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ABSTRACT
The Three-Dimensional Network on Chip (3D NoC) is an intercon-
nection architecture designed to address the increasing communi-
cation demands between processing cores. However, as tra�c and
power density continues to rise, e�cient tra�c management and
thermal regulation within these chips have become crucial issues.
One common problem encountered in mesh-based NoC structures,
regardless of the routing approach employed, is tra�c congestion in
the central region. This paper introduces a novel routing algorithm
named an Oblivious Congested Region Avoiding Routing Algorithm
(OCRA) to evenly distribute packet �ow across the entire network.

OCRA addresses the tra�c imbalance by statically con�guring
speci�c routers located in the east and west of each layer in a 3D
NoC using YXZ and YZX and con�guring other routers using XYZ.
This con�guration aims to minimize tra�c congestion in the net-
work, reduce total queuing delay and improve packet latency. The
paper explores various con�gurations for OCRA, and simulation
results on a cycle-accurate simulator indicate that a speci�c con�g-
uration known as Pyramidical achieves a 51.67% improvement in
tra�c load distribution across the network. Additionally, this con-
�guration reduces average queuing delay by 48.7% and improves
the performance of the saturated 3D NoC by 35.24% with no impact
on chip area.

CCS CONCEPTS
• Networks → Network on chip; Tra�c engineering algo-
rithms; Routing protocols; • Computer systems organization
→ Interconnection architectures.
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1 INTRODUCTION
By increasing the number of processing cores, accelerators, and
shared/dedicated memory size in Systems on Chip (SoCs) and pro-
cessors, utilizing Three-Dimensional Network on Chip (3D NoC)
has become a mandatory option for communication [7, 14]. In 3D
NoC, di�erent layers of routers and links are stacked together with
processing cores or other components of the chip, and they are con-
nected using Through-Silicon Vias (TSVs). This stacked structure
minimizes the physical distance between di�erent nodes. How-
ever, as the density of generated packets per area/volume increases,
the congestion rate and the rate of blocked region generation also
increase considerably compared to two-dimensional NoCs.

Mishra et al. [12] have demonstrated that the central nodes of a
Network-on-Chip (NoC) employing an oblivious routing algorithm
experience approximately twice as much congestion compared to
the border nodes in a two-dimensional (2D) NoC. Our simulations,
utilizing AccessNoxim [9], reveal that this phenomenon is further
exacerbated in three-dimensional (3D) NoCs. The imbalanced tra�c
load results in some congested and blocked routers which lead to a
signi�cant increase in total waiting time and average packet latency
across the network, primarily caused by the congested nodes.

To reduce congestion in the network, various adaptive rout-
ing algorithms have been proposed in the literature. Two major
approaches for achieving this goal are Oblivious and tra�c- and
temperature-aware techniques. Oblivious adaptive techniques, such
as Odd-Even [6], Repetitive Turn Model (RTM) [17], and Minimum
Pressure Turn Model (MPTM) [2] provide a wide path diversity
but do not take congestion and other run-time information into
consideration when routing packets. These techniques o�er several
advantages, including larger path diversity, low complexity, and
latency of routers, as well as a reduced need for additional routing
data �owing in the network. However, as shown later, they can-
not alleviate the tra�c imbalance problem between central and
border routers. On the other hand, tra�c- and temperature-aware
adaptive techniques utilize more sophisticated information from
the network to make packet routing decisions and forward packets
through less congested paths. However, these techniques introduce
additional latency and complexity to the router structure, as well
as require network status information to pass through the network.
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Some techniques in this category leverage neural networks or table-
based reinforcement learning techniques to determine the next
hop at each node [10, 15]. However, these techniques can impose
signi�cant hardware overhead on each router by storing neural
networks or large Q-tables and making router architecture more
complex.

