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Abstract—This paper discusses the power density and tem-
perature induced issues in modern on-chip systems due to the
high integration density and roadblock on the voltage scaling.
First, the emerging dark silicon problem is discussed, and
the corresponding critical research challenges in future chips
are enumerated. Afterwards, we present an overview of some
key research efforts and concepts that leverage dark silicon
for performance and reliability optimization of on-chip systems
under power or temperature constraints. The summarized works
account for heat transfer inside a chip, as well as the varying
performance and power trade-offs of gray silicon, that is, the
potential benefits of operating at lower-than-nominal voltage
and frequency levels. Besides realizing reliability-heterogeneous
architectures, reliability of an on-chip system is enhanced by
exploiting dark silicon for aging deceleration and resilience-
driven resource management to mitigate soft-errors. Several of
the tools discussed in this paper are available for download at
http://ces.itec.kit.edu/download.

I. INTRODUCTION

High transistor integration density and roadblock on the
voltage scaling in the next-generation technology nodes result
in increasing power densities and temperatures on a chip [1],
[2], as seen in Figure 1(a) and Figure 1(b). A direct conse-
quence of increasing local power densities and temperatures
is the emerging dark silicon problem [1], [2], [3], [4], that
is, using the same cooling technology as in previous scaling
generations, all parts of a chip cannot be simultaneously active
at nominal operating conditions for a given Thermal Design
Power (TDP)1. These effects can drastically slow down the
current trends in performance gains between generations, as
well as aggravate several reliability threats (like aging and soft
errors) [6], [7], which in turn challenges the viability of further
cost-effective technology scaling.

The work in [1] presents a detailed survey of the state-of-
the-art techniques involving dark silicon. Generally, most of
the state-of-the-art techniques use TDP as a per-chip power
budget constraint in order to model and predict the future
percentages of dark silicon or to propose optimizations. For
example, when operating at nominal conditions, that is, voltage
and frequencies, the work in [3] predicts that at 8 nm up to
80% of the chip area will have to remain dark in order to
satisfy the TDP power budget. However, as stated above, dark
silicon is not a power consumption issue, rather a temperature-
related issue caused by high local power densities that cannot
be effectively cooled down (e.g., in a cost efficient way).

1As defined in [5], TDP “is the highest expected sustainable power while
running known power intensive real applications”. Thus, it should be a safe
power level to run the system, and therefore manufacturers recommend to
design the cooling solution to dissipate TDP. In this way, without incurring in
unnecessary high cooling costs, running the system at this power level should
not cause thermal problems. However, TDP is not the maximum achievable
power.

Therefore, the work in [8] predicts new trends in dark silicon
which are much lower than the original estimates from [3], as
shown in Figure 1(c).

In this paper, we highlight the key research challenges
on future dark silicon chips. Furthermore, we present an
overview of our research efforts for performance and reliability
optimization of on-chip systems under power or temperature
constraints. In our works, we account for the heat dissipation
characteristics inside a chip, as well as varying performance
and power trade-offs of gray silicon, that is, the potential ben-
efits of operating at lower-than-nominal voltage and frequency
levels by taking advantage of the convex relation between volt-
age/frequency and the resulting power consumption. Several of
the tools discussed in this paper are available for download at
http://ces.itec.kit.edu/download.

A. Challenges in the Dark Silicon Era

Developing and managing dark silicon manycore proces-
sors that operate under power density and thermal constraints
involves several challenges, both in terms of performance
and reliability optimizations. Some of the key challenges are
highlighted as follows:

• Roadblock on the Performance Improvements: In future
dark silicon chips, the usage of on-chip resources needs to
be power- and temperature-aware. One promising approach
for exploiting dark transistors is to develop heterogeneous
computing fabrics, which can best accommodate different
types of applications. Nevertheless, determining the number
of active, dark, and gray cores should consider the diversity
of performance and power, as well as the Thread Level
Parallelism (TLP) and Instruction Level Parallelism (ILP)
nature of every application. Furthermore, the thread-to-core
mapping which determines the location of active, dark, and
gray cores, should focus on alleviating local power density
and thermal hot spots, which will further assist in boosting
the performance.

• Pessimism in Power Budgeting: The recent studies in [1],
[9] have effectively shown that, when the objective is to ex-
ecute under a thermal constraint, using TDP as a per-chip or
per-core power budget as an abstraction can be pessimistic
or thermally unsafe, depending on the runtime scenario
and the value of TDP, as seen in Figure 1(e). Therefore,
in order to accurately define dark silicon constraints, it is
crucial to investigate novel thermal-aware power budgeting
techniques.

