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Abstract—Emerging industrial real-time networks, such as 

EtherCAT and PROFINET, provide highly accurate clock 

synchronization. Thus, this feature opens a new chance to adjust 

phasing across distributed nodes aiming for better 

synchronization of dependent tasks. However, obtaining an 

optimal node phasing across distributed nodes has not been given 

enough attention while the worst-case task phasing on each node 

assuming no global clock has been studied in many ways. In this 

paper, we suggest a simulation tool that searches for an optimal 

phasing on distributed nodes with respect to less end-to-end 

delays and less actuation jitters. The proposed tool holistically 

simulates task scheduling on each node, transmission of network 

messages, DMA, and I/O event handling. It tries to reduce the 

time to find an optimal node phasing by skipping uninteresting 

phase combinations. Through a case study, we show that the 

simulator can efficiently suggest an optimal node phasing across 

distributed nodes and provide distribution of possible end-to-end 

delays and actuation jitters for given task sets.  

Keywords—node phasing; industrial network; end-to-end delay; 

actuation jitter; clock synchronization 

I. INTRODUCTION 

Emerging industrial real-time networks, such as EtherCAT 
[1] and PROFINET [2], provide highly accurate clock 
synchronization between distributed nodes. For instance, the 
distributed clock of EtherCAT can provide accurate clock 
synchronization with errors less than few tens of nanoseconds 
[3][4]. PROFINET uses Precision Transparent Clock Protocol 
(PTCP) for clock synchronization. Such accurate clock 
synchronization opens a new chance to adjust phasing across 
distributed nodes aiming for better synchronization of 
dependent tasks (e.g., multi-axis motion controls).  

However, obtaining an optimal phasing across distributed 
nodes has not been given enough attention while the worst-case 
task phasing on each node has been studied in many ways 
[5][6]. This is mainly because there has been limited support 
for clock synchronization on legacy industrial networks and 
thus researchers have focused on analysis of the worst-case 
end-to-end delays between tasks assuming no global clock. In 
order to find the worst-case end-to-end delays, existing studies 
suggest an analytical model based on a worst-case task phasing 

on every node, but they introduce too much pessimism into the 
analysis [7][8]. However, once we make an assumption of a 
precise global clock for all the nodes, we can investigate into 
the problem of finding a phase combination in order to reduce 
the end-to-end delays and the actuation jitters. The problem 
can be dealt with by a simulation approach or an analytical 
approach. 

In this paper, we propose a simulation framework that 
searches for an optimal node phasing on distributed nodes with 
respect to the end-to-end delays and the actuation jitters. The 
proposed framework considers behavior of several components 
composing the target system in a holistic manner to analyze the 
impact of node phasing on the metrics. The target system is 
assumed to interconnect one master and multiple slave nodes 
with a real-time network such as EtherCAT. In our framework, 
we model each node as a set of periodic tasks scheduled by a 
fixed-priority scheduling algorithm. In addition, we consider 
interactions between the nodes and the network, which include 
network event handling in either polling or interrupt mode, 
message queuing on network device, and direct memory access 
(DMA). In the simulation, we also take into account the 
communication delays in the real-time network, which are 
affected by the packet forwarding scheme at each node and the 
network topology. 

One novelty of the proposed framework is that we try to 
reduce the time to find an optimal node phasing by skipping 
uninteresting phase combinations. Usually, an exhaustive 
search needs to consider a huge number of phase combinations, 
which is not tractable. We search for a limited set of the node 
phase combinations based on the observation that only a few 
specific states produce an unpredictable trend of end-to-end 
delays and actuation jitters. That is, our framework runs 
simulation only for phase combinations that generate such 
interesting states, while the target metric for other predictable 
states are calculated by using simple mathematical equations. 
Through a case study, we show that the proposed simulation 
framework can efficiently suggest an optimal node phasing 
across distributed nodes and provide distributions of the end-
to-end delays and the actuation jitters for given task sets. 

The rest of the paper is organized as follows. Section II 
describes the system model we assume. In Section III, we 
suggest our simulation framework for optimal node phasing. 
Section IV shows a case of finding an optimal node phasing for 
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a given task set, and Section V summarizes the related work. 
Finally, in Section VI, we conclude the paper. 

