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SKARETI 42 Aw = —H(w) ' VE(w) RNAFE

OF HREE B S80) . milf- i 77 il H
, TRE AR

Away = — (J7J) 1 JTE,, (18)
o SR, JTT AR R R EURTS, FBCEMARE.

Bk, LM wfAfE JTJ sishn—4FHJe Tikhonov iE NIk
i pl o LM BER Aw K
(JTT + pl) Aw = —JT¢, (19)
o (R,
Aw=—(JTJ 4 pl)”" (20)
o M p AR, Tl 5 EFHL,

Aw =~

JTngi

1 1
——Jr¢,, = -nVE ==

p &, = —nVEusE, 7 p (21)
, BN AR 24 RN (p—0) W, AT
SR - R R B, LM EE N R R (R

SEENE) FIE -2 (PRERTREATRE ) ZIAHEfE. AT

kAR ATIE B,

RS, EREN 0 1, W J, = J (w)
& = & (wp) 5 MU iy (WHARIERDN); H=, K

=,
(JE Ty + ) Awy, = —J; &, (22)

;DU PPAEERER A E weana = wy + Awy 5 B
Ea ﬁ—%:%ﬁﬂ/‘]ﬁ% Envse (wcand ) ° ﬂn% Enske (wcand ) <
E\visk (wb) . WEZHIE wpr1 ¢ Weana I poy1 =

Nb/ﬂ ( l%?b B =10% j%{J‘.%) ﬁ[l% EMSE (wcand ) 2
E(wy) , WHEAEER wypr = wy , I o1 = oo x B

o MHIIAEGRIZWNA IS /N o, LM ol m -,
RN SR ey St /ML AT A E A BRSO IS I p, B
RIGEBRAEL T, Mmaf R E . T T
SSWMR iﬁ%ﬂﬁ DNN izl Hems g LM g, g3l 7o
DT O

Algorithm 1 : LM training for DNN-based control policy

Input : Initial weights wo , damping factor po , multiplier
B > 1, tolerance € , training data {(v; (P) t(p)) et
Output : Trained weights w
Set w <+ wo , 4+ po
repeat
Compute network outputs n(p) and errors £(P) = n(p> t(p>

1

2

3

4 Stack all errors into vector E( ) € RF

5 Compute Jacobian matrix J(w) € RF*Nw
6 Solve: (JTJ 4+ pl)Aw = —J T &(w)

7 Compute candidate: weang = w + Aw

8 Evaluate Ecanga = EMSE(wcand)

9 if Feana < EMSE(w) then

10 Accept step: w < Weand

11 Decrease damping: p < p/f8
12 else

13 Reject step: w unchanged
14 Increase damping: p < - 3

15 until [|[Aw|| < € or max iterations reached
16 return w

- The Jacobian J(w) contains partial derivatives of output error with respect to weights.

- All operations are performed on mini-batches or full datasets depending on the training s

FEMINGIE, ISR SRR T — s ok sh m iz
ﬁ?J%lﬂ% T*Tﬂ? T ﬁlgmﬁﬁiﬂﬂ% SSWMR e i
%BT/?\%%J&?&*E v; BEAT IJII%? ﬁﬁff_ﬁtlj PRAR A 2
% vpey, HIBAEIRAELT DNN g filgs , DA AETE 24 1)
FEMHE 2o N T IR EA BRI LLM 1251 5T DNN
A TSR ) SSWMR R GERY = /K- P26 4k, FATR
PPC HEZA 5 I AN 17 2R Gema B2 AY O B AR, e A
faisiR2E. 18 PPC o, Sl SOms M 1 27 mSOR 22 055
KEEITCE MM, 47 RG RS TE I B PERETE Y .
X e A A 7 A A A R R R R ok S Y
REAS AT R AR IR 2 i A A B R (31], [39] - AR
i [35], [40] iy vk, MEHEST DNN g5l a i plas A
e Y R B 5 22 8 B P AR BRI e T —C(F) < e < C(2)
SESCHIFEE. XIPR. BETRIZEALRY X E] Y, Her:

¢(t) = (¢t (23)

BE oot > ¢ S 0L GE >0, e B’Jiﬁﬂ%ﬂx’ﬁﬁ%ﬂ
TE Cohoot DUR . BH ¢Povnd A ¢ BRELT e WEL
FHRAMCSCE A . 1EFAT R SSWMR [4E— T”J%?%ﬁjiﬁ

_ Cbound) e—(*t + Cbound
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Main control policy

Nominal condition

| ------------- 1 |mEmmmm———————= ]
! 1 1
Reference  ~ Tracking error | I LM-trained DNN } 1 Control command : Heavy-duty :
> > > 1
b'd i control policy I I Robot !
: 1 1 1
————————————— 4 e o o e e e g e
Within predefined control metrics : """"""" :
1 1
: Logarithmic 1 Sensor feedback
Operation  Control metrics violated I safetylayer 1
terminated! 1 :
e o o o e e e 4

Monitoring safety to evaluate the adequacy of the LM-trained DNN-based control policy

Fig. 2: FERRPRAE

10%( TE L — ok A s g, How SOz 8 oy
t%%ﬂiﬁﬂ’]%k[ﬁﬁ? ARAIIRRZE W e (to) < ¢ (to)

, B2 e #IET WY, ﬁj\lilﬁ?gg, RO EI A
Hﬁ@ﬂ?ﬁﬁijﬁ DRGERL T A, AR T XN
AR IEB S BN A € Lo TESEREREE R, X R4l
AL AT AR ZS Zp b S, 24k 2 il 3 T695 Bk
NaN {5 By o] M AT, AT R BUE R . X
— AT AP R B R ZE AN LR AR ¢ 2B R, M
T 77 1B AE 3 P o BB AE BN 28 4 5O BRAR Y R e )
; hfkm@ﬂéﬂﬁﬁm%ﬂ HFH 2 MATLAB RS % B

Bl 2 JER TP BN R LM 2k & DNN i85
] SRS PP R s P, AR SR R T R iR 2 O E TR L 2L
e NERE R . TR S, H G 2 AL ]
PERE R REFAE PPC YT A, A RAG I 21 H 45 11 5
o RUE LRI IR RGO TUE S A B I
R e Rl 15— e Al S & (R ——T A2
TEFRIT RSN 3305 ¢ R M B H L2 RpRES, FEEPR
LA, S T NT SSWMR ) LM IlZRi1
DNN il skng, S 758k 2 i,

SPER, $RI 4 LM UIZRAYEST DNN [ SSWMR 42 il SR 14 7 7 1

II. AR IoR RAC S

TZI-‘WU Hr, FA BT R SSWMR %h%J%T*ﬁ%%

SEPERRIER) RAC 5kl FEfE B+, PRI YA
ZIETJT?Tﬂ/\EZIKE’JH@IiEi = A EF'Z~L%* PEAR
—Ao FEAFAESNES TR DL, XA LS,
ﬂﬂi9%13’9%1%‘%@%6)%1%%&%@%%33? EIH B AL
iy, BATN ARG MEE L T —FRB R F & LY 15 3
W, LT IR T AR R BRI A R R R E I . AE PPC
H AT MR A A O B B SR P R DA I 2
PR RGPS R A PERETE I Y - 808 [41] HiTr
i, BATE-MESCAENAE, Wh

A ~ e;
0; = —0;0; + %’(02 — 62)2

%

(24)

Hodr 0;(t0) + 6 Fl vy HIEHEL. L, HLa AR
PREFIREM IR —o(t) < e; < o(t) & SLHXIFE,
BPAZDC I A R (23) , FRATAT A iR 2= g
SE S AN TERAREO IR,

O(t) _ (Oshoot _

Horp gshoot > gbound >0 F1 o* > 0 . XA AXFRAI G
WZEARHL oshoot R IR R AR oPound BRI, I
WSl il o* st BIK H RN B4R 0: M348 0F .

