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Abstract—We address the problem of modeling, refining,
and repairing formal specifications for robotic missions using
assume-guarantee contracts. We show how to model mission
specifications at various levels of abstraction and implement them
using a library of pre-implemented specifications. Suppose the
specification cannot be met using components from the library.
In that case, we compute a proxy for the best approximation
to the specification that can be generated using elements from
the library. Afterward, we propose a systematic way to either 1)
search for and refine the ‘missing part’ of the specification that
the library cannot meet or 2) repair the current specification
such that the existing library can refine it. Our methodology
for searching and repairing mission requirements leverages
the quotient, separation, composition, and merging operations
between contracts.

I. INTRODUCTION

Mission specification is a mission formulation in a formal
(e.g., logical) language with precise semantics [2]. Many
results in the literature highlight the advantages of speci-
fying robotic missions in a temporal logic language, like
linear temporal logic (LTL) or computation tree logic (CTL)
[14], [16], [19], [27]-[29], [32], [44]. Producing a suitable
implementation of a mission specification is the problem of
finding a policy to be followed by the robot such that the
mission specification is always satisfied. For specifications in
LTL, reactive synthesis can automatically generate correct-by-
construction implementations from a given specification [10],
[13], [16], [22], [26].

Contract-based modeling [4], [I1], [34], [36]-[38], [43]
can be suited to formalize and analyze properties of reactive
systems. A contract specifies the behavior of a component by
distinguishing its responsibilities (guarantees) from those of
its environment (assumptions). It is possible to use contracts
to model the mission specification and automatically realize
its implementation using reactive synthesis [25]. However,
reactive synthesis is impractical for large specifications due
to its high computational complexity (double exponential in
the length of the formula, in the general case). Breaking the
specification into more manageable parts that can be realized
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independently can reduce computational complexity. More-
over, instead of directly generating the implementation, we
can search for efficient implementations that can be composed
and together realize the specification. It is then essential to
decouple the specification of a generic robotic mission from
its possible implementations. Different implementations can,
for example, refer to different robotic systems on which the
mission will be deployed.

System specifications formalized with contracts can be
incrementally refined using a library of pre-defined compo-
nents [20], [24], [45]. In robotic missions, a component is a
pre-implemented mission specification. A library containing
such components can be used to find suitable refinements to
the mission specification. Using a library, we can also adapt
the specification to support a variety of possible implemen-
tations. For example, a general ‘search and rescue’ mission
can be automatically adapted to be deployed in different
environments (e.g., different map configurations). Ideally, the
refinement process should use elements in the library of pre-
implemented specifications. Since every component of the
library can be pre-implemented, we would not need to generate
implementations for every specification, but we can reuse
existing ones. However, various libraries can model different
robotic systems or system aspects, and each library can add
additional constraints that the specification may need to ac-
count for. Yet, the designer might not be aware a priori of the
additional constraints posed by library or the library itself may
not be rich enough to “cover” the specification. The question
is then how to add the minimum number of components to the
library to refine the specification completely. Alternatively, we
may ask how to minimally revise the specification to enable
an effective implementation with the given library.

In this paper, we present CR? (Contract-based specification
Refinement and Repair), a structured methodology to model,
search and repair formal specifications represented as assume-
guarantee contracts [4]. The search process consists in keeping
the specification fixed while searching for the missing part,
e.g., in other libraries. The repair process consists of auto-
matically patching the current specification so the available
library can refine it. Whenever a specification cannot be refined
from the library, we propose an algorithm to produce the best
‘candidate selection’ of elements such that the ‘missing part’
to search or repair is minimal, thus maximizing utilization of
the available library.



The contributions of this paper are the following:

o A framework to model mission specifications and prove
specification refinements across abstraction layers.

o An algorithm to find a candidate selection of library
elements implementing a mission specification that is
optimal with respect to a ‘specification coverage’ metric
based on syntactic and semantic similarity notions.

« A methodology to search or repair specifications that
cannot be refined. The search is based on the application
of the contract operations of quotient [21] and compo-
sition [4] while the repair is based on the operations of
separation and merging [42].

We have implemented CR? in a tool that supports the

designer in specification modeling, refinement, and repair’.

Related Work: Repair of system specifications is a widely
studied problem in the literature. Recent approaches have
focused on repairing LTL specifications that are unrealizable
for reactive synthesis [ 1], [7], [8], [23], [30]. These approaches
focus on the discovery of new assumptions to make the spec-
ification realizable. They target a restricted fragment of LTL
specifications (e.g., GR(1)) and mostly use model checking
techniques. A more recent approach by Gaaloul et al. [17]
targets signal-based modeling notations, rather than LTL spec-
ifications, and relies on testing, rather than model checking,
to generate the data that are used to learn assumptions via
machine learning.

