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Abstract. Aiming at the problems of difficulty in reliability modelling and evaluation for manual complex
mission systems, a Petri net based reliability analysis method for manual complex mission systems is
proposed. Firstly, analyze the scene of the manual complex mission systems, and sort out the relevant
elements of the mission; Secondly, the CPN model of manual complex mission operation process and GSPN
model of manual complex mission equipment resources are constructed; Finally, the quantitative analysis of
reliability of manual complex mission is carried out from three aspects: failure probability of operation steps,
failure probability of operation response and failure probability of equipment resources. The analysis results
show that the method has good engineering applicability, and provides a new idea for the simulation of the
manual complex mission process.
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1. Introduction

The manual rendezvous and docking system and other manual complex mission system are key systems
for the crew to complete system docking and other missions in emergency situations. In order to meet
different mission requirements, the structure and functions of equipment systems such as spacecraft are
becoming increasingly complex, and the coupling effects of crew, equipment, and various complex operating
environments are becoming increasingly evident. Therefore, how to conduct reliability modeling and
simulation analysis for a human in loop complex mission system composed of crew, equipment, and
complex usage environments has important research significance.

Markov method has certain advantages in solving state changes and computing of complex systems.
Alam M and Al-Saggaf U M established a quantitative reliability model for multistage task systems using
Markov processes, and solved the multistage task system by solving a series of single stage systems with
appropriate initial conditions [1]. Yong O and Dugan J B used Markov chains to solve dynamic fault trees
and evaluate the reliability of complex mission systems [2]. The Markov method is simple and feasible, and
the probability of each Markov state transition can be indirectly obtained from the relationship between the
failure probability and reliability of equipment components, making it more convenient for practical
application. However, this method has the problem of state space explosion and is not suitable for analyzing
and evaluating the mission success of complex systems. Petri nets can not only visually represent and
analyze the impact of various resources on the process of complex tasks, but also provide the required
guantitative analysis results for specific application scenarios. Chew et al. established a Petri net model for
the reliability analysis of Phased-Mission Systems, and implemented a direct conversion from stage fault
trees to Petri nets [3]. However, in current work, the impact of human factor related failures on mission
system reliability is often ignored, and the relationship between human factor failures and equipment failures
is not systematically treated, resulting in inaccurate reliability analysis results.

Aiming at the manual rendezvous and docking mission process, this paper building a coloured Petri
net(CPN) model for the manual rendezvous and docking operation process and a generalized stochastic Petri
nets(GSPN) model for the manual rendezvous and docking equipment resources, and conducting simulation
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analysis from three aspects: the failure probability of operation steps, the failure probability of operation
response, and the failure probability of equipment resources, to obtain the quantitative evaluation results of
the reliability of the manual rendezvous and docking task system.

2. Analysis of Manual Complex Mission Scene

2.1. Mission phases

The manual rendezvous and docking mission is a typical manual complex mission, which generally
includes four phases[4]: before docking, remote docking operations, docking and holding, and final approach.
In before docking phase, Astronauts observe and diagnose the current state, and connect the manual control
line. In remote docking operation phase, astronauts observe the wide field of view image on the LCD screen,
locate the docking target, manipulate the translation handle and posture handle based on the target image to
gradually eliminate position and posture deviations, and establish an initial docking speed. In docking and
holding phase, when the distance from the docking target is 30 meters, astronauts stop the operation, turn off
the engine on the translation handle, maintain the current position and posture, observe the surrounding
docking environment, switch to a narrow field of view, and prepare for the final docking. In final approach
phase, astronauts observe the target image to eliminate positional and attitude deviations, establish the final
approach speed, drive the spacecraft slowly towards the docking target, and stop the handle operation when
the green light on the docking ring is on.

2.2. Mission resources

Manual rendezvous and docking mission resources[5] include measuring devices, display equipments,
control equipments, execution equipments, and astronauts.The measurement devices are responsible for
monitoring the attitude and relative distance of the docking object and target object. Astronauts use the
display equipments to determine the docking status and perform operations. The control equipments convert
astronaut operation instructions into corresponding control signals, and ultimately the execution equipments
adjusts the attitude and speed of the docking object. The functional architecture relationship between these

resources is shown in Fig. 1.
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Fig. 1: The functional architecture relationship between manual rendezvous and docking mission resources

(1) Measuring devices

The measuring devices are the "eyes"” of the entire manual rendezvous and docking system, providing
important information input for subsequent display equipments work and astronaut operation judgment. The
human controlled special measurement equipment includes human-controlled inertial measuring units and a
TV camera; Some measuring components shared with automatic control systems include liquid floatation,
infrared earth sensors, and laser radar. Gyro and infrared earth sensors are used for attitude determination,
and lidar measurement information is used to display relative distance and velocity information for astronaut
instruments. Astronaut manual docking is mainly based on television cameras and target images to determine
the relative position and posture.

