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Abstract

Dark silicon denotes the phenomenon that, due to thermal and power constraints,
the fraction of transistors that can operate at full frequency is decreasing in each
technology generation. Moore’s law and Dennard scaling had been backed and
coupled appropriately for five decades to bring commensurate exponential perfor-
mance via single core and later muti-core design. However, recalculating Dennard
scaling for recent small technology sizes shows that current ongoing multi-core
growth is demanding exponential thermal design power to achieve linear perfor-
mance increase. This process hits a power wall where raises the amount of dark
or dim silicon on future multi/many-core chips more and more. Furthermore, from
another perspective, by increasing the number of transistors on the area of a single
chip and susceptibility to internal defects alongside aging phenomena, which also
is exacerbated by high chip thermal density, monitoring and managing the chip
reliability before and after its activation is becoming a necessity. The proposed ap-
proaches and experimental investigations in this thesis focus on two main tracks:
1) power awareness and 2) reliability awareness in dark silicon era, where later
these two tracks will combine together. In the first track, the main goal is to in-
crease the level of returns in terms of main important features in chip design, such
as performance and throughput, while maximum power limit is honored. In fact,
we show that by managing the power while having dark silicon, all the traditional
benefits that could be achieved by proceeding in Moore’s law can be also achieved
in the dark silicon era, however, with a lower amount. Via the track of reliabil-
ity awareness in dark silicon era, we show that dark silicon can be considered as
an opportunity to be exploited for different instances of benefits, namely life-time
increase and online testing. We discuss how dark silicon can be exploited to guar-
antee the system lifetime to be above a certain target value and, furthermore, how
dark silicon can be exploited to apply low cost non-intrusive online testing on the
cores. After the demonstration of power and reliability awareness while having
dark silicon, two approaches will be discussed as the case study where the power
and reliability awareness are combined together. The first approach demonstrates
how chip reliability can be used as a supplementary metric for power-reliability
management. While the second approach provides a trade-off between workload
performance and system reliability by simultaneously honoring the given power
budget and target reliability.
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Chapter 1

Introduction

The continuous cramming of transistors onto a chip area which is known as
Moore’s law has become the feedstock of the exuberant novelty in computer ar-
chitecture and design. According to Moore’s Law [Moore, 1965] every 18 months
the number of transistors doubles in a fixed chip area. Such increase in the num-
ber of rock bottom elements of computation on a chip led to emergence of hard-
ware redundancies in processor architectures mainly to allow performance increase
e.g., instruction level parallelism, branch prediction, and other well known tech-
niques [Hennessy and Patterson, 2012]. By encountering limitations to increase
clock frequency more than up to 3-4 GHz [Danowitz et al., 2012], multi-core de-
sign emerged allowing chip performance to increase by parallel operation of mul-
tiple integrated cores Later, due to the increasing number of cores and restrictions
in memory access, i.e., the memory wall [Wulf and McKee, 1995], multiple mem-
ory buses with non uniform memory access (NUMA) emerged which increased
the bandwidth of data transfer between the cores and memories. NUMA archi-
tecture combined with on-chip network based interconnection (NoC) [Rahmani,
2013] outperforms bus-based system in terms of scalability, flexibility, and perfor-
mance.

Theoretically, it can be proven that scaling down the transistor size and simul-
taneously decreasing the operating voltage keeps the power density 1 of the chip
constant. This is known as Dennard scaling [Dennard et al., 1974]. Moore’s law
and Dennard scaling allowed integration of an increasing number of computing
units on a chip without any limitations and resulted in exponential commensurate
benefits. However, in the recent technology nodes, the reduction of the supply
voltage does not anymore coincide with the technology size reduction, because
the voltage scaling is limited by the approaching threshold voltage, i.e. the min-
imum voltage needed to turn on transistors [Rahmani et al., 2016]. Due to this
phenomenon, and also due to the increase in leakage power of transistors, power
density is actually increasing when Moore’s law continues to hold. This poses a se-

1Power consumption per unit of area
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rious threat to future-generation chip multiprocessors. High power density causes
more heat generation that needs to be dissipated via different cooling methods.
Otherwise high temperature may affect the functionality of the chip causing less
reliable computation and even burning of the chip. Therefore, to keep the power
density at a tolerable level, some parts of the chip need to be kept inactive. Such
inactive parts are called Dark Silicon [Esmaeilzadeh et al., 2012]. Since the values
of the operating voltage and frequency (VF) on the chip are the main contributors
of power consumption, dark silicon phenomena is alongside a key technological
problem of the targeted multi-core system, known as the utilization wall. The uti-
lization wall means that with each technology process generation, the percentage
of transistors that a chip design can switch at full frequency drops exponentially
because of power constraints [Zhang et al., 2013]. Figure 1.1 illustrates the projec-
tion of Dennardian and postDennard eras and also drafts the percentage of the
dark silicon as the CMOS technology scales. According to a prediction, designers
will face more than 90% dark silicon within 6 years if they do not properly attack
this phenomenon [Taylor, 2012]. A direct consequence of this is large swaths of a
chip’s silicon area that must remain mostly passive to stay within the chip’s power
budget. Currently, only about 1 percent of a modest-sized 32-nm mobile chip can
switch at full frequency within a 3-W power budget. At 22-nm, 21% of a fixed-
size chip must be powered off, and at 8-nm, this number grows to more than 50%.
With each process generation, dark silicon gets exponentially cheaper, whereas the
power budget is becoming exponentially more valuable. [Venkatesh et al., 2010].

From another perspective, aggressive advances in integrated circuit manufac-
turing process and downscaling of CMOS technologies has had a negative effect on
the reliability of the devices and aging phenomena. Increased aging mechanisms
cause performance degradation and eventual device and system failures. Shrink-
ing the transistor size and dark silicon phenomena have exacerbated such a trend,
since they have increased power densities in the device, and consequently the op-
erating temperatures, which are the main cause of aging phenomena. Workload
variations and dynamic power management techniques highly contribute to device
temperature variations. Aging mechanisms including time dependent dielectric
breakdown (TDDB), negative bias temperature instability (NBTI), and electromi-
gration (EM) are among the most increasingly adverse factors that can lead to delay
errors and device breakdowns. International Technology Roadmap for Semicon-
ductors (ITRS [Semiconductor-Industry-Association et al., 2011]) recognizes that
reliability is becoming a primary design concern in current integrated circuits.

The first naïve idea that might cross the mind to tackle the raised challenges in
the dark silicon era is to not to fabricate extra hardware any more. If we cannot
use some parts of the chip because of too much power consumption, then why we
should fabricate extra hardware? On the opposite, what if we can envision some
benefits to fabricate extra hardware in the dark silicon era? To address the latter
question following challenges raise:

4
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Figure 1.1: Chip area, dark area, and power budget trends with technology scaling

• Is it possible to increase the level of returns in terms of e.g., performance and
reliability, while considering chip power consumption with relatively small
amount of cost? i.e., dark silicon aware power management.

• Is it possible to use dark silicon and drive benefit from it to fulfill other im-
portant constraints in hardware design and test such as improving reliability
or online testing? i.e., dark silicon aware reliability management.

This thesis is an investigation to answer the above questions by considering
different existing aspects and constraints in hardware design and computer archi-
tecture. Figure 1.2 shows the general overview of the works accomplished in this
thesis and cohesion of the publications while dealing with dark silicon phenomena.
The highlighted titles in each box are the publications that are fully included in this
manuscript and convey the main idea and obtained results in this dissertation. As
can be seen, two main tracks to tackle dark silicon phenomena are investigated that
are power and reliability management while considering dark silicon.

Generally, our target platform in this thesis is a many-core system which is a
special kind of multi-core system for a high degree of parallel processing, con-
taining a large number of independent processor cores. Applications that must be
executed on such a system contain several tasks each of which must be executed
by one core. The tasks of an application are generally a single function/portion of
code requiring specific input data, provided by precedent tasks of the application,
and producing specific output data, transmitted to the subsequent tasks. To run an
application, tasks have to be dispatched on the grid of processing cores and each
task is mapped on a single idle core. In a many-core system with dark silicon,
cores that are executing tasks are turned on while other idle cores remain inactive,
i.e, dark. It is not essentially important which cores should be active or dark, but
the total amount of power consumed by active cores is limited and must not ex-
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Figure 1.2: Illustration of paper cohesion. Each category is labeled with different
colors.

ceed an upper bound. This upper bound is called thermal design power (TDP). The
first step for considering dark silicon in power and/or reliability management is
to design a dark silicon-aware application mapping which copes with application
performance requirements while considering dark silicon at each moment. Such
a mapping approach for many-core systems, which is discussed in Paper I in the
"Preliminaries" box of Figure 1.2, is a substrate to implement our subsequent pro-
posed approaches.

For dark silicon aware power management, mixed operation mode design is
used to increase the system’s performance as much as possible while system’s over-
all instantaneous power is kept below TDP. To do this, we attempt to decrease the
application’s execution power via different controlling techniques using dynamic
voltage and frequency scaling (DVFS), per-core power gating (PCPG), or applying
approximation techniques. However, applying such techniques must be done in an
intelligent and careful manner since a blind use of these features might incur neg-
ative impact on other system constraints such as core’s lifetime or even the overall
system performance. Based on this, an agile online monitoring of the system’s
power and network characteristics is proposed and discussed in Paper II to observe
instantaneous system’s behaviour and react based on that. Later, in Paper III the
power management unit is enhanced to execute in a multi-objective manner, i.e.,
energy and performance centric manner, while considering wider characteristics
of the many-core systems, such as dynamic behaviour of workloads, processing
elements utilization, per-core power consumption, and load on network-on-chip.
Thermal Design Power (TDP) is a standard design time metric that has been used
to determine a safer upper bound on chip’s power consumption. Safer operation
of a chip is guaranteed as long as power consumption stays within TDP. TDP is

6



a single fixed upper bound that is pessimistically estimated and assuming that all
neighbor cores are active and are operating at the worst case of voltage and fre-
quency. While having dark silicon on the chip such assumption is too pessimistic
since neighbor cores are not necessarily active and might be mapped sporadically.
Hence, alternatively dynamic upper bound for power budget can be used rather
than TDP. This more flexible upper bound is called the thermal safe power (TSP).
By using TSP rather than TDP, active cores can be patterned alongside inactive
cores to evenly distribute temperature and power density on the chip and enhance
the utilization. In Paper V, by using TSP as the controller reference accompany-
ing with the patterning strategy in the mapping unit, dark silicon is leveraged to
increase the maximum power upper bound and resource utilization.

From another aspect dark silicon can be envisioned as an opportunity to be ex-
ploited for enhancing system reliability, particularly lifetime increase and online
testing. In a many-core system that is suffering from dark silicon phenomenon, a
highly dynamic heterogeneous power distribution is being made while applications
enter and leave the system at runtime. This power distribution heterogeneity, in-
cluding dark/dim cores, is both dimensional and temporal which usually appears
in an unplanned manner. By analyzing and directing this power distribution on the
chip, there are significant opportunities for the designer to improve system lifetime
or to apply non-intrusive online testing. The direction of the power distribution
can be performed in different layers from hardware to operating system and via
different features such as runtime mapping or power management. Two important
case studies that are investigated for dark silicon aware reliability management and
are shown in Figure 1.2 are 1) prolonging system lifetime and 2) online testing.

Prolonging system lifetime: extreme downsizing of CMOS technology ac-
companied by high power density and temperature of recent chips has caused an
acceleration in the device aging and wearout process. The main reason for the de-
vices to be more susceptible for aging is the thermal issue. In dark silicon, thermal
issues cause only short term problems, but in aging phenomena, long-term tem-
perature experience causes the system to age faster. Our general investigations in
Paper VI on recent many-core systems with power management control units show
that dark silicon can be considered as an opportunity to be exploited for the sake of
prolonging lifetime. To do this, it has been shown that with dark/dim cores on chip,
considering the system lifetime in a runtime resource management unit and/or even
in a dark silicon management unit can improve the system lifetime without much
negative impact on other system constraints like performance. Calculating current
lifetime on a chip highly depends on the chip’s temperature footprint in its activity
period. In recent modern chips, multiple thermal sensors are deployed on the chip
area that can be calibrated and used at runtime to provide such a temperature foot-
print. In Paper VII a low overhead software based thermal sensor calibration for
Intel SCC platform, which is one of the few available real platforms for many-core
systems, is discussed. Based on lifetime information extracted from the system and
by analyzing the thermal sensors’ data in long term, a reliability-aware resource

7



management in many-core systems is proposed and discussed in Paper VIII. The
approach is based on a hierarchical architecture, composed of a long-term runtime
reliability analysis unit based on the temperature footprint extracted from thermal
sensors and a short-term runtime mapping unit. The former periodically analy-
ses the aging status of the various processing units with respect to a target value
specified by the designer, and performs recovery actions on highly stressed cores.

