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As real-time systems are working under some strict timing constraints, such as end-to-end delay, the Worst-Case Delay (WCD) analysis is mandatory. To date, several analytical approaches have been proposed for WCD analysis, such as Network Calculus (NC) and Compositional Performance Analysis (CPA). In spite of advances in WCD analysis technologies, the computation of the exact maximum delay by overcoming pessimism remains challenging, e.g., each approach differs from others by showing usefulness in specific scenarios. In this context, a framework comparing WCD analysis approaches is needed. This technical report provides a simulation-based comparison between two WCD analysis approaches, namely CPA and Flow Aggregation (FA). The simulation results show that even based on the same networking architecture scenario, a considerable difference will be led by applying different approaches.

Introduction

Nowadays, as we become more dependent on electrical equipment and real-time network transmission, a precisely estimated end-to-end worst-case delay (WCD) during the transmission process is more crucially required to ensure that scheduled messages can be delivered on time in the Ethernet Network context. Therefore, in order to innovate utilities and design systems to meet real-time standards, engineers are supposed to compute accurately and efficiently the WCD values to guarantee the correctness of the process. With this purpose in mind, various approaches have been proposed to calculate WCD under different scenarios (which will be discussed later in this report), each with its special pros and cons. It is certainly meaningful and a must for us to distinguish different approaches and explore the most appropriate cases in which they can be applied to ensure a more reliable result.

This research focuses on analyzing the pros and cons of multiples network worst-case delay computing strategies and compares the simulated results obtained to seek the optimal approach under different circumstances. Based on this purpose, I am tasked with learning about various technical tools, constructing simulation models, and drawing conclusions from the data calculated from them.

Therefore, built upon the exploration of WCD analysis approaches and the related applications, this report combines those various outcomes and aims to compare the methodology of two different approaches, the FA approach proposed in [START_REF] Docquier | Determining a tight worst-case delay of switched ethernet network in iec 61850 architectures[END_REF] and Compositional Performance Analysis (CPA) implemented with the tool of pyCPA [START_REF] Rox | Formal timing analysis of full duplex switched based ethernet network architectures[END_REF], abbreviated as in the later part of the report, simulated a switched-based network architecture in [START_REF] Rox | Formal timing analysis of full duplex switched based ethernet network architectures[END_REF] with two series of assumptions, and compare the results obtained with different cases. In the end, we try to analyze the differences and extract useful information from them to understand better how to apply these two approaches appropriately1 .

The rest of this report is organized as follows. Section 2 reviews the related contributions on WCD analysis approaches. Section 3 details FA and CPA approaches and the simulation design. The simulation results and performance analysis are presented in Section 4. Section 5 draws the conclusion and outlines our future work.

Related work 2.1 Existing approaches for WCD analysis

As timing analysis is considered a challenging mission due to the complex congestion patterns that may occur in the network, numerous approaches have been proposed and applied to AFDX(Avionics Full-Duplex) [START_REF] Charara | Methods for bounding end-toend delays on an afdx network[END_REF] and AVB(Audio Video Bridging) [START_REF] Imtiaz | A performance study of ethernet audio video bridging (avb) for industrial real-time communication[END_REF] systems. Network Calculus [START_REF] Boudec | Application of network calculus to guaranteed service networks[END_REF][START_REF] Chang | Performance guarantees in communication networks[END_REF] is one of the first approaches proposed for timing performance analysis in networks, initially in AFDX. With efforts from authors in [START_REF] Queck | Analysis of ethernet avb for automotive networks using network calculus[END_REF], NC has been first implemented in AVB for WCD analysis. This approach determines the WCD in switched Ethernet networks by considering a maximal arrival curve and a minimal service curve. But it will still lead to a safe but over-estimated delay bound. Trajectory Approach [START_REF] Bauer | Improving the worst-case delay analysis of an afdx network using an optimized trajectory approach[END_REF] has been implemented in AFDX architectures for WCD analysis. This approach applies a simultaneous worst-case scenario on all the nodes traversed by the frame for a guaranteed delay. However, the pessimism of the delay bound is not sufficiently addressed in this approach [START_REF] Li | Analysis of the pessimism of the trajectory approach for upper bounding end-to-end delay of sporadic flows sharing a switched ethernet network[END_REF]. For AVB architecture, this approach has been applied for end-to-end delay analysis [START_REF] Li | Deterministic delay analysis of avb switched ethernet networks using an extended trajectory approach[END_REF]. Authors in [START_REF] Diemer | Formal worst-case timing analysis of ethernet topologies with strict-priority and avb switching[END_REF] assessed the WCD in a Strict-Priority Ethernet network using the Compositional Performance Analysis (CPA). On the one hand, this approach focuses on scheduling analysis of the subpart of the system, namely the 'component', such improvement drastically reduces the complexity of WCD analysis. On the other hand, such complexity reduction also leads to pessimism for WCD bound. Researchers from [START_REF] Boyer | Embedding network calculus and event stream theory in a common model[END_REF] formally explain how models of NC and CPA are related by discussing subtleties of transformation between data and event domains.

