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Abstract: In this study, we present a 3D Network-on-Chip (NoC) comprehensive simulation framework which
is integrated with 3D Nirgam, HotSpot and Orion. Based on this framework, a power- and thermal-aware
mapping approach for 3D NoC is proposed. The proposed approach uses genetic algorithm to map IP cores
onto 3D NoC architecture with the goal of mimimizing the power consumption and temperature deviation.
Various multimedia benchmark applications are evaluated to confirm the efficiency of the proposed approach.
The power consumption in power-aware mapping is saved 27.07% on average compared to random mapping.
The temperature deviation between nodes is reduced by 34.56% on average with our approach compared to

random mapping while a httle influence 1s caused on performance.
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INTRODUCTION

Continuous  development of  semi-conductor
technologies makes it possible to integrate more and more
TP cores in a chip. The traditional System-on-Chip (SoC)
design encounters more challenges in latency, power
consumption throughput.  As  a result,
Network-on-Chip (NoC) emerged as a novel paradigm to
provide an effective, reliable and flexible infrastructure for
system modules based on data packet transmission
scheme (Bemum and De Micheli, 2002). Simultaneously,
the advent and increasing viability of 3D Integrated
circuits show a new field for IC designer. By combiung
these two technicues, 3D NoC is suggested to become an
effective solution to overcome difficulties associated with
inter- connection length and interconnect power which
provides better commumcation mechanisms than
traditional networks (Shan and Bill, 2008).

In NoC design, mapping determines the topological
placement of IP cores under different design constraints
which has great influence on overall system performance.
Thus, finding an efficient and accurate mapping algorithm
15 extremely important. Usually, metrics as power
consumption and latency are considered in mapping
algorithm. However, due to smaller chip area and the
existence of the vertical layers, thermal management issue
comes to be more serious than ever in 3D IC design. In
reality, many of electronic circuit failures are caused by or
related to unevenly distributed heat dissipation which
may produce hotspots (Chu and Wong, 1998). Hotspots

and

can give rise to timing failures and reliability concerns. As
a result of these effects, temperature should be
considered as one metric in 3D mapping.

In this study, we take both the power consumption
and thermal management into account and propose a
power- and thermal- aware mapping approach based on
genetic algorithm for 3D NoC to optimize both power
consumption and temperature distribution of the chup.
Parts of our work have been presented m (Feng et of.,
2013) to mimmize the peak temperature and the
temperature deviation. This study expands the previous
work with a further analysis of the impact of mapping on
power consumption and performance variation with
different thermal optimization strategies. Also, we present
a comprehensive simulation framework for 3D NoC to
evaluate the mapping results.

RELATED WORK

In 2D NoC design field, tremendous works has been
done on mapping problem. As we know, PBB 13 proposed
to mimmize the energy consumption for mesh architecture
(Hu and Marculescu, 2003). And heuristic search
algorithm gets more attention in recent years. A NAMP
algorithm maps TP cores onto NoC architecture under the
bandwidth constraint with the aim of minimizing
commumecation delay (Muwrali and de Micheli, 2004).
Simulation Annealing (SA) is presented to map TP cores
considering link bandwidth with latency (Hredzak and
Diessel, 2011).
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Recently, there are some studies on 3D NoC
mapping. According to the properties of 3D NoC, different
optimization goals attached great attention. A rank-based
multi-objective genetic algorithm has been proposed for
latency-aware mapping to latency under
congestion and no congestion (Wang et «f, 2011).
Ying et al (2012) present a genetic algorithm based
optimization method for low vertical link density,
considering the tradeoff of the number of TSVs and
performance. Addo-Quaye (2005) first proposed to
address the thermal-aware mapping for 3D NoC. Three
ILP-based thermal-aware mapping for 3D NoC are
proposed to explore the thermal constramts and their

reduce

effects on temperature and performance (Hamedam et al.,
2012). However, only the peak temperature of the chip 1s
considered in their work. Another important fact in
thermal 1ssues 1s the distribution of temperature which is
not included.

PROBLEM FORMULATION AND DEFINITIONS

In this section, we first analyze the power and thermal
model and then present the mapping problem formulation.

Power model: Power dissipation is a critical issue in 3D
circuits. Although the total power consumption of 3D
systems 1s expected to be lower than that of mamstream
2D cirewts (since the global interconnects are shorter),
the increased power density constitutes a new challenge
for this novel design paradigm.

