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Switched Ethernet has been used in critical industrial networks such as in avionic and nuclear sectors. For qualification purposes, before deploying the network, we are interested in computing deterministic upper bounds on the end-to-end response time of flows existing in the network. This paper focuses on one of the approaches that can be used to determine an upper bound on the end-to-end response time of a flow. It is called the Trajectory Approach. We describe briefly the concept on which this approach is based. Moreover, we identify the source of pessimism introduced by this approach in the case of FIFO scheduling. Finally, we show on a small network configuration how the sources of pessimism may affect the tightness of the upper bound of the end-to-end response time computed using the Trajectory Approach.

I. INTRODUCTION

Industrial network has become an essential component among automated systems. As the number of devices (sensors, actuators and controllers) increases and the function of the system is required to be more intelligent, the amount of data exchanged between the system devices grows dramatically. Compared to traditional non-Ethernet industrial solutions that offer a data rate between 500Kbps and 12Mbps, Ethernet's data rate has evolved from 10Mbps, 100Mpbs to 1Gbps, and even 10Gbps in the switched mode. Moreover, Ethernet is a low-cost technology and supports different kinds of topologies. For all these reasons and for being easy to deploy and maintain, the Ethernet technology has gained acceptance in the industrial sector. However, Ethernet does not fit distributed real-time applications since CSMA/CD exhibits unstable performance over heavy traffic and unbounded delay distribution [START_REF] Park | An extended TCP/IP protocol for real-time local area networks[END_REF]. To overcome that problem, Switched Ethernet is adopted in industrial networks. Switched Ethernet creates point-to-point connections between communicating devices, eliminating therefore any kind of collisions [START_REF] Jasperneite | Deterministic real time communication with switched ethernet[END_REF], [START_REF] Loeser | Using switched ethernet for hard real-time communication[END_REF].

Distributed Real-time systems that are critical for safety, like those found in Nuclear Power Plants, Avionics or chemical industry, must exhibit strong deterministic guarantees. Those deterministic real-time guarantees usually mean that the underlying network must ensure bounded end-to-end response time, bounded (or null) jitter, reliability (with respect to corruption, loss due to overflows or duplication of messages). For avionics, the additional constraint on weight also limits the margins for equipment redundancies or bandwidth, making precise analysis quite valuable.

Moreover, a single physical network can define several virtual links [START_REF][END_REF], hosting different flows with different priorities and deadlines. Qualification of such systems by regulatory authorities of avionics or nuclear industries requires to exhibit a proof that, in worst case, each and every hard real-time flow present in the network does never violate its deadline. Several approaches were developed to estimate the worst-case end-to-end response time: the Model Checking [START_REF] Clarke | Model Checking[END_REF], the Network Calculus [START_REF] Boudec | Network calculus: A theory of deterministic Queuing Systems for the Internet[END_REF] and the Trajectory Approach [START_REF] Martin | Improving the analysis of distributed nonpreemptive FP/DP* scheduling with the trajectory approach[END_REF]. The Model Checking based upper bound is exact but limited to very small networks. Network Calculus stands as a good compromise and has been successfully used in the Avionic sector. Appeared more recently, the Trajectory Approach has been applied to an instance of AFDX (Ethernet based network used in avionics) and has given tighter upper bounds than the Network Calculus [START_REF] Bauer | Applying and optimizing trajectory approach for performance evaluation of afdx avionics network[END_REF].

In this paper, we identify the main points where the Trajectory Approach looses precision, in the case of the FIFO scheduling. The loss of precision can occur when i) flows are serialized, ii) flows leave the path of the studied flow, ii) flows leave the path of one of the flows interacting directly or indirectly with the studied flow. In addition, we show on precise configurations the impact of these cases on the tightness of the upper bound of the end-to-end response time provided by the Trajectory Approach This paper is organized as follows. Section II presents the network topology as well as the flows characteristics. In section III, a brief description of existing approaches used to compute the end-to-end response time is presented. In section IV, we explain the concept on which is based the Trajectory Approach. Then, the sources of pessimism identified in the Trajectory Approach when using the FIFO scheduling policy are presented in section V. We show on precise configurations, in section VI, how these sources affect the computed upper bound. Finally, summary and conclusion are presented in section VII.