Brizio et al. [5] use a search-based approach to repair
LTL specifications. Their approach is based on syntactic
and semantic similarity as well as model counting, i.e., the
number of models that satisfy the formula. The new realiz-
able specification is then produced by successive applications
of genetic operations. For repairing Signal Temporal Logic
(STL) formulas, Gosh et al. [18] propose algorithms to detect
possible reasons for infeasibility and suggest repairs to make
it realizable. Other approaches [9], [12], instead of repairing
the specification, focus on repairing the sysfem in a way
that it can satisfy the specification. In the robotics domain,
Boteanu et al. [40] focus on adding assumptions to the robot
specification while having the human prompted to confirm or
reject them. Pacheck et al. [40], [41] automatically encode into
LTL formulas robot capabilities based on sensor data. If a task
cannot be performed, they suggest skills that enable the robot
to complete the task.

Our framework uses LTL specifications, but instead of
mining for new assumptions or changing the system (i.e.,
the pre-implemented library elements), it repairs the existing
specifications based on what can be refined from the library.
Our repairs are always the smallest (in terms of the set
of behaviors removed from the original specification) and
completely automated, since they are based on algebraic
operations. Finally, we use notions of semantic and syntactic
similarity [5] to compute the ‘closest’ candidate compositions
of library elements to the specification to be refined.

ITool available at https://rebrand.ly/refine-repair-tool.

II. BACKGROUND

We provide some background on assume-guarantee con-
tracts and linear temporal logic.

A. Assume-Guarantee Contracts

Contract-based design has emerged as a design paradigm
capable of providing formal support for building complex
systems in a modular way by enabling compositional rea-
soning, step-wise refinement of specifications, and reuse of
pre-designed components [4], [35], [37], [39].

A contract C is a triple (V,A,G) where V is a set of
system variables (including, e.g., input and output variables
or ports), and A and G—the assumptions and guarantees—are
sets of behaviors over V. For simplicity, whenever possible,
we drop V' from the definition and refer to contracts as
pairs of assumptions and guarantees, i.e., C = (A,G). A
expresses the behaviors expected from the environment, while
G expresses the behaviors that an implementation promises
under the environment assumptions. In this paper, we express
assumptions and guarantees as sets of behaviors satisfying a
logical formula; we then use the formula itself to denote them.
An environment E satisfies a contract C whenever E and C are
defined over the same set of variables, and all the behaviors of
E are included in the assumptions of C, i.e., when |E| C A,
where |E| is the set of behaviors of E. An implementation M
satisfies a contract C whenever M and C are defined over the
same set of variables, and all the behaviors of M are included
in the guarantees of C when considered in the context of the
assumptions A, i.e., when |[M|NA CG.

A contract C = (A,G) can be placed in saturated form
by re-defining its guarantees as Gy = G U A, where A
denotes the complement of A. A contract and its saturated
form are semantically equivalent, i.e., they have the same set
of environments and implementations. Therefore, in the rest
of the paper, we assume that all the contracts are expressed in
saturated form. In particular, the relations and operations we
will discuss are only defined for contracts in saturated form.
A contract C is compatible if there exists an environment for
it, i.e., if and only if A # 0. Similarly, a saturated contract
C is consistent if and only if there exists an implementation
satisfying it, i.e., if and only if G # (). We say that a contract
is well-formed if and only if it is compatible and consistent.
We detail below the contract operations and relations used in
this paper.

a) Refinement: Refinement establishes a pre-order be-
tween contracts, which formalizes the notion of replacement.
Let C = (A,G) and C' = (A, G’) be two contracts, we say
that C refines C’, denoted by C < C’, if and only if all the
assumptions of C’ are contained in the assumptions of C and
all the guarantees of C are included in the guarantees of C’,
that is, if and only if A D A’ and G C G’. Refinement entails
relaxing the assumptions and strengthening the guarantees.
When C = C’, we also say that C’ is an abstraction of C
and can be replaced by C in the design.
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b) Composition: The operation of composition (||) is
used to generate the specification of a system made of com-
ponents that adhere to the contracts being composed. Let
C1 = (A1,Gq) and C; = (A3,G2) be two contracts. The
composition C = (A,G) = C; || C2 can be computed as
follows:

A :(Al N AQ) U (Gl n GQ), (1)
G =G, N Gs. 2

Intuitively, an implementation satisfying C must satisfy the
guarantees of both C; and Cs, hence the operation of inter-
section in (2). An environment for C should also satisfy all
the assumptions, motivating the conjunction of A; and A,
in (1). However, part of the assumptions in C; may be already
supported by Co and vice versa. This allows relaxing A1 N As
with the complement of the guarantees of C [4].

