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Abstract-The thermal problems of three-dimensional Network

on-Chip (3D NoC) systems become more serious because of die 

stacking. Besides, for high-performance requirement, the 

minimal adaptive routing algorithms result in unbalanced traffic 

load and worse temperature distribution in the system. On the 

other hand, the conventional selection strategies determine the 

routing path based on the traffic information, which leads to 

unawareness of the potential thermal hotspot and huge 

performance impact. To solve the problems, in this paper, we 

first define a novel thermal-aware routing index, Mean Time To 

Throttle (MTTT), which represents the remaining active time of 

the node before the temperature achieves the alarming level. 

Based on the information of MTTT, we propose a Proactive 

Thermal-Budget-Based Beltway Routing (PTB3R) to balance the 

temperature distribution of the NoC system. The experimental 

results show that the proposed PTB3R can help to reduce the 

number of throttled nodes by 25.56%�86.95% and improve 

network throughput by around 15.04%�19.87%. 
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I. INTRODUCTION 

As the complexity of System-on-Chip (SoC) grows with the 
continuing advances in technology scaling, three-dimensional 
Network-on-Chip (3D NoC) emerges as a scalable on-chip 
communication paradigm to integrate hundreds of intellectual 
property (IP) cores [1]. 3D NoC reduces the lengths of global 
interconnects and provides large bandwidth with low power 
consumption [2]. However, because of the die stacking, the 
longer heat dissipation path and larger power density result in 
more serious thermal problems in 3D NoC. Thermal issues 
degrade the system performance and increases leakage power, 
which causes the thermal runaway. 

To keep the system temperature below a certain thermal 
limit, run-time thermal managements (RTM) are triggered as 
the system temperature achieves the alarming level [10]. 
However, these kinds of reactive RTMs usually result in huge 
performance impact. To mitigate the performance impact, 
several proactive RTMs were proposed to take proper actions in 
advance based on the information of predictive thermal
emergency level [3][11]. However, the system using proactive 
RTM (PRTM) still suffers from thermal imbalance because of 
the unbalanced traffic load caused by the conventional minimal 
routing algorithms. To reduce the end-to-end latency, the 
minimal adaptive routing dynamically selects the path based on 
the traffic information. Due to the restriction on non-minimal 
path, the packets are easily congested in the minimal routing 
region (i.e., the region contains all minimal paths). Fig.1 
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Fig. I. (a) Conventional minimal routing results in unbalanced temperature, and 
(b) the proposed PTE3 R takes the cooler routing path based on the information 
of Mean Time To Throttle (MTTT) of each node. 

shows an example. The conventional minimal adaptive routing 
may deliver the most packets to hotter region because lack of 
temperature information. Hence, the unbalanced thermal 
distribution results in the occurrence of thermal hotspot, as 
shown in Fig l(a). 

Because the temperature distribution is affected by the 
traffic-load distribution, Chen et at. proposed a Traffic- and 
Thermal-aware Adaptive Beltway Routing (TTAER) to balance 
the temperature distribution through balancing the traffic load 
[5]. The TTAER provides an extra non-minimal path. Therefore, 
the packets have a chance to detour the congested minimal path 
region. Based on the traffic information, the TTAER adaptively 
selects a path between the minimal path and the non-minimal 
beltway path. However, the TTAER still has high probability to 
deliver the packets through hotter routing region because of 
lack of thermal information. 

In this paper, to further balance the temperature distribution, 
we propose a Proactive Thermal-Budget-Based Beltway 
Routing (PTE3R) to reduce the occurrence of thermal-emergent 
nodes through selecting the cooler routing path, as shown in 
Fig. l(b). Based on the thermal information of routers, the 
proposed PTS3 R selects the path between the minimal path and 
non-minimal path. Hence, the network can achieve more 
balanced temperature distribution and balanced traffic load. 
The contributions of this paper are summarized as: 
I) First define a novel thermal-aware routing index, Mean 

Time To Throttle (MTTT), which represents the remaining 
active time of the router before the temperature achieves 
the alarming level. 

