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When a result is computed but it is considered as incorrect because it is not
expected, we consider that we have a symptom (of error). The symptom may
be a wrong answer or a missing answer. The role of diagnosis is to locate
an error, that is a limited program fragment responsible for the symptom.
The notions of symptom and error have a meaning only w.r.t. some notion of
expected semantics. We consider only declarative semantics. The user does not
need to understand the operational behaviour of the CLP system. Symptom
and error are connected via some kind of tree and the diagnosis amounts to
search for a kind of minimal symptom in this tree. Several search strategies are
possible. The principles of an implementation are described, with a diagnosis
session.

5.1 Introduction

To intuitively introduce the basic notions of symptom and errorlet us consider
a toy program in the paradigm ¢lp(FD):

fac(N,F) :- B#=1, aux(N,B,F).
aux(N,B,P) :- N#=0, B#=P.
aux(N,B,P) :- N#=M+1, C#=N, aux(M,C,P).

with an expected semantics such as:

— fac is the factorial function, that is fac(N,F) < F = N!
— and auz(N,B,P) < P = N!x B.

So the last clause should be:
aux(N,B,P) :— N#=M+1, C#=N*B, aux(M,C,P).

For the goal: N#=<2, fac(N,F) we have three computed answer con-
straints which are

F=1, N=0.
F=1, N=1.
F=1, N = 2.

A goal is the description of a relation. Here the expected relation is:
F=1,N=0or F=1,N=1o0or F =2,N = 2. So this computed result
is considered as incorrect because it is not expected. Let us consider that we
have a symptom (of error). But there are two ways to understand that there
is a symptom:
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Firstly we have a wrong answer, F = 1, N = 2,
To be more formal, a way to express that it is a wrong answer is to say that,
with respect to the expected semantics of the program, the following logic
formula (of the form: computed answer constraint = goal) is false:

F=1AN=2= N <2A fac(N,F)

It is a first kind of symptom.

Secondly we have a missing answer, F = 2, N = 2.
Unlike the first kind of symptom, to be able to say that it is a missing
answer we have to take all the computed answer constraints into account: It
is missing because among these computed answer constraints we do not see
F=2,N-=2.
To be more formal, a way to express that it is a missing answer is to say
that, with respect to the ezpected semantics of the program, the following
logic formula is false:

N <2A fae(N,F)= (F=1AN=0)V(F=1AN=1)V
(F=1AN=2)

(since with respect to the ezpected semantics, for F = 2, N = 2, the left hand
side is true but the right hand side is false). It is a second kind of symptom.

So we have two kinds of symptoms: for a question (that is a goal) it is
possible to have several computed answers Cy ; --- ; C;; --- so we may be
interested either in a single answer or in the sequence of all the answers. We
consider that there are two levels of computation and two kinds of results. At
each level the computation is finite: At a first level a result is a single C;. If
C; is a wrong answer we have a symptom of the first kind. At a second level
of computation it is the sequence C; ; --- ; C; ; --- which is the result. To be
more precise, since it is a finite computation, it is a sequence: Cy ; --- ; C,
(terminated by “no more” answer). Finite failure is the particular case where
n = 0. If an expected answer C'is missing among Cy ; --- ; C;; --- we have a
symptom of the second kind. With these intuitive motivations we call positive
the first level, where there is the first kind of symptom, and we call negative
the second level, where there is the second kind of symptom ([5.8]). It is
because we are in a relational paradigm that these two levels are shown to
be so different.

From an intuitive viewpoint symptoms are “caused” by errors. Roughly
speaking an error is a limited program fragment responsible for the symptom
and the role of diagnosis is to locate the error.

For the positive level, in our example, the clause

aux(N,B,P) :- N#=M+1, C#=N, aux(M,C,P)

is erroneous and is responsible for the wrong answer F = 1, N = 2, that is to
say for the positive symptom which is formalised by the (unexpected) formula
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F=1AN=2= N <2A fac(N,F)

but it is possible to give more information about the “cause” of a symptom: In
this small example it is easy to understand that the symptom, that is fac(2, 1)
which is false, comes from auz(2,1, 1), which comes from auz(1,2,1), which
comes from aux(0,1,1). But auz(0,1,1) is true whereas auxz(1,2,1) is false.
This transition between true and false is through the erroneous clause and
the constraint N =1,B=2,P=1,M = 0,C =1, since it is for these values
that the body of the erroneous clause is true and its head is false. So the
constraint gives more information about the “cause” of the symptom. We
consider that it is the pair made of this erroneous clause and this constraint
which is an error (incorrectness), called positive error (positive incorrectness)
because it is responsible for the positive symptom.

