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Abstract

In recent years, Through Silicon Via (TSV) based Three-
dimensional Network-on-Chip (3D NoC) is emerging as the most
popular interconnection solution for the System-on- Chip (SoC)
design. In this work, we propose a novel Evolutionary Algorithm
(EA) for optimally allocating each TSV in the partially connected
3D NoC within the definite number of TSVs. The experimental
results show that our proposed method not only achieves better
performance, but also improves the stability of the network,
compared with the method [1].

1. Introduction

As the scaling technology developed, now it allows us to build
chips consisting of hundreds of millions of processor cores.
However, efficient movement of data among large number of
nodes is the mainly factor, which bring about Multi-Processor
System-on-Chip systems becoming communication limited
rapidly. [2] As an efficient and scalable communication solution,
3D-NoC fully explains the latest microelectronics techniques for
increasing chip density while reducing power consumption.

For implement 3D integration, TSV is the most vertical
stacking technique due to its low latency and low power
consumption [2]. However, in designing the TSV based 3D NoC,
there is a limitation on TSV number because the yield of chip
drops sharply beyond a number threshold. In addition, the
allocations of TSVs have a significant impact on the network
performance. In this work, we design an optimal TSV placement
method based on Evolutionary Algorithm within definite TSV
number to achieve high performance and stability. This method
applies direction based search to ensure searching efficiency and
high quality of the solutions. In the experiments, compared with
other TSV placement method, our proposed one achieves better
network performance in most cases.

2. Related Work

There are several researches to improve the communication
performance of the network while reduce costs. Some researchers
have tried to provide low-cost and high-performance TSVs. [3]
presented a post processing approach to minimize number of
TSVs for 3D ICs. However, the performance metrics are not
considered. Moreover, only small scale circuits are considered.

In [4], the authors presented a study on system performance of
different number of TSV usage between layers and their
configuration. They discussed the TSVs number required for a
3D NoC and different placements of layer connections by a 64-
core 3D NoC. However, the method provided by this paper can
only be used for symmetric mesh.

In [1], an Integer Linear Programming (ILP) based method for
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allocating and placing a minimal number of TSVs was proposed.
However, in the second step of this algorithm, the placement is
reconfigured according to the max redundancy so that the
number of TSVs may be not the minimum number. Furthermore,
uniform distribution can’t be ensured.

3. Preliminary Theories

In designing the TSV based 3D NoC, it is not practical to use
full connection in which every node is connected through a TSV,
because the yield of chip drops sharply beyond a threshold
number. In addition, the allocations of TSVs have a significant
impact on the network performance. In this chapter, before
designing the algorithm, we analyze the challenges in the TSV
allocation problem, and formulate our design model. Then some
preliminary knowledge will be described for designing the
proposed algorithm.

3.1 Challenge in Design

To optimize the placement of TSV in the 3D NoC, network
performance and reliability must be considered simultaneously.
To improve network latency, uniform distribution for ensuring
packets arrival within certain hops is a critical problem.
Moreover, increasing the number of reachable neighbor nodes is
a method to deal with transmission failure.

3.1.1 Uniform Distribution of TSV

Since the number of TSVs is limited, multiple network nodes
have to share one TSV pillar for inter-layer communication. In
TSV
distribution will increase the distance to reach the destinations,

the partially connected 3D network, an improper

and further cause performance degradation in case of a high
inter-layer communication. In the following example, two
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Fig. 1 TSV distributions on 4*4*2 mesh,
Numbers mean hops from the nearest

TSV
different TSV distributions are used in the 4*4*2 NoC with 4
TSVs (shown in Fig.1 (a) and (b)).
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We wuse Average Hop Count (AHC) to evaluate the
transmission distance, which is defined as the accumulation of
the hops of all nodes to transfer a flit to destinations divided by
number of nodes.

In the first configuration (Fig.1(a)), all the TSV pillars are
placed on one side of the chip, causing high delays on the other
side of the chip (AHC = 24/16 = 1.5). When transfer data from
source to destination, the path is: L1(0) > L1(4) > L1(8) > L1(12)
> TSV > L2(12) > L2(8) > L2(4) > L2(0). Furthermore, due to
the poor distribution of pillars, there could be traffic contention.

