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1 Definitions

We assume a peer-to-peer system P as a collection of peer local theories:
P={PR},i=1,2,..,n

Each peer has a proper distinct vocabulary Vp, and a unique identifier <.
Each local theory is a set of rules that contain only local literals (literals
from the local vocabulary). These rules are of the form:

12 n—1 n
T’i . ai,ai,...ai — a/i

where ¢ denotes the peer identifier.

Each peer also defines mappings that associate literals from its own
vocabulary (local literals) with literals from the vocabulary of other peers
(remote literals). The acquaintances of peer P;, ACQ(P;) are the set of
peers that at least one of P;’s mappings involves at least one of their local
literals. The mappings are rules of the form:

m; a},a?, ...az_l = a”
The above mapping rule is defined by F;, and associates some of its own local
literals with some of the literals defined by P;, P and other system nodes.

Literal a™ may belong to whichever of these system nodes’ vocabulary.



Finally, each node P; defines a trust level order 7T;, which includes a
subset of the system nodes, and expresses the trust that P; has on the other
system nodes. This is of the form:

,Ili = [Plﬁ-F)lv"'aPn]

The nodes that are not included in T; are less trusted by P; than those that
are part of this ordering list.



2 Problem Statement

Given a peer-to-peer system P, and a query about literal z; issued at peer
P;, find the truth value of x; considering P;’s local theory, its mappings and
the theories of the other nodes in the system.

We assume that the local theories are consistent, but this is not neces-
sarily true for the case of the unified theory T'(P), which is the collection
of the theories (local rules and mappings) of the system nodes. The incon-
sistencies result from interactions between local theories and are caused by
mappings.

An example of such conflicts derives in the following system of theories,
which are defined by peers P;, P, and Ps:

Py

T11 a1 — X1
mi1 a2 — aq
mig « a3z — Al

P

21 i—™ Qg

Py
r31 i— asg

P;’s theory is locally consistent, but with the addition of the the two
mapping rules (mj1,mi2), which associate the literals of P;,P» and P3, a
conflict about literal a; derives from the interaction of the three theories.



3 The 1st Approach

3.1 The Algorithm

The algorithm that we propose follows four main steps. In the first step, it
uses P;’s local theory to determine the truth value of z;. If x; or its negation,
—x; derive from the peer’s local theory, the algorithm terminates returning
Yes/No respectively, without considering the peer’s mappings.

In the second step, if neither x; nor —x; derive from the local theory, the
algorithm also uses P;’s mappings. It collects all the rules that support x;.
For each such rule, it checks the truth value of the literals in its body. For
each local /remote literal, it issues similar queries (recursive calls of the algo-
rithm) to P; (local literals) or to the appropriate P;’s acquaintances (remote
literals). To avoid circles, before each new call, the algorithm checks if the
same query has been issued before, during the algorithm call. At the end of
this step, the algorithm builds the mapping supportive set of x;; this con-
tains the set of foreign literals (literals that are defined by peers that belong
in ACQ(P;)) that are contained in the body of the P;’s mapping rules, which
can be applied to prove x; in the absence of any possible contradictions.

The third step involves the rules that contradict x;. The algorithm
builds the mapping conflicting set of x;, by collecting the foreign literals in
the bodies of the mapping rules that are used to support —x;.

Finally, the algorithm determines the truth value of x; by comparing
the supportive and conflicting sets. To compare two mapping sets, there
are several different approaches. One approach is to compare the number
of distinct peers, n,, that at least one of their local literals is contained in
the mapping set. The mapping set with the smallest n, is considered to be
stronger. Another general approach is to have each peer define an ordering
between the peers of the system based on the trust it has on them. According
to this ordering, a literal aj is considered to be stronger than b; from P;’s
viewpoint if P; trusts P, more than P;. Having defined this ordering, we just
need a function that calculates the strength of a mapping set based on the
strength of the literals it contains. In the following algorithm, the strength
of a mapping set is determined by the weakest literal in this set. In the
followings, we denote as:

rt: alocal rule of P



prim

7. a mapping rule of P;

lm

ri™: a rule (local/mapping) of P;
R,,: the set of all mapping rules
Rs(x;): the set of supportive rules for z;
Rc(z;): the set of conflicting rules for x;

When a node P; receives a query about x;, it runs the P2P_DR algo-
rithm. The algorithm parameters are:

x;: the queried literal

Ppy: the peer that issued the query

P;: the local node

SS;,: the set of supportive foreign literals for x; (initially empty)
CSg,: the set of conflicting foreign literals for z; (initially empty)
Histy,: the list of pending queries of the form: [z, ..., z;]

Ansg,: the answer returned for z; (initially empty)

T;: the trust level order of P;

P2P _DR(x;, Py, P;, SSy,,CSy,, Histy,, Ansy,, T;)
1: if 3rl € Ry(x;) then
2: localHisty, «— [x;]
3:  run local_alg(zi, local Histy,, local Ansg,)
4:  if localAns,, = Yes then
5 Ansy, « local Ansy,
6: terminate
7. end if
8: end if
9: if Il € Re(z;) then
10:  localHisty, «— [x;]
11:  run local_alg(—x;, local Hist,,, local Ans—,)
12:  if localAns—,, = Yes then
13: Ansg, «— —local Ans—y,
14: terminate
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end if
end if
. for all '™ € R(z;) do
55, — {)
for all b; € body(r'™) do
if b, € Hist,, then
stop and check the next rule
else
Histy, «— Histy, Ub
run P2P_DR(by, P;, P;, SSy,,CSy,, Histy,, Ansy,, T})
if Ans,, = No then
stop and check the next rule
else if Ans,, = Yes and by ¢ V; then
SSy, — SS;, Ub,
else
SS,, — S8, USS),
end if
end if
end for
if SS;, = {} or Stronger(SS;,,SSz,,T;) = SS,, then
S8y, — SSy,
end if
end for
if SS;, = {} then

return Ans,, = No and terminate
end if
for all rﬁm € R.(z;) do

S5 —{}

for all b; € body(ri™) do
if b, € Hist,, then
stop and check the next rule
else
Histy, < Hist,, U b,
run PQP,DR(bt, 1DZ', Pt, SSbt, CSb” Histbt y Ansbt y Tt>
if Ansp, = No then
stop and check the next rule
else if Ans,, = Yes and by ¢ V; then
SSy, — SS;, Ub,
else
S8, «— 88, USS,



55: end if

56: end if

57:  end for

58: if CSy, = {} or Stronger(SS;,,CSy,,T;) = SS;, then
59: CSy, — S5y,

60: end if

61: end for

62: if C'S;, = {} then

63:  return Ans,, = Yes and SS;, and terminate
64: end if

65: if Stronger(SSy,,CSs,,T;) = SS,, then

66:  return Ans,, = Yes and SS,,

67: else

68:  return Ans,, = No

69: end if

local_alg(x;, local Histy,, local Ansy,) is used to determine if x; is a con-
sequence of P;’s local theory. The algorithm parameters are:

x;: the queried literal

local Hist,,: the list of pending queries in P; of the form: [z}, ..., 2]

local Ansg,: the local answer returned for z; (initially No)

local_alg(x;, local Hist,,, local Ansy,)

1: for all v € Ry(z;) do

2. if body(rl) = {} then

3: return local Ans,, = Yes

4: terminate

5.  else

6: for all b; € body(r!) do

7: if b; € localHist,, then

8: stop and check the next rule

9: else
10: local Histy, <+ local Hist,, U b;
11: run local_alg(b;, local Histy, , local Ansy, )
12: end if
13: end for
14: if for every b;: localAns,, = Yes then
15: localAns,, — Yes



16: terminate

17: end if
18: end if
19: end for

The Stronger(S,C,T) function is used by a peer P to check which of
S,C sets of mappings is stronger, based on T'.

Stronger(S,C,T)

1: a¥ «— ap € S s.t. for all a; € S : Py does not precede P; in T')
2: b «—a; € C s.t. for all bj € C : P, does not precede P; in T')
3: if P precedes P, in T then

4:  Stronger =S

5: else if P, precedes Py in T then

6:  Stronger =C

7: else

8 Stronger = None

9: end if

3.2 Algorithm Properties
3.2.1 Termination

Theorem 1 The P2P_DR algorithm always terminates.

Proof. We assume that there are a finite number of nodes in the system,
each of which with a finite number of literals in its vocabulary. As a con-
sequence, there are a finite number of (local or mapping) rules that a peer
can define. At each recursive call of the algorithm, we augment the history
with a new pending query ¢;, where g; is one of P;’s local literals, and F;
is one of the system nodes. Each call of the algorithm terminates either
by computing and returning a Yes/No answer (based on the provability of
gi) or by detecting a cycle. If the algorithm did not terminate, it would
have to make indefinite recursive calls, adding each time a new query to the
history, without ever returning an answer or detecting a cycle. However,
this is impossible, because: (a) the number of recursive calls is bounded by
the total finite number of literals in the system; and (b), there can be a
finite number of independent (with different history) algorithm calls that
the system may process. These are bounded by the total finite number of



rules in the system. Consequently, the algorithm will eventually terminate.

3.2.2 Algorithm Optimizations

To reduce the complexity of the basic algorithm with regard to the number
of messages that the system nodes have to exchange, and the computational
overhead of the algorithm on each system node, we can optimize the algo-
rithm as follows:

Each node is required to retain two states: (a)the state of queries it
has been requested to process, INC'_(); this contains tuples of the form
(¢i, Ansg,, local Ansg, ), where g; is the queried local literal, and Ans,, and
local Ansg, are true/ false in the case the node has completed the computa-
tion, or undetermined otherwise; and (b) the state of queries it has issued
to other peers, OUT_Q (of the same form). Before sending a query to one
of P; € ACQ(P;), P; checks if the same query is in its OUT_Q. If this is
the case, it retrieves the answer stored in OUT_Q) in case the answer has a
true/ false value; otherwise it suspends until the pending query returns a
true/ false answer. When a new query is issued at P;, the node checks if the
same query is in its INC_Q. If it is, the node returns the stored true/ false
answer for that query if this has already been computed, or suspends the
new query until the pending query returns a true/false answer. The space
overhead of INC_(Q) is proportional to the number of local literals in P;,
while the size of OUT_@) is in the worst case proportional to the number
of peers P; € ACQ(F;) and the number of their local literals (a; € Vj).
The two states need to be updated every time a new query is issued at the
system from an external source (we assume that the state of the network
remains unchanged during the computation of each such query).

In order to reduce the overhead of searching in Hist and OUT_Q), these
can be structured as collections of fields, where each field corresponds to
a peer identifier. In this way, checking whether ¢; is included in Hist (or
whether (g;, answer) is in OUT Q) requires checking only the i — field of
Hist (or of OUT_Q).



3.2.3 Number of Messages

Theorem 2 The total number of messages that need to be exchanged between
the system nodes for the computation of a single query with regard to the
total number of system nodes is in the worst case O(n?).