For the negative level the program fragment responsible for the symptom
is a “packet of clauses” (all the clauses beginning with a same predicate
symbol): the intuitive reason is that some answers are missing because some
clause instances are missing. In our example, the “packet”

aux(N,B,P) :- N#=0, B#=P.
aux(N,B,P) :- N#=M+1, C#=N, aux(M,C,P).

is erroneous and is responsible for the missing answer F = 2, N = 2., that
is to say for the negative symptom which is formalised by the (unexpected)
formula

N <2A fae(N,F)= (F=1AN=0)V(F=1AN=1)V
(F=1AN=2)

but it is possible to give more information about the “cause” of a negative
symptom, like for the positive level. In this small example it is easy to un-
derstand that there is again a transition between true and false through the
erroneous “packet” and a constraint: With respect to the ezpected semantics,
auz(N, B, P)is truefor N = 1, B =2, P = 2 but it is not possible to have one
of the two bodies: either N =0,B=Por N =M +1,C = N,aux(M,C, P)
true for some values of M,C. A more formal way to express this is to say
that for N =1, B = 2, P = 2 the formula

AM3C (N=0AB=P)V(N=M+1AC =N Aauz(M,C,P))

is false w.r.t. the expected semantics. We consider again that it is the pair
made of the erroneous “packet” and the constraint N = 1,B = 2, P = 2
which is an error (incorrectness), called negative error (negative incorrect-
ness) because it is responsible for the negative symptom.

The notions of symptom and error have a meaning only w.r.t. some no-
tion of expected semantics. We consider only declarative semantics and we
presuppose that, during a diagnosis session, the user is able to decide, for
some computed answers, if they are wrong, or if some expected answer is
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missing. In practice a computed answer may be intricate, it is the origin of
the presentation problem (stressed by Lloyd [5.5]) which may be a difficulty
of declarative diagnosis. However this presupposition is necessary to give a
meaning to declarative debugging questions. From a conceptual viewpoint
the user behaves like an oracle which is able to decide if something is wrong
or missing (it is the same abstract notion of oracle and the same theoretical
framework if we can partially replace the user by a system using some form
of specification for the expected semantics of the program).

The notion of positive symptom and positive error comes from Shapiro’s
seminal work (wrong answer and incorrectness, [5.7]).

For the negative side, the notion of negative symptom and negative error
does not correspond to Shapiro’s notions (missing answer and insufficiency)
which need more complex interaction with the oracle. Theses notions come
from W. Drabent, S. Nadjm-Tehrani, J. Matuszyriski (non completely covered
atom, [5.2]).

The rest of the chapter is organised as follows. Section 5.2 defines the
theoretical notions of symptom and error. Section 5.3 defines the proof-trees
and the diagnosis scheme. Section 5.4 describes the diagnosis algorithms. Sec-
tion 5.5 links the computation of a result which is a symptom with the proof-
tree used in the diagnosis scheme. Section 5.6 describes an implementation.
Section 5.7 shows a diagnosis session. Section 5.8 presents a conclusion and
future work.

5.2 Basic Notions of Symptom and Error

We use the basic theoretical notions of the CLP Scheme ([5.4]). D is a con-
straint domain. We consider only definite programs, that is to say without
negation (thanks to disequations and global constraints, negation as failure
is less useful than in classical Prolog). A program P is supposed to be nor-
malised in such a way that only distinct variables are allowed as predicate
arguments (all the links between variables are expressed by the constraints).
It is a facility to simplify the explanation but it is not a loss of generality of
the diagnosis method.

An interpretation I for the language of the program is supposed to be
given. It is a formalisation of the ezpected semantics of the program. I must
be an ezpansion of D, that is to say that it adds to D an interpretation for
the new predicate symbols.

The following definitions are intuitively motivated by the previous intro-
duction.

Definition 5.2.1. C' — G (C constraint, G goal) is a computed positive
symptom (of P w.r.t. I) if C' is a computed answer for G, but C — G is
false in I.
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Definition 5.2.2. A positive error (positive incorrectness) (of P w.r.t. I) is

a pair made up of a clause p(X) < B in P and a constraint C' such that, for

some solution of C, B is true in I but p(X) is false in I.

In some logic formulas we use the following notation: 3_ 4 F means quan-
tification over the variables of F' which have no occurrence in the expression
A.

In the program P a “packet” of clauses

})-(X) +~ B,

is the set of all the clauses of P beginning with a same p. The *

also called the definition of the predicate p.
The completed definition of the predicate p is the formula

‘packet” is

It can be rewritten as
P(X) <3 _%(B1V---VB)APX) =3 (B V---V By)]

p(X) < 3 5(B1 V-V By,) is merely equivalent to p(X)  (By V-V By,),
which is merely equivalent to the “packet” of p.

The other direction: p(X) — 3_<(By V- -V B,,) cannot be simplified so
much but it is going to be a useful notation. FI(P) (only-if(P)) is the set of
the formulas

Remark that we could also mention TF(P), the set of the formulas

but it is merely equivalent to P. Usually the set of the completed definitions
is denoted by P*, it is equivalent to IF(P) A FI(P).

Definition 5.2.3. G — 3_4(Cy V --- V Cy) (C; constraints, G goal) is a
computed negative symptom (of P w.r.t. I) if for the goal G there exists a
finite SLD-tree whose computed answer constraints are Cy ; --- ; C,, but
G—3 q(CLV---Vv(,) is false in .

Note that in the particular case n = 0 there is a finite failure and in such
acase (Cy V---V () is merely falseso G — 3_¢(C1 V---V () is -G.

