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Abstract: Modern electronic devices are an indispensable part of our everyday life. A major enabler
for such integration is the exponential increase of the computation capabilities as well as the drastic
improvement in the energy efficiency over the last 50 years, commonly known as Moore’s law. In this
regard, the demand for energy-efficient digital circuits, especially for application domains such as
the Internet of Things (IoT), has faced an enormous growth. Since the power consumption of a
circuit highly depends on the supply voltage, aggressive supply voltage scaling to the near-threshold
voltage region, also known as Near-Threshold Computing (NTC), is an effective way of increasing
the energy efficiency of a circuit by an order of magnitude. However, NTC comes with specific
challenges with respect to performance and reliability, which mandates new sets of design techniques
to fully harness its potential. While techniques merely focused at one abstraction level, in particular
circuit-level design, can have limited benefits, cross-layer approaches result in far better optimizations.
This paper presents instruction multi-cycling and functional unit partitioning methods to improve
energy efficiency and resiliency of functional units. The proposed methods significantly improve the
circuit timing, and at the same time considerably limit leakage energy, by employing a combination of
cross-layer techniques based on circuit redesign and code replacement techniques. Simulation results
show that the proposed methods improve performance and energy efficiency of an Arithmetic Logic
Unit by 19% and 43%, respectively. Furthermore, the improved performance of the optimized circuits
can be traded to improving the reliability.

Keywords: reliability; Near-Threshold Computing; functional unit; energy efficiency; performance
optimization; cross-layer optimization

1. Introduction

Since the advent of electronic digital computing, relentless technology scaling has enabled an
exponential improvement in computation capability while decreasing the cost and power consumption.
Gordon Moore predicted in 1965 that the number of transistors in integrated circuits would double
every year to address the ever-increasing demand for higher computation power [1] (this prediction
was adjusted afterward to reflect the real progress [2,3]). Such continuous growth in computation
capability over more than five decades affected almost all aspects of human life, including but not
limited to industry, business, health-care, government, and society, which effectively started the
Information Age, and made digital computing circuits an inseparable part of our everyday life.

Moore’s law has faced several technological challenges and has been slowed down in the past
decade [2,4,5]; however, still more transistors can be integrated on every new technology generation
down to a 3 nm node [6,7].
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To avoid exponential growth in the power density, various parameters including supply voltage
of digital circuits have been scaled according to Dennard’s scaling law [8]. However, the supply
voltage did not scale at the same pace for about one decade (since 2005-2006) due to technological
challenges associated with nanometer-scale devices [9]. Since then, various architectural and design
directions have been actively explored including many-core computation, parallel processing, and 3D
integration to provide more computation power [5-7]. However, the main challenges caused by
the end of Dennard’s scaling are energy efficiency and power density, which cannot be addressed
by such approaches [10-12]. Without proper addressing of the increasing power density due to
technology scaling, it is not possible to utilize all the components of a chip at the same time due to
overheating, a problem commonly known as Dark Silicon [11,13], which diminishes the benefits of
scaling. Therefore, reducing the power density through improving the energy efficiency is pivotal for
future digital circuits.

In fact, energy-efficient computing has already become a primary requirement in various
application domains. At one end of the spectrum, the growing IoT applications, with an expected
20 billion connected devices by 2020 [14-16], are continually looking for more energy efficiency.
These IoT devices are expected to operate on limited energy sources such as batteries or energy
harvesting sources. High-performance servers and data centers, at the other end, are responsible
for a significant amount of consumed electricity worldwide (about 1.4% of the consumed electricity
worldwide in 2011, and growing in much faster speed compared to other electricity consumers) [17].
A large portion of the cost of data centers is directly or indirectly due to the energy consumption
of digital circuits [17]; hence, it is necessary to improve the energy efficiency of high-performance
computing as well.

Power consumption of digital circuits has two components: dynamic power consumption,
due to circuit activity and computation, and leakage power consumption, due to slight leakage
current of transistors. Reducing the power density can be achieved through various approaches
such as optimizing design techniques, employing power management strategies, improving the
technology, and scaling supply voltage [18]. Each of these approaches aims at reducing dynamic
power, leakage power, or both. In this regard, optimizing Instruction Set Architecture (ISA), scheduling
methods, pipeline design, and synthesis methodologies have already enabled vast improvements in
the energy efficiency [19].

Techniques such as clock-gating and power-gating are widely used in existing digital circuits to
cut down dynamic and leakage power of the idle components [20]. Dynamic Voltage and Frequency
Scaling (DVFS) promotes supply voltage and speed adaptation depending on the workload to reduce
power consumption under low workload [21,22].

Aggressive supply voltage reduction down to the sub-threshold region is known as an important
instrument, which reduces power consumption by several orders of magnitude and improves energy
efficiency [12,18,23-25]. Intel has demonstrated ultra-low power characteristics using such aggressive
voltage scaling by its experimental IA32 processor, which can run Windows and Linux on a small
solar panel [26]. In addition to extensive power reduction, voltage scaling degrades circuit speed
significantly. Many applications have performance constraints that prevent them from operating in the
sub-threshold region.

By operating digital circuits at supply voltages close to the threshold voltage of the transistors,
which is known as NTC, it is still possible to gain very high energy efficiency and achieve enough
performance for many applications in the IoT domain [27,28]. Additionally, many-core computation
based on NTC is an attractive approach to improve energy efficiency while satisfying the computational
demands for highly parallel workloads of data centers [10,29-31]. Therefore, NTC is considered an
attractive paradigm for improving the energy efficiency in modern technology nodes [32], if the
associated reliability challenges are addressed. These reliability challenges are typically caused
by enormous sensitivity of NTC circuits to variability sources and complicate NTC circuit design
and operation.
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Along with the enormous energy benefits, NTC comes with a variety of design challenges.
The most obvious one is the performance reduction of 10x compared to the super-threshold domain,
which may limit the applicability of NTC [27]. In addition, the escalated sensitivity to variability
(such as process and voltage variation) at reduced supply voltages forces designers to add very
conservative and expensive timing margins to achieve acceptable yield and reliability [33].

Moreover, in the near-threshold region leakage energy becomes comparable to dynamic energy,
thus approaches to minimize leakage are of uttermost importance for NTC designs. Hence, although
conventional designs can technically operate in the NTC domain, due to these challenges, new design
paradigms have to be developed for NTC to harness its full potential.

Data paths are core components of any processing element such as processor cores and accelerators.
A data path consists of various functional units, such as Arithmetic Logic Unit (ALU) and Floating
Point Unit (FPU), the timing and power consumption characteristics of which significantly impact
the overall performance of the processor. Therefore, optimizing the reliability, energy efficiency,
and performance of data paths is of decisive importance.

This paper presents two cross-layer functional unit optimization opportunities based on
(1) instruction multi-cycling and (2) functional unit partitioning, which improve energy-efficiency,
reliability, and performance. We evaluate our methodology by using an ALU implemented for Alpha
ISA. Our results show that the proposed approach can effectively improve energy efficiency and
reliability. For example, instruction multi-cycling effectively removes the extra timing slacks and
improves the energy efficiency of a circuit by up to 34%. Furthermore, the functional unit partitioning
approach can improve the energy efficiency of an ALU by 43.4% while having positive impacts on the
reliability and performance as well.

The rest of this paper is organized as follows. Section 2 provides the background on near
threshold computing. Section 3 reviews the state-of-the-art and their shortcomings. The optimization
approaches based on instruction multi-cycling and functional unit partitioning are presented in
Section 4, while Section 5 discusses the optimization results. Finally, Section 6 concludes the paper.

2. Near-Threshold Computing

Various methodologies at different abstraction-levels have been proposed and
employed [18-22,34-36] to improve the energy efficiency and overcome the power wall challenge
caused by the end of Dennard’s scaling [9-12]. Aggressive supply voltage scaling down to the
sub-threshold region [12,18,23-25] is also presented as an effective way to reduce the power
consumption by several orders of magnitude; however, the speed of digital circuits at that supply
voltage range is poor. In the following, we present a promising approach towards supply voltage
scaling, called NTC, which also retains enough performance for many applications.

Near-Threshold Computing is a paradigm in which the supply voltage is reduced close to the
threshold voltage of transistors to gain large energy efficiency while retaining enough performance for
many applications. However, there are various challenges towards NTC mainly in the area of reliability
and energy efficiency, which can nullify the benefits of NTC if not addressed correctly. This paper
focuses on the NTC and its challenges.

From a circuit-level point of view, the total power consumption of a circuit can be calculated as in
Equation (1):

Protal = den,sw + den,sc + Pleaks @

where Py sw, Payn,sc and Pleqy are dynamic switching power, dynamic short-circuit power, and leakage
power, respectively.

In the nominal supply voltage, the Py, s, is the dominant power consumption, which is
quadratically dependent on the supply voltage, as shown in Figure 1a. Therefore, reducing the
supply voltage can quadratically reduce the overall power consumption. In the same supply voltage
regime, the speed of a circuit is linearly dependent on the supply voltage.
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The energy consumption is calculated according to Equation (2):

Etotal = Ptotal X Tclk = Edyn,sw + Edyn,sc + Eleak (2)

Therefore, by slightly reducing the supply voltage from the nominal voltage, it is possible to
reduce the energy consumption, linearly. As shown in Figure 1b, this energy improvement holds as
long as the rate of total power consumption reduction is higher than the rate of speed degradation.
When V;; goes below Vy,, the speed degradation becomes exponential because the current has an
exponential relation with supply voltage. Therefore, energy consumption starts to increase due
to higher rate of speed degradation. As a result, the supply voltage leading to minimum energy
consumption is somewhere close to the threshold voltage of transistors. Such operating condition
leading to the best energy efficiency, i.e., the lowest energy consumption, is commonly known as the
Minimum Energy Point (MEP) and is shown in Figure 1b for c499 circuit from ISCAS’85 benchmark
circuits [37,38].
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Figure 1. MEP exploration for circuit ¢499 from ISCAS’85 benchmark [37,38]. (a) Circuit power and
clock period versus supply voltage (V;;); (b) Minimum Energy Point (MEP). Minimum Energy Per
operation is achieved where V; is close to Vy,.