To our best knowledge, there is no work till now in the literature using CPA to analyze the AFDX network. An approach named Flow Aggregation (FA) [START_REF] Docquier | Determining a tight worst-case delay of switched ethernet network in iec 61850 architectures[END_REF] calculates a tight WCD on the basis of flow characteristics from a given network path to improve the pessimism of the upper-bound of WCD, the complexity can be reduced since it analyzes only the local WCD.

The above-reviewed WCD analysis approaches are summarized in Table 1, in particular, their applications and related references are also given. 

Y Y [3, 2] [13] CPA - Y - [1, 16] Flow Aggregation X - [9] - Y = Supported, X = Partially Supported

Simulation tool used in our work

In the following part of this report, we will simulate a switched-based networking architecture proposed in [START_REF] Rox | Formal timing analysis of full duplex switched based ethernet network architectures[END_REF] by using FA and CPA with Python code [START_REF] Jonas Diemer | Compositional performance analysis in python with pycpa[END_REF]. According to [START_REF] Jonas Diemer | Compositional performance analysis in python with pycpa[END_REF],

pyCPA, an easy-to-understand and easy-to-extend Python implementation of CPA, simplifies CPA implementation and can precisely estimate the worst-case delay in various scenarios.

Therefore, in the following sections of this report, pyCPA will be used to implement CPA simulation process and create different models that produce results corresponding to specific assumptions of FA.

3 Methodology overview and simulation design 3.1 FA approach FA approach divides the calculation process into two parts, local analysis and the extension to the global path. The local process refers to the computation of a local value that will later be checked by an inequality for whether this outcome is possible to happen in reality; while extensions to the global path are actually where iteration comes to play. The program traverses every vertex and specifies the path of flow passing every vertex. In the article, the overall equation is summarized as the following:

W CD = THP + TSP + n i=1 TLP i + (n -1) * Ttr (1)
in which THP +TSP , referring to Time for both high and low priority frames, will be computed by local analysis and then choose the closest and most possible worst-case delay value based on an inequality. The exact process is realized by firstly finding out Theoretical Local Worst-Case Delay (TLWCD) and then checking the following inequality and determining whether the TLWCD is reachable or not:

γq i +1 ≥ max(βi) j∈[1,q i ] (2) 
γ and β refer to total frame quantity and high-priority frame quantity, respectively. If the TLWCD is not possible to happen, the program will try to compute another more possible worst-case delay (PLWCD). And then stepping from the local analysis, the approach will expand the analysis to globally by traversing all vertexes and flows, trying to figure out the tightest bound for every flow based on (2) and therefore sum up all tightest but yet still reachable results and then produce a more accurate result.

CPA approach

Compositional Performance Analysis, abbreviated as CPA, is an approach that separates different components of the system and then integrates the trivial results. That is, CPA performs computational worst-case delay calculation on each part of the system and derives the overall end-to-end WCD result from all the local analysis [START_REF] Charara | Methods for bounding end-toend delays on an afdx network[END_REF]. In this report, we choose to apply pyCPA to implement CPA and analyze every path. pyCPA provides multiple features including but not limited to path analysis for commuting tasks and a variety of visualization choices so it will automatically compute the constructed architecture and then return the WCD for every case using CPA. Moreover, the steps of a simplified procedure of how to use pyCPA to construct a random network system are listed as follows:

• Generating a new system

• Creating different resources

• Creating tasks and binding to corresponding resources

• Linking tasks from different resources

• Establishing the system model by assigning periodic events with jitter values

• Plotting the graph

• Analyzing Result

Networking Architecture for Simulation

In order to show the differences between the two approaches in general, the following network architecture with 4 Ending Systems (ES) and 13 Virtual Links (VLs) from [START_REF] Rox | Formal timing analysis of full duplex switched based ethernet network architectures[END_REF] is used as an example to be analyzed. Table 2 below clearly shows that this architecture sets both high and low priorities and has already initialized the BAG, which is the period value, and also the transmission time needed for each VL, which simplifies the procedure of model construction.

In this architecture, frames will start from the corresponding ES and leave for switch as an intermediate and be transmitted from the switch either directly to the destination or pass through the other switch and arrive at the destination. During the transmission process, the frames will possibly be blocked by other VLs under different circumstances so we need to determine the standard of blocking and scheduling policies: low-priority frames will be blocked by frames with either high or low priority, while high-priority frames will be blocked by frames at the same priority level but at most one low priority for each stage. Based on Fig. 1 and Table 2, we have developed two ways to calculate WCD for each virtual link of the architecture: 1) Separate the path of each virtual link and perform CPA analysis one by one (CPA approach -Separate, abbreviated as "CPAS" for simplicity in this report); 2) Simulate the architecture as a whole and reach the WCD of all VLs simultaneously (CPA approach -Whole, abbreviated as "CPAW" for simplicity in this report)

Before beginning to establish the architecture, we make necessary assumptions and ways to determine the maximum that a frame will experience at the output port as follows:

• When using FA and CPAS, assume that we use FIFO (First In First Out) scheduling analysis and SPNP (Static Priority Non-Preemptive) scheduler, and suppose that any frames that have blocked the target once will not block it anymore later.

• When simulating the architecture as a whole, we also use a FIFO scheduling analysis and SPNP scheduler. However, frames that have blocked the target frame before could block the target frame again.

As for CPAS, we classify all frames either go through one switch or two switches, which leads to a formula:

-One Switch:

W CD = Delay f rom start + Delay at switch (3) 
-Two Switches:

W CD = Delay f rom start + Delay at switch 1 + Delay at switch 2 (4) 
And the computation of the WCD of each virtual link entirely depends on these two equations once we have determined the path.

As for CPAW, we regard each ES as a resource in pyCPA and then implement tasks corresponding to each virtual link in the ES and assign the wcet (worst-case execution time) for them. More importantly, aware of the role of switches throughout the transmission process, we have simplified an abstract proxy containing three resources, shown below: In this case, each resource inside Switch A shown on the left will contain all possible virtual links that could pass the specific path. For example, in Resource VLs A to B, there are all virtual links that are possible to pass through Switch A and go to Switch B, which is the same condition for other resources. In this case, we can ensure that all possible virtual links are taken into consideration when calculating the total blocking time. By establishing models for ES and switch as above, we have simulated the architecture in [START_REF] Rox | Formal timing analysis of full duplex switched based ethernet network architectures[END_REF] as Fig. 3 and compare it with Fig. 4, the hypothetical graph from the article: By applying FA and CPA approaches, we have computed three different sets of results for each virtual link and its corresponding destination, as displayed in Table 3. Since CPAS and FA approaches share exactly the same assumption, there is one more column representing the difference between the results of CPAS and FA approaches, namely Diff. in Table 3.

As we can see, the comparison result of the last column is always non-negative, visualized in Fig. 6. Since the last column is obtained by subtracting the value of FA column from that of CPAS, it shows that the results of FA are always equal to or less than the value Section 3, it can be noticed that a more precise result obtained by FA originates from the extra step that checks for whether the condition of TLWCD could be achieved or not since it could shrink the range if the TLWCD for a virtual link is not possible to be achieved based on the outcome of inequality [START_REF] Bauer | Improving the worst-case delay analysis of an afdx network using an optimized trajectory approach[END_REF]. Table 3 displays the different results coming from VL5, VL6, VL9, VL10, VL11, and VL12. Interestingly, the sources of these six virtual links range from ES1 to ES4, priorities levels including both low and high, which means even under various situations with different parameters, FA will more possibly produce a tighter bound than CPA, either analyzing the model as whole or virtual link by virtual link. From this perspective, due to such a comprehensive result covered by FA, in a random network architecture, given the assumptions that the target virtual link cannot be blocked by the same virtual link twice and the size of all frames are constant, FA can produce a tight result more likely to approach to the bound in reality.

