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Abstract: Software-defined networking (SDN) is widely used in multiple types of data center networks, and these distributed data center networks can be integrated into a multi-domain SDN by utilizing multiple controllers. However, the network topology of each control domain of SDN will affect the performance of the multi-domain network, so performance evaluation is required before the deployment of the multi-domain SDN. Besides, there is a high cost to build real multi-domain SDN networks with different topologies, so it is necessary to use simulation testing methods to evaluate the topological performance of the multi-domain SDN network. As there is a lack of existing methods to construct a multi-domain SDN simulation network for the tool to evaluate the topological performance automatically, this paper proposes an automated multi-domain SDN topology performance evaluation framework, which supports multiple types of SDN network topologies in cooperating to construct a multi-domain SDN network. The framework integrates existing single-domain SDN simulation tools with network performance testing tools to realize automated performance evaluation of multi-domain SDN network topologies. We designed and implemented a Mininet-based simulation tool that can connect multiple controllers and run user-specified topologies in multiple SDN control domains to build and test multi-domain SDN networks faster. Then, we used the tool to perform performance tests on various data center network topologies in single-domain and multi-domain SDN simulation environments. Test results show that Space Shuffle has the most stable performance in a single-domain environment, and Fat-tree has the best performance in a multi-domain environment. Also, this tool has the characteristics of simplicity and stability, which can meet the needs of multi-domain SDN topology performance evaluation.
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1  Introduction

Software-defined networking (SDN) [1], a kind of network technology, separates the control plane and forwarding plane, and effectively enhances the flexibility of the network by providing an open programmable Systems Network Architecture (SNA) [2]. SDN accelerates the expansion of the network scale and the increase of users. However, the performance of a network composed of a single SDN controller can no longer serve the purpose. Therefore, multi-domain SDN [3], where controllers connect and interact in a certain way while each controller controls its management domain, is valued academically and economically, as shown in Fig. 1.
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Figure 1: Single-domain SDN to multi-domain SDN

Due to the widespread use of new technologies such as Cloud Computing, Big Data, and the Internet of Things [4], the centralized data center network architecture is unable to meet the needs of the new era of business. While, the distributed data center network architecture provides a solution with much safer data storage, faster transmission service, and lower transaction costs. For example, today, when the novel coronavirus is rampant [5], the SDN-based data center can provide more demanding medical computing [6].

The network topology used in a multi-domain SDN network can affect the performance of the data center network, so sufficient testing and evaluation work are required before deployment. To build a real large-scale topology, a large amount of network equipment is required to test the actual deployment of the SDN network. Multiple deployments of different topologies are required, but it is too expensive. Therefore, a simulation test is required.

In the past, network testing required users to do a lot of programming to build an emulation network with a custom topology. Creating a large-scale network was a very cumbersome process and prone to human error. Therefore, a method that can automatically build, test, and evaluate the emulation network is needed.

This paper proposes a framework that provides users with multiple data center network topologies and integrates network simulation tools with network performance testing tools. Users are free to choose parameters such as topology type and network scale. The framework can generate the corresponding topology and run it by invoking simulation tools fast. After that, the framework can automatically test and evaluate the topology performance.

Mininet is an emulator for deploying large networks on the limited resources of a simple single computer or virtual machine. Many SDN-related researchers have applied Mininet as a simulation tool [7,8]. Using the framework of this article, we designed and implemented a Mininet-based simulation tool. This tool can build multiple network control domains according to users’ needs, run the network topology selected by the user for each control domain, and connect different controllers respectively to achieve a multi-domain SDN simulation environment. After that, the tool can test the network performance and evaluate the overall performance of the network topology based on parameters such as network transmission hops, bandwidth, and latency.

We used the tools implemented in this paper to conduct experiments, and respectively tested the performance under single-domain and multi-domain conditions of four experimental topologies: fat-Tree, Space Shuffle, small-world Ring, and Small-World 2DTor. According to the test results, in a single-domain environment, Small-World has the best performance in small-scale networks, but the performance will decline sharply when the network scale expands. Space Shuffle has relatively stable and excellent performance. Fat-tree performs best in a multi-domain environment.

