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Abstract 

A theory of requirements capture is developed. Some concepts, such as 
new law, user's rejection, and reconstruction of a specification are defined; 
the related theorems are proved. The concepts of capture process and the 
lhnit of a capture process are further established. It is proved that, given 
a user's model and a specification, there is a procedure that all processes 
generated from the procedure and starth~g with the specification are con- 
vergent, and their limit is the truth of the model. Some computational 
aspects of reconstructions are studied. Some applications of the theory are 
briefly discussed, especially, an editor called SpecReviser is introduced. 

1 Introduction 

Formal approaches to program development usually focus on the problems of 
how to develop programs from a given specification and how to verify them to 
meet the specification ([BG77], [BJ 83], [EM 85], [NS 84] and [ST 88]). 

In this paper, we study another problem, i.e., how to build a formal specifi- 
cation from some informal requirements. Let us call it the requirements capture. 
It is the first stage of the software development cycle. A requirement capture 
is a process describing the evolution of specifications. This process is usually 
non-trivial since no one can accomplish an appropriate specification of a prob- 
lem at one stroke. In the process, there is a lot of interactions between the 
clients and software engineers in order to evaluate and develop an appropriate 
specification. 

The purpose of this paper is to introduce the necessary concepts used in 
this area, s tudy their computational aspects, prove the related theorems, and 
show some applications of the theory to software tools. Before going to the 
technical details, let us study a simple example and see what kind of concepts 
will be needed in the theory. 

E x a m p l e  1.1 Reve r se  f u n c t i o n .  
Consider how a student builds a specification for the reverse function. For 

simplicity, we assume that  a first order language is used as our formal language. 
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Let L, K, P, Q denote the lists and Ni l  be the empty list. Let a, b, c denote 
the elements of a list. 

append : l ist  • l is t  ~ list  is the concatenation function. 
reverse : l is t  • l ist  --* bool is an atomic formula. 
At the beginning, the student captured his first law: A1 = reverse(Nil ,  Ni l )  

easily. Thus, his specification is 

r ,  = { a , }  = {reverse(Nil, Nil)}. 

He then found the fact that if K is the reverse of L, then, for any element 
a, the list append({a}, K)  is the reverse of the list append(L, {a}). He then 
generalized this fact, and obtained his second law: 

A2 =- VK, L , P  : l i s t . (reverse(K,L)  D reverse(append(P, K ) , a p p e n d ( L , e ) ) ) .  

Since A2 is logically independent of I"1, in other words, neither A2 nor ~A2 
can be deduced from F1, he added A2 into F1. Thus, the revised specification 
became: r2  = { r l ,  A2}. 

After having tried some examples for F2, he realized that 1"2 is a wrong 
specification because he found a counter examples: Let: 

L1 - KI  = e.nil 
P1 ~ a.b.nil 
Q,1 - b.a.nil 

then 
append(P1,K1) = a.b.e.nil 
append(L1, P1) = c.a.b.nil 

reverse(Kl ,  L1) =: true, but 

reverse(append( Px, KI), append( Lx, Px)) = false. 

L1,/s and P1 together are called a user's rejection of A2, and A2 is said to 
be rejected by the user. Thus, he deleted A~ from F2. The revised specification 
denoted by F8 becomes {Ax} again. In fact, a user's rejection is a model 
(counter example) which falsifies A~. To continue the process, he then tried the 
law: 

A3 -VL,  K, P,q : Ust.(reverse(L, K) (reverse(P, Q) 
D reverse(append(P, L), append(K, Q)))). 

Obviously, Az is logically independent of rz = {A1}. It is called a new law 
for rz.  He added A3 into P3 and captured I"4. The reconstruction of Fz is: 

r ,  = { r s ,A~} .  
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The sequence of specifications: P1, P2, P3, P4,""  describes the evolution 
of specifications given by the student. It is called a process of requirements 
capture for the reverse function. [] 

The conclusions which we have reached from this example are: 

. 

. 

. 

The processes of requirements capture for a specific problem can be ex- 
pressed by a sequence of specifications: F 1 , ' " ,  Fn, . . . ,  where F~+i is a 
reconstruction of Fn. A specification must be revised if a new law or a 
user's rejection can be found. 

