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Abstract

This is a support material of manuscript “Failsafe Mechanism Design of Multicopters Based on
Supervisory Control Theory”. In this material, it contains three contents: 1) control specifications
for the ‘in air’ component of Plant; 2) input of the plant and control specifications to TCT software;

3) supervisor synthesis by decentralized supervisory control and supervisor reduction.

A. Control specifications for the ‘in air’ component of Plant

For the ‘in air’ component of Plant, safety requirements SR2-SR13 restrict what actions
the user wants the multicopter to perform under specific situations when it is in air. Thus,
we design 24 specifications to cover all possible strings in the ‘in air’ component of Plant.
The traversal relation between the designed specifications and the structure of the ‘in air’
component of Plant is shown in Figure 1.

1) Specification 2: This control specification is obtained by partially transforming “safety
requirements SR2-SR6” to an automaton model. As shown in Figure 2, Specification 2

contains 13 states (So-S12), 33 events and 129 transitions. Here, the states Sy,S; are marker
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Fig. 1. Traversal relation between 24 control specifications and the structure of the ‘in air’ component of Plant
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states. The state S; represents LOITER MODE, and the state S integrates other multicopter

modes.
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Fig. 2. Automaton model of Specification 2. Specification 2 is triggered under the three successive conditions: i) the
multicopter is in LOITER MODE (MCE4 occurs); ii) the remote pilot executes an arm action (MIE3 occurs); and iii) the
flight mode switch is on the position of “normal flight” (MIE6 occurs). In this case, if the GPS or compass is unhealthy
(ATE4 or ATES occurs), the multicopter enters ALTITUDE-HOLD MODE (MCES occurs); if the barometer is unhealthy
(ATEG6 occurs), the multicopter enters STABILIZE MODE (MCE6 occurs); if the INS or propulsors are unhealthy (ATE2
or ATEI0 occurs), the multicopter enters AL MODE (MCES occurs); if the connection to the RC transmitter is abnormal
(ATE12 occurs), and the multicopter’s distance from the base is less than a given threshold (ATEIS8 occurs), then the
multicopter enters AL MODE (MCES8 occurs); if the connection to the RC transmitter is abnormal (ATE/2 occurs), and
the multicopter’s distance from the base is not less than a given threshold (ATEI9 occurs), then the multicopter enters RTL
MODE (MCE?7 occurs); if the battery’s capacity is inadequate but the multicopter is able to perform RTL (ATEI4 occurs),
the multicopter enters RTL MODE (MCE7 occurs); if the battery’s capacity is inadequate and the multicopter is unable to
perform RTL (ATE1S occurs), the multicopter enters AL MODE (MCES occurs); if the multicopter’s throttle is less than a
given threshold over a time horizon (ATE20 occurs), the multicopter enters STANDBY MODE (MCE2 occurs); otherwise,
the multicopter stays in LOITER MODE (MCE4 occurs).

2) Specification 3: This control specification is obtained by partially transforming “safety

requirements SR7 and SR8’ to an automaton model. As shown in Figure 3, Specification
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3 contains 6 states (Sp-S;), 31 events and 91 transitions. Here, the states S(,S; are marker
states. The state S; represents LOITER MODE, and the state S integrates other multicopter

modes.
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Fig. 3. Automaton model of Specification 3. Specification 3 is triggered under the two successive conditions: i) the
multicopter is in LOITER MODE (MCE4 occurs); and ii) the remote pilot executes an arm action (MIE3 occurs). In this
case, when the remote pilot uses the flight mode switch to manually switch the multicopter to RTL MODE (MIE7 occurs), if
the INS, GPS, barometer, compass, propulsors are all healthy (ATE1, ATE3, ATES, ATE7 and ATE9 occur ), the connection
to the RC transmitter is normal (ATEI] occurs), the battery’s capacity is able to support the multicopter to return to the
base (ATE13 or ATEI4 occurs), and the multicopter’s distance from the base is not less than a given threshold (ATE19
occurs), then the multicopter enters RTL MODE (MCE7 occurs); otherwise, the multicopter stays in LOITER MODE
(MCE4 occurs). Furthermore, when the remote pilot uses the flight mode switch to manually switch the multicopter to AL

MODE (MIES occurs), the multicopter enters AL MODE (MCES occurs).

3) Specification 4: This control specification is obtained by partially transforming “safety
requirement SR2” to an automaton model. As shown in Figure 4, Specification 4 contains
9 states (Syp-Sg), 24 events and 54 transitions. Here, the states S(,S; are marker states. The
state S; represents LOITER MODE, and the state S, integrates other multicopter modes.