The contributions of this paper are as follows:

•   This paper proposes a framework that integrates various simulation tools with test tools to evaluate network topology performance. This framework focuses on multi-domain SDN, and as far as we know, it is the first performance evaluation framework for multi-domain SDN topology.

•   According to the framework of this paper, we have implemented a simulation tool, which can configure various parameters of network equipment according to the needs of users. After configuration, the tool can quickly build a multi-domain SDN simulation environment and carry out automatic performance evaluation and testing.

•   We use the tools in this paper to test and evaluate various topologies and the performance of several topologies in single-domain/multi-domain environments respectively.

The structure of this paper is as follows: The second section introduces some related work. In Section 3, the performance evaluation framework proposed in this paper is described. Section 4 describes the tools we completed. The fifth section conducts performance tests on some network topologies in single-domain and multi-domain SDN environments. The sixth section summarizes research results and expresses future expectations.

2  Related Work

2.1 Optimization of Emulation Tools

Pal et al. [9] proposed a framework to simplify the steps of custom topology generation using Mininet. The user used the prescribed grammar to write the topology content into the text. Then the framework read the text content to generate the corresponding Mininet imperative statement for the topology. The user just needed to enter simple grammar instead of writing a script. Nandi [10] proposed two topology generators, one was to use a Network tool to generate random topology, and the other was to build topology by calling the SNAP (Stanford Network Analysis Project) format data set.

Their research simplified the process of Mininet building network topology, but they all have certain flaws. For example, the framework of Chandan Pal et al. required users to input text commands to convert to the needed topology, which took time. Still, human error may occur, and the readability of the text was poor. The random topology in the research of Sunit Kumar Nandi et al. was completely random and did not represent the real environment. Besides, the two frameworks were both not well applied to multi-domain SDN. It requires additional steps to remove meaningless disconnected parts and improve the flexibility of calling the SNAP data set.

2.2 Design and Test for Data Center Topology

Al-Fares et al. [11] proposed the Fat-tree data center topology to deal with the traditional data center’s problems of low line utilization and high cost. Fat-tree can be constructed using commodity switches and can provide multiple equal paths between any pair of servers. It achieved several advantages: high line and bandwidth utilization, affordable and easy replacement of components. Space Shuffle (S2) [12] topology is a data center network topology proposed by Ye Yu and Chen Qian. S2 allocated a set of virtual coordinates to each switch and connects them in multiple virtual spaces according to the corresponding coordinates to form a ring topology. The switch was connected to the left and right adjacent switches to achieve the advantages of high bandwidth, low latency, and flexible modification. Shin et al. [13] and Koibuchi et al. [14] also proposed a variety of data center network topologies with randomness, which were achieved by adding random links to classic topologies (such as rings, cubes, etc.). This greatly reduced the diameter and the average shortest path length of the network, realizing a lower latency.

Their research has optimized the data center network topology and tested its performance in traditional networks through experiments, but they have not tested or evaluated its topology in the SDN environment.

2.3 Test for SDN Switch

López et al. [15] conducted a logic circuit-based method for testing SDN switches. They regarded the switch as a forwarding device with a set of configured rules, which could be modeled and analyzed as a “stateless” system. They used appropriate logic circuits or networks to emulate switch behavior. This method of testing was theoretical and abstract, not practical. Jiang et al. [16] proposed another test framework for switches, which used the advantages of Central Processing Unit (CPU) and Field Programmable Gate Array (FPGA) co-design, providing flexible Application Programming Interfaces (APIs) and accurate timestamps for testing the protocol correctness and performance of SDN switch prototypes. Their work could test the correctness and performance of SDN switches, but they just targeted SDN switches, without focusing on the entire network.

