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Abstract: The network-on-chip (NoC) system is an innovative chip communication
architecture that separates communication from traditional chip designs, increasing the
scalability of the chip and reducing the burden of the research and development process
caused by the increasing complexity. In addition, its centralized communication system
significantly shortens chip response time and reduces research and development costs. At
present, NoC is a hot research direction in the field of integrated circuits, with broad research
potential and application prospects. This paper reviews the advanced literature on
network-on-chip systems, summarizes the characteristics and technical trends of NoC to
provide researchers in related fields with a concise architecture, and offers some new research
directions for future research. The study reveals that the network-on-chip system not only
improves the scalability and response speed of the chip but also reduces the research and
development cost. Therefore, it has great research potential and application prospects in the
field of integrated circuits.
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1. Introduction

Moore's Law predicted the rapid increase in the number of transistors on integrated circuits since the
invention of integrated circuits in 1958 with a vision that transcended its time. Today, there are more
than 100 billion transistors on each chip. While people are pursuing chip miniaturization, they also
require chips to maintain high performance to process tasks more efficiently and be applied in a wider
range of fields [1]. System-on-chip (SoC) is highly valued by academic and business circles because
of its small size and rich functions. However, although SoC has been widely used in many fields such
as mobile phones, drones, and the Internet of Things, its research and development process still faces
huge challenges in terms of time and economic costs [2].

In addition, as the level of system-level chip integration increases, the complexity of the chip
increases dramatically. Cost, performance, power and area together constitute the tasks that engineers
need to consider in the process of chip design [2]. To address these issues, network-on-chip (NoC)
has emerged as a new communication architecture. Many studies have confirmed that NoC provides
an excellent solution for system-level chip communications [3-5]. It meets the current on-chip
communication requirements of high efficiency, scalability and low latency [6].
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This article reviews the research progress in system-level chips in recent years. It aims to provide
scholars with a comprehensive understanding of the current research status and potential applications
of NoC and to promote the further development of NoC technology.

2.  An overview of network-on-chip (NoC)

With the advancement of integration technology, more and more cores can be accommodated on a
single chip. The problem is that redundant cores will waste precious space on the chip and will also
cause problems for wiring and communication on the chip. For example, the most traditional bus
architecture has significant advantages in power consumption and cost, but its scalability is poor and
resources are easily competed for, so it is suitable for chips with only a small number of components.
The Crossbar architecture performs well in latency and scalability, but its wiring is more difficult [7].
However, the general trend in current chip research is to accommodate as many components as
possible on the smallest possible chip, and the above two classic architectures can no longer meet the
demand.

The introduction of network-on-chip (NoC) solves these problems well. NoC is a subsystem under
SoC, which is specially responsible for communication between various cores. NoC sets up special
routers for multiple cores to share, which not only improves the reuse rate of chip space, but also
effectively improves the energy utilization rate in complex SoC, reduces losses, and improves the
scalability of SoC to make it more flexible [8]. The focus of NoC research is usually on energy
consumption, latency, and throughput. Energy consumption is the common goal of the entire SoC,
while the lowest possible latency and high throughput are the obligations of NoC as a subsystem used
for communication.

As the research on chip architecture deepens, it is discovered that 2D NoC requires long-distance
wiring, which occupies a large amount of chip area. People have proposed 3D NoC. 3D NoC
increases the utilization rate of limited chip area by adding multiple chip layers in the vertical
direction and transmitting data through vertical interconnection to reduce the distance of wires and
delay. However, how to stack chip layers without damaging the devices has led to an increase in costs.
Overall, 3D NoC has great potential. However, in terms of application, the high cost of 3D NoC poses
a considerable challenge to its promotion.

3.  Network-on-chip architecture

The foundation of NoC is its hardware, specifically the topology. This architecture lays the
foundation for the entire NoC layout, facilitating communication between nodes. It allows engineers
to more intuitively grasp the NoC structure, make adjustments, and select appropriate strategies and
algorithms. All routing strategies, mapping algorithms and other configurations are proposed based
on the NoC architecture.

Traditionally, collective communications are commonly classified into three types: unicast,
multicast, and broadcast. Multicast can be further divided into unicast-based multicast routing
methods, tree-based multicast routing methods, and path-based multicast routing methods. The
unicast-based multicast routing method involves splitting each source node's data into multiple
identical packets, which are then transmitted separately to the destination. This method is the simplest
and requires minimal equipment, but too many copies of data packets will cause a lot of ineffective
power consumption and congestion.