• Lightweight Transient Temperature Prediction: Runtime
resource management decisions (such as voltage/frequency
scaling, task migration, or core activations/deactivations)
change the power consumption throughout the chip, which
can in turn result in transient temperatures much higher
than any steady-state scenarios. Therefore, it is crucial to
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Fig. 1: Overview of the Dark Silicon Problem and Our Proposed Solutions.

have methods that allow for lightweight run-time prediction
of transient temperature peaks before making runtime deci-
sions.

• Exploiting Dark Silicon by using Boosting Techniques:
By executing at different voltage and frequency levels, there
may exist several gray levels (including Near Threshold
Computing [8], [10]) and several boosting levels of opera-
tion. Furthermore, executing some cores at high voltage and
frequency levels allows the system to exploit the existing
thermal headroom on the chip in order to satisfy runtime
requirements surges. However, choosing the voltage and

frequency levels of boosted and non-boosted cores is a
very challenging process, particularly due to the non-linear
transient thermal behavior on the chip and the heat transfer
among cores, and also because this will have a direct impact
on the number of dark, gray, and fully lit cores, as shown
in Figure 2.

• Reliability Considerations: High temperatures aggravate
several reliability threats. Therefore, as dark silicon is caused
by high power densities and on-chip temperatures, it poses
several challenges in terms of reliability. For example,
the abundance of transistors can potentially be leveraged
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Fig. 2: Trade-offs between the number of dark, gray, and fully
lit cores, and the voltage/frequency settings: Near Thresh-
old Computing (NTC), Super-Threshold Voltage Computing
(STC), and boosting operation.

to design reliability-heterogeneous processors that support
diverse hardening levels which provide trade-offs between
reliability and power consumption. Similarly, dark silicon
can be leveraged to decelerate aging or improve the aging
profile of a chip, that is, balance aging of different cores.

In order to address the challenges above, we presented
several techniques for the design and run-time management
of dark silicon chips under power and thermal constraints, as
briefly outlined in the rest of this paper and conceptually shown
in Figure 1.

B. Overview of Dark Silicon and Our Proposed Solutions

Figure 1 shows an overview of dark silicon, our pro-
posed design and management techniques/solutions, and some
underlying basic hardware and software methods that are
commonly present in standard chip designs and are exploited
by our techniques. Particularly, the new constraints and effects
imposed by dark silicon are depicted in Figures 1(a), 1(b),
and 1(c). Figure 1(a) shows the power consumption and area
trends of different technology scaling generations, and the
corresponding power density, which is shown to be increasing.
Directly related, Figure 1(b) (from [9]) shows temperature sim-
ulations conducted in HotSpot [11] for a system with 16 cores
(Alpha 21264 cores in 45 nm, simulated with McPAT [12]),
in which we can observe the resulting high local temperatures
present on the chip when 4 cores consume 14.67 Watts each.
Furthermore, related to the estimations of dark silicon on future
chips, Figure 1(c) shows the estimated dark silicon percentages
presented in [3] and [8] for operating at nominal conditions.

Our proposed techniques for mitigating and managing dark
silicon are outlined in Figures 1(d)-1(i). Figure 1(d) shows how
dark silicon can be exploited by resource management tech-
niques (e.g. [13] and [14]) to improve the thermal profile of the
chip. Figure 1(e) motivates the Thermal Safe Power (TSP) [9]
power budgeting approach by showing HotSpot simulations in
which we can observe the resulting maximum temperatures
in a chip (with DTM deactivated) when equally distributing
constant per-chip power budgets among different numbers of
active cores. Assuming a temperature for triggering DTM of
80◦C, for a given power budget and number of active cores,

when the resulting maximum temperature is below (above)
80◦C it implies that the given power budget is pessimistic (not
thermally safe) for that specific scenario. Figure 1(f) shows
transient temperature simulations conducted with HotSpot
for using two different boosting techniques, particularly, a
simple closed-loop control-based boosting technique and se-
Boost [15]. Figure 1(g) shows an architectural template of a
reliability-heterogeneous processor with two run-time contexts.
A reliability-heterogeneous processor exhibits several iso-ISA
cores (i.e. cores having the same instruction set architecture)
that feature distinct hardening features (e.g., either pipeline
and cache is protected using hardware-/architecture-level sup-
port, or only cache, or triplicated pipeline with voter, or any
combination of different hardware/architecture-level protection
mechanisms for different parts of a core). Each core of a
particular type exhibits distinct power, area, and reliability
properties. This can be exploited to optimize the soft error re-
silience of a system considering a set of concurrently executing
applications under a given power budget. The figure shows two
run-time contexts, i.e. how different cores are selected for two
different sets of concurrently executing applications [16] and
[17]. Figure 1(h) presents some mathematical details of the
MatEx [18] transient temperature prediction tool, specifically,
how the transient temperature of node k at future time t can
be easily computed by knowing some hardware constants, the
temperatures measured throughout the chip, and the expected
steady-state temperatures if the power on the chip would
remain constant. The expected steady-state temperatures can
be computed by knowing the ambient temperature and the
power consumption throughout the chip. Finally, Figure 1(i)
shows that how a sophisticated selection of dark and powered-
on cores can be exploited to improve the health map of a chip,
i.e. aging state of different cores [7].

