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A B S T R A C T

Network-on-Chip (NoC) -based communication architecture is promising in addressing the communication bottlenecks in current and future multicore processors. In
this work, we consider the application-specific mapping problem and electromigration (EM) -induced through-silicon via (TSV) reliability issue in tile-based three-
dimension (3D) NoC architectures. In 3D NoCs, network contention may result in unacceptable communication delay among the processing cores and thus has
significant effect on the system performance. So we propose a new latency model for the routers which characterizes the network contentions among different traffic
flows from sharing of network resources. Then we solve the core mapping problem by a fast while efficient stochastic algorithm called Simulated Allocation (SAL),
which integrates our new latency model and also aims to optimize the communication power, latency in the mapping procedure. After that, we use an incremental
method to optimize the reliability of the TSVs. Experimental results show that, contention-aware model (CAM) has 25% larger network latency than our latency
model; compared with particle swarm optimization (PSO), our SAL algorithm can achieve 7% less power with about 7.5� run-time speedup; as for reliability, our
method can achieve better results (up to 10� increase in terms of the void nucleation time (VNT)) with 7.64% increased latency.
1. Introduction

In recent years, the Network-on-Chip (NoC) has proven its success in
providing a scalable communication scheme for System-on-Chips (SoCs)
and general-purpose multicore processors [1]. One big advantage of NoC
is that it can support concurrent communication among different
source-destination pairs, thus it can improve the communication per-
formance in terms of latency as well as reduce power consumption
significantly [2], by avoiding large fan-outs and heavy contentions that
happen in the traditional bus scheme.

Three-dimensional (3D) integrated circuits, in which multiple tiers
are stacked above each other and vertically interconnected using
through-silicon vias (TSVs), are emerging as a promising technology to
reduce communication power (CP) and network latency (NL) for multi-
core chips [3]. However, the TSVs are susceptible to reliability issues, of
which the electromigration (EM)-induced failure is a major concern [4].

Regular 3D tile-based NoC architectures such as mesh have been
widely used in recent 3D IC design, especially in static mapping problem
[5,6]. Due to their modular structure and high scalability, regular 3D
tile-based NoCs are more attractive than inhomogeneous 3D NoCs [7].

When designing the regular 3D NoC architecture for a givenmulticore
application, the challenges mainly come from three aspects. First, how to
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develop an efficient algorithm to map the application to the tile-based regular
3D NoC architecture. It is well known that the mapping problem is NP-
Hard [8,9], and the designers need to tackle a very large solution space
[10] in the application mapping, but the algorithm is required to
converge to a high-quality solution in a fast way. In other words,
although the global optimal solution is hard to reach in most problems,
the final solution should avoid being trapped in bad local minimums. In
addition, the algorithm is often required to incorporate multiple objec-
tives and constraints (e.g., models of power, latency and bandwidth) in
the optimization, which further complicates the search process [11].
Second, how to optimize the lifetime of the TSVs that are under the threaten of
the EM-induced failures. Reliability is an important issue in current inte-
grated circuits [12]. In 3D ICs, the reliability of TSVs has become a new
challenge because the vertical TSVs have different characteristics
compared to the horizontal metal interconnects [13].

According to the EMmodels presented in [14], the lifetime of a TSV is
affected by both its current density and temperature. The current density
in a TSV is determined by the traffic through it, and therefore is affected
by the core to tile mapping in the 3D NoCs. Different mappings also lead
to different power distribution in the 3D chip and thus affect the TSVs'
temperature values. Therefore, we should consider the reliability issue in
the 3D NoC mapping problem, and optimize the lifetime of the TSVs.
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Finally, how to model the performance metrics in NoC. In addition to reli-
ability, performance (latency or bandwidth) is the main concern in
exploring the regular NoC architectures [11]. The mapping procedure
needs a large number of iterations, thus in general, the latency model
should be simple but still reflect certain non-linear effects (such as the
impacts of traffic contentions on the NL). Therefore, a fast but accurate
latency model is required in the mapping process [15].

In this work, we address the aforementioned challenges, and have
made the following contributions:

∙ We develop a novel mapping algorithm based on the stochastic SAL
approach, and it can easily incorporate optimization objectives such
as CP and NL in the mapping procedure. Our experimental results
show that the proposed algorithm achieves better mapping results as
well as faster convergence speed compared to recent work [5].

∙ Accompanying SAL, we propose a new delay model for the routers,
which is able to characterize the contention effects from resource
sharing, and to reflect the effect of traffic amount on router and link
latency. Our model uses two separate queues to model one router and
it can be easily embedded into the objective or constraint functions
when exploring the solution space in NoC-based multicore mapping.
Compared to the simple hop-count model and contention-aware
model, our model can achieve better NL (hop-count is 17% worse
than SAL, CAM is 25% worse than SAL).

∙ After the SAL mapping procedure, we propose an incremental
updating approach to tackle the EM-induced reliability issue in TSVs,
and attempt to optimize the lifetime of the TSVs in the 3D NoC
mapping process. Results show that the bottleneck TSVs' lifetime can
achieve up to 10� improvement.

