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ABSTRACTION 

The thermal problem of three-dimensional Network-on-Chip (3D 
NoC) is severer than 2D NoC because chip stacking. To keep the 
temperature below a certain thermal limit, 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 and extremely traffic unbalance 
between vertical chip layers. In this paper, we propose a transport 
layer assisted Vertical Traffic Balance Routing (VTBR) scheme. It 
can be applied to any routing approaches for NSI-Mesh. The 
experimental results show that the proposed VTBR can achieve more 
balanced traffic in the vertical direction and improve 35.3% ~ 40% 
network throughput. 

1. INTRODUCTION 

As the complexity of System-on-Chip (SoC) grows with respect to 
the technology development, on-chip interconnections gradually 
dominate the performance. Network-on-Chip (NoC) has been 
proposed to overcome wire complexity and serious crosstalk 
problems of traditional wire/bus-based interconnection [1]. Recently, 
the three-dimensional (3D) IC technologies promise to provide larger 
interconnection bandwidth to achieve higher performance with lower 
power consumption [2][3]. Because of die stacking, the thermal 
issues become the main challenges of 3D ICs [4]. 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 [5][6]. 

       To keep the system temperature below a certain thermal limit, 
run-time thermal management (RTM) is required. To solve the 
thermal emergencies in 2D NoC, Shang et al. proposed a distributive 
and collaborative RTM scheme, ThermalHerd, to regulate the 
network temperature [7]. For 3D NoC, a Thermal-Aware Vertical 
Throttling (TAVT) scheme has been proposed in [6]. TAVT shuts 
down the overheat tiles and the other tiles in the same pillar except 
the bottom chip layer which is close to the heat sink. 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. The behavior of TAVT results in that the network topology 
becomes time-varying Non-Stationary Irregular Mesh (NSI-Mesh). 
Moreover, the routers in the throttled tiles cannot transmit any packet 
until the temperature become non-overheat. It makes that many 
packets be blocked in the network for a long time, and the throughput 
degrades rapidly.  

      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 throttling node and balance the traffic load 
[4]. In [6], Chao et al. proposed to use downward routing which 
downward route to the bottom chip layers to deliver the packets. In 
[5], Chao et al. also proposed the Transport Layer Assisted Routing 
(TLAR) scheme which considers both transport layer and network 
layer information to deliver packets. It has better throughput in NSI-
Mesh than the previous works [6], as shown in Fig. 1(a). However, 
the TLAR still suffers from heavy traffic congestion the bottom chip 
layer and extremely traffic imbalance between vertical chip layers, 
because their downward layer selection diversity is one (i.e., only 
downward route to the bottom chip layer).  

 

 

Fig. 1 (a) TLAR causes vertical traffic unbalancing, and (d) Proposed 
VTBR balances the vertical traffic. 

 
       In this paper, we improve the previous proposed TLAR and 
propose a transport layer assisted Vertical Traffic Balanced Routing 
(VTBR) scheme to prevent the congestion in the bottom chip layer, 
balance the vertical traffic load, and increase the network throughput, 
as shown in Fig. 1(b). VTBR uses the transport layer information in 
advance to route properly at the same layer. Besides, VTBR can 
select multiple non-throttling layers to increase downward layer 
selection diversity. Hence, the network using VTBR can achieve 
more balanced traffic in the vertical direction. The contributions of 
this paper are summarized as following for clarity: 

1) Multiple downward layer selection for vertical traffic balancing. 

2) Releasing of turn model for larger path diversities. 

We use the traffic-thermal mutual coupling co-simulation platform [8] 
to demonstrate our proposed VTBR. The experimental results show 
that the proposed VTBR can improve 35.3% ~ 40% network 
throughputs for NSI-Mesh. 

       The rest of this paper is organized as follows. In Section 2, we 
introduce some related routing scheme for 3D NSI-Mesh. In Section 
3, the proposed VTBR scheme is described. In Section 4, the 
experiments are shown and discussed. Finally, we conclude this 
paper in Section 5. 