2.4 Test for the Controller

Jawaharan et al. [17] used Mininet, Cbench, and Wireshark packet capture tools to analyze the performance of three controllers (ONOS, OpenMUL, and POX). After comparison, they proposed a new performance index: topology discovery time. Arahunashi et al. [18] also followed up their work and compared the performance of various SDN controllers (such as Ryu, OpenDayLight, Floodlight, and ONOS controllers). For different numbers of connections, three different topologies were used to analyze the performance (average latency and throughput) of these controllers. Mamushiane et al. [19] evaluated and compared the performance of various controllers. Their test focused on the comparison of controller performance, but the evaluation of topology performance was not in-depth enough.

Existing works are dedicated to topology design, topology performance test evaluation in traditional data center networks, SDN controller performance tests, SDN switch tests, and studies on multi-domain SDN methods [20,21]. In their research, they did not study the performance of the data center network or topology in the SDN environment. In contrast, this paper digs into the subject and finds that in the simulation network environment of SDN, the performance of different topologies varies from each other. Details are given in Section 4 of this paper.

3  Performance Evaluation Framework

Considering the shortcomings of the existing multi-domain SDN testing research, this paper proposes a performance evaluation framework, which can realize faster construction of simulation network environment with more effective test and evaluation performance.

Fig. 2 shows the overall architecture of the framework. The frame has a three-tier structure.

[image: images]

Figure 2: Overall architecture of the framework

The first layer is the input layer, which uses input and output interfaces to provide users with functions for operating and monitoring experiments.

The second layer is the service layer, which is mainly divided into two parts: the test bed generation part and the test evaluation part. The testbed generation part aims to help users efficiently build the required network simulation environment, and realize functions related to topology calculation and network simulation. The test evaluation part realizes the test evaluation of the network, mainly some test functions of the network and data analysis of the test results.

The third layer is the simulation layer, which is composed of two tools, running framework integrated network simulation tools (such as Mininet, OVS, Kathará, etc.) and network performance testing tools (Iperf, Qperf, Netperf, etc.). It is used to realize the simulation and testing work required by users.

3.1 Testbed Generation

The testbed generation part is designed to help users build the simulation network needed for test evaluation, and transform the topology description into the corresponding SDN emulation network through the network emulation tool integrated with the framework.

The framework provides a variety of data center networks. The user enters the type of network topology and the network scale (number of switches, number of hosts, links, etc.), then the framework will automatically calculate the topology map structure according to the corresponding topology generation method, and the user can continue to configure attributes for the network node links (nodes and links). After that, the framework generates the topology script supported by the simulation tool and calls the simulation tool to run. In this way, the multi-domain SDN network required by the user is completed.

After the simulation network is constructed, users can choose to modify the configuration of the network environment to match the requirements of the test much more accurately. Then you can enter the test evaluation part to test the network performance, and the network can be modified at the appropriate time during the test. In this way, the cost of repeatedly building a network can be reduced in repeated experiments with few variables.

In the testbed generation module, the user can input the topology information that needs to be created through the input page, such as the number of control domains, the topology type of each domain, link information, etc. After the topology requirements are entered, the Mininet, OVS, and other simulation tools are called through our framework to generate the corresponding network topology, and the required SDN controller is connected to realize the construction of the simulation network. The user can choose whether to modify the configuration of the simulation network when appropriate.

3.2 Test Evaluation

The test evaluation part performs automated test work for the generated simulation network. The framework receives the user’s test requirements, generates a test script, and then calls the corresponding test tool to perform the simulation test. Equations in display format are separated from the paragraphs of the text.

After building the simulation network, the framework automatically calculates the path length between all host pairs in the network and calculates the average value. In an SDN network, the path of traffic is determined by the controller default or the routing algorithm assigned to the controller by the upper application. Due to the wide variety of SDN controllers and applications, the routing algorithms are different (Random Walk, Shortest Path, etc.) [22]. The framework supports the use of various routing algorithms to calculate the average path length of the topology. In theory, a topology with a shorter average path length will have lower latency.