The rest of the paper is organized as follows. In Section 2, we review
the related work. In Section 3, we provide a formal description of the
mapping problem. We describe our reliability optimization method in
Section 4, then present our new latency model in Section 5. Our SAL-
based mapping algorithm is presented in Section 6. Finally we state
our experimental results in Section 7.

2. Related work

The prior work on 2D and 3D NoC-based mapping can be classified
into two categories – mathematical programming [16,17] and heuristic
approaches [18]. The mathematical programming approaches try to
formulate the mapping problem as either an Linear Programming [17] or
an Integer Linear Programming (ILP) [16] problem. Although this kind of
approaches can achieve a theoretical optimal solution to the formulated
programming problem, they have two main limitations. First, it usually
takes a long time to solve the mathematical programming problems,
especially when the chip has a large number of cores/tiles. Second, in
order to make the problem solvable, the programming formulation tends
to adopt simple performance models. For instance, the hop-count-based
latency model is widely used in the objective or the constraint func-
tions in order to achieve a linear formulation [11].

However, the hop-count model fails to incorporate the sharing of
network resources and network contention in NoC, thus the obtained
mapping solution may suffer serious congestion under heavy workloads.
Therefore, Chou et al. [16] propose a modified ILP model that considers
the secondary contention effects. Their results show that
contention-aware mapping can achieve better solutions than hop-count
based models. Motivated by this observation, in this work, we develop a la-
tency model to characterize the NL that takes both the sharing of network
resources and network contention into account. Different from [16] where
the contentions are implicitly estimated and latency is only a function of
travel distance, our work uses two queues for a router to explicitly model
the contention effects from resource sharing, and to reflect the effect of
the traffic amount on router and link latency. Compared to more
complicated model [15] that further includes link dependency analysis,
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our model has less computational complexity and is thus more suitable to
the NoC mapping procedure which involves a large number of iterations,
each requires to evaluate the model once to obtain the latency result.

Due to the limitation of the mathematical methods, heuristic ap-
proaches such as genetic algorithm [19,20], simulated annealing [21],
Branch-and-Bound methods [18] and particle swarm optimization [5],
have been developed to explore the large solution space of a many core
chip. For the same reason as in mathematical programming, most of these
algorithms use simple hop-count model for performance evaluation. In
this work, we propose to solve the mapping problem by the stochastic Simu-
lation Allocation (SAL) algorithm [22], which has shown to be faster while
more efficient than other stochastic algorithms such as simulated
annealing in solving the multicommodity traffic flow problems [23] and
3D NoC topology synthesis problem [24].

The prior work [6] proposes a methodology for TSV placement
(number and position) in 3D NoC mapping, and it uses commodity and
hop-count in the objective function. There also exist several works in the
literature that researched the reliability issue in 2D or 3D NoCs [13,25,
26]. Wu et al. [25] proposes a mapping approach that considers the reli-
ability issue in the links of 2D NoC architecture, and it uses a probability
model to estimate the occurrence probability of fault links. Khayambashi
et al. [13] proposes amethod to estimate the probability of system failure.
The results of [26] show that the square shaped topology of the network
has better reliability because square shapehasmore candidate pathswhen
adaptive routing is used. Our work differs from these prior works in that
we use an accurate reliability model for TSVs (see Section 4) and try to
improve their reliability in the 3D NoC mapping process.

3. Problem formulation

To formulate the mapping problem, we need the following
definitions.

Definition 1. Core graph: A core graph is a directed graph G(V, E),
where each node vs 2 V represents a core (either an IP block or a memory
unit) and each directed edge es,t denotes the communication (i.e, traffic
flow) from core vs to core vt. The weight of edge es,t, λs,t, gives the mini-
mum traffic rate requirement (in MB/s) from core vs to core vt.

Definition 2. Tile-based 3D NoC architecture: A tile-based architecture
is a M�N�Q regular grid structure with M rows, N columns and Q
layers, where each grid at location (m,n,q) (Herem 2 {1, 2,⋯,M}, n 2 {1,
2, ⋯, N}, q 2 {1, 2, ⋯, Q}) is a tile that can be mapped to a processing
core or a memory core. Each tile consists of a core and a router, and all
the routers in one layer are connected by links and routers in different
layers are connected by TSV bundles, therefore form a 3D mesh NoC
network. The number of TSVs in each TSV bundle between routers at two
adjacent layers equals to the number of bits in one flit.

Fig. 1(a) and Fig. 1(b) respectively show an example of the core graph
and a title-based 3D NoC regular architecture. Note that there are two
TSV bundles between tile 2 and tile 8: One TSV bundle is from tile 2 to tile
8, another is from tile 8 to tile 2.

Simply speaking, given an application represented as a core graph and
the corresponding tile-based 3D architecture, the mapping problem tries
to find a one-to-one mapping between the cores in the core graph and the
tiles in tile-based NoC architecture where jVj �M�N�Q, with the
constraint that the traffic rate λs,t in the given core graph can be sup-
ported by the available bandwidth in the communication network after
mapping. In our work, we assume Z-Y-X routing is adopted in the NoC
network. Fig. 1 shows an example with 12 cores mapped to 12 tiles.
According to [8], the mapping problem is NP-Hard.