To reduce the tra�c imbalance problem between central and
border routers while keeping the router complexity and hardware
overhead negligible, this work proposes an Oblivious Congested
Region Avoidance (OCRA) routing algorithm that statically con�g-
ures the network into di�erent regions and routes packets through
the network using �xed Dimension Order Routing (DOR) algo-
rithms for each region. In OCRA, the nodes located at the borders
of each layer of the network, are con�gured with either the YZX
or YXZ routing algorithms (for east and west border routers) and
either XYZ or XZY routing algorithms (for north and south border
routers). By utilizing border routers more e�ectively, the congestion
at the center of each layer in the 3D NoCs decreases and tra�c is
distributed more evenly through di�erent layers.

Simulation results on the cycle-accurate AccessNoxim [9] simu-
lator show that OCRA improves tra�c load distribution of the 3D
NoC by 51.67% and reduces the total waiting time by 48.7% com-
pared to the state-of-the-art 3D NoC routing techniques found in
the literature. Furthermore, by routing packets through the less con-
gested area, the average packet latency of the network is reduced
by 48.7%. Notably, these improvements are achieved without intro-
ducing any extra packet transmission over the network and with
limited modi�cations to the routers, thereby imposing negligible
area overhead.

The rest of this paper is organized as follows. The related routing
algorithms are reviewed in section 2. Section 3 explains the moti-
vation behind the proposed method followed by the detail of the
OCRA routing algorithm. Simulation setup and results are given in
Section 5 and the paper conclusion is presented in Section 6.

2 RELATED WORK
Thermal and tra�c management in NoC architectures has been
the subject of extensive research, leading to the development of
various techniques. These techniques provide adaptive routing al-
gorithms and can be broadly categorized into two groups: oblivious
and tra�c- and temperature-aware routing algorithms. The for-
mer methods distribute tra�c congestion through the network by
providing larger path diversity oblivious to the network condition.
While the latter methods collect the congestion information and
select a less-congested path between a source and destination pair.

Some oblivious adaptive routing algorithms such as Odd-Even,
RTM, and MPTM provide wide path diversity (while restricting
some turn models for guaranteeing deadlock freedom) and try to
deliver packets through di�erent available paths to distribute tra�c
congestionmore evenly. In the Odd-Even turnmodel, di�erent turns
in odd and even columns are prohibited to improve performance.
In the RTM and MPTM methods, the repetitive distance has been
increased to 3 to further improve performance. However, because
of the lack of tra�c congestion information in these methods, they
would select some congested paths while there exist other free
paths.

Tra�c- and temperature-aware adaptive routing algorithms dy-
namically adjust system behavior based on real-time feedback and
run-time conditions, o�ering more balanced tra�c congestion. For
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Figure 1: The ratio of border routers vs. the ratio of border tra�c for XYZ,
West-�rst, and Negative-�rst routing algorithms in a 3D NoC.
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Figure 2: (a) Top view of the three distinct border regions in a single layer of
a 3D NoC, (b) Routing paths of border regions to minimize entrance to the
central region. Top-down view.

example, a Tra�c and Throttling-Aware Routing (TTAR) is pro-
posed in [11], which avoids paths along with the neighbors of the
throttled nodes. In [3], Chao, et al. proposed a Transport-Layer
Assisted Routing (TLAR) that utilizes the topology information in
the transport layer to guarantee successful packet delivery in Non-
Stationary Irregular Mesh (NSI-mesh). In [5], Chen et al. proposed
a Tra�c-balanced Topology-aware Multiple Routing Adjustment
(TTMRA) that selects a cascaded node to extend the lateral routable
area of each layer. Tra�c- and Temperature-aware Adaptive Belt-
way Routing (TTABR) algorithm [4] employs both minimal and
non-minimal beltway paths to detour congested regions. TTABR
adaptively selects the minimal or beltway paths based on tra�c
information. Dynamic-XYZ (DyXYZ) [8] selects the less-congested
neighbor in each hop and provides a fully-adaptive routing algo-
rithm. Some other techniques, based on machine learning, learn
the best routing path for a packet based on the network tra�c
information during normal operation [10, 15]. Although all the
abovementioned congestion-aware routing algorithms improve
tra�c distribution, they imply signi�cant performance overhead
for collecting tra�c information during run-time, running neural
networks, or saving large Q-tables for each node during packet
routing.