2) Propose the PTS3 R algorithm to balance temperature 
distribution, which determines the routing path based on 
the information of MTTT. 



To evaluate the performance of the proposed PTB3 R, the 
traffic-thermal mutual coupling co-simulation platform [10] is 
employed. The experimental results show that the proposed 
PTB3 R can achieve higher saturation throughput with an 
improvement of 15.04%�19.87% and reduce the number of 
throttled nodes by 25.56%�86.95%. The reason is that the 
proposed PTB3 R can select the cooler and non-congested 
routing path to deliver the packets, which help to balance the 
traffic and temperature distribution. 

The rest of this paper is organized as follows. In Section II, 
we introduce some related routing schemes for balancing 
temperature distribution. In Section III, the proposed PTB3 R 
scheme is described. In Section IV, the experiments are shown 
and discussed. Finally, we conclude this paper in Section V. 

II. RELATED WORKS 

A. Thermal-Aware Application Specific Routing [4} 

To reduce the hotspot temperature for NoC, Qian et al. 
proposed an application specific routing algorithm. Based on 
the task flow graph and the target topology, the routing scheme 
tries to find the optimal distribution ratio of the communication 
traffic among the set of candidate paths by solving a Linear 
Programming (LP) problem offline. However, there are still 
many packets blocking in the minimal routing region (also the 
thermal hotspot region), because the involved routing 
algorithm does not consider the temperature information. 

B. Traffic- and Thermal-aware Adaptive Beltway Routing 
(TTABR) [5} 

To solve the problem of unbalanced temperature 
distribution in 3D NoC systems, Chen et al. proposed the 
TTABR, which tries to balance the on-chip temperature profile 
by balancing traffic distribution. The TTABR provides multiple 
non-minimal paths (i.e., beltway paths) to increase the lateral 
path diversity, as shown in Fig. 2. Based on the traffic 
information of the network, the TTABR can adaptively select 
the minimal path or non-minimal beltway path. Because of 
larger lateral path diversities, the TTABR can balance the traffic 
load in the network system, which makes the temperature 
distribution become more balanced. However, the TTABR 
cannot prevent packet from routing through the potential 
hotspot region because it only refer to the traffic information. 
As the thermal hotspot appears, it still sends packets based on 
traffic condition and suffers from performance degradation. 

C. Dynamic Thermal-Balance Routing (DTBR)[6) 

In [8], Liu et al. proposed a Dynamic Thermal-Balance 
Routing algorithm (DTBR) on 20 NoC. Based on the 
temperature information, DTBR adaptively selects the routing 
path for packets to balance the temperature distribution in the 
network. However, because the change of temperature is 
slower than traffic, directly using temperature as a selection 
index cannot efficiently change the routing behavior before 
next temperature sensing time. Consequently, the DTBR still 
results in traffic congestion in the network system. Besides, the 
involved minimal routing restricts the available paths. Hence, 
packets cannot detour from the thermal hotspot efficiently. 
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Fig. 2. Beltway path in XYZ routing (a) is a case of using north cascaded node, 
and (b) is a case of using south cascaded node. S is the source router; D is the 
destination router. 

III. PROACTIVE THERMAL-BUDGET-BASED BELTWAY 

ROUTING (PTB3 R) ALGORITHM 

As mentioned before, the routing algorithm uses traffic 
information regardless of thermal condition easily results in 
thermal imbalance and thermal hotspot. To solve this problem, 
in this section, we first introduce a novel proactive thermal
aware routing index, Mean Time To Throttle (MTTT) , which 
reflects the long-term thermal condition. Then, the PTB3 R, 
which transmits packets based on MTTT, will be described. 

A. Proactive Thermal-Aware Selection Index 

To prevent packets from being routed through thermal 
hotspot, the routing algorithm should consider the long-term 
thermal-emergency level to transmit packets. Obviously, the 
remaining active time of a router (i.e., the time before being 
throttled) can reflect the emergency level. In this paper, we first 
define the remaining active time as the Mean Time To Throttle 
(MTT7), which means how long the router is still active before 
being throttled by the RTM and can be expressed as: 
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The routers with longer MTTT have more active time for 
packet switching. 

