loop iterations and monitored
each core’s relative progress, the general problem of how to assess thread criticality in arbi-
trary code remained unsolved. A first solution came by turning to prediction. Bhattacharjee and
Martonosi [22] proposed to predict—rather than to try to accurately track—thread criticality.
Their goal is to construct predictors out of readily available run-time information from
hardware performance counters. To this end they examined which metrics correlate best with

thread criticality. Instruction rate (number of instructions executed in a specific period of time)
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proved to be successful only in some applications, but failed to correlate with criticality in others.
However, cache hierarchy events such as misses proved to be much better indicators of criticality
across a wide range of applications. A thread that misses in its L1 more than its peers is very likely
to be the bottleneck in the computation. The inclusion of L2 misses further improves accuracy
for the cases where the L1 misses alone do not provide enough. Establishing a strong correlation
between memory system events and criticality, Bhattacharjee and Martonosi are able to construct
simple and effective predictors out of information readily available in processors. Similar to other
works, once the critical thread is identified, it can be sped up for performance, or the non-critical
threads slowed down for energy savings.

Finally, Du Bois et al. take a different view on criticality [48]. They define as critical threads
the threads that make others wait via synchronization. Furthermore they define a new metric for
criticality that combines both the amount of time a thread executes useful work and the number
of co-running threads that are waiting—the more threads that are waiting the bigger the impact
of managing a critical thread. This refers to the work of Mishra et al. [136], discussed previously,
which introduced the notion of distributing slack according to the degree of parallelism.

Du Bois et al. also propose a direct measurement of criticality—rather than predicting it
through indirect measurements. For this they propose some modest hardware (counters and logic)
to track the time threads are performing useful work, or are waiting. This measurement setup leads
to a representation of thread criticality as a “stack,” ranging from 0% to 100%, where each thread
is ranked according to the percentage it occupies in the stack. The thread that occupies the largest
percentage is the most critical, and so on. Management of threads takes the two standard forms:
critical thread acceleration for performance and energy optimization by slowing down the least
critical of threads. Because of the ranking of all threads and the accuracy of the approach due to
direct measurement their results are the most promising yet.

2.5 CHAPTER SUMMARY

DVFS has been the staple of power/energy management. Due to the Dennard-scaling breakdown
the useful voltage range has been shrinking. This has turned DVFS to DFS making it harder to
achieve efficiency improvements (e.g., EDP). This has forced architects to bet more on the non-
linear relationship of performance to frequency and the existence of slack in execution (either
memory-system slack or slack due to parallelism). While race-to-halt techniques maximizing
frequency to reduce leakage are important, better models of program behavior and better methods
of exploiting criticality enable DVFS to remain an important and powerful energy optimization.
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CHAPTER 3

Heterogeneity and
Specialization

The prior chapter primarily focused on means for achieving power efficiency by providing low-
level mechanisms like DVFS that can then be invoked or managed by software. Here, we shift
toward higher-level systems design principles that achieve power efficiency more holistically.

In recent years, as power constraints have become more difficult to manage through simple
module-level controls, an increased focus has been placed on design styles that can offer better
power solutions. The first response has been homogeneous on-chip parallelism, already heavily
discussed. While this offers compelling power/performance opportunities, one can still go further.
In particular, opportunities exist to differentiate different on-chip processing modules in order to
offer a “portfolio” of options with different power/performance characteristics. These can include:

1. Heterogeneous on-chip parallelism in which cores of the same ISA are available on-chip,
with different configurations or microarchitectures.

2. Heterogeneous on-chip parallelism in which cores with different ISAs are available.

3. Homogeneous or heterogeneous parallelism as above, further augmented by specialized
hardware accelerators for particular computations.

4. Heterogeneous designs that exploit re/iability vs. energy tradeoffs, in addition to perfor-
mance tradeoffs.

'The techniques discussed in the following sections follow the progression of bulleted items
listed above. In addition, we note that for each case, there are often opportunities for employing
Dark Silicon techniques, to keep some of the processors or modules entirely turned off. In fact,
some of the ideas we discuss below were particularly motivated by Dark Silicon arguments, al-
though most have more general power/performance benefits as well. We therefore start with a
brief discussion of Dark Silicon, before elaborating on each of the topics above.

3.1 DARKSILICON

Early works in power-aware architecture were motivated by attacks on the classic dynamic power
equation P = CV2Af. While some reduced C by reducing effective wirelength, or used V, f
management techniques, others focused on reducing the average activity factor, A. Reductions
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in awerage activity factor can improve average power or aggregate energy usage, but they do not
address the maximum power problem.

In 2009, the term “Dark Silicon” came into use. It describes a scenario in which fabrication
technology can build dense devices with high transistor counts, but power constraints preclude all
or many of them switching at once. One of the earliest references to Dark Silicon is ARM CTO
Mike Muller’s keynote talk at the annual ARM technical conference [132]. Muller foresaw that
by 2019, an 11 nm process technology would be able to deliver devices with 16x the transistor
count of 2009 parts, but with power budgets so constrained that the fraction of active transistors
at any time might be limited to roughly 9 percent.

Responses to Dark Silicon trends come in several forms. Silicon on insulator (SOI) fabrica-
tion techniques are increasingly being used to reduce leakage energy at smaller feature sizes [46].
In addition, 3D integrated circuit techniques (3D ICs) also offer promise for their ability to im-
prove the time and energy devoted to on-chip data motion.

At the architecture level, the response to Dark Silicon concerns has also been quite varied,
and the response to these trends has led to interesting debate. There is not yet a solid consensus
on how designs will adapt to a power-limited rather than transistor-limited future. Possible ap-
proaches fall into several categories, from lower transistor counts at one end of the spectrum, to
extreme specialization at the other. We discuss some of the ongoing research below.

3.1.1 DARKSILICON ANALYSIS AND MODELS

Esmaecilzadeh et al. discuss the trends leading to Dark Silicon, and provide both analytical models
as well as architectural prognostications regarding future paths [54]. In particular, they combine
three main modeling techniques: (i) a device-scaling model for area, power, and frequency anal-
ysis down to 8 nm; (ii) a core-scaling model to analyze maximum single-core performance and
the resulting power dissipation, and (iii) multi-core scaling models that consider different archi-
tectural possibilities including homogeneous and heterogeneous CMP approaches. Using these
models and studying a range of PARSEC applications [23], they conclude that at 8 nm, over
50% of the chip will be “dark” at any time. Further, they claim that neither CPU-like nor GPU-
like multicores will offer sufficient power-performance efficiency to track hoped-for performance
scaling at achievable power limits. Papers like this one point the way toward increased use of
specialized accelerators or other non-instruction-programmable compute units on future chips.

3.1.2 DESIGNING FOR DARK SILICON: BRIEF EXAMPLES

Some work has proposed architectures directly with the Dark Silicon era in mind. For example,
the work on GreenDroid [66—68] and Conservation Cores [186] specifically discusses chip ar-
chitectures aimed at the Dark Silicon problem. In Conservation Cores, the authors target the
irregular integer codes not well served by traditional accelerators. The processor cores, known as
c-cores use reconfiguration to adapt their execution to particular codes, with the primary target
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Figure 3.1: Total, static, and dynamic energy across Vpp for a 32-nm process [153].

being energy savings rather than performance improvement. They claim whole-program energy
improvements by 2.1  for their approach.

'The GreenDroid project employs the conservation cores approach to optimize key portions
of Google’s Android smartphone platform. The GreenDroid chip design is a tiled architecture
with 16 tiles. Each of these tiles includes a MIPS CPU, a modest data cache, 610 Android c-
cores, and routing to interconnect these. C-cores can be automatically generated through their
toolflow. In their approach, much of the energy savings (over 10 for some kernels) comes from
tailored execution that greatly reduces instruction fetch and decode energy, along with the energy
costs of operand data motion.