Definition 5.2.4. A negative error (negative incorrectness) (of P w.r.t. I)
is a pair made up of p(X) — 3_<(B1V---V By,) in FI(P) and a constraint
C such that, for some solution of C, p(X) is true in I but 3_<(B1V---V Bp,)
is false in I.
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In the rest of this section we explain why, if there is a computed positive
(resp. negative) symptom then there is a positive (resp. negative) error. It is a
short and easy verification but this result is purely logical and non construc-
tive. In the next section we set out a refinement of this result giving more
information about the connection between symptom and error.

Positive level: At first we recall the basic soundness result ([5.4]): If C' is a
computed answer constraint for the goal G then P =p C' — @G, that is to say
C' — @ is true in all the expansions of D which are models of P. With regard
to the question of the applicability to CLP systems with incomplete solvers,
it is interesting to remark that, for this kind of soundness, neither correctness
nor completeness is required for the solver (intuitively: if an incomplete solver
does not reject C, if C' is unsatisfiable then C' — G is true. If an incorrect
solver rejects C, C'is not a computed answer, even if it is satisfiable).

Let C — G be a computed positive symptom. It is false in I so, thanks
to the previous soundness result, I is not a model of P so there is in P some

clause p(X) « B which is false in I, so for some assignment a in D, (namely
for some values in D), B is true in I but p(X) is false in I. Such a could give
some information about the “cause” of symptoms. To have a positive error
it is sufficient to take a C' such as a is solution of C. There is always such a

C, e.g. true. However the more precise C' is, the more informative it is.

Negative level: Similar explanation, using another basic soundness result: If
for the goal G there is a finite SLD-tree whose computed answer constraints
are Cy ; --+ ; Cp,then FI(P) Ep G = 3_¢(CL V-V C,).

It is interesting to remark that now, for this kind of soundness, correctness
(but not completeness) is required for the solver (intuitively: a satisfiable C;
cannot be removed from the conclusion of the implication, but an unsatisfi-
able C; can be added).

5.3 Connection between Symptom and Error via
Proof-Trees

Now we consider a notion of symptom which is more general than a com-
puted symptom. Intuitively in these symptoms the constraint may be more
informative than in a computed symptom.

Definition 5.3.1. C' A C — G (C,C' constraints, G goal) is a positive
symptom (of P w.r.t. I) if C' is a computed answer for G, but C' ANC — G
is false in I.

So if C" = true the symptom is a computed symptom. Likewise:

Definition 5.3.2. C'AG — 3_¢(CL V---VCy) (C',C; constraints, G goal)
is a negative symptom (of P w.r.t. I) if for the goal G there exists a finite
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SLD-tree whose computed answer constraints are Cy ; -+ ; Cy, but C'AG —
A_q(CL V-V () is false in I.

At each level of computation, we can get a logical representation of the
computation as a tree. This tree is a proof-tree according to some rules as
usual in logical formalisms. The rules and the proof-trees are not the same
for the two levels of computation but the diagnosis scheme is the same and
it is easy to explain it because at each level the diagnosis amounts to search
for a kind of minimal symptom in this tree.

To clearly explain what are the rules and the proof-trees we use a new
toy theoretical example: The program is

p(X) « ¢(X),r(X)
g(X)+<X>0
g(X)+ X <0
r(X)«X<1

and the goal is p(X).

At the positive level a computation is a SLD-derivation. In our example
for the goal p(X) there is a SLD-derivation giving the computed answer X >
0A X < 1. We can consider this computation as a proof of the formula X >
0AX <1— p(X) and to be more precise we can consider the computation
as the construction of the following tree:

X<l=-X<1
X>0—-X>0 X <1—r(X)
X >0— g(X) X>0ANX<1—>X>0Ar(X)
X>0NX<1—-q¢X)Ar(X)
X>0ANX <1—p(X)

Such a tree is made of rules and is called a proof-tree according to these
rules. There are two kinds of rules:

— For each clause p(X) «+ B in P, a “program” rule

C'"—- B
CAC" = CAp(X)

— and the “logical” rules. In our framework it is convenient to consider all
the rules

(Cl—)Gl),"' ,(On—)Gn)
C -G

where C' — G is a logical consequence of (C; — Gi),---,(Cn — Gp).
These rules are called logical rules. For example we can get the previous
proof-tree with the two following rules:
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C -G C'—=CNG
C'"=sGANG'

C—-C

But from the same computation giving the same answer we can also ex-
tract another proof-tree:

X>0ANX<1—-X>0 X>0ANX<1l=X<1
X>0ANX <1—qX) X>0ANX <1—r(X)
X>0NX<1—-q¢X)Ar(X)

X>0ANX <1—p(X)

We can get this second proof-tree with the “program rule” and the fol-
lowing “logical” rules:

Cc—->G --- C—Ga,
C—-G AN---NG,

CANCiAN---NCp, = C

So for each computed answer constraint C for a goal G, the formula C' — G
is the root of various proof-trees, called (positive) proof-trees, according to
these various rules, and each of these proof-trees can be easily obtained from
the computation namely from the corresponding SLD-derivation.