978-1-4577-2081-9/12/$26.00 ©2012 IEEE



2. RELATED WORKS 

A. Thermal Management for 3D NoC [6] 

       Chao et al. proposed a traffic- and thermal- aware thermal 
management for 3D NoC. It contains the following two techniques: 

1) Traffic-aware Downward Routing: In order to prevent heat 
accumulation in 3D NoC, the traffic load is proactively migrated 
to another layer. Besides, it provides different downward level to 
balance the thermal distribution and maximize the network 
throughput. 

2) Thermal-aware Vertical Throttling: In order to decrease the 
temperature quickly while the 3D NoC system becomes overheat, 
the authors shut down the overheat routers along a vertical pillar 
except the routers at the bottom chip layer. However, it changes 
the topology of the network and causes the performance 
degradation rapidly, because packets are blocked in these 
throttling nodes. 

B. Traffic- and Thermal-Aware Routing (TTAR) for NSI-Mesh [4] 

       To reduce the traffic congestion in the bottom chip layer and 
around the throttling tiles, Lin et al. proposed to use traffic and 
throttling information to detour the throttling tiles and route 
properly at the same layer. This approach not only achieves more 
traffic balancing than the network using downward routing, but 
also improves the throughput in NSI-Mesh. 

C. Transport Layer Assisted Routing (TLAR) for NSI-Mesh [5] 

       Chao et al. classified the unsuccessfully deliveries in NSI-
Mesh into four problems: 1) the source node is fully throttled (as 
shown in Fig. 2(a)), 2) the destination node is fully throttled (as 
shown in Fig. 2(b)), 3) any one of the router on the routing path 
is fully throttled (as shown in Fig. 2(c)), and 4) the channel on 
the routing path is fully blocked by other long-term congested 
packets (as shown in Fig. 2(d)). To successfully deliver the 
packets, the authors proposed to use both the transport layer and 
network layer information to guarantee at least one non-fully 
throttled path from source to destination. If the source layer is 
routable, TLAR will decide to use lateral routing first. Otherwise, 
the downward routing will be used instead. To realize this 
scheme, the authors proposed two routing algorithms: Downward 
Lateral Deterministic Routing (TLAR-DLDR), which uses 
deterministic routing as the lateral routing algorithm, and 
Downward Lateral Adaptive Routing (TLAR-DLAR), which uses 
adaptive routing as the lateral routing algorithm instead.  

 

 

Fig. 2 Fail conditions for packet delivery [5]. 

       Although the TTAR and TLAR scheme can reduce the traffic 
congestion in the bottom chip layer, the downward layer selection 
diversity is only one. In this case, the bottom chip layer still suffers 
from heavy traffic load from other layers. According to this 
observation, VTBR is proposed in this paper, which is introduced in 
the following section. 

3. TRANSPORT LAYER ASSISTED VERTICAL TRAFFIC 
BALANCED ROUTING (VTBR) 

       With the transport layer assistance, the throttling information is 
stored in the topology table of each network interface (NI) which is 
updated by the thermal information from each distributed thermal 
sensor. Each packet can be decided to use a specific routing type in 
advance using the topology information. The proposed VTBR uses 
multiple downward layer selection and increases lateral path 
diversities to achieve more balanced traffic in the vertical direction. 
The design goals of VTBR are: 
1) Reduce the traffic congestion in the bottom chip layer: The 

proposed VTBR not only increase the path diversity in the source 
layer but also allows the packets to downward route to any non-
throttling layers to reduce the congestion in the bottom layer.  

2) Balance the inter-layer traffic load and improve the throughput: 
VTBR considers both inter-layer traffic load and throughput 
improvement to select an appropriate downward chip layer. With 
this feature, VTBR can achieve more balanced inter-layer traffic 
and improve the throughput in NSI-Mesh. 