3.1.3 THE SENTIMENTS AGAINST DARK SILICON

While much of the architecture community is focused on accelerators and specialization as a
fundamental response to Dark Silicon trends, there are varying degrees of conviction regarding
the urgency and effectiveness of such techniques. Some in industry worry that chip area is too
expensive (and large die areas are too influential in lowering chip yields) for silicon to be designed
to be (often) dark.

Some argue instead for “dim silicon” where a larger fraction of the silicon is kept powered
but at a lower performance [182]. Near threshold voltage (NTV) processing is one of the moti-
vations for dim silicon. By operating close to (but not below) the threshold voltage an optimal
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tradeoff between dynamic and static energy can be achieved; see Figure 3.1. It would therefore
seem beneficial to employ more dim cores, each with a lower performance, to meet the computa-
tional demand than a few cores operating at a higher performance. NTV processing is sensitive
to process variations though, as small variations in the threshold voltage have significant effect
on the performance at this operational point. Furthermore, the workload has to be parallelizable
to take advantage of the additional cores, and parallelization overheads need to be accounted for.

Core boosting, e.g., Intel’s Turbo Boost [86] and AMD’s Turbo Core [3] technologies, can
be viewed as one form of dim silicon. In these technologies, the majority of the cores are operated
at a low frequency and voltage while selected cores can be boosted to a higher frequency and
voltage to execute sequential or critical code faster.

3.2 HETEROGENEITY IN ON-CHIP CPUS

While the term “heterogeneous parallelism” is broad enough to encompass many options, a rel-
atively simple form of heterogeneity is to provide multiple CPUs on the same chip whose ar-
chitecture is identical but whose implementation or configuration varies. For example, this might
include several cores who execute the same ISA, but at different clock frequency settings or with
different microarchitectural implementations. The simplicity of such an approach makes it partic-
ularly compelling. The first study that showcased the capabilities of a single-ISA heterogeneous
architecture is by Kumar et al. [116].

Figure 3.2 shows the increased throughput, for the same chip area, of heterogeneous archi-
tectures composed of two successive generations of ALPHA ISA cores over architectures com-
posed of a single type of cores. Taking the configuration with three EV6 and three EVS cores
(BEV6-3EV5) as an example it has roughly the same throughput as five EV6 cores (SEV6) but

uses only 70% of the area.

3.2.1 CURRENT INDUSTRY APPROACHES

While Kumar et al. focus on performance, an example of such “single-ISA heterogeneity” focused
on power efficiency is ARM’s big. LITTLE approach [70]. A simple form of the big. LITTLE
architecture pairs a single “big” core (e.g., Cortex A-15 [10], Figure 3.3) with a single “LITTLE”
core (e.g., Cortex A-7 [11], Figure 3.3). Both cores are architecturally compatible, but they differ
in their microarchitectural implementation, which leads to differences in performance and en-
ergy. Some computations will have performance requirements that mandate the use of the big
core, while other computations may gain sufficient performance from the more energy-efficient
LITTLE core (Figure 3.4). The cache and communication subsystems (Figure 3.5) are designed
to support fast migration that enables applications to quickly and smoothly switch which core
they are using (without, for example, losing their cache state). In addition, both cores can be
used simultaneously in multi-processor mode. While we have described this here as a single
big. LITTLE pair, it is of course also possible to consider chips that comprise several of these
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Figure 3.2: Example design space options for Single-ISA Heterogeneity [116].
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pairs, or indeed arbitrary mixes of N big with M LITTLE cores. Samsung recently introduced a
dual-quad version of the big. LITTLE approach, with four pairs of on-chip processors [174].

Another example of single-ISA heterogeneity is NVIDIA’s Tegra3 and Tegra4 CPUs [144,
145]. The Tegra3 chip primarily computes using an ARM Cortex-A9 quad-core CPU, but
also includes a simpler, low-power, low-clock rate core to which execution can be quickly mi-
grated when the performance requirements are modest or the power constraints are tight. Tegra4
is a similar quadcore-plus-one approach, this time using the Cortex-A15 as its main high-
performance workhorse.
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3.2.2 RESEARCHAND FUTURE TRENDS

With single-ISA heterogeneous parallelism seeing strong industry adoption (particularly for the
mobile sector) researchers have also turned to exploring related software and management issues.
For example, Craeynest et al. evaluate scheduling techniques for such chip implementations [184].
Heterogeneity increases the scheduling challenges as migration costs also need to be accounted
for to move an application (or thread) from one type of core to another.

In summary, providing heterogeneous microarchitectures unified by a single ISA is ap-
pealing as a step toward power efficiency that can extend well beyond DVFS (Chapter 2) but
with the relative implementation ease offered by a unified ISA. In fact, approaches like ARM’s
big. LITTLE can be exploited as different options within the p-states abstractions typically un-
derpinned by DVFS. That is, p-states corresponding to slower, energy-efficient execution are
executed on the LITTLE core, while p-states earmarked for high performance are executed on
the big core.

3.3 SINGLE-ISA CONFIGURABLE HETEROGENEITY

While ARM’s big. LITTLE power/performance curve is discontinuous and non-linear, ideally
we would prefer energy proportionality: pay proportionally (in power or energy) for what you get
(in performance). The case for energy proportionality was put forth by Barroso and Hélzle con-
sidering servers that rarely reach zero or peak utilization [18].

With respect to multicores, Watanabe, Davis, and Wood propose a configurable archi-
tecture called WiDGET (Wisconsin Decoupled Grid Execution Tiles) [192] aiming for power
proportionality. Figure 3.6 shows how the architecture scales almost linearly in performance and
power compared to two discrete points in the lower left (red circle) and upper right corner (green
square) that represent a low-power, low-performance Intel Atom-class processor and a high-
performance, high-power-consumption Intel Xeon-class processor respectively. WiDGET con-
sists of a set of instruction engines (IEs) and a sea of execution units (EUs). Cores are dynamically
scaled up (or down), depending on application requirements, by coupling more (or fewer) EUs
to each IE. Each EU function as an in-order-issue pipeline while each IE consists of front-end
and back-end pipeline functionalities comparable to conventional out-of-order pipelines. The IE
schedules dependent instructions onto the same EU. This enables independent instructions to
execute in parallel on separate EUs and results in instruction-level and memory-level parallelism.

Composable lightweight processors (CLPs) [109] use an explicit data graph execution
(EDGE) ISA to schedule an application/thread onto a dynamically configured number of iden-
tical simple, narrow-issue processor cores (Figure 3.7). An EDGE ISA reduces the amount of
control decisions performed in hardware by grouping dependent instructions into blocks and by
providing explicit intra-block dataflow semantics [29]. Within a block, the result of an instruction
is directly forwarded to consuming instructions instead of writing them back to a register file. A
block can thus be computed in a dataflow manner. This simplifies the composition of simple cores
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(a) 32 2-wide CLP config. (b) 8-processor CLP config. (c) One 64-wide CLP config.
[Pl PY I PI (@) e [P [P ][] [ [ [l (2] [ [2] [4]
[p] [P] [P [P ] [L2]|[c2] [2] [2] [ P[Pl [2][2] 2]
[P [P|[P1|[P] [2] [2] [2] [i2] pll pl&EEE (L] [ [ [
[p] [P1 [P] [P 2] [2] [o] [e2] ] [2] [4] [2] P L] [2] [2] [2]
(] [P1 [P|[P] =] [ [2] [2] p |HEEME [2] [2] [] [
[P1 [P1 [P] (P12 [2] [2] [e2] L] [2] [4] [2] (L] [2] [2] [2]
(1 [P1 [P|[P] ] [2] [2] [2] p [BEE@E [2] ] [4] [
[P1[P] [P] (P[] [o] [e] 2]

Figure 3.7: Composable lightweight processor (CLP) in three different configurations [109].

into a larger, more powerful core without the need for monolithic structures that spans across all
cores, e.g., broadcast busses.

