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Background
o
Architecture

Verification Architecture

Simulink/Stateflow model

HCSP model in the form of
HHL Specifications

MARS

HHL prover

Invariant
generator
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Background
e0

Preliminaries

Simulink Diagrams

m A data flow diagram : blocks connected with wires.

m Example:v=1,5=v+2

e

Constant Integrator v

Add  Integrator s — . "

Constantl

m Blocks are running in parallel by receiving inputs and computing outputs.

m Sample time : 0/-1/positive value ¢t.
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Background
oce

Preliminaries

Hybrid CSP (HCSP)

m Syntax:
P u= skip| x:=e| ch?x| chle| P,Q| B—~P| PUQ | P
| (F(5,5) = 0&B) | (F(5,5) = 0&B) > [Jie/(i0; — Q))
S == P| SIS

m Example : timeout (F(5,s) = 0&B) >, Q can be defined by

t:=0;(F(55) =0At=1&t< dAB);t>d— Q
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From HCSP to Simulink

Outline

Translating HCSP Processes to Simulink Diagrams
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From HCSP to Simulink
[ Jele}

Subcomponents

Arithmetic Expressions

Constantl

Constant2 ;o

Dividel
Constant3

Figure:x — 1 +y = ((—2)/3.4)

Mingshuai Chen Institute of Software, CAS Shifting between Formal and Informal Desig Reykjavil



From HCSP to Simulink
[e1 Yo}

Subcomponents

Boolean Expressions

Constant2

Relational
Operatorl
Constant3

Logical Logical
Operator3 Operator2

Constant4
Logical out_1
Operatorl

Relational Logical

Operator2
Operatord
Constants. Constant8

Constant6
Relational

Operator3
Constant?

Figure: TA(2<3v4=4Vv6>5)= 1
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From HCSP to Simulink
ooe

Subcomponents

Differential Equations

Constant Integrator_v

Constantl Add Integrator_s

Figure:v=1,5=v+2
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From HCSP to Simulink
[ Jole}
Primitives

Skip

skip

In_ok Out_ok

ok = ok
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From HCSP to Simulink
[eY Yo}
Primitives

Assignment

Figure:x:=x+yxz

Xnews Ok A —~d(ok)
ok =0k X =< x -0k A —d(0k) u=u
dx), d(ok)
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From HCSP to Simulink
ooe
Primitives

Continuous Evolution

(F(5,5) = 0&B)

i s out_s

n_s out_1
Subsystem B

en = ok A d(B) oK = ok A —d(B) J = { .;’F, ok

Enabled Subsystem F

-0k
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From HCSP to Simulink

[ JeYole}
Compositions

Sequential

P Q

In_ok out_ok

In_ok out_ok
In_ok
In_x out_x

Out_ok

In_x out_x

In_x Out_x
Iny

Out_y In_z
Subsystem P

Out_z
Subsystem Q

okp = ok okg = ok, oK = okj
Xp=X Xg=Xp X =X
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From HCSP to Simulink
[e] Yole}

Compositions

Repetition
pP*
H o
o ’T‘ out_ok
:
] =

- ’_> In_x out_s g

@

n = ok x (d(n) 4 d(okp A —~d(0kp))) ok = ok A okp A (n > N)

okp = ok A (n==d(n)Vv n>N) Xp = { f(x*’z,’ii )
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From HCSP to Simulink
00®0

Compositions

Communication Events

ch?x
chle

re = okn—oK ok =fldrente)) 1y _ i r ok oK = fid(ren re))

R A —d(ok) X, —oK
{ d(e), d(ok) )(:{ —d(oK) x ch+ d(oK) x d(X), oK
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From HCSP to Simulink
oooe

Compositions

ETELE

PlQ

> anp
out_ok
In ok out_ok

o out_o
out_ready_cn 1
oo fnresdy ch  out zendych 1|
In_ready_ch
Out_ready_ch 2 In ch Out_ready ch 2
out_cn2
G bfme out e e ouex . ED)

out_x

SubSystem P SubSystem Q

Figure:e:= 0;chle; < e = 1&e < 2 >; chle||x := 3; ch?x; ch?x

n

m
okp = okg = ok oK = okp A oKy recy p = \/::1 re/ch_i_Q rech.o = \/,:1 rel, P
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Case Study

