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ABSTRACT
3D network-on-chip (NoC) has emerged as a cutting edge
technology that provides better performance by combining
features of NoC and die-stacking IC technology. It is able
to push the limits of Moores law by increasing the density of
components in a chip resulting in higher functionality. Thein-
creasing packing density and power consumption of systems-
on-chip (SoC) have made thermal effects one of the most im-
portant concern of chip designers. Increase in temperature
degrades the performance, life time, reliability, and increases
the maintenance cost. Addition of more layers in the z di-
mension has increased the length of heat conduction path and
power density per unit area. Besides, the cooling capabili-
ties of the 3D stacks are much less because of the adiabatic
inter-layer materials. To ensure thermal safety, we propose a
novel algorithm that uses Multi-Objective Genetic Algorithm
to minimize the peak temperature of each layer in 3D NoC.
Resistors model is used for thermal modeling. Three differ-
ent architectures is considered in our experimental work and
the results show a decrease in the peak temperature per layer.
Experimental results have been validated with a well known
thermal model named 3D ICE.

Author Keywords
Genetic Algorithm; Hotspot; 3D NoC; Heat sink; Power
density.

INTRODUCTION
The 2D chip fabrication has given rise to various 2D NoC
structures in recent years. Conventional 2D NoCs are facing
lots of challenges due to exponential increase of PEs in a sin-
gle layer. It leads to increase in number of hops from source
to destination, ultimately increasing the latency to transmit
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the messages. Implementation of heterogeneous technolo-
gies like high level scientific applications becomes critical in
a single layer NoC . The increase in wire delay and power
consumption made the chip designers to think adding IPs in
the z-direction.

3D NoC is the combination of NoC and 3D IC. The NoC
concept replaces design-specific global on-chip wires witha
generic on-chip interconnection network realized by special-
ized routers that connect generic processing elements(PE)
such as processors, ASICs, FPGAs , memories and so forth
to the network and facilitate communications or links be-
tween them. The benefits of the NoC based systems include
scalability, predictability and higher bandwidth with support
for concurrent communications. Multiple silicon layers are
stacked vertically in 3D NoC. It has emerged as an effective
mechanism to overcome the physical constraints and commu-
nication delays found in 2D NoCs. 3D NoCs saves space as
it results in smaller footprints in each layer. The dies can be
placed few millimeters apart vertically. Vertical placement
of dies reduces interconnection length notably [22] . The re-
duced interconnection length results in low latency and in-
crease in performance. Data can be moved in both directions
i.e. horizontally as well as vertically boosting the perfor-
mance by 30% to 40%. More number of vertical vias be-
tween layers, increases the bandwidth. 3D NoCs consume
40-50% less power than its 2D counterpart [22]. As 3D NoC
supports heterogeneous integration, the dies placed one above
the other need not to be similar ones leading to optimization
of chip components according to their diverse function [11,
12, 5].

3D NoC exacerbates the thermal problem in the inner layers
because of longer heat dissipation path from chip surface to
heat sink. With the increase in transistor density, the power
density in the modern electronics devices has also grown ex-
ponentially, doubling in every three years [23]. The increase
in power consumption results in a drastic increase in the chip
operating temperature [3].



A major part of the power consumed by electronic devices
is directly proportional to the heat generated, the exponential
increase in power results in substantial increase in the chip
temperature. Regulating temperature in advanced SoCs has
become a major problem for computer system architects and
designers. The soaring heat has forced high cooling costs in
electronic devices (1-3 dollar/watt) [23]. Traditional meth-
ods of air-cooling is becoming inadequate to decrease the el-
evating on-chip temperature [20]. The seriousness of ther-
mal problems is highlighted by Intel’s cognizance of hitting
a ”thermal wall” [18]. The cooling cost in data centers has
grown 400% in the last decade and it is expected to continue
at the same rate in the near future. It is also pointed that for
1 watt of computation work, half or one watt will be con-
sumed for cooling [2]. The exorbitant cooling methods are
posing serious threat to the global economy , leading to the
”economic melt down of Moore’s law” [4].