Fig. 4 shows the pseudo code of VTBR which contains two 
techniques which will be described in this section. 
A. Oblivious Downward Layer Selection to Balance Vertical Traffic  
       To consider both vertical traffic balance and improve the 
throughput in NSI-Mesh, we first use queueing analysis to show that 
oblivious random downward layer selection, which only considers 
the source-destination pair, is the best solution in uniform traffic. 
While a network with two throttled nodes at L0 and L1 (as shown in 
Fig. 3(a)), the probability to downward route to L2 and L3 form L0 
are � and (1-�), respectively. The effective queueing model of L2 
and L3 is shown in Fig. 3(b). Assume that the network is 
homogeneous, the effective service rate (�) and effective finite 
queueing length (L) of L2 and L3 are identical. Therefore, by Little’s 
formula, the average waiting time in L2 and L3 are: 
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where �2 (�3) is the packet arrival rate at lateral L2 (L3), and �down is 
the arrival rate of downward packet. Because of homogeneous 
network, the �2 and �3 are both equal to �. By Poisson Arrival See 
Time Averages (PASTA) property, the average waiting time means 
the total processing time for the total amount of data L in the current 
queue, if the coming packet is the last customer for this queueing 
system.  Therefore, the total processing time (T) to handle all data in 
L2 and L3 is the larger one between WL2 and WL3. Obviously, in (2), 
T is smallest (Topt) when � is equal to 0.5. 
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In (3), if each L2 and L3 has total L data to handle, the throughput (�) 
is maximum (�opt) when the downward ratio of L2 and L3 are 
identical (i.e., � = 0.5). Hence, in this paper, we use uniform random 
downward layer selection with equal probability to downward route 
the packets to each non-throttling layer (as shown in Fig. 5(a)) to 
achieve high network throughput and balanced inter-layer traffic. 
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Fig. 3 (a) Downward layer selection with a ratio, �, and (b) Effective 
queueing system of the downward layers. 

 
//Algorithm VTBR
//Source node: S, Destination node: D, Current node: C
//Current routed Packet: Pkt, Available Direction: AD
//Output direction: {North, East, South, West, Up, Down}
//Pkt will be determined whether it is lateral routable before 
injection with the transport layer information 

IF( C and D have the same vertical coordination )
Output direction is Up or Down.

ELSE IF( Pkt is lateral routable )
Apply the previous proposed DLAR or DLDR in [5].

ELSE BEGIN
//Step 1: Oblivious downward layer selection
//Downward layer selection is decided before injecting this Pkt
IF( C = S )                  

Assign a downward layer randomly.

//Step 2: Pkt Transmission form S to D by releasing turn model
//Check whether there is only Down direction

IF( Any neighboring node is throttled )
Output direction is Down.

ELSE BEGIN
//Find all possible routing direction except Up

AD are determined by Current Routing Function 
with Information(S, D, C).

//Select a suitable routing direction
Output direction is selected by Channel Information 
and AD.

END
END  

Fig. 4 The pseudo code of proposed VTBR. 
 
B. Increasing Path Diversity to Reduce Traffic Congestion 
       In TLAR scheme, it will check the routability of the source layer 
before injecting a packet into the network. In other words, the source 
layer becomes non-routable while there are some throttling nodes in 
the source-destination region [5]. It causes the chip layers below the 
source layer suffer from heavy traffic congestion since many extra 
traffic loads. In this case, the throughput will be restricted. To 
increase the path diversity in the source layer, we release the lateral-
downward turns (i.e., North-Down, East-Down, South-Down, West-
Down), as shown in Fig. 5(b). As the proof in [6], it is deadlock free, 
if there is no upward turns (i.e., Up-North, Up-East, Up-South, and 
Up-West) and the lateral routing is deadlock free. Because packets 
can route properly at the source layer, not only vertical layer but also 
lateral layer can achieve more traffic load balancing. 
       To detour the throttling nodes, the output port selection is the 
key problem. We use the topology table in NI to collect the throttling 
information. If the neighboring node is throttled, all packets which 
arrive to this router must be randomly downward routed to a specific 
downward layer. In contrast, if the neighboring node is non-throttled, 
the output direction will be selected with the channel information on 
the output sides. It can adopt any buffer level based selection such as 
Output Buffer Length (OBL) method or Neighbor-on-Path (NOP) 
method. Fig. 6(a) is a queueing status, when packets arrive to router 
M without throttling neighbors. The output direction is decided by 
the state of {l1,.., lm, d1,.., dn}. Fig. 6(b) shows an example of the 
selection scheme. When the packet, which is assigned L2 as its 

downward layer and adopted XYZ routing, attaches Router M, two 
routing decisions can be chosen, east and down, to propagate the 
packet. Because the available buffer at the down side is larger than 
the east side, it will be downward routed to L2. 
       To realize  the throttling aware selection, in this paper, each 
router use a 4-bit register, Neighbor Throttling Status (NTS), to 
record the throttling state of its neighboring nodes of lateral four 
directions (i.e., North, East, South, and West). The NTS can be 
updated by the topology table in NI. Fig. 7 shows the architecture of 
the proposed throttle monitoring scheme. For a 3D NoC contains N 
routers, it needs N NTSs and does not need extra wire connections 
between routers. Therefore, the area overhead is negligible. 
 