A new law denoted by A for a given specification F is a formula which 
is logically independent of F. The reconstruction of the specification, in 
this case, is obtained by adding A into F. 

The only way to check whether a specification F meets the user's require- 
ments is to deduce some result (theorem) B from F (including the formulas 
contained in F) using logical inference rules, and to see whether B meets 
the user's requirements. There are two possibilities: 

(a) Every B matches user's requirements. Then, the specification is 
accepted. 

(b) There exists a B which meets a user's rejection (a counter-example). 
Then, the specification must be revised. All formulas contained in F 
have to be checked; those (minimal) subsets which have caused the 
user's rejection must be found and rectified. 

4. A process of requirements capture is non-monotonic if a user's rejection 
arises after the reconstruction of a specification for a new law. For in- 
stance, in the example 1.1 we have: F1 C_ 1"2 ~ F3 . 

In this paper, the concepts and ideas mentioned in this section will be 
formalized and expanded step by step. 

2 ]New laws and user's rejections 

We assume that the specification language used in the paper is a first order 
language L defined in [Gall 87]. More precisely, L is a set of strings of sym- 
bols formed by a BNF like grammar over an alphabet consisting of logical 
connectives including -,, A, V, ~, V, 3, and - ,  a countable set "V'ar of vari- 
ables ranged over by x, y, z- . . ,  a countable set FS  of function symbols ranged 
over by f ,g ,h. . . ,  a countable set CS of Constants ranged over by a,b,c..., 
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and a countable set P S  of predicate symbols ranged over by the capital letters 
P,q . . . .  

A and s are used to denote a formula and a sequence of formulas respec- 
tively. Th(s is used to denote the set of all theorems deduced from s 

A sequent is a form of s }- A. It should be mentioned that we follow [Paul 
87], use the symbol F- to. replace the symbol ~ in [Gall 87], and use s ~- A as 
an object language  ,sertion (see [Paul 87]). 

In this paper, we employ the proof rules of sequent calculus given in [Paul 
87]. Thus, we will treat a sequence of formulas as a set of formulas if it is 
needed. 

The concepts of validity, satisfiability, falsifiability, provability and consis- 
tency used in this paper are defined in [Gall 87]. The proof system (inference 
rules) is sound and complete. 

A model i is a pair < M, I >, where M is a domain and I is an interpre- 
tation. We use i ~ F to denote M ~ A for all A in r .  Intuitively, a model 
can be viewed as an :instantiation of a specification. 

Def in i t ion  2.1 Serxmntic consequence  
A is a semantic consequence of s denoted by s ~ A iff, for any model M ,  

i f M  ~ s then M ~ A. 

Def in i t ion  2.2 Specif icat ion 
A sequence s of closed formulas is called a specification, if s is consistent 

and is not empty. The closed formulas contained in s are called the laws of s 

In terms of mathematical logic, a specification discussed in this paper is a 
sequence of non-logical axioms, or a closed formal theory. The condition that 
r is not empty means that only the non-logical axioms are interested and can 
be rejected by the user. The definition of new law is: 

Def in i t ion  2.3 N e w  law. 
A is called a new law for s iff there exist two models M and i I such that 

M ~ P and M ~ A 

M I ~ r and M I ~ -~A 

T h e o r e m  2.1 A is a new law for s iff A is logically independent of F, that is 
neither r }- A nor s l- -~A is provable. 

P r o o f :  straightforward from soundness and completeness. D 

Coro l l a ry  2.1 If A is a new law for s then both the sequences {F, A} and 
{F, ~A} are consistent. 
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Defin i t ion  2.4 User ' s  re jec t ion  
Let F ~ A. A model M is a user's rejection of A iff M ~ -~A. 
L e t F M ( A } - { A i l A I E F ,  M ~ A i ,  M ~ - - A } .  
M is an ideal  user's rejection of A iff FM(A} is maximal in the sense that 

there is no another user's rejection M I such that 

FM(A} C FM,(A). 