II. OPTIMIZATIONS TO IMPROVE PERFORMANCE

A. Dark Silicon-Aware Resource Management

The performance on dark silicon chips is limited by the
number of active and dark cores on the chip. However,
these numbers significantly vary according to the workload
executing on the chip, because different applications exhibit
different power profiles. Therefore, resource management in
dark silicon chips needs to consider power and performance
profiles of the applications while determining the number of
active and dark cores, in order to obtain the maximum possible
performance out of the available resources. In addition to the
number of active and dark cores, voltage and frequency (v/f)
levels of the active cores play a significant role in determining
the amount of dark cores on the chip and thereby the resulting
performance.

As a result, in [13], we proposed a dark silicon-aware
resource management technique, called DsRem, that distributes
the chip’s resources; cores and power; among different ap-
plications under a thermal constraint. In particular, it deter-
mines the number of active cores and their v/f level for
each application, in order to maximize the overall system
performance. Moreover, DsRem adapts the number of active
and dark cores considering the TLP and the ILP of the
applications, while maximizing the performance (see Figure 3).
To increase their performance, high TLP applications require
more active cores and lower v/f levels in comparison with high
ILP applications that require less active cores and higher v/f
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Fig. 3: The impact of TLP and ILP on the application
performance.

levels. Our evaluation shows that DsRem can outperform the
state-of-the-art techniques by an average of 35%.

Our technique DaSiM [14] enables variability-aware dark
silicon management. It exploits the so-called dark silicon pat-
terning, along with the core-to-core leakage power variations,
to optimize the system performance under peak temperature
constraints. The dark silicon patterns denote various spatio-
temporal decisions for the cores’ power state (i.e. when to
make a core dark and at which location). This directly in-
fluences the resulting chip thermal profile due to improved
heat dissipation, and thereby enables (1) powering-on more
cores to facilitate high-TLP applications, and/or (2) boosting
certain cores to facilitate high-ILP applications. An improved
thermal profile also reduces the number of Dynamic Thermal
Management (DTM) events that, in turn, further improves the
system performance. In order to enable run-time optimizations,
DaSim employs a light-weight online temperature prediction
mechanism. It estimates the chip thermal profile for a given
candidate solution. This way, the thermal impact of different
thread mappings is investigated. Our evaluations illustrate
that DaSim improves the system performance (i.e. collective
performance improvement for a set of concurrently executing
applications) by up to 1.8x when compared to state-of-the-art
dark-silicon unaware mapping techniques.

B. Thermal Safe Power (TSP)

In order to have an abstraction from thermal issues, gener-
ally, system designers use TDP or some other value as a per-
chip or per-core power budget. This idea is motivated by the
notion that running the chip under such a power budget will be
thermally safe, that is, DTM will not be triggered. However,
temperature is directly related to local power densities, and
therefore using a single and constant value as per-chip or per-
core power budget for manycore systems, e.g., TDP, is either
pessimistic or not thermally safe, as seen in Figure 1(e). A
major step towards dealing with the dark silicon problem [1],
[2] is thus through efficient power budgeting techniques.

Therefore, we proposed a new power budget concept,
called Thermal Safe Power (TSP) [9], which is a thermal-
aware abstraction that provides safe power constraints as a
function of the number of active cores. Running cores at
power levels below TSP results in a higher total system
performance than standard power budgeting solutions, while
the maximum temperature among all cores remains below the
threshold level that triggers DTM. For a specific floorplan
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Fig. 4: Example of TSP for two different mappings for a
maximum temperature of 80◦C (figure from [9]). Top numbers
are the power consumptions (in Watts) of each active core
(boxed in black). Bottom numbers in parenthesis are the
temperatures in the center of each core (in ◦C). Detailed
temperatures are shown according to the color bar.

and ambient temperature, TSP can be computed to obtain
safe power constraints for the worst-case mappings, that is,
concentrated mappings that promote hot spots, as shown in the
example of Figure 4(a), thus allowing the system designers to
abstract from mapping decisions. Moreover, TSP can also be
computed at run-time for a particular mapping of active cores
and ambient temperature, allowing the system to optimize the
power budgets for dispersed core mappings, for example, a
mapping like the one shown in Figure 4(b). When the number
of active cores grows, the TSP values decrease, which in turn
means executing cores at lower voltage and frequency levels.
Namely, TSP provides a simple relation between the number of
active cores and their maximum allowed voltage and frequency
settings, which directly shows the number of dark/gray cores
in a chip for different scenarios.