II. SYSTEM MODEL 

 We consider a distributed real-time system that 
interconnects one master node and N slave nodes with a real-
time fieldbus such as EtherCAT, which is common in many 
industrial applications. For example, a motion control system 
has such a system configuration where the master node 
generates position commands to describe the motion trajectory 
and the slave nodes are motor drives to respond to the 
commands. In the following, we explain the node model and 
the network model. 

A. Node Model 

We consider a set of periodic tasks for both the master and 
the slave nodes. All the slave nodes are assumed to have the 
same set of tasks for the sake of brevity, which is not necessary 
for our simulation framework. The master node may have a 
different set of tasks than that of the slave nodes. The tasks are 
denoted by             for node m, where n can be different 

for the master (m = 0) and the slaves (     ). We denote 

each task by           
        

              , where     
     and 

    
    are its minimum and maximum execution time, 

respectively, and      is its period. Each task gives a rise of an 

infinite sequence of jobs.      
 

 denotes the     job of     . The 

release time of     
 

is denoted by     
 

, and the release time of 

the first job, i.e.,     
 , is called the phase of      and denoted by 

     (      <     ) In our simulation framework, we 

assume the critical instant (i.e.,        2 m   ⋯    n m  
 ) in each node with a single-processor. In the paper, we focus 
on finding an optimal combination of the node phases, which 
are represented by      2       in Fig. 1. The node phase 
   can be varied between 0 and   

 . (  
  is the least common 

multiple of the periods of all tasks in node m.) We assume that 
the deadline of each job is the same with the end of its period. 

For the scheduling algorithm, we assume a fixed-priority 
scheduling algorithm such as Rate Monotonic [9]. Since each 
task is assigned a static priority, the execution of a lower 
priority task can be preempted by a higher priority task. Thus, 

the response time of     
 

 reflects the delay due to such 

preemption and is denoted by      
 

. 

In our task model, to address a realistic scenario commonly 
found in many industrial networks, we assume that only one 
task can access the network device for each node. The rationale 
behind this is that many industrial network protocols do not 
support multiplexing and de-multiplexing between tasks 
[10][11]. Moreover, as the name implies, only the master node 
is assumed to initiate a message transmission. Each slave node 
may only piggyback some data with the sender task on the 
message passing through the node on the fly, but cannot initiate 
a message transmission. Once the sender task at the master 
creates a message and passes it to the network device, the 
message experiences a queuing delay in the device, denoted by 
   in Fig. 1, and then is transmitted through the network. 

Likewise, when the message arrives at a slave node, it requires 

a message handling time, denoted by   , before it becomes 
available to the receiver task. 

 

Fig. 1. System model 

B. Network Model 

We assume a real-time fieldbus, such as EtherCAT, for 
real-time communications between the nodes. EtherCAT 
guarantees deterministic communication delays between any 
two nodes by the following two design choices. The first one is 
that it interconnects any two adjacent nodes with a dedicated 
link in a daisy-chain manner. That is, there are no interfering 
nodes between nodes m and m+1, and thus no packet collisions 
on the link. The second one is that each slave node m conducts 
wormhole switching to relay the packets between nodes m-1 
and to m+1, not store-and-forward switching. This switching 
scheme implemented at the hardware level eliminates the 
chances that internal software operations of each slave 
contribute to the end-to-end communication delay. As a result, 
EtherCAT guarantees deterministic communication delays 
from the master to any slave m, which is analyzed by Pritz et al. 
[12] as follows: 

             𝑠 +   −   ×   +  𝑟 𝑠 ,                (1) 

where          is the communication delay from the 
master’s memory to slave m’s memory.    𝑠  is the total 
transmission time of a message of size s on the master network 
device.    is the total forwarding time of a message on the 

slave side, which is a constant of 1 𝜇𝑠 , irrespective of the 
message size.  𝑟 𝑠  is the total reception time of a message of 
size s on the slave network controller. 

 In our simulation framework, we adopt the above delay 
model expressed by Eq. 1. Therefore, the end-to-end delay 
from the release time of an initiator task at the master to the 
completion time of an actuator task at slave m can be described 
as follows: 

  2            𝑟 +         +          ,             (2) 



where       𝑟  is the delay between the release time of the 
initiator task at the master and the completion time of the 
sender task plus the queuing time   , and           is the 

delay between the arrival time of a message at slave m and the 
completion time of the actuator task. It is important to 
understand that, in Equation 2, only           may be affected 
by the node phase     thus by changing the value of   , we 
may be able to minimize the end-to-end delays and the 
actuation jitters.  