Ipek et al. propose to fuse up to four neighboring cores into one larger CPU when the
application demands additional performance [90]. Each core is relatively simple and indepen-
dent from all other cores, which enables a high level of parallelization. A fetch management unit
(FMU) and steering management unit (SMU) coordinates the fetch and steering activities to be
performed for a fused core. The FMU manages fetch-related information such as invalidation of
TLBs of the separate cores and facilitates branch prediction and subroutine calls. The SMU has a
global steering table, free-lists for the register files and rename maps of the fused cores, and steer-
ing/renaming logic. The task of the SMU is to steer dependent instructions to the same core for
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improved performance. An application can request a core fusion or split through two specialized
FUSE and SPLIT instructions. On a FUSE commit the following instructions and instruction
caches are flushed, and the FMU, SMU, and instruction caches are reconfigured. On a SPLIT
commit all in-flight instructions are drained and all register state is moved to core zero of the

tused cores before reconfiguring the FMU, SMU, and instruction caches.

3.4 MIXING GPUS AND CPUS

Section 3.2’ and 3.3’s single-ISA heterogeneity is appealing as a smooth but effective extension
from prior DVFS or configuration techniques. Natural further extensions are to more aggressively
exploit heterogeneity by dropping the single-ISA requirement. While many mixed-ISA multicore
options are possible, one especially noteworthy combination is to combine CPUs and graphics
processing units (GPUs) on the same chip.

3.4.1 CPU-GPU PAIRS: THE POWER-PERFORMANCE RATIONALE

GPUs were first introduced primarily for particular applications (e.g., gaming and graphics) with
very high and regular parallelism. With power dissipations commonly at 200W or higher [146],
the early instinct was not to consider them “power efficient.” On the other hand, in terms of energy
per calculation, a case can be made that well-tuned, memory-friendly applications can be made
very power friendly through the use of GPUs, because their regimented massively parallel sin-
gle instruction multiple threads (SIMT) execution style dramatically reduces the per-calculation
overhead required for instruction fetch and decode. Keckler [104] and Dally [41] postulate that
GPUs represent an opportunity to continue to scale performance while abiding by power limits,
because GPUs have the potential to reduce energy-per-operation by 10x or more, thanks to such
efficiencies. In fact, the Green500 list [69], which tracks the 500 most power-efficient supercom-
puters, is often dominated by supercomputers that include GPUs. GPUs are not as well-suited to
execute irregular code, however, and so combinations of CPU and GPU on the same chip repre-
sent a form of heterogeneous parallelism with appealing potential for improving power efficiency.

3.4.2 INDUSTRY EXAMPLES

CPU-GPU combinations are receiving increasing attention both from researchers and as com-
mercial products. AMD and Intel both have major stakes in this area, with products like Haswell,
Kavier, and others [6, 87] available as of this writing. Haswell combines a Core i7 or i5 CPU with
integrated graphics, and has a specific focus on power-efficient high-performance for laptops and
the mid-range mobile market. These integrate technology improvements like the Tri-Gate 3D
transistors (“FiInFETS”) discussed in Chapter 2.1.2 with architecture and system responses for
power as well. Likewise, AMD has several products that combine an aggressive CPU (e.g., Jaguar)
with GPU technology [5]. General purpose computing on the GPU (GPGPU) is becoming in-
creasingly common for mobile systems. ARM’s Mali-T'600 GPU family [135] and Imagination
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Technologies’ PowerVR Series6XT GPU family [83] support general purpose computing and

are commonly implemented together with one or more ARM cores on the same system on chip
(SoC). The significant commercial presence in this space motivates further research on both hard-
ware extensions beyond these initial pairings, and software and system management for them.

3.4.3 SELECTED RESEARCH EXAMPLES

Some work has laid the groundwork by characterizing GPU power consumption and considering
methods for employing DVES on the GPU side of things [1]. Other work has considered methods
by which a chip’s aggregate power budget (a shared resource) can be best apportioned between
the CPU and GPU as a program executes [190].

Interestingly, the presence of an on-chip GPU has been shown to shift the workload seen
by the CPU side of the pair [13]. This in turn shifts design choices regarding what CPU design
features make sense from a power or performance perspective. For example, if the high-parallelism
portions of code are executed by the GPU, then the CPU sees a relative workload shift toward
more irregular and less parallel codes. A recent study [13] notes that this points toward fewer
cores on the CPU, but it could also warrant other changes as well.

3.5 ACCELERATORS

Another response to increasing power concerns has been increasing openness to the use of special-
purpose on-chip hardware accelerators. Accelerators are motivated by two power sub-trends. First,
because they eschew the generality of instruction-level programmability, hardware accelerators
can offer excellent performance-per-watt for the computations they support; this is because much
of the power overhead of generality—instruction fetch, instruction decode, operand fetch—can
be replaced by custom wiring and computation. Second, accelerators play a prominent role in the
Dark Silicon story. Previously, a downside to specialized accelerators was a concern about their
specificity: namely that they would occupy chip area, but not see broad use. Moving forward, if
one envisions a world in which few (~10%) transistors can be switching at any time, then the
specificity of accelerators becomes tolerable because they ofter good performance-per-watt when
in use, and when not in use, the argument is that some of the silicon would be dark anyway.

3.5.1 BACKGROUND

Many research communities have focused considerable effort on designing specialized hardware
units for streaming, encryption, and other applications [38, 49]. In addition, industry’s embrace
of accelerators for strategic applications is also apparent. For example, Apple’s iPad tablet includes
a check type accelerator specifically to support the streamed movies that are so commonly viewed
on such platforms. Such work will not be the main focus of our discussion here. Rather, we
will focus mainly on the architectural research on supporting accelerators and exploiting their

power benefits.
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3.5.2 SELECTED RESEARCH

For example, one line of work has been to explore how to architecturally integrate the use of
accelerators using virtualization and storage sharing. In the Accelerator Store proposal [130], the
authors first characterize a suite of potential accelerator units from the standpoint of their storage
and area requirements. This characterization leads to an important observation: typical accelerator
designs devote between 40% and 90% of their area to generic SRAM storage, used for operands,
buffering, and results. Leveraging this observation, the Accelerator Store proposal provides a pool
of virtualized SRAM storage resource that can be used by nearby specialized accelerators. In this
way, much of the area cost of a specialized accelerator can be amortized over several accelerators
instead of just one.

Subsequent work on Shrink-Fit Accelerators has built on the Accelerator Store con-
cept [129]. Here, because the accelerator store is a virtualized resource (an accelerator unit can
be allocated more or less of it in a fairly seamless manner), the authors demonstrate how to build
accelerators that, while specialized, can still smoothly tradeoff different degrees of performance
depending on the amount of virtualized resources they are offered. The authors find that, for ex-
ample, the IDCT accelerator’s size can be reduced by 16x (by relying instead on the accelerator
store) with small performance and area overheads. Approaches like Shrink-Fit strike a balance
offering both the specialization and power efficiency of hardware accelerators, as well as the vir-
tualization and abstraction of more general-purpose environments.

Finally, recent work applies a similar philosophy of balancing generality and specificity by
providing a hardware accelerator for a domain specific query language called LINQ_[35]. By
accelerating LINQ queries, Chung, David, and Lee’s accelerator approach, called LINQits, offers
some degree of generality since many different uses of LINQ_queries are possible. On the other
hand, the approach still benefits from the hardware design leanness of a specialized accelerator.
'The authors prototype their approach on a ZYNQ _processor that includes two ARM A9 CPUs
with a pool of FPGA resources. From their physical measurements, LINQits improves energy
efficiency by 8.9 to 30.6x and performance by 10.7 to 38.1x compared to conventional optimized
parallel code running on ARM A9 processors.