In particular if C' — G is a computed (positive) symptom then it is the
root of various (positive) proof-trees. Let us consider such a proof-tree. Each
node of this proof-tree is labelled by a C' — G'. It may be a symptom node
(the root is a symptom node). Let us consider the notion of minimal symptom
node where “minimal” is defined w.r.t the binary relation: x child of y. So a
node is a minimal symptom node if it is a symptom node but no child of it
is a symptom node.

To each node of the proof-tree there is a rule which is associated (the label
C — @ of the node is the conclusion of the rule). Clearly in a “logical” rule,
if the hypotheses are not symptoms then the conclusion is not a symptom.
So the rule which is associated to a minimal symptom node cannot be a
“logical” rule so necessarily it is a “program” rule

C'"— B
CAC"— CAp(X)

Moreover, in this program rule, for some solution of C'A C', p(X) is false in
I (since C AC" — C' Ap(X) is a symptom), but B is true in I (since C' — B

is not a symptom), so the clause p(X) + B and the constraint C'A C' of this
program rule give a positive error.
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Clearly there are always minimal symptoms (since proof-trees are finite)
and any way to find a minimal symptom in a positive proof-tree gives the
localisation of a positive error. Moreover, to find a minimal symptom the
following method is sufficient: To consider only conclusions of program rules
(nodes of the form C' AC" — C Ap(X)), and to search for minimal symptoms
with respect to these nodes. So we have to test formulas C A C' — C A p(X)
for symptoms. But such a test amounts to querying (the oracle) whether

C AC" — p(X) is expected, namely is true in 1.

At the negative level a computation is a finite SLD-tree. In our example
for the goal p(X) there is a finite SLD-tree giving the computed answers
(X >0AX <1)and (X <0AX < 1). We can consider this computation as
a proof of the formula p(X) = (X >0AX <1)V(X <0A X < 1) and to
be more precise we can consider the computation as the construction of the
following tree:

X>05X>0 X<0—>X<0 X<1—5>X<1 X<1-5>X<1
¢(X) = X>0vVX<0 X>0Ar(X) > X>0AX<1 X<OAr(X)=>X<0AX<1
g(X)AT(X) > (X >0ANX <) V(X <OAX 1)
p(X) = (X>0AX <L) V(X<KOAX ]I

Such a tree is made of rules and is called a proof-tree according to these
rules. There are two kinds of rules (with, as usual, appropriate conditions on
the free variables, which are not detailed here):

— For each p(X) — 3_%(B1 V-V By,) in FI(P), a “program” rule

fori:B; —»3_5,V, C;
CAp(X) = 3_cpx) Vi V; CNAC;

— and “logical” rules, for example

Go3aV,C  fori:CGAG >3 eV, C
GANG — I_ga Vz Vj CJZ

C—-C

So if for a goal G there is a finite SLD-tree whose computed answer con-
straints are Cy ; - -+ ; C,,, then the formula G — 3_5(C1V---VC,) is the root
of various proof-trees, called (negative) proof-trees, according to these rules,
and each of these proof-trees can be easily obtained from the computation
namely from the corresponding SLD-tree ([5.3], [5.6]).

In particular if G — 3_¢(Cy V---VC,) is a computed (negative) symptom
then it is the root of various (negative) proof-trees. Let us consider such a
proof-tree, in which each node is labelled by a G' - 3_¢(C] VvV ---V C}). A
node may be a symptom node (the root is a symptom node). Let us consider
the notion of minimal symptom node where “minimal” is defined w.r.t the
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binary relation:  child of y. So a node is a minimal symptom node if it is a
symptom node but no child of it is a symptom node.

To each node of the proof-tree there is a rule which is associated (the label
G — 3_g(C1 V.-V (Cy) of the node is the conclusion of the rule). Clearly in
a “logical” rule, if the hypotheses are not symptoms then the conclusion is
not a symptom. So the rule which is associated to a minimal symptom node
cannot be a “logical” rule so necessarily it is a “program” rule

fori: B; — 3_p, ViC’]’C

Moreover in this program rule, for some solution of C', since C'A p(X) —
Elfcp(f) ViV; CAClis asymptom, p(X? is true in I 'but 3_c, %) V; V; CA
C} is false in I. But the B; — 3_p, \/]. C} are not symptoms. Let us suppose
3_x(B1V:--VBy,) is true in I, then, for some i, 3_x B; is true, so 3_p, \/; C:
is true, so3_, 5 V; V; CA C'Jl: is true which is a contradiction. So 3_+(B;V

-+-V B,,) is false in I. So p(X) — 3_<(By V- -+ V By,) and the constraint C
of this program rule give a negative error.

Clearly there are always minimal symptoms (since proof-trees are finite)
and any way to find a minimal symptom in a negative proof-tree gives the lo-
calisation of a negative error. Moreover, to find a minimal symptom the follow-
ing method is sufficient: To consider only conclusions of program rules (nodes
of the form C' A p(X) — 3_cp) Vi V; O A C?), and to search for minimal
symptoms with respect to theses nodes. Such a minimal symptom can be found
by testing if some C Ap(X) = 3 o, %) V,;V,; CA Cj_are symptoms. But this
test amounts to querying (the oracle) whether CAp(X) = 3_c, %) V; V; C’]’:
is expected, namely is true in I.