2.1. MOSFET Model in the Near-Threshold Voltage region

The conventional three-region long-channel MOSFET model as well as the alpha-power model [39]
are piece-wise models with a discontinuity at the threshold voltage of transistors, which makes them
inappropriate for NTC circuit analysis. However, it is possible to explain the characteristics of MOSFET
based on continuous models such as EKV [40-42]. Accordingly, a simplified trans-regional model for
digital NTC CMOS circuits is proposed in [43], which facilitates analytical analysis. Based on this
model, the MOSFET on-current can be obtained based on the overdrive voltage V,, as follows:

Vou Vop )2
Lis,NTC = kaoeklm%z(m) , Voo = Vgs = Vi, 3)
where I, depends on process parameters and transistor dimensions (W, L), whereas ko, k1, and k
are process independent fitting parameters [43]. In the above equation, it is assumed that Vy; > V7,
therefore, the term depending on Vj; is eliminated. However, it is possible to consider the threshold

voltage dependency on V;, and body-biasing. Based on this model, the propagation delay of a gate in
the Near-Threshold Voltage (NTV) region is obtained as:

2
krCoLVaa —ky it~k (it
tpnre = Lo fe (v#5) , Var = Vag = Vi 4)
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Similarly, energy and power consumption of digital circuits can be calculated in the NTV
region [43].

Process, Voltage, and Temperature Variation in NTC

The impacts of process, supply voltage, and temperature variations (PVT) are more pronounced
in the NTV region [27,33,44]. Authors of [45] showed that the sensitivity of the drain-source current of
a transistor (Ij5) to changes in Vy;, and V; increases by about 10x when the supply voltage is reduced
from the super-threshold region to the sub-threshold region. Equation (4) also demonstrates that
propagation delay in the NTV region is exponentially dependent on supply and threshold voltages.
Intel [33] reported that while the process and temperature variations cause 18% and 5% performance
variation in the super-threshold region, their impacts aggravate to 2x performance variation in the
NTV region.

The power consumption of NTC circuits is orders of magnitude smaller than the super-threshold
region. As a result, runtime supply voltage fluctuation caused by power consumption also decreases
by the same scale, which makes it insignificant in NTC circuits, even considering the large sensitivity
to fluctuations. Moreover, the temperature of NTC circuits is solely determined by the ambient
temperature since the power dissipation is very small and has a negligible impact on circuit temperature
fluctuation [46].

2.2. NTC Challenges

2.2.1. Reliability

Aggressive supply voltage scaling to the NTV region has benefits and drawbacks in terms of
reliability. Reducing the supply voltage to the NTV region greatly reduces internal electric fields and
current density compared to the super-threshold region, which helps to protect the circuits from some
aging phenomena and their associated reliability problems.

Nevertheless, the exponential sensitivity to PVT in the NTV region severely affects the circuit
behavior and may lead to large performance variation or reliability issues, in terms of functional failure
or timing violations. As presented in [33], 2% performance variation is observed between different
fabricated NTC cores only due to process variation, whereas this variation was limited to +18% at
the nominal voltage. Techniques such as adaptive body biasing [27] and supply voltage scaling [47]
are presented to address such performance fluctuation. Similarly, the maximum clock frequency of
an NTC circuit may change by £2x due to 110 °C temperature fluctuation, while the impact of such
temperature fluctuation on performance is only 5% at the nominal voltage [33] (the measurement is
done for a 65 nm typical die). An unwanted performance fluctuation at gate-level may lead to timing
violations. Setup-time violations can be addressed by increasing the clock period T (i.e., reducing
clock speed f), which inflicts performance and energy efficiency loss. Various timing error detection
and correction methods have also been proposed to address setup-time issues [48-52], which may
be costly as the number of timing errors increases rapidly in the NTV region. However, a hold-time
violation cannot be fixed by changing the clock speed and leads to a functional failure. As an example,
the number of hold-time violations increases by up to 16 x when operating in the NTV region compared
to the nominal voltage [53]. In order to fix these timing violations, many buffers have to be inserted
into the violating paths to delay the arrival times of such short paths. Therefore, the overhead of buffer
insertion in the NTV region is significantly larger than that of the super-threshold region.

Reduced noise margin due to voltage scaling is a major challenge in storage component design
for NTC. Conventional 6T SRAM memory cells cannot operate correctly in the NTV region without
redesigning [54], and 8T or 10T SRAMs are preferred due to better noise margin and resiliency to
variations [55-58]. In addition, due to low activity of memory cells, the optimum supply voltage may
be considerably higher than core logic. Therefore, voltage level converters may be needed to interface
memory and core cells, which brings additional complexity to routing and Power Delivery Network
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(PDN) design. Similarly, flip-flops have issues due to reduced noise margin and high sensitivity to
variations [27,33]. Therefore, various flip-flop designs have been studied for low-voltage operation and
are optimized for NTC [27,28,33,59-61]. The soft-error rate of storage components is dependent on the
critical charge, which decreases by 5x in the NTV region [62]. Therefore, more soft-errors are observed
in the NTV region in both logic and memory components. Various methods have been proposed at
different abstraction levels from device to architecture-level to address the faults caused by soft-errors
for NTC [63-70].

2.2.2. Energy Efficiency

The energy efficiency of NTC circuits is highly dependent on design, process variation,
and runtime parameters. Scaling down the supply voltage changes the ratio of dynamic and leakage
power consumption significantly, causing a paradigm shift in design and optimization. Figure 2
presents the power consumption of an IA32 processor. The contribution of logic dynamic power
decreases from 81% in the super-threshold region to 4% in the sub-threshold region, whereas the
contribution of logic leakage power increases from 11% to 33% [26]. Therefore, leakage power
reduction techniques at architecture-level (e.g., by power-gating schemes) down to device-level
(e.g., by incorporating advanced technologies such as FINFET) are more rewarding in the NTV region
compared to the super-threshold region, in which leakage power has a smaller contribution.

W Super-threshold X Near-threshold Sub-threshold

POWER CONSUMPTION (%)

\
N\
T

LOGIC DYNAMIC LOGIC LEAKAGE

Figure 2. Power breakdown of the IA32 processor presented in [26] highlights a significant increase in

the relative contribution of the leakage power of logic components to the total power consumption,
when supply voltage is reduced towards near-threshold and sub-threshold regimes. The rest of the
power consumption is due to the memory (8%, 20%, and 63% in the super-threshold, near-threshold,
and sub-threshold region, respectively.)

The methods used for addressing the variation-induced reliability challenges affect the energy
efficiency as well. Some of the methods commonly used in the super-threshold region for controlling
the impact of variations are too expensive in the NTV region. As an example, adding a timing margin
to compensate for variation-induced timing fluctuation is energy inefficient in the NTV region due to
the extent of variations. Therefore, it is necessary to design the circuits to be more resilient against
timing variation, for example, by variation-aware circuit synthesis.
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The MEP of a circuit points to a specific supply voltage V{%EP and the maximum speed fMEP
(inversely proportional to clock period TCAZ/,I(EP = 1/fMEP) at that supply voltage. A number of factors

impact the MEP of a circuit including technology, internal activity, workload, and process and runtime
variations. FInFET technology offers close to 60 mV /dec sub-threshold slope leading to better Ion/Ioff
ratio, which is very useful in reducing the MEP and improving the energy efficiency. It has been
shown that the MEP may move from a sub-threshold voltage region to super-threshold voltage
region depending on the circuit structure and circuit internal switching activity [32]. For example,
the contribution of leakage power to the total power, i.e., Pia /P, is typically larger in SRAM arrays
compared to the core logic. Therefore, the MEP of SRAM arrays is higher than core logic [32]. This also
means that workloads that cause higher internal switching activity (high dynamic power), will reduce
the MEP of a circuit. Process and runtime variations significantly contribute to MEP fluctuation.
Therefore, design optimization and runtime tuning are also necessary to achieve high energy efficiency
in the NTV region.

The average impact of process variation on VP of the benchmark circuits is displayed in
Figure 3a. The shift in VMEP due to process variation is on average 66 mV for the benchmark circuits.
This shift in V/EP may lead to significant performance variation and energy overheads. Moreover,
the speed (TC]}/IICEP ) of some circuits is also highly affected by process variation. Figure 3b demonstrates
that TMEP of a circuit may change by about one order of magnitude when it is under different process
variation impacts.