In our simulation framework, the target metrics we want to 
analyze are the end-to-end delays, the actuation jitters, and the 
minimum possible queue size q at the network interface that 
does not cause any packet to be dropped for the entire 
simulation time, that is,             . In the next section, 
we will describe the proposed simulation framework that gives 
the target metrics by finding an optimal combination of the 
node phases      2      . 

III. THE PROPOSED FRAMEWORK 

In this section, we describe the proposed simulation 
framework that finds an optimal phasing for distributed nodes. 
The framework is based on discrete-event simulation to 
simulate task scheduling, message transmission/forwarding, 
DMA, and I/O event handling.  

A. Overall Design 

The simulator is based on the system model described in 
Section II. Fig. 2 shows the overall design of the proposed 
simulator. It consists of four components: input file parser, 
simulation kernel, node objects, and log manager. 
Configuration parameters, such as number of nodes, task sets, 
network bandwidth, message size, and event handling mode, 
etc., are defined in the configuration file in XML format. The 
file parser reads this configuration file at the initialization 
phase and passes them as environment variables to the 
simulation kernel. Then the kernel actually performs 
simulation loops changing node phasing. The node objects 
store the run-time snapshot of each node. The log manager 
stores every event generated during simulation to output files 
so that user can replay the simulation manually.  

B. Node Objects 

As mentioned above, the node objects hold a snapshot of 
run-time image of each node, such as state information of run 
queue, message queue, and network controller.  

The run queue stores task control blocks, each of which has 

    
   ,     

   ,     , mission, and the amount of time that the 

corresponding task executed, called etime in this paper. The 
mission is classified into four categories in the current 
implementation: send, receive, actuation, and other. This 
information decides the behavior of the task. More details of 
this information are described in the next subsection. The 

etime variable represents time units consumed by the task in 
the current period.  

The message queue stores network messages, which are yet 
to be sent to the network or yet to be consumed by a receive 
task. The queue traces its length    at time t and reports the 
maximum queue length at the end of simulation.  

The network controller decides the message transmission 
speed based on the bandwidth information. It maintains the 
remaining bytes of a message being sent. 

 

Fig. 2. Overall design of simulator 

C. Simulaton Kernel 

The simulation kernel comprises clock emulator, CPU 
emulator, and network emulator. The clock emulator simulates 
synchronized global clock (e.g., distributed clock of EtherCAT) 
and increases its counter for every simulation loop. 

The CPU emulator runs task(s) on each node for every time 
unit. The scheduler selects a task to run, and the task executer 
emulates the behavior of the selected task based on its mission 
information as mentioned in the previous subsection. If the 
mission is send, the task executer posts a send request to the 
network device at the end of execution time of the job. On the 
other hand, in the receive case, the task executer consumes a 
message from the message queue at the starting point of the job. 
When the mission is actuation, the task executer reports that an 
actuation has taken place at the completion time of the task. 

The task executer simply increases the etime value for tasks 
of other mission. Our current implementation only supports 
RM scheduling algorithm but our design is general enough to 
add other scheduling algorithms. 

The network emulator simulates operations of the network 
device (e.g., message transmission, DMA, and raising an 
interrupt). Event handling can be done in either polling or 
interrupt mode. If the network device is configured as a 
polling-based device, the event is handled when a receive task 
is released. Thus, in this case, the network emulator silently 
inserts a received message into the receive queue without any 
notification. When the network device is configured as an 
interrupt-based device, the network emulator sends an interrupt 
signal to the CPU emulator so that the interrupt handler is 
invoked as soon as a message arrives preempting a running 
task.  

To get results for a given phase case, the kernel runs 
simulation loops emulating operations described above on each 
node for every time unit.  

D. Optimizing Search Time 

If the simulator exhaustively repeats the steps described in 
the previous subsection for all possible combinations of phases, 
the search time for an optimal node phasing would be very 

File
Parser

Configure File

Log
Manager

Log File

T
X
T

Global
Clock

S
ch

e
d
u
le

r

T
a
sk

E
xe

cu
te

r

CPU Emulator

E
ve

n
t

H
a
n
d
le

r

Counter

Node n

Node 0

Task
Run

Queue

Message
Queue

Simulation Kernel

N
o
d
e
 O

b
je

cts

Task
Run

Queue

Message
Queue

Network Emulator

Network Device

Clock Emulator



significant. This search time increases linearly or even 
exponentially as number of nodes or possible phasing range 
becomes larger. These also affect the volume of disk I/O 
performed by the log manager, which is one of dominant 
overheads of the simulator. 