Proof. With the optimizations that we describe in the previous section,
each node will have to make at most one query for each of the remote
literals that appear in the body of its mapping rules. In the case, that a
peer P; needs to apply all mapping rules during a query evaluation process,
P; will have to make O(nacqi % ny) queries, where ngcg; is the number
of P; € ACQ(P;) and ny is the maximum number of literals that each of
these nodes may define. So, the total number of messages that need to be
exchanged for the computation of a single query is O(n x nacq x n;), where
nacq is the maximum number of acquaintances a system node may have.
In the worst case, that all peers have defined mappings that involve all the
other system nodes, the total number of messages is O(n x n x n;) = O(n?)
(assuming that the number of nodes is the most critical parameter in the
system).

3.2.4 Single Node Complexity

In this section, we estimate the computational complexity of the distributed
algorithm on a single node.

The first part of the algorithm requires checking the local rules of a peer,
to determine if the query can be locally resolved. In the worst case, to reach
to an answer, the algorithm will have to use all its local rules. For each literal
in the body of each such rule, the algorithm (a) checks if a query about it
is contained in local Hist, (b) checks if it is included in INC_Q; and (c) if
not, it issues a recursive call of the algorithm to compute a local answer.
Considering the structural form of Hist and INC_Q, each of the (a) and (b)
steps require O(n;) checks (matching operations), where n; is the maximum
number of literals a node may define. Thus, the total matching operations
required for each rule are O(n}'¢ x n;), where nj°¢ is the number of literals
in the body of a local rule, and the total computational complexity of the
local answer resolution is in the worst case O(n,joc X n{loc x ny), where n,joc

is the maximum number of local rules a peer may define.



With the optimizations described in Section 4.2.1, in the worst case, each
peer will have to compute the truth value of all its local literals at most once.
This means that it will have to build and compare the Supportive Set and
Conflicting Set for each of its local literals.

To build the Supportive Set of a literal x; (SSy,), a peer has to compute
the Supportive Sets of the rules that support it (SS,,). For each literal in
the body of each such rule, the algorithm (a) checks if a query about it is
contained in Hist, (b) checks if it is included in INC_Q or OUT_Q; and (c)
if not, it issues a recursive call of the algorithm to compute an answer about
its truth value. Considering the structural form of Hist and OUT _Q), each of
(a) and (b) steps require at most O(nj x n;) operations for each rule, where
n] is the number of literals in the body of a local / mapping rule. Building
the Supportive Set of a rule then requires only unifying the Supportive Sets
of its body literals. Given that each Supportive Set may contain (in the
worst case) O(nacq x ny) literals, where nacq is the maximum number of
acquaintances a system node may have, the complexity of building this set
is O(n{ X nacQ X nl).

Computing the Supportive Set of a literal (5S,), given the Support-
ive Sets of its supportive rules (SS,,), requires finding the strongest SS,,
through the Stronger function. Considering that (a) the complexity of
this function is proportional to the total number of elements of its two set
arguments; and (b) each Supportive Set may contain (in the worst case)
O(nacq x ny) literals,comparing two SS,, has a O(nacq x ny) overhead.

Thus, the overall complexity of building the supportive set of a literal is
O(ny,; X (n] xny+n] xnacq xni+nacq xn)) = O(n,,; Xnj Xnacq xny),
where n, . is the number of rules that support it. This is also equal to
the complexity of computing the conflicting set of the same literal (C'S,).
The complexity of comparing the two sets through the Stronger function
to determine about the truth value of x; is O(nacg x n;), considering that
each such set may contain O(nacq x ny) literals.

During the execution of the algorithm, a peer may have to compute the
supportive and conflicting sets, and the truth value of all its local literals.
Putting it all together, the overall complexity of the algorithm on a single
node is

O(Nypioe X n}"loc XN 41y X N] X nacQ X ng+ng X nacg X ng)



Nyloe 18 the number of local rules defined by a peer

n, is the number of (local and mapping) rules defined by a peer
n; is the number of literals in the body of a rule

n}“l"c is the number of literals in the body of a local rule

n; is the number of literals defined by one peer

nacq is the number of a peer’s acquaintances

Assuming that

(a) nj = O(nacqg x n;) (the body of a rule may contain all the literals
defined in the local theory or in the theory of the peer’s acquaintances); and

(b) nile¢ = O(n;) (the body of a local rule may involve all local literals), the
overall complexity is

O(nicQ X n? X ny)

In the worst case, that that all peers have defined mappings that involve
all the other system nodes: nacg = O(n), and the overall complexity is

O(n* x n? x n,)

3.3 Equivalent Unified Defeasible Theory

The next issue of this study is to build a unified defeasible theory T'(P),
which is equivalent to the distributed theories with regard to the conclusions
that they draw. A naive approach would be to just copy the local and
mapping rules of each node in a single theory, and represent the local rules
as strict rules, and the mappings as defeasible rules of a defeasible theory.
This approach suffers from the following problems:

If a query about a literal x;, which is part of P;’s local theory is issued to
a different peer, P;, the distributed algorithm will return No as a result. In
the case of the unified theory, we could have a different result based on the
rules that derive from P;. We can deal with this problem by employing an
additional routing mechanism, which is responsible for routing queries to the
appropriate peers. Given the fact that each peer defines its own vocabulary,
the routing mechanism is able to figure out the peer that has defined each
queried literal, just by reading the name of the literal. If the query is issued
to the appropriate node, then the same set of (local) rules will be considered



in the first step of the algorithm in both cases.

If the algorithm cannot return an answer based on F;’s local rules, it
will use P;’s mappings. For a query about literal x;, the algorithm will
consider the supportive and conflicting rules for x;, which are defined in
P;. However, other nodes in the system may also have defined mapping
rules that support/contradict z;. These rules will not be considered by
the distributed algorithm, but are part of the unified theory. To achieve
consistency, we have to remove all mapping rules that support or contradict
remote literals (literals that are defined in a different theory from that which
defines the mapping rule).

If there is a conflict between two or more rules that support contra-
dictory conclusions (say x; and —z;), the distributed algorithm collects the
supportive and conflicting sets of foreign literals, and decides based on the
strength of these sets. In the unified theory, we must find a way to model
these strengths (levels of trust) as priorities between the conflicting rules.

Considering these problems, we build the unified defeasible theory T,,(P)
as follows:

1. The local rules of each peer’s theory are represented as strict rules in
T,(P).

2. The mapping rules of each peer are represented as defeasible rules in
T,(P).

3. We remove from T, (P) all mapping rules that support or contradict
remote literals. We do that, by comparing the name of the rule (which
includes the id of the peer that has defined the rule), with the name
of the literal at the head of the rule (which includes the id of the peer
that has defined the literal).

4. We add priorities between the conflicting rules according to the deriva-
tion process described below.

Priorities

The derivation of priorities between conflicting rules in 7, (P) is a fi-
nite sequence Pr = (Pr(1),..., Pr(n)), where each Pr(i) can be one of the
followings:



e The supportive set of a rule in T;,(P) (a set of literals).
e A priority relation between two conflicting rules in T,,(P)

e The supportive set of a literal in T;,(P) (a set of literals).

Assuming that the first i steps of this derivation have computed Pr(1...i),
which is the initial part of the sequence Pr of length ¢, the next part of this
sequence (Pr(i + 1)) will be either the supportive set of a rule (S,,), or a
priority relation (r; > s;), or the supportive set of a literal (S,;). In the
process that we describe below, w can be thought as an element, which is
weaker than any literal of the context theories. We use this element to build
sets of literals that cannot be stronger than any other set.

If Pr(i+1) =25, then either
(@) Sr; =(USa;) U (Uay), and
Va;: a; € Vi, a; € body(r;), Sa;, € Pr(1...i) and
Vaj: a; ¢ Vi, a; € body(r;), Sa; € Pr(l...i), w ¢ Sq; or
(B) Sy, = {w}, and
Jaj, s.t. a; & Vi, a; € body(r;), Sa; € Pr(l...i), w € S,

If Pr(i+1)=mr; > s; then
Sr;sSs; € Pr(1...4) and r;, s; are conflicting (r; € Rla;] < s; € R[—a;]) and
SriySs; Z{} and w ¢ Sy, and w ¢ Ss;, and
Stronger(Sy,, Ss;, 1) = Sy,

If Pr(i+1)=2S,, then either
() Ir; € Rlai]: Sy, € Pr(1...i) and Sy, = Sy, and
(1) S, = {} or
(a2) (a2.1) Vs; € R[—a;]: we Ss, or r; > s; € Pr(l...9) and
(av2.2) Vt; € Rla;]: Sy, € Pr(1...1) and Stronger(Sy,, Sy;,T;) # S, or
(B) Sa;, = {w} and
(b1) Vri € Rla;]:
(ﬁl.l) Sri € Pr(l...i) and
(B1.2) Sr; #{} and
(61.3) 3s; € R[—a;]: Ss;, € Pr(1...i) and Stronger(S,,,Ss,,T;) # Sy, or
(B2) S—q; € Pr(1...q7) and S, = {}



Pr(1...n) will contain the supportive sets of all rules and literals in T;,(P),
and the required priority relations between all conflicting rules in T),(P).

In the rest of this section, we prove the equivalence between the dis-
tributed theories and the defeasible unified theory T, (P) (augmented with
the priority relations contained in Pr(1...n) following two assumptions:

1. T,,(P) is an acyclic defeasible theory

2. In the case of the distributed theories, there exists a routing mechanism
that routes the queries to the appropriate peers (a query about a literal
x; is always routed to P;, which has defined this literal).

To prove equivalence under these assumptions, we will use the following
two theorems:

Theorem 3 For every literal x;,

(a) the set of strict rules in T,,(P) that support x; (R*[x;]) is the same
with the set of local supportive rules rﬁ used by P2P_DR to compute Ans,,.

(b) the set of defeasible rules in T,(P) that support x; (R%x;]) is the
same with the set of mapping supportive rules ri" used by P2P_DR to com-
pute Ansg,.

(¢) (a) and (b) also hold for the rules that contradict x;
Proof.

(a). The local rules that support x; and are used by P2P_DR to compute
Ansy,; are those defined in P;. These rules are represented as strict rules in
T,(P). No other peer theory may contain a local rule that supports z;, so
these rules are the only strict rules that support z; in T,,(P).

(b). The mapping rules that support z; and are used by P2P_DR to
compute Ans,, are those defined in FP;. These rules are represented as
defeasible rules in T;,(P). Even if some other peer theory contains a mapping
rule that supports x;, this rule is eliminated during the construction of
T,(P), so P;’s mapping supportive rules are the only defeasible rules that
support x; in T, (P).

(¢) The rules that contradict x; are in fact the rules that support —z;.



So, (a) and (b) also hold for the rules that contradict ;.

Theorem 4 If there are no cycles in T,,(P), P2P_DR will never detect
a cycle (and vice versa)

Proof. In both the defeasible theory T, (P) and the distributed theories
processed by P2P_DR, the evaluation of a query is a sequence of iterative
steps, which compute the truth value of a literal, based on the truth value
of the literals in the bodies of the rules that support or contradict it. As we
have already proved in Theorem 3, the set of rules that are applied in each
step are the same. Thus, if there are cycles in the unified theory, P2P_DR
will also detect the same cycles as well; if not, P2P_DR will detect no cycle.

The next theorems concern the relations that hold between the support-
ive sets of the rules and literals in Pr(1...n) for the unified theory T, (P),
and the supportive sets of rules and literals of the distributed system nodes,
as they are computed by P2P_DR.