An ideal user's rejection of A is denoted by M(A). There may exist many ideal 
user's rejection of A. Let 

)~(r, A) -- {F~(A) I M is an ideal user's rejection of A} 

The  user's rejection meets the tradition that whether a specification F of 
a problem is acceptable depends only on whether all deduced results from F 
agree with the user's intuition about the problem; and it has to be rejected if 
there is a counter example. Anyhow, the acceptance of the specification has 
nothing to do with the logical inference rules of the first order logic. 

The ideal user's rejections model the tradition of scientific research (Occam's 
razor): if some particular result deduced from a specification is rejected by the 
user, then only the minimal subsets of laws (contained in the specification) that 
cause the rejection have to be checked and rectified, and the rests (the maximal 
subsets) of the laws are temporarily retained. 

The following definition is a generalized version of revision given in [G~r 88] 
by G~rdenfors, where the revision is defined in propositional logic. 

Def in i t ion  2.5 Revision of  a specification 
Let P t- A. A revision A of I" about -~A is a maximal consistent subset (or 

subsequence) of r ,  and is consistent with -~A. 
Let .~(F, A) be the set of all revisions of F about --A. 

The following theorems show that the proof-theoretic concept of ideal user's 
rejection is revision, and vice versa. 

T h e o r e m  2.2 R-soundness  
If A E .~(r, A), then there exists an ideal user's rejection of A, M, such that 

F~(A} = h. 

P roof :  Since A e ~(I', A) is consistent and is also consistent with -~A, {A,--A} 
is satisfiable. Thus, there exists a model M t such that i t ~ h and M t ~ --A. 
So, M t is a user's rejection of A. M t is maximal, since if there exists another 
M"  such that M st ~ -~A and rM,,(A ) D_ rM,(A ) _D A, then rM,,(A ) C_ lk because 
it is a consistent subset of r which is consistent with --A. [] 
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T h e o r e m  2.3 I t - c o m p l e t e n e s s  
If M is an ideal user's rejection of A, then there exists a revision h of F 

about -~A, such tha t  A = F~(A). 

P r o o f :  Straightforward. [:3 

C o r o l l a r y  2.2 ~(F,A)'= .~(F,A) 

E x a m p l e  2.1 Let 
r -  (A ,A D B , B  D C , E  D F} 

be a specification. We have r F- C. Assume that  C meets a user's rejection, 
then there are three revisions of F about -~C. The :q(r ,C) consists of: 

{A, ADB, EDF} {A, BDC, EDF} (ADB, BDC, EDF}. 

3 Processes of requirements capture 

In this section, we deal with the problem of how to reconstruct a specification 
when a new law or a user's rejection arises, and will define what  a process of 
requirements capture is. 

D e f i n i t i o n  3.1 R e c o n s t r u c t i o n  of  a spec i f ica t ion .  
Let A be a new law for F. The N-reconstruction of F for the new law A is 

the set (F,  A}. 
Let F ~ A and A have met a user's rejection. An R-reconstruction of F for 

the user's rejection of A is F~(A) , where M is an ideal user's rejection of A. 

A specification F ~ is a reconstruction of F iff F z is either an N-reconstruction 
of F for a new law A or an R-reconstruction of F for a user's rejection of A. 

From theorem 2.3 we know that  an R-reconstruction of F for the user's 
rejection of A is a revision of F about -~A. Having defined the reconstructions 
of a specification, we (:an study the concept of process of requirements capture. 

D e f i n i t i o n  3.2 P r o c e s s  o f  r e q u i r e m e n t s  c a p t u r e .  
A specification sequence s F2," " , F , , ' .  �9 is called a process of requirements 

capture iff I~i+l is a reconstruction of 1~ for i > 1. 
The process is increasing iff Fn C_ Fn+l for all n; it is decreasing iff rn _~ rn+x 

for all n. The proce,~s is monotonic iff it is either increasing or decreasing; 
otherwise it is non-monotonic. 