Online testing: by decreasing the transistor size and increasing the acceptabil-
ity to internal defects, online testing of the fabricated chips to diagnose permanent
faults has become a necessity. With dark silicon on the chip, there is the opportu-
nity to detect permanent faults by performing online testing on the dark cores in
runtime and not highly penalizing the overall system performance. With a small
amount of dedicated power budget for testing, in Paper IX, an online concurrent
test scheduling approach is proposed which enables test routines to be applied on
the fraction of chip that cannot be utilized. Later, in Paper X, varieties of scenar-
ios have been investigated where simultaneous occurrence of dark silicon patterns
and unused available power budget bring opportunities to perform online testing
without any need to dedicate certain amount of power for test. In addition, a test-
aware utilization-oriented runtime mapping technique is proposed which considers
the utilization of cores and their test criticality during the process of resource al-
location for new applications. This technique directs more critical cores to be idle
(dark) to be tested in the near future. In Paper XI, fine grained reliability estimation
of the cores is employed for tuning the test scheduling and avoiding over testing.
Furthermore, since permanent faults differently manifest themselves in different
voltage domains, the proposed power-aware online testing is improved to apply
test routines in different voltage levels.

In the final part in this thesis power awareness and reliability awareness in dark
silicon are combined together that is discussed based on Paper IV and Paper XII.
In the first work that is according to Paper IV, the effect of power management
on system lifetime has been investigated and power controller has been enhanced
to consider core’s lifetime while managing the chip’s power consumption. It has
been shown that the proposed technique not only is effective in honoring the power
budget while considerably boosting the system throughput, but also increases the
overall system lifetime by means of power consumption balancing among cores.
In the second work that is according to Paper XII reliability/performance-aware
resource co-management for many-core architectures are discussed. Here, core’s
aging status is evaluated by comparing against a target reference specified by the
designers, and power capping is used in an intelligent manner to cooperate with
the resource management unit on behalf of the recovery process of the stressed
cores. It should be noted that, unlike the reliability constraint power management
that is discussed in Paper IV, in which reliability was a minor constraint in power
management, in Paper XII the life time is a target requirement thus leading to a
totally different formulation and implementation.

8



Chapter 2

Preliminaries

2.1 Many-core Model

The target platform in our work is the modern many-core architecture, such as the
Intel single-chip cloud computer (SCC) [Howard et al., 2010], the Kalray mas-
sively parallel processor array (MPPA) many-core [Kalray, 2017], or the Adapteva
Epiphany [Adapteva, 2017]. All these platforms present a similar non-uniform
memory access (NUMA) architecture, shown in Figure 2.1, consisting of a 2D
mesh of homogeneous processing nodes interconnected via a network-on-chip
(NoC) infrastructure. In the specific model we consider, as in [Rahmani et al.,
2016, Carvalho et al., 2007, Fattah et al., 2013], that each node (or core) contains
a single processor provided with private instruction and data memories and a NoC
network interface. The platform is also connected to a host machine, controlling
all its activities. For instance, in Intel SCC the Management console personal com-
puter (MCPC) manages the 48-core system via PCI-Express [Howard et al., 2010].

Many-core architectures are generally employed in High Performance Com-
puting (HPC) and embedded HPC scenarios to accelerate computationally inten-

t4 t1t0DD

t6 t8t3DD

t5 t7t2DD

D DD

D

D DDD

D DDDD DDD

t0

t2 t1 t3

t5 t4 t6

t7 t8

Current Application (realtime)

Dark core

Application 4 (non-realtime)

Application 1 (non-realtime)

Application 2 (non-realtime)

Application 3 (realtime)

D

NoC-Based Manycore System

Runtime

 Mapping

Unit

Allocation

Execution 

Request

Application 

(Tasks) 

Repository

Figure 2.1: Mesh-based platform with an application mapped onto it (the
highlighted region.) where some cores are dark (D)
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sive applications such as image, video, or streaming processing. Some interesting
use cases discussed in [Kalray, 2017] are the autonomous driving and cryptogra-
phy acceleration. The commonly-adopted programming model is the dataflow one
(as reported [Howard et al., 2010, Adapteva, 2017] for Intel SCC and Adapteva
Epiphany) that represents the application through a direct acyclic task graph [Car-
valho et al., 2007, Fattah et al., 2013, Haghbayan et al., 2015a], as shown in the
bottom-right part of Figure 2.1.

2.2 Application Model

As discussed before, the applications in our platform are modeled as an ensemble
of tasks. Each task is a single function/portion of code requiring specific input data,
provided by precedent tasks, and producing specific output data, transmitted to the
subsequent tasks, as described by the edges in the graph. Each application in the
system is represented by a directed graph denoted as a task graphAp = TG(T,E).
Each vertex ti ∈ T represents one task of the application, while the edge ei,j ∈ E
stands for a communication between the source task ti, and the destination task
tj [Fattah et al., 2014]. Task graph of an application extracted using TGG [TGG,
2017] is shown in bottom-right part of Figure 2.1.

An architecture graph AG(N,L) describes the communication infrastructure
of the processing elements. We consider a 2D mesh NoC (Figure 2.1) with XY
deterministic wormhole routing. The AG graph contains a set of nodes nw,h ∈ N ,
connected together through unidirectional links lk ∈ L. Each node is the combina-
tion of a PE connected to a router.

We define a non-real-time task as 3-tuple tnri = 〈idi, exi, pri〉, and a real-time
task as 5-tuple tri = 〈pi, idi, exi, di, pri〉, where: idi stands for the task identifica-
tion, pi represents period of task i, exi represents the task execution time, di is its
deadline, and pri denotes the task priority. We define an abstract time unit, called
as tick (e.g. 1 ms) [Fattah et al., 2014].

We define an application as a set of tasks having inter-dependencies. There-
fore, application mapping is a one-to-many function. We use a simple mathemat-
ical model for representing applications running on the system. Hence, no multi-
tasking is assumed in any node. We denote by Application Matrix (AM) the matrix
whose entry (i, j) ∈ [M ]× [N ] corresponds to the task’s application ID running on
the tile located in row i and column j in a mesh-based NoC topology. For example,
the following application matrix shows how four applications with IDs from 1 to 4
are mapped onto a 4×4 mesh-based NoC.

AM =


1 1 4 4
1 1 3 4
1 2 3 3
2 2 2 3

 (2.1)
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2.3 Runtime Mapping

Many-core architectures work in high evolving working scenarios with applica-
tions entering and leaving the system with an unknown trend. Nevertheless, appli-
cations are highly heterogeneous in terms of size and shape of the task graph and
may expose Quality of Service (QoS) requirements, expressed in terms of mini-
mum throughput or latency to be satisfied. For this reason, a Runtime Mapping
unit, a control routine running on the host machine, receives the execution requests
of the various users and decides at runtime which group of resources to reserve for
each issued application depending on the available units. In case of unavailability
of the minimum amount of processing resources, the request is stored in a ready
list to be applied later. Runtime Mapping Layer (RTM, [Rahmani et al., 2016]) is
loaded on top of the discussed architecture to handle the variable workload and is
shown as Runtime Mapping Unit in Figure 2.1. To be executed, an application has
to be dispatched on the grid of processing nodes. Each task is mapped on a single
idle node, i.e., not executing any other task. Hence, no multi-tasking is assumed
at node level. In fact, as stated by Intel in 2011 [Howard et al., 2010], given the
abundance of cores, a one-to-one mapping may ease the execution management.
For similar reasons, task migration is also not supported. This solution has been
later confirmed for the subsequent platforms available on the market. Then, the
execution model states that a task is run in a non-preemptive way as soon as all
predecessor tasks have been completed and input data received. Communication
is performed by means of messages passing based on the specific protocol adopted
by the NoC infrastructure.

Application mapping is the phase where a tile for a task is chosen in order
to maximize the cores’ and network’s performance while minimizing latency and
power consumption. Given the un-predictable nature and sequence of incoming ap-
plications [Bogdan et al., 2010] [Bogdan and Marculescu, 2011], mapping has to
be performed dynamically rather than at design time [Chou et al., 2008] [Faruque
et al., 2007] [Faruque et al., 2008]. With a wide range of applications entering and
leaving such a system, runtime application mapping policies become crucial factor
in determining the chip’s performance, power consumption and reliability [Car-
valho et al., 2007]. We consider run-time mapping as one of the first steps in
servicing an incoming application as opposed to reactive steps like task migration.
Mapping an entire application consisting of several communicating tasks, satis-
fying power and performance constraints is a complex process. Assuming that
there can be other applications running in parallel on the chip, mapping a new
application adds to the complexity and consumes more execution time, degrading
the expected performance from a parallel system. Finding a preferable region to
map an incoming application with least possible overhead is thus important to en-
sure high performance of the chip. To dominate the complexity of this phase, the
runtime mapping (RTM) unit usually acts in two steps: i) region selection, that
finds a set of neighboring idle cores to be reserved for the new application, and
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ii) task mapping, that dispatches the tasks of a single application onto the selected
region. More details about the implementation and results for runtime mapping is
discussed in Paper I.

2.4 Feedback Based Controller

In order to implement an efficient dark silicon management approach, an intelligent
and stable power administration mechanism using feedback control is required.
A general view of a dark silicon aware power management platform is shown in
Figure 2.2. As can be seen, a feedback controller using system power measurement
is incorporated. Similar to all other control systems, the controller compares the
system output with a target value. After comparison, it manipulates the system
actuators to minimize the error. The controller policy to tune the actuators strongly
depends on the dynamic model of the target system and the system robustness
against error disturbance. The dynamic model defines how the system reacts to
the inputs including actuations and other inputs. The system robustness is defined
as the system stability against overshooting of the output values from the target
intended output.

The design of a controller to manage total power consumption highly depends
on the system constraints, cost limitation, and available observe/act features. Sys-
tem constraints can be variant system considerations that should be taken into ac-
count while manipulating actuators, e.g., network congestion or core stress. Cost
limitation determines the complexity level of the controller w.r.t. the requirements
of accuracy and speed. For example in case of power violation, how fast and in
which accuracy the controller must response as to not damage the chip. Available
monitored data and actuators are controller’s inputs and outputs respectively and
directly shape the controller design. For example in a power controller of many-
core system, observation can be from simply tracking total power consumption to
monitoring per-tile power, stress, congestion, and injection rate while actuation can
range from only PCPG to variant options such as PCPG, DVFS, mapping.
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2.5 Reliability Model

According to the definition, the lifetime reliability of a system, R(t), is expressed
as the probability that the system has been operational until t. JEDEC Solid State
Technology Association [JEDEC Solid State Tech. Association, 2010] expresses
the lifetime reliability of a single digital component, such as a processor, by means
of the Weibull distribution

R(t) = e
−
(

t
α(T )

)β
(2.2)

being t the current instant of time (generally measured in hours), T the constant
worst-case processor temperature (Kelvin degrees), β the Weibull slope parameter,
and α(T ) the scale parameter, or aging rate. The α(T ) parameter formulation de-
pends on the considered wear-out mechanisms, that are for instance the electromi-
gration, the hot carrier injection (HCI), or the negative-bias temperature instability
(NBTI). If more than one effect is considered, the α(T ) formulas are combined
according to the sum of failure rate (SOFR) approach. As an example, in the elec-
tromigration model, α(T ) is modeled according to the Black’s equation [Black,
1969]:

α(T )EM =
A0(J − Jcrit)

−ne
Ea
kT

Γ
(

1 + 1
β

) (2.3)

where A0 is a process-dependent constant, J is the current density, Jcrit is the
critical current density for the electromigration effect to be triggered (that can be
approximated to 0 since J � Jcrit, Ea is the activation energy for electromigra-
tion (a constant value), k is the Boltzmann’s constant, n is a material-dependent
constant, and Γ() is the gamma function. Finally, the current density formula is

J =
Idd
WH

(2.4)

being W and H width and the thickness of the metalwire, and Idd the current
(Idd = C ·Vdd ·f ·p where the parameters are the the capacitance of the metalwire,
the power voltage, the clock frequency and the switching activity).