The impact of temperature variation is shown in Figure 4, where the MEP is plotted for different
temperatures ranging from —25 to 100 °C. The clock period corresponding to the MEP (T}{EP) is also
greatly affected by the change in the circuit temperature, with an exponential dependency. Comparing
Figures 3 and 4 reveals that the impact of temperature could be much stronger than the impact of the
process variation. This is also in line with the reported process and temperature variation sensitivities
as in [27,28,33,47].
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Figure 3. Process variation impact on the MEP of some ISCAS’85 benchmark circuits [71]. (a) Process
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Figure 4. Temperature variation impact on the MEP of some ISCAS’85 benchmark circuits [71]. (a) Up
to 80 mV variation in V’%EP is observed over 125 °C temperature change. (b) More than 2 orders of
magnitude variation in TCI‘I/II{EP is observed over 125 °C temperature change.
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Figure 5 shows the change in VL%IEP for circuit c499 of ISCAS’85 benchmark due to a change in the
internal switching activity. The x-axis of the figure represents the ratio of the dynamic energy to the
leakage energy of the circuit (Dynamic/Leakage), when the circuit is operating at the nominal supply
voltage (VﬁOM )- The Dynamic/Leakage value has an inverse relation with VL%IEP as demonstrated in
Figure 5. According to this figure, if the input switching activity a changes from 0.01 to 0.1, the VMEP
can vary from 0.49 V down to 0.35 V as Dynamic/Leakage increases. In a pure combinational circuit
such as c499, the impact of workload variation could be very high as the dynamic power consumption
Py, is dependent on the input switching activity . However, in sequential circuits, a large portion of
dynamic power consumption is related to the clock network. In such cases, Py, variation due to «
fluctuation is typically less than in combinational circuits. Therefore, workload variation can also have
a significant impact on energy efficiency, depending on the circuit architecture.

0.50 T=070% ;
: —Ah— 499 TT

0.45 - (1’:‘0,02..; ................

0.40

VHEP (V)

0.35

0.30

T T
0.0 0.2 0.4 0.6 0.8 1.0
Dynamic/Leakage (a.u.)
Figure 5. Workload variation impact on the MEP. The change in the V%EP versus the ratio of dynamic

to leakage energy at nominal Vj;;. The realistic change in the input switching activity « is displayed by
the light blue box (0.062 < a < 0.108) [71].

In summary, the energy efficiency of NTC circuits is highly affected by PVT. Design optimization
methods can effectively improve energy efficiency by reducing the leakage power. Runtime tuning
methods can adapt the circuit to operate at the MEP, which fluctuates at runtime due to temperature
and workload fluctuation.

2.2.3. Wide-Voltage Resiliency

Some NTC circuits are required to operate at different supply voltage modes, due to runtime
MEP tuning, ultra-low power requirements, or speed constraints (super-threshold). When a task with
specific timing constraints executes on the NTC circuit, the supply voltage may be increased to the
super-threshold region to meet the performance constraints. However, this brings reliability issues
associated with super-threshold voltage, such as aging, into consideration as the circuit may operate
in that mode for some time. For example, an IoT edge device may be assigned to process some data
within a specific amount of time and send them to an IoT gateway. Therefore, it is necessary to take
the aging issues into consideration if a device is expected to operate over a wide-voltage range as this
may have deteriorating impact on the device operation when it is switched back to the NTV region or
even in the super-threshold voltage region.

2.2.4. Other Challenges

Static Timing Analysis (STA) tools are typically utilized to evaluate circuit timing. Conventional
logic synthesis tools leverage STA to further optimize digital circuits and resolve timing issues.
They rely on a corner analysis, which means that the circuit timing is evaluated for best and
worst process and temperature corners. However, given the extent of variation in the NTC circuits,
this approach is too pessimistic. Therefore, Statistical STA (SSTA) should be used to determine the
timing of NTC circuits. Conventional SSTA tools propagate random variables, i.e., such as threshold
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voltage and transistor dimensions, to extract the distribution of output timing. This can be done
based on Monte-Carlo analysis, which is extremely time-consuming, or analytical analysis. Based on
Equation (4), given that V;; or V};, are statistical parameters with a normal (Gaussian) distribution,
the resulting delay distribution would be log-normal [43]. Therefore, the SSTA tools used for NTC
circuits may need to consider such exponential sensitivity by propagating log-normal distributions,
which makes the SSTA tools quite complicated.

3. Related Work

As explained, keeping up with reliability requirements while gaining high energy efficiency is a
major challenge for NTC design. Many researchers have focused on these issues to enable widespread
use of NTC in various application domains. In this regard, the state-of-the-art can be divided into:

¢ Design flow and methodology optimization: Due to high integration and the complexity associated
with circuit design in modern technologies, Electronic Design Automation (EDA) tools are
extensively used to enable circuit design and optimization. Hence, efforts have been focused
on improving the EDA tools for NTC. Kaul et al. [33] provided a list of challenges for NTC
circuit design, from device modeling to test, and desired design technologies. Recent works have
addressed some of the NTC challenges in device modeling [43,72], variation modeling [40,73,74],
synthesis [75], leakage power management [75,76], and system-level modeling [77]. There are still
major shortcomings in variation-aware library characterization, verification, and testing.

*  Design optimization for NTC: Various methods have been proposed to improve the design for
NTC, from device-level to architecture-level. At circuit-level, robust standard cell libraries [26],
memories [54,56-58] and flip-flops [27,33] are optimized for NTC. Level shifter designs have
been vastly studied for interfacing between different voltage islands [60], and clock networks are
redesigned for low-voltage operation [73]. Additionally, timing error correction methods such
as [49,78,79] can be used to mitigate timing variations at runtime. At architecture-level, caches [80],
processor pipeline [81-84] and ISA [85] can be optimized, and other leakage power reduction
methods are also investigated [26]. However, there are still many opportunities for cross-layer
design optimization.

*  Runtime optimization and tuning: Since the MEP is dependent on process and runtime variations,
runtime optimization and tuning could be required depending on the running application and
the operating environment. Therefore, various runtime tuning methods have been studied,
mostly based on a closed-loop hardware-implemented monitoring circuit. It is proposed by many
researchers to measure the circuit power online and take actions to maximize the energy efficiency
by adapting the supply voltage in a closed-loop feedback [86-90]. Supply voltage and threshold
voltage tuning is also recommended to balance the speed of different cores [33,74,91]. However,
closed-loop adaptation techniques are associated with additional circuitry for measuring the
circuit power and applying the adaptation strategies, which may be too costly for NTC circuits.
Therefore, low-cost adaptation methods are highly desirable for NTC.

*  Wide-voltage reliability challenges: The impact of aging and supply voltage fluctuation
(due to internal activity) is negligible in the NTV region due to low electric field, low current
density, and low power consumption; however, operating over a wide-voltage range, from the
near-threshold region to the super-threshold region may be required to satisfy performance
constraints. In this case, aging phenomena affect the circuit in the super-threshold voltage region,
which deteriorates the reliability. Therefore, it is necessary to address such aging challenges
when applicable.

Adjusting the supply voltage of the circuit to its MEP depending on the process and runtime
variations can improve energy efficiency. However, these techniques do not reduce the idle time of
the circuit, when it is not doing any specific task but is wasting leakage power. As the leakage power
constitutes a considerable portion of the total power consumption, it is crucial to reduce the idle time
of circuits to improve energy efficiency.
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Although many methods have been proposed to analytically find the MEP [25,92] or track it
during the runtime [86,88,89], finding the MEP point does not necessarily lead to the maximum energy
efficiency as a global supply voltage is assigned to the whole circuit (coarse-grained supply voltage
assignment). Fine-grained supply voltage assignment methods always lead to better improvement
though imposing overheads [75,93].

Performance variations in the NTV region can be addressed by using conservative techniques
such as structural duplication, voltage and frequency margining [94]. However, such approaches can
impose significant area and energy overhead. Moreover, the conservative timing margin will increase
the idle period of the structures and potentially reduce the energy benefits of the NTC. Soft edge
clocking [95,96] and body biasing [97] are two other well-known approaches to deal with process
variation at NTC. Several methods have already been proposed [75,98], which incorporate synthesis
techniques to improve the circuit characteristics for NTC.

Dynamic input vector variation is another source of variation [99]. By applying different input
vectors, different parts of the circuits are activated, leading to different propagation delay from
inputs to outputs. There are so-called better-than-worst-case design techniques to improve circuit
performance or energy considering dynamic input vector variations [48-50]. In these approaches,
the timing margin of the circuit is reduced to a value smaller than the conservative worst-case margin,
and possible timing errors are detected and corrected on-the-fly to achieve error resiliency on top of
improved performance and energy. However, traditional designs try to balance the circuit and hence
there is a critical point called “path walls” in which reducing the delay beyond this point leads to a
huge number of timing failures. In order to reduce timing errors, and hence further improving the
efficiency of better-than-worst-case designs, re-timing techniques to avoid path walls are introduced
in the literature [51,52]. However, such techniques are not effective in NTC because of the increased
amount of timing errors.

For some circuits, such as ALU, there is a difference between the execution time of slow
instructions (SI) and fast instructions (FI) due to dynamic input vector variation. Based on this
fact, an aging-aware instruction scheduling is proposed in [100,101] to execute each instruction group
(FI or SI) with its own specialized functional units to improve lifetime.

In NTC, the delay difference between FI and SI is more pronounced. This means that if the clock
cycle is set according to SI propagation delay, there is a considerable waste of leakage energy during
the execution of FIs. Based on this, we propose a technique in which the clock cycle is significantly
reduced close to the propagation delay of FI instructions to reduce the wasted leakage energy. In this
approach, Sls are executed in multiple cycles to avoid possible timing failures.

