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Abstract—In this paper, we propose a novel lifetime reliability-
aware resource management approach for many-core architectures. The
approach is based on hierarchical architecture, 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 maximize the performance of the system while fulfilling
reliability requirements and the available power budget. Our extensive
experimental results reveal that the proposed 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 the comparable performance level of the state-of-the-art
runtime mapping approach.
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Mapping, Runtime Management

I. INTRODUCTION

Ongoing technology scaling in chip production has brought
massive computation parallelization with many cores fabricated on
the same chip area. At the same time, this technological trend has
increased power densities and, consequently, operating temperatures
in components. As a result, the susceptibility of the devices to
aging and wear-out phenomena (such as time dependent dielectric
breakdown, thermal cycling, or electromigration) has worsened [1],
thus dramatically decreasing the system lifetime. Therefore, design
for reliability is becoming a necessity in modern many-core systems.

On the other hand, power has become a first-class constraint in
recently fabricated many-core systems due to thermal and power
constraints and the emergence of the dark silicon era [2]. Dark
silicon denotes the phenomenon that, due to thermal and power
constraints, the fraction of transistors that can operate at full frequency
is decreasing with each technology generation. Accordingly, many
efforts have been made to manage system power consumption at
runtime alongside minimizing the effect of dark silicon [3], [4].
However, the dynamic nature (i.e., heterogeneity) of workloads makes
the amount of dark area on the chip (i.e., total chip utilization)
highly changeful that results in significant temperature gradient on
the substrate leading to unbalanced cores’ aging [5]. Furthermore,
a stress-agnostic workload distribution approach may lead to an
unbalanced aging among the cores of the system thus causing a
reduction of the lifetime of the overall system. Therefore, a paradigm
shift from the conventional performance-centric runtime resource
management to performance-reliability co-management is inevitable
specially for many-core systems using runtime mapping techniques.

Runtime application mapping policy is one of the key factors
that determines the performance and energy efficiency of many-
core systems [6] running a dynamic workload characterized by
applications starting and ending dynamically with an unknown trend.
Most of the existing runtime application mapping algorithms focus on
communication minimization in the mapping algorithm and contiguity
of the applications in the system. Moreover, with dark silicon, not all
the cores can be active at the same time and the number of cores that
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can be active is dynamic and subjective to activity of other worker
cores. This brings new opportunities to exploit dark silicon for the
sake of reliability by considering the aging status of cores in runtime
mapping as well as availability of the cores and power budget.

In this paper, we propose a runtime reliability-aware resource
management technique for many-core systems to evenly distribute
the workload stress across the system cores. The proposed 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 architec-
tural temperatures and computes the aging status of the system by
means of a state-of-the-art statistical reliability model. In the short
term phase, based on the information obtained from the long term
analysis, online resource management is adopted not only to fulfill the
design-time reliability requirements, but also to balance the lifetime
of the system by avoiding to choose the more stressed cores. Even
though, it has been generally claimed that reliability is one of the
crucial challenges for many-core systems in the dark silicon era [7], to
the best of our knowledge, ours is the first work to comprehensively
address the lifetime reliability and aging issues while maintaining
system performance at system level in the considered context. To
summarize, the key contributions of this work are as follows:

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

e Exploiting dark silicon to maximize the overall system lifetime
by choosing the less stressed resources and providing long term
recovery period for highly stressed cores.

e Utilizing fine-grained temperature feedback to dynamically an-
alyze the reliability and develop design time target reliability
analysis to be used as a metric in the runtime mapping algorithm.

The paper is organized as follows: Section II briefly discusses the
working scenario and motivating example. Related work about dy-
namic mapping and reliability-aware resources allocation are covered
in Section III. The proposed approach is presented in details in Section
IV. Experimental results are provided and discussed in Section V and,
finally, Section VI concludes the paper and discusses future work.

II.  WORKING SCENARIO AND MOTIVATION

To demonstrate the need for performance-reliability co-
management, let us consider a many-core system organized in mesh-
grid of homogeneous cores interconnected by a Network-on-Chip
(NoC) (as in [8]). Such system is generally employed in the acceler-
ation of highly-parallel data-intensive applications organized in terms
of a pipelined dataflow and represented by means of task graphs.