4) Specification 5: This control specification is obtained by partially transforming “safety
requirements SR7 and SR8’ to an automaton model. As shown in Figure 5, Specification
5 contains 6 states (Sp-S;), 31 events and 91 transitions. Here, the states S(,S; are marker

states. The state S; represents LOITER MODE, and the state Sy integrates other multicopter
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Fig. 4. Automaton model of Specification 4. Specification 4 is triggered under the three successive conditions: i) the
multicopter is in LOITER MODE (MCE4 occurs); ii) the remote pilot executes a disarm action (MIE4 occurs); and iii) the
flight mode switch is on the position of “normal flight” (MIE6 occurs). In this case, if the INS and propulsors are both
healthy (ATEI and ATE9 occur), the connection to RC transmitter is normal (ATE/ 1 occurs), and the multicopter’s altitude
is lower than a given threshold (ATEI6 occurs) or the multicopter’s throttle is less than a given threshold over a time
horizon (ATE20 occurs), then the multicopter is disarmed, and enters STANDBY MODE (MCE2 occurs). Otherwise, if the
multicopter’s altitude is not lower than a given threshold (ATE!7 occurs), and the multicopter’s throttle is not less than a
given threshold over a time horizon (ATE21 occurs), then the multicopter still stays in LOITER MODE (MCE4 occurs);
if one of the related component is unhealthy (ATE2, ATEI0 or ATEI2 occurs), the multicopter enters AL MODE (MCES

occurs).

modes.

5) Specification 6: This control specification is obtained by partially transforming “safety
requirements SR2-SR6” to an automaton model. As shown in Figure 6, Specification 6
contains 13 states (Sg-S12), 33 events and 129 transitions. Here, the states Sy,S; are marker
states. The state S; represents LOITER MODE, and the state Sy integrates other multicopter
modes.

6) Specification 7: This control specification is obtained by partially transforming “safety
requirements SR7 and SR8’ to an automaton model. As shown in Figure 7, Specification
7 contains 6 states (Sy-S5), 31 events and 91 transitions. Here, the states S;,S; are marker
states. The state S; represents LOITER MODE, and the state Sy integrates other multicopter

modes.
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Fig. 5. Automaton model of Specification 5. Specification 5 is triggered under the two successive conditions: i) the
multicopter is in LOITER MODE (MCE4 occurs); and ii) the remote pilot executes a disarm action (MIE4 occurs). In
this case, when the remote pilot uses the flight mode switch to manually switch the multicopter to RTL MODE (MIE7
occurs), if the INS, GPS, barometer, compass, propulsors are all healthy (ATE1, ATE3, ATES, ATE7 and ATE9 occur ),
the connection to the RC transmitter is normal (ATE/I occurs), the battery’s capacity is able to support the multicopter to
return to the base (ATE13 or ATE14 occurs), and the multicopter’s distance from the base is not less than a given threshold
(ATE19 occurs), then the multicopter enters RTL MODE (MCE7 occurs); otherwise, the multicopter stays in LOITER
MODE (MCE4 occurs). Furthermore, when the remote pilot uses the flight mode switch to manually switch the multicopter

to AL MODE (MIES8 occurs), the multicopter enters AL MODE (MCES occurs).

7) Specification 8: This control specification is obtained by partially transforming “safety
requirements SR2-SR6” to an automaton model. As shown in Figure 8, Specification 8
contains 11 states (Sg-S1p), 33 events and 121 transitions. Here, the states Sy,S; are marker
states. The state S; represents ALTITUDE-HOLD MODE, and the state S, integrates other
multicopter modes.

8) Specification 9: This control specification is obtained by partially transforming “safety
requirements SR7 and SR8’ to an automaton model. As shown in Figure 9, Specification
9 contains 5 states (Sp-S4), 14 events and 22 transitions. Here, the states S;,S; are marker
states. The state S; represents ALTITUDE-HOLD MODE, and the state S, integrates other

multicopter modes.
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Fig. 6. Automaton model of Specification 6. Specification 6 is triggered under the three successive conditions: i) the
multicopter is in LOITER MODE (MCE4 occurs); ii) the remote pilot normally manipulates the sticks of the RC transmitter
(MIES5 occurs); and iii) the flight mode switch is on the position of “normal flight” (MIE6 occurs). In this case, if the GPS
or compass is unhealthy (ATE4 or ATES occurs), the multicopter enters ALTITUDE-HOLD MODE (MCES5 occurs); if the
barometer is unhealthy (ATE6 occurs), the multicopter enters STABILIZE MODE (MCE6 occurs); if the INS or propulsors
are unhealthy (ATE2 or ATEIO occurs), the multicopter enters AL MODE (MCES occurs); if the connection to the RC
transmitter is abnormal (ATEI2 occurs), and the multicopter’s distance from the base is less than a given threshold (ATEIS
occurs), then the multicopter enters AL MODE (MCES occurs); if the connection to the RC transmitter is abnormal (ATE12
occurs), and the multicopter’s distance from the base is not less than a given threshold (ATE[9 occurs), then the multicopter
enters RTL MODE (MCE?7 occurs); if the battery’s capacity is inadequate but the multicopter is able to perform RTL (ATE14
occurs), the multicopter enters RTL MODE (MCE?7 occurs); if the battery’s capacity is inadequate and the multicopter is
unable to perform RTL (ATEI5 occurs), the multicopter enters AL MODE (MCES occurs); if the multicopter’s throttle is
less than a given threshold over a time horizon (ATE20 occurs), the multicopter enters STANDBY MODE (MCE?2 occurs);
otherwise, the multicopter stays in LOITER MODE (MCE4 occurs).