There are two types of tree-based multicast methods: source-specific tree, also called Shortest Path
Tree (SPT) and shared tree (RP Tree). The source-specific tree uses the source host as the root of the
tree and sends data packets to all receivers, which are leaves, according to the shortest path. In this
process, the router will only appear once on a path, thereby ensuring that every path from the root to
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the leaves is the shortest path. In the shared tree, the source host will first send the data packet to the
shared root (RP), and then the RP will send it to the receiver. The advantage of this approach is that it
reduces the number of entries in the multicast routing table, reduces the table lookup time and thus
reduces latency. However, there is still a situation where the message is copied at the intermediate
node and sent to multiple receivers. If one of the branches is blocked, it may cause the entire tree to be
blocked [9].

In path-based multicast routing algorithms, the order of receiver transmission needs to be planned
in advance, and they need to be listed and placed in the header of the message. Whenever a message
enters a router, the router checks whether the router is one of the receivers. If so, a copy of the data is
kept and the data is forwarded to the next node, deleting the address of the destination in the header;
otherwise, the message is only forwarded to the next node on the path. Many studies have shown that
path-based multicast routing algorithms perform better than the other two [10]. Therefore, this paper
mainly focuses on path-based multicast routing algorithms.

TLAM, proposed by Yazdanpanah, is a high-performance, low-cost NoC architecture. Since this
chip is a NoC architecture proposed for artificial intelligence and machine learning, it has excellent
performance in reducing average latency and the number of copies of multicast data packets [11]. The
TLAM routing algorithm is based on the 2D Hamiltonian odd-turn model and two-level topology,
and is mainly used to solve the deadlock problem in the NoC architecture. By minimizing the number
of prohibited paths, the model remains deadlock-free.

The two-layer network topology lays an important foundation for low-cost and low-latency
message transmission. Since partitioning the NoC can effectively reduce the average latency and the
number of copies of multicast data packets during transmission, thereby reducing congestion, in
TLAM, the NoC is divided into four partitions. The first-level link is a common link between routes,
and the second-level link is a bidirectional bus that connects the central nodes of the four partitions,
that is, the central router to facilitate the rapid transmission of data packets [11]. The biggest
innovation of this paper is to set up the routing algorithm by using Hamiltonian algorithm and
path-based multicast, and put forward the concept of partitioning NoC to reduce latency. In the
simulation part, the above statement was effectively verified. Compared with the 2D and 3D grid
HOE-based multicast routing algorithms, both the throughput and average latency have been
effectively improved, while having the advantages of low hardware cost and simple routing
algorithm.

As chip size shrinks, all types of chips face a common challenge — leakage. As chip power
consumption decreases, unnecessary leakage will have a greater impact on the power consumption of
the entire chip. This challenge also exists in NoC. Some scholars have proposed to reduce losses by
applying power gating [12]. Specifically, it is to specify specific transistors through power gating
signals, and physically shut down idle routers to cut off leakage current. However, keeping only some
routers working will increase the workload of these routers and increase the response time, and the
performance will not be as good as before. At this time, a data packet can be split into multiple
sections and distributed to different routers for processing to solve this problem. But the problem that
follows is that as the length of the data packet increases, the time to distribute the data packet also
increases, which again leads to the problem of increased response time. Wu et al. proposed an
architecture called BandExp, which allows routers to "call" the physical links of other routers to
expand their own bandwidth and improve processing capabilities [13]. Results show that average
packet latency and execution time are significantly improved compared to the state-of-the-art Catnap
with only 1.3% of the area used [14].

The architecture provides a framework for NoC, and almost all algorithmic improvements,
including routing strategies. It ensures important guarantees for NoC functionality, such as
minimizing packet congestion, which can paralyze the entire system. Key research objectives include
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reducing packet congestion, achieving low energy consumption, high efficiency, and low response
time. These are not only the pursuit of NoC, but also the pursuit of the entire integrated circuit. This is
an ongoing goal, unlikely to stop until new revolutionary technologies emerge. Currently, research
mainly focuses on improving performance by improving layout or algorithms, and research from a
physical perspective is rare.

4. Mapping routing algorithm

The mapping algorithm is an iterative process that adjusts parameters in the algorithm and the NoC
architecture to achieve overall efficiency improvement [15]. Specifically, the main task is to
strategically allocate tasks to different cores in order to pursue lower latency and energy consumption,
thereby contributing to the performance of NoC.