In many situations, when a system is deployed in specific ap-
pliance, the customers expect it to work for a planned service life,
expressed in a number of years. Thus, we may use the classical
stochastic reliability model [1], [12] to estimate the probability that
the system will survive until the specified lifetime:

R(t) = e (&) ()
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Figure 1: The effect of different runtime mapping approached on overall system lifetime (until the first core’s reliability reaches 30%)

In this work, we use the extended model presented in [12] since it
is able to consider aging effects due to temperature variations. When
considering such model, there are two possible approaches to express
the expected lifetime and to measure system reliability during its
operational life: 1) to compute the definition of Mean Time To Failure
(MTTF) (as in [13], [14]), or 2) to express a minimum reliability
level Riarge: the system must fulfill at the end of the service life
ttarget (as in  [15], [16]). We here consider the second method
since in the considered highly dynamic scenario, it is more suitable
for monitoring the actual system’s reliability against the target value
during the operational life.'

Now, let us assume that the target platform is a 12x12 many-
core system (subject to a 30% of dark silicon on average due to
power constraints) with the requirement of guaranteeing a service
life of about 12 years. More precisely, similar to [15], our goal is
to provide at least a 30% reliability for each single core at the end
of the target lifetime. We analyzed the most relevant state-of-the-art
dynamic mapping strategies for many-core systems [9]-[11] in terms
of the effects of the dispatching decisions on the reliability of each
single cores. It should be noted that all these state-of-the-art methods
are performance-centric and reliability-agnostic. As shown in the first
three plots in Figure 1, none of the approaches is able to guarantee the
target. In fact, they miss the requirement before 6 years when the first
core has a reliability below the 30%. This is due to the fact that when
there are various regions of cores suitable for executing the newly-
arrived applications, they take decisions only by means of metrics
prioritizing the minimization of the network congestion and mapping
fragmentation to achieve a higher performance. Potentially there may
be several suitable regions, but the selection will be performed in a
reliability-agnostic way. As a consequence, due to single objective
management strategy in these algorithms, some cores will be more
frequently selected and will age faster as shown in the plots.

In this paper, we argue that by performing a reliability-aware
dynamic resource allocation, it is possible to guarantee the specified
reliability constraint (as shown in Figure 1(d) where only after 12
years the first core has a reliability lower than 30% thanks to the
accurate stress balancing among the cores), while maintaining system
performance (in terms of completed applications per time), achieving
comparable results w.r.t. the reliability-agnostic approaches. In short,
we perform reliability-performance co-management.

III. RELATED WORK
Dynamic Reliability Management (DRM) to deal with an evolv-
ing workload have been investigated by various works ( [13], [14],
[16]-[20]) considering different architectures (e.g. bus-based multi-
core systems or NoC-based architectures) and different strategies (act-
ing on the mapping or on the Dynamic Voltage and Frequency Scal-
ing, DVES). The most effective knob in the NoC-based architectures

At the opposite, the MTTF computation requires to know the overall
reliability curve, and, in a dynamic scenario, it highly depends on all the
workload variations, and consequent temperature changes.

is actually the mapping but very few works [13], [14], [19], [20] have
addressed this issue. In [13], three basic reliability-driven mapping
strategies are evaluated in terms of MTTF by considering several
subsequent core failures. However, the considered workload consists
of a set of unconnected jobs, thus highly simplifying the mapping
problem. The approaches in [19], [20] defines migration controllers
that moves tasks from elder cores to younger ones. However, the
approach is too fine-grained. In fact, since device reliability changes
very slowly in time (in the order of days), therefore, a periodic
migration of the workload would be necessary only for applications
lasting for days or weeks because task migration has a consider-
able overhead on NoC-based manycore systems and may result in
fragmentation of application’s task across the system. Nevertheless,
the approaches are based on task migration that would lead to non-
optimal application performance also because they are not specifically
designed to deal with dynamic changes in the workload. In [14],
a reliability-aware resource management approach for application
mapping is proposed. However, as it is an almost exhaustive search
approach for task allocation, it is highly time consuming and lacks
scalability and performance consideration for NoC-based many-core
systems. Finally, a dynamic mapping approach based on a many-core
is introduced in [21]. Even though the idea is interesting, it does not
take into account power constraints. Moreover, the mapping policy is
based on a integer linear programming formulation, thus not suitable
for online execution.

As a conclusion, the literature presents approaches that not
completely address the reliability issues raising in the scenario of
many-core systems using runtime mapping and presenting dark silicon
constraints. In particular, the performance/reliability/power trade-off
has not been comprehensively investigated by accurately acting on
the mapping knob. Indeed, in the considered scenario, the mapping
choices are more influential than the DVFS one, since the system has
a power cap that does not allow to switch on all the cores at the same
time. The approach proposed here aims at addressing such aspects.

IV.  PROPOSED SYSTEM ARCHITECTURE

The architecture of the proposed lifetime-aware runtime mapping
approach is shown in Figure 2. The approach consists in a centralized
controller, implementing a feedback control loop, and is organized in
two main units (and some utility ones) being in charge of application
mapping and lifetime reliability management, respectively.