¢) Quotient (or Residual): Given two contracts C; and
C’, the quotient Co = (A, G3) = C'/Cy is defined as the
largest specification (with respect to the refinement order) that
we can compose with C; so that the result refines C’. In other
words, the quotient is used to find the specifications of missing
components. We can compute the quotient [21] as follows:

AQZA/ﬂGl and GQZG/ﬁA1U(A/mG1).

d) Merging: Contracts that handle specifications of var-
ious viewpoints of the same design element can be combined
using the merging operation [42]. Given C; = (41,G1) and
Co = (Ag, G9) their merger contract, denoted C = C1+Co, is the
contract which promises the guarantees of both specifications
when the assumptions of both specifications are respected, that
is,

C:(AlﬂAg,Gl mGQUAlﬂAg).

e) Separation: Given two contracts C; and C’, the
operation of separation [42] computes the contract C; =
(AQ, GQ) =C = C1 as

AQZA/mGlLJ(G/ﬂAl) and GQZG/ﬂAl.

The contract C, is defined as the smallest (with respect to the
refinement order) contract satisfying C’ < C; « Ca.

B. Linear Temporal Logic

Given a set of atomic propositions AP (i.e., Boolean
statements over system variables) and the state s of a system
(i.e., a specific valuation of the system variables), we say that
s satisfies p, written s |= p, with p € AP, if p is frue at state
s. We can construct LTL formulas over AP according to the
following recursive grammar:

pi=pl@lei1Ver | X Ugps

where ¢, (1, and @9 are LTL formulas. From the negation
(=) and disjunction (V) of the formula we can define the con-
junction (A), implication (—), and equivalence (<+). Boolean
constants true and false are defined as true = ¢ V —¢ and
false = —true. The temporal operator X stands for next and U
for until. Other temporal operators such as globally (G) and

eventually (F) can be derived as follows: F ¢ = true U ¢ and
G ¢ = ~(F(—y)). We refer to the literature [3] for the formal
semantics of LTL. For the rest of the paper, we indicate with
© the negation of ¢, i.e., —.

An LTL formula can be realized by a controller via reactive
synthesis [15]. Reactive synthesis generates a controller M (a
finite state machine) from a specification ¢ (an LTL formula),
where the atomic propositions are partitioned into inputs and
outputs. If a controller can be synthesized, it is guaranteed to
satisfy the specification under all possible inputs. If such a
machine exists, we say that M realizes .

III. PROBLEM DEFINITION

Robotic missions state what the robot should achieve in the
world. We model each robot objective with a contract.

Definition III.1 (Mission Specification). A mission specifica-
tion is a contract C = (@4, ) consisting of a pair of LTL
formulas.

A behavior is an infinite sequence of states, where each state
is an assignment of values to all system variables within their
domain. A finite state machine is a tuple M = (S,Z, O, s, 9)
where S is the set of states, sg € S is the initial state, and
§:8 x 2% 5§ x 29 is the transition function.

Definition III.2 (Library of Components). A library of com-
ponents is a pair A = (K, T), where K = {£},£},..., L)}
is a set of n contracts and T = { M, M}, ..., M] } is aset of
n finite state machines satisfying the corresponding contracts,
i.e., such that M/ |= L/ for all <.

The library of components bridges the gap between a
general specification and a specific set of implementations
that can be executed in a certain environment. The robot
(controller) can be modeled as a finite state machine, obtained
by composition of library components, which satisfies the
mission specification.

Definition III.3 (Mission Satisfaction Problem). Given a mis-
sion specification C and a library of components A = (K, T),
produce an implementation M = M; || My || ... || M,
where { M7, My,...,M,} € T such that M = C.

However, we cannot always find components in the library
that can satisfy the mission specification, e.g., the library
may not ‘cover’ all the requirements of the mission. When
there exists no M in the library such that M = C, we
propose two strategies: /) loosening the specification C by
relaxing its constraints or 2) extending the library with new
components that can accommodate the requirements in C.
Our framework, named CRZ2, automatically performs both
strategies by leveraging the contract algebra while satisfying
certain optimality criteria.

IV. RUNNING EXAMPLE

Let us consider an environment modeling a general store
formed by a front, a back, and an entrance. The left part of
Figure 1 shows such a map with three locations: L (front),
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Fig. 1: Location maps used for the running example. The map
on the left is ‘refined’ by the map on the right.

Lp (back), and Lg (entrance). Location L is inside Lr. We
assume the robot is equipped with a sensor to detect people and
actuators to greet them. The mission requires moving between
the back and the front of the store and greeting customers when
they are detected.

We want to deploy the mission on a specific store with
the map shown on the right side of Figure 1. We have five
locations, L1, ..., Ls, which indicate where the robot can be.
Locations L, L3, and L, represent the front of the store,
location Lo the entrance, and location Ly the back. Let us
assume that a library of components A contains implementa-
tions of mission objectives that the robot can perform in the
more detailed map.

Our goal is to refine a general mission specification with a
set of implementations specific to the particular environment.
In the rest of the paper, we will see examples of how
CR? tackles this problem, even when the refinement is not
immediately possible.