3.5.3 INDUSTRY EXAMPLES

Microsoft recently developed techniques to accelerate datacenter workloads by employing field
programmable gate arrays (FPGAs) [158]. They argue that most datacenter workloads evolve too
quickly to make it economically viable to implement custom accelerators as application-specific
integrated circuits (ASICs). FPGAs enable reconfiguration of the hardware and thus enable ac-
celerated parts to be updated as the algorithms progress. It also enables the same hardware to be
used for multiple purposes as many different accelerators can be implemented on the FPGAs. The
FPGAs can then be configured with an appropriate set of accelerators based on the service that
is currently running on the system. A reconfigurable FPGA fabric was developed and evaluated
by accelerating the Bing web search engine running on 1,632 servers. By accelerating parts of
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the ranking algorithm the throughput of the whole system doubled. Put differently, for the same
throughput roughly half the number of servers was needed, with significant energy savings as
the result.

Intel has announced a new product that combines a Xeon processor with a coherent FPGA
in a single package [89]. By coupling the FPGA tightly with the Xeon they hope to improve the

performance by 2x thanks to the low-latency, coherent interface.

3.6 RELIABILITY VS. ENERGY TRADEOFFS

As this book has made clear, prolonging the lifetime of Moore’s Law and Dennard scaling has
required increasingly aggressive approaches for satisfying application performance goals on con-
strained energy budgets. Until now, we have viewed power and performance options in terms of
a two-dimensional Pareto space of optimization tradeoffs.

As power challenges become more extreme, one additional approach to addressing them
is to shift toward a design stance in which tradeofts of circuit reliability are also consid-
ered. In essence, the two-dimensional space of performance/energy tradeofts becomes a three-
dimensional Pareto space of performance/energy/reliability tradeoffs.

In current and future designs, chip multiprocessors are likely to be heterogeneous collec-
tions of processor cores with different energy, performance, and reliability characteristics. This
heterogeneity might arise by design or might arise through technology variations that result in
heterogeneous processor behaviors.

Sacrificing reliability for performance may be acceptable if low-level errors can be cor-
rected [52], or if they do not always impact functional correctness. For example, some gate-level
errors are not necessarily visible at the architecture or software level, e.g., single-bit errors in a
branch predictor or bit-flips in portions of the data cache that are currently unused [142]. Fur-
ther, many current software applications can also tolerate infrequent low-level errors. For example,
image processing and audio applications can both tolerate a modest number of bit-flips in their
picture or sound data without any detectable effect on the application behavior. To exploit such
data error tolerance, several methods have been proposed either in hardware or at the hardware
software interface [14, 53, 55, 73, 101, 121, 163, 185].

Some techniques use language-level constructs to express software error tolerance at the
instruction granularity [163] and then schedule onto functional units accordingly. Such tech-
niques require completely reliable instruction-level control flow, with the potential for reliabil-
ity/energy tradeofts being limited to arithmetic units and the like. Other techniques constrain
execution by eliminating instruction-level control and structuring computations as data streaming
through error-susceptible signal processing accelerators [73]. Moving toward increased flexibility,
the ERSA project proposes to have one reliable core and N cheaper but less-reliable ones [121];
error-tolerant application phases are written as DOALL parallelism that unfurls across the less-
reliable cores, while the primary (reliable) core can enforce timeout limits to ensure appropriate

control flow sequencing. Finally, some error-tolerant applications seek to exploit core-to-core het-
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erogeneity in reliability at an even coarser grain. For example, given a “menu” of heterogeneous
cores available, one might schedule tasks onto cores such that the resulting schedule is predicted
to satisfy reliability and performance constraints with the least energy [202].

Related to error tolerance is the notion of Approximate Computing. Here, the application
expresses quality-of-result requirements, and then compiler, system, and hardware techniques
may be able to identify and use reduced precision approaches that abide by the quality-of-result
requirements while possibly lowering power dissipation. The distinction between approximation
and error tolerance lies in the fact that approximate computing techniques can assume much
greater system control over the frequency and characteristics by which precision reduction occurs.
(With error-tolerance computing, an error model characterizes what sort of errors might occur
and when, but ultimately the appearance of errors is stochastic and uncontrolled.) Language-level
techniques [163] have potential for harnessing approximate computing opportunities. Hardware-
level techniques also seek to harness the power-saving potential of limited precision by using
analog computation [179].

3.7 CHAPTER SUMMARY

Perhaps more so than any other sub-topic in Computer Architecture, research in the area of spe-
cialization and heterogeneity is moving quickly and ofters great potential for power-performance
impact over the coming years. While this chapter has highlighted research and industry tech-
niques and trends of particular note, no such synthesis can easily keep pace with a topic area
seeing such broad attention. This fast-moving field will offer many further innovations over the
coming years.
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CHAPTER 4

Communication and Memory
Systems

In today’s systems, processors remain a leading concern in terms of power density but many other
components of systems are major power dissipators, worthy of their own attention. Thus, in this
chapter, we consider non-computational power issues, such as data movement and data storage.
Since entire books have been written focusing solely on interconnect [96] and on memory [94], we
do not seek to replicate that material, but instead will select and present aspects of these systems
that are particularly relevant from a power perspective.

4.1 THE ENERGY COST OF DATA MOTION:
A HOLISTIC VIEW

In current computer systems, the actual arithmetic units are barely visible in a die photo, and the
power they dissipate is a small fraction of overall chip power. For example, Steve Keckler and
William J. Dally, both from NVIDIA, each gave keynote presentations in 2009 and 2011 that
featured the example data illustrated in Figure 4.1 [40, 104].

Figure 4.1 shows a die and illustrates the area and energy dissipated by a 16-bit multiply
accumulate (MAC) unit, a 64-bit floating point unit (FPU), on-chip channels of various widths
and lengths, and off-chip channels. It shows that a floating point operation is an order of mag-
nitude more energy efficient than moving a word across the die over a distance of half the die
length (to access the last level cache, for example). A 16-bit MAC operation is two orders of
magnitude more energy efficient than fetching its operands from the last level cache. Even worse
are communications over off-chip channels. They require, approximately, a factor of 40x more
energy than accesses to the last level cache, which is two to three orders of magnitude more than
the energy dissipated by floating point operations and 16-bit MAC operations.

The takeaway message from such data is that the main source of power consumption in
most CPUs is not calculations but rather transferring data and instructions over large distances
on the chip, or even worse, off chip. Essentially, there is a significant tax on all data motion.
From NVIDIA’ perspective, GPUs lessen the sting of this tax through large amounts of data
parallelism—that is, by amortizing the energy cost of instruction and data transfers (and their

control) over many more data calculations.
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Figure 4.1: This figure depicts the energy cost of different computation and communication actions
on a processor chip [40, 41, 104].

More broadly, this analysis points to the importance of considering instruction and data
motion—not just logic and calculations—when building power-aware systems. The “first wave” of
power optimizations focused on power optimizations within logic or arithmetic modules: turning
off the multiplier when not in use, or clock-gating the upper bits of an adder for narrow-width
operands. In contrast, the subsequent waves of power optimizations must focus on minimizing
data motion and tailoring it to application needs, as subsequent sections discuss.

4.2 POWERAWARENESS IN ON-CHIP INTERCONNECT:
TECHNIQUES AND TRENDS

With interprocessor interconnect dissipating more than 30% of on-chip power in many cases, its
power efficiency has become a prominent focus of research attention.

4.2.1 BACKGROUND AND INDUSTRY STATE

Currently, most general-purpose CMPs still use cache-coherent hierarchies interconnected by
buses to support cross-core communication on-chip. For example, Power7 uses eight 16-byte
segmented buses [175]. Some designs are changing quickly as AMD and others push toward
unified memory access between CPU and GPU [34, 118].