Outline

A Case Study on the Control Program of a Lunar Lander
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Case Study
°

System Description

Design Pro

m Mission Description

Control commands

P T—

a4m =
Adjustment 30 Orbit-attitude
2.4km. \ i m dynamics

Guidance
program

Approach \
100m \ Hovering !
Obstacieavoidance |

and computation

Lunar surface

m Design Objectives
(R1) |v+ 2| < 0.05m/s during the slow descent phase and before touchdown;
(R2) |v| < 5m/s at the time of touchdown;

Mingshuai Chen Institute of Software, CAS Shifting between Formal and Informal Desig Reykjavil
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Translations

From Simulink to HCSP

Case Study
L 1]

PC

PD

alC
Sysq
Syso

Comml|

1}

I

I

I

PC|| PD
v:i= —2; m:= 1250; r:= 30;
((Sysy &f > 3000) > Comml;

(Syso &f < 3000) > Comml)*

t:=0; g:= 1.622; vslw := —2; f; = 2027.5;
(chy?vi; chm?my; fr := my * alG; Chf!fl;
temp := t; (t= 1&t < temp+ 0.128) )*

g—0.01% (fy/m; — g) — 0.6 = (v; — vslw)
m=—f/2548, V= f/m—1.622, r=v
M= —f/2842, V= f/m—1.622, F=v

chg?f — skip || chy!v — skip || chp!m — skip
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Case Study
oce

Translations

From HCSP to Simulink

In_ok
out_ok out_okf
In_ok In_f1
out_r| Out_ready_chv_af—
CO—pfune e
—_— Out_ready_chm_1 Out_ready_chm_3—
- Inv In_t
out_nf Out_mi—
Inn In_ready_chv
Out_chm_1. Out_t
In_r In_vl
In_v Out_ready_chv_1 oOut_ready_chf_3|—
In_ready_chm In_chv
out_vf out_£1 »(
In_ready_chv In_ready_chm
N out_chv_1 Out_chf_34— out_f1
o In_ready_chf Tn_m1
Out_ready_chf_1 out_t| > )
In_chm Pyt

In_chf

out_f|

out_ter out
In_ready_chf
SubSy J

M 1<
<

Figure : The top-level view of the translated Simulink model
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Case Study
o

Simulation Results

Simulation Results

-1.9999 . U U

- = . MU JAALAAL

-1.9999 ooy
-1.9999 4

-1.9999 - ¥

-1.9999
-1.9999

-2+ 1

t

Figure : The evolution of velocity vin physical plant PC
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Correctness Justification

Outline

B Justifying Correctness of the Translation Using UTP

Mingshuai Chen Institute of Software, CAS Shifting between Formal and Informal Design of ESs Reykjavik, UTP 2016



Correctness Justification
o

Objective

Proving Targe

[Pl & [H2s(P)] ?
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Correctness Justification
[1e]

Extending UTP to Higher-order

Reactive Design

m A sequential program is represented by a design D = («, P), where

m «:the set of state variables (observables), {x, X', ok, 0k'} ;
m P:apredicate, denoted by p(x) - R(x, X'), and defined as

(0kAP(x)) = (0KAR(x, X)).

m The domain of designs forms a complete lattice with the refinement partial
order, and this lattice is closed under the classical programming constructs.

m A concurrent and reactive program is defined by a reactive design P,
H(P) = P (Healthiness condition)

with H'(P) = (F Axca(p) X = XA wait’ = wait) < wait > P.
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Correctness Justification
oce
Extending UTP to Higher-order

Hybrid Design

Hybrid Design

A design is called a hybrid design if it meets the healthiness condition

H(S) = S, where

H(S) = (- x' =x A waitl = wait A S¢) < wait> S.

with Sc = (F(3,s) = 0&B).

m allowing function variables and quantifications over functions;;
m continuous dynamics Scis not blockable by communications;
= now, now ;

m Periodic(ch* st) = Vn € N. t = nx st = ch*(¢t).
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Correctness Justification
®0000
UTP Semantics for Simulink