Since, for a given user's rejection of A, there may be many R-reconstructions 
(A(r.,A) contains more than one element), the evolution of a specification 
should be represented by a tree, each branch of which is a process of require- 
ments capture. 
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T h e o r e m  3.1 M o n o t o n i c i t y  
A process of requirements capture {rn} is increasing iff for any n _ 1, rn+l  

is an N-reconstruction of rn for some new law A. 
A process of requirements capture {rn} is decreasing iff for any n > 1, Fn+l 

is an R-reconstruction of rn  for user's rejection of some A. 

T h e o r e m  3.2 N o n - m o n o t o n i c i t y  
A process of requirements capture is non-monotonic iff, for some n > 1, rn+x 

is an R-reconstruction of Fn for a user's rejection, and Fn is an N-reconstruction 
of rn-1 for a new law; or Fn+I is an N-reconstruction of Pn for a new law, and 
Fn is an R-reconstruction of Pn-1 for a user's rejection. 
P roof :  Straightforward from the definition, r3 

The above theorem tell us that non-monotonicity is a characteristic of a 
process of requirements capture where a user's rejection arises after a new law, 
or vice versa. 

4 T h e  L i m i t s  

If a process of requirements capture (or 'capture process' for short) is finite, it 
means that after finite steps of explorations, we build an appropriate specifi- 
cation. For the infinite capture processes, we need to introduce the concept of 
limits. In this section, we will build a procedure, and will prove that, given a 
user's model about a problem and a specification, all processes generated from 
the procedure and starting with the specification are convergent, and their limit 
is the truth of the model of the problem. In fact, this theorem is an improved 
version of the theorem given in [Li 92-2]. 

In the rest of this paper, we assume that two sentences P and Q are the 
same sentence i~ P - Q (that is ( e  D Q) ^ (Q D e )  is a tautology). 

Def in i t ion  4.1 Limi t  
Let {Fn} be a capture protean. The sequence of formulas: 

CO CO 

r*_=N Ur. 

is called the upper limit of the capture process {Fn}. The sequence of formulas: 

o o  o o  

r .~U n r.~ 

is called the lower limit of the capture process {r.}. A capture process is 
convergent iff 

F, = F*. 
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The lower limit (and also the upper limit) is called the limit of a convergent 
capture process {I~,). This limit is denoted by lim, P, .  

L e n n n a  4.1 A 6 F* iff there exist infinite many {k,} such that A 6 Fk.. 
A 6 F, iff there exis~;s an N such that A 6 Fm for m > N. 

There are some capture processes which have no limit. Intuitively, such 
processes indicate that the specification is not an appropriate description of 
a problem. For example, let Fi -- {A} where A is the statement "tossing a 
coin and getting tails". Obviously, any capture process starting with FI has no 
limit. An appropriate description should be "tossing a coin, the probability of 
getting tails is 50%". 

Def in i t ion  4 . 2  ~o, Lp and Mp. 
Given a specific problem ~, Lp is a subset of L containing countablly infi- 

nite (include finite) constant, function and predicate symbols representing the 
problem ~o. A user model of ~o denoted by Mp is a model of L~,. 

Intuitively, a user model of p may be considered to be a description of the 
problem ~o in the real world. 

Def in i t ion  4.3 TM,. 
For a given user model Mp,  TM~. is the set of all sentences of Lp valid in 

M o ,  i.e., 
TMp =- {A I A e L~, FV(A) = ~, Mp ~ A}. 

where FV(A) denotes the set of all free variables occurring in A. 

According to its definition, the set TMp is countable. We represent it as a 
sequence {Am} (for example, in the lexicographical order). 

The following definition gives a procedure to generate the capture process 
{ r ,} .  The basic idea is: given a user's model Mp and a specification F, enu- 
merate all Ai contained in TM~; if Ai is a theorem of F, ,  then pass it; if Ai is a 
new law, rhea take it in, i.e., F,+I = {Ai, F , ) ;  if-~Ai is a theorem, that is, -~Ai 
has met a user's rejection, then F,+I is taken to be an R-reconstruction of F, .  

Def in i t ion  4.4 Given an user model M~, and a specification P, an Mp capture 
process of P denoted by {F,} is defined as follows: 

1. F1 = F. Let TM~. = {A,~) and Aki 
specifications, and 01 = 0. 

2. F,+I  is defined as below: 

: A1. Let {0.} be a sequence of 
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(a) If rn  F Ak. is provable, then put Ak. into O.,  that is O,, := 
{On, Ak,,}, and consider r .  ~- Ak.+l. 