At the super-threshold domain, various coarse-grained power-gating techniques have been
proposed to turn-off idle cores [102-104]. The cores are turned-off when determined idle time is
observed. However, such approaches require a state preservation mechanism and typically impose a
long wake-up latency, which is costly at NTC. Furthermore, two methods based on the power-gating of
execution units are proposed in [105]. These techniques allow the power gating of an entire execution
unit. However, some of the instructions of an execution unit are utilized rarely by the running
applications. Therefore, analyzing the instruction utilization pattern could reveal opportunities for
fine-grained power-gating.

4. Cross-Layer Data Path Optimization

4.1. Qverview

To save leakage energy, it is important to reduce the time a circuit is powered on but idle,
i.e., the time a circuit is performing no operation. For this purpose, the timing slack under all operation
conditions has to be trimmed. This is a very challenging task, in particular for functional units,
which are fundamental components of data paths. In functional units, different operations have
different timing criticalities and slacks. For instance, in an ALU, some operations need only a fraction
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of a clock cycle (e.g., logic operations), whereas others require a full clock cycle (e.g., addition operation
with operands of long data type). Consequently, whenever an operation of the first category executed
energy is “wasted” due to leakage, as the clock period is defined according to the slowest operation.
Instead, it is much more efficient to execute operations of the second category at multiple cycles,
which reduces the overall idle time of the functional unit, as conceptualized in Figure 6.

Performance

soaeaee,_opn_floms 111 ore I, 70

|
execution !

. OPA OPB $3; OPC § €y
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Figure 6. Conceptual illustration of the impact of a short clock period (clks) and multi-cycle operations

(e.g., OPA) on runtime and “wasted” leakage. Leakage is illustrated by 8

Additionally, when an instruction is being executed by a functional unit, some parts of the
functional unit are idle as they are not exercised by the executing instruction. To tackle this issue and
improve the overall energy efficiency and reliability, we revisit the structure of the functional unit by
partitioning it into multiple smaller and simpler units, to enable fine-grain power gating of unexercised
functional units. If a particular functional unit is not utilized by a long sequence of instruction stream,
it can safely be power-gated to save leakage energy, as shown in Figure 7. Proper clustering of the
instructions into several smaller functional units allows maximizing the power-down intervals of
multiple functional units, and hence reducing the leakage energy. At the same time, simplifying the
functional unit can reduce timing uncertainties and improve a reliable operation of NTC processors
under process and runtime variations.

Partitioned

Functional Unit : . Functional Unit.

Instruction ggggggg/ Instruction _E_T* OPAZ; H
/ Op / Results *g >—//7 g Results
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Figure 7. Conceptual illustration of the impact of partitioning on a functional unit executing 0PA

instruction, and its impact on “wasted” leakage. Leakage is illustrated by 8 (a) Executing instruction
OPA on original functional unit and the associated leakage dissipation by unexercised components.
(b) Executing instruction OPA on the partitioned functional unit and power-gating of smaller units.

Leakage and dynamic energy are comparable in the NTV region. Therefore, it is crucial to control
the amount of leakage power to leverage the benefits of the NTC. This section presents cross-layer
methodologies to optimize energy efficiency, performance, and reliability of NTC functional units
based on reducing the idle time.

The leakage power can be reduced by reducing the idle time of a circuit. A circuit may become
idle within a clock cycle, for example, when it has extra timing slack, or over consecutive clock cycles.
The former may be avoided by modifying the circuit design to reduce the timing slack for all conditions,
and the latter can be avoided by power-gating the circuit when possible.
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The timing-slack minimization can be done by circuit synthesis techniques, which are tailored for
NTC circuits [75,98]. However, these approaches are not much efficient when dealing with functional
units (e.g., adders, multipliers, or complete ALUs) as the timing slacks of the instructions may be
widely different [106]. For example, a simple instruction such as a Bitwise-AND only needs a fraction
of the clock cycle, whereas an ADD instruction could use a large portion of the clock cycle. As the
delays of these instructions are intrinsically different, the NTC synthesis techniques are not able to
effectively balance the delay of these two instructions. We propose to execute the slow instructions
in multiple cycles and the fast instructions in a single clock cycle (instruction multi-cycling) as the
solution to this problem [106]. Applying other optimization techniques such as opportunistic circuit
synthesis, instruction replacement, and data type manipulation can further improve the effectiveness
of the proposed method. The proposed instruction multi-cycling method is described in Section 4.2,
the developed methodology is explained in Section 5.1, and its experimental results are discussed in
Section 5.4.

In a real-world scenario, an executed application may utilize only a fraction of the instructions
implemented inside a functional unit. This means that during the execution of such applications,
those gates of the functional unit that are exclusively used by the non-exercised instructions of the
functional unit are not utilized. The leakage power from these gates contributes to the dissipated
energy of the system. On the other hand, it is not feasible to power off the entire functional unit
because any of the instructions can be called at a time. We propose to address this by redesigning the
entire functional unit to allow power-gating [107]. In this approach, a large functional unit such as
an ALU is partitioned into several smaller functional units such that each unit can be power-gated
separately (functional unit partitioning). For this purpose, the instructions need to be clustered
properly into different groups. A number of parameters such as the instruction utilization pattern,
the temporal distance between the instructions inside an application instruction stream, and intrinsic
similarity between the instructions need to be considered for a proper clustering. Accordingly,
the instruction stream of various applications has to be analyzed to extract the required information
for clustering [107]. The proposed functional unit partitioning method is described in Section 4.3,
the developed methodology is explained in Section 5.1, and its experimental results are discussed in
Section 5.5.

4.2. Instruction Multi-Cycling

This scheme consists of four main ideas to fully enable the potential of NTC:

1.  We classify the instructions into slow (with little timing slack) and fast (with large timing slack),
based on the time required to execute the instructions. The slow instructions are executed in
multiple clock cycles, to reduce the leakage power while executing fast instructions within one
clock cycle.

2. Contrary to the super-threshold regime, we use relaxed timing constraints for the synthesis
of functional units in the NTV region. While this increases the delay of the most critical path,
it avoids that all instructions have similar delays and belong to the same category. By that means,
the scheme of point 1 is much more efficient.

3. Finally, the clock period is not only set according to points 1 and 2 but also by considering the
sensitivity of the functional unit to variations. As a result, it is possible to co-optimize energy,
performance, and reliability.

4. Inorder to reduce the number of “slow” multi-cycle operations, we propose to employ instruction-
and compiler-level optimization approaches to replace some of these instructions in the code with
fast single-cycle instructions, which further improves energy and performance.

4.2.1. Energy Improvement through Instruction Multi-Cycling

The propagation delay of functional units is typically dependent on input vectors. For example,
in an ALU, the instructions can be categorized into slow instruction and fast instructions and the
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delay gap between fast and slow instructions might be significant. The logical operations such as
inversion can be executed very fast while the execution of arithmetic operations such as addition and
subtract requires more time. Figure 8a shows the normalized delay of various instructions of an ALU
at 0.5 V (according to the simulation setup presented in Section 5). The synthesis tool balances as many
paths as possible to optimize the energy given the timing constraints. In this case, 26 instructions are
balanced to be critical or near-critical in terms of timing (slow instructions); however, the rest of the
instructions require less time for completion (fast instructions).

In a traditional design approach, the delay of the unit is determined by the delay of the slowest
instruction. Therefore, during the execution of the fast instructions, the ALU finishes the execution
early and leaks for the rest of the clock cycle. The “dissipated” leakage energy is more important
in the NTC because (1) the leakage energy is significant and constitutes a significant portion of the
total energy, (2) the delay gap between the fast instructions and the slow instructions is even more
pronounced due to the impact of process variation. As shown in Figure 8a, the amount of variation
induced delay (the difference between the nominal delay and the worst-case delay) is larger for the
slow instructions, which significantly increase the delay gap between the slow and fast instructions in
the near-threshold regime.
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Figure 8. Nominal instruction delay without considering the impact of process variation and worst
case instruction delay (considering process variation) are depicted for the instructions of an Arithmetic
Logic Unit (ALU) synthesized with (a) typical timing constraint (Tight ALU) and (b) loose timing
constraints (Loose ALU). The worst case delay is extracted by statistical static timing analysis (SSTA)
as y + 30 of the instruction delay. All the numbers are normalized to the maximum nominal delay of
the Tight ALU, which is the nominal delay of S8ADDQ in (a). The depicted figures are obtained for a
64-bit ALU based on the simulation setup explained in Section 5.3 at V;; = 0.5 V.

Our proposed idea is to reduce the leakage energy by using a shorter clock period and execute the
slow instructions in multiple cycles. For example, in the presented ALU in Figure 8a, it is possible to
reduce the clock period to half of the delay of the slowest instruction and execute the slow instructions
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(from S8ADDQ to CMPULE-totally 35 instructions) in two cycles and the rest of the instructions in one
cycle. Therefore, once a fast instruction is executed the amount of the wasted leakage energy would be
much smaller compared to the traditional approach. This would also improve performance because
fast instructions require less time for execution.

For the execution of the slow instructions, which may require more than one cycle, there is no need
to insert any flip-flops or latches into the circuit. During the execution of such instructions, the inputs
of the circuit are kept unchanged in order to allow the circuit to complete the execution of the slow
instructions in more than one clock cycle. Therefore, it is necessary to make some modifications in the
microprocessor, as discussed in Section 5.4.5.

We propose a set of cross-layer techniques from logic synthesis to compiler level in order to
leverage the maximum benefits from the proposed method by moving more executed instructions to
the “fast” category.