 

Fig. 3. Possible correlation states 

 

Fig. 4. End-to-end delay variation by changing phase 

In order to tackle this issue, we try to reduce the number of 
phases we investigate while we still gather information for all 
possible phases. It is important to understand the correlation 
between phase and end-to-end delay to find interesting phase 
points. We can easily notice that the phase of a slave node does 
not affect other slaves’ end-to-end delay by the system model 
described in Section II. This means that we do not need to 
consider all combinations of node phases for simulation but 
can concentrate on phases for each node independently. Due to 
this characteristic, we can reduce the number of simulation 
loops. 

During simulations, we also observed that in most cases the 
end-to-end delay increased as phase became larger. Moreover, 
we found that at some points the end-to-end delay started 
showing a constant value for a while or reduced suddenly to a 
very small value as phase became larger. By analyzing these 
results further, we noticed that a phase resulted in one of states 
shown in Fig. 3, and the trend of end-to-end delay was changed 
when a state is changed from one to another by a new phase. 
Thus, by simulating only for phase points that changes the state, 
we can significantly reduce the number of simulation loops.  

Fig. 4 shows an example of end-to-end delay variation as 
the discrepancy between phases of the master and a slave 
increases. Numbers in the figure present state transitions. As 
we can see in the figure, the end-to-end delay increases in most 
cases, while the slope of the line is changed (when the state 

changes from S1 to S4 and from S2 to S1) or the line is 
disconnected (when the state changes from S4 to S3). 

IV. SIMULATION EXAMPLE 

In this section, we run a case to show that the proposed 
simulation framework can efficiently suggest an optimal 
phasing across distributed nodes and provide distributions of 
the end-to-end delays and the actuation jitters for given task 
sets. 

A. Configuration 

Table I shows the task set we run on slave nodes. We refer 
the task set defined in Kim et al. [13] for a motor drive. Each 
slave node schedules these tasks using the RM algorithm. 
Table II shows the configuration parameters. We borrow 
network parameter values, such as queue size, bandwidth, and 
forwarding delay, from EtherCAT.   

TABLE I.  TASK SET OF SLAVE NODE 

Task Name 
Period 

(us) 
Execution 
Time (us) 

Description 

MotorAct 250 25~35 
Controls a motor, and is 
assigned the highest 
priority 

RtMsg 250 10~15 

Receives real-time 
messages from the 
network, and shares it 
with the MotorAct task 

NrtMsg 250 7~10 

Handles non-real-time 
messages, and is assigned 
a lower priority than the 
RtMsg task 

HealthMon 500 6~9 

Performs health 
monitoring, and is 
assigned the lowest 
priority 

TABLE II.  CONFIGURATION PARAMETERS  

Parameters Value 

Number of slave nodes 50 

Network queue size 3 

Network bandwidth 100Mbps 

Event handling mode Interrupt 

Event handling overhead 5us 

Simulation time unit 1us 

Network forwarding delay (  ) 1us 

Packet size 50byte 

DMA overhead for a 50byte packet 1us 

B. Optimal Phase Combination 

We ran simulator with tasks defined in Table I and got the 
node phase combinations to achieve the best end-to-end delay 
and actuation jitter as shown in Fig. 5 and Fig. 6, respectively. 
To see the impact of task sets on the optimal node phasing, we 
had three more cases in addition to the default task set case (i.e., 
case 1). In case 2, we assigned the highest priority to RtMsg 
and second to MotorAct. In case 3, we increased the execution 
time of RtMsg to 21~30us. In case 4, we increase the execution 
time of MotorAct to 49~70us. Tables III and IV show the end-
to-end delays and the actuation jitters for node phase 
combinations presented in Fig. 5 and Fig. 6, respectively. Since 
we consider maximum and minimum execution time of tasks, 

S1. A message arrives on idle time, and the event handler 
does not affect execution of any tasks. 

S2. A message arrives on idle time, but the event handler 
delays execution of a task. 

S3. A message arrives at a task’s release time, and the 
event handler preempts the task. 

S4. A message arrives while a task runs, and thus the event 
handler preempts the task. 



end-to-end delay and actuation jitter are also represented as 
pairs of maximum and minimum values. 