II. INDUSTRIAL CASE STUDY

Our case study is taken from a critical real-time network used in the nuclear industry and is depicted in Figure 1. It is a full-duplex switched Ethernet running at 100 Mbps over optical fibers. Switches work in store-and-forward mode (a packet cannot be processed until it has been entirely received), implement a FIFO scheduling (First in First out, which means that packets are served according to their arrival time on the node) and have a 1Mbyte buffer for each output port. The packet processing time is assumed to be far smaller than the time of emission over the physical medium. To each switch is connected a processing unit (PLC), receiving and sending data at a regular pace, thus meeting the definition of a sporadic flow, as used in the Trajectory approach. In addition, the routing is statically defined. The point is that the ground assumptions of the trajectory calculus are met by this industrial case study.

III. END-TO-END RESPONSE TIME ANALYSIS

It is necessary before deploying a critical real-time distributed system to prove that the end-to-end response time of considered flows is upper bounded and does not exceed their corresponding deadlines. Hence, several approaches can be used to achieve this objective. Among them, we listed the Model Checking based approach [START_REF] Clarke | Model Checking[END_REF], the Network Calculus [START_REF] Boudec | Network calculus: A theory of deterministic Queuing Systems for the Internet[END_REF] and the Trajectory Approach [START_REF] Martin | Improving the analysis of distributed nonpreemptive FP/DP* scheduling with the trajectory approach[END_REF] which is described in section IV.

Model checking based on timed-automata is used when computing the response time [START_REF] Anwikar | Timing analysis of real-time embedded systems using model checking[END_REF], [START_REF] Kralakora | Timed automata approach to real time distributed system verification[END_REF]. The Model Checking consists of three tasks which are modeling, specification and verification. After modeling the system and formalizing the property, the Model Checking tool exhaustively explores all the states of the system searching for the worst-case response time. The main challenge confronted when using Model Checking is the state space explosion problem. Resulting in failure by the system to offer result in an acceptable time frame. Therefore, Model checking is unable to handle large networks.

Another widely used approach is the Network Calculus which allows computing deterministic delay bounds and buffer requirements for queuing systems encountered in communication networks. It was first developed by Cruz in [START_REF] Cruz | A calculus for network delay-part i: Network elements in isolation[END_REF] in which the author derived an upper bound delay of a flow traversing a single network element. Then, it was extended in [START_REF] Cruz | A calculus for network delay-part ii: Network analysis[END_REF] in which the authors computed the end-of-end delay of a flow following a sequence of nodes. Using nodes' arrival and service curves, Network Calculus can derive the delay, the backlog and the curve of the output flow. There are two ways of applying Network Calculus to estimate the delay of a packet across a network:

• By applying the approach on each node visited by the packet.

• By using a global service curve representing the service offered by the whole network. The global service curve β global (t) the network is equal to the convolution of the service curves of each node visited by the packet. However, the authors in [START_REF] Boudec | Network calculus: A theory of deterministic Queuing Systems for the Internet[END_REF] showed iterative application of Network Calculus on every visited node yields a pessimistic upper bound. Moreover, the complexity of network service curve's computation depends on the complexity of the network topology [START_REF] Fidler | A survey of deterministic and stochastic service curve models in the network calculus[END_REF].

The Trajectory Approach is based on the scheduling theory. It allows computing an upper bound on the response time of a packet belonging to a flow by constructing its worst-case scenario. Then, by varying the generation time of this packet, the method calculates an upper bound on the response time of a flow following a fixed sequence of nodes. It can be used under different scheduling policies such as fixed priority and/or dynamic priority. It supposes that flows can follow the same sequence of nodes but once separated they do never meet again. Moreover, the approach assumes that collisions do not occur in the network and there is no packet loss.