In general, as on-chip heterogeneity has increased, more diversity has emerged in on-chip
connectivity. For example, Intel’s Haswell (and its predecessors like Sandy Bridge [203]) has a ring
network connecting the CPU cores, the GPU, and the last-level cache [72]. By clocking the CPU,
GPU, and LLC domains independently, better power-performance tradeoffs are possible [173].
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In essence, Intel has added more power gating and decoupled the ring-based interconnect and
last-level cache from the CPU and GPU cores. For example, this potentially saves power by
enabling the GPU to access the ring bus without waking the CPU cores. Expanding on this
granularity, ultra-low-power Haswell mobile processors are equipped with deeper C-States (C8,
C9, C10) that enable practically everything to be turned off when idle [88]. Thus, in a chip like
Haswell, the segmented ring network itself is not highly novel, but its contribution to power
savings and energy proportionality is quite significant.

Tilera [194] has popularized the mesh interconnect but offers relatively few concrete power
results. They take the approach of multiple mesh networks to eliminate virtual channels and reduce
buffering to a minimum. They contend that virtual channels are too expensive in power and area
so multiple physical networks is more desirable.

Cavium 32-core Octeon II [107, 108] uses a crossbar interconnect arguing best trade-off
of scalability and efficiency. Oracle has been sticking with an 8x9 crossbar in their T5 [148] but
has not presented any details on implementation or power characteristics. To improve scaling,
they implement a hierarchy, with a cluster of cores attached to one port of the crossbar. This saves
power by avoiding the cost of routers and multi-hop traversals.

Intel has published power numbers and some discussion of power-efficient techniques for
their prototypes, such as TeraFlops [79] and SCC [80, 81]. While many use TeraFlops mesh
interconnect as an indication of the high contribution of interconnect power to overall chip
power [79], the SCC uses a much smaller fraction of total chip power. SCC has many buffers
and virtual channels (in contrast to Tilera’s approach) and applies DVFS for power savings.
Larrabee [166] used a ring interconnect with 512-bit links with very simple routers (no buffers in
the routers) presumably for low-cost and energy efficiency. To the best of our knowledge Xeon
Phi is using a similar interconnect structure as Larrabee.

4.2.2 POWER EFFICIENCY OF INTERCONNECT LINKS

One category of interconnect research looks to make existing networking approaches more power-
efficient on a link-by-link basis. For example, researchers have explored both DVFS and on/oft
control for link power management. Some of the earliest work in this topic area [172], showed
the large potential savings achievable through per-link DVFS approaches for networks on chip
(NoC). Shang et al. envision multiple DVFS levels per link. When increasing link speed, the
voltage is increased before the frequency, and when decreasing link speed, the transitions occur in
the opposite order. This enables the link to function during the voltage transition, though not the
frequency transition. The interesting challenge for this sort of link speed and power management
is determining good policies by which the link speed can be decided. Their work uses a distributed
history-based policy. Each router port predicts its future workload based on the recent past traffic
demands. Of several possible indicators, the authors settle on link utilization and input buffer
utilization as the preferred metrics. They report an average power savings of 4.6x, with some

benchmarks seeing improvements up to 6.3x. In current technologies, individualized per-link
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voltage and clock domains may not be cost-effective, but coarser-grained zoned versions of such
techniques may have promise. In addition to general solutions for homogeneous parallelism, one
can also exploit speed scaling to optimize power on the interconnect between processors and
accelerators or specialized functional units. Because one may be able to better predict required
data rates and streaming in such usage scenarios, accurate speed balancing is quite possible.

Roughly at the same time, a series of papers by Soteriou and Peh [176] explored on/off
links. Here, concerns about routability make for interesting design tradeofts. When links are
powered off, they are unusable, so either they must be turned back on quickly, or one must allow
for alternative routing patterns to avoid them until they are powered up.

Another category of interconnect power optimizations comes from reducing the activity
factor on the interconnect. For example, filtering cache requests to limit broadcasts can ofter very
large power savings. Research by Jerger et al. has shown how to build virtual multicast trees within
on-chip mesh interconnects [97]. Subsequent work on Virtual Tree Coherence [51] shows how
to use these multicast trees to implement cache coherence operations that are more efficient (from
both power and performance perspectives) than prior work based on directories. One key to the
success of this work is that it limits communication to just the sub-portions of the chip that
need to be involved in each coherence operation. This saves power (and bandwidth) on links to
uninterested cores. Compression has also been employed to reduce the amount of data that needs
to be transferred over the interconnect. Jin et al. propose to use a table-based data compression
technique that dynamically tracks value patterns in the traffic [98]. They are able to reduce the
power consumption by 36% for a 16-core CMP while at the same time reducing the packet
latency by 36%.

More recently, the field of power-aware interconnects has pushed toward full fabricated
research prototypes [151, 155, 165, 170]. These works each demonstrate the orchestrated use of
several power efficiency techniques in real hardware and report real-system chip-level power data.

4.2.3 EXPLOITING EMERGING TECHNOLOGIES TO IMPROVE POWER
EFFICIENCY

Traditional “wired” on-chip interconnect approaches work well for local interconnect, but run into
latency and power challenges for the increasingly long cross-chip wires. While improvements to
these traditional approaches may help, additional, more forward-looking research on interconnect
power seeks to augment traditional “wired” on-chip interconnect technologies or even entirely re-
architect the interconnect by exploiting other options based on emerging technologies including
three-dimensional (3D) integrated, on-chip photonics, or on-chip radio frequency (RF) commu-
nication. Unlike some prior topics, the “jury is still out” regarding which of these ideas will see
widespread industry adoption and to what degree their power/performance characteristics will
play a role in that decision. Carloni et al. [31] provide a good, brief introduction to the different

techniques various pros and cons.
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'The topic of on-chip photonic networks has seen particular attention from architects [36,
113, 114, 171]. While optical communication itself is exceedingly power efficient, the electrical-
optical translation is power hungry, as can be dynamic routing of the optical signals. Over the
years, sequences of ideas have brought progress on these fronts. For example, Phastlane [36] is a
low-latency optical crossbar network that uses predecoded source routing to transmit cache-line-
sized packets several hops in a single clock cycle under contentionless conditions. If contention
exists, the router reverts to using electrical buffers. The authors claim that Phastlane achieves
2x better network performance than a state-of-the-art electrical baseline while consuming 80%
less network power. Pushing this progression even further, Kirman and Martinez proposed an
all-optical scheme for wavelength-based routing in on-chip interconnect [114]. By using passive
optical wavelength routers, significant area and power savings are possible compared to schemes
relying on dynamic routers.

On-chip RF interconnect has seen less attention, but has appeal because of its potential
for power savings with high performance. Chang et al. [33] propose a NoC architecture that
is a hybrid of a traditional wireline mesh interconnect with an overlay of additional RF “wire-
less” connectivity. The RF interconnect is a high-bandwidth frequency-division multiple access
(FDMA) transmission line that acts as a superhighway for fast data communication across longer
chip distances. In addition to reduced latency, the authors show that NoC power dissipation using
overlaid RF short-cuts is an order of magnitude less than in traditional wireline NoCs.

4.3 POWERAWARENESS IN DATA STORAGE: CACHES
AND SCRATCHPADS

In addition to data motion and interconnects, data storage in caches and buffers represents a
second aspect of data’s energy “tax” on computation. We cover key techniques for improving
energy efficiency in this section.

At an intuitive level, local storage like caches and scratchpads seem in many ways to offer
inherent power efficiency. By serving the most commonly referenced items from a small block of
storage close to the computation, level-one (L.1) caches or scratchpads can help filter requests such
that fewer of them need to expend the extra energy required to go out to larger, more distant, and
higher energy-per-access levels of the memory hierarchy. The memory hierarchy can still account
for a substantial part of the total chip power as illustrated by the pie chart in Figure 4.2. The
power consumption of the three levels of caches is greater than the power consumption of the
eight cores on the chip. Clearly, it is important to implement techniques that reduce the average
memory access energy. We discuss such techniques in the subsections that follow.