3 PROPOSED ROUTING ALGORITHM
In this section, we provide an overview of the motivation behind
the proposed technique, followed by the proposed OCRA routing
algorithm.

3.1 Motivation
Although di�erent adaptive routing algorithms (including oblivious
and tra�c- and temperature-aware methods) alleviate network con-
gestion, they still su�er from non-uniform tra�c load distribution,
especially congesting central routers while under-utilizing border
routers. To illustrate this issue, some motivational experiments
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Figure 3: Example of OCRA routing algorithm in a 3D NoC.

have been done in this paper for analyzing border regions tra�c
using West-�rst and MPTM routing algorithms as oblivious adap-
tive methods, and the TTABR routing algorithm as tra�c-aware
adaptive methods, under di�erent tra�c patterns. Results show
that while border routers shown in Fig. 1 are about 43% of the total
routers in the network, the tra�c load of this area using di�erent
adaptive routing algorithms under di�erent tra�c patterns is less
than 33% of the total tra�c for oblivious turn-restricted routing
algorithms (i.e. West-�rst and MPTM) and less than 38% of the
total tra�c for tra�c-aware routing algorithms (i.e. TTABR). The
results prove that the tra�c in the border regions of the network
is less than in the central regions and could be more balanced. To
address these limitations, the proposed routing algorithm utilizes
a location-based analysis to determine inherently less congested
regions of the 3D NoC o�ine and then route the packets through
these regions. This routing algorithm balances the tra�c load over
the 3D NoC passively and imposes negligible additional complexity
on the routers. To the best of our knowledge, this routing is the �rst
location-based passive load-balancing 3D NoC routing algorithm.

3.2 An Oblivious Congested Region Avoiding
Routing Algorithm (OCRA)

Using di�erent adaptive routing algorithms, packets �owing from
east and west to the north and south and top and bottom pass
through the central region of a 3D NoC. Therefore, routing packets
from north and south to top and bottom regions impose additional
tra�c load at the central region of the network while there are
many less congested routers at the borders and corners of the
network. The objective of OCRA is to e�ciently route network
tra�c by utilizing less congested areas of the network. As a result,
certain packets that can be statically routed through inherently less
congested paths are directed accordingly.

The proposed routing algorithm classi�es a 3D NoC into three
distinct regions: 1) the X-border region: borders in the X dimension,
2) the Y-border region: borders in the Y dimension, and 3) the cen-
tral region. Fig. 2a shows these three distinct regions. Based on the
motivational results presented in the previous section, OCRA tends
to utilize the XZY routing algorithm for X-border regions, the YZX

(a) (b) (c) (d)

Figure 4: Top-down view of di�erent shapes of Y-border regions in a layer of
NoC. YZX/YXZ routers are shown in red. Only the Y-Border regions are shown
for simplicity.

Algorithm 1 OCRA routing algorithm

5 D=2C8>= $�'�'>DC8=6 (B>DA24#>34 , 2DAA4=C#>34 , 34BC8=0C8>=#>34)
if B>DA24#>34 is in the X-border region then

if 34BC8=0C8>=#>34.I > B>DA24#>34.I then
XZY(currentNode, destinationNode)

else
XYZ(currentNode, destinationNode)

end if
else if B>DA24#>34 is in the Y-border region then

if 34BC8=0C8>=#>34.I > B>DA24#>34.I then
YZX(currentNode, destinationNode)

else
YXZ(currentNode, destinationNode)