IV. TRAJECTORY APPROACH'S CONCEPT

The Trajectory Approach is based on the analysis of the worst-case scenario experienced by a packet belonging to a sporadic flow τ i along its path (also called trajectory) and not on every visited node.

A sporadic flow τ i is defined by:

• C h i , the processing time of a packet belonging to τ i on node h; • T i , the minimum interarrival time between two successive packets; • J i , the maximum release jitter of packets of τ i on its ingress node. It is the duration between the packet generation time and the time it is taken into account by the scheduler. Solution proposed by the Trajectory Approach is based on the notion of busy periods. A busy period is an interval [t 1 , t 2 ) such that both t 1 and t 2 are two idle times and no idle time exists between them. We say that t 1 is idle if all activated packets before time t 1 have been processed. The busy period can be seen as a period of time in which the processor is active continuously.

Considering the sporadic flow τ i , i ∈ [1, n] following a fixed sequence of nodes numbered from 1 to q, its worst-case end-to-end response time is equal to the sum of time spent in each node of its path added to the total network delay. The end-to-end worst case response time of any flow τ i obtained for all activation configuration (∀conf ig) can be bounded by:

R 1,q i = max ∀conf ig,t≥0 {W q i,t -t + C q i } (1) 
where W q i,t is the latest starting time on node q (last visited node) of a packet m belonging to flow τ i and activated at time t. To compute W q i,t , the approach identifies on each node, starting from the destination of the studied flow and going backward until reaching its source, busy periods composed of packets postponing the execution of m. The sum of these busy periods allows the determination of the latest starting time W q i,t which is computed recursively.

The Trajectory Approach allows computing a deterministic upper bound for Fixed Priority(FP) and/or Dynamic Prioirity(DP) based scheduling. The expression of W q i,t in the case of FP/DP* scheduling was given in [START_REF] Martin | Improving the analysis of distributed nonpreemptive FP/DP* scheduling with the trajectory approach[END_REF]. The latest starting time W q i,t in the case of FP/FIFO scheduling is given in [START_REF] Martin | Worst case end-to-end response times of flows scheduled with FP/FIFO[END_REF]. In our case, all flows have the same processing time (C) on all nodes and the switching delay (L) is constant. When using FIFO scheduling, the W q i,t is bounded by the expression (2).

W q i,t ≤ n j=1 Pi∩Pj =∅ 1 + t + A i,j T j C + (|P i | -1)(C + L) -C (2) with A i,j = S f irsti,j maxi -S f irsti,j mini + S f irsti,j maxj -S
f irsti,j minj f irst i,j is the first node in common between P i , the path of flow τ i and P j , the path of flow τ j . |P i | represents the length of the path P i . S h mini (respectively S h minj ) is the minimum time taken by a packet of flow τ i (resp. τ j ) to reach the node h. Computing the value of S h mini is obtained by considering that there is no other flows in the network. S h mini is therefore equal to the sum of packet processing time on each visited node before reaching node h added to the total network delay. S h maxi (resp. S h maxj ) is the maximum time taken by a packet of flow τ i (resp. τ j ) to reach node h. It is equal to L+ the response time from the source to the previous node (i.e. node (h -1)). Computing this response time requires establishing the expression of W i,t on node (h -1). The difference between S h maxj and S h minj represents the jitter of flow τ j on node h. A i,j represents the sum of the jitters of both flows τ i and τ j . In the monoprocessor context, the worst-case response time R i of a flow is given by the expression (3). It is analog to the expression (2), but the activation jitter is replaced by the sum of jitters of interacting flows.