9) Specification 10: This control specification is obtained by partially transforming “safety
requirement SR2” to an automaton model. As shown in Figure 10, Specification 10 contains
9 states (Sy-Sg), 24 events and 54 transitions. Here, the states S(,S; are marker states. The

state S; represents ALTITUDE-HOLD MODE, and the state S integrates other multicopter
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Fig. 7. Automaton model of Specification 7. Specification 7 is triggered under the two successive conditions: i) the
multicopter is in LOITER MODE (MCE4 occurs); and ii) the remote pilot normally manipulates the sticks of the RC
transmitter (MIES occurs). In this case, when the remote pilot uses the flight mode switch to manually switch the multicopter
to RTL MODE (MIE7 occurs), if the INS, GPS, barometer, compass, propulsors are all healthy (ATE1, ATE3, ATES, ATE7
and ATE9 occur ), the connection to the RC transmitter is normal (ATEI1 occurs), the battery’s capacity is able to support
the multicopter to return to the base (ATEI3 or ATE14 occurs), and the multicopter’s distance from the base is not less than
a given threshold (ATE19 occurs), then the multicopter enters RTL MODE (MCE7 occurs); otherwise, the multicopter stays
in LOITER MODE (MCE4 occurs). Furthermore, when the remote pilot uses the flight mode switch to manually switch
the multicopter to AL MODE (MIES occurs), the multicopter enters AL MODE (MCES occurs).

modes.

10) Specification 11: This control specification is obtained by partially transforming “safe-
ty requirements SR7 and SRS’ to an automaton model. As shown in Figure 11, Specification
11 contains 5 states (Sp-S4), 14 events and 22 transitions. Here, the states S(,S; are marker
states. The state S; represents ALTITUDE-HOLD MODE, and the state S, integrates other
multicopter modes.

11) Specification 12: This control specification is obtained by partially transforming “safe-
ty requirements SR2-SR6” to an automaton model. As shown in Figure 12, Specification 12
contains 11 states (So-S19), 33 events and 121 transitions. Here, the states Sy,S; are marker
states. The state S; represents ALTITUDE-HOLD MODE, and the state S, integrates other

multicopter modes.
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Fig. 8.  Automaton model of Specification 8. Specification 8 is triggered under the three successive conditions: i) the
multicopter is in ALTITUDE-HOLD MODE (MCES5 occurs); ii) the remote pilot executes an arm action (MIE3 occurs);
and iii) the flight mode switch is on the position of “normal flight” (MIE6 occurs). In this case, if the GPS and compass are
both healthy (ATE3 and ATE7 occur), the multicopter enters LOITER MODE (MCE4 occurs); if the barometer is unhealthy
(ATEG6 occurs), the multicopter enters STABILIZE MODE (MCE6 occurs); if the INS or propulsors are unhealthy (ATE2
or ATEI0 occurs), the multicopter enters AL MODE (MCES8 occurs); if the connection to the RC transmitter is abnormal
(ATE12 occurs), the multicopter enters AL MODE (MCES occurs); if the battery’s capacity is inadequate (ATE14 or ATEIS
occurs), the multicopter enters AL MODE (MCES8 occurs); if the multicopter’s throttle is less than a given threshold over
a time horizon (ATE20 occurs), the multicopter enters STANDBY MODE (MCE2 occurs); otherwise, the multicopter stays
in ALTITUDE-HOLD MODE (MCES5 occurs).

12) Specification 13: This control specification is obtained by partially transforming “safe-
ty requirements SR7 and SR8’ to an automaton model. As shown in Figure 13, Specification
13 contains 5 states (S¢-S4), 14 events and 22 transitions. Here, the states Sy,S; are marker
states. The state S; represents ALTITUDE-HOLD MODE, and the state S, integrates other

multicopter modes.
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Fig. 9. Automaton model of Specification 9. Specification 9 is triggered under the two successive conditions: i) the
multicopter is in ALTITUDE-HOLD MODE (MCES5 occurs); and ii) the remote pilot executes an arm action (MIE3 occurs).
In this case, when the remote pilot uses the flight mode switch to manually switch the multicopter to RTL MODE (MIE7
occurs), the multicopter still stays in ALTITUDE-HOLD MODE (MCES occurs); when the remote pilot uses the flight
mode switch to manually switch the multicopter to AL MODE (MIES occurs), the multicopter enters AL MODE (MCES

occurs).