Given this lifetime reliability model, the average lifetime of the system is esti-
mated in terms of its Mean Time To Failure (MTTF), defined as the area underlying
the reliability function R(t):

MTTF =

∫ ∞
0

R(t)dt. (2.5)

MTTF is one of the common approaches for specifying the reliability target for a
system: “the system must have at least a MTTF equal to X years”. However, in
order to compute the MTTF, it is necessary to know the value of the R(t) function
for the overall lifetime. This is feasible only when the system presents a predictable
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aging trend (for instance, when the system has a periodic or fixed activity plan,
e.g. [Das et al., 2013,Das et al., 2014]). In the other situations, especially when the
system workload is unknown, there is an alternative approach for specifying the
reliability target that is to set a given reliability level R(ttarget) the system must
have at the end of the envisioned lifetime ttarget. In other words the reliability
target can be specified as “at the end of the working life, estimated in ttarget years,
the system must have at least a reliability of R(ttarget)”.

For simplicity, Equation 2.2 considers only a constant temperature. This aspect
may cause pessimistic non-accurate evaluation of the reliability especially when
the focus is on the optimization of the usage of the system to improve its lifetime.
Therefore, to consider a varying temperature, Equation 2.2 can be enhanced as
following as demonstrated in [Xiang et al., 2010]:

R(t) = e
−
(∑i

j=1

τj
αj(T )

)β
(2.6)

where τj represents the duration of each period of time with constant steady-state
temperature Tj up to time t (i.e., t =

∑i
j=1 τi).

2.5.1 Analysis of the Reliability Model

The first step in the investigation of the reliability-aware resource management for
many-core systems is an accurate analysis on the causes of the aging according to
the considered reliability model.

From the considered model, it is possible to state that the temperature is the
most relevant parameter in the aging phenomenon. In fact it represents the param-
eter that varies more sensibly during the time. Moreover, when analyzing the reli-
ability model defined by JEDEC Solid State Technology Association, it is possible
to state that the aging rate has an exponential relationship with the temperature.
This means that even small changes in the temperature may have large effects on
the aging rate, and such effect is propagated on the system lifetime. Actually, the
exponential relationship between the temperature and the MTTF can be seen also
in the following formula which computes the MTTF for a system working at a
constant temperature [JEDEC Solid State Tech. Association, 2010]:

MTTFEM = A0(J − Jcrit)
−ne

Ea
kT (2.7)

To evaluate quantitatively this relationship, it is possible to analyze the data re-
ported in Figure 2.3 that shows the reliability curve and the MTTF of a single-core
system working at a constant worst case temperature. It can be seen that varia-
tions of a few degrees in the temperature causes results in very different reliability
curves. It is worth noting that this relationship holds also in the scenario of a vari-
able temperature profile.

The second parameter that may vary during the system activity is the current
density. However, its effect is more limited, since it has a polynomial relationship
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Figure 2.3: Reliability curve of the same system at different constant
temperatures.

with the aging rate, and consequently with the MTTF. Moreover, if DVFS is not
considered, variations in the current density may be almost neglected w.r.t. the
temperature impact.

There is a second more important consideration that is fundamental to take into
account when investigating the temperature/reliability relationship: only long-term
variations of the temperature trend have a perceptible effect on the reliability curve
while instantaneous magnitude of stress causes an almost negligible degradation.
As an example, Figure 2.4 shows the reliability curves of a nominal system working
at a temperature equal to 60 Celsius degrees constant for the overall lifetime, and
three similar systems experiencing a temperature variation to 90 Celsius degrees for
a given period of 100, 1000 and 10.000 hours respectively. It is possible to conclude
that the effect on the reliability is perceptible when the temperature variation holds
for at least 1000 hours.

Finally, if the system has a highly variable temperature profile in time (e.g.
variations every few hours or even less), its reliability will be characterized by a
long sequence of infinitesimal variations. Indeed, such oscillating curve can be
approximated by computing the “average” effect on the reliability of such highly
variable temperature profile. To this end, the following formula computes the ap-
proximated mean aging rate [Bolchini et al., 2014a]:

α =

∑p
i=0 τi∑p

i=1
τi

αi(T )

(2.8)

where the short term period is divided in p steps each one with a steady-state tem-
perature and with a duration equal to τi. For instance, if the system has two working
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Figure 2.4: Reliability curve of the same system. The nominal temperature is 60
Celsius degrees and at t = 10.000 there is a temperature variation to 90 Celsius

degrees for a period equal to 100h, 1000h, 10000h respectively.

points, one at 60 Celsius degrees and the other one at 90 Celsius degrees, and pe-
riodically switches from one to the other one with a period of 1 hour, the effect
on the reliability of each temperature change will be imperceptible. The average
aging rate of such temperature profile will be the same of the scenario in which the
system will work at a constant temperature of 79.229 Celsius degrees. A relevant
consideration that can be drawn from this example is that if the temperature profile
is variable, the resulting average aging rate is not equal to the one considering the
mean temperature (as wrongly assumed in [Mercati et al., 2014]). Indeed it will be
higher than the mean.

According to the drawn considerations, it is possible to conclude that the re-
liability is a function that changes very slowly during the lifetime of a system.
Moreover, since the distribution of the various applications affects the utilization
of the various cores in the device, actually the mapping decisions affect the tem-
perature of the device. As a conclusion, the reliability model is a function of such
mapping decisions. However, since applications generally use to arrive and to
complete in a short period (from seconds to a few hours), the system has to take
very frequently mapping decisions, but, due to the characteristics of the reliability
model, such decisions will have an effect on the reliability on the long term. This
means that the single mapping decision will have a negligible consequence on the
reliability of a system, while a frequent trend in the mapping decisions will affect
such reliability. Such considerations have been very useful for an accurate defini-
tion of the proposed reliability-aware runtime mapping approach presented in the
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next section.

2.6 Thermal Sensors and Thermal Simulation Model

By increasing the number of transistors in a single chip, coupled with breakdown
of Dennardian scaling and increasing the on-chip power density, temperature and
power management is a necessity in the current and future technologies [Lee et al.,
2014]. In addition, different activity rate of functional blocks, non-uniform work-
load variation, and advanced static and dynamic power management capabilities
in recent CMPs result in non-uniform power distribution on the substrate which
leads to significant temperature gradient [Ajami et al., 2001]. Large temperature
variation across a chip decreases the reliability of the circuits and degrades their
performance [Coskun et al., 2008]. Several research studies in the field of dynamic
thermal management (DTM) aim at mitigating temperature and power violations
at runtime in many-core systems. An efficient DTM technique necessities accurate
on-chip thermal sensors in recent technologies to maximize the performance under
a restricted chip temperature. Localized sensors can provide critical information
regarding the location of hotspots [Lee et al., 2010]. Today’s multi-/many-core
platforms are often equipped with multiple on-chip thermal sensors to monitor
the chip’s temperature in a fine-grained manner [Sasaki et al., 2006, Pham et al.,
2005, Poirier et al., 2005].

Thermal sensor accuracy is extremely prone to intra-die process variation and
aging phenomena, and its report gradually drifts from the nominal value. This can
lead to both overestimation as well as underestimation of the real thermal status
of the system. For example in [Remarsu and Kundu, 2009a], the authors show
that un-calibrated thermal sensors for IBM25PPC750L processors deviate as much
as 33C and 48C from their original temperature of 35C and 95C, respectively.
Therefore, on-chip thermal sensors need to be calibrated initially before being
used. However, the cost of infield calibration is too high which requires infrared
camera and additional infrastructures [Remarsu and Kundu, 2009b]. Furthermore,
due to device wear out, even though the sensors are well-calibrated before being
used, their reports gradually drift away from actual temperature values which de-
mands re-calibration at the time they are being used [Remarsu and Kundu, 2009b].
Thus, many commodity microchips prefer to use un-calibrated thermal sensors to
be available for end-users [AMD-Publication, 2006].

This necessitates an efficient technique for sustainable sensor calibration before
and while the sensor values are used. In addition, in modern many-core systems
which are often enabled with dynamic voltage and frequency scaling (DVFS), ther-
mal sensors located on cores are sensitive to the core’s current voltage-frequency
(VF) level, meaning that dedicated calibration is needed for each VF level. In Paper
VII, a general-purpose software-based auto-calibration strategy for thermal sensors
is proposed that operates without using any hardware infrastructures for DVFS-
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enabled many-core systems. We adopt a 2-point calibration method for calculating
the calibration constants of each thermal sensor at each VF level. We demonstrate
the efficiency of the proposed calibration strategy on a many-core platform, Intel’s
Single-chip Cloud Computer (SCC) (that is one of the few real platforms for many-
core systems), covering all voltage and frequency combinations on the platform.
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Chapter 3

Power Awareness in Dark Silicon
Era

The main goal in the power management process is to achieve optimal power-
performance efficiency considering thermal design power budget. This necessi-
tates i) monitoring several system characteristics including both communication
and computation aspects, ii) categorizing, prioritizing, and processing the informa-
tion in an intelligent way, iii) and controlling a rich set of actuators. More precisely,
a comprehensive Observe-Decide-Act (ODA) loop based multi-objective control
approach is needed, which has access to a rich set of sensors and actuators. Dim
Silicon concept is a promising approach to increase the overall throughput of chip
multiprocessors (CMPs), at the expense of much lower operating frequency [Wang
and Skadron, 2013,Kanduri et al., 2017]. It is considered as one of the most effec-
tive methods to mitigate the dark silicon phenomenon. The main grounding of our
claim can be realized from Figure 3.1. In this figure overall power consumption
and speedup for a hypothetical fully parallelized application with arbitrary number
of threads (cores) are depicted. In each reported case, the execution time of the
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Figure 3.1: Power and speedup while increasing the utilization
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application is constant and the differences are the number of threads (cores) em-
ployed to execute the application and operating voltage/frequency for the cores on
which the threads are running (level of dim silicon). As it can be seen, increasing
the number of worker cores causes reduction in overall power consumption until
a certain point, i.e., 16 cores. Hence, limiting the amount of power budget to 2.5
Watt and using the surplus power budget by increasing the number of worker cores
for further parallel execution, the speedup increases upto 3 times for 16 cores. This
example shows that in the dark silicon era where there exists a maximum power cap
for the chip, power management combined with execution parallelization results in
better performance if manipulation of the voltage/frequency is done appropriately.
Of course in the case of no power limit, since the application executions are as-
sumed to be fully in parallel, nominal speedup can be gained that is based on the
number of worker cores, e.g., speedup for 16 cores is 161.

Implementing an efficient Dim Silicon based approach necessities a compre-
hensive multi-objective power management mechanism having access to a rich
set of on-chip sensors and actuators to utilize several Observe-Decide-Act (ODA)
loops (i.e., feedback control) for controlling different aspects of the system. Such a
multi-objective power management activity becomes even more challenging when
considering near future manycore systems accommodating tens to hundreds of
cores interconnected via Network-on-Chip (NoC). On top of that, manycore sys-
tems often need to handle an extremely dynamic workload with an unpredictable
sequence of different applications entering and leaving the system at a runtime.
In addition, due to the need to honor an upper limit on power consumption, i.e.
fixed thermal design power (TDP) or dynamic thermal safe power (TSP) [Pagani
et al., 2014], in the dark silicon era, a power capping mechanism is required to
monitor the instantaneous total system power consumption and manage the power-
performance requirements of the system.

The related work on closed-loop dynamic power management for chip multi-
processors can be classified into two main categories:

• NoC-centric techniques that utilize different communication related infor-
mation such as queue length and injection rate as feedback to adjust voltage
and frequency of processing elements, routers, or voltage-frequency islands
(VFI) accordingly (e.g., [Bogdan et al., 2013] and [David et al., 2011]).

• Power capping techniques proposed for bus-based multiprocessor systems
which utilize chip/per-core/per-cluster power measurement and per-core per-
formance as sensory data to optimize system power-performance character-
istics within a fixed power cap where there is no concern regarding network
congestion and saturation (e.g., [Muthukaruppan et al., 2013] and [Ma and
Wang, 2012a]).

1It should be noted that this example is quite theoretical where/in which there is anything sequen-
tial in the application
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Even though all the techniques in these categories efficiently control the power
consumption for their target platforms, they are not comprehensive enough to con-
sider several factors affecting the performance in manycore systems. Therefore,
we first characterise different key parameters which should be taken into consider-
ation to devise a proper power management approach for the dark silicon era. In
the following, we list the parameters and discuss their significance:

• Power Budget: Due to thermal issues in the dark silicon era, there exists
an upper limit on power consumption which is called thermal design power
(TDP) if it is a fixed value or thermal safe power (TSP) [Pagani et al., 2014]
if it can change dynamically at a runtime depending on the number of active
cores in a system. To guarantee the safety of the chip this limit should be
strictly honored by the power manager.