The increase in power consumption as well as the elevated on-
chip temperature creates enormous challenges to the future
computing systems. Clock frequency of micro-processors
nearly doubles in each generation. The scaling in supply volt-
age is unable to remunerate the resultant increase in power
[10]. It has estimated the value of power density to reach
10,000 W/cm2by the end of 2016 [5]. Increase in tempera-
ture affects the performance and reliability of the chip.

This paper proposes a multi objective evolutionary algorithm
(MOEA) based thermal-aware floorplanning for 3D NoCs.
The previous works discussed in this section have experi-
mented only on 3 layer architecture. The figures shown in the
experimental part clearly shows the addtion of two another
layers and to study its effect on the system. The proposed
floorplanner can manage the optimization of functional units,
taking into account placement restrictions in the model. It
can generate thermal profiles of the original and optimized
floorplan, and peak temperature of individual layers. Results
show that the inclusion of thrmal-aware genetic algorithm de-
creases the peak temperature of individual layers to a great
extent.

The paper is organized as follows: Section 2 describes pre-
vious research works carried out related to thermal manage-
ment in 3D NoC. Section 3 illustrates the 3D NoC modeling,
optimization and simulation platform. Section 4 details the
experimental set up. Section 5 discusses the results obtained
and finally, Section 6 concludes this paper.

RELATED WORK
In this section, we discuss thermal-aware modeling during the
design and optimization of 3D NoCs. One method to control
the on chip temperature is via routing. Chaoet al. proposed
a thermal-aware adaptive routing using proactive downward
routing [16] which ensures thermal safety for throttled NoCs.
A hybrid adaptive routing algorithm to reduce the peak tem-
perature, is proposed in [21].

Mapping is another method to control the on-chip peak tem-
perature. Mapping algorithms assign various tasks to coresto
optimize the thermal constraint [17]. Peak temperature can be
reduced by minimizing the network communication rate, net-

Figure 1: 3D Stacked-Mesh Architecture showing 3 layers

Figure 2: Thermal model of a 3D NoC system

work congestion , network communication energy and ther-
mal balancing of the network [1, 25, 15, 6, 14]. Integer linear
programming (ILP) approach is used in [12] to alleviate the
on-chip temperature.

Thermal and communication aware mapping using genetic al-
gorithm is used to decrease the peak temperature in 2D and
3D NoCs [15]. Skadronet al. [23] proposed to use equivalent
electrical RC-circuits in order to model the thermal behavior
of a chip [23]. Modeling can be done on various granularity
levels , giving rise to different degrees of accuracy and speed.
Several other works focused on 3D floor-planning, placement
and thermal related issues [13, 19]. Coskumet al. [7] pro-
posed dynamic thermal management methods for 3D NoCs.

Our approach , however, used Multi-Objective Evolutionary
Algorithm, as it deals with a set of possible solutions simulta-
neously. It explores the solutions over the entire search space,
which avoids trapping of the solution in local minima or max-
ima.

THE 3D MODELING, OPTIMIZATION AND SIMULATION

PROBLEM

Mathematical Model
The topology used in our experimental work is 3D stacked
mesh architecture. The stacked (hybrid NoC bus) mesh ar-
chitecture presented in Figure 1 is a hybrid architecture be-
tween the packet switched network and the bus architecture
to overcome the mentioned 3D symmetric NoC challenges.



Figure 3: Sideview of a typical 3D NoC System

It takes advantage of the short inter-layer distances. It inte-
grates the multiple layers of 2D mesh networks by connect-
ing them with a bus spanning the entire vertical distance of
the chip. As the inter-layer distance for 3D ICs is small, the
bus length will also be smaller. This makes the bus suitable
for inter-layer communication in vertical direction. By using
the stacked mesh architecture, six-port router is requiredin-
stead of seven ports for typical 3D NoC router and vertical
communication is just one hop away to any destination layer.