4.3.1 CACHE HIERARCHIES AND POWER EFFICIENCY

While L1 instruction and data caches seem to offer great opportunities for “filtering” references

to reduce higher-energy accesses to larger downstream caches, they often have large energy-per-
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Figure 4.2: Power breakdown of an eight core server chip [77].

access. This is because L1 caches are highly optimized for performance, so their transistors are
sized large for fast access times. In addition, typical associative L1 cache designs often activate all
ways in parallel to find data or instructions as quickly as possible. In contrast, later levels of the
cache hierarchy may be optimized for capacity rather than access speed, so their energy-per-access
need not grow commensurate with the increased cache capacity.

Beyond this simple speed tradeoft, since software is typically less latency-sensitive to level-
two (L2) and level-three (L3) cache designs, they offer better opportunities for infusing power
efficiency into the design. For example, accesses to L2 and L3 caches are commonly “phased”
such that the tags are read and compared before accessing the data. Knowing which way the data
resides in makes it possible to enable only one of the data ways when accessing the data memories.
Note that the data memories are much larger and more power hungry than the tag memories, as
they store more bits (a whole cache line, which is often 256 or more bits, compared to a tag, which
is fewer than 64 bits).

Accesses to the L1 cache can be reduced by introducing a so-called filter or LO cache [111,
112]. An LO cache is smaller than the L1 cache and hence more power efficient. Due to its
small size LO caches have a relatively high miss rate, which causes a performance penalty as an
additional cycle is required to access the L1 cache. Bardizbanyan et al. proposed a technique to
speculatively access an L0 data cache in parallel with its address calculation to not only eliminate
the performance penalty but also provide a small performance improvement compared to not
having an L0 data cache [15]. LO caches have been adopted by Qualcomm, which use a direct
mapped LO cache in their Krait architecture [115].

Loop caches are similar to filter caches in that a small and thus power-efficient structure
is used to reduce accesses to the L1 instruction cache [120]. As the name implies, loop caches
exploit the repetitive pattern of loops where the same instructions are repeatedly fetched multiple
times. When a backward direct transfer of control is encountered the loop cache starts to store
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instructions in the hope that the same transfer of control will be encountered again. If the transfer
happens again the stored instructions are fetched from the loop cache instead of accessing the
L1 cache. Instruction fetches from the loop cache also have the added advantage of disabling
accesses to the instruction translation lookaside buffer (ITLB). The tagless hit instruction cache
(TH-IC) also exploits the repetitive behavior of instruction accesses to store the most commonly
encountered instructions in a small structure [61, 74]. By maintaining metadata related to the
instructions guarantees can be provided regarding if an instruction resides in the TH-IC. When
an instruction is guaranteed to reside in the TH-IC accesses to the instruction cache and other
fetch related structures (e.g., the ITLB) can be avoided.

Caches fetch complete lines of data to take advantage of spatial locality. This causes more
data than what is accessed by an application to be fetched and stored in the caches. Pujar and
Aggarwal showed that the cache utilization (the fraction of useful data over all fetched data)
is as low as 57% on average for the SPEC 2K benchmarks [157]. The low utilization causes
unnecessary data movement across on-chip and oft-chip interconnects as well as costly reads and
writes to cache memories.

4.3.2 CACHE ASSOCIATIVITYAND ITS IMPLICATION ON POWER

L2 and L3 caches commonly have a much higher associativity than the L1 cache to improve their
hit rate. This can result in high access costs even in the case when phased accesses are used as many
parallel tag lookups are required. Several techniques have been proposed to reduce the number of
tag comparisons that are performed.

For example, way prediction predicts which way of a set associative cache is most likely to
contain the requested data, and starts the access by looking only in that way for the data. This
saves expending power on the other cache ways when prediction is accurate [84, 156]. When
the way is mispredicted a performance penalty is incurred, as the remaining ways need to be
accessed in the following cycle, which reduces the energy benefits. Also, way prediction needs
to be performed before the actual access to the memories, which results in either a longer access
time where the prediction and memory access are performed in sequence or specialized memory
implementations are required that can disable the initiated memory access once the prediction
is completed. Multicore systems and multiprogram workloads reduce the locality in the memory
accesses seen by shared caches in a system as accesses from independent program executions are
interleaved. This makes it challenging to accurately predict the way of an access for shared caches.
'The higher locality at the L1 cache makes predictions easier to perform, but the often stringent
timing constraints for L1 cache accesses might make it difficult to incorporate such techniques.
A private L2 cache has high locality, often more ways than the L1 cache, and relaxed timing
requirements, making it a prime candidate for techniques to predict which way to access first.

Wiay halting is another technique for reducing the number of tag comparisons [206]. In way
halting partial tags are stored in a fully associative memory (the halt tag array) with as many ways
as there are sets in the cache. The halt tag array is tightly coupled with the word line decoder of
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the memories storing the tag and data. In parallel with decoding the word line address the partial
tag is searched in the halt tag array. Only for the set where a partial tag match is detected can the
word line be enabled by the word line decoder. This halts access to ways that cannot contain the
data as determined by the partial tag comparison. There is a tradeoff between how many bits to
use for the partial tag. The more bits that are stored the more likely it is that the partial tag will
not match and the way will be halted, but the access to the halt tag array will become more costly
in terms of energy and could increase the access delay. Way halting requires specialized memory
implementations that might have a negative impact on the maximum operational frequency.

Bardizbanyan et al. propose a technique that speculatively accesses the tags a cycle earlier
than for a conventional L1 data cache by using the index of the base address register [16]. This type
of speculative access is only performed when the displacement for the address calculation is smaller
than the cache line offset. With a small displacement it is likely that the index will not change
during the address calculation. If the index does not change during the address calculation, i.e., the
speculation is successful, then energy is saved by only accessing a single way of data. If the index
does change then the tags is accessed a second time in parallel with the data. A failed speculation
causes a small energy overhead but no performance penalty. Bardizbanyan et al. also propose to
dynamically track load-use dependencies in a small structure to enable early load data dependence
detection (ELD?3) [17]. If a load has been encountered already then the ELD? metadata contains
information on if a use of the loaded value immediately follows the load. If that is the case then
both the tags and data are accessed in parallel, otherwise the access is phased such that only a
single data way is read to save energy.

Not all applications (or phases of an application) benefit from a highly associative cache.
For such applications the associativity causes high power consumption without providing signif-
icant performance gains. Dropsho et al. [47] propose to use a dynamically reconfigurable cache
where the ways in a cache are divided into two groups. On an access the ways in the first group
are accessed and if a miss is encountered the second group of ways is accessed. Cache lines are
migrated between the two groups such that the most frequently accessed cache lines reside in
the first group of ways. The number of ways in the first and second group can be dynamically
configured and a scheme based on least recently used (LRU) information is used to decide how
many ways to allocate to the first and second group depending on application behavior. Way
concatenation [205] is another method of dynamically adapting the associativity of the cache.
Pairs of ways are concatenated into a single way when reducing the associativity of the cache. The
combined way has twice the number of sets as the two individual ways, thus the cache capacity is
not changed. Pairs of ways can be further concatenated until a direct mapped cache with a single
way remains.