13) Specification 14: This control specification is obtained by partially transforming “safe-
ty requirements SR2-SR6” to an automaton model. As shown in Figure 14, Specification
14 contains 12 states (S¢-S11), 33 events and 123 transitions. Here, the states S(,S; are
marker states. The state S; represents STABILIZE MODE, and the state S, integrates other
multicopter modes.

14) Specification 15: This control specification is obtained by partially partially trans-
forming “safety requirements SR7 and SR8’ to an automaton model. As shown in Figure 15,
Specification 15 contains 5 states (So-Sy), 14 events and 22 transitions. Here, the states Sg,S;
are marker states. The state S; represents STABILIZE MODE, and the state S, integrates
other multicopter modes.

15) Specification 16: This control specification is obtained by partially transforming “safe-
ty requirement SR2” to an automaton model. As shown in Figure 16, Specification 16 contains
9 states (Syp-Sg), 24 events and 54 transitions. Here, the states S(,S; are marker states. The
state S; represents STABILIZE MODE, and the state S, integrates other multicopter modes.

16) Specification 17: This control specification is obtained by partially transforming “safe-
ty requirements SR7 and SRS” to an automaton model. As shown in Figure 17, Specification
17 contains 5 states (Sp-S4), 14 events and 22 transitions. Here, the states Sy,S; are marker

states. The state S; represents STABILIZE MODE, and the state Sy integrates other multi-
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11

MIE3
MIE4
MIE6
MIE7
MIES
MIES
ATE1
ATE2
ATE9
ATE10
ATE11
ATE12
ATE16
ATE17
ATE20
ATE21
MCE1
MCE2
MCES8
MCE3
MCE4
MCE6
MCE7

Fig. 10. Automaton model of Specification 10. Specification 10 is triggered under the three successive conditions: i) the
multicopter is in ALTITUDE-HOLD MODE (MCES5 occurs); ii) the remote pilot executes a disarm action (MIE4 occurs);
and iii) the flight mode switch is on the position of “normal flight” (MIE6 occurs). In this case, if the INS and propulsors
are both healthy (ATEI and ATE9 occur), the connection to RC transmitter is normal (ATE/ occurs), and the multicopter’s
altitude is lower than a given threshold (ATEI6 occurs) or the multicopter’s throttle is less than a given threshold over a
time horizon (ATE20 occurs), then the multicopter is disarmed, and enters STANDBY MODE (MCE2 occurs). Otherwise, if
the multicopter’s altitude is not lower than a given threshold (ATE!7 occurs), and the multicopter’s throttle is not less than
a given threshold over a time horizon (ATE2] occurs), then the multicopter still stays in ALTITUDE-HOLD MODE(MCE5
occurs); if one of the related equipment is unhealthy (ATE2, ATEIO or ATEI2 occurs), the multicopter enters AL MODE
(MCES occurs).

copter modes.

17) Specification 18: This control specification is obtained by partially transforming “safe-
ty requirements SR2-SR6” to an automaton model. As shown in Figure 18, Specification
18 contains 12 states (Sg-Si11), 33 events and 123 transitions. Here, the states S;,S; are
marker states. The state S; represents STABILIZE MODE, and the state S, integrates other
multicopter modes.

18) Specification 19: This control specification is obtained by partially transforming “safe-
ty requirements SR7 and SR8’ to an automaton model. As shown in Figure 19, Specification
19 contains 5 states (S¢-S4), 14 events and 22 transitions. Here, the states Sy,S; are marker
states. The state S; represents STABILIZE MODE, and the state S, integrates other multi-
copter modes.

19) Specification 20: This control specification is obtained by partially transforming “safe-

ty requirement SR9” to an automaton model. As shown in Figure 20, Specification 20 contains
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Fig. 11. Automaton model of Specification 11. Specification 11 is triggered under the two successive conditions: i) the
multicopter is in ALTITUDE-HOLD MODE (MCES5 occurs); and ii) the remote pilot executes a disarm action (MIE4
occurs). In this case, when the remote pilot uses the flight mode switch to manually switch the multicopter to RTL MODE
(MIE7 occurs), the multicopter still stays in ALTITUDE-HOLD MODE (MCES occurs); when the remote pilot uses the
flight mode switch to manually switch the multicopter to AL MODE (MIES occurs), the multicopter enters AL MODE
(MCES occurs).

4 states (Sp-S3), 20 events, 41 transitions. Here, the states Sy,S; are marker states. The state
S; represents RTL MODE, and the state S, integrates other multicopter modes.