5.4 Diagnosis Algorithm

So for each level of computation we have a notion of proof-tree. And any
way to find a minimal symptom in a proof-tree gives the localisation of an
error. Let us consider a proof-tree rooted by a (computed) symptom. The
diagnoser queries the oracle about the labels of the nodes of the proof-tree,
it is a test: “is this a symptom?”. The oracle does not need to understand
the operational behaviour of the system.

The objective of the diagnoser is to locate a minimal symptom (a minimal
symptom node). With this end in view the diagnoser uses a strategy in order
to choose the node which corresponds to the next query to the oracle.

Let us assume that each node of the proof-tree can be either expected (it
is not a symptom) or unexpected (it is a symptom) or unknown (it is not
yet determined). The diagnosis algorithm is the following:
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while no minimal symptom appears in the proof tree
choose an unknown node according to some strategy
query the oracle about the chosen node in order to determine if it is
expected or unexpected
show the error associated with a minimal symptom

It is easy to show that this algorithm is correct and that it is complete in the
sense that it always founds an error (the proof-tree is finite).

In general the oracle is the user and we have to take into account the fact
that the user cannot answer some queries of the diagnoser. Thus we have a
fourth category of nodes: the dontask nodes (the oracle cannot determine
if it is a symptom). It is trivial to see that this possibility involves that
the diagnoser is not always able to locate a minimal symptom. Moreover it
involves that the strategies used to choose a node are more intricate and
sometimes cannot choose a node.

As an example, we describe here the strategies Top-Down and Di-
videb$Query which are the most useful in practice.

The Top-Down strategy follows a path of unexpected nodes from the root
until it reaches an unknown node. This unknown node is the chosen node.
Because of the dontask nodes, this strategy does not always find a node to
query (see Fig5.7). It looks like a prefix traversal of the proof-tree where sub-
proof-trees rooted by an expected or dontask node are removed (see Fig. 5.1).

The relation topdown(Node,ChosenNode) provides the node chosen
(ChosenNode) by the Top-Down strategy in the tree rooted by Node. If
the strategy cannot conclude ChosenNode = not found.

topdown (N ode, ChosenN ode)
if Node is unknown
then Node = C'hosenN ode
else if Node is unexpected
then topdown'(children(N ode), ChosenN ode)
else ChosenNode = not found

topdown/ ([], not f ound)
topdown’ ([N ode|Children], ChosenN ode)
topdown (N ode, ChosenN ode')
if ChosenNode' = not found
then topdown’'(Children, ChosenN ode)
else ChosenNode = ChosenN ode’

Fig. 5.1 shows an example of proof-tree and the node chosen by the Top-
Down strategy. The proof-tree is drawn as usual: the root of the proof-tree is
at the top of the drawing, the parent relation of the proof-tree links a node
which is the conclusion of a rule with its hypotheses which are its children
on the drawing. In the drawing the following notation are used: unexpected
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nodes are labelled by “N”, expected nodes by “Y”, dontask nodes by “X” and
unknown nodes by “?7”).

Fig. 5.1. Top-Down Strategy

The basic principle of the Divide&Query strategy is to choose a node in
order to divide the search space in two parts:

— if the node is expected, the subtree rooted by this node can be removed
from the search space,

— if the node is unezxpected, each node which is not a descendant of this node
can be removed from the search space.

The point is to choose a node such that there is as much unknown nodes in
its subtree as out of its subtree (considering that all subtrees rooted by an
expected node are removed from the search space). Note that it is not always
possible to have as much unknown nodes in the subtree as out of it, but the
strategy chooses the nodes which is the most near this condition.

The Divide&Query strategy here is an improvement of the Divide-and-
query strategy of [5.7]. It really chooses the best node (that is the node which
better divides the search space in two parts) and it takes into account dontask
nodes and the fact that the strategy may be changed during a diagnosis
session.

The tree considered is the tree rooted by an unexpected node with the
least number of unknown and dontask nodes, but where a minimal symptom
is always possible (remember the dontask nodes).

In Fig. 5.2 we use the same notations as in the previous example. In addi-
tion, the integer at the left of the nodes is the number of unknown or dontask
nodes in their subtrees. The 15¢ subtree and the 4*® subtree are not consid-
ered because of the dontask nodes: if the unknown nodes are expected no
minimal symptom can be detected. The 3'd gubtree is considered because the
number of unknown nodes is lower than in the 224 subtree. The 3" subtree
has 5 unknown nodes so the Divide&Query strategy chooses the root of the
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subtree with 3 unknown nodes: when the user answer the query the subtree
will have 2 unknown nodes inside and 2 unknown nodes outside ((5 —1)/2).

Fig. 5.2. Divide&Query
Strategy

It is possible to build pathological cases (where whatever node you choose
there is few nodes in one side and a lot of nodes in the other side) but in
practice this strategy queries about log,(N) nodes (where N is the number
of unknown nodes). For instance, in a proof-tree with 1,000,000 nodes there
is less than 20 queries (try to find an error without declarative diagnosis!).

