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ABSTRACT

Timing contracts for embedded controller implementation
specify the constraints on the time instants at which cer-
tain operations are performed such as sampling, actuation,
computation, etc. In this paper, we consider the problem
of verifying the stability of embedded control systems under
such timing contracts. Reformulating the problem in the
framework of impulsive linear systems, we provide theoreti-
cal conditions for stability and a verification algorithm based
on reachability analysis. In the second part of the paper,
given a model of the plant and of the controller we propose
an approach to synthesize timing contracts that guarantee
stability.

Categories and Subject Descriptors

J.7 [Computer in other systems|: Command and con-
trol, Real time

General Terms
Verification, Design, Algorithms

Keywords

Stability, Reachability, Impulsive linear systems, Sampled-
data systems

1. INTRODUCTION

Physical systems equipped with embedded controllers are
becoming pervasive (smart buildings, intelligent cars, drones,
robots, etc.), thus increasing the need for high-confidence
analysis and design tools that are able to handle tight in-
teractions between the physical and digital worlds. In this
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context, contract-based approaches have been identified as
a promising direction for cyber-physical systems design [28].
For instance, for embedded controller implementation, [11]
proposed the use of timing contracts which specify the con-
straints on the time instants at which certain operations are
performed such as sampling, actuation or computation. Un-
der such contracts, the control engineers are responsible for
designing a control law that is robust to all possible timing
variation specified in the contract while the software engi-
neers can focus on implementing the proposed control law so
as to satisfy the timing contract. In this paper, we propose
techniques that are useful within this framework. We first
consider the problem of stability verification: given models
of the physical plant and of the controller and a timing con-
tract, verify that the resulting dynamical system is stable.
We then tackle the problem of timing contract synthesis:
given models of the physical plant and of the controller, de-
termine a set of timing contracts that guarantee stability of
the resulting system.

We adopt the impulsive linear dynamical system frame-
work to model the overall system. Such systems form a
class of hybrid systems which describe processes that evolve
continuously and undergo instantaneous changes at discrete
time instants. Applications of impulsive dynamical systems
include sampled-data control systems [9], networked control
systems [12], multi-agent systems [8], etc. In the present
work, instantaneous changes occur at sampling and actu-
ation times, t; and tj, & € N, which are assumed to be
non-deterministic. More precisely, we assume that some un-
certainty lies in each of the k' sampling-to-actuation delay
T = ty — t; and sampling period hy = t;; — t.

For the stability verification problem, we propose an ap-
proach based on the notion of reachable set. In the last
decade, hybrid system reachability has had an important
breakthrough in computing the reachable set corresponding
to a linear continuous dynamics where the developed algo-
rithms are based on representing the reachable sets by el-
lipsoids [22, 7], zonotopes [17, 2] or by support functions
[24, 14]. In general, such algorithms handle time based
switching by introducing auxiliary variables (clocks). In the
following, we provide a specific approximation scheme for
the reachable set at the sampling times to develop an effec-
tive stability verification approach. Then, we use this ap-
proach to tackle the timing contract synthesis problem. We
propose a re-parametrization which provides some mono-



tonicity property to the problem and allows us to develop
an effective synthesis method based on guided sampling of
the timing parameter space.

In all, we contribute in enriching our stability verification
approach initiated in [1] by stating the proofs of the neces-
sary and sufficient theoretical conditions for the stability of
the impulsive linear system and by considering more com-
plex timing contracts which require dedicated reachability
algorithms for stability verification and more involved tech-
niques for timing contract synthesis.

The paper is organized as follows. First, some preliminary
notations are defined before formulating the stability veri-
fication and timing contract synthesis problems in Section
2. Stability conditions are provided in Section 3. Section 4
presents the reachable set approximation scheme and an al-
gorithm for stability verification. In Section 5, we propose a
solution to the timing contract synthesis problem. In Section
6, examples, some of which are used to compare our results
with existing ones, are then discussed before concluding our
work.

Notations. Let R, RT, RT, Ry, R™, N, N denote the sets
of reals, nonnegative reals, positive reals, nonpositive reals,
negative reals, nonnegative integers and positive integers,
respectively. For I C RY, let Ny = NNJI. Given a real matrix
A € R™*™ | A| is the matrix whose elements are the absolute
values of the elements of A. Given S C R" and a real matrix
Ae R theset AS={z€R": (yeS:z=Ay)}
for a € R, aS = (al»)S where I, is the n x n identity
matrix. The interior of S is denoted by int(S). The convex
hull of § is denoted by ch(S). The interval hull of S is
the smallest n-dimensional interval containing the set S and
is denoted by O(S). The symmetric interval hull of S is
the smallest symmetric (with respect to 0) n-dimensional
interval containing S and is denoted by CJ(S). Given S,8’ C
R", the Minkowski sum of S and &' is S® &' = {z + 2 :
z € 8,2’ € §’}. A polytope P is the intersection of a finite
number of closed half-spaces, that is P = {z € R" : Hz < b}
where H € R™*™, b € R™ and the vector of inequalities is
interpreted component-wise. Let H;, ¢ € Ny ,,,) denote the
row vectors of H, then if 0 € int(ch({Hi,...,Hm})), then
P is compact. Given a template matrix H € R™*™ and a
compact set S C R", let us define the polytope I'x(S) =
{z € R" : Hz < b} where b; = maxqes Hiz, i € N1 ).
In other words, I’z (S) is the smallest polytope whose facets
directions are given by H and containing S. We denote the
set of all subsets of R™ by 28", We denote by K(R") the set
of compact subsets of R and by Co(R™) the set of compact
subsets of R™ containing 0 in their interior. For z € R, [z]
is the smallest integer not less than z, and for ¢,¢’ € R",
c<cifand onlyifec; <cj,i=1,...,n.