• Application Performance: In order to monitor the impact of DVFS on ap-
plication performance, a virtual or physical sensor to measure processors’
utilization such as performance counters are needed. The main idea is to
monitor how much impact voltage-frequency (VF) upscaling has had in the
last epoch to increasing performance, and similarly how much VF down-
scaling has had negative impact on performance in the previous monitoring
time-window.

• Network-on-Chip Congestion: Congestion in communication medium can
easily lead to a poor efficiency of DVFS process. Assume a pair of producer
and consumer processing elements (PEs) where there is a congestion in one
or multiple routers in their communication path. VF upscaling of such PEs
will result in either zero or marginal performance gain, while a considerable
amount of energy can be wasted due to a long waiting time of data transac-
tions. Therefore, utilizing congestion meters in NoC routers can provide to
the power manager a beneficial source of information.

• Application’s Network-Intensity: A source-throttling congestion control
mechanism will impact in a limited way performance if it is done only based
on network-load [Chang et al., 2012]. Such a mechanism is not application-
aware, but rather throttles all applications equally regardless of applications’
sensitivity to latency. Different applications impose different injection rates
to the network and suffer differently from network congestion. As DVFS on
PEs has also affect on application throttling, i.e. VF upscaling (downscaling)
of a PE may result in increasing (decreasing) packet injection rate by the
PE to the network, applications’ characteristics in terms of their network-
sensitivity should be also monitored and considered in power management.

• Applications’ Priorities: There are different types of applications, for in-
stance non-realtime, soft realtime, and hard realtime, where they demand
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Figure 3.2: Power-aware mapping (PAM)

different quality of service at a runtime. These requirements including the
minimum required power-budget for each application need to be considered
in the prioritization phase in the controller.

• Disturbances Caused by Runtime Mapping: Whenever a new application
is mapped onto the system, it is likely to cause a sudden change in overall
power consumption that shoots above the TSP/TDP. Such sporadic rises in
power consumption should be also considered and proactively managed.

In this part we discuss briefly the proposed power controllers from the naive
power aware mapping (PAM) to complex reliability-aware multi-objective (RA-
MOC) approach.

3.1 Power-Aware Mapping (PAM)

Figure 3.2 shows system architecure for power aware mapping (PAM) approach
that is a simple controller for power management and is discussed in Paper II in
more details. In PAM, based on the power feedback from the system and a power
estimation of the most recently coming application, mapping the application is
postponed until the summation of instantaneous power and estimated power of
the new application is below TDP. The only power management actuator (knob) in
PAM is PCPG that will be applied to the cores no application running on them, i.e.,
idle cores. Hence, since this technique simply stops running applications when the
power violates, it performs reasonably well and we consider it as a naive baseline
model to compare the other proposed methods.
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Figure 3.3: Dark silicon aware power management

3.2 Dark Silicon Aware Power Management (DSAPM)

The first attempt to propose an efficient power management technique in dark sili-
con era is shown in Figure 3.3 that is termed as dark silicon aware power manage-
ment (DSAPM) and discussed in Paper II. The goal of the controller is to regulate
the power using DVFS and PCPG actuators together. As can be seen, a feedback
controller using system power measurement is incorporated. Similar to all other
control systems, the controller compares the system output with a target value. Af-
ter comparison, it manipulates the system actuators to minimize the error. The Dy-
namic Mapping Unit (DMU) tries to allocate system resources connected through
the network, to incoming application tasks in an efficient way. It also provides in-
formation of the existing application(s) running on the system (RAI) to properly
manipulate the actuators (e.g. priority vector and application matrix).

There can be various types of applications with different priorities on the sys-
tem. The priority of an application determines the level of expected QoS. The
power consumption of individual routers also vary dynamically due to primarily
the uneven traffic distribution in a network. When a set of system resources are
allocated to a task, part of the network become active with packets flowing in
different directions. The associated routers regulating the packet flow thus dis-
sipate proportional power in order to manage such traffic. To accurately mea-
sure this power dissipation, a power meter is designed within the router micro-
architecture [Weldezion et al., 2013].

The power meter reads the rate of packet flow at link level and sends its aggre-
gate value to the central control as a packet. There are four directional links (South,
West, East, North) and a local link connecting to a processing element. If there is no
packet flow in any of the links, then only the leakage power is consumed. If every
link is passing a packet per cycle, then the router is consuming 100% its dynamic
power actively. This happens when the network traffic is congested. However, un-
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der optimal conditions for unsaturated network, the router level power reading is
smaller than 100%.

In our power management platform, the Application Power Calculator (APC)
unit calculates the current power consumption of each application based on the Ap-
plication Matrix provided by the Dynamic Mapping Unit and Tile Power Matrix,
measured by the core and router power meters. By masking the Application Matrix
on the Tile Power Matrix, the APC block calculates the current power consump-
tion of each application, forms the Application Power Vector, and passes it to the
Controller Unit.

It should be noted that if the fine-grained power measurement is not supported
by a manycore platform, our power management approach still works fine even in
the absence of the APC unit. The only feedback being necessary for our approach
is the total chip power consumption. However, the APC unit improves the power
allocator’s decision by providing extra information regarding the contribution of
each application in the total power consumption.

An ideal network configuration is one with a scalable network topology and
traffic distribution where every packet is transmitted and received without delay
and bandwidth limitation. For example, a network running a highly localized traffic
where every node sends packets only to its immediate neighboring node, can be
considered as an ideal one because it exploits its maximum performance. There is
no traffic congestion in the network and each packet reaches its destination within
a predictable latency.

Nevertheless, in practice, network traffic distribution is non-uniform and due to
interconnection complexity and intrinsic wire delays such an ideal topology is not
feasible. Instead more practical configurations, such as generic 2-D mesh or 3-D
cube topologies, are used. However, the scalability of such practical topologies is
limited as the capacity of the networks do not grow proportionally to accommodate
traffics generated with increasing number of cores [Weldezion et al., 2009].

For each additional core, the network traffic gets more easily congested and
the overall throughput per core decreases and hence the total network performance
gives a diminishing return due to increased communication distance. This leads to
a network performance gap as shown in Figure 3.4 for a network with a Uniform
Random Traffic (URT) where every core is not able to send or receive packets in
every cycle. In such cases, there is no need for a core to be actively consuming
power at high frequencies or voltages. Thus, we find it imperative to take the net-
work performance gap into account when designing dynamic power management
manycore systems.

In our platform, each router is equipped with a congestion meter. The conges-
tion meter measures router congestion levels in its recent history. More precisely, it
measures the traffic dynamically by calculating the moving average of packet flow
in every link of a router as follows:
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number of cores per chip as shown here for URT.

CTotal =
1

W

i+w∑
cycle=i

(θSouth,i + θNorth,i + θEast,i + θWest,i + θLocal,i) (3.1)

Where θ = {0, 1} is the presence or absence of a packet in a link at any given
cycle, W is the width of the moving window, and CTotal is the moving average
congestion level.

The congestion level of each router is transferred to the Application Congestion
Calculator (ACC). By masking the Application Matrix on the Tile Congestion
Matrix provided by the DMU, ACC calculates the average congestion level for
each application and sends it to the controller unit.

The DVFS operation considers both normal and near-threshold cases. Voltage-
to-frequency scalings are modeled by interpolating empirical results from circuit
simulations. Transistor switching speed scales exponentially with the threshold
voltage while operating at near-threshold voltage. As a result, near-threshold oper-
ation region is highly sensitive to the threshold voltage [Wang and Skadron, 2012].
For instance, the results for 16nm, 22nm, and 32nm technology node scalings are
illustrated in Figure 3.5. More details regarding near-threshold frequency and volt-
age modeling can be found in [Wang and Skadron, 2012].

When bunch of applications are running on the system, the only way to change
the overall power is to perform DVFS on the cores. If DVFS cannot be applied,
because of reaching the lowest DVFS level or limitation in application QoS re-
quirements, one application should be killed to save the power by PCPG. In the
case of power violation, the amount of contribution each application has on over-
all power consumption and local network traffic are used as the metric to select
the candidate application for VF downscaling. Since it is more efficient to apply
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Figure 3.5: Maximum frequency for a given voltage at 16nm, 22nm, and 32nm

DVFS on all the worker cores executing a certain application 2, the more contri-
bution each application has on overall power consumption, the less down scaling
in voltage/frequency is needed for power inhibition. Furthermore, since the appli-
cation operating frequency has a direct relationship with network congestion, the
application which produces less local congestion is selected first. More details of
the downscaling/upscaling algorithm and obtained result in comparison with the
state-of-the-art are discussed in Paper II [ICCD-2014].

3.3 Multi-Objective Controller (MOC) for Power Man-
agement

The design of the controller can be more complex especially when different strate-
gies to manipulate the actuators result in significant difference in performance and
power consumption. In general the effect of changing VF, as one of the important
power management actuators, can be investigated from two aspects namely its con-
tribution on overall power consumption and its effect on the system performance.
The final goal of the controller design must be to regulate the power consumption
with the least negative effect on the system performance while considering maxi-
mum power upper bound. In the previous section, we suggested two metrics to se-
lect the target application to perform VF down/up-scaling namely tile power matrix
and congestion matrix. More investigation on the characteristics of applications in
their contribution on chip power consumption and network traffic shows that ap-
plications behave differently while applying VF scaling in terms of changing the
overall power consumption and network traffic. For example, VF down-scaling on
applications that are consuming more power, because of higher task activity or etc,
results in higher power reduction comparing to VF down-scaling on applications
with less power consumption. Moreover, VF down-scaling on applications with

2More details and supporting discussions can be found in Papers II, Paper III, and Paper IV
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Figure 3.6: Overview of the multi-objective dark silicon aware power
management system (AIRC: Application Injection Rate Calculator, ABUC:

Application Buffer Utilization Calculator, APUC: Application Processor
Utilization Calculator, APC: Application Power Calculator)

higher packet injection rate decreases network traffic more than VF down-scaling
on applications with lower packet injection rate. To consider such application char-
acteristics in power management alongside other observations such as power con-
sumption and network congestion, an efficient multi-objective control approach is
proposed and discussed in Paper III which considers workload characteristics, per-
core power and performance measurements, network-load, disturbances caused by
runtime mapping, and total chip power measurement all together.

Details of the multi-objective controller (MOC) are presented in Figure 3.6.
The framework represents a general controlling strategy for manycore systems en-
abled with run-time mapping that can easily be applied to any NoC topologies
such as 3D architectures. Run-time Mapping Unit (RMU) allocates cores in the
NoC-based system to tasks of applications commenced for execution. Some infor-
mation regarding the mapped applications is also provided by this unit to be passed
to other controlling units. This is what we call Runtime Application Information
(RAI). The priority of an application is proportional to the amount of expected
QoS for that application. On a system, there might be different types of applica-
tions running with different priorities. For example soft realtime and non-realtime
application might have different levels of priority in such systems.

Likewise the previous controller, an efficient observe, decide, and act (ODA)
management strategy in this context requires several observation units to monitor
different system characteristics at runtime. Later we show that such observation
can be enhanced by including other system characteristics such as thermal profile,
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aging profile, etc.
To better consider applications’ behaviour in power management strategy, two

general metrics have been used namely application injection rate (AIR) and ap-
plication performance-power (Dprf−pwr). Based on applications’ injection rate
(IR) information obtained from Application Injection Rate Vector (AIRV), all the
applications are classified into two categories, intensive (Iset) and non-intensive
(NIset), the applications are also classified into two categories, congested (Cset)
and non-congested (NCset) based on their buffer utilization (BU) information ob-
tained from Application Buffer Utilization Vector (ABUV). An application is con-
sidered to be congested if its corresponding routers’ buffer utilization value is larger
than a predefined threshold, for example 75%. Figure 3.7 shows four possible ap-
plication types after classification based on injection rate and congestion. Then,
every application is tagged at runtime with a 2-bit label which can get one of these
values: NI_NC (non-intensive, non-congested), NI_C (non-intensive, congested),
I_NC (intensive, non-congested), and I_C (intensive, congested). These tags are
variable and updated in every iteration. This provides appropriate target set of
applications that can be upscaled or downscaled to maximize network throughput.