Theorem 5: For any literal x;,
local Ans,, = Yes (calculated by local_alg) <
Sz, € Pr(1l..n) and Sy, = {}

Left to right proof: Induction on the number of calls of local_alg.
Base Case. We will prove that:

(1) If local Ans,; = Yes derives at the first call of local_alg in P; then

Sa; = {t

(1) local Ans,; = Yes derives at the first call of local_alg in P; =
Irl € Ry(w;): body(rt) = {} = (using Theorem 3)
r; € Ty(P): r; € R®[x;] and body(r;) = {} =
Ir; € Ty(P): r; € R®[x;] and Sy, € Pr(l..n) and S,, = {} =
Sz; € Pr(1..n) and Sy, = {}

Induction Step. Assume that

(2) local Ansg, = Yes derives during the first n calls of local_alg in P; =
Sz, € Pr(1..n) and Sy, = {}



If local Ans,; = Yes derives in the first (n 4 1) calls of local_alg in P;:

localAns,, = Yes =
Irl € Ry(w;):
(a) body(rt) # {} and
(B) Yo € body(rt): local Ans, = Yes (in n calls) = ((2), Theorem 3)

3r; € T,(P):
(o) m; € R®[z;] and body(r;) # {} and S,, € Pr(l..n) and
(B) Ya € body(r;): aw € Vi, S, € Pr(1l..n) and S, = {} =
Sz, € Pr(l..n) and Sy, = Sy, = {}

Right to left proof: Induction on the derivation steps in Pr(1...n).
Base Case. We will prove that:

(3) P(2) =Sy, = {} = local Ans,, = Yes
(The supportive set of a literal cannot derive in the first step of the derivation process,
unless it contains w)

(3) P(2) = Sz = {} =
dr; € T,(P): r; € R®*[x;] and S,, € P(1) and body(r;) = {} = (using Theorem 3)
Irl € Ry(x;): body(r!) = {} =
local Ans,, = Yes

Induction Step. Assume that

(4) Sy, € P(n) and Sy, = {} = local Ans,, = Yes

Sz, € P(n+1) and Sy, ={} =
Jr; € R*[x;]: Sy, € Pr(l..n) and
Vo € body(r;): a € Vi, Sy € Pr(l..n) and Sq ={} = ((4), Theorem 3)

Elrf € Ry(x;):

Ya € body(rl): local Ans,, = Yes =
local Ans,, = Yes

Theorem 6: For any literal x;,



(a) Ansy, = Yes and SSy, =X < Sy, € Pr(l..n) and Sy, =X and w ¢ S,

(b) Ansy, = No < Sy, € Pr(l..n) and w € Sy,

Left to Right Proof: Induction on the number of calls of P2P_DR.
Base Case. We will prove that:

(5) If Ans,, = Yes derives at the first call of P2P_DR and SS,, = ¥ then
Sz, € Pr(1..n) and S, =%, and

(6) If Ans,, = No derives at the first call of P2P_DR then
Sz, € Pr(1l..n) and w € Sy,

(5) Ans,, = Yes derives at the first call of P2P_DR =
localAns,, = Yes and SSz;, = {} = (Theorem 5)
Sy, € Pr(1..n) and Sy, =SS, = {}

(6) Ansz, = No derives at the first call of P2P_DR =
local Ans—,, = Yes or fri™ € Ry(x;) = (Theorems 3,5)
S, € Pr(1..n) and S—y;, = {} or Pr € T,(P): r € R¥[x;] =
Sz, € Pr(l..n) and w € Sy,

Induction Step. Assume that

(7) Ansg, = Yes derives in the first n calls of P2P_DR and SS;, =¥ =
Sz, € Pr(1..n) and S, = %, and

(8) Ansz, = No derives in the first n calls of P2P_DR =
Sz, € Pr(l..n) and w € Sy,

If Ans,, = Yes derives in (n + 1) calls of P2P_DR and SS,, = ¥:

S8z, =X and Ans,, = Yes =
(o) SSz, =% and

(B) local Ansg, # Yes and

(v) local Ans—y; # Yes and
(6) 3rlm € Ry(x;) -



1) SSm =%

83) body(r™) £ {} and

83) Ya € body(rl™): Ans, = Yes (in at most n calls) and

64) Vsi™ € R.(x;) either
(64.1) 3B € body(si™) s.t. Ansg = No (in at most n calls) or
(04.2) Stronger(SS,im,SSgm,T;) =SS im and

((55) Vtém € Rs(xz) eithe; ' '

(65.1) Fv € body(ti™) s.t. Ans, = No (in at most n calls) or

(65.2) StrongeT(SStém,SSﬁm,ﬂ) # 58m =

(
(
(
(

(o) SSz, =% and
(B) local Ans,, # Yes and
(v) local Ans—y;, # Yes and
(6) 3rlm € Ry(z) -
(61) SS,um = 3
(82) body(ri™) # {} and
(63) Yo € body(rl™): Ans, = Yes (in at most n calls) and
(64) Vsi™ € Ro(w;) either
(64.1) 3B € body(si™) s.t. Ansg = No (in at most n calls) or
(04.2) (0421) VB € body(sém): Ansg = Yes (in n calls) and
(612.2) Stronger(U SSa) U (Uay), (USS5) U (UA), T) = (USSa,) U (Uay)
(Vi, j: ay, o € body(rl™), By, Bj € body(si™), a;, Bi € Vi, o, B; ¢ Vi) and
(65) V™ € Re.(x;) either
(65.1) Fv € body(ti™) s.t. Ans, = No (in at most n calls) or
(05.2) (05.2.1) Vv € body(tém): Ans, = Yes (in n calls) and
(852.2) Stronger(U)88,) U (U, (USSar) U (Ua), To) £ (USSs) U (Uny)
(Vi,j: oy, € body(rﬁm), Vi, Vi € body(tém), i, € Vi, 0,7 € Vi)
= ((7)(8), Theorems 3 and 5)

a) SSz, =X and
B) Sz, #{} and
1) S # {} and
§) Ir; € T, (P): r € R*[x;] and
(61) SSy, =X and
(62) body(ri) # {} and
(03) Yo € body(r;): Sq € Pr(l..n) and Sy =SS, and
(64) Vs; € R%U—z;): either
(04.1) 3B € body(s;) s.t. w € Sy or
(04.2) (04.21) VB € body(s;): Sg € Pr(l..n) and Sz = SSg and



(04.2.2) Stronger((USSq;) U (Uay), (USSs,) U (UB)), Ti) = (USSa) U(Uay)
(Vi, j: oy, o € body(ri), Bi, B € body(s;), oy, Bi € Vi, aj, 85 ¢ Vi) and
(65) Vt; € R*Ux;): either
(05.1) Fv € body(t;) s.t. w e Sy or
(05.2) (05.2.1) Vv € body(t;): Sy € Pr(l..n) and Sy =SS, and
(d52.2) Stronger(U:S55,) U (U (US5a) U (Uag) T5) £ (USS,,) U ()

(\V//Lm] Qg O € bOd?/(Ti)a Yiy Vg € bOdy(tZ)) Qi, i € %) Qj, Y5 ¢ ‘/Z) =
Sy = Sy, = 58 im =%

If Ansz, = No derives in the first (n 4 1) calls of P2P_DR:

Ansg, = No =
() local Ans,, # Yes and
(B) local Ans—,, # Yes and
(y) Vrim € Ry(x;) either
(v1) 3o € body(ri™) s.t. Ans, = No (in at most n calls) or
(12) st € Re(wy) :
(72.1) body(si™) # {} and
(72.2) V3 € body(si™): Ansz = Yes (in at most n calls) and
(72.3) Stmnger(SSTém,SSsém,ﬂ) 7 SSm =

() local Ansg, # Yes and
(B) localAns—,, # Yes and
(v) vrim € Ry(z;) either
(71) 3o € body(r'™) s.t. Ans, = No (in at most n calls) or
(2) 3l € Re(z,) :
(y2.1) body(si™) # {} and
(Y2.2) VB € body(si™): Ansg = Yes (in at most n calls) and
(12.5) Stronger(U SSa,) U (Uag), (USS5,) U (UA), T) # (USSa) U (Uay)
(Vi,j: g, aj € body(ri™), By, B; € body(si™), a;, Bi € Vi, o, B ¢ V3)
= ((7)(8), Theorems 3 and 5)

(@) Sz, #{} and
(8) S-a; # {} and
(y) Vry € R*U[x;] either
(v1) Ja € body(r;) s.t. S € Pr(l..n) and w € Sy or
(72) 3s; € To(P): s; € R*¥~x;] and
(72.1) body(s;) # {} and



(72.2) VB € body(s;): Sz € Pr(1..n) and Sg = SSs and
(v2.3) Stronger((U 5Sa;) U (Uay), (USSs,) U (UB)), Ti) # (U SSa) U(Uay)
(Vi,j: oy, o € body(r;), Bi, B € body(s;), v, i € Vi, o, B; & Vi) =
wE Sy,

Right to Left Proof: Induction on the derivation steps in Pr(1...n).
Base Case. We will prove that:

(9) P(2) =S, =% and w ¢ ¥ = Ansy, = Yes and SS;; =T, and
(10) P(1) = S, =% and w € ¥ = Ansz, = No

(The supportive set of a literal cannot derive in the first step of the derivation process,
unless it contains w)

(9) P(2) =5;, =Y and w ¢ ¥ =
Sz; = {} = (Theorem 5)
local Ans,, = Yes = Ans,, = Yes

(10) P(1) =S, =Y and w € ¥ =
Br; € T,(P): r; € R®*[z;] = (Theorem 3)
ﬂrém € Rs(l’z) =
Ansy, = No

Induction Step. Assume that

(11) ¥ =53, € P(n) and w ¢ ¥ =
Ansg, =Yes and SSz, =X, and

(12) ¥ =S, € P(n) and w € ¥ =
Ansy, = No

Sg,=X€Pr(n+1) and w ¢ ¥ =
Jr; € T,(P): Sy, =% € Pr(l..n) and r; € R*[x;] and w ¢ ¥ and either
(@) X = {} or
(8) (B1) Vs; € R [ay]:



Ss, € Pr(l..n) and Stronger(Sy,, Ss;,T;) = Sy, and
(Bg) Vit; € RSd[$Z’]:
St, € Pr(l..n) and Stronger(St,, Sy, Ti) # St, =

3r; € Ty(P): Sy, =% € Pr(1..n) and r; € R*[x;] and
Va € body(r;): Sq € Pr(l..n) and w ¢ S, and either
() ¥ ={} or
(8) (B1) Vs; € R [ay]:
(611) Ss; € Pr(1...n) and
(B1.2) VB € body(s;),Sg € Pr(1...n) and either
(B13) (Br3.1) VB: w & Sp and
Stronger((UJ Sa,) U (Uay), (USs) U (UA) T = (USa) U (Uay)
(Vi,j: i, € body(ri), Bi, By € body(s;), ci, Bi € Vi, ay, B ¢ Vi) or
(B1.3.2) 3B s.t. Sg € Pr(l..n) and w € Sg and
(Bg) Vt; € RSd[—L’L‘i]:
(B2.1) St; € Pr(l..n) and
(B2.2) Vv € body(t;), Sy € Pr(l..n) and either
(B2.3) (B2.3.1) Vy: w ¢ S, and
Stronger((U58,,) U (Ur)> (U Sar) U (Ues), T) # (USy) U (Uny)
(Vi, j: oy, o5 € body(r;), vi,v; € body(ti), i, vi € Vi, o,y € Vi) or
(B2.3.2) Iy s.t. Sy € Pr(l..n) and w € Sy = ((11),(12), Theorems 3,5)

