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ABSTRACT 

 
The thermal issue is important for 3D Network-on-Chip 
systems. To ensure the thermal safety, the near-overheat 
routers are throttled and the 3D topology becomes Non-
Stationary Irregular Mesh (NSI-Mesh). To ensure the 
successful packet delivery in the NSI-Mesh, Transport Layer 
Assisted Routing (TLAR) scheme was proposed. It has better 
performance than the conventional routing approaches for 
NSI-Mesh. However, it still suffers significant traffic 
congestion in the bottom chip layer due to the insufficient 
lateral path diversities. To achieve more balanced traffic, we 
propose a Traffic-balanced Topology-aware Multiple 
Routing Adjustment (TTMRA).  The experimental results 
show that the proposed TTMRA can improve 81.8% ~ 
102.3% network throughput than TLAR scheme. 
 

Index Terms— Topology-aware Adaptive Routing; 
Transport Layer Assisted Routing; 3D NoC; 3D IC 
 

1. INTRODUCTION 
 
As the complexity of System-on-Chip (SoC) grows with 
Moore’s law, on-chip interconnections gradually dominate 
the performance. Network-on-Chip (NoC) has been 
proposed as a practical infrastructure [1]. As technology 
advances, the three-dimensional (3D) IC technologies are 
promising to provide larger interconnection bandwidth to 
achieve higher performance with lower power consumption 
[2]. However, the thermal issues become the main 
challenges of 3D ICs due to die stacking [2]. Besides, the 
routers have been shown as the sources generating thermal 
hotspots due to their higher switching activity, and it leads to 
severer heat problem in 3D NoC systems [4][5].  
       To keep the system temperature below a certain thermal 
limit, run-time thermal management (RTM) is required. To 
solve the thermal emergencies in 3D NoC, Chao et al. 
proposed a Thermal-Aware Vertical Throttling (TAVT) to 
regulate the network temperature. TAVT shuts down the 
near-overheat tiles and the other tiles in the same pillar 
except the bottom chip layer, which is close to the heat sink, 
as shown in Fig. 1. Because the heat dissipation capability of 
the bottom chip layer is good enough to avoid overheat, the 
bottom chip layer is always set as a non-throttling layer. 
Although TAVT has better cooling capability and smaller 

performance impact than the previous distributed throttling 
schemes [6], it makes the network topology become time-
varying Non-Stationary Irregular Mesh (NSI-Mesh) [4][7]. 
The routers in the throttled tiles cannot transmit any packet 
until the temperature becomes non-overheat. It causes many 
packets being blocked in the network for a long time, and 
the throughput degrades rapidly. 
 

 

Fig. 1 (a) TLAR has less lateral path diversities, and (b) Proposed 
TTMRA has more lateral path diversities. 

 
       To consider the successful packet delivery in NSI-Mesh, 
Lin et al. proposed to use the buffer information and 
broadcasted throttling information to detour the throttled 
nodes [3]. In [5], Chao et al. applied the downward routing 
to deliver the packets through the bottom chip layer. In [7], 
the Transport Layer Assisted Routing (TLAR) scheme was 
proposed to consider both transport layer and network layer 
information to deliver packets. Based on the TLAR scheme, 
Chen et al. proposed a Vertical Traffic Balanced Routing 
(VTBR) scheme. Although the TLAR and VTBR have better 
performance than the previous works, they still suffers from 
heavy traffic congestion in the bottom chip layer due to the 
less lateral path diversities, as shown in Fig. 1(a). 
       To solve the traffic imbalance in 3D NSI-Mesh and 
increase the routing flexibility, we proposed a Traffic-
balanced Topology-aware Multiple Routing Adjustment 
(TTMRA) to detour the throttled nodes and reduce the traffic 
congestion in the bottom chip layer, as shown in Fig. 1(b). 
The contributions of this paper are summarized as following 
for clarity: 
1) Propose a novel cascaded routing to detour the throttled 

node for lateral path diversities increasing. 
2) Propose a Topology-aware multiple routing adjustments 

for routing flexibility increasing. 
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Through the traffic-thermal mutual coupling co-simulation 
platform [8], the experimental results show that the proposed 
TTMRA can improve 81.8% ~ 102.3% network throughputs 
for NSI-Mesh. 
       The rest of this paper is organized as follows. In Section 
2, we introduce some related routing scheme for NSI-Mesh. 
In Section 3, the proposed TTMRA scheme is described. In 
Section 4, the experiments are shown and discussed. Finally, 
we conclude this paper in Section 5. 
 