The side view of a typical 3D NoC is shown in Figure 2. The
chip is usually mounted on the printed circuit board (PCB).
Several heat conductive layers are present between the PCB
up to the ambient. Here the ambient is represented by air flow.
Individual layers are placed in a manner to maximize the heat
flow from the active layers and to remove excess heat gener-
ated by the active layers. The heat sink is generally cooled
by a fan. The package is having several heat flow paths like,
primary heat flow path, secondary heat flow path and lateral
heat flow paths. The primary heat flow path is made up by
the following layers; the die, thermal-interface material, heat
spreader and heat sink. The individual layers are made up of
aluminum, copper and other material with high conductivity
to maximize the heat flow. The secondary heat flow path is
from the die to the PCB. It is designed in a way to minimize
the heat flow die to PCB and to protect the PCB and other
devices installed on it. It consists of the die , C4 pads and un-
der fill, ceramic, solder balls and the PCB. Primary and sec-
ondary heat transfer path represents the vertical heat transfer,
whereas there are other lateral heat transfer paths.

The thermal model of this system can be defined in terms of
the RC model as depicted in Figure 2. The equation regulat-
ing heat diffusion via thermal conduction is,

Cm.

−−−→
dT (t)

dt
dt+Am.

−−→
T (t) =

−→
P .u (t) (1)

whereAm represents aM×M sparse matrix representing the
thermal conductivity matrix, the thermal capacitance matrix

Cm is anM × M diagonal matrix , whereas,
−−→
T (t) and

−→
P

representsM × 1 temperature and power vectors.

For steady state thermal analysis, the first term in Equation1
can be eliminated, and rewritten as,

AmT = Pm ⇔ T = A−1

m Pm (2)

From Equation 2, it is clear that given power vectorPm and
thermal conductivity matrixAm, we can calculate the steady
state temperature. The difficulty in determining the steady
state temperature lies with computing the inverse ofAm. Cal-
culatingA−1

m is a difficult task as blocks change their location
continuously in the optimization process in order to achieve
better objective .

Optimization Model
Several approaches have been proposed in the literature to
calculate the temperature without evaluating the inverse of the
thermal conductivity matrix. In this work, the hottest blocks
are placed at maximum distance possible from each other at
the end of the optimization process. This leads to the fact that
hottest blocks are the main contributors of elevated tempera-
ture of the chip. The hottest blocks have the highest power
densities among all the blocks. Therefore, the 3D stacked
mesh NoC can be discretized in to small blocks. In this pa-
per, the fitness function is organized as a weighted sum of
two objectives. The first objective is defined by means of
the topological relations among placed blocks. It represents
the number of topological constraints violated (no overlap-
ping between placed blocks as current volume≤ maximum
volume). The second objective is a measure of the thermal
impact, computed as follows. Given a block b, it’s tempera-
ture can be modeled as follows:

Tb =
N
∑

i

A−1

bi .Pi ≈ A−1

bb .Pb ∝ Pb (3)

wherePb is the nomalized power density of block b.

Therefore our objective can be stated as follows,

Min. (T ) =
∑

i<j

Bi.Bj
√

dx2

ij + dy2ij + dz2ij

(4)

where B={PE1, PE2, ..., PEn, SW1, SW2, ..., SWn} ;

PE is a processing element and SW represents a switch.

Our proposed algorithm will try to place the hottest process-
ing elements and switches as far as possible. As described
in [8] , this method can reduce maximum temperature on the
chip. For our 3D NoC stacked mesh scenario, we have used
two objectives. The Performance and temperature objectives
have an opposite nature: the better the performance, higher
the temperature. In our proposed algorithm, our objective
function is stated as follows:

Min. (F ) = (n+ r)×
T

T ∗
(5)



where r is the set of topological constraints violated,T ∗ is
the evaluation of Equation 4, in a stacked mesh topology. We
have used the mesh topology as a baseline because of its high
performance. For our future work, we are currently analyzing
mechanisms to include communication as a third objective,
making the mesh topology an excellent baseline for the fitness
function.