4.2.2. Logic Synthesis for NTV Region

In order to show the impact of the logic synthesis on the ALU, we synthesized the same ALU
with two different strategies. First, the ALU is synthesized with tight timing and area constraints,
which is the default strategy in the super-threshold region. From now on, we refer to this synthesized
ALU as Tight ALU. As the results depicted in Figure 8a show, the synthesis tool balanced the delay of
many instructions (mostly arithmetic instructions) to maximize the energy efficiency and performance.
However, there are still many instructions (mostly logic instructions), which are too short to be
balanced similar to the slow instructions. Furthermore, there is a sharp transition from the delay of
slow instructions to the fast instructions.

Then, the same ALU is synthesized with loose timing and area constraints (Loose ALU). The results
of this synthesis are shown in Figure 8b. Since the synthesis tool is not under tight constraints,
the delays of the slow instructions are larger compared to the Tight ALU, and there is a smooth
transition from the delay of the slow instructions to the fast instructions.

In summary, the synthesis results based on the simulation setup presented in Section 5.3, show that
the performance of the Tight ALU is better than the Loose ALU by 13% considering the variations;
however, due to the wide spectrum of the delays of the instructions in the Loose ALU, there are more
opportunities for improving the ALU with the envisioned multi-cycling technique. The reason is that
fewer instructions are critical in terms of timing and by cleverly choosing the clock period we can gain
in terms of energy and performance, as shown later in Section 5.

4.2.3. High-Level Optimization Techniques

From the above discussion, we observe that some ALU instructions are slower with longer
execution time, while other instructions are faster with shorter execution time. Therefore, the aim is to
exploit high-level optimization techniques such as data type conversion and instruction replacement
to replace slower instructions of an application by fast ones wherever possible, so that the overall
energy demand will be reduced further. Since the slower instructions are executed in multiple clock
cycles, replacing them with faster instruction can also improve the performance by reducing the Cycle
Per Instruction of the applications.

Data type conversion: The selection of data types for variables has a huge impact on the
instruction binary generated by the compiler. The data types such as short (1-byte), char (2-byte),
int (4-byte) and long (8-byte) not only specify the storage space size of variables but also the
type of operation on the variables (e.g., 64-bit arithmetic such as ADDQ vs. 32-bit arithmetic such
as ADDL). This affects the occurrence rate of slower and faster instructions within an application.
Hence, in addition to memory optimization, a clever data type selection will help to save energy by
using fast instructions (e.g., ADDL in Figure 8b) instead of the slow ones (e.g., ADDQ in Figure 8b).

Instruction replacement: Many applications such as sorting and matrix multiplication algorithms
spend most of the execution time in loops. Hence, simple instructions such as increasing loop counters
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and array indexes significantly contribute to the overall instruction count. If such instructions are not
assigned appropriate data type and operation, they can impose significant performance and energy
overhead. For instance, since modern ALUs have a dedicated increment/decrement circuitry, the usage
of increment/decrement instructions plays a vital role in improving the performance and energy
efficiency by reducing the number of slower instructions. This and other instruction replacements
(e.g., shift instead of multiplication) can be achieved either by the programmer or using different
compiler optimization techniques.

4.3. Functional Unit Partitioning

Fine-grained power-gating has been known as an effective solution for reducing the leakage
power consumption of a system by cutting the supply lines of the idle components [105]. However, it is
costly to power-on and power-gate the components in terms of execution time as each power-gating
cycle mandates a minimum time between power-on and power-off cycles. Once a component is put to
sleep, its functionality cannot be used. Therefore, the components should be carefully tailored towards
power-gating.

One opportunity for power-gating of the components is to determine the unused parts of a circuit
based on the running application and power-gate those specific parts instead of the entire component.
For ALUs executing several instructions, unused parts of the ALU corresponding to the instructions
not executed for a long time could be safely power-gated. Figure 9 presents the usage frequency of a
64-bit ALU (for Alpha ISA). As shown in the figure, there are orders of magnitude differences between
the usage frequency of a highly used instruction such as LDA and a rarely used instruction such as
ZAP. If both of the mentioned instructions are implemented in a single ALU, the circuitry for ZAP is
leaking most of the time while being at an idle state. In other words, the gates that are implemented
exclusively for the rarely used instructions are in the idle state most of the time and are contributing to
the total leakage of the ALU.
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Figure 9. Instruction usage frequency in a 64-bit ALU for gzip workload. There are orders of magnitude
differences between utilization frequency of “highly used instructions” on the left and “rarely used
instructions” on the right. The depicted figure is obtained by executing SPEC2000 workload “gzip”
using the gemb5 simulator, as explained in Section 5.3.

Our proposed solution is to partition a functional unit like an ALU into multiple smaller ALUs.
This allows us to power-gate some of the ALUs based on the utilization of their instructions by turning
off the ALUs that are not currently being used. The original ALU could be partitioned based on
different parameters such as the instruction utilization frequency, instruction similarity, and instruction
temporal proximity.

In summary, this scheme synergistically exploits NTC in conjunction with a fine-grained
power-gating of functional units to enable energy-efficient operation of devices designed for IoT
applications. A hierarchical clustering algorithm groups the instructions into smaller functional units
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by considering the frequent instruction sequences, obtained by application profiling, in order to
maximize power-gating intervals. Accordingly,

1. We characterize the instruction flow of representative workloads and analyze the instruction
stream in order to obtain instructions” utilization frequency and temporal distance.

2. The instructions are then partitioned into several groups according to the metrics extracted from
the instruction stream analysis as well as the inherent similarity of the instruction.

3. Each set of instructions residing in the same partition will be implemented by a dedicated
functional unit, and they form a complete functional unit altogether.

4.  To reduce the leakage power, only the functional unit corresponding to the running instruction
partition is activated while other units are power-gated.

4.3.1. Instruction Pattern Analysis

A careful analysis of the instruction patterns on a set of representative workloads provides
information regarding the ALU partitioning. For this purpose, we first simulate the execution of a set
of representative workloads by an architectural simulation tool as explained in Section 5, and then
based on the extracted instruction streams the utilization frequency and the temporal distance of
different instructions are extracted.

Instruction utilization frequency: The instruction utilization frequencies presented in Figure 9
show a significant difference in utilization among the instructions. The instruction utilization frequency
has an inverse relation with the power-gating feasibility for the ALUs associated with the instructions.
For example, the ALUs that contain instructions ADDQ and BIS are less likely to be power-gated because
these instructions appear in the instruction buffer on average every 10 cycles. However, it is more
likely to power-gate the ALUs implementing the rarely used instructions on the right side of Figure 9
such as S8ADDL.

The utilization frequency of an instruction can be simply defined as the number of cycles in which
the instruction is executed divided by total cycles. For a given instruction stream S, which is a sequence
containing N = |S| instructions, we can define the frequency of instruction A as:

#S; € S suchthat S; = A
N

Freqy = (5)
where S; is the i-th element (instruction) of S. If an instruction is used rarely, it can be easily grouped
into any existing ALUs. However, we need to be more cautious in grouping frequently used instruction
because the grouping strategy might improve or deteriorate the power-gating capability of the ALUs.
Based on this analysis, we can define the frequency distance metric between two instructions A and B

as the geometric mean:
dist{ieg = \/Freqy * Fregg. (6)

Such definition facilitates the partitioning of rarely used instructions into a single ALU.

Instruction temporal distance: Some instructions are more likely to appear next to each other
in an application. For example, from “bzip2” workload, we observed that ADDL appears after LDA on
average every 2.97 instructions (see Figure 10). In these cases, it could be beneficial to group these
neighboring instructions inside one ALU in order to improve the power-gating interval for other
ALUs.

The temporal distance between two instructions A and B can be extracted based on the number of
cycles between any occurrences of A and B. For example, according to the results presented in Figure 10,
there are 19146 LDA instructions that are directly followed by an ADDL instruction, and there are 11860
LDA instructions that are followed by an ADDL instruction after three cycles. Based on the workload
analysis, a distribution is extracted for every instruction pair A-B, which explains the percentage of the
A-B pairs that are far from each other by k cycles. The Survival Function (SF) (defined as 1 — CDF of a
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distribution) of these temporal distance distributions is useful in the clustering problem definition in
Section 4.3.2.

We define a temporal distance set which contains the indexes of consequent instructions A and B
and their corresponding distances (i, k):

Temporaly-g = {(i,k) | 0<i, 0<k,S; =4, S; x =B, %, 0<j<k Siyj € {a,B}}. (7)
Accordingly, the Probability Mass Function (PMF) based on distance k is calculated as:

|{(i,7)|(i,r) € Temporaly_g, r = k}|

PMFy (k) =
MFy-p(k) |Temporaly_g|
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Figure 10. The temporal distance between LDA and ADDL instructions in “bzip2” workload (simulation

for 2 million cycles). There are 19,146 cases in which the ADDL instruction appeared right after LDA.
The average distance is 2.97. The results are obtained using gem5 simulator as explained in Section 5.3.
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The extracted PMF is then used to find the SF as follows:

k

CDFy-g(k) = ) PMFa3(i), O
i=1

SFy_g(k) =1— CDFy_p(k). (10)

In a fictitious scenario where only instructions A and B exist, and they are divided into two
ALUs, the SF can explain the power-gating possibility. In this case, if the minimum number of cycles
required to perform a power-gating (power-gating threshold) is PGTH, then SFy_g(PGTH) obtains
the power-gating probability. Therefore,

disti"P"" = SF, 5 (PGTH) (11)

can be used as the temporal distance metric between two instructions A and B.

