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Abstract—Heterogeneous multicores have attracted a major
focus in recent years, as they provide many possibilities for
performance improvements. However, due to the discontinuation
of Dennard scaling, on-chip power densities are continuously
increasing along with technology scaling, and hence on-chip tem-
peratures are elevated. Therefore, several thermal management
techniques have emerged to keep the temperature of the chip
within safe limits. These techniques, however, lead to performance
losses which ultimately erase a big portion of the expected
performance gains from the heterogeneous multicores. Thus, it
is indispensable to deploy thermal management techniques that
are able to make efficient decisions which satisfy temperature
constraints while at the same time maximizing the performance.
This paper presents smart thermal management techniques for
heterogeneous multicores that exploit relevant information about
several heterogeneity parameters at the chip level and at the
application level to increase thermal efficiency1. Compared to
the state of the art, the presented techniques are able to obtain
significant performance improvements under the same thermal
constraint.

This paper is part of the DATE 2019 special session on
”Smart Resource Management and Design Space Exploration for
Heterogeneous Processors”. The other two papers of this special
session are [1] and [2].

Index Terms—Thermal Management, Thermal Efficiency,
Power Density, Heterogeneous Multicores, Performance Opti-
mization

I. INTRODUCTION

Driven by the ever increasing performance demands in
various application domains such as image processing, deep
learning and scientific computing, a large body of research
focuses on heterogeneous multicores, where a combination
of processing elements with different compute capabilities
are employed [3]. Heterogeneous multicores [4] can integrate
application-specific accelerators, graphics processing units,
and general-purpose cores with different voltage and frequency
(V/f) levels for each, and thereby providing many possibilities
for performance and power/energy efficiency [5], [6]. A com-
mon practice for designing such systems is to employ a tiled
architecture, where processing elements inside a tile share the
same voltage and frequency, but different tiles can execute at
different voltage and frequencies at any given time point [7].
An example of such an architecture from commercial chips is
the Exynos 5 Octa (5422) chip [8] with ARMs big.LITTLE
architecture composed of three tiles: a quad-core Cortex-A7,
a quad-core Cortex-A15, and a T-628 GPU.

1Thermal efficiency is defined in this work as the ability to keep tempera-
tures within safe limits, while at the same time maximizing the performance.

Although heterogeneous multicores provide many compute
capabilities to improve application performance, these capa-
bilities might not be available simultaneously all the time due
to the temperature wall [9], [10]. In particular, along with
technology scaling, on-chip power densities are continuously
increasing and thus on-chip temperature is elevated. Elevated
temperature has several negative impacts on chip reliabil-
ity [11]. Therefore, to keep the chip temperature within safe
limits, a thermal management unit (TMU) is implemented on
the chip [12] to throttle down the cores and/or power-gate them
when a critical temperature Tcrit is exceeded. That implies,
triggering TMU might limit hardware capabilities and thereby
leading to significant performance losses, as demonstrated
in [13]. As a result, there is a pressing need for smart thermal
management at the system level that is able to take advantage
of the existing heterogeneity to find efficient trade-offs that
increase thermal efficiency.

In this paper, we investigate and highlight the key param-
eters of heterogeneity in multicores that can be exploited
by thermal management. Furthermore, we present efficient
constraints that are derived considering some heterogeneity
parameters in order to reduce the complexity of thermal
management solutions and increase their thermal efficiency.
Finally, we demonstrate smart thermal management solutions
that employ the derived constraints and intelligently exploit the
heterogeneity parameters of multicores aiming at maximizing
thermal efficiency.