20) Specification 21: This control specification is obtained by transforming “safety re-
quirement SR/0” to an automaton model. As shown in Figure 21, Specification 21 contains
4 states (Sp-S3), 26 events and 59 transitions. Here, the states Sy,S; are marker states. The
state S; represents RTL MODE, and the state S, integrates other multicopter modes.

21) Specification 22: This control specification is obtained by partially transforming “safe-
ty requirement SR9” to an automaton model. As shown in Figure 22, Specification 22 contains
3 states (Sg-So), 11 events, 15 transitions. Here, the states Sg,S; are marker states. The state
S; represents RTL MODE, and the state S, integrates other multicopter modes.

22) Specification 23: This control specification is obtained by transforming “safety re-
quirement SR/7” to an automaton model. As shown in Figure 23, Specification 23 contains
4 states (Sp-S3), 28 events and 65 transitions. Here, the states S,S; are marker states. The
state S; represents AL MODE, and the state S, integrates other multicopter modes.

23) Specification 24: This control specification is obtained by transforming “safety re-
quirement SR/2” to an automaton model. As shown in Figure 24, Specification 24 contains
4 states (Sp-S3), 28 events and 65 transitions. Here, the states Sy,S; are marker states. The

state S; represents AL MODE, and the state S, integrates other multicopter modes.
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Fig. 12.  Automaton model of Specification 12. Specification 12 is triggered under the three successive conditions: i) the
multicopter is in ALTITUDE-HOLD MODE (MCE5 occurs); ii) the remote pilot normally manipulates the sticks of the RC
transmitter (MIES5 occurs); and iii) the flight mode switch is on the position of “normal flight” (MIE6 occurs). In this case,
if the GPS and compass are both healthy (ATE3 and ATE7 occur), the multicopter enters LOITER MODE (MCE4 occurs);
if the barometer is unhealthy (ATE6 occurs), the multicopter enters STABILIZE MODE (MCEG6 occurs); if the INS or
propulsors are unhealthy (ATE2 or ATE10 occurs), the multicopter enters AL MODE (MCES occurs); if the connection to
the RC transmitter is abnormal (ATEI2 occurs), the multicopter enters AL MODE (MCES occurs); if the battery’s capacity
is inadequate (ATEI4 or ATEIS5 occurs), the multicopter enters AL MODE (MCES occurs); if the multicopter’s throttle is
less than a given threshold over a time horizon (ATE20 occurs), the multicopter enters STANDBY MODE (MCE2 occurs);
otherwise, the multicopter stays in ALTITUDE-HOLD MODE (MCES5 occurs).

24) Specification 25: This control specification is obtained by transforming ‘“safety re-
quirement SR/3” to an automaton model. As shown in Figure 25, Specification 25 contains
8 states (So-S7), 21 events and 52 transitions. Here, the states S,,S; are marker states. The

state S; represents AL MODE, and the state Sy integrates other multicopter modes.
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Fig. 13. Automaton model of Specification 13. Specification 13 is triggered under the two successive conditions: i) the
multicopter is in ALTITUDE-HOLD MODE (MCES5 occurs); and ii) the remote pilot normally manipulates the sticks of
the RC transmitter (MIE5 occurs). In this case, when the remote pilot uses the flight mode switch to manually switch
the multicopter to RTL MODE (MIE7 occurs), the multicopter still stays in ALTITUDE-HOLD MODE (MCES5 occurs);
when the remote pilot uses the flight mode switch to manually switch the multicopter to AL MODE (MIES occurs), the
multicopter enters AL MODE (MCES occurs).

B. Input of the plant and control specifications to TCT software

An instruction “create” is used to input the plant and control specifications into 7CT
software. TCT software uses odd numbers to denote the controllable events and even numbers
for the uncontrollable events. Thus, all the multicopter events are labeled as shown in Table

2 and Table 3.
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Fig. 14. Automaton model of Specification 14. Specification 14 is triggered under the three successive conditions: i) the
multicopter is in STABILIZE MODE (MCE6 occurs); ii) the remote pilot executes an arm action (MIE3 occurs); and iii) the
flight mode switch is on the position of “normal flight” (MIE6 occurs). In this case, if the GPS, barometer and compass are all
healthy (ATE3, ATE5 and ATE7 occur), the multicopter enters LOITER MODE (MCE4 occurs); if the barometer is healthy
(ATES occurs), but the GPS or compass is unhealthy (ATE4 or ATES occurs), then the multicopter enters ALTITUDE-HOLD
MODE (MCEYS occurs); if the INS or propulsors are unhealthy (ATE2 or ATE10 occurs), the multicopter enters AL MODE
(MCES occurs); if the connection to the RC transmitter is abnormal (ATEI2 occurs), the multicopter enters AL MODE
(MCES occurs); if the battery’s capacity is inadequate (ATE14 or ATE15 occurs), the multicopter enters AL MODE (MCES8
occurs); if the multicopter’s throttle is less than a given threshold over a time horizon (ATE20 occurs), the multicopter