2. RELATED WORKS 
 
A. Thermal-Aware Downward Routing [5] 

As mentioned before, the bottom chip layer of a 3D 
NoC system is set as a non-throttling layer due to the highest 
thermal conductance toward heat sink. Consequently, the 
channels in the bottom chip layer can be used as bypassing 
paths. In [5], Chao et al. applied downward routing to 
deliver the packet through the bypassing paths in the bottom 
chip layer while some routers are throttled in the upper chip 
layer. However, this approach results in heavy traffic load in 
the bottom chip layer. The network performance will be 
rapidly degraded while the rise of the temperature. 

 
B. Traffic- and Thermal-Aware Routing (TTAR) [3] 

To reduce the traffic congestion in the bottom chip layer 
by applying downward routing [5], Lin et al. proposed TTAR, 
which adopts odd-even turn model [13] and 1-dimensional 
Regional Congestion Awareness (RCA) [14]. The TAAR can 
detour the throttled tiles and route properly at the same chip 
layer. When any router is throttled, the throttling information 
is propagated to the routers on the same column and row. 
Hence, the packets can be detoured early to avoid the traffic 
congestion around the throttled tiles. However, the odd-even 
turn model restricts the routing paths and leads to heavy 
traffic congestion in the specific columns [9]. 
 
C. Transport Layer Assisted Routing (TLAR) [7] 

Chao et al. classified the unsuccessfully deliveries in 
NSI-Mesh into four problems: (i) the source node is fully 
throttled (as shown in Fig. 2(a)), (ii) the destination node is 
fully throttled (as shown in Fig. 2(b)), (iii) any one of the 
router on the routing path is fully throttled (as shown in Fig. 
2(c)), and (iv) the channel on the routing path is fully 
blocked by other long-term congested packets (as shown in 
Fig. 2(d)). For successful packet deliveries, the authors 
proposed to use both transport layer and network layer 
information to ensure there is at least one routable path from 
the source node to the destination node. If the source layer 
(i.e., the location chip layer of the source node) is laterally 
routable, TLAR will decode to use lateral routing first. 
Otherwise, the downward routing will be used instead. To 
realize this scheme, the authors proposed three routing 
algorithms: Downward Lateral Deterministic Routing 
(TLAR-DLDR), which uses XY routing as the lateral routing 

algorithm, Downward Lateral Adaptive Routing (TLAR-
DLAR), which uses adaptive routing as the lateral routing 
algorithm, and Downward Lateral Adaptive Deterministic 
Routing (TLAR-DLADR), which combine the adaptive and 
XY routing as the lateral routing algorithm instead. 
 
D. Vertical Traffic Balanced Routing  (VTBR) [10] 

To further increase the lateral path diversities, Chen et 
al. proposed VTBR, which uses the transport layer 
information in advance to route properly at the same layer. 
Due to the lateral-downward turn model relaxation, VTBR 
can increase the lateral path diversities. Besides, they also 
proposed to downward route the packets to multiple non-
throttling layer. Hence, VTBR can achieve more balanced 
traffic in the vertical direction. 

Although the TLAR and VTBR scheme have better 
performance than the previous works, they still suffer from 
heavy traffic congestion in the bottom chip layer when rise 
of the temperature. According to this observation, TTMRA is 
proposed in this paper, which is introduced in the following 
section. 
 

 
Fig. 2 Fail conditions for packet delivery 

 
 

3. TRAFFIC-BALANCED TOPOLOGY-AWARE 
MULTIPLE ROUTING ADJUSTMENT (TTMRA) 

 
To balance the traffic load in the network, some cascaded 
routing algorithms were proposed to increase the path 
diversities [11][12]. However, the previous works have three 
problems: (i) these approaches assume the topology is a 
regular mesh, (ii) these approaches cannot avoid deadlock 
without virtual channels which may result in significant area 
overhead for each router, and (iii) the identical routing mode 
in each routing phase may restrict the routing path diversities. 
Therefore, we cannot directly adopt the conventional 
cascaded routings in NSI-Mesh. In this paper, we propose a 
novel cascaded routing, Traffic-balanced Topology-Aware 
Multiple Routing Adjustment (TTMRA), to increase the 
lateral path diversities for NSI-Mesh. Based on the topology 
in the routing path, the proposed TTMRA can dynamically 
adjust the routing mode of each routing packet. 
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Fig. 3 (a) Reachable destinations in TLAR, and (b) Reachable 

destinations in the proposed TTMRA. 
 