4.3.3 CACHE RESIZING AND STATIC POWER

Intel resizes the last-level cache from an 8 MB 16-way cache to 512 kB two-way cache in their
IvyBridge architecture [95]. When low activity workloads are detected 14 of the ways are flushed



4.3. POWER AWARENESS IN DATA STORAGE: CACHES AND SCRATCHPADS 53

Cache Blocks
V..n Benefit with Cache Size

120
1
J 100
> .
0 E 30 \ 2 ways active
1 V £ v\\ | —
min2 -
i = 60
Vminl 1 G=J 40 .
1 «a f \\ 16 ways active
1 Vmin3 >E 20 30mV \/ | _—
0 M——
1KB  16KB  64KB 512KB 4MB ~ 8MB  16MB
Max (Vimin1,2,3) Cache Size

Figure4.3: V., is determined by the cell with the highest V,;, across all active memories. Reduction
in Vinin when reducing the number of ways from 16 to two in Intel IvyBridge [95].

and put into a sleep mode that reduces their static power consumption. The remaining two cache
ways can be operated at a lower minimum voltage, which reduces the dynamic power even further.
The minimum voltage that a cache can be operated at is dictated by defective (bad) memory cells
that cannot operate correctly at a voltage lower than a certain minimum voltage (V_pn). Such
defective cells are distributed across the memory arrays of the cache and the cell requiring the
highest voltage dictates the minimum operational voltage for the whole cache. When the cache
size is reduced there are fewer defects and the minimum voltage can be reduced (see Fig. 4.3) [95].

Wilkerson et al. propose a technique that trades cache capacity against the minimum volt-
age a cache can be operated at [195, 196]. During normal high-voltage operation the cache can be
used at its full capacity while the capacity is reduced during low-voltage operation. With each tag
amask is stored that tracks defective memory cells (or words) that does not operate correctly at the
lower voltage. A pair of cache lines are used in low-voltage mode and the mask indicates which
cache line holds the correct data. This technique masks defective memory cells, which enables the
use of a lower minimum voltage.

Caches are large and have relatively low activity compared to logic. This is especially true
for the last-level cache (LLC) that can store up to tens of megabytes with only a small fraction
being accessed at a single point of time. With shrinking transistor sizes static power is an ever
greater concern and constitutes a substantial fraction of total cache power. In so-called drowsy
caches static power is reduced by putting cache lines into a low-power (drowsy) mode [58]. In this
drowsy mode a cache line is powered at a level that the line retains its data but it is not possible
to access it. All cache lines are periodically put in the drowsy mode and only when a cache line is
accessed it is switched to normal mode and kept in this mode for the remaining time of the period.
'This incurs a minor delay penalty while keeping the majority of the cache lines in a drowsy state.
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A read access to a cache line in drowsy mode would corrupt the data. To avoid data corruption a
drowsy bit is stored for each cache line and if the bit is set then the word line is disabled such that
the cache line is not accessible. An access to a drowsy line incurs a delay penalty as the cache line
needs to be switched to normal mode and a new access to be initiated. The drowsy bit also controls
switches to the two supply voltages used for the cache line. When the drowsy bit is set the cache
line is connected to a supply voltage that is just high enough for the memory cells to retain their
data, otherwise the cache line is connected to the normal supply voltage. This technique requires
specialized memories as it is necessary to integrate the drowsy bit into the memory design such
that the word line can be disabled and to integrate dual supply voltages with power switches for
each cache line.

4.3.4 CACHE COHERENCE

Shared memory is the predominant method of communication in contemporary multi-core sys-
tems and is supported by all major processor vendors. Communication through shared memory is
performed through load and store operations to a shared address space. Cache coherence proto-
cols assure that private caches are kept coherent and reflect the global state of the shared memory.
Cache coherence can be managed in software, but mainly due to ease of programmability most
systems implement coherence in hardware. Here we focus on hardware coherence protocols and
techniques to improve their energy efficiency.

Snoop-Based Protocols

In snoop-based protocols a cache miss in the last-level private cache (e.g., in a private L2 cache)
results in a data request being broadcasted to all other cores in the system. At each core a lookup is
performed in their private caches and if the data are found then the data are transferred back to the
core initiating the data request. Broadcasting coherence requests can result in significant on-chip
network traffic and multiple parallel lookups in the cores private caches. To reduce bandwidth
requirements and power, several techniques to limit the number of recipients of a broadcast have
been developed. This can be done either at the receiver’s end by filtering out requests to a core’s
private cache(s) or at the core, initiating the request by filtering out if a request should be sent
and to which cores.

Moshovos et al. use what they call a Jetty to filter requests to the private cache(s) of a
core [141]. A coherence request first checks in the Jetty to determine if the data might reside in
the private cache(s). The Jetty can either be an exclude-Jetty and store information about recent
coherence requests that missed in the private cache(s) and if the same request is seen again then no
lookups are performed, or be an include-Jetty and store information of all the blocks that exist in
the private cache(s). Only if the Jetty indicates that the information exists in the private cache(s)
a lookup is performed. Both the exclude and include Jetty gives a prediction regarding if the data
resides in the cache or not. Both types can be combined to increase the prediction success rate. In
many cases the requested data does not reside in the private cache(s) of a core, and power hungry
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lookups can be avoided. A coherence request is still broadcasted to all the Jettys (one per core)
and latency increases as the Jetty is accessed before the private cache(s) for the case when the Jetty
indicates that the data resides in the private caches.

Ekman et al. propose to reduce snoop traffic by extending the TLB with an auxiliary struc-
ture containing a page-sharing table [50]. The page-sharing table keeps track of pages that are
shared by the core. For each shared page a sharing vector is kept that indicates which of the other
cores also share the page. The page-sharing vector is broadcasted with the coherence request, and
only those cores that are marked in the sharing vector need to access their private cache(s). The
sharing vectors are kept up to date by querying all the tables when a core loads a new entry into
its table. This technique reduces cache accesses at the expense of tracking global state of shared
pages. A simple extension to also reduce interconnect bandwidth would be to not propagate co-
herence requests over the on-chip interconnect to cores that do not share the page as determined
by the sharing vector.

RegionScout keeps track at the core level of continuous, aligned memory regions that are
a power of two in size and have no shared data [140]. When a core makes a coherence request it
receives region-level sharing information in addition to the requested data. If a region is identified
as not shared then subsequent requests from the same core for any data within that region will not
cause any coherence requests. A region is not shared if a coherence request results in no other core
returning the data. A coherence request from a different core to a region will mark that region
as being shared. RegionScout can reduce both network traffic and cache lookups. Accesses to
regions that are marked as shared results in coherence requests being broadcasted to all the cores.

The ARM CoreLink CCN-504 cache coherent network [9] has support for up to 16 cores
divided into four clusters with four cores in each cluster. The network has a snoop-based cache
coherence protocol with snoop filter functions that removes the need to broadcast coherence
messages. The Blue Gene/P supercomputer from IBM implements a snoop filter that combines
a snoop cache, a stream register filter [162], and a range filter to reduce the number of snoop
requests by up to 99% [161]. The snoop cache keeps track of what is not in the cache while the
stream register filter keeps track of what is in the cache. The range filter unconditionally filters all
coherence requests within a specified address range. The snoop cache is a version of the exclude-
Jetty (described above). To increase the snoop cache’s efficiency each entry stores a presence vector
that encodes information about 32 consecutive, aligned cache lines of the L1 data cache.

Directory-Based Protocols
Directory-based protocols can reduce network traffic and be more scalable than snoop-based pro-
tocols. However, the directories incur area overheads and contribute both to static and dynamic
power. Several techniques have been proposed to either make the directories themselves more
efficient or to completely avoid accessing them when not necessary.