end if
else

XYZ(currentNode, destinationNode)
end if

routing algorithm for Y-border regions, and XYZ for central routers
as shown in Fig. 2b. By doing so, the routers in the border of the
source layer are utilized and tra�c load generated at the border re-
gions will not enter the central congested regions. OCRA performs
the move in the Z dimension before the Y dimension in the X-border
regions and before the X dimension in the Y-border regions when
routing a packet downward to utilize border routers in di�erent
layers. As discussed later, for the sake of deadlock freedom, the
move in the Z direction is the last move when going upward. Fig. 3
shows an example of OCRA routing algorithms. Router S1 located
in the Y-border region of layer 1 tends to send a packet to router D1
in layer 3. Instead of using XYZ or other oblivious algorithms which
pass through the central congested regions, OCRA �rst performs
the movement in the Y dimension which is in the less congested
area. Second, it performs the movement in the Z dimension which
is also in the less congested regions of layer 2 and layer 3. Finally, it
moves in the X dimension to reach the destination by the minimum
entrance to the congested region of layer 3. Similarly, when router
S2, which is located in the X-border region of layer 3, tends to
send a packet to router D2 in layer 4, OCRA �rst routes the packet
through the X dimension to avoid entering the central region of
layer 3. Then, it routes the packet through the Z dimension to utilize
the border routers of layer 4. At last, it moves in the Y dimension to
deliver the packet to the destination. It is worth stating that unless
there are some adaptive and congestion-aware routing algorithms
that can detour congested areas, they all impose di�erent overheads
on the network.

The shortest number of nodes that a packet should traverse from
the source to the destination is achieved through XYZ. However,
opting for less congested paths results in reduced packet delay.
OCRA utilizes the less congested regions of 3D NoC by employing
a location-based static con�guration of routers during the design
phase. This approach eliminates the need for run-time decisions
and extra links to transmit tra�c and congestion information to
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Figure 5: Di�erent con�gurations of OCRA. YZX/YXZ routers are shown in red. Only the east and west regions are shown for simplicity.

adjacent nodes, which are typically required in adaptive routing
algorithms.

The pseudo-code of the proposed OCRA routing algorithm is
illustrated in Alg. 1, which has constant time complexity. At the
beginning of the algorithm, the X-border, Y-border, and central
regions are de�ned. In the following lines, the packets are routed
based on their source router location. Tra�c originating from the Y-
border regions is initially routed in the Y dimension. Consequently,
packets generated in these nodes with destinations at the top and
bottom are �rst directed to the border nodes, which experience
lower congestion. Subsequently, they are routed in the Z direction
and then in the X direction. This approach ensures that congested
nodes at the center of all layers along the route to the destination
are avoided, resulting in a less congested possible path.

The size and shape of the three distinct regions de�ned in OCRA
have a signi�cant impact on tra�c balancing within the network.
When considering network size and tra�c, various shapes and sizes
should be taken into account for these regions in design time. The
shape of the X-border and the Y-border regions of the layers can
be speci�ed di�erently as shown in Fig. 4. Experimental results
showed that considering border regions as Fig. 4a may result in
congestion on the inner side of the border regions. Among di�erent
border region con�gurations, the pyramidical con�guration, which
is shown in Fig. 4d, had better tra�c load distribution through our
experiments. Fig. 5 illustrates four di�erent pyramidical con�gura-
tions of OCRA in three-dimensional NoC. Fig. 5a and Fig. 5b have
smaller east and west regions which prevent increasing the tra�c
load inside these regions. Fig. 5c and Fig. 5d show larger east and
west regions, which prevent the generation of tra�c at the center
of the NoC. The tra�c inside these regions may increase as well.

3.3 Deadlock Freedom
Deadlock-freeness is a critical requirement for routing algorithms
in 3D NoCs. Extensive research has shown that certain oblivious
routing algorithms, such as XYZ or YXZ, guarantee deadlock free-
dom. However, caution must be exercised when combining di�erent
oblivious routings, as it can potentially introduce the risk of dead-
lock in certain scenarios.

Deadlock in OCRA halts the injection of packets into the net-
work. Deadlock occurs when there is a cycle dependency within the
network, leading to a situation where all packets within the cycle
are waiting for an event that never occurs because each packet has
preempted a resource that one or more packets are waiting for.