V. MODELING FRAMEWORK

We introduce the building blocks of the modeling infrastruc-
ture used in CR?, starting with the concept of types. Types
are used to assign semantics to every location, sensor, and
action in the mission. Relationships among types are used
to automatically generate constraints to model the world in
which the robot operates. We call world context the ground
constraints that model the world.

Definition V.1 (Type). A type is a semantic concept related
to the mission (e.g., a location, an action, or a sensor) that is
used to generate the world context. We indicate with © the
set of all types in scope.

We indicate types with capital letters and atomic propo-
sitions with lower-case letters. If not explicitly specified, we
assume that an atomic proposition p belongs to a type denoted
by the corresponding capital letter P.

Types can be related to other types in four ways: via mutual
exclusion, adjacency, extension (or subtyping), and covering.

Definition V.2 (Mutual Exclusion). A type A € © is mutually
exclusive from a type B € © if instances of A and B can never
be true simultaneously.

This relationship will be used to state that the robot cannot
be in two locations simultaneously.

Definition V.3 (Adjacency). A type A € O is adjacent to a
type B € O if instances of B can become frue one step after
instances of A are true.

This relationship will help us specify that the reachable
locations from a given location in one timestep are those
allowed by the current map.

Definition V.4 (Extension). Let A € © and B € O be two
types, where A # B. We say that A is a subtype of B or that
A extends B, denoted by A < B, if the concept A is included
in the concept B.

Subtyping is used to relate abstract types to concrete types.
For example, in Figure 1, we will define a type Lr denoting
“the robot is in the front of the store” and another denoting
“the robot is in location L4.” Because L4 is part of the front,
we will say that L, is a subtype of L.

Definition V.5 (Covering). Let A € O be a type and A} € O,
1 <4 < n, be subtypes of A. We say that the set { A},..., A"}
covers the type A if, when an atomic proposition of A is true,
the atomic propositions of at least one of the A’ are true.

The concept of covering allow us to say that an abstract
type is represented exactly by a disjunction of concrete types.
For example, in Figure 1, the type “the robot is in the front”
is covered by the set {L1, L3, L4} since being in the front
requires the robot to be in one of those specific locations.

Definition V.6 (Similar Types). A type A € O is similar to a
type B € O if and only if (iff)y A < B or A= B.

Our modeling framework uses types to generate world
context constraints semantically. For each type of relationship
described above, our framework produces an LTL formula that
can be added to the world context.

Example V.1. We consider the mission specification of our
running example to be the following contract C:

A = InfOften(s)
Cq G = OrderedPatrolling(ly,l¢) A 3)
A InstantaneousReaction(s, g),

where s and g are the atomic propositions indicating that
the robot is sensing a person and greeting, respectively, and
ly, 1y are atomic propositions indicating the location of the
robot. InfOften (infinitely often) represents the LTL construct
used to express ‘globally eventually.” OrderedPatrolling is a
robotic pattern, i.e., a template used to conveniently capture a
robotic specification, that expresses the continuous visit of a
set of locations with a precise order. InstantaneousReaction is
another robotic pattern which, in the same time step, requires
performing an action, i.e., setting g to true, based on the truth
value of s. We refer to the literature [31] for more details on
the robotic patterns used in this paper.

VI. GENERATING THE CONTEXT CONSTRAINTS

We show how CR? generates the context constraints and
verifies well-formedness, refinement, and realizability of spec-



ifications. In our modeling framework, types are used to
generate world context constraints. For each kind of relation-
ship described in Section V our framework produces an LTL
formula which can be added to the world context.

Given a formula ¢, we use AP¥ to denote the set of atomic
propositions that appear in ¢; we call the types of ¢ the set
of types associated with the atomic propositions that appear
in . For example, if ¢ = {1, AP¥ = {l;}, and the types of
 consist of the set {L; }. We define the following functions:

o MTX () produces an LTL formula enforcing the mutual

exclusion conditions for the types of ¢. For each pair of
atomic propositions p;,p; € APY¥ whose types P; and
P;, respectively, are mutually exclusive, we append the
constraint G(p; — p;) A G(p; — B;), i.e.,

MTX(e)= N\

pi,pj EAP?
P;mutex withP;

G(pi = ;) A G(p; = Pi)-

e ADJ(p) produces an LTL formula enforcing the adja-
cency conditions of all adjacent types of ¢. For each
pair p;,p; € AP¥ whose corresponding types F; and
P; are related via adjacency, we include the constraint
G(pi = X(pi V p;)) A Glp; = X(p; V pi)), ie.,

ADJ(p) =

AN G = X(pi V p;)) A Glp; — X(p; V py)-
pi,p; EAP?
P;adj. WithP]‘
e EXT produces an LTL formula enforcing all the exten-
sion relations. For each pair p;,p; such that P; < P;,
EXT includes the formula G(p; — p,), i.e.,

EXT = /\ G(pi—p)).
P;=<P;

o COV produces an LTL formula enforcing the coverage
constraints among all types that satisfy such constraints.
For atomic propositions p,,py, where b € Z holds, Z
being a set of indexes, and such that { P, }»cz covers P,,
we include the constraint G(p, — \/,c7 Pp), that is,

cov= N\

G (pa — \/ pb> .
{Ph}bGZCO'U~Pa bel

Example VL.1. In our running example, we have two maps
at two levels of abstraction. There is an ‘abstract map’
with locations Lp, Lp, and Ly and a ‘concrete map’ with
locations L1, Lo, L3, Ly, and Ls.