A. Topology-Aware Multiple Routing Adjustment 
The TTMRA can deliver the packets to the destinations 
through one intermediate node. On the other hand, the 
TTMRA is a two phases cascaded routing. The packet can be 
transmitted from source node to the intermediate node in the 
first routing phase, and arrive at the destination node from 
the intermediate node in the second one. Based on the 
situation of topology in each routing phase, TTMRA can 
select three routing modes: (i) adaptive routing, (ii) 
deterministic routing, and (iii) downward routing. Fig. 3 is 
an example of TTMRA in the source layer. Because the 
lateral path diversities are not enough in TLAR, many 
packets may reach their destinations through downward 
routing, as shown in Fig. 3(a). If we set the adaptive region 
of TLAR as the first routing phase region of TTMRA (i.e., the 
light gray area in Fig. 3(b)), there are more destinations can 
be reached through cascaded routing. As the proof in [7], 
this kind of hybrid lateral routing algorithm is deadlock free, 
while we apply west-first as the turn model of the adaptive 
routing and use XY routing as the deterministic routing. 
Because there is no upward turn (i.e., Up-North, Up-East, 
Up-South, and Up-West), the vertical routing is also 
deadlock free. 

To dynamically adjust the routing mode for path 
diversities increasing, the packet will enter the local NI to 
obtain the topology information while arriving to its 

intermediate node. Besides, TTMRA uses store-and-forward 
policy to retransmit these redirective packets (i.e., those 
packets cannot arrive at their destinations without cascaded 
routing) to further avoid deadlock. The flow chart of 
TTMRA is shown in Fig. 4. Fig. 4(b) is an example of the 
proposed TTMRA. In the first routing phase, the adaptive 
routing is adopted from source node (S) to the pre-decided 
intermediate node (M) to deliver the redirective packet. 
After the redirective packet arriving at M node, the routing 
mode of the packet will be adjusted depends on the topology 
in the second routing phase. The re-adjusted routing mode 
(i.e., XY routing in this case) will be adopted in the second 
routing phase until reaching to the destination (D). 
 
B. Intermediate Node and Routing Mode Decision 
Intermediate node selection is the critical issue of TTMRA. 
The simplest way is randomly select the intermediate node 
[11]. However, this approach cannot guarantee cascaded 
routable from source node to intermediate node and results 
in unnecessary area and latency overhead because of the 
NSI-Mesh. We use Fig. 3(b) to illustrate an example. If the 
intermediate node is selected at (0, 4), which is the lateral 
non-routable node, the packet will reach the destination 
through downward routing and causes extra latency 
overhead. On the other hand, the destination is routable 
though cascaded adaptive-XY routing, if the intermediate 
node is located at (1, 2).  

It is difficult to find an optimal intermediate node due 
to the very complex computation. If Xd and Yd are the 
distances between source node and destination node in x-
direction and y-direction respectively; V and H are the 
distances between source node and intermediate node in x-
direction and y-direction respectively, the number of 
possible paths between the source and the destination is: 
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Fig. 4 (a) Operation flow chart of TTMRA, and (b) An example of TTMRA. 
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As the mesh scale increases, the numbers of checking path 
are too large to check. Considering the computation 
complexity and maximal path diversities in the lateral 
direction, we only check the maximum minimal-path region 
with no throttled node and set the node, which is close to the 
destination, as the intermediate node, as shown in Fig. 4(b).  