The Reliability Analysis Unit is the long-term controller respon-
sible for monitoring the aging status of the various cores. The unit
computes an aging reference, that is a target reliability curve defined
to reach the specified reliability requirement R(t;qrget) at the end of
the lifetime ;4. ge¢. This aging reference will suggest to the controller
how fast each core should age in order to fulfill the given reliability
requirement. Then, at predefined long-term epochs lasting from few
days to several weeks, 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.
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Figure 2: The overall architecture of the proposed runtime
lifetime-aware mapping controller

This last one continuously updates the R(t) values of the cores (every
few seconds) on the basis of the temperature measures and by using
the model discussed in [12]. The Runtime Mapping Unit is the
short-term controller that dispatches the applications available in the
incoming queue on the grid of processing cores. It takes decisions
according to the profiled characteristics of the arrived application
(e.g. the required dynamic power consumption), the current power
consumption received by the Power Monitor, and the information
received by the Reliability Analysis Unit.

A. The reliability Management Unit

The Reliability Analysis Unit monitors the cores’ aging status
and provides reliability metrics to the Runtime Mapping Unit. The
unit defines a target reliability curve Riarge:(t), called aging ref-
erence, on the basis of the required reliability target Rjifetime at
the given lifetime % ferime. This curve represents how ideally the
reliability of a core working at a constant temperature will have
to evolve during the lifetime to fulfill the reliability requirement.
Riarget(t) is defined for all the cores as:

()’
Rta'rget(t) =¢€ “target (2)
where, qiarger is Obtained by inverting Equation 1:
ti; fetime 3
(—In(Ruisetime))? ©
Then, every long-term period, the unit computes for each core
Nw,h, @ metric AR, (t) measuring the divergence of the current
reliability, received by the Reliability Monitor, and its target value:
ARw,h(t) - Rtarget(t) - Rw,h(t) (4)
ARy 1 (t) represents how each core is using the reliability budget
available to fulfill the overall reliability target:

e ARy n(t) > 0 means the core has been aged much more
than the expected reference value, and, therefore, it needs to
be offloaded to recover from the excessive experienced stress.

e AR, n(t) <0, means the core is younger than the expected age,
and, therefore, it can experience a higher stress in the future.

Qtarget =

B. Proposed Reliability-aware Mapping Approach

The aim of the Runtime Mapping Unit is to optimize system
performance (in terms of number of completed applications per time),
while guaranteeing reliability requirements. In fact, when considering
only performance requirements, as shown in Section II, a subset of
the cores would be generally preferred for applications execution, thus
leading to a non-homogeneous cores’ aging. At the opposite, when
considering only reliability requirements, we would cause a high
dispersion in application mapping, and, consequently, a considerable
network congestion and low system performance. Thus, the aim of
the mapping unit is to consider both the two aspects together.

To fulfill the dark silicon issues, the proposed Runtime Mapping
Unit preliminarily exploits the state-of-the-art power-aware mapping
(PAM) strategy from [8] to avoid thermal design power violation.
it decides whether to map a new application stored in the incoming
queue or wait until another running application ends, on the basis of a
power prediction for the new application and the current total power
consumption of the system measured through the Power Monitor.
Then, the mapping of an application is performed with the classical
two-stage approach: i) finding a region of most reliable cores, and
then ii) mapping individual tasks in the selected region.

In the first stage, the research for the required rectangular region
starts with locating a suitable first node. The first node represents the
core around which required number of free reliable cores are available
in a (almost) rectangular shape, which size depends on the number of
application tasks. The size of the region is generally characterized by a
radius 7 around the first node. This step has been automated by means
of the most updated state-of-the-art strategy, called MapPro [11], that
has been modified to consider at the same time reliability metrics. To
introduce reliability-awareness in MapPro, we replaced the original
vicinity counter metric used to identify the best region with a novel
metric called Reliability Factor (RF'). RF' is defined on a square
region identified by the first node 7., 4:

i+r Jj+r

RE, ()= > > Wniy X Rij(t) x (r—d+1) (5)
i=i—7 j=7—T

where R; ;(t) is the reliability of core n; ; at time ¢, r is the radius
of selected square, and d is the distance from occupied core to
the center (r > d). The formula is characterized by three factors
aimed at identifying the best region in terms of reliability (we select
younger cores) and achievable performance (we reduce mapping
fragmentation). Wn;; is the weight of core n;;:

1 if n; ; is unoccupied

Wni; = { 0 if n; ; is occupied

Wn; is used to discourage the selection of regions having busy cores
to avoid fragmentation. Then, R; ;(t) factor pushes to the selection
of regions with younger cores. When a core has AR, ;(t) > 0, the
actual R; ;(t) value is replaced with O in the formula, to penalize
the usage of such core. Finally, as discussed in [11], the last factor
promotes the selection of smaller square regions.