Pavlidis and Friedman (2007) show that the power
consumption per bit between a source destination node
pair i 3D NoC 1s given by:

P, =hopsP,, +hops, Py, +hops; 1P, (M

where, P, is the power consumed on the crossbar
switch in a router. P, and P_,, are the power consumed
on the horizontal and the vertical link respectively. Hops
is the average nmumber of routers that a packet traverses to
reach the destination node. hops, ;, is the average number
of hops within the 2D layers and hops,, is the average
number of hops on the third dimension

For 3D Mesh NoC with mimimal routing, hops 1s
determined by the Manhattan distance between node
1(x, ¥,» z) and node j(x,, y;, z.):

hops = yx—yj‘+|zi—zj‘ 2

x;xj‘Jr

hops, , = Yi— yj‘ (3)

x‘—xj|+

hops, |, = (4)

z‘—zj‘

Since Eq. 1 13 a linear combination of the variable
hops and the constants P, Py, and P, .. we assert
that minimizing the average hop distance 15 equivalent to
minimizing the power consumption, regardless of the
constant values.

Temperature model: Thermal management issues in 3D
NoC draw more and more attention. In [11] researchers
show steady state temperature of each TP core in 3D NoC
1s given by:

KA"”“X(ZH;P;,,-,ﬁPRJ,J_S) (5)

k
Thi, 5,5 = Tams+ Z

m=1

where Th,;, 1s the temperature of IP core at the position
(1], k) in 3D NoC. T, 1s the ambient temperature. R, , 1s
the thermal resistance of the TP core at the position
(i, ], m). A is the area of TP core. n is the total number of
layers. P;;, and PR;;  are the average power consumption
of IP core and router at the position (4, j, s) in 3D NoC. P;;,
can be assigned a random power based on the average
power consumption of the core (at the range of 10~60
W/em?) at the specific technology (Tsai and Kang, 2000).
PR;;, can be calculated as follows:

PRij:= 3, AuxPua (&)

VL—=Rijs

where A, is the amount of data routed from this router. P,
1s the bit power consumption of the router.

Problem formulation: The mapping is to determine the
topological placement of IP cores onto different resource
nodes, such that the temperature distribution of the chup,
power
optimized. Fig. 1 shows an instance for the mapping
problem in 3D NoC architecture.

For the convenience of analysis and discussion, the
mapping problem can be formulated as follows.

Given a core communication graph denoted by
CCG(C, A), where each vertex ¢;eC represents an IP core
and each directed edge a;cA represents the
commumeaticn trace from IP ¢, to IP ¢;. The weight of the
edge, denoted by b(a,;) represents the total volume of the
comimunication.

Given a NoC architecture graph which 1s denoted by
NAG(R, P). Each vertex 1,eR represents a resource node in
the architecture and each edge denoted as p,EP
represents the commumcation path from resource node r;

consumption and performance metrics are
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3D NoCNAG

Fig. 1: Mapping problem for 3D NoC architecture

to ;. The weight of the edge, denoted by pw,;, represents
the average power consumption of sending one bit of
data from r; tor, L.e. Py,

Find a map function:

map: C— R= 1, =mapic),ve, e C,3r R, || < R
Such that:

* The total communication power consumption is
mimmized:

minE(A)= I

b(aw)x hopsj)]) Q)
Va, e A

¢ The chip temperature is evenly distributed

According to thermal model, the temperature of the
node mainly depends on the router power. When the
technology of the chip is chosen, the other parameters are
fixed. As stated in Eq. 6, the router power is calculated
based on the router power consumption per bit and the
amount of data which 1s routed from tlus router. Hence,
the goal can be simplified as:

min{i;} )
Where:
A= T biixM
Vaeh
and:
M= {é eilzeL € Link(ri, 5)

Link (r, 1;) 1s the set of links between node 1 and node j
based on the NoC routing algorithm.

Owr proposed algorithm takes temperature deviation
nto account, so as to balance the temperature distribution

of each layer. We use the deviation of temperature on
chip to represent whether the heat dissipation is evenly
distributed and it is given by:

Oa= lzn: (Thi— Te)? )]
nig

where, 0, is the deviation of temperature of nodes on chip
(the smaller values means evenly distributed). n is the
total number of nodes. Th; is temperature of the ith node.
And T, is the average temperature of the total nodes.

In order to balance the performance and temperature
deviation between nodes, we sort the temperature of
nodes m descending order and take top m values to
calculate deviation. The value of m (m = n) can be
adjusted according to the requirements of performance
and temperature optimization. Thus, the temperature
deviation of nodes on chip is modified by:

G = =3 (Th, ~ Ter)? (10)
m 5

Fmally, the goal of optimizing the chip temperature 1s
to find:

min{om} (11)

s.t.:
(Thi)me: < T e

where, T, 1 the maximum temperature that a chip can
bear.