enters STANDBY MODE (MCE?2 occurs); otherwise, the multicopter stays in STABILIZE MODE (MCE6 occurs).
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Fig. 15. Automaton model of Specification 15. Specification 15 is triggered under the two successive conditions: i) the
multicopter is in STABILIZE MODE (MCE6 occurs); and ii) the remote pilot executes an arm action (MIE3 occurs). In this
case, when the remote pilot uses the flight mode switch to manually switch the multicopter to RTL MODE (MIE7 occurs),
the multicopter still stays in STABILIZE MODE (MCE6 occurs); when the remote pilot uses the flight mode switch to
manually switch the multicopter to AL MODE (MIES occurs), the multicopter enters AL MODE (MCES$ occurs).
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Fig. 16. Automaton model of Specification 16. Specification 16 is triggered under the three successive conditions: i) the
multicopter is in STABILIZE MODE (MCE6 occurs); ii) the remote pilot executes a disarm action (MIE4 occurs); and
iii) the flight mode switch is on the position of “normal flight” (MIE6 occurs). In this case, if the INS and propulsors are
both healthy (ATEI and ATE9 occur), the connection to RC transmitter is normal (ATE/] occurs), and the multicopter’s
altitude is lower than a given threshold (ATEI6 occurs) or the multicopter’s throttle is less than a given threshold over a
time horizon (ATE20 occurs), then the multicopter is disarmed, and enters STANDBY MODE (MCE2 occurs). Otherwise,
if the multicopter’s altitude is not lower than a given threshold (ATE/7 occurs), and the multicopter’s throttle is not less
than a given threshold over a time horizon (ATE2I occurs), then the multicopter still stays in STABILIZE MODE (MCE6
occurs); if one of the related equipment is unhealthy (ATE2, ATE10 or ATEI2 occurs), the multicopter enters AL MODE
(MCES occurs).
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Fig. 17. Automaton model of Specification 17. Specification 17 is triggered under the two successive conditions: i) the
multicopter is in STABILIZE MODE (MCEG6 occurs); and ii) the remote pilot executes a disarm action (MIE4 occurs). In
this case, when the remote pilot uses the flight mode switch to manually switch the multicopter to RTL MODE (MIE7
occurs), the multicopter still stays in STABILIZE MODE (MCEG6 occurs); when the remote pilot uses the flight mode switch
to manually switch the multicopter to AL MODE (MIES$ occurs), the multicopter enters AL MODE (MCES occurs).
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Fig. 18. Automaton model of Specification 18. Specification 18 is triggered under the three successive conditions: i)
the multicopter is in STABILIZE MODE (MCE6 occurs); ii) the remote pilot normally manipulates the sticks of the RC
transmitter (MIES5 occurs); and iii) the flight mode switch is on the position of “normal flight” (MIE6 occurs). In this case,
if the GPS, barometer and compass are all healthy (ATE3, ATES and ATE7 occur), the multicopter enters LOITER MODE
(MCE4 occurs); if the barometer is healthy (ATES5 occurs), but the GPS or compass is unhealthy (ATE4 or ATES occurs),
then the multicopter enters ALTITUDE-HOLD MODE (MCES5 occurs); if the INS or propulsors are unhealthy (ATE2 or
ATEI0 occurs), the multicopter enters AL MODE (MCES occurs); if the connection to the RC transmitter is abnormal
(ATEI2 occurs), the multicopter enters AL MODE (MCES occurs); if the battery’s capacity is inadequate (ATE14 or ATE1S
occurs), the multicopter enters AL MODE (MCES occurs); if the multicopter’s throttle is less than a given threshold over
a time horizon (ATE20 occurs), the multicopter enters STANDBY MODE (MCE2 occurs); otherwise, the multicopter stays
in STABILIZE MODE (MCE6 occurs).
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Fig. 19. Automaton model of Specification 19. Specification 19 is triggered under the two successive conditions: i) the
multicopter is in STABILIZE MODE (MCE6 occurs); and ii) the remote pilot normally manipulates the sticks of the RC
transmitter (MIES occurs). In this case, when the remote pilot uses the flight mode switch to manually switch the multicopter
to RTL MODE (MIE7 occurs), the multicopter still stays in STABILIZE MODE (MCE6 occurs); when the remote pilot
uses the flight mode switch to manually switch the multicopter to AL MODE (MIES8 occurs), the multicopter enters AL
MODE (MCES occurs).
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Fig. 20. Automaton model of Specification 20. Specification 20 is triggered when the multicopter is in RTL MODE (MCE7
occurs). In this case, when the remote pilot uses the flight mode switch to manually switch the multicopter to “normal
flight”, or the flight mode switch is on the position of “normal flight” (MIE6 occurs), if the INS and propulsors are both
healthy (ATE! and ATE9 occur), the connection to RC transmitter is normal (ATE1l occurs), and the battery’s capacity
is adequate (ATEI3 occurs), then the multicopter enters LOITER MODE (MCE4 occurs). Otherwise, if the multicopter’s
distance from the base is less than a given threshold (ATEI8 occurs), the multicopter enters AL MODE (MCES occurs);
if the multicopter’s distance from the base is not less than a given threshold (ATE19 occurs), then the multicopter stays in