Obound) e—o*t + Obound (25)

1 PRI S M= _
Algorithm 2 : Safe LM-trained DNN policy for each side of the SSW]\JHSU AT LA SCAE Y R 22 0; = 0; — 03

Input : PPC metrics for both safety layers ¢shoot = ¢bound |
¢* , reference velocities vyt , sensor feedback v;
Output : Control command ny,

for each side ¢ do
Compute tracking error: e; = v; — Uref;

Compute low-level safety: ¢ = ((Sho"t

_ Cbound) e—(*t +
bound

1
2
3
e
4 Compute denominator: denom = ¢2 — e?
5 if denom < 0 then

6 Raise safety violation and go to step 11

7 else

8 Pass v;ef; to LM-trained DNN policy to compute np,

9 Return to step 3
10 end if

11 terminate operation
12 end for

- MITHE (24)

, FliTh
2 ~ e; N
0; = —d;0; + ’Yi(mf — 6;0; (26)
FATAT LASE L—AECFI7 %,
1 0? 1~
Vi= 5 log (oz—ef> + §Ai9¢ (27)

XA B i R A E e &2 e, IF AT PAINBR 5% D FrosAE
MATLAB H528l. X} (27) #ar)s, 1A

—oe + e;0é;

- The PPC metrics are manually adjustable for use in a wide range of application scen

- If safety condition is violated, np,; is not generated to protect the system

Vi = (o) + A,0,0, (28)
S (7) ﬁ/\ (28) , FAIFHE
a2
+ 5 [Ainpi FT N E - v) — ey ] (29)
+ A }éiz
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AR AT 2
. —0:e2 e
‘/i = i Al d )
0(0? — €?) + 02 — ¢? Np;
€; —1 €; . ~ L
+ 02 _ 27' (Fz - U'L) - mvrefi + A;0,0;

(30)
BAE, A PMSM ££fil454 ny, f2th RAC SEmg, 40

1 (77) A (30) Fef2
€; ~
V <A —6 (_*k € — Vi 02 6120)
tlgall E =) = reg, = 1| B
+ A-0»94
FEAE (26) HHoE SRR FLE AR R, FA1153)
. 1 e? €; A
Vi <— §Az’ki o Ai%(m)%i
gl 177 ) ey, =200 (32)
- & . Y
— 51141912 + %Al(m)w, — Azézﬁl 0;

i

EF Bk IL3, AT CABSRAFAE— N IESEL f, (ifs

| T_l(Fi - vi) - ’[}refi 0 o | < f (33)
# IV.1 f”ﬂ%ﬂ@ EﬁEaT#T TU@EHHXHDE
kit a ﬂl b FBURKIE ab < ea® + 7007, Ht e >0 )2
ERIEFEEL. .
BRI, A TV . (32) #1(33) , AR 0; = 0, —0;
, FATH
. 1 612 €; 2 n*
Vi<-— *Aikiﬁ - Ai%‘(m) 0;
A z~ ) (34)
Jrez(o — ) 2f7% 4 — ;4,07 — A;6,070;
. it?ﬁﬂ‘]m)(il%%ﬂﬁ’ﬁlli 07 A
eif;?
o M 35
0 = i (35)
- P, FATTR DAL E)
. 1 e? 1
Vis— iAiki 0% —e? + 4e; (36)
— 8; 4,07 — A;6,070;
- B, MG IV.L 1 (36) , FATH
. 1 07 1 o
‘/i < - §Alkz log (02 — 63) + 4762 - 61A,9l (37)
— A;0:076;
2
V< - lAiki log <2012> + L 15#‘%‘@2
2 o0® —€; 461' 2 (38)