Instruction similarity: Many instructions share some gates in ALU mostly due to their similarity.
For example, an ALU could have different addition and subtraction instructions, which are inherently
similar. As a result, these instructions share a large portion of gates in the synthesized netlist. Therefore,
implementing these instructions in separate ALUs would impose redundant structures leading to
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undesirable leakage and area overhead. Therefore, it is preferable to group such instructions into one
ALU to reduce the associated overheads.
We introduce a dissimilarity metric defined as the structural dissimilarity between instructions

. dissimilarit . dissimilarit i . . . ..
(dist Al_sglm Yy For example, dist A;Dsgirﬂggqy = 0.0 as both addition instructions implement similar
. . . dissimilarit . . . .
functionality. However, dist,;n " oavgr = 1.0 as the corresponding instructions implement two

completely different logic structures. The dissimilarity values are assigned based on the knowledge
we have about the logic implementation of different instructions.

Some of the above parameters may lead to contradictory grouping of instructions into ALUs.
For example, instructions S8ADDL and ADDL should be grouped into one ALU because of inherent
similarity; however, according to their utilization frequencies they should be placed into different
ALUs to allow power-gating. In the next section, we define a formal clustering problem considering
the aforementioned parameters and solve it to find the best instruction grouping strategy.

4.3.2. Instruction Clustering Problem Definition

The problem of partitioning a large ALU into smaller ALUs can be defined as a clustering
problem, in which the distance between the instructions is explained by temporal proximity, utilization
frequency, and similarity of instructions. The goal of such clustering algorithm is to maximize the
distance between ALUs while minimizing the distance between instructions of each ALU. This allows
us to increase the overall power-gating likelihood of ALUs, which leads to lower leakage and better
energy efficiency.

For this purpose we apply the Agglomerative Hierarchical Clustering (AHC) algorithm [108] to
cluster the instructions into several groups, each group implemented in one ALU. AHC is suitable for
our problem because we can provide pairwise distances between each and every two instructions.

We create the pairwise distance matrix needed for the AHC algorithm based on the frequency
distance metric (dist{r_ég), temporal distance metric (distf_meoml), and structural similarity (distf:?glmty )
introduced in the previous section. Finally, the elements of the pairwise distance matrix (pdist) are
obtained as (Cartesian distance on a 3D space):

pdist3 g = (B.dist] N2 + (v.dist P2 4 (A.distdsSmlarityy2, (12)

Here, 8,7, A are coefficients to scale all the metrics into the same scale.

We consider the single-linkage clustering method on the AHC. In a single-linkage method,
the linkage function D(X, Y), which is the distance between two clusters X and Y, is defined as the
minimum distance between every two members of the clusters:

D(X,Y) = i disty-p. 13

(XY) = Jip, piistacs (3)
Therefore, maximizing the distance between clusters X and Y will allow the maximum power

gating possibility of the corresponding ALU implementations and improves the energy efficiency.

4.3.3. Fine-Grained Power-Gating Prediction

Once the inactive phase for a component is detected at architecture-level, the component can
be power-gated by asserting a sleep signal on the header/footer sleep transistors. Although the
power-gating can effectively reduce the wasted leakage energy, it has to be done when the functional
unit is not utilized for a minimum number of cycles (PGT H) to break-even the associated overheads.
This value is estimated to be around 10 cycles for a typical technology [105,109].

The inactive phase of a functional unit can be predicted based on several techniques at runtime.
In order to determine the inactive interval of each functional unit and decide whether to power gate it
or not, it is possible to monitor the instruction buffer for a number of upcoming instructions while
considering the branch prediction buffer. However, the power-gating signal for a given functional



J. Low Power Electron. Appl. 2020, 10, 42 19 of 35

unit can be mispredicted due to branch misprediction. As a result of misprediction, the entire pipeline
may be needed to be flushed to reload the correct instructions. This provides some time to properly
power up the required functional units without imposing much overhead due to pipeline stall. It is
worth mentioning that sub-threshold and near-threshold processors typically have a deeper pipeline
to benefit in terms of performance and energy efficiency [110]. In such processors, there is enough time
for functional unit power up after misprediction due to deeper pipeline design.

In Out of Order (O0O) processors, the order of execution of the instructions can slightly change at
runtime in order to avoid stalls in the pipeline. As a result, predicting the idle time of the functional
unit partitions is not straightforward. The proposed functional unit partitioning method can be used
whenever such prediction is possible; however, without good prediction methods, the proposed
method may not bring significant improvement to the design. In the presented experimental results
in Section 5.5, we evaluated the results with the assumption of in-order execution of the instructions.
Further development and application of the proposed functional unit partitioning method to OoO
designs is not presented in this paper.

5. Results and Discussion

This section presents the methodology and simulation setup for the proposed data path
optimization approaches. We evaluate the effectiveness of the proposed approaches by applying
them to an ALU.

5.1. Implementation Flow

5.1.1. Input Vector Dependent Timing and Power Analysis

As explained in Section 4.2, the time and power required by a functional unit to complete an
operation execution is different from one instruction to another. Here, we use the flow illustrated in
Figure 11a to extract the detailed timing and power information for each instruction. Therefore, for an
ALU as a case study the following steps are performed:

1. Synthesis: The synthesis step of Figure 11a is executed with timing constraints to obtain the gate
level netlist of the synthesized ALU.

2. Netlist modification: The synthesized netlists of the ALUs are modified such that the OPCODE
input signals that determine the instruction to be executed are changed to internal wires. For each
instruction, the OPCODE signals are assigned to associated values inside the Verilog netlist.
This will effectively deactivate the rest of the instruction paths in the ALU and force the STA tool
to evaluate only the paths associated with the execution of the given instruction. This is because
the rest of the paths (which belong to other instructions) are deactivated, and any change in the
output pins of the ALU is only due to the paths belonging to the given instruction.

3. Timing and power analysis: The timing and power analyses are performed on the modified
netlists, and the delay of the instructions considering the variation as well as the dynamic power
and the leakage power for each instruction are extracted.

The change in the leakage power from one instruction to another is negligible because even the
inactive gates that are not part of the propagation paths are leaking. However, if the execution time
is different from one instruction to another, the amount of the leakage energy would be different
proportionally. The dynamic energy for each instruction is also calculated based on the dynamic
power value.

5.1.2. Functional Unit Partitioning Flow

Figure 11b shows the overall flow of the proposed functional unit partitioning method applied to
an ALU. The flow consists of three distinct steps:
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Synthesis

Netlist Modification

Analysis

Instruction Pattern Analysis: In this step, the instruction stream extracted from running
representative workloads are analyzed to extract instruction temporal distance and utilization
frequency. Instruction dissimilarity is also defined based on the field knowledge about the
implementation of logic units.

Instruction Clustering and ALU generation: With the help of the information collected from the
previous step, instructions are grouped into n clusters, and each cluster is implemented as a
new ALU. Moreover, all the partitioned ALUs are combined with a circuit for multiplexing their
outputs to form a union ALU, as shown in Figure 7b.

Energy, Performance and Reliability Analysis: The union ALU generated from the previous step
is evaluated in terms of timing and performance, and finally, its reliability is evaluated when it is
used instead of the original ALU.
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Figure 11. Implementation flows of (a) instruction multi-cycling, (b) functional unit partitioning
applied to an ALU. (a) Implemented flow for obtaining the timing and power information of each ALU
instruction, in the instruction multi-cycling approach. (b) Implemented flow of the proposed functional
unit partitioning for ALU optimization.

5.2. Reliability Analysis

Various sources of delay variation, for example, process variation, aging, temperature and

voltage variations, can potentially lead to timing failures. Therefore, timing failure is presented
as a stochastic metric, which is dependent on the value of an additional timing margin and hence the
allocated clock period. Therefore, statistical information regarding the circuit delay can be used to
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evaluate the reliability. Accordingly, Reliability is the probability of not having a timing failure due to
variation effects.

In a functional unit such as an ALU, the Failure Probability of a circuit caused by timing issues
can be modeled as a function of the allowed time for instruction execution T, based on the delay
distributions of the instructions:

{all instructions}
Reliability = CDFary(T) = [ CDFetaymsr(T), (14)
INST

where CDFjejqy,1ns7 is the Cumulative Distribution Function (CDF) of delay of instruction INST.
Accordingly, the Failure Probability is obtained as:

Failure Probability = 1 — Reliability. (15)

There is a trade-off between reliability and performance as explained in the above equation.
A larger clock period (T) results in higher reliability and lower failure probability at the cost of speed.

In a multi-cycling scenario, the allowed time for instruction execution T is dependent on the
number of cycles allocated by each instruction. For a single-cycle instruction T is equal to the clock
period Tj; however, a two-cycle instruction is allowed to be executed for 2T ;. Therefore, Equation (14)
is modified as follows:

{all instructions}

CDFaLu(Tax) = [  CDFieaymst(nnst x Tag). (16)
INST

In the above equation, n1yst is the number of cycles allocated for instruction INST obtained based
on the distribution of the instruction delays:

dinst
Teik

ninst = [ (17)
dinst is the instruction delay considering the variation, i.e., a point in the tail of the delay distribution
referring to very low failure probability. Please note that slow instructions have large logic depth,
i.e., there are many gates in the critical paths of these instructions. According to the Central Limit
Theorem [111], the delay distribution of such instructions is approximately normal (Gaussian). In such
case, we can use parameters such as the mean (i) and standard deviation (¢) of instruction delay to
approximate its CDF function. Therefore, we may choose y + 3¢ of the instruction delay as drnsr,
which corresponds to less than 0.135% failure probability.