Blocks

[B(ps, in, out)]
m
= H(Asst out(0) = ps.init A\ (Bx(ps, in) = Py(ps, i, out)))
k=1
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Correctness Justification
0®000
UTP Semantics for Simulink

Continuous Blocks

[@®B(ps,in,out)] = H(in'+ out(0) = ps.init A

( Bi(in,ps) = Fi(out,out,in,ps)=0A---A
Bm(in,ps) = Fm(out,out,in, ps) =0

) A outl)),

with wait = —out?.
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Correctness Justification
0®000
UTP Semantics for Simulink

Continuous Blocks

[@®B(ps,in,out)] = H(in'+ out(0) = ps.init A

( Bi(in,ps) = Fi(out,out,in,ps)=0A---A
Bm(in,ps) = Fm(out,out,in, ps) =0

) A outl)),

with wait = —out?.
A Constant block generates a scalar constant value :
[Constant(ps.c, out)] = H (- out(0) = c A out =0 A out!).
ADelay block holds and delays its input by one sample period :

[pelay(ps, in, out)]
. cnow < ps.st = out(cnow) = ps.initA\
= ! 1
= R ( cnow > ps.st = out(cnow) = in(cnow — ps.st) A E),

The Integrator block outputs the value of the integral of its input signal :

[Integrator(ps, in, out)] = H(in!F out(0) = ps.init A (out = in A out!)).

Mingshuai Chen Institute of Software, CAS Shifting between Formal and Informal Design of ESs Reykjavik, UTP 2016 30/41



Correctness Justification
00800
UTP Semantics for Simulink

Discrete Blocks

[DB(ps, in, out)] = H(Periodic(in!, ps.st) A Periodic(out?, ps.st) = out(0) = ps.init A
Periodic(out!, ps.st) A (3n € N. cnow = n = st) =

Bi(in,ps) = [Pcomp, (in, out, ps)] A --- A )
Bm(in,ps) = [Pcomp,,(in, out, ps)] ’

with wait = —3n € N. cnow = nx st.
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Correctness Justification
00800
UTP Semantics for Simulink

Discrete Blocks

[DB(ps, in, out)] = H(Periodic(in!, ps.st) A Periodic(out?, ps.st) = out(0) = ps.init A
Periodic(out!, ps.st) A (3n € N. cnow = n = st) =

Bi(in,ps) = [Pcomp, (in, out, ps)] A --- A )
Bm(in,ps) = [Pcomp,,(in, out, ps)] ’

with wait = —3n € N. cnow = nx st.

The logical operator And performs conjunction on its inputs :
[And(ps.1, {in;} ic;, out)|=H (A Periodic(in;!, ps.st) A Periodic(out?, ps.st) +

Periodic(out!, ps.st) A 3n € N. cnow = n x ps.st = out = /\

el in;).

The Switch block passes through the first or the third input :
[[Sw‘ltch(ps, iny, ing, in3, OUL’)H

= H(AL,Periodic(in;!, ps.st) A Periodic(out?, ps.st) i Periodic(out!, ps.st) A

ps.op(inz, ps.c) = out = im A ))

(3n € N. cnow = nx ps.st) = ( —ps.op(ina, ps.c) = out = ins
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Correctness Justification
00080
UTP Semantics for Simulink

Diagrams

In
A —— D)
+
¢ d out
Add
Constant

Figure : A diagram performing out = in + ¢

[Diag(ps, in, out)] = Jout' .#H(Periodic(in!, ps.st) A Periodic(out?, ps.st) -
([constant(ps, out']] A [Add(ps, {+1,+1}, {in1,in2}, out)][in/in, out’ /ins)).
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Correctness Justification
0000e
UTP Semantics for Simulink

Subsystems

m Normal subsystem :

[Nsub(ps, {ini}jc), {outi}je ] = [Diag(ps, {inj}iey, {outi}jc y]lo].

m Enabled subsystem :

[[ESUb(pS, {inf}i€l7 en, {OUL-j}jEJ)]] = en(now) >0= [[NSUb(pS, {ini}ie/» en, {OUL.j}jEJ)]]/\
en(now) < 0 = out(now) = out(now — ps.st).
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Correctness Justification
[ Jolelele)

UTP Semantics for HCSP

Timed Observation

m Alphabet of a hybrid system :
V(P) : the set of variable names, arranged as a vector v.

i2(P) : the set of input channel names.
03 (P) : the set of output channel names. (P)=/2(P) U 02 (P) is put in a vector chp.

m Timed observation:
<nOW7 Vv, fV» Techs» mSgch>'
m Constant notations :
const(f, b, ty, b)) = VE € [t1, t]. f(t) = b,

const(£,b, b1, &) = VE€ [t1, k). f(£) = b,
consl_"(f, b, 1, tz) =Vte (tl, fg]. f(t) =b.