C. Selective Boosting (seBoost)

Boosting techniques have been widely adopted in commer-
cial multicore and manycore systems, mainly because they
provide means to satisfy performance requirements surges,
for one or more cores, at run-time. Current boosting tech-
niques select the boosting levels (for boosted cores) and the
throttle-down levels (for non-boosted cores) either arbitrarily
or through step-wise control approaches. Although simple
to implement and potentially efficient, these methods might
result in unnecessary performance losses for the non-boosted
cores, in short boosting intervals, in failing to satisfy the
required performance surges, or in unnecessary high power
and energy consumption. Therefore, we presented an efficient
and lightweight run-time boosting technique based on transient
temperature estimation [18], called seBoost [15]. This tech-
nique guarantees meeting run-time performance requirements
surges, by executing the boosted cores at the required frequen-
cies for the entire boosting intervals, while throttling down
the non-boosted cores. In order to minimize the performance
losses for the non-boosted cores, the throttling down levels are
chosen such that the maximum frequencies among all cores
reaches the critical temperature precisely when the boosting
is expected to expire. Our experiments show that seBoost can
in fact guarantee the required performance surges, while the
state-of-the-art control techniques fail to constantly satisfy the
run-time requirements.
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D. Transient Temperature Prediction (MatEx)

Typically, run-time scheduling decisions, such
as voltage/frequency scaling, task migration, core
activations/deactivations, etc., are used to optimize the
resource usages on a chip. These run-time decisions change
the power consumption throughout the chip, which can in
turn result in transient temperatures much higher than any
steady-state scenarios. In order to be thermally safe, it is
important to evaluate the transient peaks before making
resource management decisions. Hence, we developed a
method for computing these transient peaks in just a few
milliseconds. Our technique, called MatEx [18], works for any
compact thermal model consisting in a system of first-order
differential equations, like the RC thermal networks used in
HotSpot [11]. Instead of using regular numerical methods,
MatEx is based on an analytical solution of the differential
equations using matrix exponentials and linear algebra.
This results in a mathematical expression which can easily
be analyzed and differentiated to compute the maximum
transient temperatures. Furthermore, MatEx can also be
used to efficiently compute any future transient temperatures
without accuracy losses or the need to compute all step-wise
partial temperatures, as is the case in standard numerical
methods.

III. OPTIMIZATIONS TO IMPROVE RELIABILITY

In addition to the performance and thermal aspects of the
technology scaling, reliability becomes an important design
concern in the dark silicon era. In the following it will be
shown how dark silicon can be leveraged to address three main
reliability threats, namely soft errors [19] (i.e., transient faults
in the hardware caused by high energy particles manifesting
as bit flips), manufacturing process variations [20], [21] (i.e.,
different parameters of identical transistors on the same chip
and across different chips due to manufacturing difficulties for
smaller transistors) and NBTI-induced aging [22] (i.e., a slow-
down of the circuit due to a threshold voltage shift caused by
stressing the PMOS transistors).

A. Dark Silicon-Aware Soft Error Mitigation

In order to address the soft error and process variation
problems in the era of dark silicon, two main challenges have
to be met: (1) How an architecture/a chip should be designed
considering area and dark silicon constraints, and a set of
representative benchmark applications while accounting for
process variation and reliability enhancements. (2) How such
an architecture can be managed at run time in order to improve
the system’s reliability.

The design-time challenges are addressed in [16], [17]
by developing a library of core types with different area,
power and reliability properties, which is used to customize
a chip by selecting a set of iso-ISA reliability-heterogeneous
cores. That means that the chip can also be over-provisioned
with cores of the same type to account for process variation
problems, as even cores of the same type can have different
power characteristics. Such architectures are referred to as
variability-aware, reliability-heterogeneous processors. At run
time the characteristics of each individual chip as well as the
application characteristics are considered. As shown in [17]
different applications exhibit diverse vulnerabilities and error

masking properties, so that not all of them need the same
level of reliability. Moreover, the set of concurrently executing
applications may vary. While taking into account the dark
silicon constraint, applications are mapped to a core type that
satisfies their performance and reliability requirements. During
this mapping, the different power characteristics of cores due
to process variation are also accounted for, i.e., the cores with
the lowest power consumption of a specific type are selected
first.