R i = n j=1 1 + t + J j T j C (3) 

V. SOURCES OF PESSIMISM IN THE FIFO SCHEDULING

In this section, we use small configurations to illustrate the source of pessimism for FIFO scheduled flows. The first term on the righthand side in the expression (2) represents the delay incurred by packets postponing the execution of packet m. The value of this parameter affects the worstcase response time of the studied flow. We can identify two reasons that would lead to counting unnecessary packets: i) the serialization and ii) the effect of leaving flows.

A. Serialization

To understand the serialization effect, let's consider the simple example depicted in Figure 2(a) in which the studied flow τ 1 traverses the sequence {a1, s1, s2, s3, a3} and two flows (τ 2 and τ 3 ) follow the same sequence {a2, s2, s3, a3}. The original calculus of the Trajectory Approach considers postponing individual packets without taking into consideration that packets sharing the same links are serialized which means that not all of them postpone the execution of the packet m. This effect was first presented in [START_REF] Bauer | Applying and optimizing trajectory approach for performance evaluation of AFDX avionics network[END_REF]. A solution was proposed to reduce it in [START_REF] Bauer | Applying trajectory approach with static priority queuing for improving the use of available AFDX resources[END_REF], in which instead of postponing individually each packet, sequence of already serialized packets are postponed.

B. Effect of leaving flows

When flows leave the trajectory of the studied flow or the path of one of the flows directly or indirectly affecting the response time of the studied flow, then, on one of the next nodes, if a flow (or set of flows) is inserted into the path of the studied flow, the Trajectory Approach may introduce an over-estimation into the upper bound. When the value of A i,j is overestimated and higher than the period of the inserted flow, the Trajectory Approach counts additional packets. In the following, we give simple examples illustrating the effect of each of these flows on the precision of the computed upper bound.

1) Flows leaving the path of τ i : An example configuration (depicted in Figure 3) is used to explain the effect of flows leaving the trajectory of the studied flow. Nine flows coexist in this configuration: the studied flow τ 1 (blue arrow) follows path P 1 = {a 1 , s 1 , s 2 , s 3 , s 4 , a 4 }, seven flows (green arrow), numbered from τ 2 to τ 8 , have {a 1 , s 1 , s 2 , a 2 } as their path and flow τ 9 (red arrow) visits the following sequence {a 3 , s 3 , s 4 , a 4 }. In addition, τ 9 has a period equal to 4C and periods of the other flows are considered to be extremely large. The latest execution time W a4 1,t of τ 1 becomes:

W a4 1,t ≤ 8 j=2 1 + t T j C + 1 + t + 7C T 9 C + t T 1 .C + 5(C + L)
The worst case response time of flow τ 1 is obtained for t = 0 and is upper bounded by R a4 1 ≤ 15C + 5L.

The exact worst case response time (EWCRT) was derived using a tool that exhaustively checks all possible combinations of flow's activation and compute for each scenario the end-toend response time. The value of the EWCRT in this case is 14C + 5L (see Fig. 4). We can notice that the Trajectory Approach has counted two packets of flow τ 9 instead of a single one. This is due to an overestimation of the value of A i,j . The Trajectory Approach considers that all packets activated on node a 3 within an interval of length A i,j = 7C postpone the execution of the studied flow. While in reality, the length of the interval is equal to C. We show in section VI that the error introduced by the Trajectory Approach can be worse and depends on the number of leaving flows.

2) Flows leaving the path of one (or more) flow interacting directly with τ i : Configuration represented in Figure 5 shows the impact of flows leaving the trajectory of a flow that directly interact with the studied flow. In this configuration, we consider nine flows with the following characteristics: the studied flow τ 1 (represented by a blue arrow) follows path P 1 = {a 5 , s 5 , s 6 , a 6 }, seven flows (numbered from τ 2 to τ 8 ) represented by a red arrow have {a 1 , s 1 , s 2 , a 2 } as their path and flow τ 9 represented by a green arrow visits the following sequence {a 1 , s 1 , s 2 , s 3 , s 4 , s 5 , s 6 , a 6 }. In addition, τ 9 has a period equal to 4C and periods of the other flows are considered to be extremely large compared to C. The latest execution time of τ 1 on its last visited node becomes:

W a6 1,t ≤ 3(C + L) + t T 1 .C + 1 + t + 7C T 9 C R a6
1 is obtained for t = 0 and is equal to 6C + 3L. Flows going from node a 1 to a 2 does not interact directly with the studied flow, yet their effect is present in the value of A 1,9 . The exact worst case response time (EWCRT) is equal to 5C + 3L. Once again, the Trajectory Approach has counted a single packet in excess. Similarly, the value of A 1,9 is the reason of the error introduced by the Trajectory Approach.

3) Flows leaving the path of one (or more) flow interacting indirectly with τ i : We consider the following configuration (depicted in Figure 6): the studied flow noted τ 1 traverses the node sequence {a 6 , s 6 , s 7 , s 8 , a 8 } and is represented by a blue arrow. Flow τ 2 , represented by a red arrow, follows the sequence {a 4 , s 4 , s 5 , s 6 , s 7 , a 7 } and its period is 2C. Flow τ 3 , represented by a green arrow, follows the sequence {a 1 , s 1 , s 2 , s 3 , s 4 , s 5 , a 5 } and its period is 4C. In addition, four flows rejoin on node s 2 the path of τ 3 and leave it on node s 3 . They are represented by a purple arrow. The periods of the other flows are extremely large. A bound on the latest starting time of τ 1 on node a 8 is given by the expression (4).

W a8 1,t ≤ 1 + t + A 1,2 T 2 C + t T 1 .C + 4(C + L) (4)
where A 1,2 = S s6 max1 + S s6 max2 -S s6 min1 -S s6 min2 .

We have S s6 max1 -S s6 min1 = 0 and S s6 min2 = 3(C + L). Determining S s6 max2 requires computing R s5 2 .

A bound on the latest starting time of τ 2 on node s 5 is given by expression [START_REF] Clarke | Model Checking[END_REF].

W s5 2,t ≤ 1 + t + 4C T 3 C + t T 2 .C + 2(C + L) (5) 
The worst-case response time of τ 2 on node s 5 is obtained at t = 0 and is upper bounded by R s5 2 ≤ 5C + 2L. The value of S s6 max2 becomes equal to 5C + 3L. After replacing S s6 max2 by its value in Eq. ( 4), the expression of W a8 1,t becomes:

W a8 1,t ≤ 1 + t + 2C T 2 C + t T 1 .C + 4(C + L) (6)
The worst-case response time of τ 1 is obtained for t = 0 and is upper bounded by R a8 1 ≤ 7C + 4L, while the EWCRT has a value of 6C + 4L.

VI. NUMERICAL EVALUATION ON SAMPLE

CONFIGURATIONS

In this section, we first increase the number of serialized flows and evaluate their impact on the upper bound provided by the Trajectory Approach. A Trajectory Approach tool was developed for this purpose. At the next step, the impact of leaving flows on the upper bound offered by the Trajectory Approach is observed. The configuration presented in section V are used. Small configurations were chosen allowing us to compute the exact worst-case response time. All flows have the same processing time on all nodes and is equal to 26µs. The switching delay L is equal to 3µs.

A. Impact of serialization

The configuration under study is depicted in Figure 2(a); it consists of six nodes. The flow under study is τ 1 , it follows the sequence {a 1 , s 1 , s 2 , s 3 , a 3 }. Several flows are being serialized before joining the path of flow τ 1 . These flows follow the sequence {a 2 , s 2 , s 3 , a 3 }. Periods of flows are extremely high. We increase the number of serialized flows and observe their impact on the upper bound computed using the Trajectory Approach. The exact worst-case response time is equal to 168µs. Figure 7 shows that the upper bound calculated by the Trajectory Approach becomes pessimistic as the number of serialized flow increases. 