Kumar et al. proposed three different mapping algorithms for energy consumption and delay the
Horological algorithm, Rotational mapping algorithm and Divide and Conquer Mapping. The
Horological algorithm assigns tasks in sequence. As Kumar et al. mentioned, the first task in the
queue is assigned to the first core, the second task is assigned to the second core, and so on. When the
task on a core is completed, a new task will be assigned to that core. However, since the information
is first packaged into data packets and sent to the local router, and then the router finds the adjacent
routers to forward it layer by layer, this will cause the access time of the last core to be the longest,
reducing the response speed. But in general, this algorithm is particularly effective in promoting load
balancing [16]. The rotational mapping algorithm mainly reduces service time by reducing the time
spent on mapping tasks. It directly assigns tasks in the queue to the core that is closest to the queue
and is idle. Although this algorithm cannot achieve load balancing, it is very effective in reducing
latency. However, the biggest problem with this algorithm is that it needs to scan and find idle cores
every time it assigns tasks, and time is mainly consumed in this aspect [16].

The two algorithms have clear ideas, simple logic and code. However, Kumar.et al are not satisfied
with the above two algorithms and proposed a third algorithm: Divide and Conquer Mapping. Each
time a mapping task is executed, this algorithm divides the 2D network topology and assigns the task
to the core of the network with the least number of mapping tasks to achieve load balancing. Although
this algorithm has significant improvements over the Horological algorithm, it is not as good as the
Horological algorithm in terms of service time and latency. In the future, research can focus on
reducing latency without paying too much attention to load balancing [16].

Sambangi et al. combined neural networks with reinforcement learning and applied them to 3D
NoC, and proposed a mapping method called NeurMap3D [17]. This method is tailored for
high-performance computing tasks but is limited by the high computational costs associated with
neural networks. Despite its constraints, the potential for this approach is promising as research in
neural networks advances.

S.  Mapping routing selection strategy

Another key variable that is highly relevant to NoC and also affects data processing is routing strategy.
Mapping routing algorithm involves finding the best location or mapping of tasks in a way that the
mapping meets certain requirements, such as less energy consumption, less congestion, and less
latency, while maintaining a constant bandwidth limit. Mapping routing selection strategy refers to
the plan or method used to determine how packets are forwarded or redirected in the network. It
involves deciding the best path for packet transmission, such as using a pause schedule to keep
packets in a local buffer until they can be sent in the future, thereby improving network reliability and
decentralization. In other words, the mapping algorithm determines which core to assign tasks to in
order to reduce energy consumption, response time, and other issues. Strategies determine the best
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path for data packets to be sent to their destinations, especially when exchanging data. It is
particularly important to arrange data reasonably to ensure smooth routes.

Trik.et al believe that how the strategy selects the output path is closely related to the overall
efficiency of routing, so they proposed a routing strategy, namely "Scored Regional congestion
aware and DICA (ScRD)" [18]. First, the authors define a data packet as a non-local request if it
must traverse more than two routers. This work is checked by the traffic analyzer every T hours. In
the policy algorithm, when the router detects impure local traffic, as long as the non-local traffic
rate is greater than 0.4, the router will use the RCA policy; otherwise, the DICA policy will be used.
In the case of purely local traffic, SCRD selects an optimal output channel based on congestion
levels. In NIRGAM simulations, the results show that the proposed strategy reduces packet latency
by 27.10%, increases throughput by 10%, and reduces energy consumption by 6.86% compared to
those using either the RCA strategy or the DICA strategy alone. In addition, hardware costs are also
reduced.

Routing strategies and other algorithm research share a common goal, achieving low power
consumption and low latency. They are different aspects, but they also affect each other. Ultimately,
maintaining low response time and minimizing power consumption will remain the primary goals
of algorithm research. Although the improvement brought by improving the algorithm may seem
marginal, they are significant in the context of integrated circuits, which have entered an era
prioritizing low power consumption.

6. Conclusion

This article analyzes the current research progress in the academic field based on the architecture,
mapping algorithm and routing strategy of the network-on-chips system, and makes a simple but clear
distinction between the three to help scholars who are new to this field or interested in this field to
have a simple and superficial understanding. Specifically, the architecture is the skeleton of the NoC,
and the algorithm combines with the hardware to pursue performance improvement. The mapping
algorithm pursues efficiency at the level of allocating tasks, while the routing strategy determines
how to better complete the task.

However, since this article focuses on breadth and makes this article as easy to understand as
possible, many more in-depth studies have not been mentioned. Looking ahead, future research can
focus on one aspect and analyze it in more detail and professionally. As an effective communication
solution for microchips such as system-level chips, NoC has broad commercial and application
value. In addition, the pursuit of latency and power consumption is unlimited. As more scholars
study NoC, NoC will be applied to a wider range of fields and make greater contributions to chips.
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