We assign a type to every location on the map, whose
instances are atomic propositions, e.g., Ls has an associated
atomic proposition ls. Whenever 5 is true, then Ls is also
true, and the robot is in location Ls on the map. We also
define the type S to model a sensor that detects the presence
of a person and the type G to model the greeting action. We
use s and g for the atomic propositions corresponding to types
S and G, respectively.

For every type we define its mutual exclusion, adjacency,
extension, and covering relationships. For example, L1 has an
adjacency relationship with types Lo and Ls. It is mutually
exclusive with Lo, L3, L4, and Ls, since the robot cannot be
in multiple locations at the same time. L, extends Ly, i.e.,
Ly X Lg and Ly is part of the { Ly, L3, Ly} covering of L.

VII. CONTRACT-BASED VERIFICATION

Once the designer uses CR? to define the types as discussed
above, many relationships between atomic propositions can
be automatically inferred, according to the expressions for
MXT, ADJ, EXT, and COV. CR? can then check for well-
formedness, refinement, and realizability. CR? performs well-
formedness checks on the mission specification as well as the
components in the library. Refinement checks are performed
to verify whether a specification is more ‘stringent’ than
another. This is particularly important when checking whether
a composition of elements from the library can meet a top-
level specification.

a) Well-Formedness Check: For any contract having ¢4
and g as assumptions and guarantees, we check that both
w4 and @q are satisfiable by checking the satisfiability of the
following formulas:

YA NMTX(pa) NADJ(pa),
g NMTX(pa) NADJ(pa),

where we only consider MTX and ADJ as context con-
straints, since we are only concerned with the satisfiability of
the formulas for a single contract. For example, let I, and [
be atomic propositions associated with locations Lp and Lp.
If the designer formulates a specification having as guarantees
Iy Aly and true as assumptions, CR? finds that AL AG(ly —
I)ANG(y = 1) NGy = X(Iy V1)) AG(Ly — X(Iy V1))
is unsatisfiable, hence the contract is not well-formed. For
simplicity, we did not include the adjacency relationships for
all types.

b) Refinement Check: In refinement verification, we need
to take into consideration the context constraints given by
EXT and COV because these connect abstract types with
concrete subtypes and coverings. Let C; = (va1,¢¢1) and
Co = (pa2,pa2) be two contracts. To prove that C; < Co,
we have to check whether pg1 — wg2 and Y2 — @41 are
valid formulas. When checking for the validity of a formula

¢ = @1 — o, CR? first checks the satisfiability of the
formulas:
1 AMTX(p1) NADJ (1), 4)
w2 N\ MTX(QDQ) AN ADJ((,DQ) &)

If they are satisfiable, it proceeds to verify the validity of the
implication ¢ in the world context:

(EXT ACOV) — ¢. (6)

Example VIL.1. Suppose that we want to check whether, by
Patrolling locations Ly and L3 in the concrete map, the robot
is also Patrolling location L in the abstract map. Patrolling



is a robotic pattern [3 1] that requires the robot to visit a loca-
tion infinitely often. We want to prove that (GF(I1) A GF(l3))
implies GF (1 y). After checking the satisfiability of the formulas
(4) and (5), CR? proves the validity of the formula

G(ly = 15) AG(l3 = ;) — (GFly A GFl3 — GFly).  (7)

Since (7) is valid, we can conclude that a robot, by visiting the
locations L1 and Ls infinitely often, is also visiting location
L infinitely often.

Remark. The formula (7) is a simplified version of (6). We do
not always need the context to enforce coverage and extensions
among all the types of a formula. In this example, it is
sufficient to include the extension relationships among [y, I3,
and [ to prove the refinement. However, if the formula ¢ in (6)
is not monotone, meaning that some of the atomic propositions
appear negated and some not, then it is necessary to add the
constraints generated by COV to the context constraints.