The framework integrates a variety of network performance test tools (such as Iperf, Netperf, Qperf, etc.) for users, and the test functions they can achieve are different, such as the type of test traffic (TCP, UDP, etc.), data packet size, and test time, Cycle test, etc. They can test various performance indicators such as network delay, bandwidth, jitter, and packet loss rate. The most important indicators are network delay [23] and bandwidth [24]. Network delay represents the time required for the data stream to be transmitted from the source node to the destination node and is positively correlated with the transmission distance. Bandwidth represents the total amount of data that the link can transmit in a unit of time (usually 1 s) and reflects the ability of this link to transmit data.

After the framework has completed the network test, it can also save the test results as a file for users to refer to. It’s able to process and calculate the test results, such as average, variance, standard deviation, etc., and then output the test results to the user.

4  Simulation Tool Mperf

Using the framework of this article, we have implemented a simulation tool Mperf, which is implemented in Python (V3.6), and the overall architecture diagram is shown in Fig. 3. Mperf uses CLI as the input and output interface, and the core is the manager. It is responsible for transforming topology description and test description. The topology generator implements topology scripts and calls Mininet and Quagga for network simulation. The tester generates a test script according to the test description and tests the network through the Qperf/Iperf tool. The structure diagram of Mperf is shown in Fig. 3.
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Figure 3: Structure diagram of Mperf

Mperf uses the command-line interface to operate and monitor the test and evaluation process. Mperf is for testers. The command-line interface can meet the needs of input and output, and save the resources of the computer system.

The manager is the main component of Mperf, responsible for maintaining and managing the simulation network and managing test requirements.

The topology generator receives the topology description transmitted by the manager, parses it into a graphic structure, converts it into a corresponding topology script, and calls Mininet to build a simulation environment.

The test planer receives the test requirements from the manager, generates test scripts, and calls the test tool Qperf/Iperf for testing. The tester can calculate the shortest path length between each pair of hosts.

We integrated Mininet as the realization of network simulation. Mininet is now the most commonly used lightweight simulation tool that supports SDN networks. It supports the OpenFlow protocol and can well adapt to the simulation and test work we need.

Run Quagga software routing between each single-domain topology instance, and support the use of OSPF, BGP, and other protocols. We will use Quagga routing to transmit cross-domain traffic between SDN domains.

As for the testing tools, Qperf and Iperf are selected, which are the most commonly used network performance testing tools.

Next, we will introduce the important components and their interaction in detail.

Mperf allows users to input the required network configuration to realize network simulation and test evaluation. Users need to declare the following configurations: number of simulated SDN network domains, the type of network topology and network scale (such as the number of switches, hosts, and links) used by each domain, the Interzone protocol, default node configuration (bandwidth and frequency) and link configuration (bandwidth, delay, and packet loss rate). If a node or link is different from the default configuration, set it separately.

After the topology description (such as the number of SDN domains, topology types, etc.) passed from the CLI interface is verified as legal input by the manager, the topology generator converts it into a simulated network, and the topology generator performs the following operations:

•   According to the topology type and network scale selected by the user for each domain, use the corresponding topology generation algorithm to calculate the corresponding topology graph G = (V, E), G includes the node set V and the link set E.

•   Set up one or more Quagga routes for each domain, and inter-domain communication needs to be forwarded by Quagga routers.

•   Connect multiple SDN domains through Quagga routing, and configure different network segments for each domain.

•   Set the link according to the bandwidth, delay, packet loss rate, and other parameters set by the user, and generate the topology script.

•   If the user chooses to run, the generator will run the topology script to build a simulated network on Mininet.

After the simulation network is set up, you can choose to enter the CLI interface of Mperf or the CLI interface of Mininet. If you choose the Mperf interface, the user can use Mperf to test the simulation network. The user can choose a combination of multiple test functions, which is verified by the manager, The test planer uses various test tools to implement the user’s test requirements. First, the test planer will convert test requirements into test plans based on the user’s input. Second, he will generate a test script based on the test scheme. Then, the test planer will run the test script, invoke the network performance test tool, save and output the test result. If you need to modify the topology again, call the topology generator to modify the topology and return to the first step.