(b) If neither Pn F Ak. nor r ,  F ",Ak. is provable, then rn+l  = 
{Ak., rn}. Let On+x = On. 

(c) If r .  F -~A~.. is provable, then do the following two steps consecu- 
tively: 

i. s = {h} where h e A(r.,~Ak.), and Ak, e A hold for 
i = 1 , . . . , n -  1. Let On+l = On = {C1,... ,C/}.. 

ii. r ,+2 = {Ak. , r ,+l} .  Let 3" = 2. For i = 1 t o / d o  the loop: If 
rn+y 1- Ci is provable, then do nothing. If neither Pn+y ~- Ci 
nor rn+y }- --,Ci is provable, then delete Ci from On+y, and take 
Ak,,+i = Ci; let j := 3"+ 1 and construct rn+y using the sub-item 
2-(b). 
Note: Let Fm be the last specification constructed by this loop, 
then either Ai E Pm or rm t- Ai holds for i = 1 , . . . ,  krn. 

It should be mentioned that when an R-reconstruction is taken in response 
to a user's rejection, some information may be lost. For example, let r = 
{A A B}, we have that both P l- A and r 1- B are provable. Assume that 
A has met a user's rejection, then the maximal consistent subset of 11 which 
is consistent with --A is the empty set. Thus, after the R-reconstruction of r 
for A, B is missing! In order to repair the loss, in the definition we introduce 

a "stack" called O. For any n, On collects those Am, m < kn, which can be 
deduced from ri for some i < n. When a user's rejection arises, we execute the 
sub-item 2-(c)-ii, check all Am contained in O,, and pick up the lost ones back 
as new laws. Since, for any n, On is always finite, the execution of sub-item 
2-(c)-ii will always be terminated. 

Theorem 4.1 Given an user model My, and a specification r, if r does not 
contain any formula which is logically independent of TM,~, then every M~ 
capture process of F denoted by {s is convergent, and 

Th( l imr . )  = TM.. 

Proof :  Let {I'n} be an Mp capture process of F. We prove Th(limn rn) = TM,~ 
in the following two steps: 

1. TM~ C_ Th(P.).  For any Ai E TM,,, by the construction of {rn}, there 
must exist an n such that either Ai C Th(rn) or/14 ~ Th(Vn) and Ai E 
rn+l.  
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(a) For the first case, by definition 4.4, there must be an I such that 
A i e  Th(r,~) for m > t, since TM, is consistent. For each m > l, 
there is a finite subset of s denoted by Am ---- {Bin,,"', Bm#) and 
A~ F Ai. 

r .  or r . )  e For each k, 1 _< k __ j ,  either Bm~ E co 
otherwise by definition 4.4, Bmk E s and there must exist an rn I _> 
m such that s contains -~Bmk, thus Bmk ~ Th(rm~) which is a 
contradiction. Thus Ai E Th(~= l Fro) holds. Therefore 

OO CO 

AiETh(U N r ,d=Th(r , ) .  
B'~ I T f t~n  

(b) For the second case, by the definition 4.4, Ai E rm for any m > n. 
Thus, co co 

A i e  U N rm=r.. 
B - ~ I  Yft-~B 

2. r* c TM~. Assume that there is a closed formula A such that A E r* and 
A ~ TM~. There are only two possibilities: 

(a) neither TM~ t- A nor TM~ F -~A is provable, but this contradicts that 
r does not contain any logically independent formula w.r.t. TM~. 

(b) ~A e TM,.. This is also impossible, if so, there must be i such that 
~A = Ai, then there must be n such that --A E rn. Thus -~A E s 
for all m > n. this is -~A E s a contradiction. 