 
Fig. 5 (a) Random select a downward layer and (b) Adopts released 

lateral-downward turn. 
 

 

Fig. 6 (a) Queueing status in router M (b) Proposed selection scheme. 
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Fig. 7 Use transport layer information to update NTS. 

4. EXPERIMENT AND DISCUSSION 

       In this section, we show the performance and the statistical 
traffic load distribution of the proposed VTBR scheme which is 
demonstrated by using the traffic-thermal co-simulation platform [8]. 
For each router, the buffering channel depth is 16 flits without virtual 
channel, and each packet has 8 flits. For network topology, we use 
the cases of one 2x2x2 throttling region and two 2x2x2 throttling 
regions (as shown in Fig. 8). We use statistical traffic load 
distribution to show the network loading. Compare with the two 
proposed methods in TLAR [5], the proposed VTBR scheme has more 
balanced inter-layer traffic (as shown in Fig. 8). The reason is that 
the packets can have more path diversities in source layer and 
multiple vertical downward layer selection.  



 

 

Fig. 8 Statistical traffic load distribution of (a) Case 1 and (b) Case 2. 

 
Table 1 Statistics of passing flits for 50,000cycles 

  TLAR-DLDR VBTR-DLDR TLAR-DLAR VBTR-DLAR 

Ca
se

 1
 

L0 18497.2 18667.4 9183.3 11032.2 
L1 24443.5 24869.2 16543.4 18233.8 
L2 33837.3 38668.1 36762.3 46960.4 

L3 41733.9 
34823.7  
(-16.6%) 

62570.1 
45799.1
(-26.8%) 

Stdv. 10247.7 9146.0 23906.5 18569.4 

Ca
se

 2
 

L0 13484.7 13802.0 6579.8 8190.4 
L1 19327.4 19713.2 13780.3 15435.5 
L2 34465.8 42879.8 36878.0 50420.4 

L3 48347.7 
36906.8 
(-23.7%) 

63817.4 
43192.2
(-32.3%) 

Stdv. 15689.3 13791.0 25834.3 20630.9 

 
       The statistics of transferred flits are shown in Table 1. With 
VTBR, the mean packet numbers in the most congestion bottom chip 
layer is decreased. In Case 1, compared with TLAR-DLDR and 
TLAR-DLAR, we reduce the congestion bottom layer by 16.6% and 
26.8% using the proposed VTBR scheme, respectively. In Case 2, we 
reduce the congestion bottom layer, using TLAR-DLDR and TLAR-
DLAR, by 23.7% and 32.3%, respectively. Besides, compared with 
TLAR-DLDR and TLAR-DLAR, the inter-layer standard deviations 
are decreased with the proposed VTBR scheme. Therefore, the 
proposed VTBR can achieve more balanced traffic in the vertical 
direction. 

      Fig. 9 shows the performance evaluation of proposed VTBR 
under the uniform traffic pattern. Because the proposed VTBR can 
achieve more traffic load balancing, it has better performance than 
previous TLAR scheme. Compared with TLAR-DLDR and TLAR-
DLAR, our proposed VTBR-DLDR and VTBR-DLAR improve 35.3% 
to 40% throughputs in Case 1 and Case 2. 
 

 
Fig. 9 Performance evaluation of (a) Case 1 and (b) Case 2. 

5. CONCLUSIONS 

       In this paper, to balance the vertical traffic in 3D NoC, we 
propose a Vertical Traffic Balance Routing (VTBR) scheme. In VTBR, 
we propose two techniques to achieve this goal: 1) Oblivious 
Downward Layer Selection and 2) Release Lateral-Downward Turn 
Model. Compared with the previous TLAR scheme, the proposed 
VTBR scheme can achieve 35.3% ~ 40% throughput improvements 
and has more traffic load balancing under uniform traffic. 
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