5.5 Abstract Proof-Trees

As said previously, only the nodes which corresponds to conclusion of pro-
gram rules can be minimal symptom nodes. So, in order to decrease the size
(number of nodes) of proof-trees, we define abstract proof-trees. Let us assume
that a proof tree is given, the abstract proof tree which corresponds to the
proof tree is defined as follow:

1. the root of the abstract proof-tree is the root of the proof-tree,
2. y is a child of a node z in the abstract proof-tree if
— y is the conclusion of a program rule in the proof tree,
— y is a descendant of z in the proof-tree,
— and there is no other conclusion of program rules between z and y in
the proof-tree.

The abstract proof trees A which corresponds to a proof tree B can be also
defined as an abstraction of the proof tree B in the sense of Chapter8: all
the conclusion of program rules are selected (in addition of the root).

In the following we say proof-tree instead of abstract proof-tree.
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The user invokes the diagnoser when a (positive or negative) symptom
appears at the end of a (positive or negative) computation. The computation
is either a SLD-derivation (a branch of a SLD-tree) or a SLD-tree. But the
diagnoser uses a proof-tree!

The point is that it is possible to compute directly a (positive or negative)
proof-tree rooted by the (positive or negative) computed symptom from a
(positive or negative) computation, that is from (a branch of) a search-tree.

In order to simplify, the computation rule is assumed to be without co-
routining (for instance the standard computation rule of Prolog), then proof-
trees can be deduced from search-tree using the notion of erasing defined
below. [5.6] shows an extension to any computation rule.

The main useful notion is: let x and y be two nodes of the search-tree, y
is a node where z is erased if

— A; is the atom selected at the node z in its goal (the goal on z is
Ay, A, ..., A, and the store is C),

—y is a descendants of z where A; is fully solved (the goal on y is
Ar,oo A1, A, ..., Ay and the store is C'A C' where €' is a com-
puted answer to A;).

Let = be a node of the search-tree, we denote by

store(z) the set of constraints accumulated from the root until the node z,
— select(x) the atom selected at the node z in its goal,

erased(z) the set of nodes where x is erased,

stchildren(z) the set of children of z in the search-tree.

Let C be a computed answer constraint for the goal G such that C — G
is a positive symptom. C' is made of the constraints accumulated along a
success branch of the search-tree. The set of nodes of this branch is denoted
by branch.

In order to define the positive proof tree which corresponds to the positive
symptom computed, we have to determine:

1. the root of the proof-tree;
2. the binary relation: x child of y in the proof-tree;
3. the formula (query) which labels a node of the proof-tree.

We consider, in order to simplify, that the nodes of the proof-tree are a subset
of the nodes of the search-tree, but the labels of a node is different depending
on whether it is considered as a node of the proof-tree or a node of the
search-tree.
First, the root of the positive proof-tree is the root of the search-tree.
Secondly, the list L of children of a node = of the positive proof-tree is
given by the relation +children:
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+children(z, L)
{y} = stchildren(z) N branch
if y € erased(z)
then L =]
else + children'(z,y,L1), L = [y|L1]

+children'(z,y, L)
{z} = erased(y) N branch
if z € erased(z)
then L =]
else + children'(z,z,L1), L = [z|L1]

Finally, the formula associated with a node x of the positive proof-tree
is store(y) — select(x) where y is the success leaf of branch. We use the
constraint store(y) in the formula because it is the most precise we can know,
but as said in Section 5.3 there exists various proof-trees.

For example, let us consider the small program (without constraints and
variables to be more concise, in other words the constraints are always true):

p<q,r.
p 4+ q,a.
r 4 a.

q 4+ w.

w.

a 2.

a.

The positive proof-tree which corresponds to the first answer to the goal p
is given by Fig.5.3. The nodes of the search-tree used by the proof-tree have
been duplicated for the legibility of the drawing. The selected atom in the
goals is underlined in the search-tree. For example, p has two children in the
positive proof-tree: its child ¢ in the search-tree, the node r where g is erased.
Note that the node O where r is erased is also the node where p is erased.

On Fig. 5.3 you can recognise a more classical notion of proof-tree in logic
programming (a node corresponds to the head of a clause of the program and
its children correspond to the body of the clause).

Let Ci,...,C, be the computed answer constraints for the goal G such
that G — 3_¢(Cy V--- VvV C),) is a negative symptom.