2. PROBLEM FORMULATION
2.1 Timing contracts for embedded control

In this work, we consider embedded control systems given
under the form of general linear sampled-data control sys-
tems that take into account the sequences of sampling and
actuation instants (¢ )ren and (¢3)ken:

#(t) = Az(t) + Bu(t), VteR"
u(t) = Kz(ty), te <t <tgii

where z(t) € RP is the state of the system, u(t) € R™ is the
control input, and k € N. For ¢ € [0,¢§], u(t) can be any

(1)

constant value in R™.
We assume that the sequence of sampling and actuation
instants (¢7) and (¢) satisfy a timing contract given by

té :Oa Tk :tz 7tz € [Ia?L

hi = tZJrl —t; € [max(ﬁ, Tk),ﬁ], keN @
where 7 € Rg, T € Rar, h € RT, and h € R provide
bounds on the sampling-to-actuation delays (which includes
time for computation of the control law) and sampling pe-
riods provided that t; <t < t;., for all £ € N. Note that
we impose h # 0 to prevent Zeno behavior. Moreover, these
parameters must belong to the following set so that the time
intervals given in (2) are always non-empty:

C={(z,7,h,h) € RT xRy xR xRT : 1 <7 < h,h < h}

Contract (2) is a general timing contract which includes
or over-approximates the different contracts introduced in
[11]. Their relation to the timing contract (2) is described
as follows:

1. ZET Contract: The Zero Execution Time contract
is given by (2) withr =7 =0and h = h = h € RT.
In other words, the contract states that the sampling
and actuation instants are periodic and simultaneous
such that t; = tp = kh for kK € N. As mentioned
in [11], this contract is hardly achievable in practice
since computation always takes time in between the
sampling and actuation instants.

2. LET Contract: The Logical Execution Time con-
tract is given by (2) with 7 =7 =h = h = h € R*.
The contract states that the sampling and actuation
instants are periodic such that ¢t5 =0 and ¢t} =t;_; =
kh for k € N*.

3. DET Contract: The Deadline Execution Time con-
tract is given by (2) with 7 =0 and h = h = h € R".
The contract states that the sampling instants are pe-
riodic, or tj = kh for k € N, and actuation instants
are at some point tj in the interval [t},t;, + 7], with
7T <h.

4. TOL Contract: The Timing Tolerance contract is
defined by a nominal sampling period h € R™, nominal
sampling to actuation delay 7 € R, and two jitters
J" J% € Ry with J™ < 7 and J" + J7 4+ 7 < h, such
that t; € [kh,kh + J"] and t¢ € [t + 7 — J7,t +
T+ J7], for k € N (refer to Figure 1). We cannot
exactly model this contract using (2). However we
can over-approximate it using (2) with = = 7 — J7,
T=714+J",h=h—-J" and h = h+J". Thus stability
of system (1) under this latter contract guarantees also
its stability under the TOL contract.

—
T s
! k| h
L — k -
« : >
Wl P h 3
‘l B e Tk P o 1 el
kh 3 : (k+1)h : ! (k+2h  Time

's 5 5 'a
t t T ter

Figure 1: Time variables included in a TOL contract.
JPelo,J" and Jf € [-J7,J7].



Table 1: Methods that can solve instances of Problem 1 with description of the modeling and computational
approaches, list of restrictions and possible extensions.

Models Algorithm Restrictions Extensions
[10] | difference inclusion LMI — Tk > hyg; controller synthesis
[12] LMI — scheduling protocols
[20] LMI T=7=0 controller synthesis
[21] LMI T=7=0 —
[29] SOS T=7=0 —
[13] Invariant sets T=7T=0 —
1] Reachability analysis 7=7=0 stochastic timing uncertainty
[26] | time-delay systems LMI h=0 T > hi; scheduling protocols
[16] LMI h=h,7=0 controller synthesis; quantization
27] LMI r=7=0 -
[15] LMI h=71=7=0 —
[4] hybrid systems SOS — nonlinear dynamics; scheduling protocols
[18] LMI 7=0,h=0 scheduling protocols

It is noteworthy that system (1) has deterministic dy-
namics under any of the ZET or LET contracts, unlike the
case of the DET or TOL contracts where at least one of
the sampling-to-actuation delays or sampling period is time-
varying. In our previous work [1] we considered the special
case of nearly periodic linear impulsive systems (NPILS)
which are modeled by (1) and (2) with 7 =7 = 0. In other
words, the sampling and actuation instants are simultaneous
or t;, = t};, and the duration in between two successive sam-
pling instants is bounded in the interval [k, h]. Therefore, it
is clear that we are dealing in this work with a more gen-
eral timing contract which is more complex than the simple
NPILS case.