Based on the topology information, which is stored in NI, 
the routing mode and intermediate node selection can be 
done during the reconfiguration stage of RTM [7]. In 
TTMRA, the three routing mode checks can be done by using 
the incremental checking flow as the sequence number 
shown in Fig. 5(b). The dependency of routability is shown 
in Fig. 5(a). If the packet can be routed by adaptive or XY 
routing [4][7], the intermediate node will be equal to the 
destination node. By this way, the unnecessary cascaded 
routing can be reduced. If the destination is lateral non-
routable using adaptive or XY routing, cascaded routing or 
downward routing will be considered. Because the minimal 
routing is adopted in each routing phase of the proposed 
cascaded routing, node a and b must be not a cascaded 
routable nodes. Therefore, the nodes, which are located at 
the same lateral dimension as source node, are guaranteed 
cascaded non-routable nodes. For those cascaded routable 
nodes, the intermediate node can be decided synchronously. 
As mentioned before, to consider the both computation 
complexity and lateral path diversity maximization, we only 
consider the maximum adaptive routing region from source 
node to find the intermediate node. We use Fig. 4(b) as an 
example. To consider both throttled node and destination 
location, the intermediate node and the source node can be 
form a maximum adaptive routing region when the 
intermediate node is set as M. Hence, in this case, the 
intermediate node is located at (1, 2). 
 

 
 

 
Fig. 5 (a) Dependency of routability checking of TTMRA, and (b) 

An example of routing mode checking in TTMRA. 

4. EXPERIMENT AND DISCUSSION 
 
To compare the performance of the proposed TTMRA, 
DLADR [7], and VTBR [10], we evaluate the (Case 1) one 
2x2x2 throttling region and (Case 2) two 2x2x2 throttling 
regions with the traffic-thermal co-simulation platform [8], 
which are shown in Fig. 6. For each router, the channel 
depth of the buffer is 4 flits without virtual channel, and 
each packet length is randomly from 2 to 10 flits. Besides, 
the uniform traffic pattern is adopted in this paper. Through 
statistical traffic load distribution (STLD) [9], we can 
compare the distribution of the network loads. 

Fig. 6 shows the STLD of Case 1 and Case 2 under 
uniform traffic pattern which use the same packet injection 
rate that makes average latency of downward routing twice 
the zero load latency. Compared with the best approach in 
TLAR (TLAR-DLADR) [7] and the VTBR scheme (VTBR-
DLADR) [10], the proposed TTMRA can balance more 
network traffic. The reason is that the proposed TTMRA 
have more path diversities in source layer than the previous 
works. 
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Fig. 6 Statistical traffic load distribution of (a) Case 1 and (b) Case 
2 under uniform traffic pattern. 
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Fig. 7 The distribution of each routing mode of (a) Case 1 and (b) 
Case 2 under uniform traffic pattern. 

 
Fig. 7(a) shows the distribution of the routing mode 

decision in Case 1. Because the TLAR-DLADR will 
downward route all the lateral non-routable packets, the ratio 
of vertical routing is higher than the other two approaches. 
The VTBR-DLADR can reduce the ratio of vertical routing 
due to the lateral-downward turn relaxation. Because of the 
larger lateral path diversities, the proposed TTMRA can 
significantly reduce the total ratio of downward routing to 
1.8%. Therefore, the traffic congestion in the bottom chip 
layer can be reduced, as shown in Fig. 6.  

Fig. 7(b) shows the similar results in Case 2, and the 
proposed TTMRA reduces the ratio of downward routing to 
2.8%.  

Fig. 8 shows the performance evaluation of proposed 
TTMRA under the uniform traffic pattern. Because the 
proposed TTMRA can achieve more traffic load balance and 
reduce the traffic congestion in the bottom chip layer, it has 
better performance than previous TLAR and VTBR schemes. 
Compared with the TLAR-DLADR and VTBR-DLADR, our 
proposed TTMRA improve around 81.8% to 102.3% 
network throughput in Case 1 and Case 2. 
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Fig. 8 Performance evaluation of (a) Case 1 and (b) Case 2. 

 
 

5. CONCLUSION 
 
In this paper, to increase the lateral path diversities in 3D 
NoC, we propose a Traffic-balanced Topology-aware 
Multiple Routing Adjustment (TTMRA). Based on the 
topology in the routing path, the TTMRA can dynamically 
adjust the routing mode of each routing packet. Besides, the 
TTMRA uses a novel cascaded routing to detour the throttled 
node to achieve more balanced traffic. Compared with the 
previous TLAR and VTBR schemes, the proposed TTMRA 
can achieve 81.8% ~ 102.3% throughput improvements and 
has more traffic load balancing under uniform traffic. 
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