The results of [16], [17] demonstrate that dark silicon,
process variations and reliability are important design aspects
of future systems. A key aspect is to leverage the distinct relia-
bility and performance characteristics of different applications
in reliability-heterogeneous manycore processors. Compared
to state-of-the-art [17] achieves 58%-96% improvements of
the system reliability. Furthermore, [16] shows that ignoring
the process variation across different chips and identical core
types on the same chip leads to a violation of the dark silicon
constraint (up to 60% of the chips). However, conservative
solutions such as guardbanding result in a considerably higher
vulnerability as they consider safe margins which leads to the
selection of less protected cores.

B. Dark Silicon-Aware Aging Optimization

In [7], we developed a technique called Hayat that
harnesses the available dark silicon and manufacturing pro-
cess induced core-to-core variability in frequency and leakage
power to decelerate and/or balance the chip-wide temperature-
dependent aging effects. It accounts for the thermal profile
and core usage when taking temperature-dependent aging
optimization decisions. Core usage is important for early-
stage aging (i.e. within the first two years of core usage),
while temperature effects are relatively more dominating in
aggravating the aging rates during the later years (i.e. aging
beyond the 2nd year of operation). Hayat also considers the
leakage power variations to optimize the health map of a
chip (i.e. aged state of different cores) when executing many
applications concurrently.

Our run-time aging management system selects a subset
of cores for a set of executing applications such that their
performance requirements are satisfied and the overall chip
aging rate is minimized. In order to proactively achieve this,
Hayat performs two key operations: (1) determine a Dark
Silicon Pattern such that chip aging is decelerated considering
the lateral heat dissipation effects and core usage; and (2)
determine variation-aware thread-to-core mapping such that
a balanced aging profile is achieved while meeting appli-
cation’s throughput constraints. To do so, it schedules high
temperature-generating threads to the so-called healthy cores
(i.e. less-aged and faster cores) and vice versa. Hayat continu-
ously optimizes the dark silicon patterns to decelerate the aging
rates of faster-aging cores by leveraging frequency/leakage
power variations and workload properties, while respecting
thermal constraints (i.e., Tpeak < Tsafe).

In order to realize proactive aging optimization, Hayat
requires an online but lightweight chip’s health map estima-
tion technique. This is based on offline generated 3D-aging
tables, obtained through processor aging estimation techniques
of [dTUNE], which provide health degradation for a core at
a given temperature and usage profile (i.e. duty cycle). The
health map prediction is done in a two step process. (1) First,
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for a given candidate solution, thermal profile of the chip and
corresponding duty cycles for given workloads are predicted.
(2) The predicted temperature and duty cycles are used to make
a lookup in the 3D-aging tables.

In the optimization step, the health degradation map for
each candidate solution is predicted, and the one that min-
imizes the accumulated health degradation of all cores is
selected. Since chip aging is a long-term phenomenon (i.e.,
over years), we also devised the notion of “aging epoch” to
account for different runtime effects, and to facilitate accel-
erated aging evaluation. This considers task migration events,
workload variations experienced by different cores over time,
and changing thermal variations and stress levels on different
cores in precise thermal simulations. However, coarse-grained
aging epochs determine the granularity of health monitoring
and aging evaluation, and in turn exploit multiple thermal sim-
ulation cycles. Our evaluations for numerous process variation
maps illustrate that Hayat not only decelerates the chip by
6 months – 5 years (depending upon the required lifetime
constraint) compared to state-of-the-art techniques, but also
achieves a balanced aging profile.

Furthermore, our work in [23] illustrates how sub-μs
voltage switches may lead to transient errors due to aging,
highlighting for the first time, the short-term effects of aging.
To prevent the occurrence of transient errors, we propose
to design on-chip systems with A-GEAR, that is, adaptive
guardbands protecting against the long-term and short-term
effects of aging at minimal overhead.

IV. CONCLUSIONS

In this paper we have discussed some aspects of the
emerging dark silicon problem and the corresponding critical
research challenges on future chips. Furthermore, we presented
an overview of some of our key research efforts and concepts
that leverage dark silicon for performance and reliability
optimization of on-chip systems under power or temperature
constraints. We show how the dark silicon problem can be
turned into an opportunity for performance and reliability
optimization.
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