The tagless coherence directory [204] use a grid of Bloom filters instead of tags to perform
lookups in the directory. The Bloom filters are smaller than the tags, which results in reduced
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static and dynamic power. In proximity coherence directory accesses are avoided by snooping the
caches of neighboring cores [20]. On a so-called proximity hit the data are found in at least one
of the neighboring core’s L1 cache and are in a suitable state (e.g., the data are in shared mode on
aload). In this case the request can be immediately serviced without accessing the directory, and
network traffic is kept local. Forwarding data between neighboring cores without involving the
directory causes challenges for the design of the directory as it is not aware of new cores sharing
the data. Therefore, when an L1 cache line that has been shared with other cores is evicted an
update has to be sent to the directory with all the cores that the line has been shared with due to
proximity requests. When a core receives an invalidate message it needs to forward the message to
all the cores that the cache line has been forwarded to. If a core requires exclusive access it needs
to invalidate the cache line in those cores it has forwarded it to and send an upgrade message
to the directory. The evaluation of proximity coherence is done with an assumption of a shared
L2 architecture. For architectures with deeper private cache hierarchies either a proximity request
could be performed in sequence at the different private levels, which would increase the proximity
hit rate but increase the latency on misses, or only snoop the L1 before accessing the directory.
TurboTag filters unnecessary directory accesses by using a compact structure based on a counting
Bloom filter that keeps track of block addresses that are used in the directory [128]. The filter is
queried first and only if it indicates that the block potentially exists in the directory; then an access
is made to the conventional directory that contains sharer information. If the filter indicates that
the information does not exist in the directory then the access is skipped, which reduces access
power as the filter is a much smaller structure than the complete directory.

4.3.5 THEPOWER IMPLICATIONS OF SCRATCHPAD MEMORIES

With GPUs and specialized accelerators seeing renewed attention from computer architects, the
prominence of programmer-managed memories called scratchpads has also risen. These small lo-
cal memories have the potential for improving the power efficiency of data motion by engaging
programmer or compiler help in orchestrating the selection of data to be placed into them. As
a result, wasted energy due to repeated transfers (cache thrashing) or due to cache line granu-
larity effects can be reduced. Another advantage of scratchpads relative to caches is that they do
not require any tags. Scratchpads are therefore inherently smaller and have less static power for
equivalent amount of data storage. Scratchpads also have less dynamic power as no tags have to
be read and compared and only a single data entry is read while multiple ways are read in parallel
for associative caches.

In some cases, the work has been focused on compiler or programmer optimizations for
selecting data to be placed in the scratchpad [21, 125, 126, 180, 187, 188]. In other cases, more
holistic studies have considered optimizations for unifying and coordinating the use of cache,
scratchpad, and register file storage. In particular, Gebhart et al. propose to unify the register
file, cache, and scratchpad of a GPU core into a shared resource [63]. The unified local memory
consists of a set of memory banks and a crossbar interconnect, which enables resources to be
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dynamically allocated as registers, scratch area, or cache size depending on kernel requirements. A
compile time managed multi-level register file is used to reduce contention at the shared resource
and to improve access times to registers [62]. Dynamic resizing is supported between co-operative
thread arrays (CTAs) as registers and shared memory (scratchpad) are not persistent across CTAs.
'The cache is write through and therefore does not contain any dirty data to evict if the cache would
be reduced in size.

4.4 CHAPTER SUMMARY

'The complexity of computer systems is increasing. The number of cores are slowly rising and are
often coupled with accelerators like GPUs and cryptographic engines. The general trend is also
to integrate more functionality onto the same chip to reduce total system cost but also to improve
performance and reduce energy usage. One such example is when AMD started integrating the
memory controller and the north bridge with their processors, which made AMD’s Hammer
architecture [105] superior in performance until Intel followed suit. Today the integration has
gone further with functionality like USB and Ethernet being integrated into what has been termed
“system on chips” (SoCs). This is especially true for the embedded domain.

'The increasing number of CPU, GPU, and IP (intellectual property, e.g., USB) cores puts
high demands on the coordination and sharing of data. The on-chip interconnect and memory
hierarchy is therefore playing an ever greater role in the performance and energy usage of a system.
'The focus has therefore started to shift from energy-efficient computation to energy-efficient data
movement and we are likely to see a trend that continues to emphasize the importance of data
movement and storage.
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CHAPTER 5

Conclusions

Over the past two decades, perspectives on power efficiency have shifted tremendously within
the field of computer architecture. In the early 1990s—the end of the bipolar/ECL era for
microprocessors—power dissipation had become something of a concern in industry chip de-
signs as wattages surpassed the 100W mark [99], but did not get much attention in research
or early-stage development. The sense at the time was that power concerns were mainly to be
addressed by device and circuit levels instead, leaving architects to focus on performance. The
late 1990s represented the onset of a broad awareness of computer architecture’s role to play in
power-aware design, and the years that followed saw a burst of research and product ideas on this
topic—many of which were highlighted by S. Kaxiras and M. Martonosi [103].

Over the past ten years, from roughly 2005 to the time of this writing, power-aware archi-
tecture has seen another shift. In particular, the attention to module-by-module power efficiency
ideas has shifted toward more holistic power/performance tradeofts that permeate entire chip
designs. For example, the trends of parallelism, heterogeneity, and specialization are all funda-
mentally driven by power concerns, and by power’s influence on system cost and reliability. The
goal of this book has been to convey the drivers for these current trends, as well as the research
ideas and design techniques developed in response to them.

5.1 FUTURE TRENDS: TECHNOLOGY CHALLENGES AND
DRIVERS

The architecture layer has always acted as a crucial mediator between the technology opportu-
nities and challenges “from below” and the software and application needs “from above.” For
years, architects have occupied the enviable position of leveraging and amplifying the technology
bonanza afforded to us by Moore’s Law and Dennard scaling trends. Successive semiconductor
generations will offer some improvements in transistor fabrication techniques in order to mitigate
the emerging challenges of leakage energy and process variations. Beyond these measures, there
is at best speculation concerning what follows next: device researchers explore new technology
options, but no clear prospects have emerged.

With the slowing or stopping of beneficial scaling trends for transistor counts and voltage
levels, architecture has dramatically shifted gears and will continue to do so. The response to Dark
Silicon trends represents one avenue of ongoing and future work. Another is an increased focus
on 3D and other techniques to bring data closer to memory. Looking forward, techniques for co-
locating processing near storage [43] represent promising techniques for reducing data motion
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energy by preprocessing data while it is still located at storage, before it incurs power to move it
toward other compute nodes. For emerging data-intensive workloads like search and analytics,
sifting through the data near “where it lives” is particularly well-suited. Such techniques offer
considerable advantages in power efficiency, and likely represent a major future thrust for power-
aware systems research.

5.2 FUTURE TRENDS: EMERGING APPLICATIONS AND
DOMAINS

Architectures in coming years will also need to respond to fast-moving changes in software appli-
cations and usage domains. Already, mobile computing represents a dominant mode for computer
usage, with the number of smartphones on earth fast approaching the number of people [60]. As
the numbers of deployed mobile devices have skyrocketed, they now are in a position to drive
computer architecture trends simply due to their sheer sales volume. The most mature solutions
for exploiting heterogeneous computing have been pioneered in the mobile and embedded space,
with influences now percolating into server-class systems.

Moving forward, the next major burst of design and sales volume is expected to be in the
deeply embedded or “Internet of Things” space [131]. The emergence of this space will have
sweeping implications on computer architecture and systems research in general, and on power-
aware computing in particular.

Many such devices operate with tightly constrained power or thermal envelopes that are
fundamentally imposed by the application scenario itself, rather than by cost or other secondary
concerns. For example, medically implanted sensors must abide by strict power and thermal limits
to avoid injuring the tissue near where they are embedded [189]. Likewise, devices that operate on
energy-harvested budgets must operate using very little energy and must be designed to operate
intermittently and reactively in the face of highly variable energy supplies [149].

5.3 FINAL SUMMARY

Given power’s prominent place in computer architecture research as a first-class design constraint,
it has become increasingly impossible to offer a truly comprehensive synthesis of power-aware
computing research—because now all architecture research has become power-aware. Instead,
this book serves to offer highlights of promising and timely techniques and trends. Our emphasis
on those developed in the past five years is a judicious effort to offer a timely update on S. Kaxiras
and M. Martonosi’s book [103]. Nonetheless, our field is fast-moving and power’s prominence is
only growing; we look forward to watching as new power tradeofts emerge and new techniques
are proposed to address them.
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