In our work, we solve the 3D NoCmapping problem in two steps. First,
we apply our SAL-based mapping methodology (see Section 6) to find the
best mapping solution with CP and NL as the objectives. In our imple-
mentation, we choose to optimize a weighted sum of the CP and NL,
while meeting the communication requirements λs,ts on the NoC



Fig. 1. Illustration of the core graph and tile-based 3D NoC architecture.
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architecture. More specifically, our objective function is given by

F ¼ α � CP þ β � NL (1)

where

αþ β ¼ 1; α � 0; β � 0 (2)

Second, after the SAL procedure, we further use the proposed method in
Section 4 to optimize the lifetime of the TSVs in the 3D NoCs, by incre-
mentally perturbing the mapping solution obtained by the SAL approach.

4. Reliability improvement method

In this section, we first review the reliability model we used to
characterize the lifetime of TSVs in Section 4.1, and then present our
method to optimize the TSVs' reliability in the 3D NoC mapping process
in Section 4.2.

4.1. Reliability model

Electromigration (EM) causes the wear-out of a metal conductor
through the formation of voids. The EM process can be characterized as a
sequence of two events: void nucleation and a subsequent void growth
[14]. When the void begins to nucleate, the TSV is susceptible to failure.
In this paper, we focus on the void nucleation stage. Table 1 presents the
definitions and values of all the parameters used in this section.

For a metal conductor, the stress σ(t) due to EM effects can be
described by the following stress diffusion-like equation [14], which
shows how the stress changes during the void nucleation stage under
typical boundary condition [14]:

∂σ
∂t

¼ ∂

∂x

�
κ

�
σ
∂x

þ eZρj
Ω

��
(3)
Table 1
Parameters used in reliability model. Values are taken from [14,27].

Term Description Value

ρ Electrical resistivity 1.67e � 8Ω ⋅ m
e Electric charge 1.6e � 19C
Z Effective charge 4
Ω Atomic volume 1.6e � 29m3

k Boltzmann constant 1.38e � 23 J∕K
B Back flow stress modular 1e11 Pa
D0 Pre exponential factor of diffusion 1e � 8m2∕s
Ea Activation energy 0.8 eV
σT Thermal stress 400MPa
j Average current density γ * j0
L Length of TSV 2e � 5m
Tmp Absolute temperature
σ Electromigration stress
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where x represents the location in a metal conductor, κ ¼ DaBΩ
kTmp

is the

diffusivity, and Da is the effective diffusion coefficient:

Da ¼ D0 exp �
�

Ea

kTmp

�
(4)

The positive stress will be developed at cathode node of the metal
conductor (x¼ 0) and negative stress will be developed at anode node
(x¼ L). If the largest stress at cathode node (x¼ 0) σEM exceeds critical
stress σcrit, then the void will be created, and the void nucleation time
(VNT), tnuc, can be calculated as [14]

tnuc ¼ L2kTmp

DaBΩ
ln

σEM

σT þ σEM � σcrit
(5)

where σEM ¼ ρjZeL
2Ω .

In our work, we use the model (5) to compute the lifetime of a TSV.
From equation (5), the VNT of one TSV bundle is affected by its TSV
temperature (Tmp) and current density (j).
4.2. Incremental mapping updating for reliability improvement

Fig. 2 shows the VNT distribution of the TSVs in benchmark b1 ob-
tained by the reliability model presented in Section 4.1. Note that in our
work, we assume that the TSVs in one bundle have the same probability
of sending 0 and 1 signals, and therefore have the same current density
and temperature at the cathode node of TSVs (x¼ 0). In other words, all
the TSVs in one bundle has the same VNT value. From Fig. 2 we can see
that the VNT distribution is not even among different TSV bundles. Some
TSV bundles with large traffic amount and high temperature (such as the
8-th TSV) have small VNTs and they become the bottleneck of the whole
3D chip. Therefore, in our work, we propose an incremental mapping
Fig. 2. VNT distribution of the TSV bundles in benchmark b1.
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updating method to improve the reliability of such bottleneck TSV
bundles.

Our idea is motivated by the following two observations:

∙ First, according to Equation (5), the VNT of a TSV is dependent on its
temperature and current density, which are both affected by the
mapping of the cores in the 3D tile architecture.

∙ Second, in a 3D chip as shown in Fig. 3, in the vertical direction, the
whole chip temperature tends to be reduced if we move a core with
high power density closer to the heat sink layer. Besides, horizontally,
in the same layer, if we want to reduce the temperature at a certain
spot, we can reduce the power density of its surrounding cores.
Therefore, if we update the core mappings, we can swap the cores in
the 3D tile architecture, and thus optimize the temperature profile of
the 3D chip.

Therefore, as stated in Section 3, after the SAL-based core mapping
step (see Section 4), we add another step to improve the VNT of the
bottleneck TSV bundles in the 3D chip, by incrementally updating the
mapping solutions obtained by SAL.
Fig. 3. A simple example of three layers 3D chip with heat sink.
Algorithm 1
Remapping based on core power distribution.
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Given the mapping solution (with cost H) obtained by the SAL step,
we pick the TSV bundle with smallest VNT in the 3D chip, and then call
Algorithm 1 to improve this bottleneck TSV bundle's VNT value. Since
Algorithm 1 updates the core mappings, we will get another VNT dis-
tribution of TSV bundles after this step. Then we pick the TSV bundle
with smallest VNT in the new VNT distribution and repeat the above
procedure until no more improvement can be made on the VNT of the
bottleneck TSV bundle in the latest mapping solution.