¢) Realizability Check: We say that a contract C =
(pa,@c) is realizable if there exists a finite state machine
that implements the formula

¢ =MTX(pa) NADJI(pa) Npa — (®)
MTX(pc) NADJ(pc) A pc ©9)

via reactive synthesis. Since the synthesis process only con-
cerns a single contract, the context constraints generated by
EXT and COV are unnecessary. For example, to implement
the Patrolling of locations /; and /3 in the previous example,
CR? checks the realizability of the following formula:

A G(ll — X(ll V 12 \ 13)) A G(lg — X(lg V ll \ l4 V 15))A
A GF(L) A GF(l3).

Our framework automatically checks the well-formedness
of every contract and all the refinement relationships among
them. These checks are translated into model checking prob-
lems, and NuSMV [6] is used to solve them. On the other
hand, we use STRIX [33] to check the realizability of the
contracts in the library, when their implementation is not
available and to produce Mealy machines that implement them
when they are realizable.

VIII. CONTRACT SEARCH AND REPAIR

Figure 2 shows the processes involved in the refinement
of a contract C using a library of components A. First, CR?
searches for the best candidate composition of contracts L
from A, i.e., the selection of contracts that once composed
maximize a heuristic function related to the refinement of
C. Then, according to the result of a refinement analysis
procedure, CR? can either declare the refinement complete,
start a search procedure, start a repair procedure, or declare
the refinement failed. In the search process we look for new
contracts to be able to refine C, whereas in the repair process
we automatically modify C such that A can refine it. In the
following sections, we discuss /) the selection of an optimal

candidate composition, 2) the refinement analysis procedure,
3) the search process using the contract operations of quotient
and composition, 4) the repair process using the contract
operations of separation and merging.

A. Finding the Best Candidate Composition

The best candidate composition L is the composition of
a set of contracts in the library that aims to be ‘the closest
refinement’ of C that can be generated from A. We define
the closest refinement by formulating a heuristic function h
based on /) type similarity, and 2) behavior coverage. Given
C and A, the best candidate composition is the composition
of contracts in A that maximizes h.

Let I be the class of all contracts and O the set of all types.
We define the following functions:

Definition VIIL1 (Similarity Score). SIM : T' x 2° — N is
a function that takes as input a contract C € I' and a set of
types ©; € 2° and returns the number of similar types (as in
Definition V.6) between C and ©;. Let I'; € 2T be a set of
contracts in I'. For each I';, let ©; denote the set of all the
types of the contracts in I';, and let N be the number of types
of a contract C in I'. The similarity score of a set of contracts
T"; with respect to C is

SIM(C, ;)

x 100, (10)

that is, the percentage of similar types ‘covered’ by I';.

Definition VIIL.2 (Refinement Score). The refinement score
of contract C with respect to a set of contracts I'; € 21 is a
function REF : T x 2 — R that returns the percentage of
contracts in I'; that can be refined by C.

To compute the refinement score of each contract in the li-
brary with respect to the entire library, a pair-wise comparison
can be made among all the possible selections of contracts in
the library. This process can be performed independently from
the search for the best candidate composition.

If no composition in the library is a valid refinement of
the top level contract, our framework searches for the best
candidate composition by looking at the possible combinations
of contracts that are composable and computing for each of
them their similarity score with respect to C. Let € be the
set of compositions with the highest similarity score. If {2 has
more than one element, i.e., if || > 1, then CR? keeps in
2 only the compositions generated by the least number of
contracts. Then, if |Q)| > 1, we compute the refinement score
of the compositions in 2. The best candidate composition is
the element in 2 having the highest refinement score. We
choose one randomly if more than one element has the highest
score.

Example VIIL.1. Let us consider a simplified version C1 of
C in (3), which only contains OrderedPatrolling(ly,1,) in the
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Fig. 2: Flow diagram showing all the processes involved in creating a refinement from a library.

guarantees:
A= true
CiqG= GF(lf/\Flb)/\(EUlf) A\

A Gl = X U L)) AG(ly — X(Ip U By)).
1D
Contract (11) requires to repeatedly visit locations Iy and Iy,
i.e., the associated atomic propositions must be infinitely often
true. Furthermore, it imposes that the locations be visited in
a fixed order, starting from ly.
Let us assume that our library of contracts A = (K, M)
has K = {L1,Lq, L3, L4} defined as

£1{G 2{0

Patrolling(l5) Patrolling(l3)

= GFli; = GFli3
G= ViSit(lg, ll) G= VISIt(l5)
L3 1
= Fls A Fly = Fl;

When not differently stated, we consider the assumptions to be
true. For the guarantees of each contract above we indicate
both the robotic pattern and its LTL representation.

When computing the composition of contracts in K that
has the best similarity and refinement scores, seven candidates
have a similarity score of 100% between Cy and all the types
in A . Among these, three result from the composition of two
contracts, while the rest are composed of more than three
contracts. After filtering out the candidates formed by the
composition of more than two contracts, CR? chooses the
candidate with the highest refinement score, which, in this
case, is L = Ly || L, with the following guarantees:

GFls A GFls. (12)

Intuitively, we found the composition of contracts in A that
generates behaviors that are most ‘similar’ to those of con-
tract (11). Therefore, we can maximize the set of behaviors of
Cy that can be covered by A.