There are three di�erent approaches for handling deadlock in
NoCs. The �rst approach, which is widely used in partially adaptive
routing algorithms, restricts some speci�c turn models to prevent
deadlock. Odd-Even, RTM, and MPTM routing algorithms use this
approach to guarantee deadlock-freedom. The second approach is

using a number of virtual channels to break the cyclic dependency
and remove deadlock. This approach de�nitely imposes hardware
and power overheads depending on the number of virtual channels
(VCs) employed. The last approach is to detect and recover deadlock
when it happens. Some recent works [1, 13, 18] propose a number
of deadlock detection and recovery methods that accurately detect
deadlocks and remove them with a cost-e�cient deadlock recovery
technique. Although this approach imposes hardware and power
overheads on the routers, the experiments we have done showed
that the overhead of this approach is smaller than adding VCs to the
physical channels in the OCRA routing algorithm. Therefore, we
use the deadlock detection and recovery method described in [18]
to handle the deadlock issue in the OCRA routing algorithm. As
it is stated in [18], the overhead of this method is 7% additional
area and 3.5% extra power consumption. To further decrease the
deadlock recovery overhead, we use a turn-restricted model to
avoid deadlock in the vertical direction. To this end, all turns after
the upward movement are forbidden to avoid cyclic dependency in
the vertical direction.

4 EXPERIMENTAL SETUP
To evaluate the OCRA routing algorithm and compare its tra�c
and performance behavior with the state-of-the-art schemes, we
utilize the Access Noxim simulator, which is a cycle-accurate tra�c
thermal co-simulation platform for 3D NoC. The experiments are
conducted on a 3D NoC con�gured based on the Intel 80-core chip.
The network follows an 8×8×4 3D mesh topology. Each bu�er’s
channel depth is set to 8 packets, and the packet length is randomly
selected from 2 to 10 �its. The wormhole technique is employed
for �ow control, and random arbitration is used as the switching
algorithm. The results are collected after a warm-up period of 10,000
cycles, with an injection rate of 0.02 packet-per-cycle during 100,000
cycle simulations.

The OCRA routing algorithm is compared with the state-of-the-
art routing algorithms mentioned in Table 1. The state-of-the-art
methods have been selected from di�erent categories so that the
comparison can be made with a wide range of methods. These
algorithms are evaluated under Random and Shu�e synthetic tra�c
patterns. In addition to synthetic tra�cs a set of realistic tra�cs
from Parboil [16] benchmark suit is considered. The communication
for Parboil benchmarks is obtained by simulating on a 64-core
manycore system.

4.1 Statistical Tra�c Load Distribution (STLD)
Analysis

Tra�c distribution over the network is presented in Fig. 6 using
XYZ, DyXYZ, TTABR, XYZ-ZXY, MPTM, and OCRA by applying
Random and Shu�e synthetic tra�c patterns.
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Figure 6: Tra�c load distribution in di�erent layers of a 3D NoC using di�erent routing algorithms.
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Table 1: Evaluated previously proposed routing algorithms.

Deterministic Adaptive

Algorithm Oblivious Cong. Aware

XYZ ✓

DyXYZ ✓

TTABR ✓

XYZ-ZXY ✓

MPTM ✓

In Uniform Random tra�c (Fig. 6a), XYZ-ZXY shows the worst
tra�c distribution over the network. The tra�c of the network
using routing algorithms of XYZ and TTABR are congested at the
center. XYZ routing algorithm congests two central layers (Layer
2 and Layer 3), while TTABR congests Layer 4 more than XYZ
because this routing algorithm tries to route the packets from the
lower layers of the network for cooling issues. OCRA shows the
better distribution of the packets around the network in Random
tra�c compared with the XYZ, TTABR, and XYZ-ZXY, respectively.
The same trend can be observed in the Shu�e tra�c pattern shown
in Fig. 6b.

To better compare the tra�c load distribution of di�erent rout-
ing algorithms, we calculate the STLD variance of the di�erent
routing algorithms under di�erent tra�c patterns. Fig. 7 shows
the comparison of the STLD Variance of the XYZ, DyXYZ, TTABR,
XYZ-ZXY, MPTM, and the proposed OCRA under Uniform Rando-
mand Shu�e tra�c patterns. As shown in the �gure, the OCRA
has at least 42.08%, 39.58%, and 41.78% less tra�c load variance
among the other routing algorithms under Random and Shu�e,
respectively. Because of using border and corner routers in OCRA

more e�ectively for routing packets, OCRA can distribute tra�c
load through lateral routers more evenly. It also distributes traf-
�c between layers because of routing packets in the Z dimension
through border routers.