II. CHALLENGES OF THERMAL MANAGEMENT FOR

HETEROGENEOUS MULTICORES

Heterogeneity in multicores poses new challenges to thermal
management techniques. These challenges stem from the dif-
ferent parameters that belong to various types of heterogeneity
at both the chip level and the application level. For example,
at the chip level, PEs may show heterogeneous character-
istics, like power consumption and compute capabilities. At
the application level, different applications may have diverse
performance and power characteristics, even when they are
executed on the same type of PEs. The heterogeneity parame-
ters (will be explained below in details) have direct impact
on both the temperature of the chip and the performance
of the applications. Therefore, they must be considered by
thermal management techniques to enable making thermally
efficient decisions. On one hand, each of these parameters
presents a challenge, because it adds a new dimension to
the thermal management problem and thereby increases the
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Fig. 1: (a) Heterogeneous PEs result in diverse power and perfor-
mance values when executing the same applications. (b) PEs with
different areas generate diverse temperatures even if they consume
the same power.

solution complexity. On the other hand, if they are intelligently
exploited, these parameters can provide a great opportunity for
performance optimization under a thermal constraint.

In the following, we present various types of heterogeneity
in multicores and discuss the key parameters that belong to
each type.

A. Inter-Tile Heterogeneity:

The first heterogeneity type indicates that the tiles can be
different from each other in the following parameters:

• Processing element type
• Number of processing elements
• Voltage and frequency levels

As aforementioned, different tiles of heterogeneous multicores
can integrate different types of processing elements (PEs),
such as general-purpose CPUs (cores) or accelerators. For
some of these types, an even more fine-grained division is re-
quired, e.g., in-order or out-of-order cores. This heterogeneity
at different levels will indicate various compute capabilities
and thus the resulting performance and power consumption
while executing the same application might be significantly
diverse. Additionally, the dimensions and thus the area of
the PEs might be different. As a result, if two different PEs
with different areas consume the same power, the resulting
power densities, and therefore the temperatures, will be dif-
ferent. Fig. 1 illustrates a comparison of two different PEs;
namely Alpha core [14] and TCPA accelerator [15]. These
heterogeneous PEs result in diverse power consumption and
performance, as shown in Fig. 1a. Fig. 1b shows the areas of
these PEs, which lead to generating different temperatures, for
the same power consumptions on the PEs2.

Besides heterogeneity in PE type, the number of PEs and
the available V/f levels play a significant role in specifying
the performance potential of executing an application by a
given tile and the expected resulting temperature. For example,
a tile with a large number of Alpha out-of-order cores and
a maximum frequency of 4.0GHz has a large performance
potential because high number of parallel application threads
can be executed and also the V/f level can be upscaled to

2The performance, power, area and temperatures of the PEs are obtained
using simulation tools which are explained in details in [16], [17].
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Fig. 2: Heterogeneous thermal susceptibility of identical PEs inside
one tile leads to different temperatures on the PEs, while consuming
the same power, i.e., 5W per PE.
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Fig. 3: A tile with S-NUCA architecture with a physically-distributed,
yet logically-shared LLC.

4.0GHz. Such a tile, however, might lead to generating high
temperatures. Contrarily, a tile with small number of ARM
in-order cores and a maximum frequency of 2GHz will not
generate high temperatures like the first tile but obviously it
cannot achieve the same performance.

B. Intra-Tile Heterogeneity:

This type of heterogeneity refers to the heterogeneity of
PEs within one tile. Although all PEs inside one tile belong
to the same type, i.e. the same architecture, the same compute
capabilities, and the same area, they still differ from each other
in two parameters:

• Thermal susceptibility
• Last-Level-Cache (LLC) latency

The difference in thermal susceptibility means that PEs inside
one tile, which have the same type and area, might generate
different temperatures, even if they consume the same amount
of power. Thermal susceptibility depends on the location of
the PEs within the chip. For example, the PEs near the chip
center generate higher temperature than the PEs near the chip
edges, even if they consume the same amount of power. The
reason is that the PEs near the chip center have higher thermal
contributions from the rest of the PEs on the chip. Fig. 2 shows
the different generated temperatures on the PEs of one tile
composed of 8x8 cores.