Algorithm 1 takes the core graph G(V, E), the 3D tile-based archi-
tecture, and the current core mapping solution as the inputs. In this al-
gorithm, we first find the TSV bundle with smallest VNT (line 4) and
assign T to the current min VNT Tmin (line 5). Then we find all adjacent
cores to this TSV bundle (line 6). For example, for the TSV bundle from
router 13 to router 22 in Fig. 3, the cathode node of TSV bundle is
connected to router 13 and the corresponding core is mapped to tile 13.
The adjacent core set AC of this bundle includes the cores which are
mapped to the tiles 12, 14, 16, 10. Then we travel all the feasible solu-
tions that can reduce this TSV bundle's temperature after swapping each
core mapped to tiles in set AC with other cores in the 3D chip (lines
7–26). For each feasible solution we initialize a sign vector S that has the
same size as core set V (line 8). S[r]¼ 0 represents that core r is not
swapped with any cores mapped to tiles in set AC.

Each core cr mapped to tile AC[g] (1,2,…, g,…, number of AC) in AC
set. If core r in V is not swapped and core cr is different from core r (line
11). Then we call the Judge Feasible Solution to determine which core
can be swapped (lines 28–38). Then we swap core cr with core r and set
the sign S[r] to 1 (lines 13–14). If the new solution has better least VNT
and latency increase less than 10%H, we should save the new solution
(lines 21–25). The 10% is the appropriate value verified by experiments.

To calculate every TSV bundle's VNT value in each new solution (line
21), we should update the temperature and current density of the TSV
bundles. To calculate the TSV's temperature, we use the following equation

TMP ¼ C � P (6)

where TMP is the temperature vector of all the TSV bundles, C is the
coefficient matrix which can be obtained by following the method pro-
posed in [28], and P is the vector of the power consumption of the tiles in
the 3D chip. To calculate the current density of each TSV bundle, we use
the following formula



Fig. 4. Example of three hops from Router1 to Router3. We model a router as
two queues IQ and OQ as stated in Section 5.2.
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j ¼ γ � j0 (7)
where γ is the utilization of the TSV that is determined by the traffic rate
through the TSV, and j0 is the max current density corresponding to the
case when maximum amount of traffic goes through the TSV.

5. Analytical latency models

As stated in Section 2, a reasonably simple but relatively accurate
latency model is key to the performance-driven 3D NoC mapping prob-
lem. In this section, we develop such latency models for routers and links
based on the queuing theory. Our models characterize the queuing delay
seeing by the packets due to the sharing of network resources, and also
take into account the contentions in the routers of the network.

5.1. Latency model and basic parameters

In NoCs, the message sent among the processing cores are composed of
packets, the basic units for routing and sequencing. One packet consists of
a header flit, a number of body flits and a tail flit. The header flit contains
the necessary routing information such as the source and destination of a
packet. The flit is the basic unit of bandwidth and storage allocation.

Fig. 4 shows one simple example of one packet through three
consecutive routers and two links. The latency of this packet Twhole can be
computed as

Twhole ¼ Th þ Tb (8)

where

∙ Th is the time from the header flit of the packet enters Router1 to this
flit leaves Router3. Obviously, Th includes the time for the header flit
to traverse both the routers and links.

Therefore, Th can be computed as

Th ¼ TRouter1 þ TLink1;2 þ TRouter2 þ TLink2;3 þ TRouter3 (9)

where TRouters is the delay of Routers and TLinks;t is the delay of link Ls,t.
Fig. 5. Example of two traffic flows competing for one single output port in a
single-channel router.
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∙ Tb is the time from the header flit leaves Router3 to the tail flit of the
same packet leaves Router3. The formula to compute Tb will be given
in Section 5.2.

In our work, we use the queuing theory to develop the latency models
for the routers and links respectively in Section 5.2 and Section 5.3. We
define the following notations used in the rest of this section:

∙ λ – the average arrival rate of the customers in one queue,
∙ C – the service rate of a single server,
∙ η – the traffic utilization of a single server,
∙ Lq – the expected total number of customers in the queue,
∙ pK – the probability of having K customers in the queuing system,
∙ Tw – the waiting time of one customer,
∙ Ts – the service time of one customer.
5.2. Latency model for single-channel routers

In our work, we consider a classic router architecture as shown in
Fig. 5. When the header flit of a packet arriving at an input port of the
router, it will go through the following processing steps [29]: buffered in
the input buffer (BW), route computation (RC), arbitration for the input
and output ports of the crossbar (SA), traveling through the crossbar and
being placed on the output link connected to the next router node (ST). We
can divide all the aforementioned processing steps into two sequential
parts, as illustrated in Fig. 6: Input queue (IQ) and Output queue(OQ).