Jrim: plm ¢ Ry(z;) and S.m =% and
Ya € body(rﬁm): Ansg '~ Yes and SS, =S, and either
() local Ans,, = Yes or
(8) (Br) Vsi™ € Re(zs):
(B1.1) VB € body(si™): Ansg = Yes and SS5 = Sg and
Stronger((USSa:) U (Uay), (US5s) U U B)), Ti) = (USS,) U (Uay)
(Vi,j: 4,05 € body(rﬁm), Bi, B € body(sém), a;, B € Vi, o,B8; ¢ Vi) or
(B1.2) 3B € body(si™) s.t. Ansg = No and
(B2) Vtém € Rq(x;):
Vv € body(t™): Ans, =Yes and SS, = S, and
Stronger((US5y;) U (U7s), (U SSa:) U (Uay), Ti) # (USSy) U (U)
(Vi,j: a4, 05 € body(rﬁm), Vi,V € body(tém), a;,vi € Vi, o,y € Vi) or
(B2.2) Ty € body(ti™) s.t. Ans, = No =

Ansg, =Yes and SSy, = Sy, = &

Sg,=X€Pr(n+1) and we ¥ =



() Vry € Ty(P) s.t. 1y € R%x;): Sy, € Pr(1..n) and body(r;) # {} and either
(1) Ja € body(r;): So € Pr(l..n) and w € Sy or
(o) s; € R*[~x]: S, € Pr(1..n) and Stronger(Sy,, Ss,, Ti) # Sy, or
(B) S-g; € Pr(1..n) and S—, = {} =

(@) Vry € Ty (P) (N R*¥x;]: body(r;) # {} and Ya € body(r;): So € Pr(1...n) and either
(1) o € body(r;): w € Sy or
() 3s; € R*U~x;): VB € body(si): Sp € Pr(l..n) and
(a2.1) Yo € body(r;): w ¢ So and VB € body(s;): w ¢ Sg and
(a22) Stronger(U Sa) U (Uag), (USs,) U U B T5) £ (U Sar) U (Uay)
(Vi,j: i, € body(ri), Bi, By € body(s:), ai, Bi € Vi, g, B ¢ Vi) or
(B) S—z, € Pr(1..mn) and S—,, = {} = ((11),(12), Theorems 3,5)

(@) Vri™ € Ry(w;): body(ri™) # {} and either
(1) 3 € body(ri™): Ans, = No or
(o) 3si™ € Re(x;) and
(a2.1) Ya € body(rl™), B € body(skm):
Ans, =Yes and SS, = Sy and Ansg = Yes and SSg = Sg and
(a22) Stronger(U Sa,) U (Uay), (US5) UUB).T) # (USa) U (Uay)
(Vi, j: g, € body(r™), By, Bj € body(si™), a;, Bi € Vi, o, B; ¢ Vi) or
(B) S—g; € Pr(1..n) and S—, = {} =

Ansy, = No
Using Theorem 6, it is straightforward to prove the following Lemma:

Lemma 7: For any literal x; for which,
local Ans,, = No and local Ans—,; = No

and for any two local or mapping rules r'™ € Ry(x;), si™ € Re(z;) for which
Ya € body(r!™), B € body(ri™): Ans, = Ansg = Yes

and for their corresponding rules r;, s; € T,,(P):

Stronger(SS,im, SSgm,T;) = SS.um < r; > s; € Pr(l..n)

What we need to prove now is that, under the two assumptions described
previously, the conclusions that derive from 7T,(P) based on the DL Proof
Theory are also returned by P2P_DR, and vice versa. T, (P) is a defeasible
theory that contains strict, defeasible rules and priorities between conflicting



rules, but no facts. A conclusion of T, (P) is a tagged literal and can have
one of the following four forms:

1. +Ax; which is intended to mean that x; can be definitely proved T,,(P)

2. —Ax; which is intended to mean that z; cannot be definitely proved
in T,,(P)

3. +0z; which is intended to mean that z; can be defeasibly proved T, (P)

4. —0x; which is intended to mean that x; cannot be defeasibly proved
in T,,(P)

Provability in DL is based on the concept of a derivation in the defeasible
theory in D = (F, R, >), where F is the set of facts in D, R denotes the set
rules, and > the priority relation on R. A derivation is a finite sequence P =
(P(1),,P(n)) of tagged literals satisfying the following conditions (P(1..7)
denotes the initial part of the sequence P of length i, R*[q] the set of strict
rules that support ¢ and R%[q] the set of defeasible rules that support q):

+A: If P(i+ 1) = +Aq then either
q € F or
Ir € R*[q]Va € body(r): +Aa € P(1...7)

—A: If P(i+1) = +Aq then either
q¢ F and
Vr € R®[q]3a € body(r): —Aa € P(1...7)

+0: If P(i+ 1) = +0q then either
(1) +Aq € P(1...0) or
(2) (2.1) 3r € R*¥g]Va € body(r): +0a € P(1...i) and
(2.2) —A—-g € P(1...7) and
(2.3) Vs € R[~q]
(2.3.1) 3a € body(s): —0a € P(1...7) or
(2.3.2) 3t € R*q):
Va € body(t): +0a € P(1...i) and t > s



—0: If P(i+1) = —0q then
(1) —Aq € P(1...7) and
(2) (2.1) Vr € R*¥g]3a € body(r): —Oa € P(1...q) or
(2.2) +A-q € P(1...7) or
(2.3) Is € R[q| such that
(2.3.1) Va € body(s): +0a € P(1...7) and
(2.3.2) Vt € R*[q] either
Jdo € body(t): —0a € P(1...i) or t # s

We should note that the distributed theories P; contain no facts. Factual
knowledge is expressed in terms of rules with an empty body. Consequently,
T,(P) also contains no facts. Therefore definite provability in T;,(P) can be
defined as follows:

+A: If P(i+ 1) = +Agq then
Ir € R%[g|Va € body(r): +Aa € P(1...7)

—A: If P(i+1) =+Aq then
Vr € R®[q|3a € body(r): —Aa € P(1...4)

Theorem 8: T,(P) - +Awx; is equivalent to localAnsz, = Yes and
T,(P) = —Awx; is equivalent to local Ans,, = No

Proof. Theorem 8 states that:

(a) If a positive (or negative) definite proof about a literal x; derives from
T, (P), then given a query about x;, P2P_DR returns local Ans;, = Yes (or
local Ansg, = No)

(b) vice versa

We can prove 8.a using Induction on the number of proof derivation
steps in T,,(P).

Base Case. We will prove that:
(13) P(1) = +Ax; = local Ans,, = Yes, and

(14) P(1) = —Ax; = local Ans,;, = No



(13) P(1) = +Az; =
r; € R®[x;] s.t. VYa € body(r;): +Aa € P(0) =
Jr; € R*[x;] s.t. body(r;) = {} = (using Theorem 3)
Irl € Ry(w;): body(rt) = {} = local Ans,, = Yes

(14) P(1) = —Ax; =
Vr; € R°[z;]: Ja € body(r) s.t. —Aa € P(0) =
#r; € R*[z;] = (using Theorem 3)
Brl € Ry(x;) = localAns,, = No

Induction Step. Assume that
(15) +Az; € P(1...n) = local Ans,, = Yes, and

(16) —Az; € P(1...n) = local Ans,, = No

Fori=n+1

+Az;e P(l.n+1) =
Ir € R*[z;]: Va € body(r): +Aa € P(1...n) = (using (15) and Theorem 3)
Jrl € Ry(w;) s.t. Ya € body(r!): local Ans, = Yes
= local Ans,, = Yes

—Az;e P(l.n+1) =
Vr € R®[z;]: Ja € body(r): —Aa € P(1...n) = (using (16) and Theorem 3)
vrl € Ry(z;): 3o € body(r!): local Ans, = No
= localAns,, = No

We will now prove 8.b using Induction on the number of calls of local_alg
that are required to compute a local answer for a literal z;.

Base Case. We will prove that:

(17) If local Ans,, = Yes derives at the first call of local_alg in P; then
T,(P) F +Ax;, and

(18) If local Ans,; = No derives at the first call of local_alg in P; then
T,(P) - —Ax;



(17) local Ans,, = Yes derives at the first call of local_alg in P; =
Jrl € Ry(x;): body(r!) = {} = (using Theorem 3)
Ir € Ty,(P): r € R®[z;] and body(r) = {} =

(18) local Ans,; = No derives at the first call of local_alg in P; =
Brl € Ry(x;) and 3st € R.(x;): body(st) = {} = (using Theorem 3)
Pr € T,(P): r € R®[z;] and Is € T,(P): s € Re[z;] and body(s) = {} =
TU(P) H —Al’i

Induction Step. Assume that

(19) local Ans,, = Yes derives in the first n calls of local_alg in P; =
Ty(P) F +Ax;, and

(20) local Ans,; = No derives in the first n calls of local_alg in P; =
TU(P) [ *A.’L‘i

If local Ans,;, = Yes derives in (n + 1) calls of local_alg in P;:

localAns,, = Yes =
Jrle Ry(z;): body(rl) # {} and
Va € body(rl): local Ans, = Yes (in n calls) = ((19), Theorem 3)

Ir € T,(P): r € R*[z;] and body(r) # {} and
Va € body(r): +Aa = +Ax;

If local Ansy, = No derives in (n + 1) calls of local_alg in P;:

localAns,, = No =
vrie Ry(x;): body(rt) # {} and
Ja € body(rt) s.t. local Ans, = No (in n calls) = ((20), Theorem 3)

Vr € Ty,(P) s.t. v € R®[x;]: body(r) # {} and
Ja € body(r): —Aa = —Aux;

Theorem 9: T,(P) - +0z; is equivalent to Ans,, = Yes and
Ty(P) F —0x; is equivalent to Ans,, = No



Proof. Theorem 9 states that:

(a) If a positive (or negative) defeasible proof about a literal x; derives
from T, (P), then given a query about x;, P2P_DR returns Ans,, = Yes
(or Ansz, = No)

(b) vice versa

We can prove 9.a using Induction on the number of proof derivation steps
in T,,(P). A defeasible proof about a literal ¢ cannot derive in one step, as
even if there is only one supportive defeasible rule with empty body, in order
to prove +0q, we should priorly derive —A-q. So the base of the induction
will be the first two steps of the derivation process. Furthermore, we should
note that there are no defeasible rules with empty body in T, (P), as the
mapping rules in the distributed theories have (by definition) a non-empty
body.