1

o Zedfife, FATH

Vi < — 2 Ak log ( o
[0}

2 ~,
% ) + L L

2 461 2 ‘ (39)
L gsi07?
+ 2 104U
Rl |
Vi <—uVi+4; (40)
, H ;= min[Ak;, 6;] F 4 —f+1A59*2 A,
TR Y (40) A [12], [17], [42] 4 } RPEAE SR T

PAFAERE LT, &3 (7) 4ty SSWRM ARG EL
U4 RAC SRR 25— a5 e -

HVE IV.2. B804 FE¥nE R GRS A 5 88 1 T
HEFEIER . kUL, ¢ HiES 0F X, JFEfR T
TEJ7RE (33) Ml (35) HANEREESL fF M9SRBE. A e (40)
Jis, s 4 ik, MRGRE AR, X &b
S (25) W LA, S B AEE R BR B SN IE
MM RIIATEE V. 2M03h 7 R, 2HE 7 K R AL
HlEE T2, Rk rMEE g (RAC) RIEEE)
FEPRHITE AMERE T, RS B g, M
ﬁﬁﬁﬂkﬁé}zﬂf TRH. N TR SSWMR 1444 RAC
W, gt TR 3 g .

Algorithm 3 : Safe RAC policy for each side of the SSWMR
Input : PPC metrics 05Pot | oPound " o*  reference velocities
Uref; , sensor feedback v; , design parameters &; , i , k;
Output : Control input commands np,

1 for each side 7 do
2 Compute tracking error: e; = v; — Uref;
3 Compute safety bound: o = (o%hoot — gbound) emo"t 4
Obound
4 Compute denominator: denom = 02 — e?
5 if denom < 0 then
6 Raise safety violation and go to step 12
7 else
2
8 Compute safety metric: log (02‘162)

9 Update adaptive parameter: él = —(51-9Ai + v (02%62)
i

10 Compute control input: np, = f%kiei — ’yl'o(t;i’;gai

11 end if '

12 terminate operation

13 end for

- The PPC metrics are manually adjustable for use in a wide range of application scenarios

- If safety condition is violated, np,; is not generated to protect the system.

- Adaptive parameter é7 is updated using a logarithmic Lyapunov-based law.

KT IE P IRA 22 MBI AR ¢ MATLAB AU 7EFY
o Cffit. | 3 R 1 P I RUE PEPRIE RAC S5
PRI A, R T R R R 22 Oy B AL A AL
it S iR, SR A B RIS A
AGurEae. (CSTINAR LR E, LETAMEAE1T,
H%?*?%M’EAF&%%& LRSI, EA 281X

WHTATIA, FESEBR R A, AR RIS LE A B A 4
KRB N B EAEARIRAAT T ozdT, ST iy LM
UIZRA DNN 42 il Sem il 78 n] ASC B s Mg . X SE 42 4
] RE AR B R 1 AN T AN th BB P RE T
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REAE PTSEIEAT, BRI 4Ed s 1EAT3l . (A5
e, RIEETE RAC #541N, RGMAT 05 4kEE A %
S, WURBAT RAC BFMERE S — AR T
o R A SC—— O R GE R R BI(E B B, A
fefiide 4z 2Rl 2 P KA. IR IR T ARGE . PR YT
PR o AKX LWL, AR T
O MRS RO, Al A0 R Ik
AR Ay H SR AN T 0 LA T AR 0 A e AT o 7 422 (1] 4 5]
AR HoE ST

Ue, = a1 (t)upnn; + ao(t)us, (41)