B. Refinement Analysis

The refinement analysis evaluates the best candidate com-
position L and determines the appropriate strategy to complete
the refinement of C from A. The outcome of the analysis can
be one of the following:

o Refinement Failed: C can not be refined by A.

o Refinement Completed: L is already a refinement of C.

e Start Search Procedure: L A A, start the search proce-
dure for a new specification using contract quotient and
composition.

o Start Repair Procedure: L A A, start a repair procedure
to modify C such that A can refine it. This process uses
contract merging and separation.

Algorithm 1 shows the main steps of the refinement analysis
procedure. In addition to C and A, the algorithm can take as
input additional libraries D = {A’, A”,...}. Moreover, users
can express their intention of performing a repair or a search
procedure. If designers do not express their preference, CR?
chooses a procedure based on the similarity score. If the library
covers all the types of C or its similarity score is at least 80%,
the algorithm performs a repair of the specification. Otherwise,
other types can likely be found in the additional libraries.
If different libraries are available and the similarity score
is less than 80%, CR? performs the search procedure. The
following sections describe the search and repair procedures
and illustrate how they are applied to our running example.



Algorithm 1: Refinement Analysis

Input: C: contract to refine, A: library of components, L: best
candidate composition, D = {A’; A’ ...}: additional
libraries of components (optional), repair, search:
Boolean arguments indicating the designer preference
(optional)

Output: refinement_complete: Boolean indicating that the

refinement procedure has been completed, refinement:
R contract refining C
if £ < A then
L /x L is already a refinement of A */
return true, £

if similarity score == 0% then
/* Refinement failed x/
return false, None

if repair then

/* Designer is ‘forcing’ a repair */
return repair_procedure(L, C)
if search then
‘forcing’ a search */

/* Designer is
return search_procedure(L,C, D)
/+ Choose Search or Repair based on the
similarity score */
if similarity score > 80% then
L return repair_procedure(L,C)
else
L return search_procedure(L,C, D)

C. Specification Search via Quotient and Composition

The best candidate composition L in Section VIII-A tends
to be the most refined composition of contracts, delegating as
much functionality as possible to the library of contracts A.
We then need to find the specification that A cannot meet but
we still need to satisfy in order to refine C.

To find this missing part given L and C, we would like
to have a specification that is as general as possible. We
then resort to the operation of quotient, as it produces the
most abstract specification that, composed with ﬁ, can refine
C. Any refinement of the quotient can be substituted in the
composition, and we still obtain a refinement of C.

As shown in Figure 2, we first compute the quotient between
C and L, ie., Q = C/ﬁ. Then, we refine the quotient by
searching for a new specification £’ such that £ < Q. The
refinement £’ can be searched in a library of contracts A’ € D.
The search_procedure will search the libraries in D, and once
a refinement of the quotient is found, it is composed with ﬁ,
ie., £* = L || £;. The resulting contract £* is guaranteed to
refine C. If there is no refinement of the quotient in any of the
libraries in D, then the refinement process fails. At this point,
the designer could choose to delegate to some third party the
implementation of the quotient by giving them Q.

Example VIIL2. Let us continue with the example in the
previous section, where we found that the best candidate
composition of Cy in (11) using the library A is £ = L1 || Lo.
Even though the similarity score is maximum, let us search for
new contracts in the new library A'. We compute the quotient

Q=0C/L:
A=
G =

GFl5 A GFl5

(GF(ly AFl) A (E Uly) A

N G(lb — X(E U lf)) A\ G(lf — X(ﬁ u lb))) V
Vv GFl5 A GFls.

0=

The quotient is the result of an algebraic expression and is
computed automatically; without looking at the specifications,
the designer knows the missing behavior from library A such
that C can be refined. In fact, any refinement of Q can
‘complete’ the candidate composition L so that it refines
C. CR? searches for refinements of Q in A’ to produce a
new candidate composition. Let L' in (13) be the candidate
composition that completely refines Q. L' indicates a strict
order among locations to be visited, similar to the Stric-
tOrderedPatrolling robotic patterns, but without prescribing
that they be continuously visited.

A=
LG =

true
UL A G(ls — X(I; Uls)) A

13)

In contrast to (11), the strict order among locations, i.e.,
l3 = 5, found in (13) does not allow locations 3 or l5 to
be visited more than once per round of visits. We have that
L' =< Q. However, neither L nor L' refine Cy. Contract (13)
only imposes a strict visit order, but does not impose to
actually visit the locations. To complete the refinement, we
produce a new contract L* = L || L' which now refines Cy.