∙ Input queue (IQ): This includes the BW and RC steps. The delay in
this queue comes from the sharing of the route computation and the
finite buffer size that causes the waiting time before the flits
entering the buffer. We assumed that every finite input buffer can
hold K flits and each packet has B flits. Due to the finite buffer size (K
flits), we model the BW process of input port as a M∕M∕1∕K queue.
Then according to [30], the average BW queue delay for one header
flit is

TBW ¼ 1
CBW

þ Lq

λBW ð1� pKÞ (10)

where λBW (flits/cycle) is the sum of all the flow's arrival rate at the input
port which measures the resource sharing from the traffic amount in
input buffer, CBW is the service rate of an input buffer that equals to one
flit per cycle [29],

η ¼ λBW
CBW

ðη < 1Þ; (11)

Lq ¼ η
1� η

� ηðKηK þ 1Þ
1� ηKþ1

; (12)

and

pK ¼ ηKð1� ηÞ
1� ηKþ1

(13)

In addition to the BW process, there is additional delay time of the RC
process for the header flit, thus

TIQ ¼ TBW þ tRC (14)

where tRC is the constant time for the RC step which equals to one cycle
per header flit [29].

Our M∕M∕1∕K queues for the input buffers not only consider the
service time in the input buffers but also the waiting time caused by the
finite buffer sizes at the input ports.



Fig. 7. Illustration of a link queue.

Fig. 6. Modeling one router as two queues.
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∙ Output queue (OQ): This includes the SA and ST steps. We model
the SA step as one M/D/1 queue. The delay in this queue comes
from the sharing of the switch allocation component, and the
contention happens when the packets from different input ports
compete for the same output port. The service time in SA queue for
the header flit is

TSA
s ¼ 1

CSA
(15)

As shown in Fig. 5, two traffic flows, one from Router 1 to Router 4 with
rate of λ14 (flits/cycle), another from Router 2 to Router 4 with rate of λ24
(flits/cycle), enter two different input ports of Router 3, but come out
from the same output port. Thus in order to characterize the degree of
contention quantitatively, the total arrival rate of the SA queue at output
port 1 of Router 3 from these two traffic flows is calculated as

λSA ¼ λ14 þ λ24 (16)

Note that we need to consider one packet as a whole when computing the
waiting time in this SA step: If two packets P and Q comes from different
inputs need to enter the same output simultaneously, their header flits
will go through an arbitration process and the header flit of one packet
(say P) will gain the access to switch crossbar. Then all the flits of packet
Q have to wait for next SA process until all the flits of packet P have
passed the ST queue.

According to [30], the average SA queue delay for one header flit is

TSA
w ¼ 1

2
ηSA

CSA � λSA
(17)

where λSA (flits/cycle) is the arrival rate, and CSA is the service rate of the
SA queue, which equals to one flit per cycle [29].

ηSA ¼ λSA
CSA

ðηSA < 1Þ; (18)

Then we have

TSA ¼ TSA
s þ TSA

w (19)

The delay for the header flit in ST stage is one cycle per flit [29], i.e.,
tST¼ 1, thus the delay of the output queue OQ is

TOQ ¼ TSA þ tST (20)

and

Tb ¼ ðB� 1ÞtST (21)

In summary, the total delay of one header flit travelling through one
router can be modeled as

Trouter ¼ TIQ þ TOQ (22)
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5.3. Latency model for links

In NoC, each link may be shared by several flows in the core graph.
Fig. 7 shows that link L1,2 is shared by flow1 and flow2 with traffic rates
of λ112 and λ212. Then the total traffic rate through link L1,2 which models
resource sharing by traffic amount is

λ12 ¼ λ112 þ λ212 (23)

Let C12 be the bandwidth of the link L1,2, which is determined by the link
width and clock frequency, then the link utilization is

ηlink ¼
λ12
C12

ðηlink < 1Þ (24)

We can model the link L1,2 as a single M∕D∕1 queue, and according to
[30], the link delay can be expressed as

Tlink1;2 ¼ 1
2

ηlink
C12 � λ12

þ 1
C12

(25)

Model (25) characterizes the sharing of the physical link by different
traffic flows.

6. Sal-based mapping methodology

In this work, we adapted the SAL algorithm [23] to solve the per-
formance- and power-driven mapping problem formulated in Section 3.
Simulation Allocation (SAL) is a stochastic approach that has shown to be
faster and more efficient than other stochastic algorithms such as simu-
lated annealing, in solving the multi-commodity traffic flow problems
[23] and 3D NoC topology synthesis problem [24].

Algorithm 2 presents our SAL procedure. At the initial mapping step
(line 6), W (a pre-defined parameter) random full mapping solutions are
generated and the best mapping solution is saved to the set Mbest, which
will be used as the initial solution of the SAL algorithm.