In the second configuration(Fig.1(b)), all nodes without a TSV
pillar require just one hop to access a pillar, which results in a
minimal average hop count (AHC = 8/16 = 0.5). When data is
transferred from source to destination, the path is: L1(0) > L1(4)
> TSV > L2(4) > L2(0). It is obvious that, the TSV pillars are
well distributed.

Therefore, try to distribute the TSVs uniformly in the network
is a good idea to balance the traffic and then improve the network
latency.

3.1.2 Redundancy

In case of failure of a pillar, the communication between layers
may be affected. To provide redundancy, each node shall be
adjacent to at least one redundant TSV pillar.

This can be seen in the examples in Fig. 2 where two
placements for an 8*8 mesh are shown. In these figures, a TSV
pillar is reachable for a node within two hops. The number of a
node indicates how many redundant pillars the node can reach,
i.e. “+1” means one extra TSV pillar can be reached within two
hops. Nodes without a number just can reach one pillar within
two hops, and thus have no redundancy.

3.2 3D NoC Model

We use the same 3D NoC model in [1], in which there are two
layers in the network, one layer for cores and the other for caches.
The vertical links are implemented by TSVs.

4. Proposed algorithm of optimal TSV distributions

In this chapter, we give a detailed description on our proposed
optimal TSV placement algorithm based on EA within definite
TSV number to achieve high performance and stability. The
routers are constructed as mesh topology, and the number of
TSVs is given in advance. The problem is to search for an
optimal TSV placement for ensuring stable message transmission
and achieving better performance. In this work, we first design
an objective function for distributing the TSVs uniformly and
getting high redundancy which causes diversity in path selection.
Then we design a direction based Evolutionary Algorithm to
search for the best solution.

4.1 Objective Function

We define the maximal distance hmax as maximum distance in
hops up to which a pillar p; & P is considered to be reachable by
a node s; & S. Also, the number of TSVs k, is defined as the
total number of pillars, which have to be placed in the network.

Given k, and hy,,, draw circles by using each TSV as the
center and h,,,, as the radius. The circles should cover all the
nodes (each node is reachable within the distance of hy,,). The
area covered by this circle is called effective area of the TSV. It
is obvious that in the mesh the area is bigger the TSVs can
effective more nodes. Then the objective can be represented as:
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Fig. 2 Redundancy optimization

Despite the fact that both placements have the same minimal
number of pillars, in the optimized placement (Fig. 2 (b)) more
nodes can reach a redundant pillar than in the unoptimized
placement (Fig. 2 (a)). While in the unoptimized placement only
14 nodes have one redundant pillar, in the optimized placement
18 nodes have one redundant pillar, and 4 nodes even have two
redundant pillars.

Therefore, to tolerate the failure of a TSV pillar, each node
shall reach as many TSVs as possible.
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Fig. 3 Example of the objective calculation

Fig. 3 shows an example of the objective function when hmax
is 1, and k;, is 3 in the 3*3 mesh with 3 TSVs. In Fig. 3 (a), we
assume 3 nodes in the middle region of mesh with TSVs. Also in
Fig.3(b) we assume 3 nodes at the edge of mesh with TSVs. So
the value of objective can be calculated as hatched area in Fig. 3
(a) and (b) by the mesh area. It is obvious that hatched area of
Fig. 3(a) is smaller than that of (b). Therefore, according to the
objective function, the condition Fig.3 (a) is better than (b).

4.2 Representation

We use a 2D coordinates to represent the positions of the
TSVs. In the Optimal Placement of TSV problem, we use two
bits (xy) to represent the coordinates of each TSV in the mesh.
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The chromosome is composed of a sequence of (xy) which
represents the coordinate of each node having TSV. The length is
equal to the number of TSVs.

4.3 Mutation

To search the solutions more efficiently and effectively, we
apply direction based search to generate new offsprings. The
basic theory is from Differential Evolution (DE) [5], which is one
of the Evolutionary Algorithms.

Each chromosome individual is represented as a vector. The
chromosome is represented as r {ry, 1y, 13, ..., I}. First, randomly
select three difference individuals, r;, r, and r,. Then, set r; as the
base point, its mutant r;" is expressed as:

I =1 (In—1,) or 1y =1+ (I, — 1)

The feasible solution is the nodes in the first quadrant, which
means the nodes within the mesh region. We select every
individual as the base point in sequence, and randomly select the
other two individuals to generate the offspring individual r* from

5.1 Experiment Setup

We build 3D NoC architecture as two layers mesh size from
3*3 to 16*16. The proposed method is compared with Integer
Linear Programming proposed in [1].