Experiments have proved that the emulation network realized by this tool has no obvious performance difference from the emulation network realized by Mininet’s own topology generation method. However, this framework is time-saving and less prone to error. The automated test function implemented by this tool has completed the topology performance evaluation in multi-domain SDN well. The automatic test function realized by this tool has well completed the topology performance evaluation in multi-domain SDN.

5  Test Experiment

5.1 Simulation Network

Experimental environment: The test work in this article uses i7-9750H 2.60 GHz, memory 16G, windows 10 system runs Ubuntu18.04 virtual machine, virtual machine allocates 10G memory, test tools are all running on ubuntu18.04 virtual machine.

The tool implemented in this paper can build and run a variety of customized network topologies. Each topology is connected to a controller, which can be regarded as an autonomous region. Quagga software is used to connect multiple SDN autonomous regions to form a multi-domain network environment, simulating the network conditions of distributed data centers. An example of multi-domain SDN for experimental use is shown in Fig. 4.
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Figure 4: Muti-domain network environment

Fig. 4 is a simplified schematic diagram of the multi-domain SDN network we have implemented. The entire network is composed of several SDN domains and core networks. Several controllers manage the SDN switches in their control domains. All hosts connected to the SDN switches can be discovered by the controller. In this way, we get multiple SDN control domains and set the host IPs in the same domain to the same network segment, so that the transmission within the domain can be managed by the controller.

For inter-domain communication, we use Quagga software routing to emulate real inter-domain routing. As shown in Fig. 4, each domain has a Quagga route directly connected, and routes can be connected in pairs (Support the use of OSPF [24], BGP [25], and other protocols). After the deployment is completed, it only takes tens of seconds for the Quagga router to realize automatic routing updates, so that cross-domain transmission can be realized.

The edge of each domain is connected to a Quagga route. A simplified example of the boundary is shown in Fig. 5:
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Figure 5: Multi-domain configuration

As shown in Fig. 5, Controller1 and Controller2 manage one or more SDN switches (for clarity, the details are not shown in this figure). They connect to hosts with IP addresses in different network segments. If Host1 connects to S1 of Controller1 (they are in SDN domain 1), its IP address is set to 10.0.4.100 and its subnet mask is 255.255.255.0. Accordingly, Host2 is in SDN domain 2, and the IP address is set to 10.0.5.100. The hosts in a single domain are on the same network segment, and each management domain is a subnet.

Each of our subnets has a Quagga routing connection. One port IP of r1 is set to 10.0.4.10 in the same network segment as Host3, and the other port is set to 10.0.3.10 in the “core network” segment connected to r2. Similarly, r2 operates accordingly. Through the BGP protocol, all Quagga routes can update routing information to forward cross-domain traffic.

In the multi-domain SDN network established by us, when Host1 in SDN domain 1 and Host2 in SDN domain 2 interact for the first time, the traffic of Host1 is first transmitted to S1, which is directly connected to it. Since there is no relevant flow table matching in S1, packet-in messages need to be sent to the controller. After receiving the packet-in message, the controller determines that the destination IP address is not in the control domain. Therefore, the controller sends the packet-out message to the related switch in the control domain, so that the traffic is forwarded to route R1. R1 forwards the traffic to R2 connected to the subnet where H2 resides according to BGP, and R2 forwards the traffic to the switch in control domain 2. Controller 2 controls the traffic and forwards it to Host2. In this way, two hosts in different SDN domains communicate.

In our experiment, we set the latency of each link to 1 ms, and use the Qperf tool to test the bandwidth and latency between all host pairs in the topology. Details of the experiment and statistical data are shown below.

5.2 Single-domain SDN Test

With the tool of this research, we can build the required test environment faster. We have prepared a network emulation environment for several data center topologies under multiple network scales and randomly selected host pairs in the network for latency and bandwidth tests. Different from the research of Islam et al. [25], this paper pays more attention to the overall performance evaluation of the network. After repeating the test several times, the test results are as follows.

Fig. 6 shows the network performance of the four topologies in the SDN network environment we built under different numbers of switches. Generally speaking, the average network latency varies on the average number of hops between hosts. Other performance will be affected by changes in various conditions such as topology type, switch/host ratio, switch port number, link number, etc. We have analyzed the performance differences of several topologies and possible causes in the following comparison chart.
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Figure 6: Performance of topologies with different switches

We divide the experiment into several groups according to the number of hosts carried in the network.