In order to define the negative proof tree which corresponds to the nega-
tive symptom computed, we have to determine:

1. the root of the proof-tree;
2. the binary relation: x child of y in the proof-tree;
3. the formula (query) which labels a node of the proof-tree.
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First, the root of the negative proof-tree is the root of the search-tree.
Secondly, the list L of children of a node x of the negative proof-tree is
given by the relation —children:

—children(z, L)
let S be the list of nodes of (stchildren(z) \ erased(z))
—children’(x, S, L)

—children’(z,[],[])
—children’ (x,[y|S], [y|L])
—children” (z,y, L1)
—children'(x, S, L.2)
append(L1, L2, L)

—children' (z,y, L)
let S be the list of nodes of (erased(y) \ erased(z))
—children'(z, S, L)

Finally, the formula associated with a node z of the negative proof-tree
is store(z) A select(z) =V, coposed(a) Store(y).
For example, let us consider again the previous program:

p<q,r.
p 4+ q,a.
r 4 a.

q 4+ w.

w.

a4 2.

a.
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The negative proof-tree which corresponds to the search-tree for the goal p
is given by Fig.5.4. The nodes of the search-tree used by the proof-tree have
been duplicated for the legibility of the drawing. The selected atom in the
goals is underlined in the search-tree. For example, p has four children in the
negative proof-tree: its children ¢ and ¢ in the search-tree, the node r where
the first ¢ is erased, the node a where the second ¢ is erased. Note that the
nodes where r and a are erased are also the nodes where p is erased.

Search Tree Negative Proof Tree
p p
ar g.a q r g a
' |

| | AL

| | |

r a z

| /X

a z— O
/\ Fig. 5.4. From the
z |\:| search-tree to the nega-

tive proof-tree.

5.6 Implementation

The positive part of the declarative diagnoser has been implemented and
tested on the INRIA platform: TkCalypso, developed in the DiSCiP1 project.
At the time of writing this book, implementation of the negative part is in
progress.

TkCalypso is an extension of GNU-Prolog [5.1]. It includes a graphical in-
terface (Fig. 5.5) and some debugger modules. Each module can be plugged or
unplugged. Fig. 5.6 shows the structure of TkCalypso with the three modules
that are actually implemented: search-tree visualisation, static debugger and
declarative diagnoser. Communications between GNU-Prolog and the mod-
ules and the graphical interface are handled by the “Core/Gestionnary” pack-
ages. This section describes the main features of the module called “Declar-
ative Diagnoser”.

When a goal is given to TkCalypso, it stores informations on the search-
tree in order to recompute it efficiently and make post-mortem analysis of
the search-tree.
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If the user notices a computed symptom, then the declarative diagnoser
is called and the parent relation of the (positive or negative) proof-tree is
computed dynamically from the search-tree.

Once we have a (positive or negative) proof-tree, the diagnosis principle is
always the same: choose a node of the proof-tree (according to some strategy),
check if it is expected or not expected, until a minimal symptom is founded.

Several strategies have been implemented in order to choose the node
to query: Top-Down, Bottom-Up, Divide&Query, Nearby-Error and User-
Guided (Top-Down and Divide&Query are described in Section 5.4).

Built-in predicates are known as correct predicates, but also user predi-
cates could be known as correct. For example, when the static analysis (see
Chapter 2) has proved their correctness. Another example is when the user
is convinced that some predicates are correct. So the user can set a list of
correct predicates, which will be used by the diagnoser.

It is possible that the user does not want to be questioned on some pred-
icates. For example, the semantics of the predicate is very intricate and the
user want to suspend the queries on that predicate as long as possible. So
the user can set a list of predicates which must not be questioned.

The status of a node of the proof-tree is more precise that the ones describe
in Section 5.4, because we want to know the origin of this status, it can be:

— unknown when the predicate associated to the node is not a built-in and
the node has not been queried,

— expected(user) when the user said that the node is expected,

— expected(list) when the predicates associated to the node is in the list of
correct predicates (when the user is convinced that the predicate is correct),

— expected(system) when the predicate associated to the node is a built-in
predicate (the are not suspected!),

— unexpected(user) when the user said that the node is not expected,

— dontask(user) when the user does not want to answer the query associated
to the node (for example the query is very intricate), note that the user
can come back later to the query associated with this node,

— dontask(list) when the predicates associated to the node is in the list of
predicates that the user does not want to answer (for example the user
does not know the semantics of the predicates or the user wants to delay
the queries about the predicate).

The user has the possibility to dynamically add some predicates to the
list of correct predicates or remove some predicates from it. If the user adds
a predicate, each unknown or dontask(-) node concerning the predicate is
labelled by expected(list); if a node is unexpected(user) then the problem
is given to the user: either remove the predicate from the correct predicate
list or label the node as expected(user). When the user removes a predicate
of the list, each expected(list) node concerning the predicate are labelled by
unknown.
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The user can also change dynamically the list of predicates which must
not be questioned. If the user adds a predicate to the list, each unknown node
concerning the predicate becomes a dontask(list) node. If the user removes
a predicate of the list, each dontask(list) node concerning the predicate be-
comes an unknown node.
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Question rumber 1 K
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~ Mearhy Error

o |

LY [ ] |

[97 Nodes juser |unknown |- [membiz,[8,7,2],_#1557(7H)

Fig. 5.7. Declarative Diagnoser Interface

The graphical interface (see Fig.5.7) of the diagnoser works like an hyper-
text navigator: the user can navigate between queries, because its answers are
seen as hyper-link between queries (it is possible to go back, go forward, see
an history...). The proof-tree is displayed with informations about the nodes.
For example, the user can see the status of a node

— with colours: red = unexpected, grey = unknown, blue = dontask, green =
expected,

— and with shades: light = system, medium = user, dark = list.