The first objective described above, is related to topological
relations among placed units. This objectives verifies thatthe
current area created by functional units is less than or equal
to maximum area. It also ensures that there are no overlap
between the placed units. If this objective is not taken taken in
to account, our floor-planner could find unfeasible solutions.

The use of MOEA is proposed in this work as it is an efficient
method to solve NP-hard problems. MOEAs are stochas-
tic optimization heuristics in nature. These approaches have
been successfully applied to many NP-hard combinatorial op-
timization problems. In order to apply MOEAs to a problem,
a genetic representation of each individual has to be found
out. After this , an initial population has to be created and the
cost function to measure the fitness of each solution should be
defined. In the second step, the genetic operators to be applied
have to be defined. These operators allows to produce a new
population of thermal-aware floor-planning solutions froma
previous one. It does this by capturing the inter-dependencies
of the different topological constraints working concurrently.
Then , the genetic operators are iteratively applied to the cur-
rent population. After this, the fitness of the best individuals
in the population converges to targeted solutions, according
to the metrics to be optimized.

A genetic representation of design space of all the possible
floor-planing alternatives needs to be defined in order to ap-
ply MOEA correctly. Our floor-planner guarantees that all the
chromosomes, which are the codification of our final floor-
plan, represent real and feasible solutions to the problem and
ensures that the search space is covered in a continuous and
optimal way. Permutation encoding is used in our approach,
where every chromosome is a string of records, that repre-
sents a position in a sequence. These collects all the impor-
tant information relative to the functional unit such as name
of the functional unit, its length and width, connection map
and power consumption of the functional units.The order in
which the functional units appear in the chromosome deter-
mines their position in the final layout.

Figure 4 depicts two chromosomes used in our MOEA based
floor-planning algorithm. A random pool of initial popu-
lation is taken into account. As shown in the Figure 4, a
chromosome is formed of four Processing ElementsPEi

(i = 1, 2, 3, 4) and four SwitchesSWi (i = 1, 2, 3, 4).

In each generation, two chromosomes are selected in tour-
nament selection. Tournament selection runs several tour-
naments among few individuals chosen at random from the
population. The winner of the tournament is the chromosome
having the best fitness function. The winner chromosome
is selected for crossover. Selection pressure is adjusted by
changing the tournament size. Bigger tournament size dis-

cards the chance of weak individuals to be selected. The se-
lection operator in our floor-planner selects two random chro-
mosomes from the entire population and then as described
above , the best of these are selected. This task is repeated
twice in order to obtain two chromosomes or parents. In Fig-
ure 4, these chromosomes are selected as chromosome A and
chromosome B. The best individuals from the tournament are
the one having highest fitness value. The winners of the tour-
nament are inserted in a mating pool. The mating pool con-
sists of the tournament winners having higher fitness value.
This method is more efficient and leads to an sub-optimal so-
lution. Advantages of tournament selections are it is efficient
to code, works on parallel architectures and it allows the se-
lection pressure to be easily adjusted.

Figure 4.(b) demonstrates that the cycle crossover is applied.
Crossover is the process of taking two parent solutions and
producing a child from them. As seen in Figure 3, it starts
with the first allele of chromosome A(PE1). In the next
step, the allele at the same position in chromosome B is taken.
In our case, it is SW1. Next, the position with the same al-
lele that was in chromosome B is taken in A and this allele
is added to the cycle. The previous step is repeated until the
first allele of A is taken again and breaks the loop. In the final
step, the alleles of the cycle in the first child are put on the po-
sitions they have in the first parent, and take next cycle from
the second parent. As can be seen in Figure 4, dark squares
are unchanged units from the parents and gray squares repre-
sent when the children are swapped. This process guarantees
that the offspring are feasible feasible solutions to the prob-
lem . This process eliminates the chances of duplicity in the
functional units.