, H ug, flupnn, 2ERF np, B RAC Fil DNN #2456
Wi %o SRR HZHE, AV oo (t) MR
FT DNN iyl Whah 1, M08 (FEATAMREE
Bl AR TP R B AR I T SCRBIELR ) BUI46k 0, 2&
JEARARFE SR . an(t) & O U IRATRFARG 2 4 )2 30
bR X R=C*—e? , FATPAYE MATLAB H14i%5 oy
, QPSR E R HILZ T, FRATHE DNN =S G Ffe
PAAEREERER BRI S5 T, WAEH 7o I RAC SRm
) ag o g FIEESIPEIFRZEDIRE (A0 FFLG), 7
&M (R>0) IR ZIVEEN 1, TRk A
], FORIFLE 1. an 28 SCH
o, ifei(r) < ¢*(r) for all T € [0,¢]
as(t) = {1, if there exists 7 € [0,¢] such ¢*(7) < €*(7)
(42)

o FATAIPAYE MATLAB 45 oy , WIHEE E fiR. b
TUHIAT SSWMR fy LM Yl DNN $5:6i1F RAC 4
WS, R T A 4 W94 . I X WMR Al
FHASUE A LD RE M, FoATT AT DAE S (27) R R R
[ —BRE, AUIHSR R ¢ FFIR TR G R E, R BT
ZR7

(7)1 (41) , AVAH (77) , FF LR ¢ B,
TAVERTIRE 103, AT AR — N IESHL
WFFRET43E TV.1L (22) 1 (27) , IF HAE 0; = 0 — 0;
, WAVEILFRATE XA RHIIE 0; R I, A (?7)
F(727) , RAVERETII IV, RATHBR, £UT
(38) , FAMVEERSE, ATHHA p; = min[Aik;, 5;] Fl
b= 5=+ $A:0:07% . AL, BT (77) M1 [12],
[17), [42-[45] , PR HT SSWMR R%iHg DNN Al
RAC HWgLiey, WOrRe (7) ik, BpEE5 B, i
RG—IRERE N .
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10

N A\ . STA B IA N AR
Algorithm 4 : Safe synthesis control policy for each side of the SSWM% Tgﬂmﬁm%’ Jﬂf" ]X_X]é%ﬂmﬁgmlm MSE U\ EPJ‘%{'?JJ:

Input : PPC metrics for both safety layers o and ¢ , reference
velocities vyef; , sensor feedback v; , design parameters 6; , v; , ks

(R AAVFROAR 6 YCRIE), DABS Ik U6

Output : Control command uc; = np, = ac1upNN,; + Q2us; s Best Validation Performance is 0.0014517 at epoch 200
10 F
1 for each side 7 do
2 Initialize gating flags: a1 < 1, a2 < 0 (latch-on logic) Train
3 Compute tracking error: e; = v; — Uref, _ - \T’ida“"“
4 Compute low-level safety: { = (CShOOt — Cb"““d) e ¢t 4 o) ---- Best
Cbound §, Goal
5 Compute R = (2 — 2 [
6 if R <0 then (latch-off logic) ]
7 ai 0, ag < 1 (switch to RAC policy) 3
8 Compute tracking error: e; = v; — Vpef, §
9 Compute high-level safety: o = bel
(Oshoot _ Obound) efo*t n obound §
10 Compute denominator: denom = 0% — e% s O
11 if denom < 0 then
12 Raise safety violation and go to step 26
13 else
s o2 104k I . . )
14 Compute safety metric: log <0276?> o - 10 150 200
15 2Update adaptive parameter: 6; = —4&0; + 200 Epochs
() Fig. 6: LM 1% DNN £ iCH 11021,
16 Compute RAC control: us; = —%kiei — %ozefbe?éz
17 Set control command: u¢; = us; = nyp,;
18 R,etum to step 8 Best Validation Performanceis 0.0015879 at epoch 199
19 end if 10
20 else if 3 Train
21 Keep a1 =1 and as =0 x10 ::::\éitda“m
22 Pass vef; to LM-trained DNN policy to compute upNN; Goal
23 Set control command: uc;, = UpNN; = Np; 7 Test
24 Return to step 4 £
25 end if 5
26 terminate operation =
27 end for w
g
- ¢ corresponds to the low-level safety layer, while o represents the high-level saf =)
&
- Once R < 0 is detected, the system permanently switches to RAC for safety (lz % 3 6
s 10
- If RAC is active, the safety metric ensures operations remain within safe bounc
1074 E L L L I}
0 50 100 150 200
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Control Policy of WMR: Trained DNNs
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Control Policy of WMR: Trained DNNs
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Control Policy of WMR: Synthesis of Trained DNN and Safe RAC
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Zrfy DNN 5 il SR g 36 B g M RIS RAC SRISAE A
B, MM PRS2 A . AR W s i SR g 0 1)
AR N R G R, A YT R R oM
A] B8 HLAKLRIZ 1T 20 R G sk IR EEA XU, A fil & 452
Wlo FTHEH 2R T WMR BAMER S — 85
Vo BTN B AT DNN J5EmE . 27 19 RAC 550K
Je HAEECAS TR HATHLHIN 6,000 247 WMR 48 ik
PB4, IR TR HIHES . Hae 4 R IEH
T AR AL S eI AT . RO YA T
REAAE RIS N R G0 o )12 0 i 2 S0 334 T %
R EHATI AT 5 A% 1 T A A