Thus, we have 
r* c rM, C Th(s  

and so s  = s Hence, the theorem has been proved. [] 

It is not difficult to see that the theorem still holds without the condition: 
s does not contain logically independent laws of TM~, because the similar tech- 
niques given in the above proof can be used to eliminate those laws from F. 
Furthermore, if we replace the sub-items 2-(a) and 2-(b) in definition 4.4 by 
the following sentence: if A is consistent with r then r n + l  ---- {Ak., rn}, the 
theorem also holds. 

The proof of the theorem shows that the capture processes will always con- 
verge on the same limit, if they are generated in the way that for any rn which 
has met a user's rejection of some A, we arbitrarily choose a maximal consistent 
subset of I'n which is consistent with -~A and contains Ak~,"",  Akn. Thus, the 
uniqueness of revision discussed in [G~ir 88] seems unnecessary. 

In practice, since a user usually may not know the mathematical model of a 
problem at the beginning of a capture process, the theorem cannot be applied. 
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However, to build a reconstruction does not need the user to know the whole 
model of the problem. There is a criterion of modification. It says that a theory 
must be modified if its logical consequences fail to agree with the practice; and 
a statement must be replaced by another one if neither itself or its negation 
agrees with the practice. If the user follows the criterion, then he can approach 
an appropriate specification of the problem by making the reconstructions given 
in the proof of the theorem. 

We can view a program written in a language (or a block of machine codes) 
as a specification. If so, all the versions of a software in their given order form 
a capture process, since for every version, its succedent version is obtained 
from this version either by adding some new pieces of programs (new laws) 
or by correcting some mistakes (which can be decomposed to making some R- 
reconstructions followed by taking some N-reconstructions). Then, the above 
theorem says that a software will eventually approach the goal by producing 
the versions. Therefore, an important task for software engineers is to discover 
those procedures that their generated capture processes are convergent as fast 
as possible. 

5 Computat ional  aspects of revisions 

From the definitions and theorems about new laws and ideal user's rejections, 
we know that the key point for building a reconstruction of specification F is 
to find a maximal consistent subset of F which is consistent with some given 
formula A. The following two theorems show that it is not an easy task. 

T h e o r e m  5.1 For propositional logic, if every specification contains finite laws 
(propositions) only, then building a reconstruction of a specification is an NP- 
hard problem. 

:Proof: The proof follows directly from Cook's theorem ([GJ 79]). 

T h e o r e m  5.2 For the first order language L, building a reconstruction of a 
specification is a undecidable problem. 

:proof: It is proved by GSdel's second incompleteness theorem [Shoen 67]. 

In computer science, we are interested in what circumstances a reconstruc- 
tion can be efficiently built. In this section, we give a simple case. Assume that 
the language L is restricted to be without equality - .  

Def in i t ion  5.1 r_{A } and P+{A}. 
Assume that A is contained in F. F_{A } is the subsequence of F obtained by 

eliminating all Ai containing any predicate symbols in common with A. F+{A} 
is the subsequence of F obtained by eliminating all Aj contained in r_{A }. 
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Def in i t ion  5.2 Shnple  user ' s  re jec t ion  
Given F ~ A, a user's rejection is called simple iff there exists a model M 

such that 

M ~ Ai for all A~ in r_{A} and M ~ -~A. 

L e m m a  5.1 If r ~: A and A has met a simple user's rejection, then any R- 
reconstruction of P '[or A contains F_{A}. 

The concept of simple user's rejection allows us to apply the well-known 
Davis-Putnam procedure to find the maximal consistent subsets. In fact, we 
can use the followin~g procedure to build a R-reconstruction: 

formula: a well-formed first order formula 
F-sequence: sequence of closed formals 

procedure R-REVISE(F: F-sequence; A: formula; vat T: sequence); 
begin 

T := P-{A} 
for every B conLained in r+{A} do 

if {T, --,A, B} is consistent 
theft T := {7, B} 
else skip 

eltdfor 
end 

Recently, Gu claimed that he built some efficient algorithms based on opti- 
mization theory to solve SAT problem [Gu 92]. It may bring about some hope 
to build reconstruction practically for a large class of problems. 