The reproduction operator randomly selects a pair of two in-
dividual strings for the mating process. Selection of a cross
site is done at random along the entire string length. In the
last step, the position values are swapped between the two
strings following the cross site. The main reason of applying
crossover operator is that the newly generated chromosomes
should contain good parts of the old chromosome and thus
this process results in producing better off-springs.

After the crossover has created children, mutation procedure
can occur in two different ways, with the same probability.
The chromosome reveals the order of the functional units.
Each gene inside the chromosome contains its position infor-
mation. As seen in figure 3(c), some blocks are chosen and
swapped in the case of first chromosome, whereas in case sec-
ond chromosome, the blockPE2 is rotated90 ◦ . In this case
, the length and width of the block are interchanged.

Heat sources are those components of a circuit with greater
power density. Our floor-planner helps to keep the heat
sources as far as possible and it generally places them at the
border of the chip. This technique helps in reducing the on
chip temperature due to diffusion. Vertical heat spread is
taken into account by not placing the heat sources one above
the other. From the optimized floor-plans , it is clearly visible
that most of the IPs are placed either in the first layer or in the
last layer. Routers are placed at the border lines of the chip
which yields to less heat.



In order to optimize the thermal deviation between nodes, we
propose the use of this multi-objective function in a novel
thermal-aware floor-planning algorithm for 3D NoCs. The
algorithm consists of four phases. The population of chro-
mosomes is modified to a new generation by applying three
operators : selection, crossover and mutation. Selection takes
good chromosomes based on the fitness function of each in-
dividual to apply. Crossover, which picks two chromosomes
randomly with a probability ofpc and mixes information. The
mutation operator swaps 1 to 0 and vice-verse with a proba-
bility of pm . Genetic algorithm applies the above three oper-
ators in every generation until a stopping criteria is met. This
algorithm can search a large solution space while ingoing the
unsuitable regions. The pseudo code of the genetic algorithm
is illustrated in Algorithm A.

RESULTS AND DISCUSSION
After the optimization algorithm is executed using the ap-
proximated thermal model in Equation 4 , the results are val-
idated against 3D-ICE [24], which uses the more accurate
thermal model shown in Equation 1. Figure 5. represents
the thermal distribution of our baseline scenario, where all
the processing elements are labeled asPEi and switches are
labeled asSWi, wherei is an identifier. As seen in the figure,
hot spots appear, specially in the first and second layer as they
can not dissipate heat like the top layers.

The proposed algorithm is configured with a maximum popu-
lation of 100 individuals, and a maximum number of 250 gen-
erations. The probability of mutation depends on the number
of variables. In this case, it is the inverse of the number of
blocks. Then, we set a cycle crossover with a probability of
0.90 and the tournament selection method, as mentioned in
[9].

This section presents the thermal results obtained in the sce-
narios described in Section 3. The benchmarks used here is
divided in to 3 categories , they are 3 layer, 4 layer, and 5 layer
stacked 3D NoC mesh architecture. The floor-plans are mod-
ified in order to include an increased number of functional
units in every layer. The inter-layer communication is carried
out with a set of buses that route the communication signals
from one layer to another. The base architecture is shown in
Figure 1. All the layers are homogeneous in nature.

Figure 5 depicts the optimized thermal map for 3 layer , 4
layer and 5 layer benchmarks. As can be seen in Table 1, we
achieve a reduction of 32.6588K in peak temperature when
compared with the baseline scenario. However, as Table 2
and Table 3 shows the peak temperature of 4 layer and 5
layer benchmarks have gone up to 423.6995k and 453.5233k
respectively. The high rise in temperature is because of the
fact that the inner layers are not able to dissipate the heat
to the ambient. After applying the optimization algorithm,
the corresponding reduction in temperature are 44.3604K and
75.1354K respectively, for the layers showing highest tem-
perature. The peak temperature of other layers can be referred
from Table 1, Table 2 and Table 3.