B. Impact of leaving flows

To evaluate the impact of leaving flows that affect directly or indirectly the response time of the studied flow, we increase on small configurations the number of these flows and observe their influence on the Trajectory Approach's upper bound.

1) Flows leaving the path of the studied flow τ i : The configuration represented in Figure 3 is used to study the effect of increasing the number of flows interacting directly with the studied flow. Flows in this configuration have the same characteristics as listed previously. The flow understudy is τ 1 and crosses the sequence {a 1 , s 1 , s 2 , s 3 , s 4 , a 4 }. An additional flow τ 2 is inserted into the path of τ 1 and has a path composed of the sequence {a 3 , s 3 , s 4 , a 4 }. A set of flows τ n (n = 3, 4, ...) traverses nodes {a 1 , s 1 , s 2 , a 2 }; these flows leave the path of τ 1 on node s2. Figure 8 shows how this kind of flows affect the tightness of the Trajectory Approach upper bound. The latest starting time of flow τ 1 is:

W 7 1,t ≤ 1 + t + C.n LF T 9 C + 8 j=2 1 + t T j C + t T 1 .C + 5(C + L)
n LF corresponds to the number of leaving flows. The fourth parameter in the latter equation increases when C • n LF is a multiple of T 9 = 4C. When n LF becomes a multiple of 4, the Trajectory Approach's upper bound becomes more pessimistic. This fits with results of Figure 8 in which the error introduced by the Trajectory Approach becomes more important in the interval [START_REF] Bauer | Applying and optimizing trajectory approach for performance evaluation of afdx avionics network[END_REF][START_REF] Cruz | A calculus for network delay-part i: Network elements in isolation[END_REF] than in [START_REF][END_REF][START_REF] Martin | Improving the analysis of distributed nonpreemptive FP/DP* scheduling with the trajectory approach[END_REF].

2) Flows leaving the path of a flow interacting directly with τ i : The configuration used to evaluate the effect of these flows on the upper bound is depicted in Figure 5. The studied flow τ 1 follows the sequence {a 5 , s 5 , s 6 , a 6 }. An additional flow exists in the considered configuration and has a 1 as source and a 6 as destination. A set of flows are sent from node a 1 to node a 2 . We increase the number of these flows and observe their impact on the Trajectory Approach upper bound. In Figure 9 3) Flows leaving the path of a flow interacting indirectly with τ i : The configuration used to evaluate the effect of these flows on the upper bound is depicted in Figure 6. The studied flow noted τ 1 traverses the node sequence {a 6 , s 6 , s 7 , s 8 , a 8 }. Flow τ 2 follows the sequence {a 4 , s 4 , s 5 , s 6 , s 7 , a 7 } and its period is 2C. Flow τ 3 follows the sequence {a 1 , s 1 , s 2 , s 3 , s 4 , s 5 , a 5 } and its period is 4C. In addition, a set of flows τ n rejoin on node s 2 the path of τ 3 and leave it on node s 3 . We increase the number of these flows and compute the end-to-end response time of τ 1 using the Trajectory Approach. Figure 10 shows both the EWCRT of τ 1 and the Trajectory Approach's upper bound. As the number of flows of set τ n increases, the upper bound loses its precision. 

VII. SUMMARY AND CONCLUSION

In this paper, we are interested in the Trajectory Approach that can be used for upper bounding the end-to-end response time of a flow. We have identified the main causes of pessimism introduced by the Trajectory Approach when FIFO scheduling policy is applied . The serialization of flows over the same link and flows leaving the path of the studied flow or one (or more) of the flows interacting directly or indirectly with the studied flow introduce an error into the upper bound. We showed that the upper bound becomes pessimistic as the number of serialized flows over a link increases. In addition, we showed that as the number of flows leaving the path of the studied flow increases, the upper bound becomes also more pessimistic. Since the Trajectory Approach has shown its ability of offering an upper bound tighter that the Network Calculus, it is worthy to conduct additional research in order to improve its upper bound.
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