(2) Display equipments
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After receiving the information from the measuring devices, the display equipments display the attitude
and related information to the astronaut in the form of audio, video and images. Display instruments are
generally installed in the spacecraft where the astronauts are located, commonly shared by the instrument
display units in the spacecraft where the astronauts are located, or installed independently. Their main
function is to display the video images captured by the television camera on the instrument screen in real
time. In order to facilitate observation and confirmation by astronauts in engineering, grids and lines are
added during video display, and astronauts can send corresponding control commands, Superposition the
observation and control parameters you need on the display unit to timely and accurately grasp the changes
in navigation parameters.

(3) Control equipments

The control equipments receive the astronaut's control actions or instructions and converts them into
control signals. The control equipments mainly include GNC system human control circuit, attitude control
handle, position control handle, and instrument system control panel. The astronaut manual control process
mainly uses position handles, attitude handles, and control panels.

(4) Execution equipments

The execution equipments complete deceleration, rotation, and other actions based on the control signal
of the operating equipment. The execution equipments mainly include equipment such as attitude and orbit
control engines and docking mechanisms.

(5) Astronauts

Astronauts, as the core and interactive hub of the manual rendezvous and docking mission process, have
an indispensable importance in the entire mission system. The manual interactive docking task requires
astronauts to have high operational skills and reaction speed, accurately capture important reference
information from the display in a very short time, adjust personal attention and other mental resources, and
achieve consistent observation, judgment, and operation. Astronauts should have sufficient parameter
information about the relative motion of target spacecraft and tracking spacecraft.

3. Comprehensive Modelling Method for Manual Complex Mission Process
Based on Petri Nets

3.1. Modelling method for manipulation process based on CPN
The basic elements of the control process are the control status, control resources, and logical
relationships between operation steps. The following is the definition of the basic elements.

(1) Control status

The control status represents the completion status of each operation step, represented by the library.
When a state library contains a token, it indicates that all previous steps in the library have been completed,
and subsequent steps have not been completed. Set P. ={p.,, p.,.":*, P,,} as the set of control state libraries
and the number of state libraries. Due to the fact that the tokens in the state library only represent the status
of whether the task has been completed, there is only one color token, and each state library can only have at
most one token. The identification and capacity function of the state library can be represented by equation

).
M(p,)=m xc, m, =0 or 1
{ @)
K(p.) =c¢.
where c, is the color of the state library's tokens, and m, is the number of tokens in the state library.
(2) Manipulate resources

Manipulation resources refer to the resources required for the manipulation process, including personnel
resources and equipment resources. Human resources refer to human cognitive functional resources, which
can be divided into perceptual resources, cognitive resources, and executive resources. There are various
types of equipment resources, including measuring devices, display equipments, control equipments,
execution equipments.
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The resource status reflects the system's ability to complete operational steps. At the same time, the total
amount of available resources in the system is limited. If the required resources for executing operational
steps are higher than the available resources of the human-machine system, conflicts will arise and the
predetermined control tasks cannot be completed.

If P, ={p.} represents the collection of human cognitive function resources, its identification and
capacity function expression is:

o )

K(p,) =kg,c, +K,C, +---+Kk,C

M(ps):mslcsl+mszcsz +--+myC
sp sp

where ¢, (i=1,2,---, p) is the color of the token in the i-class cognitive function resource pool p,; m, is the
number of cognitive functional resources available in place s, in a certain state; kis the maximum value of
the i-class category of cognitive functional resources in the place.

Similarly, the identification and capacity function expressions of device resources are:
M (pm) = mmlcml + mmZCmZ toeet mqumq
K(p,) =KpCog + KyCppp + -+ Ko C

mg ~mq

3)

where ¢ (j=12,---,q) represents the color of the j-class device resource token; k, is the maximum value
of the j-class device resource in the place.

(3) Logical relationship of operation steps

The logical relationship between operation steps is represented as R T xT, and r; e R represents the
logical relationship between t; and t;. The logical relationships between operational steps mainly include
serial relationships, parallel relationships, and selection relationships. Due to the fact that personnel
resources and equipment resources do not have an impact on the logical relationship of operational steps,
when describing the logical relationship of operational steps based on CPN, each resource place is not
considered, and only the logical relationship between the manipulation state place and the transition is
described.