The user can also choose the query with the mouse on the proof tree: it is

the “User Guided” strategy.
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The query C' — A is displayed as A :- 3 4C'. The diagnoser uses a trivial
store simplification in order to simplify the constraint 3_4C in the query.
But this point has to be improved (this is discussed later in Section 5.8).

5.7 A Diagnosis Session

Let us consider the following QuickSort program which is intended to sort a
list of finite domain terms:

qs(l1, [1.
gs([Pivot | List], SortList) :-
partition(Pivot, List, MinList, MaxList),
qs(MinList, SortMinList),
qs (MaxList, SortMaxList),
append ([Pivot|SortMinList], SortMaxList, SortList).

partition(_, [1, [1, [1).
partition(Pivot, [X | List], [X | MinList], MaxList) :-
X #< Pivot,
partition(Pivot, List, MinList, MaxList).
partition(Pivot, [X | List], MinList, [X | MaxList]) :-
X #> Pivot,
partition(Pivot, List, MinList, MaxList).

In the expected model of qs(A,B) A is a list of distinct finite domain terms,
B is a permutation of A and B is an increasing list (for example X < 5 —
qs([5,X,7],[X,5,7]) is expected). In the expected model of partition(A,
B, C, D) Ais a finite domain term, B is a list of finite domain terms, C is
the list of members of B which are lower than A, D is the list of members of
B which are greater than A, B is obtained by a fusion of C and D.

Fig. 5.5 shows that for the goal qs([12,X,Y,6,Z],L) the first answer is:

L = [12, _#2(8..11), _#23(7..10), 6, _#44(0..5)]
X = _#2(8..11)
Y = _#23(7..10)
Z = #44(0..5)
(X = #2(8..11) means that X is a finite domain variable whose domain

is 8..11). It is a positive symptom: L is not an increasing list. So we call
the positive declarative diagnoser module of TkCalypso and a new window
appears on the screen, with a drawing of the positive proof tree.

The diagnoser queries the user on some nodes of the proof-tree. For ex-
ample in Fig. 5.8, the user will answer (click on) “Not Ezpected’ because the
last constraint in the store is _#44(0..5) #< 6,s0 [6, _#44(0..5)] is not an
increasing list. The store simplification has been disabled on the figure and
we see that without simplification the store quickly becomes unreadable.
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After several queries the diagnoser finds a minimal symptom and shows
the corresponding error. Fig 5.9 shows an error, first it displays the incorrect
clause and next the error: a clause instance and a constraint store. The prob-
lem is that in append ([A|F], G, C) the pivot A should be between the list F
and the list G: append (F, [A|G], C).

—il E" calypso Declarative Diagnoser ﬂgl_)ltl
File Help

~ Top-Down ., Bottom-Up - Divide and Query - Hearby Emor . User-Guide

Ervoneous clamse: S
gs([&|B]. C} :-
partition(d, B, D, E),
gs (D, FJ,
gs{E. G).
append ([AIF], G, C).

Ervoneous clomse instance:
gs([6, _#44(0. . 5)], [6, _#44(0. 53]}y :-

partition(f, [_#44(0. 53], [_#44(0..531. [1}.

gs ([ #4400, 53], [_#d4(0. . 5i]),

gs([1. [1).

append([6, _#44(0..5)], [1, [6, _#44(0. 5)]).
under constraints:
C#2(8.  11)#<12, #2307 100#<12, 612, #4400, 5)#<12, #2307 1004c #2(8. .11},
B #2008, 11), #44(0. 5)a#< #2(8. 11), e#<_#23(7. 100, _#44(0. S _#23(7. .10, =
#4400, 5) a6 /

Fig. 5.9. An error

Sometimes it is not easy to fix the error provided by the declarative di-
agnoser, but the user is sure that the clause is incorrect, so the user does
not need to search elsewhere in the program. Thus declarative diagnosis is
very efficient especially for large programs (with a lot of clauses) or for large
computations (search-tree with a lot of nodes). It is also a good tool for
educational purpose.

5.8 Conclusion

The main remaining task concerns the interaction with the oracle.

Of course, answers to previous queries may be used by the declarative
diagnoser in order to automatically answer to some other queries: Let us
consider a query “C — A expected?” If it is stored that C' — A is expected
and if C — (" is true then C' — A is expected. If it is stored that C' — A
is unexpected and if C' — C'is true then C' — A is unexpected. Likewise for
the negative side.
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The difficulty is to decide if C' — C" is true (or in general Cy V---VC), —
Ci V...V (Cl), that is the entailment problem.

It is interesting to study how assertions defined in Chapter 1 could be used
to answer to queries of the declarative diagnoser. Then some assertions are
viewed as a partial specification of the expected semantics of the program.

Despite these techniques it is not possible to completely avoid interaction
with the user. So, works in progress concerns the presentation problem, that is
to show queries in an understandable form. Variable elimination, redundant
constraint elimination, constraint simplification and approximation may be
useful methods to present queries to the user.
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