6 Specification revisers 

At the end of section 4, we briefly discussed the role of theorem 4.1 in the 
software development. Since a new version of a software is always made by some 
editors, the theory suggests that for the different levels of specifications we need 
different editors. The editors which we have used are syntax directed editors and 
synthesizers (includi~ng type and proof editors). They can check the syntactic 
or static errors of the inputs automatically, and they work interactively with 
the user. 

The theory given in this paper inspires us to build some editors for the 
requirement capture. Let us call them specification reviser. It checks the con- 
sistency of the newly added laws with respect to a specification which has been 
stored. It also detects the fallibility of a specification when a user's rejection ex- 
ists, and points out the rejected laws. The editor will further provide all possible 
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R-reconstructions for a rejected law, and ask the user to select their preferred 
revision (theorem 4.1 guarantees that  the user will eventually approach the 
goal). It allows the user to mark some laws which cannot be rejected, even if 
some facts contradict them. Thus, the editor will direct the user to capture an 
appropriate specification while keeping the consistency of revised specifications 
at every stage in a process. Finally, it works interactively with the user. Here, 
we give an outline of the main procedures of the editor called SpecReviser [LW 
92]: 

function MINIMAL( A: formula, F: F-sequence); 
For a given formula A, and a consistent F-sequences F, the function MINIMAL 

outputs all the sets F - h where A E .4(F, -~A). If every such set contains marked laws 
and A is not marked, then F is not revised and outputs "A contradicts the marked 
laws". If every such subset contains marked laws and A is marked, then outputs "Please 
remark the marked laws ~. 

procedure SPEC-REVISER(A: formula; var r: F-sequence); 
var A: F-sequence; 
begin 

A:=r 
loop do 

begin 
input a formula A; 
if CONSISTENT(r, A) 

then begin 
r :=  {r ,  a} ;  
output:~A is accepted~; 
ffA is marked then A := {A, A} 
end 

else begin 
output:~A is not consistent with F~; 
MINIMAL(A, F); 
the user makes a choice, say F*; 
r . = r  - r ' ;  
ff A is marked then A := {A, A} 
end; 

end 
end loop 

end 

7 R e l a t e d  w o r k  

From a view point of logic, our theory (see [Li 91, 92-1 and 92-2]) is close to 
the theory of knowledge in flux given by G~irdenfors in the sense of setting up a 
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"theory for modeling the dynamics of epistemic states" (see [G~r 88]). For ex- 
ample, he defined the proof-concepts: expansions of r by A and the revisions of 
1 ~ by A, whose corresponding model-theoretic concepts are our N-reconstruction 
of r for a new law A (with a minor difference) and R-reconstructions of r for a 
user's rejection of A respectively. For defining the revisions, he introduced the 
principle of informational economy which is essentially the same as Occam's 
razor which we use to set up ideal user's rejection. 

The main differences between G~irdenfors's theory and ours are: 

1. He set up a formal theory of expansions and revisions of belief sets. In 
contrast, we built a theory of sequences and limits of belief sets (or spec- 
ifications called in this paper). 

2. He studied all the concepts in propositional logic, and define them proof- 
theoretically. In contrast~ we study these concepts in first order logic, and 
define them both proof-theoretically and model-theoretically. We intro- 
duced the model-theoretic concepts such as new laws and user's rejections 
to describe the interactions between logical inference (logical information) 
and user's practice (empirical information). 

3. We introduced some concepts and obtained some results which are new to 
his theory. For example, we defined the capture processes and the limit 
of a capture process, advanced to build procedures for generating capture 
processes~ and proved that the processes, generated from the procedure in 
section 4, are convergent, and their limit is the truth of the user's model 
of the given problem. The proof of the about limit theorem shows that 
the uniqueness of revision needed in his theory seems unnecessary. 

It should be mentioned that much work remains to be done. For example, 
when a user's rejection arises, there are, in practice, many ways to revise a 
specification. For instance, we could change the concepts, or replace the formal 
language or even change the paradigm of thinking. Here, we only provide a 
simple solution - the R-reconstructions. 

Finally, it should also be pointed out that the concepts and results proved 
in this paper can be applied to any formal languages with a complete proof 
system, and that the theory has many other potential applications, such as 
machine learning, knowledge base maintenance and diagnostic techniques. 
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