Performance-power ratio (i.e., Dprf−pwr) is another metric for an application
to be selected for VF upscaling or downscaling. In [Ma and Wang, 2012a], prod-
uct of core utilization (Util) and aggregated frequency (Freq) is used as a high-
level computational capacity metric. In this metric, the frequency is weighted to
deduct the idling cycles. We extend this metric by aggregating core utilization in
an application (appUtil), provided by APUC, to calculate the performance of an
application as:

Perfcurrent = appUtil × Freqcurrent (3.2)

Then, the performance-power ratio is calculated as the following:

Dprf−pwr =
Perfnext − Perfcurrent

Powernext − Powercurrent
(3.3)

Powercurrent is the power consumption of the current application provided by the
APC unit. Powernext and Perfnext are the estimated power consumption and
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performance of the application after the DVFS process. The next level of voltage
and frequency (Vdd_next and Freqnext) are estimated for the candidate applica-
tions based on the magnitude of PIDout and application size. The Perfnext and
Powernext are calculated as follows:

Perfnext = Perfcurrent ×
Freqnext
Freqcurrent

(3.4)

Powernext = Powercurrent ×
Freqnext

Freqcurrent
× (

Vdd_next
Vdd_current

)2 (3.5)

After calculating Dprf−pwr for all the applications in appSet, a simple
quicksearch algorithm is performed to find the application with the lowest and
highest Dprf−pwr value as the target application for DVFS, respectively.

Power regulation is performed by PID controller through applying VF scal-
ing on target application selected by the power management algorithm. However
the PID controller cannot immediately regulate a drastic power overshoot which
might happen during the commence of a new application. To tackle such unwanted
sporadic event, a specified unit is designed inside the controller unit, shown in Fig-
ure 3.6 as DisturbanceRejecter , to pro-actively scale down a selected set of
applications to collect the power budget required by the new application before it
starts.

3.4 Dark Silicon Patterning

Conventional mapping strategies schedule applications and tasks within an appli-
cation in a contiguous and tightly packed manner in order to i) reduce inter-task
communication latency and ii) maintain a regular geometrical structure to avoid
dispersion of incoming applications. Despite the lower communication penalty,
contiguous mappings accumulate temperature faster due to densely mapped active
cores which mutually affect each others’ temperature. This leads to on chip tem-
peratures approaching critical temperature by consuming a relatively lower power
budget, limiting resource utilization. Potential hot spots and thermal violations are
likely to be handled by dynamic thermal management techniques, which can sub-
sequently reduce the performance further. This can be addressed with an adaptive
mapping policy that schedules applications in a sparse manner, as opposed to the
conventional dense mappings. Applications and tasks within an application are
mapped in a spread out manner in order to balance the heat distribution across the
chip evenly. With hot active cores being neighboured by cool inactive cores, tem-
perature accumulation is slowed down and the cores can consume relatively higher
power before reaching critical temperature. This increases the utilizable power
budget under safe thermal limits, improving performance. We refer to this tech-
nique as dark silicon patterning/aligning inevitable dark cores (inactive) alongside
active cores to reduce mutual heat effect among them. Although spread out map-
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Figure 3.8: Thermal profiles of contiguous and spatially distributed mappings

pings induce communication penalty, the power budget gains would be significant,
making it a better trade-off.

The impact of spatial alignment of active cores on power budget is explained
through a motivational example, presented in Figure 3.8. Three applications App1,
App2 and App3 with 9, 12 and 7 tasks respectively are assumed to be running on
the system. Conventional mapping approaches offer lower inter-task communica-
tion latency by greedily mapping all the applications contiguously. Mapping of the
3 applications contiguously on a NoC-based many-core system with 144 cores is
shown in Figure 3.8(a). The power budget (TSP) of this system as computed by
TSP library is 66W. A non-contiguous and spread-out mapping of the same appli-
cations (as well tasks) is shown in Figure 3.8(b). This mapping provides a power
budget (TSP) of 74.6W, as calculated by TSP library. An improvement of 8.6W in
power budget can be observed for the spread-out, patterned mapping as opposed to
tightly packed and contiguous mapping. Contiguous mapping avoids dispersion,
but it leads to poor thermal profile of the chip due to prorogation of heat among
neighboring applications and tasks and thus resulting in lower power budget. Con-
trastingly, spatially distributed mapping of applications offers higher power budget
as effect of heat among different applications is negligible. Also, active cores are
patterned along with inactive cores such that heat effects of neighboring cores run-
ning the same application are minimized.

The top level abstraction of the system implemented in the patterning approach
is shown in Figure 3.9. Runtime mapping unit (RMU) estimates the power of
incoming application and checks if the chip currently has enough power budget
to run the new application, more details of this technique are discussed in Sec-
tion 3.1. The application is forwarded onto the system if there is available budget.
In case of un-availability, the application waits until the system can allocate enough
budget, perhaps with currently running application(s) leaving the system after fin-
ishing their execution. TSP Calculator receives current mapping configuration of
the system as input and computes the realistic upper bound on power budget, the
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thermal safe power (TSP). The RMU feeds this new budget value to the chip and
updates the maximum power budget of the chip to the TSP provided by the TSP
Calculator. The complementary elaboration of the proposed idea and motivational
examples can be found in Paper V.
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Chapter 4

Reliability Awareness in Dark
Silicon Era: Prolonging System
Lifetime

In the previous chapter, it was shown that how dark silicon can be mitigated to
increase the overall performance while honoring the maximum power budget, i.e.,
TDP or TSP. In this chapter, dark silicon is considered from another perspective: to
opportunistically exploit dark silicon to satisfy other design constraints (e.g., ob-
taining higher reliability in our study). Recently, reliability has emerged as a key
metric in the field of chip design and it has become one of the main constraints and
limiting factor alongside performance and power. Past studies [Xiang et al., 2010]
have shown that many types of failure are exponentially dependent on temperature,
and a 10− 15◦C difference in operating temperature may result in a 2× difference
in the overall lifespan of a chip. In fact, the adoption of a TDP (or TSP) only par-
tially solves the issues related to the increased power densities, and the resulting
high operating temperatures within the device. Even if TDP avoids excessive tem-
perature peaks, the overall temperature profiles that characterize modern devices
are considerably higher than that of in the past. As discussed in the ITRS reports in
2011 [Semiconductor-Industry-Association et al., 2011], such high temperatures,
combined with the extreme downscaling of CMOS technologies, have caused an
acceleration in device aging and wear-out processes. As a matter of fact, modern
circuits are more susceptible to phenomena such as electromigration or time de-
pendent dielectric breakdown, that lead to circuit degradation causing delay errors
and, eventually, device breakdowns. Thus, we are currently experiencing a dra-
matic decrease of lifetime in modern digital systems that can be considered while
dealing with dark silicon phenomena.

In the past years, researchers (e.g. [Ma and Wang, 2012b, Chantem et al.,
2013, Gnad et al., 2015, Sun et al., 2014, Huang and Xu, 2010]) have proposed
system-level strategies for slowing down the aging process. In these works, the
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main idea is to balance the utilization of processing cores and to use dynamic
voltage and frequency scaling (DVFS) to keep the operating temperature and the
accumulated stress under control over the system’s service time. However, as men-
tioned before, management of many-core systems is a complex problem where
several matters need to be considered, e.g., dynamicity of running workloads and
power consumption. For these reasons, many-core systems are generally provided
with an advanced runtime resource management layer orchestrating applications’
mapping and power distribution across the system. In this scenario, the straight-
forward integration of existing approaches is not effective, since in this scenario
only a part of the complex problem is considered, and often, such scenarios have
partially contradicting objectives with the resource management policies viz., to
enhance power-performance characteristics vs. to enhance balanced allocation.

In Paper VI, through presenting empirical evidence derived from an extensive
set of experiments we show how reliability management can be considered as an-
other objective to reinforce the resource management. Moreover, we elaborate on
the challenges related to the definition of reliability-aware runtime resource man-
agement strategies for the considered architecture under the dark silicon scenario.
As resource management should control several knobs such as task allocation, volt-
age/frequency manipulation, etc, this might lead to an objective overlap among
different control units and requires further coordination toward obtaining final ac-
tuation in these units. Thus, despite in dark silicon management where core-wide
power saving techniques have been employed, in this chapter our goal is to exploit
dark silicon through runtime application mapping to minimize the overlap with the
power management. Later we provide more comprehensive study in which dark
silicon aware power and reliability management are merged together as a multi-
objective co-management of system resources.

Runtime application mapping policy is one of the key factors that determines
the performance and energy efficiency of many-core systems [de Souza Carvalho
et al., 2010] running a dynamic workload. Most of the existing runtime applica-
tion mapping algorithms focus on communication minimization and contiguity of
the applications in the system. With dark silicon, the number of cores that can
be active is dynamic and subjective to activity of other worker cores. In fact, the
abundance of cores and the infeasibility of using all the cores at the same time
provide a unique opportunity for the runtime management unit to balance the uti-
lization stress among the processing units to prolong the system lifetime. In the
following, we propose a runtime reliability-aware resource management technique
for many-core systems to evenly distribute the workload stress across the system.
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4.1 Reliability-Aware Runtime Mapping

The proposed reliability-aware runtime mapping technique is composed of two
phases (i.e. nested feed-back controllers): i) runtime reliability analysis (i.e., the
long-term management), and ii) reliability-aware runtime mapping (i.e., the short-
term management). In the long term phase, a reliability analysis unit monitors fine
grained thermal profile and computes the aging status of each subsystem by means
of a state-of-the-art statistical reliability model. In the short term, based on the
information obtained from the long term analysis, online resource management is
adopted not only to fulfill the target reliability requirements which is specified in
design time, but also to balance the lifetime of the system by excluding the more
stressed cores from the mapping selection pool.

The overall architecture of the proposed lifetime-aware runtime mapping ap-
proach is shown in Figure 4.1. Similar to dark silicon management techniques, as
shown in Figure 4.1, the approach uses a centralized controller, implementing a
feedback control loop, which are organized into two main units, 1) being in charge
of application mapping and the other 2) dealing with lifetime reliability. Indeed,
such partitioning of the activities is motivated since two different time horizons are
considered here: mapping activities are performed at a lower frequency, since ap-
plications can be issued every minute and they last for a period ranging from some
seconds to a few hours, while reliability can be managed with long-term decisions,
as the aging is a slow phenomenon and has perceptible effects over epochs lasting
for days or weeks.

The Reliability Analysis Unit is the long-term controller responsible for mon-
itoring the aging status of the cores. The unit computes an aging reference, that
is a target reliability curve defined to reach the specified reliability requirement
R(ttarget) at the end of the lifetime ttarget. This aging reference suggests the con-
troller on how fast each core should age to fulfill the given reliability target. Then,
at predefined long-term epochs the unit analyzes the current reliability value of
each core w.r.t. the target aging reference to compute a specific reliability metric
describing the aging trend. The unit gathers the cores’ aging status by a utility
module, called Reliability Monitor. This unit continuously reads the cores’ tem-
peratures (every few seconds), and accordingly updates the R(t) values by using
the model discussed in [Bolchini et al., 2014b], and in particular the following
equation:

R(t) = e
−
(∑i

j=1

τj
αj(T )

)β
(4.1)

where τj represents the interval between the measure Tj andTj−1 up to time t (i.e.,
t =

∑i
j=1 τi).

The Runtime Mapping Unit is the short-term controller that dispatches the
arrived applications on the grid of processing cores. It is activated at application
arrival events and takes decisions according to 1) the profiled characteristics of the
arrived application (e.g. the required dynamic power consumption of each task),
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Figure 4.1: The overall architecture of the proposed runtime lifetime-aware
mapping controller.