Depending on the cache architecture deployed inside a tile,
there can also be heterogeneity in the LLC latency of the
PEs. This is the case for Static Non-Uniform Cache Access
(S-NUCA) architectures [18]. Figure 3 shows a tile with S-
NUCA caches. It consists of multiple cores that are connected
by a NoC. The physically-distributed LLC is divided into
several LLC banks – each co-located with a core, but they are
logically shared among all cores. In such a tile, the latency
of a single LLC access by an application thread depends on
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Fig. 4: Heterogeneous AMD to the LLC banks of identical PEs inside
an S-NUCA tile leading to different average LLC latency. The higher
the AMD, the higher is the average LLC latency.

the hop count (Manhattan Distance) on the NoC between the
core where the thread is running and the LLC bank where
the data resides and therefore is non-uniform. Consequently,
the average LLC latency among many LLC accesses depends
on the Average Manhattan Distance (AMD) between the core
where the thread is running and all LLC banks [19]. The AMD
is a static property of every core. Fig. 4 shows the AMD values
for a tile with 8×8 cores. The lower is the AMD, the lower
is the average LLC latency.

By comparing Fig. 2 and Fig. 4, it can be noticed that
there is an inherent trade-off between thermal susceptibility
and AMD of a core [20]. The closer a core is to the center,
the lower is its AMD, but the higher is its thermal suscep-
tibility. Contrarily, cores near the corners have low thermal
susceptibility, but high AMD.

C. Inter-Application Heterogeneity:

This type of heterogeneity indicates the diverse characteris-
tics of different applications even if they are executed on the
same type of PEs. These characteristics are:

• Thread-level parallelism (TLP)
• Instruction-level parallelism (ILP)
• Sensitivity to LLC latency
• Power consumption

Fig. 5 illustrates the difference w.r.t. the aforementioned pa-
rameters between two applications; x264 and canneal, from
PARSEC benchmark suite [21].

The applications differ from each other with their thread-
level parallelism (TLP). Particularly, each application has a
sequential and a parallelizable part. The dominance of the
parallelizable part of the application indicates its TLP. That
implies, the performance of applications with high TLP will
be significantly increased when more parallel threads and thus
more PEs are assigned to the application. Contrarily, for appli-
cations with low TLP, the performance gain when assigning
more PEs to the application will be limited. Fig. 5a shows
the resulting performance speedup of the two different appli-
cations when increasing the parallelism level. The application
with higher TLP (x264) gains more performance. In addition to
TLP, applications differ from each other with their instruction-
level-parallelism (ILP). ILP indicates how many instructions of
the application can be executed simultaneously. Applications
with high ILP will gain significant performance when the V/f
levels of the executing PEs are increased (Fig. 5b).

One additional heterogeneity parameter of applications is
their sensitivity to the LLC latency. Particularly, compared
to computation-intensive applications, memory-intensive ones
expose high sensitivity to the LLC latency, because such
applications have to frequently read/write from/to the LLC
during their execution. The performance of such applications
is reduced if they are executed on PEs with high LLC latency.
Now the mapping of applications to cores determines the
average LLC latency experienced by the application. This is
the case for example with S-NUCA tiles (see Section II-B),
where the average LLC latency depends on the AMD of the
core. Fig. 5c illustrates the performance sensitivity of two
different applications to different AMD which resulting in
different average LLC latency. Besides their heterogeneity in
performance characteristic, applications have heterogeneous
power consumptions as shown in Fig. 5d.

D. Intra-Application Heterogeneity:

This kind of heterogeneity refers to the variation in the
characteristics within one application through two parameters:

• Thread type (e.g. master or slave)
• Execution phases

As an example, these two parameters affect the performance
sensitivity to LLC. In particular, different threads of a sin-
gle application may show different characteristics. Figure 6a
shows the susceptibility of PARSEC blackscholes master and
slave threads to the AMD. The master thread prepares data,
which is processed by the slave threads. Due to more frequent
LLC accesses, the master thread is more sensitive to the
AMD and therefore its performance drops significantly with
increasing AMD (-32 %), whereas the performance of the slave
threads only decreases slightly (-7 %).