Then given the current best solution Mbest, we randomly remove part
of (1∕3 in our implementation) the mapped cores in mapped (lines
10–14), then use another run of random mapping to get another full
mapping solution (lines 15). Random mapping either chooses to map a
core to the tile-based architecture with probability q(jMappedj) (lines
35–38), or unmap a core from the tile-based architecture with probability
1� q(jMappedj) (lines 39–43). HereMapped is a set used to record the up-
to-date mapped cores in G. Because in general q(jMappedj)> 0.5 [24],
after a sequence of such steps, from time to time, the algorithmwill reach
a full mapping state, yielding a feasible solution for the mapping prob-
lem. The procedure terminates when the number of found full mapping
solutions reaches a user-specified limit U. Note that each time when a full
mapping solution x is found, a sanity check step (line 16) is performed in
order to guarantee that the total amount of traffic rates in each physical
link of the tile-based NoC architecture does not exceed the capacity (i.e,
total available bandwidth) of the link. Since we are adopting Z-Y-X
routing in our work, once the core-to-tile mapping is done for each core
in the given core graph G, the total traffic rates in each link is easy to
calculate. If the new solution has better cost, we should save the new
solution to Mbest (lines 17–19).



Table 2
Comparis

Benchm

VOPD
b1
b2
IMP2
b3
b4
Average
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Algorithm 2
SAL-based Mapping Algorithm.
on of latency results between contention-aware model (CAM), hop-count m

ark Parameters Average NL

#core #flow N dimension M,N,Q our model

12 15 106 3,2,2 35.9
18 36 107 3,3,2 112.2
27 26 107 3,3,3 39.7
56 196 107 5,4,3 101.6
72 62 107 6,6,2 63.9
108 144 107 6,6,3 142.0

1
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7. Experimental results

We implement our power- and latency-driven SAL-based mapping
methodology (see Section 4), together with incremental mapping
updating for reliability optimization (see Section 4.2) in Cþþ. All the
experiments are conducted on a computer with a 3.4 Ghz Intel i7 pro-
cessor and 32 GB memory running Linux. We use TGFF [31] to generate
four benchmarks with different characteristics (see Table 2). To enrich
the diversity of benchmarks, we add some realistic benchmarks VOPD
[32], IMP2 [24], the number of cores in these six benchmarks ranges
from 12 to 108.

The parameters for the NoCs are set as: 500Mhz clock frequency, 16-
bit flit and 8-flit packet. In our work, CP measures the power consumed
when data is transmitted through the routers and links by the Dsent [33]
power model, and the NL is evaluated by our latency model presented in
Section 5. Also, the reliability metric VNT is evaluated by reliability
model presented in Section 4 and j0¼ 10mA∕um2 (see Table 1) is taken
from [27].
7.1. Results of our latency-driven mapping

In this section, we present the results about the accuracy of our pro-
posed latency model, and its performance in latency-driven mapping.

7.1.1. Accuracy of the latency model
In this section, we verify the accuracy of the latency model for links

and routers by comparing our model with the widely used NoC simulator
BookSim [34].

We first use a simple benchmark with 4� 4� 2 mesh architecture as
shown in Fig. 8 to verify the accuracy of our latency model. This
benchmark has three traffic flows: tile 0→ tile 6, tile 0→ tile 4, tile
29→ tile 7. We gradually increase the injection rates of these three flows
from 0 to 0.45 flits per cycle, as shown in Fig. 9.

We then respectively use our latency model and BookSim to evaluate
the average NL of these three traffic flows. From Fig. 9 we can see that
when the injection rate is lower than 0.3 packets/cycle, which implies
that the contention of the network is in the low and medium range, our
model can match the results of BookSim very well; when we further in-
crease the injection rate, our model can still correctly predict the trend of
the changes in NL.

7.1.2. Results of the latency-driven mapping
In this part, we use SAL to do latency-driven mapping (by setting

α¼ 0 in Equation (1)) using our latency models. We compare the results
with contention-aware model (CAM) [16], hop-count model [5] and
queuing model (QM) [15]. All the four latency models are integrated
with the same SAL engine. After obtaining the mapped results, we use
BookSim simulator to evaluate the latency results of four different
models.

Table 2 shows the benchmarks we have tested together with their
corresponding results. Note thatN represents the iteration number of SAL
algorithm (see Algorithm 2). Not surprising, Table 2 shows the latency
odel,queuing model (QM) and our model.

(in cycles) Runtime (in seconds)

hop-count [5] CAM [16] QM [15] our model QM

41.9 41.1 58.6 86.8 >8 days
140.8 122.1 N/A 1946.9 >15 days
41.7 65.2 N/A 2094.0 >15 days
105.4 111.2 N/A 20798.1 >15 days
69.6 96.4 N/A 9118.5 >15 days
199.5 146.9 N/A 28267.1 >15 days
1.17 1.25 N/A 1 >1000



Fig. 9. Results of the benchmark shown in Fig. 8.

Table 3
Mapping results of all the flows in Fig. 10 using different latency models. Note
that each flow is indicated by the core indexes, and its paths are indicated by the
tile indexes (see Fig. 1).