3D NoC SIMULATION FRAMEWORK

The goal of the proposed mapping approach is to
optimize power consumption and temperature distribution
of the chup. However, the existing NoC simulators, such as
Nirgam, Noxim and NNSE, only can be used to evaluate
performance metrics of 2D NoC system. Therefore, we
establish a comprehensive simulation framework for 3D
NoC to evaluate various configured 3D NoC architectures
with different topologies, routing algorithms and traffic
patterns, as shown in Fig. 2. We first expand existing
Nirgam simulator for 2D NoC to be suitable for the
simulation of 3D NoC and combine the power simulator
Orion and thermal model Hotspot with it to form the
comprehensive simulation framework. This platform can
evaluate the 3D NoC architectures with performance,
power consumption and chip temperature which provide
a fundamental platform for 3D NoC design.
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Fig. 2: 3D NoC comprehensive simulation framework

Nirgam sunulator which 15 the key part of the
simulation platform loads the configuration information
from the configuration files and component libraries to
initialize the NoC architecture with the network topology,
the routing algoritiun used in the router and the flow
model used in communication IP cores and then starts the
simulation process. Nirgam analyzes the network latency
and throughput and invokes the Orion model to compute
the power consumption of the whole system and each
component. Then, the power consumption traces are
mput to the Hotspot model and the temperature
distribution of NoC system can be computed. All the
sinulation results can be output graphically.

PROPOSED MAPPING APPROACH

Based on the above simulation framework, we
propose a power-and thermal-aware mapping approach for
3D NoC usmg genetic algorithm. The approach consists
of four phases and the algorithm flow is shown in Fig. 3.

First phase: An optimal mapping set is produced by
utilizing genetic algorithm. The following steps are used
to decide the position of each TP core in the 3D NoC and
the pseudo code 1s shown n Fig. 4.

*  Generate an itial population of n chromosome
which consists of many randomly generated TP core
placements. Each chromosome is encoded mto
integer strings, with its length equal to the number of
vertices 1n a core communication graph. As shown in
Fig. 5, each gene (vertex in CCQG) in the chromosome
contains an mnteger indicating a randomly selected
vertex of the 3D NoC architecture graph

CCG and NAG
Mapping

Pl: GAbased | st | P2: Nirgam

mapping simulator
set consumption
P3: Hotspot trace

Adjust value m model

Temperature

P4: Optimad
mapping st ?,

Output optimal
mapping set

Fig. 3: Algorithm flow

Tnitalize population
Set the parameters
For =1 to max_generation
For each solution
Attain TP core communication graph
Generate placement
Compute the fitness(the communication cost in hops, temperatire
for each TP core)
Sort temperature
Calculate the temperatire deviation
Evaluate cost function
End for
select
crossover
mutate
upgrade the population
=il
end for
output the optimal solution

Fig. 4 Pseudo code of the genetic algoritlin based
mapping
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1 5] 4 012 3 7 6

Fig. 5: Chromosome encoding for 3D NoC mapping

¢ Evaluate the fitness of each chromosome in the
population. Tn this step, the fitness function given by
Eq. 7 or 11 18 used to mimmize the communication
power consumption

¢ Create a new population by applying three operators
similar to the natural selection operators-selection,
crossover and mutation. Selection selects two parent
chromosomes from the population according to their
fitness (the better fitness, the larger chance to be
selected). For crossover, two cross points are
randomly selected, the genes between two cross
points of the first parent are copied to the second
offspring, then the other parent is scanned and if the
nmumber is not yet in the offspring, it is added to the
offspring. For mutation, we exchange two members in
chromosome that are randomly selected

¢+  Repeat the step 2~3 until the lowest average hop
distance has not changed for a sufficient number of
iterations, then stop and report the best mapping as
the generated optimal IP core placement m the 3D
NoC

Second phase: According to the mapping results obtained
in last phase, we input the determined communication
relationship between TP cores into Nirgam and set the
configuration files. Then, the performance (network
latency and throughput) and power consumption of the
optimal mapping can be obtained.

Third phase: The mapping set and power consumption
traces which are got m phasel and phase 2 respectively
are taken as iputs to Hotspot m the sunulation
framework. Temperature of each node is to be calculated.

The fowth phase: We have a mapping set and its
corresponding performance, power consumption and
temperature information. Then we need to judge
whether the mapping set is the optimal one. Tf it is, the
optimal mapping set can be output. If not, the value of m
should be adjusted and the algorithm returns to the first
phase.