2) the current power consumption received by the Power Monitor, and 3) the
information received by the Reliability Analysis Unit. In particular, the reliability
metrics of the various cores are used as weights in the mapping decisions. The unit
is also provided with a waiting queue, where applications are temporarily stored
if the system is not able to immediately admit them due to unavailability of idle
cores or a violation of the power budget. Finally, the actuation phase is executed
by the Runtime Mapping Unit which dispatches the applications. The details of the
various modules briefly discussed here are presented and formalized in Paper VIII.
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Chapter 5

Reliability Awareness in Dark
Silicon Era: Online Testing

As discussed before, increasing density of logic gates in silicon chips and suscep-
tibility to internal defects have led to increase in permanent fault manifestation
in nanometer technology devices. One viable solution to handle such reliability
quest is to detect and manage permanent failures in operational components via
concurrent error detection and online testing. Traditionally, error detection and/or
correction is generally implemented by redundancy-based techniques [Sieworek
and Swarz, 1982], such as duplication with comparison (DWC) or triple modular
redundancy (TMR) for concurrent online detection and correction of errors and
built-in-self-test (BIST) or test access mechanism (TAM) for online/offline fault
detection, which present a high cost due to area occupation. Another strategy for
online testing is Software Based Self-Test (SBST, [Foutris et al., 2010, Kaliorakis
et al., 2014]), which is implemented via periodic execution of specific testing rou-
tines devoted to the functional solicitation of the circuitry for the detection of per-
manent failures. Since such strategy does not require any additional circuitry, it
represents the most promising solution for consumer electronic devices. Indeed,
an example of its large scale deployment is in the automotive on-board computing
systems [Bernardi et al., 2011] such as [Haghbayan et al., 2015b, Kaliorakis et al.,
2014].

Many-core systems fall under this umbrella of the digital devices which
can significantly benefit from SBST [Skitsas et al., 2013, Khodabandeloo et al.,
2011,Haghbayan et al., 2010]. In fact, such systems commonly do not often feature
any integrated hardware for online testing and, are subject to a considerable stress
caused by intensive data-processing workload. The deployment of SBST in many-
core systems offers at the same time new opportunities and challenges. Due to the
importance of the power consumption, in the dark silicon era, there is a quest for
a power-aware online test scheduling approach to detect faults occurring in many-
core architectures with minimum performance degradation. Another challenge of
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test scheduling is the high dynamicity and heterogeneity of the executed workload.
This makes the amount of dark area on the chip (i.e., total chip utilization) highly
variable. Furthermore, due to the emergence of new concepts, such as dim sili-
con [Wang and Skadron, 2012] as a way to minimize dark areas and increase the
number of active cores, the system might reach up to 100% core utilization (if the
majority of running application are not performance-demanding) by making use
of power management features through Dynamic Voltage and Frequency Scaling
(DVFS) [Rahmani et al., 2015]. This makes the behavior of such systems to be
highly related to the characteristics of the workload. At different moments of time
it is possible to have considerable dark areas with small resource utilization due to
the fact that some other group of cores are set on a high voltage-frequency level
thus reserving the majority of the overall power budget. On the other hand it is
also possible to have small dark areas with large resource utilization by globally
setting a very low voltage-frequency level. Therefore, if suitable scenarios are op-
portunistically identified (when there is enough power slack), such temporary dark
areas can be favorable targets for online testing in order to improve the system reli-
ability [Shafique et al., 2014, Haghbayan et al., 2014]. Nevertheless, DVFS knobs
also introduce other issues over the testing process [Kavousianos and Chakrabarty,
2013,Haghbayan et al., 2012]. As faults are manifested in different ways in differ-
ent configurations, systems should be tested at multiple voltage-frequency settings.
Therefore, the test scheduling needs to take into account the fact that SBST routines
should be executed on various cores at different voltage-frequency levels.

Given these motivations, this chapter presents a power-aware online testing
approach for the dark silicon era to exploit dark silicon for a transparent power-
aware online test scheduling in many-core systems. The sections are chronologi-
cally ordered based on development process of the proposed approach. The pro-
posed approaches mainly benefits from the high probability of finding dark cores in
large many-core systems and occasionally available power slacks for dynamically
scheduling SBST routines. This process is performed by the mapping unit, on the
idle cores that have experienced a high stress in the recent past. In Section 5.1 we
first present online concurrent test scheduling under dedicated power budget that
is based on Paper IX. In Section 5.2 we extend foregoing approach by proposing
a non-intrusive power-aware online testing to functionally test the cores in their
idle times that is based on Paper X. In particular, the approach exploits a criticality
metric, computed based on core utilization, to select the units for test. Then, a test
and scheduling approach selects the actual cores among the candidates based on
two conditions, 1) the cores should be idle (i.e., not currently involved in the exe-
cution of an application) and 2) there should be some power slack available to be
used for the execution of the running applications. In Section 5.3 the power-aware
online testing approach is reinforced by also reconsidering the online reliability
status of idle cores. Further, the test scheduling approach selects also the optimal
possible voltage-frequency settings to execute the SBST routine by considering the
system’s power budget.
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Figure 5.1: System architecture of energy efficient online testing approach

5.1 Energy-Efficient Concurrent Testing

Figure 5.1 shows the system architecture of the energy efficient concurrent testing
approach. The mapping algorithm uses a predefined power threshold (TDP ), the
current power consumption of the system, and an estimation of the power con-
sumption of the new application waiting to be mapped. Likewise PAM method
(Section 3.1), if instantanous total system power consumption plus the estimated
power consumption of the new application, exceeds a threshold, TDP , the central
mapper will wait for releasing some cores. Then, it allocates the available cores in
the system to the new application.

The Test Scheduling Unit shown in Figure 5.1 is responsible for allocating test
applications to the cores. The test application consists of an off-line generated soft-
ware which is mapped in the same way as ordinary applications, according to the
mapping algorithm. The Test Scheduling Unit chooses the best idle or dark core in
the system to be the core under test. This process continues repeatedly at runtime
and when a faulty core is detected the mapping unit is informed. Our test schedul-
ing algorithm aims to maximize the test speed by increasing the parallelism of the
test procedure while honoring the dedicated power bound for the test purpose. To
this end, we apply dynamic voltage and frequency scaling (DVFS) down to near-
threshold operation to the cores under test to minimize their power consumption
while increasing the number of parallel cores under test. Reducing the frequency
and voltage of a core under test increases the duration of the test procedure. How-
ever, experimental results show that parallel nature of the approach decreases the
total duration of the test process.
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5.2 Power-Aware Online Testing

Many-core systems with highly dynamic workloads are generally subject to
highly varying workloads, i.e., different types of applications arrive with an un-
known trend and are characterized by different performance requirements, variable
amount of data to be elaborated, different demand of processing resources just to
mention a few. Therefore, in each instant of time, the phasic behaviour of work-
loads and their distribution on many-core system affect instantaneous power avail-
ability on the system. Such variable workloads accompanying the variable change
in overall power consumption brings the promising opportunity to perform online
testing in many-core systems. Actually, the highly variable and evolving status of
the many-core system due to the dynamic workload presents periods with a high
resource and power utilizations and period with a low utilization. Therefore, an
opportunistic online test scheduling method can take advantage of the second kind
of situations in order to test the dark cores as long as there is enough room in
the remaining power budget. We found that without dedicating certain amount of
power budget for testing and only by monitoring different scenarios, low overhead
online test application can be performed. The proposed framework for dark silicon
aware online testing is presented in Figure 5.2. It is an extension of the classi-
cal runtime power management framework discussed in Section 3.2, with some
additional components devoted to the execution of the test-related activities.

The goal of the proposed approach is to transparently run SBST routines dur-
ing the system activities without affecting the execution of the nominal workload.
Thus, the aim is to guarantee that processing cores are not affected by permanent
failures and, at the same time, to maintain the required level of performance for the
running workload. The basic idea is to test each core with a rate proportional to the
stress it has been affected due to its utilization. If a core is frequently used for ex-
ecution of applications, it is highly stressed and therefore needs frequent tests. On
the other side, if the core has been rarely allocated, it does not require urgent testing
in the near future. The benefit of this approach is to guarantee the necessary test
frequency without performing cores’ over-testing that would have a negative effect
on the execution of the nominal workload in terms of larger power consumption
and unnecessary resources occupation, or cores’ under-testing that would reduce
the reliability of the system.

Test Scheduling Unit (TSU) is devoted to select the cores that need to be tested
according to the experienced stress and the scheduling of the testing task on those
cores. The experienced stress is estimated by means of a criticality metric. It
is computed according to a specific hardware component integrated within each
core counting the number of executed instructions. The TSU works in a tightly-
coupled way with RTM and DPM units to define a proper test scheduling. In
particular, the RTM unit has been slightly modified in order to take into account
the fact that if a core is candidate for the test procedure, it should not be considered
for mapping purposes. In Paper X, the various activities of TSU are discussed in
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Figure 5.2: The system architecture including the online testing framework

details together with the internal modifications to RTM Unit necessary to handle
the test information received by TSU.

5.3 Aging-Aware Tuning of Test Scheduling

At the beginning of the system lifetime, when a core is new, it is presumable that
it will have a low failure probability, and, therefore, it is not strictly necessary to
test the core very often. However, as the core ages, this necessity of online testing
increases proportionally to the failure probability. Therefore, we extend our online
testing approach to also consider the aging status of the chip. To develop this idea
we propose an approach to dynamically tune the testing period based on the core
reliability profile of the system.

The enhanced version of the proposed dark silicon aware online testing ap-
proach is presented in Figure 5.3, in which certain additional components are de-
voted to track the aging status of the system. As shown in Figure 5.3, the system
contains a Reliability Monitor (RM), which is in charge of computing the aging
status of each core. The RM can be implemented in two different ways: in hard-
ware, by means of wear-out sensors, or in software, by using a statistical lifetime
reliability model relying on the existence of per-core thermal sensors within the
platform. The RM implements the standard lifetime reliability model based on a
Weibull distribution [JEDEC Solid State Tech. Association, 2010] that is explained
in Chapter 3.

Another feature which is added to the proposed aging-aware online testing is
to perform test scheduling for each core at different voltage/frequency (VF) levels.
Based on the recent studies, some specific faults manifest themselves in a particular
VF settings [Ali et al., 2006]. These studies have concluded that multi-/many-core
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Figure 5.3: Proposed system architecture for reliability oriented power aware
online testing

systems equipped with DVFS should be tested at multiple voltage levels to ensure
that cores can operate reliably at different conditions. Testing at multiple voltage
levels is more challenging compared to that of single voltage level testing, be-
cause in each voltage level a separate SBST routine execution is needed and the
maximum possible operating frequency is limited [Kavousianos et al., 2012]. Test
scheduling and repetitively running test process for every voltage level drastically
increases the overall Test Application Time (TAT) that has a direct impact on the
overall system performance. At low voltage levels, test process becomes slower as
the frequency is lower, resulting in a longer TAT. To apply online testing on cores
running at different voltage levels, it is essential to use a test scheduling policy
with the minimum negative impact on system performance. To this end, allocated
core(s) need to be detected and enough power budget need to be available for the
test purpose so that the upper power consumption bound will not be violated. How-
ever, as test power consumption at different voltage levels considerably varies, the
suitable frequency level at each voltage level should be properly determined at
runtime. This approach is demonstrated and elaborated in Paper XI.
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Chapter 6

Power-Reliability Awareness in
Dark Silicon Era

So far in this thesis we discuss how to manage reliability and power in dark sil-
icon era. For power management a multi-objective feed-back based controller is
proposed to pursue performance optimization while fulfilling the power budget.
The actuators were PCPG and DVFS and the observations were based on large set
of monitoring parameters such as workload characteristics, network congestion,
and power-performance characteristics of cores. On the other hand, for reliability
management in dark silicon era two approaches of lifetime-aware runtime mapping
and power-aware online testing are proposed. In this chapter, two approaches are
presented in which power and reliability management are performed together in a
coordinated manner. In the first approach, we extend the multi-objective dynamic
power management technique presented in Chapter 3 to monitor the reliability of
the cores as the feedback, alongside current power consumption and other network
characteristics, while utilizing fine-grained voltage and frequency scaling and per-
core power gating as the actuators. The second approach provides a trade-off be-
tween system performance and reliability by simultaneously honoring the given
power budget and a target reliability metric. A novel runtime reliability analysis
unit is introduced to estimate the aging status of each core and computing a set of
metrics showing the per-core reliability trend over the system lifetime. Moreover,
the application mapping and resource management scheme are extended to co-
manage performance and reliability in order to meet the required target reliability
while having a minimal negative impact on system performance.

6.1 Reliability-Aware Multi-objective Power Controller

In this section multi-objective controller discussed in Chapter 3 is being extended
by considering reliability in power management alongside network characteristics
and power consumption. To do this, the effect of power management on system
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Selector

lifetime has been investigated and power controller has been enhanced to con-
sider core’s lifetime while managing the power. Fine-grained change of power
consumption can affect the core stress and lifetime distribution on the chip. There-
fore, alongside performance fulfillment, the multi-objective controlling mechanism
must also consider the current reliability state in its actuator manipulation to en-
hance the overall system lifetime in the long term.