1)   The comparison of the four topologies under the scale of 16 hosts is shown in Fig. 7: It can be seen that the average number of hops between servers of Small-World Ring and Small-World 2DTor is much lower than that of the other topologies. According to the description of A Case for Random Shortcut Topologies for HPC Interconnects, the number of ports used by each switch in Small-World is 6, which is larger than Fat-tree and S2, so the bandwidth performance and latency performance of Small-World Ring and Small-World 2DTor have great advantages. We compare Fat-tree and Space Shuffle with the same number of ports. Space Shuffle uses fewer switches, which has lower latency and close bandwidth compared to Fat-tree.

2)   The comparison of the four topologies under the scale of 54 hosts is shown in Fig. 7. At this time, the switches of the four topologies all take 6 ports. Small-World Ring (27 switches), Small-World 2DTor (36 switches), and Space Shuffle (27 switches) have achieved higher performance than Fat-tree while being able to use fewer switch costs. Meanwhile, when Small-World Ring and Space Shuffle uses the same number of 45 switches as Fat-tree, the latency performance is reduced to a certain extent (Small-Word Ring: 4.9%, Space Shuffle: 4.7%), but it is still higher than Fat-tree, and the bandwidth performance has increased or remained stable.

3)   Fig. 7 shows the comparison of the four topologies when the number of hosts is 54. At this time, the switches of the four topologies use 6 ports. Small-World Ring, Small-World 2DTor, and Space Shuffle can use fewer ports in the case of switch cost, maintaining higher performance than Fat-tree.

4)   Combining the experiment and the description in [9], adding random edges to the basic topology can effectively improve the latency and bandwidth performance of the topology. We conduct further experiments to increase the number of switch ports in the two topologies of Small-World, not only the 6 ports mentioned in the paper but the same number of ports as Fat-tree and Space Shuffle, which are more ports than before. We establish a random connection between the switches and perform the same experiment as the previous article.
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Figure 7: Performance of topologies with different switches

From the experimental result Fig. 8, after adding two ports to all switches and adding random links between the added ports, it can be seen that in the two topologies of Small-World-Ring and Small-World 2DTor, the overall performance of the network has been improved. The latency performance exceeds Fat-tree and is similar to Space Shuffle.
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Figure 8: Performance of topologies with different switches

It can be seen that in the case of a single domain, Small-World Ring and Small-World 2DTor topologies have advantages in latency and bandwidth performance in small-scale networks, but the performance decreases significantly when the network scale expands. Space Shuffle has the best bandwidth and latency performance in medium and large-scale networks.

5.3 Multi-domain SDN Test

We divided the multi-domain SDN test into two groups--using only one topology and mixing two different topologies, and tested the network performance under the network scale of 128 hosts and 81 switches (The number of switches in the fat tree is 80) in each domain. The specific test results are as follows:

5.3.1 Single Topology Multi-Domain Test

We set each domain to the same topology and set the number of autonomous domains to 4. In the multi-domain test, the cross-domain traffic latency and bandwidth are tested to compare the performance of each topology in the case of multi-domain SDN.

The multi-domain test results of a single topology are shown in Fig. 9. It can be seen that the average cross-domain bandwidth of several topologies has little difference, but things are different in latency. Fat-tree has the lowest latency, Space Shuffle, and Small-World Ring and Small-World 2DTor increase in order.
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Figure 9: Single topology multi-domain test result diagram

We tallied the results of each latency test and calculated the variance of all latency test results. The specific results are shown in Fig. 9. Due to Fat Tree’s special topological nature, when we connect cross-domain routing to the core switch, the number of hops for any host connected to this switch is 3, so Fat-tree’s cross-domain latency performance is extremely stable. In other topologies, the hosts are evenly connected to all switches, causing the distance between the host and the cross-domain switch to be far or short, so the latency test results are relatively discrete. It can be considered that Fat-tree has the best performance in cross-domain transmission.