Reykjavik, UTP 2016
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Correctness Justification
0®000
UTP Semantics for HCSP

UTP Semantics for HCSP

[skip] = H(+ nowW = now A v’ = v A const(fy, v, now, now' ) A

const(rec,., 0, now, now') A const(msg,, msg.,(now), now, now')).

RE

[x:=€e] = H(- now = nowA X = e Au’ = u A const(fy, e, now, now' ) A
const(fu, u, now, now') A RE).

[(F(5,5) = 0&B)] = (F F(5,s=0) A t=1) < Br> [skip].
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Correctness Justification
0000
UTP Semantics for HCSP

UTP Semantics for HCSP

Example ( under Sequential Compositi

[P Q = [As0el,

where for
Hi = (F Axevg) X = XA Wait’H1 = waity, A S, ) < waity, > (P, = Ry ),
Hy = (F Axeviny) X =xA wait’H2 = waity, A Sy) < Waity, > (Pr, = Ruy),

H1 § Ha = HWGI.tHl 5 waitHz. E|V,l.[1 9 I'IOW,I./1 5 0/(,1.[1 .
oy 5 ety MSGetyy > Fopy > ety MSGeny, -
(- (waity, = Ty,) A (waity, = Ty,) A wait’ = wait) < wait >
(—waity, A waith, A 1y = Ruy Jom A
(-*WGI’le AN —|waitH2 AN THy = RH2 )O'H2 A
vt € [now, nowy, ). wait(t) = waity, (€) A
£(0 = fuyy, (O A reg. (6 = recy,, .. (6 A msgey(8) = msge,, (€) A
Vt € [nowy, , now']. wait(t) = waity, (£) A
o (6) = VHy (&) A rech. (£) = recth*(t) A msg(t) = mSgchH2 .
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Correctness Justification
000®0
UTP Semantics for HCSP

UTP Semantics for HCSP

Example (Repetition)

[Pl © [recX.(skip U (P; X)] < 3N.[PV],

with P° = skip.
Example (Receiving Event)

[ch?x] = F LHS < regy, A —regy > RHS,
where
LHSZ= t=1AX =xAu' =u,
RHS = now = now+ dArey, =0Are, =0Au' =uAX = msgg(now)A

const!(reqy, 1, now, now') A const!(re s, 0, now, now’).
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Correctness Justification
[eYolele] )
UTP Semantics for HCSP

UTP Semantics for HCSP

Example ( under Parallel Composition)

[Pl = [P I [9]-
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Correctness Justification
o

Justification of Correctness

Correctness

Theorem (Correctness)

Given an HCSP process P, denote the translated Simulink diagram by H2S(P). Suppose
there is a correspondence (denoted by £4) between [P] and [H2S(P)], i.e., now = gst,
now = T, ok = In_ok(gst) = T, ok = Out_ok(r), v = In_v(gst), v/ = Out_v (1),

/r:v = OUL_V|gst,r]) Mech = OUE_rech,|[gst 7] aNd Msg, = Out_recy|(gst,-), then we
ave

Periodic(in!, ps.gst) A Periodic(out?, ps.gst) = ([P] < [H2S(P)]|(gst,])

as gst — 0.
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Concluding Remarks

Outline

Concluding Remarks
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Concluding Remarks
o

Conclusions

Concluding Remarks

A translator from HCSP formal models into Simulink graphical models :

m simulating and testing HCSP formal models using the MATLAB platform;
m flexibly shifting between formal and informal models according to a desired trade-off.

A UTP semantics for both simulink and HCSP.

A UTP based semantical foundation to justify that the translation preserves
semantics.
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