Since cores are stressed in long-term, to design a reliability-aware multi objec-
tive controller (RA −MOC) two operation modes are considered, over-boosting
mode and reliability-aware mode. The over-boosting mode is characterized by
a highly intensive workload. For this reason, the system needs to work at full
speed, and, consequently, reliability issues are ignored. Whereas, in reliability-
aware mode, metrics from the reliability monitoring are taken into account to avoid
thermal hotspots while trying to obtain an acceptable performance as well. There-
fore, the ultimate goal of these two operating modes is to obtain in the short term
optimal system’s performance while mitigating unnecessary stress and wear-out
in the system in the long term. Therefore, the Power Controller Unit is provided
with an Operating Mode Selector which monitors the overall amount of workload
the system is experiencing in the current period of time and consequently decides
the proper operating mode. The Operating Mode Selector internally behaves as a
Finite State Machine, as shown in Figure 6.1, that on the basis of a given threshold
switches between the over-boosting and the reliability-aware mode. A tolerance
guardband can be used around the threshold value to avoid excessive oscillations
between the two different operating modes.

Figure 6.2 shows the reliability-aware power controller. As can be seen, the
framework is provided with a monitor devoted to the observation of the aging status
of the various tiles, i.e., Reliability Analysis Unit. This unit periodically samples
the current temperature of each tile by means of the available sensors and updates
the current chip reliability using the current temperature and previous reliability
measurement. The controller switches between over-boosting mode and reliability-
aware mode based on observation from workload in Policy Making Unit.

We observed that, there might still be possibility to further balance the reliabil-
ity by deviating from current determined VF level with a negligible performance
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Figure 6.2: Overview of reliability-aware multi-objective controller

penalty, even though when the controller is in reliability-aware mode. In this way,
we can achieve a more efficient reliability balancing in long term. To this end,
a reliability balancer module is added to Power Controller that tries to adjust the
distribution of power on chip by changes in VF levels of the tiles to reshape the
unbalanced reliability distribution. More details about the implementation and al-
gorithms are discussed in Paper IV.

6.2 Reliability-Aware Resource Management

In this section, a performance-reliability aware resource management for many-
core systems is proposed to deal with the trade-off between system performance
and reliability while honoring the given power budget. Figure 6.3 shows the frame-
work of the proposed approach. It is an extension of the runtime resource manage-
ment layer unit in operating system level to handle aging issues concurrently to the
nominal application mapping and power management.

The proposed resource management layer is organized into two main units be-
ing in charge of the power and reliability management. These activities follow two
very different time horizons: application mapping and power management activ-
ities are performed with a short-term frequency, since applications can be issued
every moment and they last for a period ranging from some seconds to a few hours,
while reliability can be managed with long-term decisions, since the aging of a sys-
tem is a relatively slow phenomenon and has perceptible effects over epochs lasting
for days, weeks or even months.
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The central part of the framework in Figure 6.3 (filled in gray color) represents
the long-term controller, which performs the reliability management and contains
the Reliability Monitor, Reliability Analysis Unit and Reliability-aware VF
Capping Unit. The former is an utility unit that computes that aging status of
each node within the architecture by continuously reading the temperature from the
per-core sensors and applying the adopted reliability model. Then, the Reliability
Analysis Unit monitors aging status of the various nodes according to the informa-
tion gathered by the Reliability Monitor. In particular, according to the reliability
requirement R(ttarget) at the end of the lifetime ttarget, provided at the beginning
of the service life by the system architect, it computes the target reliability curve.
This curve represents an aging reference showing how fast each node should age
in order to fulfill the given reliability requirement. Then, the unit periodically an-
alyzes the current reliability value of each node w.r.t. the target aging reference
to compute specific reliability metrics describing the aging trend to be used in the
mapping decisions. Finally, the Reliability-aware VF Capping Unit takes addi-
tional recovery actions to unstress nodes that have already consumed the available
“reliability budget”, i.e., their reliability is considerably below the reference curve.
Its main strategy is to cap maximum voltage/frequency levels of selected nodes to
reduce temperature peaks, and, consequently, slow down the aging trend.

The rest of Figure 6.3 represents the short-term controller, containing the set
of units devoted to the management of the nominal activities of the system. These
units have been specifically enhanced to take also into account the reliability met-
rics provided by the long-term controller in the decision process. In particular, the
reliability metrics are used as weight in the mapping decisions in order to prioritize
younger nodes, while power management takes into account the reliability-driven
maximum VF configuration. More details are discussed in Paper XII.
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Chapter 7

Discussion and Conclusion

The need to utilize controlling mechanisms in management of dark silicon is be-
coming more evident particularly when number of cores in a chip increases. In this
dissertation, we discussed and introduced a comprehensive multi-objective feed-
back based controller approach to manage dark silicon while protecting many-core
systems against power consumption violation from a certain limit while maximiz-
ing system utilization and throughput. The target system architecture across the
dissertation was a Network-on-Chip-based multiprocessor system using dynamic
application mapping where applications enter and leave the system at runtime. We
utilized a closed loop feedback system with comprehensive cross layer sensor data
such as processing elements’ power-performance measurements, application work-
loads, and network congestion to monitor the system. Several methods for scaling
the voltage and frequency of the cores, and a proactively avoid power consumption
violations were discussed. It was shown that the proposed techniques can effi-
ciently mitigate the dark silicon and manipulate power management actuators. The
obtained results show improvements in system throughput as well as reductions
in power violations for the proposed platform when compared to state-of-the-art
power management policies.

From another perspective, this dissertation shows how dark silicon phe-
nomenon can be exploited to increase the system reliability in many-core systems
by introducing reliability awareness in 1) runtime resource management and 2) on-
line testing process. Our results on reliability awareness are promising and pave
the way for more optimized and reliable resource management policies. Our proof-
of-concept approach achieves up to 20% lifetime improvement, where we antici-
pate future enhancements can be pursued if more advanced techniques are invoked.
The proposed power-aware online testing approach consists of a non-intrusive on-
line test scheduling algorithm using software-based self test techniques to test idle
cores in the system while respecting the system’s power budget. Moreover, a criti-
cality metric is proposed to identify and rank in terms of their reliability status. The
goal of the approach is to guarantee prompt detection of permanent faults, while
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minimizing the performance overhead and satisfying the limited available power
budget. Experimental results show that the proposed power-aware online testing
approach can 1) efficiently utilize temporarily unused cores and available power
budget for the testing purposes, within less than 1% penalty on system throughput
and only using 2% of the actual consumed power 2) evenly distribute the stress of
the cores and 3) cover all voltage-frequency levels throughout the test procedure.

Furthermore, as the final approach, an enhanced reliability-performance co-
management shows how reliability and power management can be amalgamated
together with the aid of novel reliability analysis unit and reliability-aware runtime
mapper. Moreover, a coupled customized reliability-aware power capping unit per-
forms core-level voltage/frequency scaling to provide excessively stressed cores
with a recovery period. Our experimental results demonstrate the effectiveness of
the strategy to fulfill the target reliability in long term with negligible performance
penalty and power budget violation compared with the state-of-the-art.
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Chapter 8

Overview of Original
Publications

Articles published including the results and analysis from the thesis are summa-
rized below.

8.1 Paper I: MapPro: Proactive Runtime Mapping for
Dynamic Workloads by Quantifying Ripple Effect of
Applications on Networks-on-Chip

In this paper, a proactive region selection strategy for application mapping is pro-
posed, prioritizing nodes that offer lower congestion and dispersion. The proposed
strategy, MapPro, quantitatively represents the propagated impact of spatial avail-
ability and dispersion on the network with every new mapped application. This
allows us to identify a suitable region to accommodate an incoming application
that results in minimal congestion and dispersion. The network is clustered into
squares of different radii to suit applications of different sizes and proactively se-
lect a suitable square for a new application, eliminating the overhead caused with
typical reactive mapping approaches. We evaluated our proposed strategy over dif-
ferent traffic patterns and observed gains of up to 41% in energy efficiency, 28%
in congestion and 21% dispersion when compared to the state-of-the-art region
selection methods.

The main contribution of this paper is listed as follows:

• Quantification of spatial availability in runtime mapping strategy, internal
congestion and dispersion into a unified metric

• Modeling of the ripple effect of a newly mapped application on the remain-
ing un-occupied nodes.
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• Proactive first node selection for a generic mesh-type NoC running dynamic
workloads.

Author’s contribution: The author is responsible for experimental setup, eval-
uation of the algorithm over synthetic workloads, comparison against the state-of-
the-art and drawing conclusions on advantages of MapPro.

8.2 Paper II: Dark Silicon Aware Power Management for
Manycore Systems under Dynamic Workloads

In this paper a PID (Proportional Integral Derivative) controller based dynamic
power management method is proposed that considers an upper bound on power
consumption, the Thermal Design Power (TDP). To avoid violation of the TDP
constraint for manycore systems running highly dynamic workloads, it provides
fine-grained DVFS (Dynamic Voltage and Frequency Scaling) including near-
threshold operation. In addition, the method distinguishes applications with hard
real-time, soft real-time and no real-time constraints to treat them with appropriate
priorities. In simulations with dynamic workloads and mixed-critical application
profiles, we show that the method is effective in honoring the TDP bound and it
can boost system throughput by upto 43% compared to a naive TDP scheduling
policy.

The key contributions of this work are as follows:

• Dynamic power management with explicit consideration on TDP con-
straints.

• A feedback controller providing fine-grained (per core) dynamic voltage and
frequency scaling (DVFS) including near-threshold operation.

• Congestion-aware power management designed for NoC-based manycore
systems, considering the network performance gap.

• To demonstrate the efficiency of the proposed approach in the dark silicon
era, we model a manycore system using current and future technology nodes
down to 16nm for different die area budgets.

Author’s contribution: The author proposed and implemented the main con-
troller by largely extending Noxim, a SystemC based manycore system simulator.
The author added support for voltage-frequency scaling to the Noxim platform
and implemented the PID controller for runtime power management in different
technology nodes. Furthermore, the author integrated power and technology scal-
ing models of Niagara-like cores from MCPAT and Lumos [Wang and Skadron,
2012].
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8.3 Paper III: Dynamic Power Management for Many-
Core Platforms in the Dark Silicon Era: A Multi-
Objective Control Approach

In this paper, a multi-objective dynamic power management method is proposed
that simultaneously considers upper limit on total power consumption, dynamic
behaviour of workloads, processing elements utilization, per-core power consump-
tion, and load on network-on-chip. Fine-grained voltage and frequency scaling,
including near-threshold operation, and per-core power gating are utilized to op-
timize the performance. In addition, a disturbance rejecter is designed that scales
down activity in running applications when a new application commences execu-
tion, to prevent sharp rise in power consumption that might lead to power budget
violations. Simulations of dynamic workloads and mixed time-critical application
profiles show that our method is effective in honoring the power budget while con-
siderably boosting the system throughput and reducing power budget violation,
compared to the state-of-the-art power management policies.

The key contributions of this work are as follows:

• Providing a comprehensive dark silicon aware power management platform
for NoC-based manycore systems under limited power budget (both TDP
and TSP) and running dynamic workloads (i.e., supporting runtime map-
ping)

• Design of a multi-objective feedback-based controller providing per-core
power gating (PCPG) and per-core DVFS considering workload characteris-
tics, network congestion, and power-performance characteristics of process-
ing elements (PEs)

• Integrate a proactive runtime mapping technique to reject the disturbance
(i.e., to avoid the high overshoot) which happens when a new application is
mapped onto the system in runtime

• Integrating dynamic TSP [Pagani et al., 2014] as reference at runtime, en-
abling developers to choose dynamic TSP or fixed TDP as power budget

Author’s contribution: The author implemented the multi-objective power
management approach in message-passing based manycore systems. Furthermore,
the author integrated the dynamic TSP calculation unit to the platform that became
one of the the references for PID controller. The author implemented the features to
extract network congestion, application injection rate and performance character-
istics from the system. The author contributed with the write-up and presentation.
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8.4 Paper IV: Reliability-Aware Runtime Power Manage-
ment for Many-Core Systems in the Dark Silicon Era

In this paper, we propose a multi-objective dynamic power management technique
that uses power consumption, network characteristics, and reliability of the cores
as the feedback to actuate fine-grained voltage and frequency scaling and per-core
power gating. In addition, disturbance rejecter and reliability balancer are designed
and added to smoothen power consumption in the short-term and reliability in the
long-term, respectively. Simulations of dynamic workloads and mixed criticality
application profiles show that our method is effective in honoring the power bud-
get, boosting the system throughput, and increases the overall system lifetime by
minimizing aging effects by means of power consumption balancing.