We perform SSTA to evaluate the impact of process variation [112] on the timing of the circuit.
The SSTA tool reads variation information from the variation library (see [71]) containing variation
information at the cell-level. The SSTA extracts accurate delay distribution for each instruction of
the ALU represented by their CDF (i.e., CDFjjqy,1ns7)- Based on these distribution functions and
Equation (16), we extract the reliability of the ALU.

5.3. Simulation Setup

The proposed approaches are applied to a 64-bit ALU, namely the ALU of the Illinois Verilog
Model (IVM) [113], which is a Verilog model for the Alpha 21264 core. The selected ALU implements
64-bit RISC Instruction Set Architecture of Alpha processor. For this purpose, we synthesize the HDL
from the IVM ALU with loose and tight timing constraints and characterize it for the NTC by an SSTA
to extract the power and delay of each instruction as well as the reliability as explained in Section 5.1.
The synthesis is done using the Synopsys Design Compiler [114]. Statistical static timing analysis
(SSTA) is done using a Cadence Encounter Timing System [115], which is able to perform SSTA using
statistical CCS or ECSM standard cell library models [116].
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In order to prepare such statistical standard cell libraries for timing and power analysis, the cells
from selected libraries [117,118] from 32 nm down to 10 nm are re-characterized using the Cadence
Virtuoso Variety [119] and the cells that are not suitable for NTC are excluded from the library [33].
The Variety tool characterizes the cells considering the process variation and all the power and delay
values are stored in the generated standard cell libraries. The process of library characterization
can be time consuming. However, this is only done once and the obtained libraries can be used in
different projects.

The SSTA performed by this method is applicable to the NTV region, because it can consider a
skewed delay model for the cells. Each SSTA timing analysis run takes more execution time compared
to a simpler STA run, which is typically done at nominal supply voltage ranges. Nevertheless, it is still
much faster compared to a Monte-Carlo-based SSTA. The same method is applied to synthesize and
analyze the partitioned ALUs generated by the functional unit partitioning method.

Additionally, we extract the instruction stream for SPEC2000 benchmark workloads using a gem5
architectural simulator [120]. This is done by executing the workloads using gem5, fast forwarding
to the start of the executed workloads, and collecting all the executed instructions and the provided
operands. The result of the architectural simulation is used to evaluate the impact of the proposed
instruction multi-cycling approach and to perform instruction pattern analysis and clustering in the
proposed functional unit partitioning approach. The results of both approaches are compared to the
baseline, which is an IVM ALU that is synthesized with conventional tight timing constraints.

5.4. ALU Multi-Cycling Results

5.4.1. Multi-Cycling Improvement

By reducing the clock period below the delay of the slowest instruction, some instructions need
to be executed in multiple clock cycles. The number of the required clock cycles can be calculated from
Equation (17). The delay of the slowest instruction is 146 ns; hence, the minimum clock period for
running all instructions in one cycle is also 146 ns.

We changed the clock period of the Loose ALU and extracted the instructions, which should be
executed in multiple cycles for each clock period. Here, the clock period is swept from 49 ns (one-third
of the delay of the most critical instruction) to 100 ns to explain the impact of clock period on the circuit
characteristics. As shown in Figure 12a, some instructions need to be executed in three cycles when
the clock period is below 73 ns (which is half the delay of the most critical instruction—marked by a
vertical dashed line in the figure).

The energy and performance improvement of the ALU executing workload “equake” are plotted
in Figure 12b for various clock periods. The improvement numbers are calculated in comparison with
the Tight ALU, which executes all instructions in one clock cycle. When the clock period is reduced,
the energy and performance improvements increase because the delay slacks of the instructions are
trimmed. However, when any change in the sets of 1-cycle, 2-cycle or 3-cycle instructions happens
due to the clock period reduction, i.e., some 1-cycle instructions become 2-cycle instructions or
some 2-cycle instructions need to be executed in three cycles, the improvements suddenly drop.
The maximum energy improvement (34%) and performance improvement (19%) are achieved when
the clock period is 49 ns.
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Figure 12. Modifying the clock period of the ALU changes the set of 2-cycle and 3-cycle instructions,
which impacts the energy, performance and reliability improvements significantly. The results are
extracted for Loose ALU + INC/DEC running workload “equake” at V;; = 0.5 V (for other workloads
the improvement plots show a similar trend). The improvement values are relative to the Tight ALU.
Four Pareto points are marked on the graph: P2 (R2) provides the best energy and performance
(best reliability) when ALU is limited to execute all instructions in two clock cycles, and P3 (R3)
provides the best energy and performance (best reliability) when some instructions can be executed
in three clock cycles. (a) Number of 2-cycle and 3-cycle instructions for different clock period values.
(b) Energy, performance and reliability improvements for different clock period values.

5.4.2. Impact of Workload on the Improvement Ratio

Executing a slow instruction has no performance or energy benefits because it utilizes the ALU
for several clock cycles. However, executing a fast instruction, which can be executed in fewer
clock cycle(s) will save some energy and improve performance. Since each workload executes a
specific set of instructions, the amount of improvement is highly dependent on the profile of the
instructions utilized by a workload. Workloads that frequently execute fast instructions will have
better improvements using the proposed approach. We measured the amount of energy improvement
for different workloads, as shown in Figure 13. The clock period is once set to 73 ns, which means
all instructions are executed in at most two clock cycles, and then set to 49 ns to evaluate the results
for when the instructions can occupy three clock cycles. The hatched bars in this figure show the
amount of energy improvement in different workloads compared to the baseline. The improvement is
smaller for workloads that frequently execute slow instructions (applu, mgrid, swim), and larger for
workloads with more executions of fast instructions (equake, mesa, mcf, twolf). For example, 76% of
the executed instructions in “applu” are among the eight slowest instructions (addq, lda, ldah,
s4addq, s4subq, s8addq, s8subq, subgq, as depicted in Figure 8b). However, this is only 45% for
workload “equake”. The average energy improvement and the performance improvement over all
workloads are 20.8% and 1.7%, respectively.
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Figure 13. Energy improvement over the baseline (Tight ALU). The additional improvement is also
calculated for when addition/subtract instructions are replaced by increment/decrement instructions
when possible (clock period is 73 and 49 ns).

5.4.3. High-Level Optimization Improvements

Whenever fast instructions are more utilized by a workload, the energy improvements are even
higher. This concept can be incorporated at a higher level to perform application and compiler
optimization, which further improves energy efficiency and performance. This can be done in various
ways, as discussed in Section 4.2.3.

Our analysis of the ALU instruction stream shows that in some workloads, a number of
add/subtract instructions can be replaced by increment/decrement. In workloads such as “bzip2”
and “gzip”, which utilizes add and subtract a lot, it is possible to change up to 11% of all
instructions to increment/decrement. Since increment/decrement instructions are faster compared
to add/subtract instructions, the improvement in energy and performance is considerable for these
types of workloads. The energy improvements and the boost from applying the instruction replacement
are depicted in Figure 13 for two clock periods: 73 ns (all instructions are executed in at most two
clock cycles) and 49 ns (three clock cycles). For 49 ns, the energy and performance improvements
are 3% and 4.3% higher for “bzip2” and “gzip” when the instruction replacement technique is
applied. The technique is still applicable to other workloads; however, the improvements are less
(approximately 1%). Applying the instruction replacement technique increases the average energy and
performance improvements to 29.3% and 12.8% when the clock period is 49 ns (21.4% and 2.4% on
average when the clock period is 73 ns).

In order to show the benefits of data type conversion, we executed a simple “matrix manipulation”
application, which calculates M1 + M2 * 2 for given matrices M1 and M2. The corresponding results
are presented in Table 1 for two clock periods: 73 and 49 ns. With a clock period of 49 ns and 2-byte data
type used for “matrix manipulation”, the energy and performance improvements of the multi-cycled
Loose ALU over the baseline are 26.5% and 8.6%, respectively. However, changing the data type
to a 1-byte data type increases the energy and performance improvements to 29.0% and 12% over
the baseline.
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Table 1. Energy and performance improvements of executing the “matrix manipulation” workload
with different data types.

Baseline Proposed Multi-Cycling Approach

Clock Data Energy Time Energy Time Energy Performance
Period Type m]) (us) m]) (us) Improvement Improvement

short

(2-bytes) 279 502 222 502 20.3% 0.1%
73ns  char . ]
(byte) 25 404 176 3% 21.5% 2%
Overall improvement , s
(baseline-short — multi-cycling-char) 36.9% 21.1%
short . ]
(2-bytes) 279 502  20.5 459 26.5% 8.6%
ns  char 5 44 159 35 29.0% 12%
(1-byte)
Overall improvement 0.9% 2999,

(baseline-short — multi-cycling-char)

Furthermore, the 1-byte data type is inherently more energy-efficient compared to the 2-byte
data type (22.5 nJ vs. 27.9 n]). Therefore, the cumulative energy improvement of changing the data
type from 2-byte data type to 1-byte data type is 42.9% (going from 27.9 to 15.9 nJ). Additionally,
the performance also improves by 29.2% (going from 502 to 356 us).

In summary, high-level optimization methods, such as instruction replacement and data type
conversion, can be used to increase the benefits from the proposed instruction multi-cycling. However,
the energy and performance improvement obtained by these methods is highly dependent on the
executed workload.