Flow Paths by hop-count Paths by CAM Paths by our model

0→ 3 17→ 14→ 13 3→ 4→ 5 14→ 13
0→ 7 17→ 14→ 11→ 10 3→ 4 14→ 17→ 16
0→ 10 17→ 14 3→ 12 14→ 5
0→ 15 17→ 16→ 15 3→ 6 14→ 11
1→ 8 9→ 12 11→ 14 3→ 4
2→ 3 4→ 13 13→ 4→ 5 7→ 16→ 13
2→ 7 4→ 13→ 10 13→ 4 7→ 16
2→ 10 4→ 13→ 14 13→ 12 7→ 4→ 5
3→ 7 13→ 10 5→ 4 13→ 16
3→ 8 13→ 12 5→ 14 13→ 4
3→ 10 13→ 14 5→ 14→ 13→ 12 13→ 4→ 5
4→ 2 1→ 4 1→ 10→ 13 15→ 6→ 7
4→ 3 1→ 10→ 13 1→ 4→ 5 15→ 12→ 13
4→ 5 1→ 2 1→ 10 15→ 12
4→ 7 1→ 10 1→ 4 15→ 16
4→ 9 1→ 0 1→ 2 15→ 6
5→ 1 2→ 11→ 10→ 9 10→ 11 12→ 3
5→ 17 2→ 5 10→ 9 12→ 9
6→ 2 16→ 7→ 4 7→ 16→ 13 17→ 8→ 7
6→ 3 16→ 13 7→ 4→ 5 17→ 14→ 13
6→ 7 16→ 13→ 10 7→ 4 17→ 16
7→ 10 10→ 13→ 14 4→ 13→ 12 16→ 7→ 4→ 5
6→ 15 16→ 15 7→ 6 17→ 14→ 11
7→ 1 10→ 9 4→ 13→ 10→ 11 16→ 7→ 4→ 3
8→ 2 12→ 3→ 4 14→ 13 4→ 7
8→ 3 12→ 13 14→ 5 4→ 13
8→ 7 12→ 9→ 10 14→ 5→ 4 4→ 13→ 16
8→ 10 12→ 13→ 14 14→ 13→ 12 4→ 5
8→ 15 12→ 15 14→ 5→ 8→ 7→ 6 4→ 13→ 10→ 11
9→ 1 0→ 9 2→ 11 6→ 3
12→ 2 3→ 4 16→ 13 1→ 4→ 7
12→ 8 3→ 12 16→ 13→ 14 1→ 4
12→ 16 3→ 6 16→ 15 1→ 2
14→ 2 7→ 4 17→ 14→ 13 8→ 7
14→ 8 7→ 16→ 13→ 12 17→ 14 8→ 5→ 4
14→ 16 7→ 6 17→ 16→ 15 8→ 5→ 2
Average hop
count

2.47 2.53 2.53

Fig. 8. A simple benchmark with three representative flows.
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results of hop-count are 17% worse than our model. For more complex
model CAM, it has 25% larger latency than our latency model. This is
because our model measures the degree of network contention by traffic
amount, but CAM estimates the network contention by just counting the
number of shared links, which does not reflect the actual queuing delay.
This can be further illustrated by the mapping results of the benchmark
b1 (whose core graph is shown in Fig. 10) as presented in Table 3, where
Fig. 10. Core graph of b1, two flows are not drawn because of limited space.
One is from core 8 to core 3 with 0.313 flits/cycle, another is from core 12 to
core 8 with 0.112 flits/cycle.
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we list the complete routing path of each flow obtained by three different
latency models: hop-count, CAM and our model.

Fig. 11 shows themapping results when we use our latencymodel and
hop-count to respectively route the same traffic flow core 2→ core 10
(with 0.189 flits/cycle) in benchmark b1. This flow is mapped from tile 4
to tile 14 using hop-count model in Fig. 11(a), while the same flow is
mapped from tile 7 to tile 5 in Fig. 11(b) using our delay model. Although
the mapping results for the same flow are both two hops, the latency in
Fig. 11(a) is worse than in Fig. 11(b) because the total traffic load in
link4,13 (0.674 flits/cycle) in Fig. 11(a) is larger than traffic in link7,4
(0.487 flits/cycle) in Fig. 11(b).

Similarly, Fig. 12 shows the mapping results when we use our latency
model and CAM to route the same traffic flow core 4→ core 5 (with 0.084
flits/cycle) in benchmark b1. This flow is mapped from tile 1 to tile 10
using CAM model in Fig. 12(a), while the same flow is mapped from tile
15 to tile 12 in Fig. 12(b) using our delay model. Although the hop count
and the number of contention links are the same in both mapping results
(link1,10 in Fig. 12(a) are in fact shared by two traffic flow, while link15,12
in Fig. 12(b) are shared by two traffic flows). The latency is higher in
Fig. 12(a) than that in Fig. 12(b) because the total traffic load in link1,10
(0.426 flits/cycle) in Fig. 12(a) is larger than traffic in link5,4 (0.381 flits/
cycle) in Fig. 12(b).

Table 2 also shows the comparison results between our model and the
most complex delay model QM. Due to the large time cost of QM model,
we failed to get the results for five out of the total six benchmarks within
15 days, which is the maximum allowable run-time we set for each run.



Fig. 11. Different mapping results of the same traffic flow core 2→ core 10 in benchmark b1 by hop-count model and our delay model. Note that the mapping results
for the other flows are not shown in the figure for clarity.