Not only the characteristics of different threads may vary,
but also characteristics of a single thread may vary over time.
This may e.g. stem from the application traversing different
execution phases, or changes in the input data. Figure 6b shows
the relative number of cycles spent waiting for the LLC during
the execution of single-threaded x264. The execution is divided
into five distinct phases. In this example, the phases stem from
the input data, which are the different frames to be encoded.
In Phases 2, 3 and 5, x264 accesses the LLC more frequently
and therefore its susceptibility to the LLC latency is higher
compared to Phases 1 and 4. A thermal management solution
needs to make sure that during Phases 2, 3 and 5, x264 is
mapped to a core with low AMD, whereas during Phases 1
and 4, the AMD plays only a minor role and cores with low
AMD can be used to speed up other applications.

Opportunity for Thermal Efficiency: Any of the above-
mentioned heterogeneity parameters of the applications can
be exploited to find a trade-off between performance and
temperature. For example, we should not assign a large number
of PEs for applications with low TLP because that will not
increase their performance, and thus unnecessary temperature
increase can be avoided. Moreover, applications with low
sensitivity to LLC can be mapped to cores with high AMD,
which helps reducing temperature increase and might give a
thermal margin for other applications that need to be mapped
to cores with low AMD. Analogue discussion can be applied
on any of these heterogeneity parameters. That emphasizes
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Fig. 6: Intra-application heterogeneity: (a) Blacksholes master thread
exhibits stronger susceptibility to the AMD than the slave threads. (b)
X264 execution exhibits different phases that affect the LLC accesses.

the need for smart thermal management that is conscious of
the existed opportunities behinds these parameters and able to
exploit them to achieve thermal efficiency.

III. EFFICIENT THERMAL MANAGEMENT CONSTRAINTS

The complexity of decision making process within thermal
management is continuously increasing due to the increase in
the number of PEs integrated into the chip and also due to the
inherent heterogeneity within the chip. One essential source
of this complexity is the need to consider the heat transfer
between the PEs. Particularly, the power consumption on one
PE influences the temperatures of all other PEs. Thus, several
state-of-the-art system-level techniques, e.g., [22], employ the
Thermal Design Power (TDP) of the chip as a power constraint
which helps avoiding thermal violations without the need to
directly deal with PE temperatures and heat transfer issues.

TDP is defined as the power amount that the cooling
system of the chip can dissipate [12]. However, it is specified
independent of the number of active PEs on the chip and
therefore, it cannot guarantee avoiding thermal violations. For
instance, if just few PEs on the chip consume power equal
to TDP, thermal violations may occur, because TDP has been
consumed on small area on the chip, resulting in high power
density and thus high temperature. As a result, employing TDP
as a power constraint might reduce thermal violations but does
not guarantee avoiding them.

Therefore, we present three efficient constraints that help in
simplifying the complexity of thermal management techniques
but at the same time they are thermally safe.

A. Thermal Safe Power (TSP)

In [13], we present a constraint called Thermal Safe Power
(TSP), which is an abstraction that provides a safe power
constraint as a function of the number and location, i.e., the
mapping, of simultaneously active PEs. Executing PEs at any
power consumption below TSP ensures that no thermal vio-
lation occurs in the steady-state; i.e., the critical temperature

Tcrit on the chip will not be exceeded. To extract TSP, we
employ an RC thermal network that represents the targeted
chip and can be used to calculate the steady-state temperatures
as shown in Eq. (1).

Ti =

N∑
j=1

bi,j · pj + ci (1)

pj is the power consumption of PE j, bi,j represents the heat
contribution of PE j into the temperature of PE i. N is the
number of PEs on the chip. ci represents the heat contribution
from the ambient temperature to PE i. To differentiate between
active and inactive PEs, a vector Q = [qj ]N×1 is considered,
where qi = 1, when PE j is active, and qj = 1, otherwise.
Assuming that all active PEs consume equal power Pequal,
and the inactive PEs are power-gated (pj = 0), Eq. 1 can be
written as follows:

Ti = Pequal ·
N∑
j=1

bi,j · qj + ci (2)

If Ti is set to Tcrit, we can derive the power budget (Pequal)
that lets the temperature of PE i equal to Tcrit. However, the
temperature of the rest of the PEs might be higher or lower
than Tcrit, even if these PEs consume the same power Pequal

(due to the heterogeneous thermal susceptibility explained in
Section II-B). Therefore, to obtain a thermally safe power
constraint (TSP), Pequal needs to be computed for all PEs
i = 1, 2, . . . , N and then we adopt the minimum computed
power value as our constraint TSP.