Base Case. We will prove that:
(21) P(2) = +0z; = Ansz, = Yes, and

(22) P(2) = —0z; = Ansy, = No

) P(1) = +Aux; or
) (B1) 3r € R¥as]: body(r) = {} and
B2) P(1) = —A-z; and
B3) Ps € R[-x;] = (Theorems 3 and 8)

(21) P(2) = +0w; =
(a
(8

~~

localAns,, = Yes or

(B1) Irlm € Ry(w;): body(rim) = {} and
(B2) localAnsﬁx,L = No and

(ﬁg ﬂsim c RC(ZCZ) =

(@)
(8)

(o) Ans,, = Yes or

(B) (B1) 3rim € Ru(ay): body(ri™) = {} and
(B2) localAnsﬁxl = No and
(B3) CSe; = {} =

Ansy, =Yes



(22) P(2) = —0x; =
) P(1) = —Az; and
)

)
2) P(1) = +A-z; = (Theorems 3 and 8)

(v ) local Ansg, = No and
(B) (B1) Prim € Ry(z;) or
(B2) local Ans—z, = Yes =

(a) local Ans,; = No and
(B) (B1) SSu, = {} or

(B2) localAns—,;, = Yes =
Ansy;, = No

Induction Step. Assume that
(23) +0x; € P(l..n) = Ans,, = Yes, and

(24) —0z; € P(l...n) = Ans,, = No

Fori=n+1

+6mie P(ln + 1) =
(o) +Az; € P(1...n) or
(B) (81) Ir € R*Yx;] s.t. Ya € body(r): +0a € P(1...n) and
(B2) —A—z; € P(1..n) and
(B3) Vs € R [—a;]
(B3.1) 3B € body(s): —0p € P(1...n) or
(ﬁgg) dt e RSd[I‘Z‘]:
Vv € body(t): +0v € P(1..n) and t > s = ((23),(24), Theorems 3,8, Lemma 7)

() local Ans,, = Yes or

(B) (B1) Frlm € Ry(w;) s.t. Yo € body(r!™): Ans, = Yes and
(B2) local Ans—y; = No and
(B3) Vs{™ € Re(xi)

(ﬂg 1) 3B € body(sﬁm): Ansg = No or

(B3.2) 3™ € Ry(m:):
V’y € body(tlm) Ans, =Yes and
StTonger(SSt47rL, SS glmy ) SStljn =



Ansy, =Yes

For negative provability:

—0z;€ P(l.n+1) =
(o) —Ax; € P(1..n) and
(B) (B1) Vr € R*Uz;]: Ja € body(r): —da € P(1...n) or
(B2) +A-x; € P(1...n) or
(B3) 3s € R -] s.t.
(B3.1) VB € body(s): +0p € P(1...n) and
(ﬁgg) YVt € RSd[xi]:
Iy € body(t): —0v € P(1..n) or t # s = ((23),(24), Theorems 3,8, Lemma 7)

() local Ans,, = No and
(B) (B1) Vrim € Ry(x;): Ja € body(r): Ans, = No or
(B2) local Ans—,, = Yes or
(B3) 3sl™ € Re(x:):
(Bs.1) VB € body(si™): Ansz = Yes and
(B3.2) V™ € Ry(x;):
Iy € body(ti™): Ans, = No or
Stronger(SStém,SSsﬁm,ﬂ) + SStém =

Ansy;, = No

We will now prove 9.b using Induction on the number of calls of P2P_DR
that are required to compute an answer for a literal x;.

Base Case. We will prove that:

(25) If Ans,, = Yes derives at the first call of P2P_DR then
T,(P) F 4+0x;, and

(26) If Ans,, = No derives at the first call of P2P_DR then
TU(P) (= —83@

(25) Ansg, = Yes derives at the first call of P2P_DR =
local Ans,, = Yes = (Theorem 8)



TU(P) F+Az; =
T,(P) F +0z;

(26) Ans,, = No derives at the first call of P2P_DR =
localAns—5;, = Yes or ﬂrﬁm € Rs(x;) = (Theorems 3,8)
To(P) F +0-x; or fr € T,(P): v € R*[x;] =
TU(P) H —8352-

Induction Step. Assume that

(27) Ans,, = Yes derives in the first n calls of P2P_DR =
T, (P) - +0z;, and

(28) Ansg, = No derives in the first n calls of P2P_DR =
TU(P) H —8@-

If Ans,, = Yes derives in (n + 1) calls of P2P_DR:

Ans,, =Yes =
() local Ansg, # Yes and
(B) localAns_,, # Yes and
(7) Frim € R (a,) :
(71) body(ri™) # {} and
(72) Yo € body(ri™): Ans, = Yes (in n calls) and
(6) Vsi™ € R.(x;) either
(61) 3B € body(si™) s.t. Ansz = No (in n calls) or
(62) Stronger(ssrim, SSsi_m,Ti) = §8,m = ((27)(28), Theorems 3,8, Lemma 7)

() —Ax; and
(8) —A—z; and
(y) Ir € T, (P): r € R*Yx;] and
(1) body(r) # {} and
(72) Vo € body(r): +0a and
(6) Vs € R[] either
(61) 38 € body(s) s.t. —08 or
((52) r>Ss=



If Ansz, = No derives in (n + 1) calls of P2P_DR:

Ansg, = No =
() local Ans,, # Yes and
(B) local Ans—,, # Yes and
(v) Vrim € Ry(x;) either
(v1) Ja € body(ri™) s.t. Ans, = No (in at most n calls) or
(12) 35 € Rel)
(y2.1) body(si™) # {} and
(Y2.2) VB € body(si™): Ansg = Yes (in n calls) and
(72.3) S’tronger(SSrém, Sssém,Ti) # Ssrﬁm = ((27)(28), Theorems 3,8, Lemma 7)

(o) —Az; and
(B) —A-z; and
(y) Vr € Rz either
(71) 3o € body(r) s.t. —0a or
(72) 3s € T,(P): s € R*[~x;] and
(72.1) body(s) # {} and
(72.2) VB € body(s): +08 and
(v23) r# 5=
—a{Ei



4 1st Approach with DL Local Theories

In this version, we augment the local theories with defeasible rules and with
priority relations that are applied on pairs of defeasible local and mapping
rules. These features enable a peer to express uncertainty about part of its
local knowledge, and to express trust-based preferences not only in the level
of peers but also in the level of mapping rules.

To support these features, the algorithm steps are modified as follows:
The first step remains unchanged. During this step, a node (say P;) attempts
to produce an answer for the queried literal (say z;) based on the strict local
rules. Even, if there are defeasible local rules that support or contradict x;,
they are not used in this phase.

The 2" and 37 step involve building the supportive sets of the (lo-
cal/mapping) rules that support or contradict x;, in the same way with
the first version of the algorithm. The only difference here is, that in the
end, these steps do not produce a single supportive / conflicting set for x;,
but rather collect all the different rules that can be applied to support /
contradict z;.

The 4" step determines the truth value of the queried literal, based on
the supportive / conflicting sets of the rules, which are collected in steps
2 and 3, P;’s trust level order, but also on the priorities in P;’s theory.
Specifically, if for each of the rules that can be applied to contradict x;,
there is a superior (based on the priority relation) supportive rule, or a non-
inferior but stronger (based on P;’s trust level order) supportive rule, the
algorithm returns a positive answer. In any other case, it returns a negative
answer for z;.

We should also note that the local_alg procedure remains unchanged.
However, the Stronger function must be modified to support cases of empty
supportive sets.

4.1 The modified algorithm P2P_DRy

Some new symbolisms that we use in this version are:

ré: a local strict rule of P;
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rzd: a local defeasible rule of P;

rm

. a mapping rule of P;

ridm: a rule (local/mapping) of P;

SR,,: the set of rules that can be applied to support z;
CRy,: the set of rules that can be applied to contradict x;

P2P,DRdl(.fCi, P(), Pi, SS;BZ, CS.Z’,v Histxi, Ansxi, Tz)
if 3rl € Ry(x;) then
local Histy, «— [x;]
run local_alg(x;,local Hist,,, local Ansg,)
if localAns,, = Yes then
Ansy, « local Ansy,
terminate
end if
end if
if 37t € R.(x;) then
local Histy, <« [z4]
run local_alg(—xz;, local Histy,, local Ans—,)
if localAns—,; = Yes then
Ansy, « —local Ans—y,
terminate

end if

. end if

SRy, — {}

. for all rl¥™ € Ry(z;) do

S8, —{}
for all b; € body(rl¥™) do
if b, € Hist,, then
stop and check the next rule
else
Histy, < Hist,, U by
run P2P_DR(bs, P;, P;, SSy,, CS,, Histy,, Ansyp,, Tt)
if Ansy, = No then
stop and check the next rule
else if Ans,, = Yes and b, ¢ V; then
SSy, — 5SS, Ub,

else



31:
32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:
43:
44:
45:
46:
47:
48:
49:
50:
51:
52:
53:
54:
55:
56:
57:
58:
59:
60:
61:
62:
63:
64:
65:
66:
67:

68:
69:

SS,. — SS,, USS,

end if
end if
end for
if SR,, = {} or Stronger(SS,,,SS.,,T;) = SS,, then
S8y, — SS,,
end if
SRy, — SR, U rédm
end for

if SR,, = {} then
return Ans;, = No and terminate
end if
CRy, < {}
for all 7¥" € R.(z;) do
S5 —{}
for all b; € body(rld™) do
if b, € Hist,, then
stop and check the next rule
else
Histy, «— Histy, Ub
run P2P_DR(by, P;, Py, SSy,, CSy,, Histy,, Ansyp,, T})
if Ans,, = No then
stop and check the next rule
else if Ans,, = Yes and by ¢ V; then
SSy, — SS;, Ub,
else
SS,. — S8, USS,,
end if
end if
end for
CRy, + CR,, Urldm
end for
if CR;, = {} then
return Ans,, = Yes and terminate
end if
for all r/ € CR,, do
if dr; € SRy,: ri > 1l oor (vl # 1 and Stronger(SSri,SSr;7ﬂ) =
SS,,) then
return Ans,, = No and terminate

end if



70: end for
71: return Ans,, = Yes and S5y,

The Stronger function is modified as follows:

Stronger(S, C,T;)

1: if S ={} and C = {} then

2:  Stronger = None

3: end if

4: if S ={} and C # {} then

5. Stronger =S

6: end if

7. if S # {} and C = {} then

8  Stronger =C

9: end if

10: a® «— ag € S s.t. for all a; € S : Py, does not precede P; in T;)

—_
[y

: b —a; € C s.t. for all bj € C : P, does not precede Pj in T;)

12: if P, precedes P, in T; then

13:  Stronger =S

14: else if P, precedes P, in T; then
15:  Stronger = C

16: else

17:  Stronger = None

18: end if

4.2 Properties of P2P_DRy
4.2.1 Termination and Number of Messages

P2P _DR; shares the same properties with P2P_DR with regard to termi-
nation and the total number of messages that need to be exchanged between
the system peers for the computation of a single query.

Based on the facts that (o) P2P_DRy terminates either by detecting a
cycle or by returning an answer about the truth value of the queried literal,
and (/) there are a finite number of nodes, each one with a finite number of
literals, and consequently with a finite number of rules and priority relations,
P2P _DRy; is guaranteed to terminate.



In the same way with P2P_DR, P2P_DR; requires, in the worst case,
each node to check the truth value of all the remote literals that are involved
in its mapping rules at most once. We have already proved that this proce-
dure will result in a number of messages that is proportional to the square
of the maximum number of acquaintances a system node may have, and in
the worst case that each node has defined mappings which involve all the
other system nodes, the total number of messages is O(n?) (where n stands
for the node population).