The serial relationship represents the sequential dependency relationship of the operation steps, and the
completion of the previous operation step is a necessary condition for the start of the next operation step. The
serial relationship of the operation steps based on CPN is shown in Fig. 2, that is, if t, esp. Nt; € .=, then
is the serial relationship.

t; Pc t.

1 J

Fig. 2: Serial relationship

The parallel relationship indicates that two or more operational steps can start simultaneously, and only
after all of these operational steps are completed can the next operational step proceed. The parallel
relationship of operation steps based on CPN is shown in Fig. 3, that is, VteT, if p; et;, p; et; and
{Ps, Pgrtee, or p, ey, pyet; and {p,, p;}<-t, , then r; is a parallel relationship.
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Fig. 3: Parallel relationship

The selection relationship indicates that in a certain state, one of multiple operation steps can be executed,
and the completion of any one operation step can achieve a change in a certain state. The selection
relationship usually occurs after astronaut judgment or decision completion. The selection relationship of
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operation steps based on CPN is shown in Fig. 4, that is, vte T, if {t,,t;}<-p, or {t;,t;} < p,-, then r; is
the selection relationship.

Fig. 4: Selection relationship

3.2. Modelling method for equipment resource reliability based on GSPN
Assume the reliability of equipment resources as follows:

(1) A mission is composed of p independent functional units, which are connected in series and do not
consider maintainability;

(2) Each functional unit has a redundant backup structure, and each functional unit contains multiple
basic units. At any given moment, each basic unit is in any of the three states of working, reserve, and failure.
The system state is the sum of the states of each basic unit;

(3) For the functional units of the cold backup structure, the backup unit will only work if the main unit
fails. When the main unit fails, the backup unit will immediately transition from the backup state to the
working state, and the failure rate of the backup unit during the backup period is considered to be 0. For the
functional units of the warm backup structure, the backup unit will only work if the main unit fails. When the
main unit fails, the backup unit will immediately transition from the backup state to the active state. The
backup unit has a low failure rate during the backup period and may fail during the backup period. For the
functional units of the hot backup structure, the main unit and backup unit only have two states of activation
and failure, which is equivalent to a parallel structure.

(4) The lifespan distribution of system resources follows an exponential distribution.
Based on the above assumptions, the steps for modeling equipment resource reliability are:

(a) Identify the system equipment functional units required for the task and determine the elements of the
GSPN model;

(b) Based on the backup mechanism of each functional unit, define the state of the basic work unit node
(including activation state, backup state, and failure state) and the dynamic transformation logic between
each state, thereby establishing a reliability model for each functional unit;

(c) Determine the logical relationship of device resource failure based on the logical relationship of
system functional unit nodes, and establish a system task reliability model.

4. Case Study

Taking the spacecraft manual rendezvous and docking mission system as an example, reliability
modeling and analysis are conducted.

4.1. Modelling the manipulation process of manual rendezvous and docking based on CPN
Based on the analysis of manual rendezvous and docking mission scenarios, a CPN-based control
process model is constructed as shown in Fig. 5, where Sc represents a resource place in a controlled state,
and each resource place has only one color token Cc, and when there is a token, it indicates that it is in that
state. The weight functions between the transition and control resource state databases are all expressed as .
The astronaut cognitive function database includes sensory resources cni, cognitive resources Cnz, and
executive resources cns. The equipment function resource library includes a display as cmi1, a translation
handle as cmy, a posture handle as cms, a wide and narrow field of view switch button as cms, @ human control
and automatic control line switch button as cms, a wide field of view TV camera as Cms, a narrow field of
view TV camera as Cm7, @ human control inertial measurement unit as cmg, @ manual control line as cmg, an
attitude control engine as cmio, and a track control engine as cmi1. The Sgj control state place is an
intermediate state place between the Sci control state repositories and the S¢i+1 control state repositories; from
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t; to ti1 are operational transitions, which can only be triggered when the Tokens in the resource place
associated with each operational transition meet the requirements of the on-arc weight function; from t:, to
t14 is a logical transition that has no practical significance, and is used for merging operation states after
parallel operations.