TSP = min
1≤i≤N

⎧⎨
⎩(Tcrit − ci)/(

N∑
j=1

bi,j · qj)

⎫⎬
⎭ (3)

TSP considers one heterogeneity parameter of the inter-
tile heterogeneity, which is the heterogeneous susceptibility
of temperature increase of the PEs, as it depends on the RC-
thermal network, which considers all the thermal character-
istics of the PEs. However, TSP assumes that all PEs can
consume the same power budget, i.e., Pequal in Eq. 3. This
assumption is not suitable for heterogeneous PEs as applying
the same power constraint on them might result in a huge
difference in their temperatures due to the difference in their
areas (see Fig. 1b). To overcome this limitation, a power
density constraint is proposed in the next section.

B. Thermal Safe Power Density (TSPD)

To consider the potential heterogeneity in the areas of
PEs, we derive in [16], [23] a thermally safe power density
constraint (TSPD). Applying a power density constraint will
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allow consuming low power in small PEs and high power in
large PEs. To derive TSPD, the area of the PEs need to be
involved in the equation as follows:

TSPD = min
1≤i≤N

⎧⎨
⎩(Tcrit − ci)/(

N∑
j=1

bi,j · areaj · qj)

⎫⎬
⎭ (4)

TSPD considers the heterogeneity in the PE area, but it does
not consider the heterogeneity in the resulting power consump-
tion of executing different applications, the heterogeneity in
the compute capabilities of the PE, and the heterogeneity in
the maximum allowable V/f levels of the tile. In fact, these
three parameters might lead to scenarios, in which TSPD
cannot be fully utilized by some PEs, whose resulting power
consumption from executing applications, although they run
at their maximum V/f level. Such scenarios results in an
unexploited thermal margin on that PE leading to wasting a
performance potential. To avoid this inefficiency, we propose
to adapt TSPD to consider the above mentioned heterogeneity
in the power consumptions, as explained in the next section.

C. Adaptive Thermal Safe Power Density (ATSPD)

To adapt TSPD to the actual power consumption of the
PEs after running given applications, it is necessary to find
which PEs underutilize TSPD, which are the ones that reach
their maximum V/f level and their power consumption is still
less than TSPD. After finding these PEs, TSPDA is calculated
while fixing their actual power consumptions in Eq. (4). In
particular, a binary vector X = [xj ]N×1 is defined, so that
xj = 1 implies that the actual power consumption of PE j is
given and fixed, while xj = 0 implies that the new adapted
power density constraint will be computed for PE j. Thus,
the following equation calculates the Adaptive Thermal Safe
Power Density (ATSPD) as follows:

ATSPD = min
1≤i≤N

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Tcrit − (
N∑
j=1

bi,j · pj · xj · qj)−ci

N∑
j=1

bi,j · areaj · (1− xj) · qj

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(5)

Thereby, ATSPD avoids unexploited thermal headroom by
increasing the power budget of PEs, which ultimately allows
improving performance, while still being thermally safe.

IV. SMART THERMAL MANAGEMENT SOLUTIONS

The aforementioned constraints are efficient and reduce
the complexity of thermal management, because they abstract
thermal issues as power and power density constraints and also
consider some heterogeneity parameters. In the following, two
thermal management techniques that employ these constraints,
are demonstrated.

A. Power-Density-Aware Thermal Management

This section presents a power-density-aware thermal man-
agement (PdTM) technique [16] that enforces the ATSPD
constraint while determining the application mapping on the
chip and the V/f levels of the PEs, in order to increase thermal
efficiency. To achieve its goal, PdTM considers and exploits
several heterogeneity parameters: First, by enforcing ATSPD,
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Fig. 7: The resulting power densities and the temperatures of PEs in
heterogeneous multicores after applying the two steps of PdTM.

heterogeneity in thermal susceptibility and in power character-
istics of the PEs is implicitly considered. Additionally, PdTM
considers and exploits inter-tile and inter-application hetero-
geneity parameters, which are the application performance
at different PE types, the application TLP and ILP, and the
available number of PEs and V/f levels inside different tiles.