Fig. 12. Different mapping results of the same traffic flow core 4→ core 5 in benchmark b1 by CAM model and our delay model. Note that the mapping results for the
other flows are not shown in the figure for clarity.
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For the VOPD benchmark, our model found better solution than QM
model with more than 1000� speedup.
7.2. Results of power-driven mapping

In this section, we present the results of our power-driven SAL map-
ping approach. To show the effectiveness of our SAL mapping algorithm,
Table 4
Comparison of power-driven mapping results between PSO, SA and our work.

Benchmark Parameters N

#core #flow N P NP S

VOPD 12 15 3.9 * 106 1000 50 0
b1 18 36 8 * 106 1000 50 0
b2 27 26 2.0 * 107 5000 100 0
IMP2 56 196 107 5000 100 0
b3 72 62 3 * 107 5000 100 0
b4 108 144 3 * 107 5000 100 0
Average 1
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we compare it with recent work PSO [5] and simulated annealing (SA).
Note that for fair comparison, PSO is implemented as multiple-particle
swarm optimization with random initial population, and we also use
the same bit-power model obtained by DSENT [33] and cost function in
our SAL approach (by setting β¼ 0 in Equation (1)).

We test these three algorithms on 6 benchmarks. Table 4 list the
benchmark parameters and the results. Note that P and NP respectively
etwork Power (in W) Runtime (in seconds)

AL PSO SA SAL PSO SA

.0703 0.0708 0.0779 289.7 378.1 665.7

.1394 0.1447 0.1501 866.2 1072.2 4788.9

.1458 0.1467 0.1482 1572.5 10756.1 4797.1

.4932 0.5505 0.4311 7110.1 115102.0 24202.0

.3967 0.4372 0.3969 8072.5 75243.6 36338.5

.7600 0.8901 0.7003 20747.0 213889.0 38129.6
1.07 0.9997 1 7.53 3.44



Table 5
Worst VNT of TSVs before and after the optimization step shown in Algorithm 1.

Benchmark NL (in cycles) Void nucleation time (in * 107 s)

before after increase before after improvement

VOPD 35.9 37.5 4.37% 2.42 11.24 4.65�
b1 112.2 112.3 0.07% 10.10 20.17 2.00�
b2 39.7 40.2 1.10% 2.14 6.43 3.01�
IMP2 101.6 110.0 7.64% 15.57 >10

years
>10�

b3 63.9 64.7 1.22% 17.63 23.92 1.36�
b4 142.0 149.4 4.93% 9.62 11.28 1.33�

Fig. 13. VNT distribution of the TSV bundles in benchmark b1 before and after
the optimization step presented in Section 4.2.

Fig. 15. Latency and run-time results with fixed flow number, but varying
core number.

W. Gao et al. Integration, the VLSI Journal 65 (2019) 351–361
represent the iteration number of PSO algorithm and the number of
particles. On average, our SAL-based mapping method can achieve 7%
less power than PSO with about 7.5� speedup, and about 3.4� speedup
compared to SA with nearly the same quality of results.
7.3. Results of reliability optimization

Table 5 shows the effectiveness of our reliability optimization step
presented in Section 4.2. We can see that on average 2.47� improvement
in VNT can be achieved on the five out of the six tested benchmarks, with
slightly lower NL. Especially, the benchmark IMP2 achieves more than
10� improvement in VNT with 7.64% latency increase.

As one example, Fig. 13 shows the VNT distribution of the TSV
bundles in benchmark b1 before and after the optimization. Before
optimization, the VNT of the 8th TSV bundle becomes the bottleneck of
the whole chip. After optimization, the VNT distribution of the TSV
bundles is more even, and the smallest VNT of the TSV bundles can be
increased by 2� . These results indicate that the VNT distribution is more
balanced after the remapping optimization based on core power
distribution.

7.4. Scalability of our SAL-Based mapping approach

The complexity of our SAL-based mapping algorithm (see Algorithm
2) is affected by the size of the core graph, more specifically, its numbers
Fig. 14. Latency and run-time results with fixed core number, but varying
flow number.
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of cores and flows. In our work, we designed two sets of experiments to
show how the run-time and NL vary as we increase the size of the task
graph. First, we fixed the number of cores to be 32, but varied the flow
number from 0, 10, 20, 30, 40 and up to 50 to show how the flow number
influence the complexity of algorithm. For each particular flow number,
we randomly generated the traffic flows (source-destination pair and
traffic rate) among the 32 cores. Fig. 14 shows that both the NL and run-
time increase approximate linearly with the number of traffic flows.

Then, we fixed the total number of traffic flows to be 40, and varied
the number of cores from 16, 50, 72, 98, 128 and up to 162. Again, for
each particular core number, we randomly generated the 40 traffic flows.
Fig. 15 shows that NL decreases as we increase the number of cores
because of the reducing network contention, but the run-time increases
approximately linearly with the number of cores.

8. Conclusion

In this work, we solve the mapping problem in tile-based 3D NoC
architectures with an SAL algorithm that can integrate our new queue-
based latency models and network power as the optimization objec-
tive. We also propose an incremental mapping updating step to optimize
the reliability of TSVs in the 3D chip. Results show that our SAL-based
mapping algorithm can achieve better power and latency results than
prior work, and our incremental mapping approach can improve the TSV
reliability significantly.
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