From the results reflected in the tables, it can be derived that
our floor-planner algorithm decreases the maximum temper-
ature in all the active layers for all the designs. This is dueto
the homogeneous thermal distribution due to replacement of
functional units. The reduction of on-chip temperature trans-
lates in to a reduced reliability risk and diminished leakage
currents.

Figure 5 shows the temperatures of the active layers, in which
the processing elements and switches are placed. A color map
schema is used and it is shown in the legend. The functional
units of each layer is represented by filling each of the cell
with the color that corresponds with its temperature. In order
to evaluate the improvements in the optimization process, the
scale for each design is kept constant.

From the visual analysis of the Figure 5, it is clearly no-
ticed that there are high temperature regions , where hotspots
are created. The problem is more exacerbated in first layers,
where the functional units are not able to dissipate heat to the
environment. The thermal problems affects the performance
and reliability of the chip due to their high temperature. As
the power dissipated in the die increases, the temperature in-
creases exponentially.

From the results reflected in the Table 1, Table and Table 3 ,
it can be found out that the optimizer decreases the peak tem-
perature in all active layers. This is due to the fact that , the
replacement of functional units ensured a more homogeneous

Figure 4: Steps showing operators of MOEA in thermal-aware floor-planning algorithm
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Figure 5: (a) Thermal map of original 3 layer floorplan (b) Thermal mapof 3 layer floorplan after applying MOEA (c)Thermal
map of original 4 layer floorplan (d) Thermal map of 4 layer floorplan after applying MOEA (e) Thermal map of original 5layer
floorplan (f) Thermal map of 4 layer floorplan after applying MOEA
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Figure 6: (a) Original and optimized peak temperature of 3 layer homogeneous 3D NoC (b) Original and optimized peak
temperature of 4 layer homogeneous 3D NoC (c) Original and optimized peak temperature of 5 layer homogeneous 3D NoC

Layer
Number

Temp. of
original
floorplan

Temp. of
optimized
floorplan

Reduction of
Temp.

Layer0 381.013 353.8788 27.1342
Layer1 387.2342 357.3654 29.8688
Layer2 393.9507 361.2919 32.6588

Table 1: Peak and optimized temperature of 3 layer floorplan

Layer
Number

Temp. of
original
floorplan

Temp. of
optimized
floorplan

Reduction of
Temp.

Layer0 398.5079 366.1133 32.3946
Layer1 406.0838 370.3774 35.7064
Layer2 415.0838 375.3961 39.6877
Layer3 423.6995 379.3391 44.3604

Table 2: Peak and optimized temperature of 4 layer floorplan

Layer
Number

Temp. of
original
loorplan

Temp. of
optimized
floorplan

Reduction of
Temp.

Layer0 411.5411 360.1468 51.3943
Layer1 420.2010 364.1730 56.028
Layer2 430.7982 368.9245 61.8737
Layer3 443.8383 374.6677 69.1706
Layer4 453.5233 378.3879 75.1354

Table 3: Peak and optimized temperature of 5 layer floorplan

thermal distribution. It results into a minimized reliability
risk and reduced leakage currents.

Figure 5-a depicts the thermal distribution of our baselinesce-
nario, where all processing elements are labeled asIPid and

routers asSWid, where id is an identifier. As can be seen in
the figure, hot spots appear in the topmost layer as the heat
conduction path is longer in topmost layers. Similarly, Figure
5-c and Figure 5-e depicts the original thermal diagram of 4
layer and 5 layer stack based 3-D NoC respectively.

CONCLUSION
Our work proposes a novel optimization process for ther-
mal management in 3D NoCs. Our algorithm is capable of
placing the functional units, taking into account their ther-
mal contribution to the entire stack. The optimization in the
placement reduces the peak temperature of individual lay-
ers. The effectiveness of the proposed algorithm regarding
reduction in temperature has been demonstrated by the reduc-
tion of on-chip temperature. Further, our simulations demon-
strated peak temperature improvements compared to a typical
stacked mesh 3D NoC.
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