The first step of PdTM determines the application mapping,
i.e., application-to-tile and thread-to-PE assignments, as well
as the V/f levels of the PEs, so that the overall system
performance is maximized under TSPD. Fig. 7a illustrates the
resulting power densities on the different PEs, after applying
this step of PdTM, which employs TSPD. The second step
of PdTM considers the actual power consumption resulting
from executing the mapped applications on the PEs to adapt
the power density constraint according to ATSPD (Fig. 7b).
Then, the V/f levels of the PEs are upscaled to exploit the new
potential margin below the new ATSPD constraint, leading to
significant performance improvements. As evaluated in [16],
PdTM outperforms several state-of-the-art techniques, due to
its consideration of several heterogeneity parameters.

B. TSP-Aware & LLC-Latency-Aware Thermal Management

This section presents a thermal management technique
PCMig [17] that aims at achieving further thermal efficiency
within the tiles, by considering intra-tile, inter-application
and intra-application heterogeneity w.r.t. average LLC latency.
Moreover, PCMig employs the TSP constraint, and thus, the
intra-tile thermal susceptibility is implicitly considered. As
Section II-B demonstrated, when mapping threads to cores
in an S-NUCA tile, there is a trade-off between thermal
susceptibility and AMD of a core. Section II-D showed that the
susceptibility of threads to these factors differs among threads
and may even change over time. PCMig addresses this by
dynamically adapting the mapping using task migrations.

The run-time migration algorithm periodically traverses the
following steps: (1) Create migration candidates, (2) rate
these candidates using a performance prediction model and
(3) execute the migration candidate with the highest rating.
The performance prediction model predicts the performance
of all threads before and after a migration based on the
mappings before migration M0 and after migration Mm. The
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migration candidates are rated by the predicted average relative
performance improvement among all threads:

ΔIPS(m) =
∑
t∈T

(
IPS(t,Mm)

IPS(t,M0)
− 1

)

No actual migration is performed to calculate the rating.
Finally, the migration candidate m with the highest rating
ΔIPS(m) is executed.

Fig. 8 shows the performance improvements obtained with
PCMig over the state-of-the-art approaches Defrag [24] and
PCMap [20] for different application arrival rates. Thereby,
the average (peak) utilization is varied from 10 % (58 %)
to 38 % (100 %). Details on the experimental setup can be
found in [17]. Defrag performs defragmentation of the map-
ping. It migrates running applications in order to let the
idle cores form a contiguous shape that is available for new
arriving applications. Under message-passing, this reduces the
communication latency and thus increases the performance.
However, this is not the case with S-NUCA. Defrag is not
aware of the heterogeneity present in S-NUCA tiles and
therefore results in suboptimal performance. PCMap is a
run-time mapping algorithm tailored for S-NUCA tiles, that
exploits the intra-tile heterogeneity w.r.t. thermal susceptibility
and LLC latency. However, PCMap does not consider the
inter- and intra-application heterogeneity, and therefore is not
able to achieve optimal performance. This demonstrates that
performance cannot be maximized without accounting for all
existing heterogeneity.

V. CONCLUSION

Multicore processors exhibit different kinds of heterogene-
ity. This comprises heterogeneity between tiles of multicores,
between processing elements within one tile, between different
applications and even within a single application. Thermal
management can only be thermally efficient, i.e., maximize
the performance under a temperature constraint, if the ex-
isting heterogeneity is considered. This work demonstrates
efficient constraints that account for some of the heterogeneity
and serve as an abstraction to simplify thermal management
techniques. Furthermore, two smart thermal management tech-
niques are presented, which employ these constraints and
take advantage of existing heterogeneity to find trade-offs
that increase thermal efficiency. The presented techniques
significantly outperform the state of the art.
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