2.2 Reformulation using impulsive systems

In our analysis it is more practical to transform equation
(1) into an impulsive system with two types of resets each
referring to a sampling or actuation instant. Such a refor-
mulation is convenient to develop stability conditions based
on reachability analysis. The system is thus given by:

E(t) = Aca(t), t # t5,t # t}
a(ty") = Asz(ty)
a(ti) = Aaz(th)

®3)

where z(t) € R™ is the state of the system with n = p+ 2m,
(t3) and (t¢) are given by (2), z(¢t™) lém>0x(t + 7), and
7T—0,7

A0 B I, 0 0
Ac=({0 0 0|, A=K 0 0],
0 0 O 0 0 In
(4)
I, 0 0 2(t)
Ao=0 In Of,z@)=|Kz(6°{) ],
0 Im O u(t)

with 0°(t) = ¢}, for t € (¢7,t5,1]-
In this paper, we consider stability in the following sense:
Definition 1. The system (2-3) is globally uniformly expo-
nentially stable (GUES) if there exist A € RT and C € R™

such that, for all sequences (t},)ren and (t%)ken verifying (2)
the solutions of (3) verify

lz()]| < Ce™ |l2(0)], vt € R*.

We are now interested in verifying stability of embedded
control systems in the form given by (1) under one of the
general timing contracts defined previously. It is noteworthy
that we can easily show that system (1) under the ZET and
LET contracts is stable if and only if the eigenvalues of the
matrix e"4c A, A, and Azec A, are inside the unit circle
respectively. As for the DET or TOL contracts, we have
that stability of system (1) is guaranteed by the stability of
(2-3) with an adequate choice of the timing contract param-
eters. Consequently, in this work, we consider the following
problem:

PROBLEM 1  (STABILITY VERIFICATION). Given A., As,
A, € R™™", (1,7, h, h) € C, verify that (2-3) is GUES.

This problem will be considered in the following section.
Afterwards, we shall consider the problem of synthesizing
timing contract parameters that guarantee the stability of
the system. Given bounds on the parameters 0 < Tpin <
Tmazx, 0 < hmzn S hmaz, with Tmin S hminy Tmazx S hmaz,
let D = [Tmin, Tmaz)® X [hmin, Amaz]?, the problem is formal-
ized as follows:

PROBLEM 2 (TIMING CONTRACT SYNTHESIS). Given A,
As, Aa € R™™™ and D, synthesize a set C* C CND such
that for all (,7,h,h) € C*, (2-8) is GUES.

Related work. Several approaches are developed in the lit-
erature to solve instances of Problem 1. A non-exhaustive
list is given in Table 1. From the modeling perspective,
the problem can be tackled using difference inclusions, time-
delay systems or hybrid systems. On the computational side,
most of the approaches are based on semi-definite program-
ming using either Linear Matrix Inequalities (LMI) or Sum
Of Squares (SOS) formulations. This makes a clear distinc-
tion with our approach which relies on reachability analysis.
Let us remark that only a few approaches [10, 12, 4] ap-
pear to be able to address all instances of Problem 1. It is
noticeable that [10, 12] have been implemented in the Net-
worked Control Systems (NCS) toolbox [5] whose results
will be compared to those of our approach. We should also
acknowledge that some of these approaches are able to han-
dle problems that we do not consider in the present work
(possibility of having 74 > hy, controller synthesis, schedul-
ing protocols, quantization, nonlinear dynamics, stochastic



timing uncertainties). Finally, as far as we know, there is
no available approach for addressing Problem 2 besides our
preliminary work [1] where we impose 7 =7 = 0.

3. STABILITY CONDITIONS

In this section we state necessary and sufficient theoret-
ical conditions for system (2-3) to be GUES. In addition,
we derive practical sufficient conditions that can be used to
develop an algorithm for solving Problem 1.

3.1 Necessary and sufficient conditions

Our stability conditions are based on the notion of reach-
able set defined as follows:

Definition 2. Given a continuous-time dynamical system
i(t) = Az(t), t € R, z(t) € R®

the reachable set on [t,t'] C RY from the set S C R™ is

Riten(S) = |J s (5)

TE[t, 1]

We also define the map: @ : 2"
S CR" by

*©= U U

TE[T, 7] we[max(0,h—7),h—7]

— 2R given for all
et AT AS  (6)

It is easy to see that if S is compact then so is ®(S). It
is clear that for two sets S, 8’ C R™ and a € R, we have
S(SUS) =d(S)Ud(S’) and ®(aS) = ad(S).

The interpretation of ® is as follows. If S is the set of all
states that are reachable by (2-3) at time ¢;, then ®(S) is the
set of reachable states at time t7 ;. We define the iterations
of ® as ®°(S) = S for all S C R™, and ®**! = & o0 ®* for
all k € N. Then, for all & € N, ®*(S) is the set of reachable
states by (2-3) at time ¢, for initial states belonging to S.

Next, we state the theoretical conditions on the stability
of system (2-3) in terms of the map ®. Similar results have
been stated in [3] for discrete-time switched systems and in
[1] for NPILS.