Fig. 5: A CPN-based manipulation process model for manual rendezvous and docking

4.2. Modelling the manual rendezvous and docking equipment resources based on GSPN

The resource analysis model of manual docking equipment based on GSPN[6] was established, as shown
in Fig. 6. Among them, the TV camera, human-controlled IMUs and engines are dual-redundancy hot
backup devices, the manual control line and controller are dual-redundancy warm backup devices, and the
LCD screen is dual-redundancy cold backup devices.
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. equitment failure

Onin®rin®
o

OO0 OO O
OO ® 06 é %
TV human-controlled LCD manual control

camera IMUs screen line controller engines

O-OeO-{H0

Fig. 6: Equipment resources model for manual docking mission based on GSPN

4.3. Failure probability analysis of operation steps

The human error of astronauts is divided into perceptual error, cognitive function error, and executive
function error. Assuming that the probabilities of the three failure modes (incomplete, inaccurate, and
untimely) corresponding to each human error are equal, the failure probability of each operation transition in
the CPN model during the manual rendezvous and docking operation process can be obtained as shown in
Table 1.
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Table 1: Failure probability of operation transition during manual docking

Subtask Transition Meaning Specific errors Error Mode Type CFP
_ [1 Observe and diagnose | |ncomplete information |  Incomplete knowledge 0.065
Preparation the current state diagnosis based cognition '
before docking
T1 t Connect the manual | \anyal control line not | Skilled execution is not 0.0011
2 control line connected comprehensive '
Specify the operation . .
t strategy after locking the Operatlongl strategy Rule 'based cognitive 0.013
3 docking target formulation error inaccuracy
Eliminate position . .
Remote o Incorrect operation force Inaccurate skilled
docking t, deVIatlonitr):;Sg on target and direction execution 0.0011
operation
i T2 Eliminating Attitude Incorrect operation force Inaccurate skilled
t Adjustment Based on peratl ; 0.0011
Target Images and direction execution
t Establish initial docking | Incorrect operation force Inaccurate skilled 0.0011
6 speed and direction execution '
. Shut down the engine | Failure to shut down the | Skilled execution is not
Doﬁgllgigngnd G and keep it in state engine in time timely 0.0011
Toggle narrow field of | Narrow field of view not| Skilled execution is not
T3 t8 . . : 0.0011
view switched comprehensive
Eliminate position ) .
t deviation based on target Incorrect operat_lon force Inaccurate_skllled 0.0011
9 image and direction execution
Final approach — -
operation t ag:gm:ﬁ gg;g:jdgn Incorrect operation force Inaccurate skilled 0.0011
T4 10 ! target image and direction execution '
t Establish final Incorrect operation force Inaccurate skilled 0.0011
11 approximation speed and direction execution '

The analysis of the logical relationship between operation tasks and steps is as follows: The manual
docking task is divided into four stages of subtasks, each of which consists of multiple operational steps. In
the pre docking preparation task T1, t; and t; are in a serial operational relationship, and only when t; is
completed can t, operations be performed; The t; and {t4, t5, and t} in the docking operation task T2 are in a
serial relationship. The operations in { t4, ts, and ts} can only be performed after the t3 operation is completed.
The ts4, ts5, and t operations can be performed simultaneously, which is a parallel operation relationship; In
the docking hold task T3, t; and ts are parallel operations, while in the final approximation operation T4, to,
t10, and t1; are parallel operations.

According to the analysis results of the logical relationship between the above operation tasks and
operation steps, the failure probability of the operation steps of the manual docking task is

4
A= 1_H (1-CFPy)
CFP, ~CFR, -CFR,

CFP,, = CFP, -max(CFP,,CFP,,CFP,)

CFP,, = max(CFR, CFR,)

CFP,, = max(CF

R, CFRy, CFRy,)

(4)
®)
(6)
(7
(8)

where CFPr; represents the operational failure probability of the ith subtask, and CFPy represents the
operational transition failure probability of the jth subtask.

The transition failure probability value in Table 3 is brought into the above calculation formula, and the
failure probability of the operation step is 0.002.
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4.4. Operation response time analysis based on monte carlo method

In different scenarios of manual rendezvous and docking missions, the individual endurance of
astronauts is different, and the time spent on each control action varies within a certain range. Using the
operation response time prediction model, the time distribution function for each operation step can be

obtained, as shown in Table 2.