The Thermal Budget in (1) means the available temperature 
space for packet switching before throttling, which can be 
expressed as: 

Thermal Budget = I;il11il -T(t). (2) 

The temperature difference between thermal limit (Tlimil) and 
current temperature at time t (T(t)) reflects the thermal 
condition of the router. 

To estimate the remaining Thermal Budget of each router, 
we employ thermal RC-based prediction model proposed in [II] 
to obtain the Temperature Consumption Rate in (1). As proof 
in [II], the rate of change of temperature in a timing interval 
(i.e., Temperature Consumption Rate) depends on the rate 
during past time and the thermal RC parameter (i.e., thermal 
resistance and thermal conductance). Hence, the Temperature 
Consumption Rate can be expressed as: 

dT(t + !J.t,) = dT(t) 
x e -R�' • 

dt dt 
(3) 



With (2) and (3), the MTTT can be derived as: 

T -T (t) � 
MTTT = max xeRC. 

dT (t)/ 
Idt 

(4) 

We call the exponential tenn in (4) as Proactive Factor 
(P). The values of thermal resistance (R) and thermal 
conductance (C) are dependent on material characteristics and 
increase as temperature rises. The curve of Proactive Factor 
(P) with respect to the temperature is shown in Fig. 3(a). To 
reduce the hardware complexity of the exponential function, 
we design a linear-piecewise model, as shown in Fig. 3(b) to 
approximate P at different temperature, which is expressed as: 

F = 

1- 0 5x T(t) - TamMenl T . < T(t) < T. o 
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T(t) - Tj 0.5 - 0.3 x ,Tj < T(t) < Tz T2 - To, 
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(5) 

where the ambient temperature (Tambient) is 25°C and thennal 
limit (�imif) is lOO°e. In this paper, by dividing the curve 
equally into three divisions, we respectively set Tl and T2 to 
50°C and 75°C and the corresponding P are 0.5 and 0.2. 

Temperature 
(a) 

� D. 
u.. 0_ 
� 0.4 
� 0_ 

� Am�b;-en�t�T�'------���--�Ll�mit 
Temperature 

(b) 

Fig_ 3. (a) The curve of the exponential function of the reciprocal of the 
product of thermal resistance and thermal conductance, and (b) the proposed 
approximate linear-piecewise model 

B. Proposed Proactive Thermal-Budget-Based Beltway 
Routing (PTB3 R) 
According to (4) and (5), we propose a Proactive Thermal

Budget-Based Beltway Routing (PTB3R) scheme to balance the 
temperature distribution in this section. For the traffic 
balancing, we adopt beltway routing [5] as routing function to 
provide more path diversities. By providing a non-minimal 
beltway path, packets have a chance to detour the minimal 
congested routing region, which is usually a thermal hotspot 
region. 

To balance the temperature distribution, we use the MTTT 
of neighboring nodes as a selection criterion to select a cooler 
path. The flow chart of PTB3 R is shown in Fig. S. Fig. 4 
illustrates an example. First, the packet is in the source node, 
and the routing path is determined by comparison the MTTT of 
neighboring routers in possible paths (i. e., non-minimal 
beltway path and minimal path). If the packet is decided to 
route through the beltway path, a cascaded XYZ routing will 
be used to reach the destination node, as shown in Fig. 2. If the 
packet selects minimal path, it will follow the infonnation of 
MTTT to traverse to the destination node. As shown in Fig. 4, 
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Fig. 4. Example of the PTB3R. (a) Temperature profile of network, and (b) the 
PTS3R chooses the cooler path based on the MTTT of neighboring nodes_ 
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Fig_ 5_ Flow chart of proposed PTS3R. 

the node C has larger MTTT due to its lower temperature and 
temperature consumption rate. Therefore, in this case, the 
PTB3 R will deliver the packets to the destination D by passing 
through the node C due to the cooler routing direction. 