The experiments are implemented by C# .net language on a 2
GHz Windows workstation. Also, we evaluate the performance
of our TSV placement by using an open source simulator Noxim-
3D [6]. We perform different experiments in order to evaluate
our proposed method’s performance in terms of latency and
throughput. The parameters are shown in Table 1:

Table 1 Parameter

Name Value

kp Minimum value same as [1]
hmax 1,2

Simulation time 10000*20

Routing algorithm Odd-even Z, XYZ

5.2 Results for TSV Distribution

r.
Let us see an example of mutation for one item (Fig. 4). The TSV placement is executed for different sized NoC with
Y hmax = 1 and hmax = 2, and some of the results are shown in
03 i3 >3 33 Table 2:
Table 2 TSV distributions
Mesh TSV Distributions
02 12 2 32 Size ILP o Propose * Propose A
r ’ N\ £\ (hmale) (hmax:Z)
0 xo1 “y1 ¥ 31 3X3 1,5,6 14,7 24,6
4X4 1,7,8,14 1,7,8,14 5,6,9,10
o 0 20 30” X 5X5 2,59,12,15,19.2 | 2,59,12,15,192 | 6,7.8,12,16,17,1
ry 2 2 8
. . . X
F|g. 4 Example Of mutat|0n for one |tem 6X6 0,3,7,11,14,18,2 | 2,5,6,15,16,19,2 | 7,9,10,14,19,20,
2,27,31,35 9,30,32,33 22,25,27,29
Because (r; — 1) do not in the first quadrant, however, (r; — r;) in
the first quadrant. We could generate that ry'=ry + (r, — r1). The ‘ffao {%1 "'3;“'33 2 Hs
same, 11, 1,°, r3° could be generated by mutate parents. Hence, in
the case we could get the chromosome {ry', 1,", 12", 13"} 24 T 25 |28 7 |28 T29
The offspring is generated by the following rule: C'\
Co s
r ut , , ,
r (ifr , is feasible, and r , is different from other mutant individuals) 12
T, (if r,i is unfeasible, or r,i is the same with r,j)
6
4.4 Selection -

The population should be decided before the program run.
When replace population, we select 80% best solutions according
to objective value, and the other 20% randomly select from the
offspring. The program will be ended at the condition that
achieve the maximum generation which had been set in advance.

5. Experiments of the Proposed Algorithm
In this section, we give the experimental result of optimized
TSV placement generated by our proposed algorithm.
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Fig. 5 TSV distributions of 6x6 mesh

Fig. 5 shows the example for 6*6 mesh size, it's obvious that
our method tries to distribute the TSVs in the middle region of
the network. The reason is the objective function. The table 5.2
shows the distribution result of TSV from mesh size 3*3 to
16*16. As the result shows, when hy,,,=1 the results find by our
proposed method some times are same with ILP based method.
That is hy,=1 is the most rigorous constraint condition for
partial connections, also the TSV numbers are the minimal need
for the mesh size.
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5.3 Simulation results and analysis

These TSV pillars distribution results are input to the simulator
Noxim. The performance including average latency, throughput
and energy are evaluated. Routing algorithm including Odd-even
Z routing algorithm and XYZ routing at random traffic are used.
We analysis the results from 3*3*2 and 16*16*2. Fig. 6 show the
result of 6*6*2 mesh with XYZ routing.
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As a result, the proposed algorithm achieves lower latency and
energy and higher throughput compared with the ILP method.

In addition, in Fig 6 (b), there is an injection rate point from
which the throughput drops sharply, that is most packets can not
reach the destination with this TSVs distribution. It also means,
the network becomes unstable for message transmission.
Therefore, our proposed algorithm can sustain higher injection
rate compared with the ILP method.

We also implement the experiment in the larger scale network,
and the results are also that our proposed method can improve the
performance and stability of the network.

6. Conclusion

We proposed an Evolutionary Algorithm based TSV
placement optimization Algorithm that directed based search for
efficient search, also ensure feasibility of the solutions. An
objective function for effectively allocate TSVs on the network
with limited TSV number was introduced. The experimental
results show that out method improves the stability of the
network.
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