Table 2: Time distribution of various transitions in manual rendezvous and docking tasks

Transition Time distribution Transition Time distribution
t N(5,0.5) t, N(100,0.5)
t, N(1,0.4) tg N(0.15,0.01)
t N(5,0.5) t N(62,0.04)
t, N(62,0.4) t, N(62.5,0.04)
t N(62,0.4) t, N(2,0.101)
ts N(2,0.4)

Assuming that astronauts need to complete the final 80m manual rendezvous and docking task within
T=310s, the starting time for automatic control equipment failure to turn into a human controlled docking
event is at t=0. Monte Carlo method[7] is used to simulate the human operation response time, and a
response failure probability with an initial available operation time of 310s is obtained as shown in Fig. 7. As
can be seen from the figure, as the number of simulations increases, the response failure probability
stabilizes in the range. When the available operation time is 310 seconds, the probability of response failure
is high.

Teff =310
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Fig. 7: Change process of response failure probability at initial time Teff=310s
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Fig. 8: Change process of response failure probability with initial available time

Assuming that the number of simulation cycles is 1000 and the available operating time Teff value at the
initial time is 280~350 seconds, using Monte Carlo method for simulation, we can obtain the change process
of the response failure probability with the available operating time Teff at the initial time, as shown in Fig. 8.
As can be seen from the figure, when the available operation time is greater than 300 seconds, the response
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failure probability continuously decreases as the available operation time increases, and the response failure
probability approaches zero at 323 seconds.

4.5. Failure probability analysis of equipment resources
The failure rates of each equipment in the GSPN model for manually controlled rendezvous and docking
equipment resources are shown in Table 3.

Table 3: Equipment resource failure rate

Egﬁggﬁ; ! Constituent unit Failure rate 1/107°
Measuring Wide figld TV camera 1.76
devices Narrow field TV camera 1.76
Human-controlled IMU 1.56
D!splay LCD display 1.82
equipments
Control Man}JaI control line . 1.96/0.7
equipments Translation handle and line 1.8/0.48
Attitude handle and line 1.8/0.48
Execution Attitude control engine 2.73
equipments Rail controlled engine 2.73

Set the simulation time to 50000 hours, and the failure probability of the equipment resources can be
obtained as shown in Fig. 9.
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Fig. 9: Equipment resource failure probability Diagram

It can be seen from the above figure that the failure probability of system equipment resources increases
with task time. When the task time is 50000 hours, the failure probability of system equipment resources is
0.1117.

4.6. Reliability calculation of manual rendezvous and docking mission

The reliability of manual rendezvous and docking mission mainly consists of three parts: operational step
reliability, operational response reliability, and equipment resource reliability. The reliability calculation
formula is shown in Equation (9).

R=(1-F)(1-F)(1-F,) ©)

where Fr is the failure probability of the operation step; F: is the probability of operation response time
failure; Fw is the probability of device resource failure.

According to the failure probability analysis of operational steps, the failure probability of astronauts'
operational steps is:
4
F, =] ] @-CFP,)=0.002 (10)
Assuming an initial available oper&ting time of 320 seconds, the Monte Carlo simulation results show

that the operational response failure probability of astronauts under the 320 seconds available operating time
constraint is F; =0.002.
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Assuming that the manual docking task requires equipment resources to be available within T=10000
hours, the equipment resource failure probability within 10000 hours can be seen from the equipment
resource failure rate chart, Fy =0.023.

Substituting Fr, Fi, and Fwm into equation (9), it can be obtained that the reliability of manual rendezvous
and docking mission considering human factor related failures and equipment effectiveness is 0.973, and the
calculated result meets the general engineering requirements.

5. Conclusion

This paper proposes a reliability analysis method for manual rendezvous and docking mission based on
Petri nets. Based on the analysis of the mission phases, mission resources, and astronaut operation steps of
the manual rendezvous and docking mission, a CPN model for the manual rendezvous and docking operation
process and a GSPN model for the manual rendezvous and docking equipment resources are constructed.
Quantitative analysis was conducted on the failure probability of operational steps affected by three potential
human errors by astronauts; Based on Monte Carlo method, the failure probability of operation response is
simulated and analyzed; The failure probability of equipment resources is evaluated based on the GSPN
model of manual rendezvous and docking equipment resources. Based on the analysis results of the above
three dimensions, the reliability of manual rendezvous and docking tasks considering human factor related
failures and equipment effectiveness is calculated.

The mannual rendezvous and docking mission is a complex mission system with multiple factors that are
cross coupled. In practical situations, the coupling effect between multiple failure factors on mission
reliability cannot be ignored. Therefore, future research work will focus on the reliability analysis method of
manual rendezvous and docking missions under the influence of human-machine- environment coupling.
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