D. Specification Repair via Separation and Merging

Instead of finding the missing element from A, the repair
operation attempts to make a minimal modification of the top-
level specification C so that the library A can implement it. Let
L be the candidate composition from library A, as before. As
shown in Figure 2, we first compute the separation between L
and C, ie., S = £+ C. We then merge it with C, generating a
new contract C’. Now we can repair C by replacing it with C’,
which is guaranteed to be refined by the candidate composition
L. In contrast to the quotient, the operation of separation,
combined with merging, will give us the smallest abstraction
of £ such that C merged with S can refine it [42].

Example VIIL3. Let us consider contract Co, another simpli-
fied version of C, which only prescribes that the robot always
greet immediately when a person is detected (i.e., in the same
time-step), assuming that people will always eventually be
detected. We obtain:

A:
G =

GF(s)

G GF(s) — G(s — g).

Let us assume that in our library the candidate composition
L is the following contract:

~ | A=
G:

true

G(s = Xg).



L requires the robot to greet the person in the next time instant,
once a person is detected. Obviously, L fails to refine Cs. Let
us now compute the separation between L and Cs, obtaining
the following contract:

A:
G:

G(s — g) vV (G(s — Xg) A GFs)

S
G(s — Xg) A GFs.

The result of S merged with Cy is the following contract:

/A:
2\ a =

GFs A (G(s — g) V (GFs A G(s — Xg)))
GF(s) — G(s — Xg).

We have ‘patched’ Co by creating a new contract Ch that
can substitute it. The contract C} can now require the robot to
greet on the step after it sees a person, under the assumptions
of Ca. The process of generating Cl was fully automated. It
did not require the designer to look at the specifications and
make manual adjustments, which can be hard to do as the
complexity of the specifications increases.

IX. DISCUSSION

This section discusses trade-offs that the designer might
consider when using CR?. We consider (i) whether or not the
time-steps between the abstract and concrete maps should be
the same and (ii) whether the choice of candidate compositions
should be based on the highest or lowest refinement scores.

a) Time Step Duration: Let us consider the specification
OrderedPatrolling(ly, 1y, ), which requires the robot to pa-
trol in the abstract map locations Lp, Ly, Lg in the order
(Lp — L — Lg). Specifically, the robot must move away
from Lp, Lr, or L immediately after (in the next step) they
have been visited and cannot return to the same location before
having finished the patrolling of all three. This specification
is consistent in the abstract domain. However, it can not
be ‘refined’ by any library of components defined over the
concrete map. This is the problem: after visiting Lg, in the
next time step the robot should leave Ly without going back
to Ls. However since Lp is covered by L, Ls, and Ly, the
robot is stuck and can never reach Lo (i.e., Lg in the abstract
map), thus failing to realize the specification.

CR? can help the designer to identify such problems and
automatically repair the specification. For example, a candi-
date composition that prescribes the patrolling of locations
Ls — Ls — L4y — Lo can be used to repair the abstract
specification. This would result in a more relaxed Patrolling of
locations, i.e., one that does not require a strict order. However,
a designer might want to consider that a time step in the
abstract map has ‘a different duration’ from a time step in the
concrete map. Instead of letting CR? relax the specification
by removing the order among locations, the designer could
manually repair the specification by, for example, substituting
each ‘next’ (X) operator with as many next operators as the
number of locations in the concrete map. This would ensure
that the robot has time to leave the front area in the more
concrete description of the store.

b) Refinement Score: When looking for implementations
in our library that meet the top-level contract, our framework
prefers the most refined implementation possible, i.e., the
implementation supporting as many features as possible. One
could argue that this would likely be the most expensive
implementation and that, thus, one would prefer the least
feature-rich implementation. Our framework can be extended
to support this implementation, too.

When the library cannot immediately refine the top-level
specification, we argue that the choice of which candidate
composition to choose (i.e., the one with the highest or the
lowest refinement score) comes at a trade-off with the strategy
adopted (i.e., search or repair). If the strategy is to search
for missing components, one would like to have a candidate
with the highest refinement score, as this would be a solution
that delegates as little functionality as possible to the missing
specification that needs to be implemented with an external
library. On the other hand, if the strategy is to repair, one
could select the composition with the lowest refinement score.
By choosing the composition with the least functionality, the
‘patch’ that we are applying to the original contract (after
performing contract separation and merging) will be ‘lighter’
(i.e., less demanding) than a repair performed by a more
refined candidate composition.

X. CONCLUSIONS

We presented a contract-based framework for modeling
and refining robotic mission specifications using libraries of
mission components at various abstraction layers. When the
refinement of a specification is not possible out of the current
library, we provided a method to automatically repair the
specification, so that it can be refined using the library, or
effectively guide the search for new implementations that
can refine it. Our methodology is fully automated and based
on contract manipulations via the quotient, separation, and
merging operations. We implemented our framework in the
tool CR2. As future work, we plan to test it on a large-scale
case study and further investigate the systematic generation of
libraries for robotic mission specification.
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