After identifying a suitable region, the last stage maps the
application tasks on the selected cores. For this stage, we used the
most optimum state-of-the-art approach for inter-region mapping, that
is called Contiguous Neighborhood Allocation (CoNA) [22], that was
slightly modified to prioritize the usage of younger cores.

V. EXPERIMENTAL RESULTS

To evaluate the proposed approach, we integrated the defined
mapping policy in the simulation platform implemented in [23]. In
the experiments, the architecture size is 12x 12 with a squared grid
floorplan, the chip area is 138mm? (16nm technology), and the
TDP is set to 90 Watt. Then, we considered the electromigration
aging mechanisms and we characterized the related parameters as
in [12]. Finally, in the experiments, we assumed the required lifetime
tiarget = 12 years, and, to have a reasonable reliability at the end of
the operational life, we set a per-core target reliability R(ttmget) =
30%. The considered workload is composed of a random sequence
of applications enter the scheduler FIFO. This sequence is kept fixed
in all experiments for the sake of fair comparison.

We compared our approach (namely RM) against i) the latest
state-of-the-art TDP-based mapping approach for many-cores in dark
silicon era, MapPro [11] + CoNA [22] (namely no_RM), and ii) a
modified version of former one by adding a rotation-based spare unit
strategy [13] (namely rotation). Moreover we performed two different
experiments: 1) a coarse-grained long-time simulation, to analyze the
evolution of the lifetime reliability of the various cores for the overall
12 years operational life, and 2) a fine-grained short-term simulation,
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Figure 3: Reliability of the system during 12 years of operational life

lasting for 3 simulated hours to study the effects of the proposed
runtime mapping scheme on the system performance. Figure 3 shows
the results for the first experiment. Each graph reports the minimum,
the maximum and the average reliability values of the various cores
within the architecture against the target reliability curve, while Figure
4 shows the performance results in terms of number of completed
applications over the time.

When comparing against no_RM, RM is able to satisfy the
required reliability target for the overall system by keeping the
minimum core’s reliability value above the specified reference curve.
Moreover, it minimizes also the variance in the reliability values thus
maximizing the overall lifetime of the system. Instead, since no_RM is
reliability-agnostic, it distributes the applications without considering
the aging values, and therefore lead to an unbalanced distribution of
the workload and, consequently, of the aging on the cores. This will
lead to a lower reliability of some cores that probabilistically will
fail earlier. In fact, the reliability requirement is not satisfied since
the curve representing the minimum cores’ reliability is considerably
below the target curve. From the graphs, it can be observed that at the
end of the operational life, RM is able to obtain 62% improvement
in the minimum reliability value w.r.t. the agnostic state-of-the-art
approach. When considering the throughput results, it can be seen
that RM is able to achieve almost the same performance of no_RM,
i.e. the best strategy in the literature.

From this first comparison, it is possible to conclude that RM is
able to offer the same performance of the state-of-the-art reliability-
agnostic solution (i.e. no_RM), and at the same time to guarantee
the reliability according to predefined target lifetime. This result is
achieved by means of an ad-hoc selection of the processing cores
guided by the reliability metrics performed over the overall lifetime.
In fact, due to dark silicon issues, a limited subset of the available
cores can be active at the same instant of time. no_RM selects square
regions to be used for the mapping only by means of performance-
centric metrics. However, it may happen that at the same time several
areas may be equivalently used. no_RM selects one of them randomly.
At the opposite, RM is able to perform an accurate selection by taking
into account also the aging status. In this way, we fulfill system
reliability needs and, at the same time, satisfy the other performance
and power consumption requirements.

When comparing RM against rotation, this second one achieves
higher reliability results. However, this aspect does not represent
a benefit when considering the pursued goal, i.e., optimizing per-
formance while fulfilling reliability requirements. In fact, rotation
considerably reduces the performance (27% worse than RM) due to
pursuing greedy optimizations towards reliability. This means that
RM outperforms rotation since it offers higher performance by better
exploiting the available reliability budget.

VI. CONCLUSIONS
A new reliability-aware mapping strategy for many-core architec-
tures was proposed to consider lifetime reliability of a system at a
runtime as well as power budget constraints and performance require-
ments. The proposed strategy consists of two modules: a reliability
management unit, analyzing the aging status of the various cores, and
a runtime mapping unit, deciding the dispatching of the applications
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applications vs. time

according to performance, power and reliability needs. Experimental
results show the effectiveness of the proposed approach w.r.t. the past
solutions. Future work will consider heterogeneous cores, DVFS, and
applications with different performance requirements.
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