A THE MATLAB A 8is 4, FRA7T5E ST H AR
iiéﬁ? FH A dividerand K843 I 25 B UEART
m4E, W

X = v_i;

T = n_{p_i};

N = size(X, 2);

[trainInd, valInd, testInd] = dividerand(N, 0.70,
0.15, 0.15);

Xtrain = X(:, trainInd); Ttrain = T(:, trainInd);

Xval = X(:, vallnd); Tval = T(:, vallnd);

Xtest = X(:, testInd); Ttest = T(:, testInd);

Listing 1: Raw data preparation and splitting

RIe, BARHAREH mapminmax JE4715—4k, DA
FIZRIERE . SRR, DA B i 5% -

[XtrainN, inputPS] = mapminmax(Xtrain, -1, 1);

XvalN = mapminmax('apply', Xval, inputPS);

XtestN = mapminmax('apply', Xtest, inputPS);
[TtrainN, outputPS] = mapminmax(Ttrain, -1, 1);

TvalN = mapminmax('apply', Tval, outputPS);

TtestN = mapminmax('apply', Ttest, outputPS);

Listing 2: Input and target normalization using
mapminmax

VR 265 8 SR B —wl 7y, Bl T — P HA T
A BRRUZ B HI R M 2% N E TR, Tl
A TR EIIRERS .

hiddenSizes = [30 25 15 10 5];

net = feedforwardnet(hiddenSizes, 'trainscg');
net.inputs{1}.processFcns = {};
net.outputs{end}.processFcns = {};

net.divideFcn = 'divideind';
net.divideParam.trainInd = 1 : numel(trainInd);
net.divideParam.vallnd = numel (trainInd) + (1:

numel (valInd));

net.divideParam.testInd = numel(trainInd) + numel(
valInd) + (1:numel(testInd));

XallN = [XtrainN, XvalN, XtestN];

TallN = [TtrainN, TvalN, TtestN];

Listing 3: Network creation and configuration

WIZRS BN F AR e/ IV BE R R K I SR U R B -
IR JETE e BRI AR EAL R A IR 2%

net.trainParam.goal = 1le-3;
net.trainParam.min_grad = le-4;
net.trainParam.epochs = 200;
[net, tr]l = train(net, XallN, TallN);

Listing 4: Training parameters and network training

el , VIZRIF I W 2 K0 BT A St 56 EEAT il il
L5 R — I 5 HAHIAT R . & MSE {6
FERATEL
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trainIdx = net.divideParam.trainInd;

valIldx = net.divideParam.vallnd;

testIdx = net.divideParam.testInd;

YtrainN = net(XallN(:, trainIdx));

YvalN = net(XallN(:, valldx));

YtestN = net(XallN(:, testIdx));