Based on Fig. 5, it can be observed that the overall trend for all three curves is alike to an extinct level, meaning that all three approaches share a similar path to compute the delay. Moreover, intriguingly, the result gained from CPAW displays a higher worst-case delay time in general. That proves that in most transmission processes, the target virtual link will possibly be blocked by the same virtual link more than once, which accumulates and leads to an overall higher worst-case delay since we assumed frames that blocked the target once could block it once again if possible. However, under the assumption that every target virtual link during the transmission process can only be blocked by the same virtual link once, it leads us to FA and CPAS curves in Fig. 5.

Conclusion and future work

The plotting in Fig. 5 indicates that different approaches can produce simulated results that have subtle differences (results between CPAS and FA) or relatively significant gaps (results between CPAW and CPAS or FA). However, in general, CPA approaches (either Separate or Whole) obtain higher WCD than FA. Specifically, in the CPAS, it normally produces higher WCD than the other results obtained by the other two ways since in this approach, we have an assumption that many frames blocked the target frame more than once, which causes a higher WCD result in general.

Unlike FA and CPAS, the way how switches are simplified in CPAW constrains us from applying the approach to simulate the network architecture with the same assumptions from FA and CPAS. The switches in CPAW are designed to contain virtual links with multiple destinations more than once, which by definition, violates the essence of assumption in FA and CPAS approaches that the target frame can be blocked by the same frame at maximum once. Future strives can be made for optimizing the simplification of switch structure to adjust the architecture suitable for applying the same assumptions and obtaining a more complete comparing analysis among these approaches. Besides, involving more WCD analysis approaches for comparison is also considered for our future work.

Figure 1 :

 1 Figure 1: Architecture Needed to Simulate

Figure 2 :

 2 Figure 2: Simplified Switch A

Figure 3 :

 3 Figure 3: Simulated Architecture for pyCPA Use

Figure 4 :

 4 Figure 4: The Hypothetical Example System from[START_REF] Jonas Diemer | Compositional performance analysis in python with pycpa[END_REF] 

Figure 5 :

 5 Figure 5: Results comparison of different approaches

Figure 6 :

 6 Figure 6: Difference between CPS S and FA

Table 1 :

 1 Summary of existing WCD analysis approaches

	Approach	Application AFDX AVB AFDX Ref.	AVB
	Network Calculus	Y	Y	[4, 17] [19, 18]
	Trajectory Approach			

Table 2 :

 2 Virtual Links ConfigurationVirtual Link Source Destination(s) BAG

	Max Frame Size	Priority

Table 3 :

 3 Simulated Outcomes

	VL	Src	Dst	FA(µs) CPA S (µs) CPA W (µs) Diff. (µs)
	1	ES1 ES2	205	205	417	0
	2	ES2 ES1	235	235	471	0
	3	ES2 ES3	408	408	507	0
	4	ES1 ES3	310	310	340	0
	5	ES3 ES1	175	183	183	8
	6	ES4 ES1	197	235	350	38
	7	ES2 ES1	261	261	261	0
	7	ES2 ES3	404	404	744	0
	8	ES1 ES2	245	245	517	0
	8	ES1 ES3	382	382	533	0
	9	ES2 ES1	475	475	557	0
	9	ES2 ES3	618	618	744	0
	9	ES2 ES4	423	445	445	22
	10	ES3 ES4	362	376	511	14
	11	ES1 ES2	456	459	517	3
	11	ES1 ES3	435	489	533	54
	11	ES1 ES4	580	580	632	0
	12	ES3 ES1	203	203	225	0
	12	ES3 ES2	208	223	396	15
	13	ES4 ES3	422	434	609	12
	VL=Virtual Link; Src=Source; Dst=Destination;
	Diff.=CPA S -FA			

For a comprehensive simulation setup and process, and the whole-simulation code, please refer to https://github.com/DerrickYLJ/WCD_Calculation.
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