4.2.2 Single Node Complexity

Adding defeasible local theories in the system adds an overhead to the com-
putational complexity of the algorithm on a single node. By comparing the
two versions, it is obvious that the additional overhead is imposed by build-
ing SR,, and CR, (the collections of rules that can be applied to support
/ contradict x;) and by the module that checks the priority and strength
relations for each pair of conflicting rules. Building SR, (CR,,) has an
overhead which is proportional to the total number of rules that support
(contradict) x;. Consequently, in the worst case that for the computation
of the truth value of x;, all rules in P; are involved, building these two col-
lections has a total overhead which is proportional to the total number of
rules in P; (O(ny)).

The second module requires for each pair of conflicting rules r; € SR,,,
ri € CRy, checking their priority relation and comparing their support-
ive sets (SSy,, S5,/) through the Stronger function. Considering that the
number of elements in a Supportive Set is in the worst case O(nacq x ny),
where nacq is the number of acquaintances a peer may have, and n; is the
number of literals a peer may define. So, the total overhead of this module
O(n% X nacQ X ny), where n, is the number of rules in a peer theory.

Considering that the second module replaces the part of the first version,
which compares S5;, and CS;, through the Stronger function to compute
the final answer for x;, and that all the other parts of the algorithm remain
unchanged, the computational complexity in this version is

rloc

O(Nrioe X NI X My 4+ np X NY X nacg X M+ Ny + 12 X nacg X M)

Nyloe 18 the number of local rules defined by a peer



n, is the number of (local and mapping) rules defined by a peer
n; is the number of literals in the body of a rule

n}”l"c is the number of literals in the body of a local rule

ny is the number of literals defined by one peer

nacq is the number of a peer’s acquaintances

Assuming that (a) nl = O(nacg xn); and (b) nj'¢ = O(n;), the overall
complexity is

O(nfoqg X N X iy +na0Q X 1y X 17)
In the worst case, that that all peers have defined mappings that involve
all the other system nodes: nacg = O(n), and the overall complexity is

O(n? x n} x n, +n x ng X n?)

4.3 Equivalent Unified Defeasible Theory

The steps that we have to take to build an equivalent defeasible theory based
on the distributed local theories and the trust level orderings of each system
node are four. The second and third steps are exactly the same with the
respective steps followed in the case of non-defeasible local theories. The
first and fourth steps are modified as follows:

1. The strict local rules and the defeasible rules of each peer’s theory
are also part of the unified theory, T, (P) (without any modification).

4. Each priority relation that is part of the local theories is also part of
the unified theory, T,,(P). For each pair of conflicting rules, for which there
is no priority relation in the local theories, we add a priority relation based
on the peers’ trust level ordering using the following procedure:

Prioritiesy

The derivation of priorities between conflicting rules in T, (P) is a fi-
nite sequence Pr = (Pr(1),..., Pr(n)), where each Pr(i) can be one of the
followings:

e The supportive set of a rule in 7;,(P) (a set of literals).

e A priority relation between two conflicting rules in 7;,(P)



e The supportive set of a literal in T;,(P) (a set of literals).

Assuming that the first i steps of this derivation have computed Pr(1...7),
which is the initial part of the sequence Pr of length ¢, the next part of this
sequence (Pr(i + 1)) will be either the supportive set of a rule (S,,), or a
priority relation (r; > s;), or the supportive set of a literal (S, ).

If Pr(i+1)=S,, then either
() Sy, ={s} (where s is the strongest possible element) and
ri € R® and Ya; € body(r;): Sa, € Pr(l...i) and S,;, = s or
(ﬁ) Sy, = (USaz) U (Uaj)v and
Va;: a; € Vi, a; € body(r;), Sa, € Pr(1...1) and
Vaj: aj ¢ Vi, a; € body(r;), Sa; € Pr(l..i), w ¢ Sy, or
(v) Sr; = {w}, and
Jaj, s.t. a; & Vi, a; € body(r;), Sa; € Pr(l...i), w € S,

If Pr(it+1)=mr; > s; then
Sy, Ss; € Pr(l...i) and r;, s; are conflicting and
w ¢ Sy, and w ¢ S, and
ri > Si,8; >1i & Py and
Stronger(Sy,, Ss;, T;) = Sy,

If Pr(i+1)=S,, then either
(o) 3ry € Rlai]: Sy, € Pr(1...7) and S,, = Sy, and either
(1) Sy, = {s} or
(a2) 5, # {5} and
(a2.1) Vs; € R[—a;] © 3g; € Rlai] s.t. Sy, € Pr(1...i) and
(ap1.1) w ¢ Sy, and q; > s; € Py or
(2.1.2) qi > s; € Pr(l...i) and
(a2.2) Vt; € Rlas): S, € Pr(1...i) and Stronger(Sy,, Sy,, T;) # S, or
(8) So, = {w} and
(ﬂl) ds; € R[—\ai]:
(B11) Ss; € Pr(1...7) and
(B1.2) Vri € Rla;] either
(B1.21) Sy, € Pr(1...7) and w € Sy, or
(B1.2.2) mi > s; ¢ P; and either
Stronger(Sy,, Ss;, 1) # Sy, or si > r; € P; or
(B2) S—q; € Pr(1...4) and S—,, = {s}



Pr(1...n) will contain the supportive sets of all rules and literals in T;,(P),
and the required priority relations between all conflicting rules in T,(P), for
which there is no priority relation in the original local theories.

It is now left to check if Theorems 3-6, Lemma 7, and Theorems 8-
9 hold for the relation between the distributed local theories (which are
now augmented with defeasible local rules and priorities) and the unified
defeasible theory that is constructed in the way that we describe above.

Theorem 3 holds with some small modifications. Specifically, for this
new version of the algorithm, it should be modified as follows:

Theorem 3 (P2P_DRy;) For every literal z;,

(a) the set of strict rules in T,,(P) that support x; (R*[x;]) is the same
with the set of local strict supportive rules rﬁ used by P2P_DR to compute
Ansy, .

(b) the set of defeasible rules in T,(P) that support x; (R%[z;]) derives
from the the wunification of the sets of local defeasible supportive
rules rld and mapping supportive rules r" used by P2P_DR to compute
Ansy, .

(¢) (a) and (b) also hold for the rules that contradict x;
Proof.

(a). The local strict rules that support x; and are used by P2P_DR to
compute Ans,, are those defined in P;. These rules are also part of T,,(P).
No other peer theory may contain a local strict rule that supports x;, so
these rules are the only strict rules that support z; in T,,(P).

(b). The local defeasible rules that support x; and are used by P2P_DR
to compute Ans,, are those defined in P;. These rules are also part of T,(P).
No other peer theory may contain a local strict rule that supports z;. The
mapping rules that support z; and are used by P2P_DR to compute Ans,,
are those defined in P,;. These rules are also represented as defeasible rules
in T,,(P). No other peer theory may contain a local defeasible rule that
supports z;, and even if some other peer theory contains a mapping rule
that supports z;, this rule is eliminated during the construction of T, (P),
so P;’s local defeasible and mapping supportive rules are the only defeasible
rules that support z; in T, (P).



(c) The rules that contradict z; are in fact the rules that support —x;.
So, (a) and (b) also hold for the rules that contradict ;.

Based on Theorem 3 for P2P_DR,;, we can derive that Theorem 4 holds
also for this version (If there are no cycles in T,(P), P2P_DRg will never
detect a cycle; and vice versa). The proof is exactly the same with the one
that we presented for the case of P2P_DR.

Theorem 5 is modified as follows:

Theorem 5 (for P2P_DRy;): For any literal x;,
local Ans,, = Yes (calculated by local_alg) <
Sz, € Pr(1..n) and Sy, = {s}

Left to right proof: Induction on the number of calls of local_alg.
Base Case. We will prove that:

(1) If local Ans,; = Yes derives at the first call of local_alg in P; then
Sz, = {s}

(1) local Ans,; = Yes derives at the first call of local_alg in P; =
Jrl € Re(z;): body(rl) = {} = (using Theorem 3)
dr; € T,(P): r; € R®[x;] and body(r;) = {} =
dr; € T,(P): r; € R®*[x;] and Sy, € Pr(l...n) and S,, = {s} =
Sz, € Pr(1..n) and Sy, = {s}

Induction Step. Assume that

(2) local Ans,, = Yes derives during the first n calls of local_alg in P; =
Sz; € Pr(1..n) and Sy, = {s}

If local Ansy; = Yes derives in the first (n + 1) calls of local_alg in P;:

localAns,, =Yes =
Elré € Rs(x;):
(@) body(rt) £ {} and
(B) Ya € body(r!): local Ans, = Yes (in n calls) = ((2), Theorem 3)



dr; € T,(P):
(o) r; € R*[z;] and body(r;) # {} and S,, € Pr(l..n) and
(B) Ya € body(ri): aw € Vi, So € Pr(1l...n) and So = {s} =
Sz, € Pr(1..n) and Sy, = Sy, = {s}

Right to left proof: Induction on the derivation steps in Pr(1...n).
Base Case. We will prove that:

(3) P(2) = Sy, = {s} = local Ans,, = Yes
(The supportive set of a literal cannot derive in the first step of the derivation process,
unless it contains w)

(3) P(2) = Sz, = {s} =
dr; € T,(P): r; € R®[x;] and Sy, € P(1) and S;, = {s} =
dr; € Ty(P): r; € R®[x;] and Sy, € P(1) and body(r;) = {} = (using Theorem 3)
Irl € Ry(x;): body(r!) = {} =
local Ans,, = Yes

Induction Step. Assume that

(4) Sy, € P(n) and Sy, = {s} = localAns,, = Yes

Sz, € P(n+1) and Sy, = {s} =
dr; € R®[x;]: Sy, € Pr(l..n) and S,, = {s} =
dr; € R®[x;]: Sy, € Pr(l..n) and
Va € body(r;): a € Vi, Sq € Pr(l..n) and So = {s} = ((4), Theorem 3)
Elré € Ry(x;): YVa € body(rﬁ): localAns,, = Yes =
local Ans,, = Yes

Theorem 6 also holds for this version but with some minor modifications.
Specifically:

Theorem 6 (for P2P_DRy;): For any literal z;, for which localAns,, = No,
(a) Ans,, =Yes and SSy, =X & S, € Pr(l..n) and Sy, =% and w ¢ Sy,
(b) Ansy, = No < Sy, € Pr(l..n) and w € Sy,



Left to Right Proof: Induction on the number of calls of P2P_DR.
Base Case. We will prove that for a literal x; for which localAns,, = No:

(5) If Ans,, = Yes derives at the first call of P2P_DRy and SS;, = 3 then
Sz, € Pr(1..n) and Sz, =%, and

(6) If Ans,, = No derives at the first call of P2P_DRy then
Sz, € Pr(l..n) and w € Sy,

(5) Ansg, = Yes derives at the first call of P2P_DRy and local Ans,, # Yes and SSg, =¥ =