RTL MODE (MCE7 occurs).
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Fig. 21. Automaton model of Specification 21. Specification 21 is triggered under the two successive conditions: i) the
multicopter is in RTL MODE (MCE?7 occurs); and ii) the flight mode switch is on the position of “RTL MODE” (MIE7
occurs). In this case, if the INS, GPS, barometer, compass or propulsors are unhealthy (ATE2, ATE4, ATE6, ATES or ATE10
occurs), the multicopter enters AL MODE (MCES8 occurs); if the battery’s capacity is inadequate, and the multicopter is
unable to perform RTL (ATEIS5 occurs), the multicopter enters AL MODE (MCES occurs); if the multicopter’s distance
from the base is less than a given threshold (ATEIS occurs), the multicopter enters AL MODE (MCES occurs); otherwise,
the multicopter stays in RTL MODE (MCE7 occurs).
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Fig. 22. Automaton model of Specification 22. Specification 22 is triggered when the multicopter is in RTL MODE (MCE7
occurs). In this case, when the remote pilot uses the flight mode switch to manually switch the multicopter to AL MODE

(MIES occurs), the multicopter enters AL MODE (MCES occurs).
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Fig. 23.  Automaton model of Specification 23. Specification 23 is triggered when the multicopter is in AL MODE (MCE8

occurs). In this case, when the remote pilot uses the flight mode switch to manually switch the multicopter to “normal

flight”, or the flight mode switch is on the position of “normal flight” (MIE6 occurs), if the INS and propulsors are both

healthy (ATE! and ATE9 occur), the connection to RC transmitter is normal (ATE1l occurs), and the battery’s capacity

is adequate (ATEI3 occurs), then the multicopter enters LOITER MODE (MCE4 occurs); Otherwise, if the multicopter’s

altitude is not lower than a given threshold (ATEI6 occurs), or the multicopter’s throttle is less than a given threshold

over a time horizon (ATE20 occurs), the multicopter enters GROUND-ERROR MODE (MCE3 occurs); if the multicopter’s

altitude is not lower than a given threshold (ATE17 occurs), and the multicopter’s throttle is not less than a given threshold

over a time horizon (ATE2] occurs), the multicopter stays in AL MODE (MCES occurs).
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Fig. 24. Automaton model of Specification 24. Specification 24 is triggered when the multicopter is in AL MODE (MCE8
occurs). In this case, when the remote pilot uses the flight mode switch to manually switch the multicopter to RTL MODE, or
the flight mode switch is on the position of “RTL MODE” (MIE7 occurs), if the INS, GPS, barometer, compass, propulsors
are all healthy (ATE1, ATE3, ATES, ATE7 and ATE9 occur), the connection to the RC transmitter is normal (ATE! 1 occurs),
the battery’s capacity is able to support the multicopter to return to the base (ATEI3 or ATEI4 occurs), the multicopter’s
distance from the base is not less than a given threshold (ATE19 occurs), the multicopter’s altitude is not lower than a
given threshold (ATE17 occurs), and the multicopter’s throttle is not less than a given threshold over a time horizon (ATE21
occurs), then the multicopter enters RTL MODE (MCE?7 occurs). Otherwise, if the multicopter’s altitude is not lower than
a given threshold (ATE16 occurs), or the multicopter’s throttle is less than a given threshold over a time horizon (ATE20
occurs), the multicopter enters STANDBY MODE (MCE?2 occurs); if if the INS, GPS, barometer, compass or propulsors are
unhealthy (ATE2, ATE4, ATE6, ATES or ATEIO0 occurs), the battery’s capacity is inadequate and the multicopter is unable
to perform RTL (ATE!5 occurs), or the multicopter’s distance from the base is less than a given threshold (ATES8 occurs),
then the multicopter stays in AL MODE (MCES occurs).
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Fig. 25. Automaton model of Specification 25. Specification 25 is triggered under the two successive conditions: i) the
multicopter is in AL MODE (MCES occurs); and ii) the flight mode switch is on the position of “AL MODE” (MIES occurs).
In this case, if the multicopter’s altitude is not lower than a given threshold (ATE16 occurs), or the multicopter’s throttle is
less than a given threshold over a time horizon (ATE20 occurs), the multicopter is automatically disarmed. Otherwise, the
multicopter stays in AL MODE (MCES occurs). Here, if the INS and propulsors are both healthy (ATE! and ATE9 occur),
the connection to RC transmitter is normal (ATEI1 occurs), the multicopter enters STANDBY MODE (MCE2 occurs);
if one of the related equipment is unhealthy (ATE2, ATEI0 or ATEI2 occurs), the multicopter enters GROUND-ERROR
MODE (MCE3 occurs).
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Table 2 Controllable event label