THEOREM 1. Let S € Ko(R™), the following statements
are equivalent:

(a) System (2-3) is GUES,

(b) There exists a triplet (k,j, p) € NT x Njg 1) % (0,1)
such that ®*(S) C pdI(S),

(¢) There exists a pair (k, p) € N x(0,1) such that ®*(S) C
pUjZo 7(S).

PROOF. It is obvious that (b)) = (c¢). Hence, it is
sufficient to prove that () = (b) and (¢) = (a).

(a) = (b): We will prove that there exists (k,p) €
N* x (0,1) such that ®*(S) C pS. This implies (b) with
j = 0. Let (0) € S, then ®*(S) represents all the possible
values of z(t}). Since (2-3) is GUES, there exist C € R
and A € RY such that

lz(t)]l < Ce™ M 2 (0)]| < Ce 2 [la(0)]
which can be rewritten as

oH(S) C CeM2(0)|1B (7)

where B is the unit ball. Since S € ICo(R"™), then there exist
¢ € RT, € € RY such that ¢B C S C eB. Then, (7) and
z(0) € S give

—Akh—
ok (S) C ceMhgg c Y g

c

For k sufficiently large, Ce™*2¢ < ¢ and therefore (b) holds.
() = (a): Let v = p*; since p € (0,1) then for all
JE€ENpr_1, p < 7*77 and

k-1

e coJo cUres. ©

§=0

Let S’ = Uf;& 7~I®7(S), then using properties of ®:
k-1 k=1
» <U Ve <S>> -Urere)
7=0 Jj=0

<O 7—1'@1'*1(3)) Uy " er(s)

d(S)

Making a change of index in the union and using (8) yield

k—1 k—1
(U ,yj+1q>j(3)> U,yfkﬂ (U 7kjfl>j(8)>

) (U w’<1>f'<s>> — 95 )
j=0

Since S € Ko(R™), then &’ is compact. Moreover, since it
contains S, then S’ € Ko(R™). Then, there exist ¢ € RT,
¢ € R such that ¢ B C S’ C @B. Now consider a trajectory
x of (2-3), then z(0) € [|z(0)[|B C 12QUs" and (9) gives for
alli €N -

2(E) € & (ng))\lsf) c IIx((i/)IIW s C IIx(OiJIW i

®(S")

N

N

In other words, it holds for all 7 € N,
i
s e
lz()] < <= llz(O)].

Now, let t € RT, let i € N be such that ¢t € (¢,5,,], then
t —t; < h. Moreover, if t € (t,t], then

AR 7'
o)) < el 4l 14| == Nl (O)
and if ¢ € (t7,t5,4], then

— iE/
()]l < eI Aa | 4,1 25 12(0)].

c

In addition, we have i > t/h and since v € (0,1) it follows
that for all t € RT

elAelh max(||Aa|l, 1)||As|@
C/
el 4% max(|| Aall, DIIA[E 1m0
— Ql

Since 7 € (0,1), (2-3) is GUES. [

ll(t)] AP 1z(0)]|

[[(0)]]-



3.2 Sufficient conditions

The map ® involved in Theorem 1 is in general impossi-
ble to compute exactly. Then, we may use an over-approxi-
mation ® : IC(R™) — KC(R™) satisfying the following assump-
tion:

ASSUMPTION 1. For all S € K(R™), ®(S) C &(S).

We compute the map ® instead of ® in order to derive the
practical condition on stability used in the stability veri-
fication algorithm later on to solve Problem 1. Section 4

discusses on the effective computation of the map 5; We
now derive sufficient conditions for stability based on ®.

COROLLARY 1. Under Assumption 1, if there exist a set
S e ICO(R") and a triplet (k,i,p) € N+ x Njg k-1 x (0,1)

such that 3" (S) C pd’ (S) then system (2-3) is GUES.

PROOF. 3" (S) C pB'(S) C pUjZ L3 (S).
lar to the second part of the proof of Theorem 1, let S =
Uf;& 7 77®’(S) where v = p%. Then

k—1 k—1
oSy = @ (U 7‘@](3)) = U 7 oD

k—1 o k—1
U 77 R(®(S))

= Jr7 ).
j=0
Then, following the same steps as in (9), we can show that
®(8’) C «8’. Following the same line as in the proof of
Theorem 1, one concludes that (2-3) is GUES. [

Then simi-

The previous corollary provides the background for de-
signing a solution to Problem 1 in the next section.

4. OVER-APPROXIMATION SCHEME AND
STABILITY VERIFICATION

In this section, we present an approach for computing an
over-approximation of ®. Furthermore, we develop an algo-
rithm providing a solution to Problem 1.

4.1 Over-approximation

We first state the following result from [23] which gives
an over-approximation scheme for the reachable set given
by (5).