(c) local Ans,, # Yes and

(B) localAns—, # Yes and

(v) Ird € Ry(w;): body(rd) = {} and ¥ = S8S,, = SS,, and

(6) 2l € R, (z5): body(t;) # {} and

(€) Vsd™ € Re(z;): body(s;) = {} and Ft¥™ € Ry(x;): t; > s, =

a) local Ans,, # Yes and

B) local Ans—,, # Yes and

v) 3rd € Ry(x:): body(rd) = {} and ¥ = {} and

8) Pt € Ry(x:): body(t;) # {} and

€) Vsd™ € Re.(z;): body(s;) = {} and Ft¥™ € Ry(x;): t; > s; = (Theorems 3,5)

a) Sy, # {s} and

8) S, # {5} and

v) Ir € T,(P): r € R¥x;] and body(r) = {} and

§) Bt € T,(P): t € R[z;] and body(t) # {} and

€) Vs € T,(P) s.t. s € RY—a;]: body(s) = {} and 3t € Rlx;]: t > s =

(6) Ansz, = No derives at the first call of P2P_DRy =

() local Ans—y;, = Yes or

(B) Bridm € Ry(x;) or

(7) (M) local Ansy, # Yes and

(72) local Ans—y; # Yes and

(v3) Vsl™ € Re(w;): body(s;) = {} and
(y4) Vr{™ € Ry(2;): body(r;) = {} and
(v5) 3¢9 € R.(;) s.t. Vr; € Rs(w;): v # ¢; = (Theorems 3,5)



(o) S—z, = {s} or
(B) Pr € T,(P): r € R[x;] or
(1) (1) S, # {5} and
(72) S-w; # {s} and
(73) Vs € Ty (P) s.t. s € RY—a;]: body(s) = {} and
(74) Vr € T,,(P) s.t. 7 € Rz;]: body(r) = {} and
(v5) 3q € T,(P) U Re(x;) s.t. Vr € Ty(P) U R[zi]: 7 # g =

Sz, € Pr(l..n) and w € Sy,

Induction Step. Assume that

(7) Ansy, = Yes derives in the first n calls of P2P_DRy and SS,, =¥ =
Sz, € Pr(1l..n) and S, =%, and

(8) Ansz, = No derives in the first n calls of P2P_DRy =
Sz, € Pr(1l..n) and w € Sy,

If Ans,, = Yes derives in (n + 1) calls of P2P_DRg and SS,, = X:

S8z, =X and Ans,, =Yes =
(o) SSz, =% and
(B) local Ansg, # Yes and
(v) local Ans—y; # Yes and
(6) Irldm ¢ SR, -
((51) SS,iam = X and
(02) thdm € SRy,: Stronger(SSy,,SSy,,Ti) # SSt, and
(¢) Vsldm € OR,, Eltldm € SR,,: Stronger(SSy,,SSs,, T;) = SSt, =

(o) SSz, =¥ and
(B) local Ansg, # Yes and
(v) local Ans—y; # Yes and
(6) Frldm ¢ Ry(x;) :
(01) SS, ldm = =X and
(02) Vo € body(rldm): Ans, = Yes (in at most n calls) and
(63) V™ € Ry(x;): either
(53,1) Iy € body(t:%™) s.t. Ans, = No or
(03.2) Stronger(SSy,,SSy,,Ti) # SS, and



(€) Vsldm € R.(x;) either
(1) 3B € body(sl™) s.t. Ansg = No or
(Eg)ﬂtédm S Rs(l'i):
(€21) Vv € body(tl4™): Ans, = Yes (in at most n calls) and
(€2.2) Stronger(SSy,,SSs,, T;) = SSt, =

(o) SSz, =% and
(B) local Ansg, # Yes and
(v) local Ans—y; # Yes and
(6) Frldm ¢ Ry(x;) :
(01) SS,uam =% and
(02) Yo € body(rldm): Ans, = Yes (in at most n calls) and
(63) V™ € Ry(x;): either
(63.1) Iy € body(ti¥™) s.t. Ans, = No or
(63.2) (03.2.1) Vv € body(t'™): Ans, = Yes (in n calls) and
(852.2) Stronger((U 855,) U (Un), (USSar) U (Jay), T) # (USS5) U (Uny)
(Vi, j: au, aj € body(rl®™), 4,7 € body(t9™), ai, i € Vi, g,y ¢ Vi)
(€) Vsldm € R.(x;) either
(1) 3B € body(sl¥™) s.t. Ansg = No or
(€2)3tL0™ € Ry(z;):
(€2.1) Vv € body(ti¥™): Ans., = Yes (in at most n calls) and
(e22) Stronger((US5,,) U (U), (USS5,) U (UB)T) = (USS,,) U (U)
(Vi, j: vi,; € body(t%™), B;, B; € body(si®™), i, B € Vi, oy, B & Vi)
= ((7)(8), Theorems 3 and 5)

(@) SSy, =3 and
(8) Se; #{} and
() S=a; 7 {} and
(6) 3r; € T,(P): r; € R*[x;] and
(01) SSy, =% and
(02) Yo € body(r;): Sq € Pr(l..n) and Sy =SS, and
(63) Vt; € R*Ux;): either
(03.1) Fv € body(t;) s.t. w e Sy or
(03.2) (03.2.1) Vv € body(t;): Sy € Pr(l..n) and Sy =SS, and
(852.2) Stronger((U 855,) U (U, (USSar) U (Uey), T) # (USS,,) U (Uny)
(Vi,j: g, 05 € body(ri), vi,v; € body(ts), s, vi € Vi, o,y € Vi) and
(€) Vs; € R*U—x;] either
(€1) 3B € body(s;) s.t. w € Sg or
(Eg)ﬂti € RSd[azi]:



(€2.1) Vv € body(t;): Sy € Pr(1..n) and S, =SS, and
(e2.2) Stronger((USSy) U (U;), (USSs) U UB),Ti) = (USSy) U (U)
(Y, 5: i, € body(t;), B, B € body(si), Vi, Bi € Vi, oy, B ¢ Vi) =
Su, = S, = SS,m = %

If Ansg, = No derives in the first (n + 1) calls of P2P_DRy:

Ansy, = No =
(av) local Ans,, # Yes and
(B) local Ans—,, # Yes and
(7) 3sldm € Ro(a) :
(71)V83 € body(s¥™): Ansz = Yes and
(72) Vridm € Ry(x;) either
(72.1) Ja € body(rﬁdm) s.t. Ans, = No or
(72.2) sédm > rédm or
(72.3) Stronger(SSridm, Sssédm,n) # Ssridm and rldm % gldm —

() local Ans,, # Yes and
(B) local Ans—,, # Yes and
() 38197 € Ro(zy) :
(71)V3 € body(s!9™): Anss = Yes and
(v2) Vrldm € Ry(z;) either
(72.1) Ja € body(rld™) s.t. Ans, = No or
(Y2.2) stdm > pldm o
(72.3) Stronger((U 95q,) U (U ay), (USSs,) U (UB)), Ti) # (USSa) U (Uay)
(VZ>J Ay, O € bOdy(ngm)a ﬁhﬁ] € bOdy(Sédm), aiaﬁi € sz} aj’ﬁj ¢ V;,)
and rldm % gldm

= ((7)(8), Theorems 3 and 5)

(@) Se; #{} and
(B8) S-a; # {} and
(v) 3s; € T, (P): s; € R*[~x;] and
(71) VB € body(s;): S € Pr(1..n) and Sg = SSs and
(’)/2) Vr; € RSd[l'i] either
(72.1) Ja € body(r;) s.t. Sq € Pr(l..n) and w € S, or
(y22) 847 > pld o
(123) Stronger(US5,) U (Uag), (USS3) U (U, T) # (US5a) U (Uay)
(Vi, j: i, o5 € body(ri), B, B € body(si), ai, Bi € Vi, a5, 85 ¢ Vi)
and r; } 8 = w € Sy,



Right to Left Proof: Induction on the derivation steps in Pr(1...n).

Base Case. We will prove that for a literal x; for which localAns,, = No < S,, # {s}:
(9) P(2) =Sy, =% and w ¢ ¥ = Ans,, = Yes and SS,; =T, and

(10) P(1) =S, =% and w € ¥ = Ansz, = No

(The supportive set of a literal cannot derive in the first step of the derivation process,
unless it contains w)

(9) P(2) =Sz, =Y and w ¢ ¥ and ¥ # {s} =
(o) Ir; € Rlay]: Sy, =% and w ¢ ¥ and X # {s} and
(B) Ps; € R[~x;] and
(’y) ﬂ i 7é rii t; € R[xz] =

(@) 3ri € R¥zi): S;, = % and body(r;) = {} and ¥ = {} and
(B) 3s; € R[~x;] and
(v) Bt; # ri: t; € R[x;] = (Theorem 3)

() Ird € Ry(w;): S,.a =% and body(r;a) = {} and ¥ = {} and
(8) ﬂsédm € Re(x;) and
(y) ptldm £ pd: tldm ¢ R (2;) = (Theorem 3)

Ans,, =Yes and SS;, ={} =%

(10) P(1) =S, =Y and w € ¥ =
Br; € T,(P): r; € R*[x;] = (Theorem 3)
ﬂ?‘édm € Rs(l’i) =
Ansg, = No

Induction Step. Assume that for a literal z;

(11) ¥=85;, € P(n) and w ¢ ¥ and ¥ # {s} =
Ansg, =Yes and SS;, =X, and

(12) ¥ =55, € P(n) and w € ¥ =
Ansy, = No



Sy, =X € Pr(n+1) and w ¢ ¥ and Sy, # {s} =

(@) 3r; € Ty(P): Sy, =% € Pr(l..n) and r; € R*Yx;] and w ¢ ¥ and ¥ # {s} and
(B) Vs; € R*[=x;]: 3¢; € R*[x] s.t. Sy, € Pr(l..n)and
(61) w¢ Sy, and q; > s; € P; or
(B2) gi > si € Pr(l..n) and
(y) Vt; € R*U[x;):
S, € Pr(l..n) and Stronger(Sy,, Sr,,T;) # St, =

() Ir; € Ty(P): Sy, =X € Pr(l..n) and r; € R*¥z;] and ¥ # {s} and
Vo € body(r;): So € Pr(l..n) and w ¢ S, and
(B) Vs; € R*[=x;]: 3¢; € R*[x;] s.t. S,, € Pr(l..n)and
Vo € body(q;): Ss € Pr(l..n) and w ¢ S5 and
(B1) gi > s; € P; or
(B2) Stronger(Sy,,Ss,, T;) = Sq, and
('y) Vit; € RSd[xi]:
S, € Pr(l..n) and Stronger(Sy,, Sr,,T;) # St, =

() Ir; € Ty(P): Sy, =% € Pr(l..n) and r; € R*¥z;] and ¥ # {s} and
Vo € body(r;): Sq € Pr(l..n) and w ¢ S, and
(B) Vs; € R*[=x;]: 3¢; € R*[x;] s.t. Sy, € Pr(l..n)and
Vo € body(q;): Ss € Pr(l..n) and w ¢ Ss and
(B1) @i > s; € P; or
(B2) 3B € body(s;) s.t. Sz € Pr(l..n) and w € Sg or
(B3) VB € body(s;): Sg € Pr(l..n) and w ¢ Sz and
Stronger((UJS5,) U (U8;), (U Sa) U (UA) T = (USs) U (Ud)
(Vi, j: i, 05 € body(qi), Bi, Bj € body(s:), 4, Bi € Vi, 65,35 ¢ Vi) and
(y) Vt; € R*U[x;]: Sy, € Pr(1...n) and either
(m) Fy: Sy € Pr(l..n) and w € Sy or
(72) (72.1) Vv € body(t;): Sy € Pr(l..n) and w ¢ S, and
(12) Stronger((USSy,) U (U), (USa) U(Uay), ) # (US5) U (U)
(Vi,j: ay, aj € body(ri), Vi, 7y € body(ti), iy vi € Vi, o, v & Vi)
= ((11),(12), Theorems 3,5)