A preliminary version of the approach has been proposed in Paper III. This
work is extended to also consider lifetime reliability issues together with power
and performance optimization, as follows:

• Adding the reliability analysis unit to calculate fine grained reliability based
on the temperature profile feedback from the system.

• Developing novel decision policies targeted for two different operating
modes: Over-boosting Mode, when the system is experiencing an intensive
workload, and Reliability-aware Mode, when the non-intensive workload of-
fers the controller the opportunity to prolong the system lifetime.

• Extending the metrics for VF scaling decisions considering reliability of the
system.

• Adding an additional reliability balancing module running at coarse time
intervals.

• Evaluating the efficiency of our approach to provide high performance while
prolonging the system’s lifetime and fulfilling the given power budget.

Author’s contribution: The author implemented the reliability-analysis unit
and integrated it with Noxim platform. The author implemented the reliability-
aware power management policy and added it to the manycore system. The author
implemented the detection policy of workload and the corresponding state machine
and added them to the manycore platform to have two different modes of operation,
i.e., normal mode and reliability-aware mode. The author contributed with the
write-up and presentation.

8.5 Paper V: Dark Silicon Aware Runtime Mapping for
Many-core Systems: A Patterning Approach

In this paper, a dark silicon aware runtime application mapping approach is pro-
posed that patterns active cores alongside the inactive cores in order to evenly dis-
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tribute power density across the chip. This approach leverages dark silicon to bal-
ance the temperature of active cores to provide higher power budget and better
resource utilization, within a safe peak operating temperature. In contrast with
exhaustive search based mapping approach, our agile heuristic approach has a neg-
ligible runtime overhead. Our patterning strategy yields a surplus power budget of
up to 17% along with an improved throughput of up to 21% in comparison with
other state-of-the-art run-time mapping strategies, while the surplus budget is as
high as 40% compared to worst case scenarios.

The key contributions of this work are as follows:

• A dark silicon aware runtime application mapping approach that aligns ac-
tive cores with dark cores to offer higher power budget.

• A closed-loop power budgeting platform that keeps the maximum power
consumption under safe operational power (i.e., TSP) which varies at run-
time.

Author’s contribution: The author contributed in implementing the power
management for manycore system upon which the patterning approach is per-
formed. Furthermore the author contributed in proposing the idea and implemen-
tation of the algorithm of first node selection in the patterned based mapping. The
author contributed with a part of write-up and presentation of the paper.

8.6 Paper VI: Can Dark Silicon Be Exploited to Prolong
System Lifetime?

In this paper, we claim that dark silicon can be exploited for reliability purposes
by efficiently managing system resources (both cores and power) in order to pro-
long the system lifetime while achieving the same level of performance. Moreover,
the opportunities given by dark silicon for lifetime improvement in many-core sys-
tems is discussed by presenting empirical evidence derived from an extensive set
of experiments. Moreover, we elaborate on the challenges related to the defini-
tion of reliability-aware runtime resource management strategies for the consid-
ered architecture under dark silicon scenario. Our experiments demonstrate that a
reliability-aware runtime resource management approach can improve the lifetime
of the system up to 39% w.r.t. its nominal counterpart. It should be noted that
further improvements can also be achieved by using more advanced techniques.

Author’s contribution: The author implemented different techniques of run-
time mapping and power management on many-core system and investigated and
extracted the effect of those techniques on the system’s lifetime. The author con-
tributed with the write-up and presentation.
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8.7 Paper VII: Software-Based On-Chip Thermal Sensor
Calibration for DVFS-enabled Many-core Systems

In this paper, a general-purpose software-based auto-calibration strategy for ther-
mal sensors is proposed without using any hardware infrastructures for DVFS-
enabled many-core systems. We adopt a 2-point calibration method for calculating
the calibration constants of each thermal sensor at each VF level. We demonstrate
the efficiency of the proposed calibration strategy on a many-core platform, Intel’s
Single-chip Cloud Computer (SCC), covering all voltage and frequency combina-
tions on the platform.

Author’s contribution: The author contributed in proposing idea for and
implementation of software-based sensor calibration algorithm. Co-author Sami
Teräväinen also contributed in implementing the main thermal sensor calibration
algorithm on SCC platform which is a real platform of manycore system with 48
cores. The author contributed with the write-up and presentation.

8.8 Paper VIII: A Lifetime-Aware Runtime Mapping Ap-
proach for Many-core Systems in the Dark Silicon Era

In this paper, we propose a novel lifetime reliability-aware resource management
approach for many-core architectures. The approach is based on hierarchical archi-
tecture, composed of a long-term runtime reliability analysis unit and a short-term
runtime mapping unit. The former periodically analyses the aging status of the
various processing units with respect to a target value specified by the designer,
and performs recovery actions on highly stressed cores. The calculated reliability
metrics are utilized in runtime mapping of the newly arrived applications to max-
imize the performance of the system while fulfilling reliability requirements and
the available power budget. Our extensive experimental results reveal that the pro-
posed reliability-aware approach can efficiently select the processing cores to be
used over time in order to enhance the reliability at the end of the operational life
(up to 62%) while offering comparable level of performance against state-of-the-art
runtime mapping approaches.

The key contributions of this work are as follows:

• Proposing a lifetime reliability aware runtime mapping to fulfill systems’
target reliability requirements while considering performance and limited
power budget in many-core systems.

• Exploiting dark silicon to maximize the overall system lifetime by choos-
ing the less stressed resources and providing long term recovery period for
highly stressed cores.

• Utilizing fine-grained temperature feedback to dynamically analyze the re-
liability and develop design time target reliability analysis to be used as a
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metric in the runtime mapping algorithm.

Author’s contribution: The author implemented the reliability-aware map-
ping algorithm on Noxim platform which is SystemC based message-passing
manycore system. Furthermore, the author integrated the reliability model pro-
vided by Dr. Antonio Miele from Politecnico di Milano into the platform. The
author integrated Hotspot to the manycore system to calculate the temperature pro-
file required for modeling the reliability. The author contributed with the write-up
and presentation.

8.9 Paper IX: Energy-Efficient Concurrent Testing Ap-
proach for Many-Core Systems in the Dark Silicon
Age

In this paper an online concurrent test scheduling approach is proposed for the
fraction of chip that cannot be utilized due to the restricted utilization wall. Dy-
namic voltage and frequency scaling including near-threshold operation is utilized
in order to maximize the concurrency of the online testing process under the con-
stant power. As the dark area of the system is dynamic and reshapes at a runtime,
our approach dynamically tests unused cores of runtime to provide tested cores for
incoming applications to enhance system reliability. Empirical results show that
our proposed concurrent testing approach using dynamic voltage and frequency
scaling (DVFS) improves the overall test throughput by 250% compared to the
state-of-the-art dark silicon aware online testing approaches under the same power
budget.

The key contributions of this paper are listed as follows:

• Dynamic voltage and frequency scaling for testing cores in order to paral-
lelize the testing process with constant power allocated for test

• Test scheduling algorithm to select cores to be tested among free or dark
cores with lowest throughput penalty

• Power aware test scheduling according to the number of available resources
and current power of the system

Author’s contribution: The author implemented the test scheduling unit to
apply test routines on dark cores, honoring upper limit on power consumption.
Furthermore, the author implemented the dynamic voltage and frequency scaling
for test routines. The author also extracted the test routine model for testing the
Niagara-like in-order cores from hardware description language (HDL) code of
SPARC-like processor. The author contributed with the write-up and presentation.
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8.10 Paper X: Power-Aware Online Testing of Manycore
Systems in the Dark Silicon Era

In this paper, a power-aware online testing method for many-core systems is pro-
posed. The proposed power-aware method uses non-intrusive online test schedul-
ing strategy to functionally test the cores in their idle period. In addition, we pro-
pose a test-aware utilization-oriented runtime mapping technique that considers
core utilization and their test criticality in the mapping process. Our extensive
experimental results reveal that the proposed power-aware online testing approach
can efficiently utilize temporarily free resources and available power budget for the
testing purposes, within less than 1% penalty on system throughput for the 16nm
technology.

The key contributions of this work are as follows:

• Power-aware online test scheduling method with explicit consideration of
limited power budgets in many-core systems using runtime application map-
ping.

• Test-aware runtime mapping algorithm that considers cores with high test
criticality in the mapping process.

• Detecting suitable scenarios in many-core systems when online testing meth-
ods can be applied in a minimally intrusive (often non-intrusive) way.

• Feedback controller based power management mechanism considering
power consumption of cores in the normal operation and test modes.

• Modeling a many-core system using current and future technology nodes
down to 16nm for different die area budgets to demonstrate the efficiency of
the proposed approach in the dark silicon era.

Author’s contribution: The author implemented the test criticality analysis
unit, test scheduling unit, and test-aware mapping algorithm. Furthermore, the au-
thor extracted the test routine model of Niagara like in-order cores from hardware
description language (HDL) code of an SPARC-like processor to be applied on
system level model. The author contributed with the write-up and presentation.

8.11 Paper XI: A Power-Aware Approach for Online Test
Scheduling in Many-core Architectures

This paper proposes a power-aware non-intrusive online testing approach for
many-core systems. The approach schedules software based self-test routines on
the various cores during their idle periods, while honoring the power budget and
limiting delays in the workload execution. A test criticality metric, based on a de-
vice aging model, is used to select cores to be tested at a time. Moreover, power
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and reliability issues related to the testing at different voltage and frequency levels
are also handled. Extensive experimental results reveal that the proposed approach
can i) efficiently test the cores within the available power budget causing a negli-
gible performance penalty, ii) adapt the test frequency to the current cores’ aging
status, and iii) cover available voltage and frequency levels during the testing.

The main contributions of this paper, which is major extension of Paper X, are:

• An enhanced power-aware online test scheduling method with explicit con-
sideration of limited power budgets in many-core systems using runtime ap-
plication mapping.

• An efficient test scheduling method for testing the cores in different voltage-
frequency settings.

• Extending the test criticality metric [Haghbayan et al., 2015b] with a lifetime
reliability estimation to drive fault occurrence probability as a priority to test
the cores, and to balance the regularity of the test according to the aging
status of the cores.

• Modeling and evaluation of a many-core system using various current and
future technology nodes (32nm, 22nm, and 16nm) for different die area bud-
gets to demonstrate the efficiency of the proposed approach in the dark sili-
con era.

Author’s contribution: The author implemented the extended version of the
power-aware online test scheduling for manycore systems. Co-author Dr. Anto-
nio Miele from Politecnic di Milano contributed with providing life-time charac-
teristics of the Niagara like in-order cores. The author integrated these lifetime
characteristics of the cores into the manycore platform and extracted the results of
lifetime for maycore system in long term. The author contributed with the write-up
and presentation.

8.12 Paper XII: Performance/Reliability-aware Resource
Management for Many-Cores in Dark Silicon Era

In this paper we propose a novel lifetime reliability/performance-aware resource
co-management approach for many-core architectures in the dark silicon era. The
approach is based on a two-layered architecture, composed of a long-term runtime
reliability controller and a short-term runtime mapping and resource management
unit. The former evaluates the cores’ aging status w.r.t. a target reference spec-
ified by the designer, and performs recovery actions on highly stressed cores by
means of power capping. The aging status is utilized in runtime application map-
ping to maximize system performance while fulfilling reliability requirements and
honoring the power budget. Experimental evaluation demonstrates the effective-
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ness of the proposed strategy, showing that it outperforms recent state-of-the-art
techniques.

The key contributions of a mature version of the framework that we propose
here are the following:

• Proposing a two-step application mapping approach which considers relia-
bility metrics w.r.t. a lifetime target and the current VF map of the archi-
tecture to balance the performance/reliability trade-off while fulfilling the
power budget.

• Defining a maximum VF capping strategy compliant with state-of-the-art
reliability-agnostic power management approaches to unstress specific areas
of the device that have been aged faster than the prevision.

• Presenting a more advanced reliability analysis unit with a detailed discus-
sion on the reliability monitor.

• Presenting an extensive experimental evaluation revealing that the proposed
approach can carefully guarantee the required lifetime of the chip for differ-
ent power management strategies in long-term with a negligible performance
penalty.

Author’s contribution: The author implemented the reliability-aware applica-
tion mapping algorithm. Furthermore the author implemented the reliability-aware
voltage/ferequency capping algorithm and added it to the manycore simulator. The
author contributed with the write-up and presentation.
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