5.3.2 Hybrid Topology Multi-Domain Test

We also conducted two kinds of topological mixing multi-domain tests, choosing two from several kinds of topology, each topology has two domains. The result of the experiment is shown in Fig. 10. You can see their cross-domain bandwidth performance has little difference, while latency performance has a bigger difference, within which latency performance of Fat-tree&S2 is the lowest. But their average latency is close to the average of the single-type multi-domain networks that make up the two topologies.

[image: images]

Figure 10: Hybrid topology multi-domain test results diagram

In the case of multi-domain SDN (only cross-domain traffic is tested), the bandwidth performance difference of several topologies is small, but it is still numerically negatively correlated with latency. Different from the single-domain case, the Fat-tree topology has better bandwidth and latency performance than other topologies in the case of cross-domain traffic transmission. Besides, in every latency test, Fat-tree topology is the most stable and its latency variance is the smallest.

5.4 Mixed Flow Assessment

We have tested the average latency and bandwidth of various topologies under single-domain, cross-domain and multi-domain conditions. However, in a real distributed data center network environment, the possibility for intra-domain traffic or Cross-domain traffic to exist separately is low. So we have to consider the mixed conditions.

If we assume that the proportion of intra-domain traffic in a distributed data center network is x, the average latency of intra-domain traffic is α(ms), and the average latency of inter-domain traffic is β(ms), we can simply estimate the overall average latency L: L = αx + β(1 − x). We calculate the latency of mixed traffic of several topologies under 81 switches (The number of switches in the fat-tree is 80) and 128 hosts, and the statistical results are shown in Fig. 11:
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Figure 11: Variation of average latency with traffic proportion in the domain

As can be seen from Fig. 11, Fat-tree has the lowest average latency when the intra-domain traffic proportion is lower than 49%, while Space Shuffle has the lowest average latency when the intra-domain traffic proportion exceeds 49%. When the intra-domain traffic proportion of Small-World Ring reaches over 92%, average latency becomes lower than Fat-tree, but still consistently higher than Space Shuffle.

According to the test, in the single-domain test, Space Shuffle can freely allocate the number of switches and servers due to its special topology characteristics, saving the cost of network construction, and has good performance in various network scales. In Small-World, the number of switch ports is limited to 6. However, with the expansion of the network scale, 6 ports became the bottleneck of performance. We also tested its performance in the case of more ports, and its bandwidth latency performance was greatly improved. However, when it comes to multi-domain, Fat-tree, which has poor performance in a single-domain environment, has the most stable latency performance in a multi-domain environment. The other topologies, due to their topology characteristics, have discrete test results and higher average latency than Fat-tree. Finally, we conclude that Fat-tree topology is the optimal solution when intra-domain traffic proportion is low, and Space Shuffle is a better choice when intra-domain traffic proportion is high.

6  Conclusions and Prospects

The research in this paper realizes a network simulation framework based on Mininet. After the user inputs the simulation network requirements, the framework automatically generates the topology and uses Mininet for network simulation. The framework supports a variety of data center topologies and some classic topologies, which can be completed in a few seconds. The previous cumbersome, time-consuming, and error-prone multi-domain SDN simulation environment construction process is greatly optimized. At the same time, the framework supports the overall performance testing of the generated network. Using this framework, we designed and implemented a multi-domain SDN simulation tool, and conducted test experiments. According to the experimental results, Space Shuffle has the best bandwidth and delay performance in a single-domain network. In the case of multiple domains, Fattree topology performance is best when the intra-domain traffic is low, and Space Shuffle is the best when the intra-domain traffic is high.

The tool of this paper has been tested. Each module of the tool runs well, and the emulation network is built quickly, which brings convenience to testers, greatly reduces human error during topology creation, and has little influence on the performance of the Mininet emulation tool.

Our work is continuing, and in the future, we will refine our tool to support more topology graph production algorithms, support some other simulation tools, and integrate more testing capabilities to accommodate more testing efforts needed.
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