Chromosome
0.25 B Optimal
Randorr
0.20
c
k)
% 0.15
3
c
3
5 0.10
2
&
0.05
0.00 I I I . l
Gl G2 G3 G4 G5 G6

Graph ID

Fig. 6: Power consumption comparisons for multimedia

benchmarks

Table 1: Graph characteristics

Graph Graph ID  Nodes  Edges NoC XxYxZ
MWD [19] Gl 12 13 2x3x2
VOPD[19] G2 12 15 2x3x2
MPEGH4 decoder [19] G3 12 26 2x3x2
H.263 enc MP3 enc [20] G4 14 19 2x4x2
MMS [21] GS 25 33 Ix4x3
D.38 tvopd [22] G6 38 47 4x4x3
EXPERIMENTAL RESULTS

In this section, we present the experimental results
obtained by executing the proposed approach on various
multimedia benchmark applications. Table 1 lists the graph
IDs and sizes of the CCG of the various benchmarks
(Bertozzi et al, 2005, Murali et al., 2009). In order to
evaluate the efficiency of the proposed approach, we
compared the results produced by owr proposed approach
against random mapping.

Power consumption comparisons for multimedia
benchmarks based on power-aware mapping using (7) as
fitness function is shown in Fig. 6. The power
consumption 1s reduced 27.07% on average compared
with random mapping. Especially, with the number of
cores increases the reduction gets more obvious.
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Fig.7 (a-c): CCQG and the mapping results of MPEG4 decoder, (a) The CCG of MPEG4 decoder, (b) A random mapping

result and (¢) Optimal mapping result

As an example, we give a core commuimcation graph
CCG of MPEG4 decoder in Fig. 7a, in which the labels of
the edges in CCG denote the bandwidth requirement. The
random mapping and optimal mapping solution are shown
m Fig. 7b and ¢, respectively. From the figure, we can see
that the communication amount between two cores 1s
heavier, the more close they are attached to each other.

Mapping results comparisons for multimedia
benchmarks based on power-aware mapping using Hq. 11
as fitness function 18 shown in Fig. 8. In Fig. 8a, we show
a comparison between the optimal mapping and the
random mapping on peak temperature using various
benchmarks. From the figure, it can be seen that as the
nmumber of TP core increases, the reduction in peak
temperature gets more obvious. 13% reduction 1s
achieved on average. In particular, for the .38 tvopd
benchmark which has the largest number of IP cores, the
proposed algorithm improves the peak temperature up to
17%. The average temperature is presented in Fig. 8b. It
shows no much difference between the random mapping
and optimal mapping, when the number of TP cores are
relatively small. As the number of IP cores mcrease, the
improvement is greater by utilizing optimal mapping. A
comparison of the deviation of temperature for the
different benchmarks 13 shown m Fig. 8 which shows

Table 2: Performance of MPEG4 with different values of m

Performances m=3 m =6 m=12
Peak temperature (°C) 55.15 49.11 61.02
Average temperatire (°C) 41.29 40.76 43.85
Average power consumption (mw) 39.69 38.64 44.95
Average delay (cycles) 20.30 21.70 20.48

35% decrease on average. And for the MPEG4 benchmark
which 1s the most popular application, the deviation 1s
decreased 69%. We also present comparisons of power
and latency n Fig. 8d and Fig. 8e respectively. From the
figure, the optunal mapping save power consumption 14%
on average and latency is reduced 8% on average.
Therefore, the algorithm we proposed can reduce the
temperature deviation efficiently while a little influence 1s
caused on performance.

In order to further discuss the impact of the value of
m in Eq. 10, we take MPEG4 as an example again. Table 2
shows the performance of MPEG4 with different values m
in owr mapping approach. From the table, it is easy to see
that, when m is taken as 6, the peak temperature is the
lowest with higher latency. When m is 3, it has better
performance than other values expect the peak
temperature. For different applications, the mumber of
hotspots varies. Besides, the main target of chip
design 18 different, where the value of m plays a role of
adjustment.
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Fig. 8 (a-e): Temperatire and performance comparisons of various benchmarks, (a) Peak temperature, (b) Average
temperature, (¢) Deviation of temperature, (d) Power consumption and (&) Average latency

CONCLUSION

This study presents a 3D NoC comprehensive
simulation framework. And based on this framework, we
propose a power- and thermal-aware mapping approach
for 3D NoC. The amm is to optimize the commumcation
power consumption and chip temperature distribution.
Applying our approach on various multimedia benchmark

applications  gives experimental results showing
significant achievements as compared to random
mapping.

In the future work, we will take 3D IC floorplanning
information mto consideration, such as add TSV
constraint into our mapping approach. Moreover, in order
to make better use of 3D NoC, layering technology will be
applied in our work which will decrease the possibility of
mixing different technologies (such as logic, analog,
DRAM) on one chip.
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