Event label | Event name | Event label | Event name
1 MIE] 17 MCEI]
3 MIE2 19 MCE?2
5 MIE3 21 MCE3
7 MIE4 23 MCE4
9 MIES 25 MCES
11 MIE6 27 MCE6
13 MIE7 29 MCE7
15 MIES 31 MCES

Table 3 Uncontrollable event label

Event label | Event name | Event label | Event name
2 ATEI 24 ATEI?2
4 ATE2 26 ATEI3
6 ATE3 28 ATEI4
8 ATE4 30 ATEIS
10 ATES 32 ATEI6
12 ATE6 34 ATEI17
14 ATE7 36 ATEIS
16 ATES 38 ATEI9
18 ATE9 40 ATE20
20 ATEI0O 42 ATE21
22 ATEI1

In TCT software, the multicopter plant is named as “PLANT”, and the 25 control speci-

fications are named as “E;”, j = 1,2,--- ,25.

C. Supervisor synthesis by decentralized supervisory control and supervisor reduction

1) Supervisor synthesis by decentralized supervisory control: Decentralized supervisory
control assigns each control specification E; a corresponding supervisor. It means that a

single supervisor only takes charge of a single subtask. Then, all supervisors work together
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to meet the monolithic control specification E = E;||Ey---|Eo;. For PLANT and one

control specification E;, the corresponding supervisor is synthesized by
S; = supcon (PLANT,E;),

where the sizes of the decentralized supervisors are shown in Table 4. It can be seen that
each decentralized supervisor is smaller than the monolithic supervisor S. This means that
the decentralized supervisors are 1) easier to be carried out in practical engineering; and 2)
convenient to be substituted when any user requirement is changed. Here, the synchronous

product of the decentralized supervisors is
Spe = sync (S1, Sa, - Sas) -

It turns out that Spg is nonblocking, meaning that a coordinator is not required. Also, Spg

is identical to the monolithic supervisor S, testing by

isomorph (S, Spg; identity) = true.

Table 4 Scale of decentralized supervisors

Supervisor name | State number | Transition number | Supervisor name | State number | Transition number
S1 46 99 S14 77 163
So 83 173 Sis 51 113
S3 61 133 Si6 54 117
Sy 54 117 Sy 51 113
Ss 61 133 Sis 77 163
Se 83 173 S19 51 113
S; 61 133 Soo 52 114
Sg 77 163 So1 50 111
So 51 113 Soo 40 91
S1o 54 117 Sos 53 116
S11 51 113 Soy 53 116
Sio 77 163 Sos 58 123
Si3 51 113
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2) Supervisor reduction: The ‘standard’ supervisor S; computed by “supcon” instruction
represents the full optimal controlled behavior, which can be much larger in state size than
is actually required for the same control action. This is because the controlled behavior in
S; incorporates all the transitional constraints embodied in the plant, as well as additional
constraints required by control action to enforce the control specifications [1]. Thus, super-
visor reduction [1], [2] is performed to find simplified decentralized supervisors, equivalent
in control action but of minimum state size.

In TCT software, a simplified supervisor SIMS; can be obtained by
SDAT; = condat (PLANT, S;)
SIMS, = supreduce (PLANT,S;, SDAT,).

The scale of the simplified decentralized supervisor SIMS; is shown in Table 5. It can be
seen that the simplified decentralized supervisors SIMS; have fewer states than the original

decentralized supervisors S;, meaning an easier realization in practice.
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Supervisor name | State number | Transition number | Supervisor name | State number | Transition number
SIMS, 4 92 SIMS, 6 120
SIMS, 7 134 SIMS 5 3 87
SIMS; 4 107 SIMS 4 4 90
SIMS, 4 90 SIMS 3 87
SIMS; 4 107 SIMS 5 6 120
SIMS; 7 134 SIMS 4 3 87
SIMS, 4 107 SIMS,, 4 88
SIMSg 6 120 SIMS,, 3 85
SIMS, 3 87 SIMS,, 2 65
SIMS; 4 90 SIMS,; 4 90
SIMS 3 87 SIMS., 4 90
SIMS, 6 120 SIMS,5 5 94
SIMS 3 3 87

For each SIMS, a check on correctness can be also performed on TCT. Interested readers

can refer to [1].
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