THEOREM 2. [23] Let T € R, A € R™™", S € KR")
and N € N, let

7A 7
Rio,r1(S) = | ) Ri(i-1)s,i6(S)

C-=

=1

where § = T'/N 1is the time step, and ﬁf?i,n&w] (8S) 1s defined
by the recurrence equation:

Rios(S) = ch(S,e48) @ 1/4¢5(S),  (10)

— —A .
Rﬁ&,(i+1)6] (8) = e Ri(i-1)8,1(S), © € Ny vy
with
e(S) = o(A (M - nB@AI - NS @
O(A| 21 — T — 5| A]) @ (A%°1S)).
Then, Ri'i_1)5.15)(S) € Riti—1)5,15)(S), for alli € Ny v and

R .2(S) € Rio.11(S)-

The previous theorem can serve to compute an over-approxi-
mation of ®. Indeed, from (6), one can easily check that

Ac Ac
4)(8) < R[max(o,ﬁ—?),ﬁ—ﬂ (A R["' T](A58)>

max(0,h—7)Acp Ac
< e [0,min(h—7,F—h+7—1)] (

AaelACR((‘J;_I](ASS)) (11)

with in turn can easily be over-approximated using the result
of Theorem 2. In the case of NPILS, the previous inclusion
becomes an equality. This is the approach followed in our
previous work [1]. However, for the general timing contract
(2), the coupling in the timing uncertainties w and 7 in (6)
is totally disregarded in (11) and therefore leads to conser-
vatism. Therefore, in this paper, to reduce conservatism, we
present a specific approximation scheme for @, that takes
into consideration the coupling in the timing uncertainties.
It is based on the following result:

LEMMA 1. Let S € K(R"), let N1, No € NT, then

N1 n2(j1)

0(j1)+(J2—1)d2)AcpAc
U U (01 +(2—1)d2)A R[Oéz](

Jji=1 j2=1

3(S) C
A, elz+— 1)51)ALR1‘(1J 51](1458)) (12)

where for j1 € Np1 )

0 = (?_E)/]\h,
2 = min(h—1,h—h+d61)/N2
0(j1) = max(0,h —1 — j101)
nz(j1) = ’—mln(h—T—(jl —1)(517]7/ h+51)/(52.|

(13)
PRrROOF. From (6), it follows that

Ny

* = U U

J1=171€[r+(j1—1)d1,7+7161]

U e e Age™e A S

w€[max(0,h—7),h—7]

Ny
AC
= U R[G(h)ﬁ—z—(h—l)al}(
j1=1
Ac
A“Rtﬂjl—l)él,:ﬂlél](Ass))
Ny
0(J1)AcpAc
< U ¢ R[Oh T—(j1—1)é1— 9(31)](

Ji=1
Agelttn- 1)61)ACR[A5061 (ASS)).
Remarking that

h—1—(j1—1)81 —0(j1) = min(h—1— (j1 — 1)61, h— h+51)

one gets
Nyp n2(j1)
0(j1)AcpAc
os) ¢ Y U & R[(jrl)éz,mz](
Jji=1 j2=1

T+(j1—1)61)Acp Ac
Aae(Jr(Jl 1)81) R[o,al](ASS))

which leads to (12). [



REMARK 1. Ni and Nz are parameters used to discretize
time intervals. For N1 = N2 = 1, the over-approrimation
given by (12) is the same as the one in (11).

We now present our over-approximation scheme for ®:

THEOREM 3. Let S € K(R™), Ni,No € N,
R™*™ | such that 0 € int(ch({Hx, ...,
K(R™) be given by

and H €

N1 n2(j1)
3S) =Ty | | |J Cunta-niag, (s)

Jj1=1 j2=1

where for j1 € Ny w1,

6j1 (S) = ﬁﬁ)féz] (Aae(1+(j171)51)Acﬁf?)?61](ASS))
with §1, 82, 0(j1), n2(j1) given by (13) , and R[o 51l 72[0 5o
computed as in (10). Then, ®(S) C ®(S).

PRrOOF. The proof is straightforward from Theorem 2 and
Lemma 1. [J

REMARK 2. In the previous result, the operation I'y is
not necessary to guarantee over-approzimation of ®. On the
other hand, without this operation, the over-approxrimation
of ® would be given by the union of possibly numerous sets
which may be quite impractical for subsequent manipula-
tions. For that reason, this union is over-approzimated by
the smallest enclosing polytope whose facets direction are
given by a matric H. Moreover, if S is a polytope, then
using the properties of support functions [24], the computa-
tion of ®(S) reduces to solving a set of linear programs.

We illustrate the tightness of our new approximation scheme

using system (16) (see Section 6) with the timing contract
given by 7 = 0, 7 = 04, h = 0.2, h = 1.2. We con-
sider a polytope S defined by a matrix H with 44 rows.
Figure 2 shows sampled points (in grey) from ®(S). The
white polytope corresponds to the over-approximation ®(S)
given in Theorem 3 with N1 = 20 and N2 = 50. The black
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Figure 2: Sampled points of ®(S) (in grey), over-
approximation ®(S) given by Theorem 3 and over-
approximation of (11) computed using Theorem 2

(in black).

Hn ), let @ : K(R™) —

polytope is given by (11) over approximated using Theo-

rem 2 where Rjg=_, and R()mln(h r F—ht7—r) ar€ COom-
puted with N = 20 and N = 50 respectlvely One can check
that the over-approximation given by Theorem 3 is quite
tight and much less conservative than that given by (11).

4.2 Stability verification algorithm

We now present our stability verification algorithm which
consists of two main steps: an initialization step where an
initial set Py is computed and a main loop which tries to
verify the sufficient stability condition given in Corollary 1
by iterating the map ® given by Theorem 3 from the set Pp.