4.2 Performance and Throughput Analysis
One of the key advantages of NoC routing algorithms is their abil-
ity to e�ciently route network tra�c, even during periods of high
load. Fig. 8 illustrates the average delay experienced by packets in
the network as the number of injected packets by network nodes
increases. The �gure reveals that, at a packet injection rate of 0.03
packets-per-cycle, all of the routing algorithms experience a sig-
ni�cant increase in global average delay. However, OCRA stands
out by maintaining a lower global average latency compared to
previously proposed routing techniques.

In particular, among these techniques, TTABR demonstrates
a rapid growth in average packet delay at the packet injection
rate of 0.03. Conversely, OCRA exhibits an average packet delay
that is 2.44% and 30.49% lower than that of the XYZ and XYZ-ZXY
routing algorithms, respectively. These �ndings indicate that OCRA
achieves superior load balancing across the network, enabling more
e�cient utilization of network resources.

Fig. 9 illustrates the average throughput of various routing algo-
rithms as the packet injection rate increases. When the tra�c has a
lower packet injection rate than 0.02 packets per cycle, all routing
algorithms exhibit nearly identical average throughput. However,
as the packet injection rate rises, the global average throughput
of TTABR and XYZ-ZXY saturates at approximately 0.20 �its-per-
cycle and 0.21 �its-per-cycle on average, respectively. On the other
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Figure 11: Global average delay of OCRA routing algorithm compared
with XYZ and TTABR under real-world Parboil traces.

hand, XYZ achieves a saturation value of 0.23. OCRA’s global aver-
age throughput reaches 0.27 �its-per-cycle at a packet injection rate
of 0.06 packets-per-cycle and continues to increase with further
increases in the packet injection rate. This behavior is attributed
to a more even distribution of packets throughout the network,
resulting in improved performance.

To evaluate the performance and throughput of the network
under di�erent real tra�c patterns, the Parboil benchmark suite
has been run on gem5 simulator considering 64 cores. Results from
these simulations can be seen in Fig 11. OCRA outperforms TTABR
in all but one, and has less average delay compared with XYZ every
trace except bfs and mri-q. OCRA exhibits less global average delay
due to the reduction in congestion in the center of the network. If
tra�c characteristics are known during the network design, OCRA’s
regions can be con�gured to further accommodate the tra�c pro�le
and provide better tra�c load balancing, which would result in
reduced average delays.

To investigate the e�ect of network size on performance scalabil-
ity, we measure the average delay of each routing algorithm under
Uniform Random tra�c pattern, when the network size increases.
which leads to saturation throughput. The result of this experiment
is shown in Fig. 8. As the results show, the global average delay
of the OCRA routing algorithm scales with network size. It means
that the OCRA routing is appropriate for both small and large-scale
mesh-based 3D NoCs. As expected, the XYZ routing algorithm
has the least average delay in di�erent network sizes among the
evaluated routing algorithms.

5 CONCLUSIONS
Three-dimensional Networks on Chips (3D NoCs) o�er a promising
solution for achieving low latency and high bandwidth communi-
cation among multi-core processor components. However, conven-
tional 3D NoCs employing direction-ordered routing algorithms
often encounter congestion issues, particularly at the center of the
network. This congestion arises because routers located at the net-
work’s sides route their packets through the congested area, leading
to sub-optimal performance. To address this concern, our work in-
troduces a novel routing algorithm known as Oblivious Congested
Region Avoiding (OCRA). The OCRA algorithm minimally modi�es
the existing network infrastructure while e�ectively distributing
tra�c by approximately 51.67% on average. By implementing this
routing approach, we observe a signi�cant reduction of around
48.7% in average queuing latency.
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