As shown in Fig. 5 and Fig. 6, we can observe that 
providing minimum end-to-end delay does not guarantee 
minimum actuation jitters. Since actuation jitter only considers 
the response time of the MotorAct task on all slave nodes, the 
minimum actuation jitter is achieved when the message from 
the master node is arrived before the actuation task is released 
while slaves have the (almost) same phase. However, this 
increases the end-to-end delay.  

C. Search Time 

As described in Subsection III.D, we tried to reduce the 
time to find an optimal node phasing by skipping uninteresting 
phase points. Fig. 7 shows simulation results only for 
interesting points, where the correlation state is changed, on 
35

th
 slave node. In this case study, two packets are received in 

  
 ; thus, each phase point reports two end-to-end delay values, 

though these are very close. Fig. 8 shows that we can obtain 
rest of values by connecting the points in Fig. 7. In this way, 
we can reduce the number of simulation loops significantly and 
save the search time.  

 

 

Fig. 5. Node phase combination for minimum worst-case end-to-end delay 

 

Fig. 6. Node phase combination for minimum worst-case actuation jitter 

 

TABLE III.  ACTUATION JITTERS WITH MINIMUM END-TO-END DELAY 

Case Packet Min (us) Max (us) 

1 
1st Packet 29 59 

2nd Packet 29 59 

2 
1st Packet 34 64 

2nd Packet 34 64 

3 
1st Packet 34 64 

2nd Packet 34 64 

4 
1st Packet 0 46 

2nd Packet 0 46 

TABLE IV.  ACTUATION JITTERS WITH MINIMUM ACTUATION JITTER 

Case Packet Min (us) Max (us) 

1 
1st Packet 5 15 

2nd Packet 5 15 

2 
1st Packet 0 15 

2nd Packet 0 15 

3 
1st Packet 0 10 

2nd Packet 0 10 

4 
1st Packet 5 26 

2nd Packet 5 26 

 

 

Fig. 7. End-to-end delay of interesting points on 35th slave node  

 

Fig. 8. End-to-end delay for 35th slave node 

V. RELATED WORK 

There have been several researches on simulators for 
industrial real-time network. Steinbach et. al. [14] have 
presented a simulation model for TTEthernet-based in-vehicle 
backbone network. They have also modified OMNet++ and the 



INET framework to implement a simulator. Garner et. al. [15] 
have provided an overview of IEEE 802.1AS and presented 
simulation of AVB. They have used 8 nodes to measure the 
time synchronization error between a master and slave nodes. 
Harbour et. al. [16] have suggested a model for switched real-
time Ethernet. Zeng et. al. [5] have presented a stochastic 
analysis framework for end-to-end latency in CAN-based 
distributed real-time systems. However, previous researches 
did not consider phasing on distributed nodes. 

There are also several simulation tools for hard real-time 
scheduling algorithms [17][18]. We can utilize such simulators 
for the scheduler of the CPU emulator described in Subsection 
III.C to support more scheduling algorithms. To make use of 
these, the tools have to provide open APIs and support network 
task models. 

It is important to reduce simulation time to find an optimal 
solution. For example, García-Valls et. al. [19][20] proposed to 
selectively check for dynamic systems in real-time 
reconfiguration. They have used the deadline of real-time 
requirement to reduce the time for find optimal solution. In this 
paper, we try to reduce the simulation time by skipping 
uninteresting/predictable phasing points. 

VI. CONCLUSIONS AND FUTURE WORK 

In this paper, we proposed a simulation framework that 
searched for an optimal phasing on distributed nodes with 
respect to the end-to-end delays and the actuation jitters, thanks 
to precise global synchronization of emerging real-time 
industrial networks, such as EtherCAT. The proposed 
framework considered behavior of several components 
composing the target system in a holistic manner to analyze the 
impact of node phasing on the metrics. One novelty of the 
proposed framework is that we try to reduce the time to find an 
optimal node phasing by investigating only interesting phase 
points where the correlation state is changed. We carried out a 
case study to show that the proposed simulation framework can 
efficiently suggest an optimal node phasing across distributed 
nodes in terms of end-to-end delays and the actuation jitters. 

As future work, we intend to consider task phasing within a 
node so that we can achieve the minimum end-to-end delay or 
minimum actuation jitter. We also plan to apply this simulation 
results to a real system. Especially, we plan to target a 
partitioned system by extending the simulator. To do this, the 
simulator has to allow several tasks can access (i.e., share) the 
network device on the master node. 
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