4.2.1 Initialization

The choice of the initial set Py is crucial as it may impact
significantly the number of iterations of ® that are necessary
to check the condition of Corollary 1. Intuitively, in order
to minimize this number of iterations, Py should be already
close to an invariant set. Indeed, if ®(Py) C Po, the stabil-
ity condition holds after only one iterate of ®. One way to
choose Py close to an invariant set is to define Py as a com-
mon contracting polytope to L € NV linear discrete-time
systems, such that

Vj € Ny p, €774 A e APy C int(Py),

where the couples (75, h;) satisfy timing contract (2) for
all j € Ny z;. Then, Py can be computed either using
a backward iterative method as in [6] and [13] or using a
forward iterative method as in [3]. We denote the func-
tion computing Py by init(A., A4, As,7,7,h,h,L). Then,
Po = {x € R* : Hx < bo}. The matrix H defining Py is
used in the main loop of the algorithm in the computation
of the map ®.

4.2.2 Main loop

The initial set is propagated using the map ® given by
Theorem 3. Then if the stability condition given by Corol-
lary 1 is verified, system (2-3) is GUES and the algorithm
returns true. Otherwise, if a maximum number of iterations,
kmaz, is reached then the algorithm fails to prove stability
and returns unknown. The algorithm that solves Problem 1
is given as follows:

ALGORITHM 1. Stability verification
function is GUES(A.,Aq,As,7,7,h,h)
input: Ac, Aq, As € R™™", (1,7,h,h) €C
output: true if system (2-3) is proved GUES, unknown oth-
erwise
parameter: Ni,N2,L, kmae € NT
1: Po:=init(Ae, A, As, 7,7, h, b, L);
2: for k=110 kmaex do

> compute initial set

3: Pr:=P(Pr—1); > set propagation
4: if 3i € Nyg 1}, Pr C int(P;) then

5: return true; > system (2-3) is GUES
6 end if

7: end for

8: return unknown;

Note that all polytopes Py are of the form P, = {z € R™ :
Hz < by}, then the inclusion test at line 4 only consists
in checking br < b;. Although Algorithm 1 is only based
on sufficient conditions for the stability of system (2-3), its
effectiveness will be demonstrated on numerical examples in
Section 6.



S. TIMING CONTRACT SYNTHESIS

In this section, we propose a solution to Problem 2. We
first define a re-parametrization of the timing-contract such
that stability of system (2-3) becomes monotone with re-
spect to the new parameters. Monotonicity is a very at-
tractive property for designing efficient heuristics for timing
contract synthesis since stability is preserved when the pa-
rameter values increase. This allows us to tackle the timing
contract synthesis by sampling the parameter space.

5.1 Re-parametrization

Let us denote the vector of timing contract parameters
Q= (I? ?3 ﬁ?ﬁ) S D= [Tmin,Tmaz]2 X [hmin,hmaz]2, where
0 < Timin < Tmax, 0 < hmin < hmaam Tmin < hmin: Tmaz <
hmaz. For a € CND we denote the property:

Stab(a) = (2-3) is GUES with parameters a.

Solving Problem 2 is equivalent to computing (a subset of)
the set C, defined by

Co={aeCnND:Stab(a)}.

Let us define a new parameter 8 = (81, 532,8s,04) € D’
where D’ = [Tmin77'max] X [_Tmaaiy _Tmin] X [hminzhmax] X
[~hmaz, —hmin] and the map f : D’ — D such that f(3) =
a = (1,7, h, h) where

= 51’ T= min(_627 _134)7 h = ﬁ37 E = —54.

We define the following constraint set for the parameter 3:

¢ = {pemsnmi xr cms G ECH .

The following result holds:
LEMMA 2. Let C, be given by
C,={BeC' ND : Stab(f(8))}.
Then, f(C'ND')=CND and f(C,) = Co.

PROOF. Let us first show that f(C' N D’) C CN D and
F(CL) CCo. Let B€C'ND and o = f(B) = (1,7, h, h).
Then, B € D’ implies that o € D, using the fact that T <
Rhomin, Tmaz < Rmaz. Also, B € C’ implies that 7 < 7 and
h < h. Moreover, T = min(—f2, —f1) < —f4 = h. Hence,
a € C. Thus, a € CND. Moreover, if 8 € C, then 8 € C'ND’
and Stab(f(8)) gives a € CND and Stab(a). Thus, « € C,.
We now show that CND C f(C'ND’) and C, C f(C,). Let
a = (1,7,h,h) € CND and let 8 = (7,7, h,—h). Then,
f(B) = (z,min(7,h),h,h). Since a € C, it follows that
min(7, k) = 7 and f(B) = . Moreover, it is straightforward
to verify that € CND implies 3 € C'ND’ and that o € C,

implies B € C,. [J

The previous result has two important implications. The
first one is that the proposed re-parametrization does not
introduce any conservatism in the solution to Problem 2
since the set C, of admissible parameters a can be obtained
by computing the set C, of admissible parameters 3, despite
the fact that the map f is not injective nor surjective. The
second one is stated in the following lemma:

LEMMA 3. Let C"* C C, then C* = f(C"™) is a solution
to Problem 2.