5.4.4. Energy/Performance/Reliability Trade-Off

In the near-threshold voltage region, each instruction has a much wider delay distribution
compared to the super-threshold region with a longer tail. Therefore, changing the clock period
affects the tail of the distribution contributing to failures. We calculate the failure probability for each
clock period according to Equation (15) and obtain the reliability improvement as the ratio of the failure
probability between the baseline and the optimized ALU:

Failure Probability of baseline ALU (Tx)

Retiablity improvement (Tey) = Failure Probability of optimized ALU (Ty) (18)

The reliability improvement is depicted in Figure 12b versus the clock period. There are points
where the reliability improvement worsens, which are mostly points with very high energy and
performance improvement. This is due to the fact that for these points of clock periods the timing
margins of most of the instructions are very small, leading to a significant probability of failure even
larger than the baseline. However, there are several points with orders of magnitude better reliability.
For example, the reliability improvement ratio is ~#1.3 x 10!° when the clock period is 57.7 ns or 22,891
when the clock period is 71.5 ns. The performance and energy improvement is also significant in these
points. The reason for such large reliability improvements is that the baseline has many critical or
near-critical instructions with zero or minimal slack. However, the multi-cycling strategy is able to
provide enough timing margin for many instructions such that the provided time for the execution of
each instruction marks very high sigma values on the tails of all the delay distributions. Therefore,
the designer is able to find a good trade-off among energy efficiency, performance and reliability
according to the design requirements.



J. Low Power Electron. Appl. 2020, 10, 42 26 of 35

5.4.5. Discussion

It is evident from the results analyzed before that the multi-cycling approach can
provide considerable energy and performance benefits, as well as reliability improvements.
However, these results represent the ideal case where the clock period can be adjusted without
any constraints.

In a real processor (or an ASIC), there may be other timing critical components, limiting the
freedom for modifying the clock period. Hence, another operation point in Figure 12b might be chosen.
In such scenarios, the entire processor has to operate at a higher frequency in order to exploit a short
clock period for the ALU. This may require additional design tweaks for other parts of the processor.
For this purpose, timing critical components of the processor can be split up into multiple “short-cycle”
components. Consequently, this results in a deeper pipeline, requiring more control logic and more
registers. However, this overhead should be compensated by the overall leakage savings of the entire
processor due to the runtime benefits of our novel multi-cycling approach. In case a multi-cycle
instruction has to be executed by the ALU, the pipeline frontend of the microprocessor is stopped
(through using a no-operation instruction, or clock gating), such that the ALU can work for multiple
cycles without change of the input vector.

An alternative solution is to execute multiple short instructions in the ALU per clock cycle. By that
means, no major modifications of other processor components are necessary. For instance, to execute
two instructions in a clock cycle, the high and low levels of the clock signal can be exploited as it was
done in the Intel Pentium 4 [121]. Executing more than two instructions in one cycle requires additional
shifted clock signals. Therefore, this scheme is only feasible for processors featuring reservation stations
to execute multiple instructions per clock cycle.

In an energy efficient design, the operands of a functional unit are loaded from the memory
before the functional unit starts executing the instruction, in order to improve power consumption
and performance. These operands are typically stored in the local registers, which are easily accessible
by the functional unit without much latency. As an example, the registers at the I/O of an ALU in a
pipelined processor store the operands used by the ALU.

5.5. Functional Unit Partitioning Results

This section presents the results of applying the proposed functional unit partitioning to an ALU,
based on the simulation setup presented in Section 5.3.

5.5.1. Clustering Results

The distance metrics are extracted based on the analysis of the SPEC benchmark workloads.
The temporal distance metric is extracted for PGTH = 100. The dendrogram in Figure 14 illustrates the
results of the AHC method. As shown in this figure, most of the rarely used instructions in Figure 9
are either grouped together or grouped with other closely similar structures. The original ALU can
be partitioned into n smaller ALUs according to the dendrogram. One can determine the best n
value, based on inconsistency coefficients [122]. However, as the overhead of hardware implementation
increases with the number of clusters, we only have to limit 7 to have at most four clusters (ALUs).
Here, we present results for partitioning the ALU into three and four smaller ALUs as the energy
improvement for two ALUs vanishes away as the power-gating threshold (PGTH) increases.
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Figure 14. Dendrogram illustration of the proposed AHC method for some of the instructions.
The instructions are merged bottom-up to form larger clusters.

5.5.2. Circuit-Level Results

Based on the clustering method, the original ALU is partitioned into three ALUs (3-ALU) and four
ALUs (4-ALU). Table 2 reports the area overhead and performance improvement of the 3-ALU and
4-ALU compared to the original ALU at 14 nm. In the performance improvement calculation, we also
considered the delay of the extra multiplexer/demultiplexer circuit for both 4-ALU and 3-ALU designs.

Both 3-ALU and 4-ALU designs occupy more area compared to the original ALU as expected.
The reported area overhead is the increase in the overall ALU area in percentage, considering all
additional circuits. Please note that in modern processors, the die area is dominated by memory
elements [123]; hence, the increased ALU area does not contribute to a significant change in the
overall die area. On the other hand, these ALUs are faster than the original ALU because the logic
implemented in each of the partitioned ALUs is simpler and more coherent. By reducing the supply
voltage, the performance gain diminishes slowly, because the impact of process variation on the shorter
critical paths of smaller ALUs is more than the long critical path in the original ALU.

Table 2. Energy improvement results for 3-ALU and 4-ALU over Original ALU for 14 nm PTM [117].

Energy Saving for
Area  Performance Vo (V Power-Gating Threshold (PGTH) in %
Overhead Improvement aa(V)
(%) (%) 10 20 50 100 500
Cycles Cycles Cycles Cycles Cycles

11 0.80 (super-Vy,) 228 197 195 194 17.7
3-ALU 17 7.0 0.35 (near-Vy, *) 246 214 212 211 19.2
55 025 (sub-Vy,) 277 244 241 240 218
11 0.80 (super-Vy,) 431 386 321 276 151
4-ALU 19 7.0 0.35 (near-Vy,) 434 389 33.0 289 17.3
5.5 0.25 (sub-Vy,) 441 396 345 311 20.6

* In this technology Vj, is close to 0.35 V.

Additionally, the overall energy improvement achieved by the proposed ALU partitioning method
is extracted and reported in Table 2. This is done by calculating the percentage of the time that
each smaller ALU can be power-gated based on a given power-gating threshold (PGTH) and for
each workload. As presented in Table 2, there is a significant energy improvement even in the
super-threshold region (V;; = 0.80 V). The reason is that one of the partitioned ALUs is mostly in
sleep mode because its instructions are rarely used (see Figures 9 and 14). The percentage of the time
an ALU is power-gated for a specific PGTH is the same for all supply voltages; however, the energy
improvement by the proposed ALU partitioning technique is slightly more at lower supply voltages.
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The reason is that the leakage power contribution to the overall power consumption grows significantly
by reducing the supply voltage. Therefore, reducing the same amount of leakage results in a larger
percentage of energy saving at lower supply voltages.

Figure 15 compares the energy improvement results for 4-ALU at near-threshold region (0.35 V) in
two technology nodes: 10 and 14 nm. As shown, the energy improvement results for these technology
nodes resemble each other closely. A similar trend is observed for the rest of the results.
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Figure 15. Energy improvement of functional unit partitioning, on an ALU partitioned into 4 smaller
units (4-ALU), for 10 and 14 nm technology nodes.

5.5.3. Performance and Reliability Trade-Off

The performance improvement of the functional unit partitioning, shown in Table 2, could be
traded for reliability at low supply voltages, similar to what was explained for instruction multi-cycling
in Section 5.4.

According to the results, it is possible to enjoy maximum performance improvement (for example
11% at 0.80 V) or invest the achieved speed on reliability to get up to 10° times lower failure probability.
At the near-threshold supply voltage (0.35 V) the maximum achievable reliability improvement is
11.5x (by trading 7% performance improvement from Table 2) because the delay distribution of the
union ALU becomes wider than the original ALU due to its shorter critical path.

6. Summary

The assumptions and optimization targets for NTC circuit design are different from the
conventional super-threshold design, due to large impact of variabilities as well as comparable
contributions of leakage power and dynamic power. This paper presented two cross-layer design
optimization approaches for NTC circuits to co-optimize energy-efficiency, reliability, and performance.

In the instruction multi-cycling approach, the idle time of the functional units is reduced
by executing slow instructions in multiple clock cycles and fast instructions in one clock cycle.
This approach consists of circuit redesign for smoother slack distribution across instructions
(circuit level), multi-cycle execution of slow instructions (architecture level) and code replacement
(compiler level). Our experimental results show that this approach achieves significant energy (34%)
and performance (19%) improvement while providing orders of magnitude reduction of timing failure
rate.

The proposed functional unit partitioning approach improves the energy efficiency and reliability
of functional units by exploiting fine-grained power-gating. For this purpose, a large functional
unit like an ALU is partitioned into several smaller (and faster) units based on the instruction usage
pattern of the running applications and inherent similarity of the instructions. As a result, the smaller
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functional units can be power-gated whenever they are not used for a long time. Our simulation
results show that the energy efficiency of an ALU can be improved by up to 43.4% in the NTV region.
Additionally, the performance can be improved by at least 7.0%, or the reliability can be improved by
11.5 times in the NTV region.

Therefore, by revisiting the design of functional units as important components of data paths
and utilizing cross-layer approaches, it is possible to optimize the energy-efficiency, performance,
and reliability of NTC designs.
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