Ytrain = mapminmax('reverse', YtrainN, outputPS);
Yval = mapminmax('reverse', YvalN, outputPS);
Ytest = mapminmax('reverse', YtestN, outputPS);
mse_train = mean((Ytrain - Ttrain). 2);

mse_val = mean ((Yval - Tval)."2);

mse_test = mean((Ytest - Ttest). 2);

fprintf ('MSE (raw scale): Train =

mse_train, mse_val, mse_test);

17

g‘end

Listing 5: Evaluate performance and compute MSE

IV.
fis% B: BT BIf BOTREEMZ R 2GRS 22 oA 4L
BLF 7824 7 LM IIZkf9 5T DNN 1) MPD 4% il S 114
Laiifrdy, FATTAAE MATLAB Hhsgc gl :

N R Oy

w N o o

9

denom = (zeta)”2 - e_i. 2;
if any(denom <= 0)
error ('Safety violation: e_i"2 >= (zeta) 2.
Operation terminated.');

else
safety_metric = log((zeta)~2 ./ denom);
disp('safety_metric is defined. Operation can
continue.');
disp(safety_metric);
end

Listing 6: Safety index using logarithmic expression for
DNN controllers

V.
s C: SEhfEzdtd ) RAC B3E RAC ) MATLAB ft
PR -
tspan = [t0 tf];
hat_theta_O;

thetal =

o_func = @(t) (o_shoot - o_bound) * exp(-o_star * t)
+ o_bound;

dtheta_dt = @(t, theta) -delta_i * theta + ...

gamma_i * (e_i / (o_func(t)”"2 - e_i72))"2;

[t, theta] = ode45(dtheta_dt, tspan, thetal);

u_si = @(t, e_i, theta) -0.5 * k_i * e_i - gamma_i *
(e_i / (o_func(t)"2 - e_i"2)) * theta;

Listing 7: A sample form of MATLAB simulation for Egs.
(32) and (39)

VI.
% D: BT BIf (19 Rac SEIE %422
AT R pR B E B2 48hs, 7T PAZE MATLAB H5K
PN :

denom = 072 - e_i."2;
if any(denom <= 0)
error ('Safety violation:
terminated.');

e_i"2 >= 072. Operation
else
safety_metric = log(o~™2 ./ denom);
disp('safety_metric is defined. Operation can
continue.');
disp(safety_metric);

T ® 9 O Ok W N

Listing 8: Safety index using logarithmic expression for
RAC

VII.
fisk B SRR %4 RAC 5% DNN &l
WRFATE P L2 ZAH R =0 —ef |, HBaFk
TR AfE MATLAB Héith oq , 124 (?7) o

alpha_1 = zeros(size(R));
active = true;
for i = 1:length(R)

if active && R(i) <= 0

active = false;
end
alpha_1(i) (i) = double(active && R(i) > 0);
end

Listing 9: Low-level safety layer based on latch-off logic

XN T — R AR KHUE S, X MET I
KT (8h = true) , FHAELRAEFKMF R <= 0 FUH
SR Ko RIS G RAIKAL . GV IRPREF K P
IR, BATEM a2 3R RAC $EHI6S, ETEZH
BRECR R PR IR 0 0, IFFERM (R>0) K4
W2 1, TERZ ISR AT, AGERFFN 1. as
XN

as(t) = {‘1)

FATATAYE MATLAB P44 o , N,

if e2(7) < b*(7) for all T € [0,1]
if there exists 7 € [0, ¢] such b*(7) < (1)
(43)

alpha_2

= zeros(size(R));
latched =

false;

for i = 1:length(R)
if ~latched && R(i) <= 0
latched = true;
end
alpha_2(i) = double(latched);
end

Listing 10: Low-level safety layer based on latch-on logic

| IAETRATATOARE . u,

u_c_i = @(t) alphal(t) * u_DNN_i(t) + alpha2(t) *
u_s_i(t);

Listing 11: Computation of control input wu.,
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