ProorF. It holds that C* = f(C™*) C f(C,) =C,.

We further define the following set
Eo={BeD :(B¢C)V((BeC)AStab(f(8)))}
One can easily check that the following relation holds:
c,=C"ng,. (14)

Hence, from the previous equality and Lemma 3, we can
solve Problem 2 by computing (a subset of) the set £,. More-
over, &, satisfies the following monotonicity property:

PROPOSITION 1. For all 8,8 € D', the following impli-
cations hold:

(B<BYAN(BEE)) = B €&,
(BSBINB ¢E)) = B¢EE,.

PROOF. Let us assume 8 < 8’ and 8 € £,. There are two
cases:

L If B ¢ C', then either —f3) < —f4 < B3 < f55, or
—By < —P2 < P < P, or =B < =P < P < Pi. In
all three cases 8’ ¢ C’' and therefore 8’ € &,.

2. If B € C’ and Stab(f(8)), then either 3’ ¢ C’ which
implies 8’ € &, or 8/ € C'. In this latter case, a =
(1,7,h,h) = f(B) and o/ = (1',?’,ﬁ'7ﬁ) = f(B') sat-
isfy a € C, o/ €C and

T'>7, 7 <7, K >h,

>

"<h. (15)
)

It is straightforward to check that if (2-3) is GUES for
(7,7, h, h) € C then (2-3) is GUES for all (', 7,1/, }) €
C satisfying (15). Thus, Stab(f(8’)) holds and 3’ € &].

This proves the first implication. For the second implication,
it is sufficient to check that

(BB)N(BeEg)) = B €&,
~(BBYV(BEE) V(B €E)
(B<BIN(B ¢E)) = B¢E.

O

The previous property is instrumental for computing a sub-
set of £, since it allows us to state the following theorem:

THEOREM 4. Let B',..., M € &), and B,....B" ¢
D'\ &, and let
My Mo _
g=JBen g <p}, &=\ J{BeD :p<B'}.
j=1 Jj=1

Then, &' C &, C z. Moreover, C* = f (C'NE') is a solution
to Problem 2 and C, C f(C'NE).

ProOF. £ C &, C € is a direct consequence of Proposi-
tion 1. Then, from (14) and Lemmas 2 and 3, it follows that
C* is a solution to Problem 2 and C, C f(C' N ?). |

5.2 Timing contract synthesis algorithm

The previous theorem shows that it is possible to com-
pute under and over-approximations of the set £, by sam-
pling the parameter space D’. In this section, we use this
property to design a synthesis algorithm. Similar algorithms
have been used in [25, 30] for computing an approximation



of the Pareto front of a monotone multi-criteria optimization
problem. Indeed, this latter problem can be tackled by com-
puting an under and over-approximation of a set satisfying
a monotonicity property similar to that of Proposition 1.

ALGORITHM 2. Timing contract synthesis
Sfunction TC Synth(A.,Aq,As,D)
input: Ac, Aa, As € R™™, D = [Trmin, Tmaz|* X [Rmin, Bmax)®
output: C* C CN'D such that for all (7,7, h,h) € C*, (2-3)
is GUES.
parameter: ¢ € RT

1: Zf Bmzn - (Tmiru —Tmazx, hmin7 _hmax) S S(’) then

2: return C N D;

3: else& =D \ {Bmin};

4: end if

5: Zf Bmam = (Tmaacy —Tmin, hmaam _hmzn) ¢ 5(/) then

6: return 0;

7: else £ = {Bmaz};

8: end if

9: while d(&',€") > ¢ do > main loop

10: Pick B € g \ & > select next sample
11: ifBEE. then& =& U{F eD :B<p'Y;

12:  elseE =& \{B €D : B8 <B};

138: end if

14: end while

15: return f(C'NE’);

Algorithm 2 computes an under-approximation £ and an
over-approximation & of the set &, by sampling iteratively
the parameter space D’.

Lines 1 to 8 correspond to the initialization of these ap-
proximations by testing the lower bound Bm,i» and the upper
bound Bmas of the set D'. If Bimin € £, then by Theorem 4,
f(C"'ND")=CNDis asolution to Problem 2. Note that in
that case, all timing-contract parameters in C N D guaran-
tee the stability of (2-3). If Bmin & E,, then D'\ {Bmin} is
an over-approximation of &,. Similarly, if Bmaes & E,, then
by Theorem 4, £, = (. Note that in that case, no timing-
contract parameters in C N D can guarantee the stability of
(2-3). If Biax € E,, then {Bmas} is an under-approximation
of &.

Lines 9 to 14 describe the main loop of the timing con-
tract synthesis algorithm. At any time of the execution, £ C
& C &' holds. We pick a sample g € g \ & which is the un-
explored parameter region lying in the over-approximation
of &, but not in its under-approximation. If 3 € &, (or if
B ¢ E£), then we update the under-approximation £ (or
the over-approximation ?/) according to Theorem 4. The
algorithm stops when the Hausdorff distance between the £’
and £ becomes smaller than e. Of course, the choice of the
sample 8 € g \ &', at line 10, is crucial for the efficiency of
the algorithm. In our implementation of the algorithm, we
use the selection criteria proposed in [25] which consists in
choosing the sample that will produce the fastest decrease
of the Hausdorff distance d(£',€'). In [30] an alternative
selection criteria based on multiscale grid exploration was
proposed.