IV. EXPERIMENT AND DISCUSSION 

In this section, the perfonnance of the PTB3 R is evaluated 
through the traffic-thermal co-simulation platform [10]. For 
each router, the channel depth of buffer is 4 flits without virtual 
channel, and each packet size is 8 flits. Besides, the network 
size is 8x8x4, and uniform random traffic pattern is employed. 

A. Analysis of Temperature Distribution and Statistical 
Traffic Load Distribution (STLD) 
Fig. 6(a) shows the comparison of temperature distribution 

of West�first adaptive routing [7], TTABR [5] and the proposed 
PTB3 R, respectively. Because of awareness of thennal hotspot, 
the PTB3 R can transmit fewer packets to hotter region and take 
the cooler path, which results in a more balanced temperature 
distribution. 

As mentioned in [8], the temperature behavior is the long
term accumulation of packet switch activities. Thus, making 
temperature distribution balanced also implies more balanced 
traffic condition, as shown in Fig. 6(b). In summary, as shown 
in Fig. 7, the proposed PTB3 R can help to reduce the standard 
deviation of temperature distribution and traffic distribution by 
33.11 % and 39.69%, respectively. 

Because the PTB3 R can select the cooler routing path based 
on the infonnation of MTTT, the packets can avoid being 
routed through the thermal hotspot, which is usually a traffic
congested region. Therefore, compared with previous works in 
[5][7], the PTB3R can improve network throughput by 15.3%, 
as shown in Fig. 8. 
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Fig. 6. (a) Temperature distribution, and (b) STLD of regular mesh. 
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Fig. 8. Performance evaluation of regular mesh. 

B. Analysis of Throughput and the Number of Throttled 
Nodes under RTMs 

As the node's temperature exceeds the threshold, the 
employed RTM can be triggered to regulate the system 
temperature. Associated with the control granularity of the 
RTM, we can classify them into Global Throttling (G7) [9], 
Distributed Throttling (DT) [10], and Vertical Throttling (VI) 
[8]. As some nodes become thermal-emergent nodes, the GT 
slows down the entire network; the DT only throttles the near
overheated routers; the VT throttles the thermal-emergent 
nodes and the other nodes in the same pillar. 

To keep the representation of performance indices and fair 
comparison, we consider the following two indices to measure 
the system performance by applying each RTM scheme: 
I) Total number of throttled nodes: The throttled node 

represents that the temperature of this node exceeds the 

trigger temperature of the involved RTM. 

2) System throughput: The system throughput depends on the 

availability of the system. The definition of the system 
throughput is the total number of received flits per cycle. 

As mentioned before, PTB3R can select the cooler routing 
paths to balance the temperature distribution. Therefore, the 
number of thermal-emergent nodes can be significantly 
reduced. In TABLE I, the PTS3 R reduces total number of 
throttled nodes by 25.56%�86.95% and improve network 
throughput by 15.04%� 19.87%. 

TABLE I. PERFORMANCE EVALUATION UNDER RTMS IN RANDOM TRAFFIC 
WITHIN 150MS 

Routing Algorithms 
Random Traffic 

Global 
Throttling 
(GT) [9] 

Distributed 
Throttling 
(DT) [10] 

Vertical 
Throttling 

(VT) [8] 

West-first 
Total number of 

2304 
throttled nodes 

Throughput 2322 

Total number of 
160 

throttled nodes 

Throughput 19.43 

Total number of 
92 

throttled nodes 

Throughput 27.93 

V. CONCLUSION 

TTABR PTB3R 
2048 1792 

26.52 27.38 
(+1421%) (+17.92%) 

52 28 

21.24 2425 
(+931%) (+19.87%) 

48 12 

28.41 30 08 

(+9.16%) (+15.04%) 

In this paper, to balance the temperature distribution and 
achieve high throughput under certain thermal limit in 3D NoC 
systems, we propose a PTS3 R algorithm. The PTS3 R can select 
the cooler routing path according to router's thermal 
information (i.e., Mean Time To Throttle, MTT7). Compared 
with the previous works, the proposed PTB3R can reduce the 
number of throttled nodes by 25.56%�86.95% and improve 
network throughputs by 15.04%� 19.87%. 
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