Finally, it is important to note that Algorithm 2 needs
testing if the samples 8 € &, which require checking the
condition Stab(f(8)). In our implementation, this is done
using Algorithm 1. If it returns true, then we can consider
that Stab(f(3)) holds. If it returns unknown, we treat the

sample as if Stab(f(3)) is false. As a consequence, in practice
it may be the case that &' is not an over-approximation of
E!. However, it always holds that £ C &, and therefore
the set returned by Algorithm 2 is always a valid solution
to Problem 2. Note that the property Stab(f(3)) need not
be checked using Algorithm 1 but one can use any of the
algorithms mentioned in Table 1.

6. ILLUSTRATIVE EXAMPLES

In this section, we first compare our approach for stability
verification to that implemented within the NCS toolbox [5].
Then, we show an application of the timing contract synthe-
sis algorithm. We implemented Algorithm 1 and Algorithm
2 in Matlab using the Multi-Parametric Toolbox [19]. All
reported experiments are realized on a desktop with i7 4790
processor of frequency 3.6 GHz and a 8 GB RAM.

6.1 Stability Verification

We consider two systems taken from [9], given by (1) with
the following matrices:

0 1 0
A= (0 _041>, B= (0_1>, K = (-3.75 —11.5).

(16)

A:(_02 0%1>,B:<(1)>,K=(1 0. (17

We consider the stability verification problem for these
two 2-dimensional systems. First, we write the systems into
4-dimensional impulsive systems (3). Then, we apply Al-
gorithm 1 to check stability of the impulsive system under
several timing contracts. We compare our results to those
obtained using the NCS toolbox [5] in Table 2. For the DET
timing contract (£ =0, h = h = h), we fix parameter h and
report the maximal value of 7 for which stability has been
verified. For the timing contract that corresponds to NPILS
(r = 7 = 0), we fix h and report the maximal value of h
for which stability has been verified. Finally, for the general
timing contract given by (2), we fix parameters 7, 7, h and
report the maximal value of h for which stability has been
verified. Note that we conducted extra experiments labelled
”Algorithm 1 (expl)” to compare the results in terms of CPU
time after fixing the same parameters as those used with the
NCS toolbox.

The experiments conducted using the NCS toolbox are
done in a particular manner since it uses three different ap-
proximation methods to embed the timing uncertainty (Jor-
dan Normal Form (JNF), Cayley Hamilton, and Gridding
and Norm Bounding (GNB)): we search for the maximum
value of the free timing parameter that guarantees stabil-
ity by running experiments using the three approximation
methods. Then we report the computation time for the
experiment in which we obtained this bound. In case the
maximum bound could be obtained by more than one exper-
iment, we report the CPU time corresponding to the fastest
in terms of computation. Stability for system (16) is guar-
anteed using the GNB approximation for the DET, NPILS
and general contracts, with 50, 35, and 50 gridpoints respec-
tively. As for system (17), stability is guaranteed using the
JNF approximation for all three contracts. Parameter se-
tups used by Algorithm 1, for the different experiments, are
summarized by Table 3. Note that for the NPILS contract,
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Figure 3: (top) Timing contract synthesis for system
(17) in the (0.2, 7, h, h) space where the visualized sec-
tion of C* is in the domain region C defined above
the planes h > 7 and h > h. (bottom) The section of
C* in the (7,h) plane such that 7= 0.2 and h = 1.

the parameter N; has no effect. It is clear, for the two sys-
tems at hand, that our method gives better results than the
NCS toolbox in terms of CPU time and tightness.

6.2 Contract Synthesis

We now consider the timing contract synthesis problem
for system (17). We rewrite the system in the form of im-
pulsive system (3). We search for a set C* C C N D, where
D = [0,1.16]% x [0.21,2.02]?, such that for all (z,7, h, h)€ C*
the system (2-3) is guaranteed to be GUES. We set the pa-
rameter ¢ = 0.07, and apply Algorithm 2. The output of
the latter is a set C* C R*. Figure 3 shows a 3D section of
C* by setting 7 = 0.2, and a 2D section by setting 7 = 0.2
and h = 1. Algorithm 2 used 3094 samples in the 4 di-
mensional parameter space with a total computation time
of Tepuy = 250 minutes. Parameters of Algorithm 1 used in
Algorithm 2 are L = 4, kmqee = 5 and the numbers of time
steps used for the over-approximation of the reachable set
are N1 = 20 and N> = 50.

7. CONCLUSION

In this work, we proposed useful tools for contract-based
design of embedded control systems under the form of al-
gorithms for stability verification and timing contract syn-
thesis. These algorithms can be used by control and soft-

ware engineers to derive requirements that must be met by
the real-time implementation of a control law. The effec-
tiveness of our approach has been shown on examples. As
future work, it would be interesting to handle the problem
of controller synthesis given a timing contract, and to co-
synthesize the controller and the timing contract parame-
ters. Also more work is required for the stability verification
problem as long as the solutions at hand gives only sufficient
conditions.
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