(o) Irkdm S 1am = ¥ € Pr(1..n) and rl™ € Ry(x;) and
Va € body&rédm): Ans, = Yes and SS, = S, and
(B) Vskd™ € Re(z;): 3¢i%™ € Ry(w;) s.t.
Vo € body(qfdm): Ans, = Yes and SS, = S, and
(61) qédm > sédm € P, or



(B2) 3B € body(sk¥™) s.t. Ansg = No or
(B3) Ansg = Yes and SS3 = Sz and
Stronger(US5,) U (U), (US5) U (UB).T) = (USs) U (US)
(Vi, j: 6i,0; € body(q"™), Bi, B; € body(si®™), 6;,8; € Vi, 65, 8; ¢ Vi) and
(y) Vtidm € Ry(x;): either
(71) Fy € body(tl¥™) s.t. Ans, = No or
(72) (y2.1) Vv € body(tl¥™): Ans, = Yes and SS, = S, and
(12.2) Stronger((J55,,) U (Uy)> (U Sar) U (U, T) # (U Sy) U (Uny)
(VZ,] Qi i € bOdy(?‘ﬁdm), Yis V5 € bOdy(tédm)a ai,y; € Vi, Ay, 75 ¢ sz) =

Ansg,, =Yes and SS;, = S, =%

Sy,=X€Pr(n+1) and we ¥ =

() Vr; € R*[zy): Sy, € Pr(1..n) and w € S, or

(B) 3s; € R*[-z]: S;;, =X € Pr(l..n) and w ¢ Ss; and Vr; € R*[z;]: S,, € Pr(1..n) and either
(1) we S, or
(ag) s; > 1 € P; or
(ag) 73 > si & Py and Stronger(Sy,, Ss;, T;) # Sy, or

(v) Sz, € Pr(l..n) and S—z, = {s} =

(@) Vr; € R*[x;]: Ja € body(r;): w € Sy or
(B) Is; € R ~x;): Ss, =¥ € Pr(l..n) and Vr; € R*[x;]: S,, € Pr(1..n) and either
(A1) Ja € body(ri): w € Sy or
(ﬁg) si>r;, € B oor
(B3) (B3.1) ri > s; & P; and
(B3.2) Yo € body(r;): SainPr(l..n) and w ¢ S, and
(B3) Stronger(USa,) U (Uaz), (USs) U (UB),T) # (USa) U (Uay)
(Vi,j: i, a5 € body(ri), Bi, B € body(si), i, Bi € Vi, aj, Bj ¢ Vi) or
(7) S-g; € Pr(l..n) and S—p, = {s} = ((11),(12), Theorems 3,5)

a) Vridm e Ry(x;): Jo € body(rl¥™): Ans, = No or
7 (2
(B) 3sk¥™ € Re(z;): Spam = X and Vrid™ € Ry(x;) either
(B1) Ja € body(rldm): Ans, = No or
(ﬁg) S; >T; € PZ' or
(B3) (B3.1) 75 > si & Py and
(B3.2) Vo € body(rﬁdm): Ans, =Yes and S, =SS, and
(ﬁ3.3) Stm”ge?”((U Sai) U (U aj)? (U Sﬁz) U (U ﬁ])?Tl) 7é (U Sai) U (U aj)
(Vi,j: oz, 05 € body(rﬁdm), Bi, B; € body(sﬁdm), a;, 3 € Vi, aj, 8 ¢ Vi) or



(7) local Ans—p;, = Yes =

Ansy;, = No

Following Theorem 6, it is straightforward to prove that Lemma 7 holds
here too, with some minor modifications:

Lemma 7: For any literal x; for which, localAns;, = No and local Ans—,,
and for any two local or mapping rules r'@™ € Rg(z;), s¥™ € R.(x;)

(for which there is no priority relation in P;)

and their corresponding rules r;, s; € Ty,(P):

Stronger(SS,im,SSgm,T;) = SS,im < r; > s; € Pr(l..n)

Theorem 8, which states the equivalency between the local reasoning
process (local_alg) of the distributed algorithm, and the derivation of definite
proofs in the unified defeasible theory T;,(P) holds as it is in this version as
well. The proof for it is exactly the same, with the one that we presented
for the first version of P2P_DR.

Theorem 8: T,(P) - +Awx; is equivalent to localAnsz, = Yes and
Ty(P) F —Awz; is equivalent to local Ansy, = No

Theorem 9, which describes the correlation between the answers re-
turned by the distributed reasoning algorithm, and the defeasible proofs
returned by T, (P), holds also for this version. Below, we give the theorem
and its proof, which is slightly different from the one that we presented in
the previous chapter.

Theorem 9: T,(P) - +0z; is equivalent to Ans,, = Yes and
Ty(P) = —0x; is equivalent to Ans,, = No

We will prove the left-to-right part of this theorem using Induction on
the number of proof derivation steps in Ti,(P). A defeasible proof about a
literal ¢ cannot derive in one step, as even if there is only one supportive
defeasible rule with empty body, in order to prove +0dq, we should priorly
derive —A—q. So the base of the induction will be the first two steps of the
derivation process.



Base Case. We will prove that:
(13) P(2) = +0x; = Ans,, = Yes, and

(14) P(2) = —0z; = Ansy, = No

P(1) = +Az; or

(1) 3r € R z;]: body(r) = {} and
(B2) P(1) = —A-x; and

(B3) Ps € R[~x;] = (Theorems 3 and 8)

(a) local Ans,, = Yes or

(B) (B1) Frld™ € Ry(z;): body(rld™) = {} and
(B2) local Ans—y; = No and

(B3) Bsi¥™ € Re(m;) =

(o) Ansg, = Yes or

(B) (B1) ™ € Ry(x;): body(rldm) = {} and
(B2) local Ans—z, = No and
(B3) CRa; = {} =

Ansy, =Yes

(14) P(2) = —0x; =

P(1) = —Az; and

(1) Pr € RSd[mi] or

(B2) P(1) = +A-z; = (Theorems 3 and 8)

(@)
(8)

(a) local Ansy; = No and
(B) (B1) Brid™ € Ry(z;) or
(B

9) local Ans_,, = Yes =

() local Ans,, = No and

(B) (B1) SRz, = {} or
(B2) local Ans—y, = Yes =
Ansg, = No

Induction Step. Assume that



(15) +0x; € P(l..n) = Ans,, = Yes, and

(16) —0z; € P(l...n) = Ansg, = No

Fori=n+1

+0z,€ P(l.n+1) =
(o) +Az; € P(1...n) or
(B) (B1) Ir € R*Ux;] s.t. Ya € body(r): +0a € P(1..n) and
(B2) —A-z; € P(1...n) and
(B3) Vs € R*[~ai]
(B3.1) 30 € body(s): —0p € P(1...n) or

(53_2) dt € RSd[IEi]l
Vv € body(t): +0v € P(l..n) and t > s = ((15),(16), Theorems 3,8, Lemma 7)

calAnsy, = Yes or
B1) Irldm € Ry(x;) s.t. Yo € body(r): Ans, = Yes and
B2) local Ans—,; = No and
B3) Vsldm € R.(z;)
(ﬁg 1) 38 € body(s¥™): Ansg = No or
(B3.2) 3ti™ € Ry(;):
V’y € body(tldm): Ans, = Yes and
75ldm > Sldm c -Pz or
ldm > tldm ¢ P; and Stronger(SStzdm, S8 am, T;) = SStde) =

(@) lo
(8) (
(
(

Ans,, = Yes

For negative provability:

—aa:ie P(ln =+ 1) =
(o) —Az; € P(1..n) and
(B) (B1) Vr € R*Yx;]: 3o € body(r): —0a € P(1...n) or
(B2) +A—z; € P(1...n) or
(B3) 3s € R~z s.t.
(B3.1) VB € body(s): +06 € P(1...n) and

(B3.2) Vt € R%xy):
3y € body(t): —0y € P(1..n) or t # s = ((15),(16), Theorems 3,8, Lemma 7)



() local Ansg, = No and
(B) (B1) Vridm € Ry(z;): 3a € body(rl¥™): Ans, = No or
(B2) local Ans—g; = Yes or
(B) 3™ € Rola,):
(B3.1) V3 € body(sl™): Ansg = Yes and
(Bs.2) V™ € Ry(;):
Iy € body(tl¥™): Ans, = No or
skdm > ¢ldm ¢ p, or
tdm > gldm ¢ P and Stronger(SStédm, SSszidm,Ti) 7 SSpam =

Ansy;, = No

We will now prove the right-to-left part of Theorem 9 using Induction on
the number of calls of P2P_DRy that are required to compute an answer
for a literal x;.

Base Case. We will prove that:

(17) If Ans,, = Yes derives at the first call of P2P_DRg then
T, (P) - +0z;, and

(18) If Ans,, = No derives at the first call of P2P_DRg then
T,(P) F —dz;

(17) Ans,, = Yes derives at the first call of P2P_DR =

() local Ans,, = Yes or

(B) (A1) local Ans—y; = No and

(50) Wrim € Ru(s): body(rim) = {} and
(B3) Vsdm € Re(w;): body(si™) = {} and Ird™ € Ry(z;): t&™ > s¢™ € P; = (Theorems 3,8)

(1) Ty(P) F —A-x; and
(B2) ¥ri € Ty (P) s.t. r; € RYx;]: body(r;) = {} and
(B3) Vs; € Ty (P) s.t. s; € RY—a;]: body(s;) = {} and It; € RYx;]: t; > s; =



(18) Ansg, = No derives at the first call of P2P_DR =

() local Ans—y, = Yes or
(B) (b1) local Ansy, = No and
(B2) Vri™ € Ry(ws): body(r{™) = {} and
(8s) ¥sIm € Rai): body(sim) = {} and
(Ba) 3 dm € Re(z;): V9™ € Ry(wy: t8™ > s9m ¢ P, = (Theorems 3,8)

() Ty(P) F +A-x; or

(8) (B1) Tu(P) F —A—z; and
(B2) Vri € T,(P) s.t. r; € Rd[xl] body(r;) = {} and
(B3) Vs; € Ty, (P) s.t. s; € RA-wy): body(s;) = {} and
(1) 3q; € R~x;]: Vr; € Rwy): t; # 55 =

Ty(P) - —0u;

Induction Step. Assume that

(19) Ans,, = Yes derives in the first n calls of P2P_DRy =
T,(P) F +0x;, and

(20) Ansg, = No derives in the first n calls of P2P_DRy =
T,(P) F —0x;

If Ans,, = Yes derives in (n + 1) calls of P2P_DRg =

() local Ans,, # Yes and
(B) local Ans—,, # Yes and
(y) Irldm € Ry(z;) :
Va € body(rldm): Ans, = Yes (in n calls) and
(6) Vsldm € R.(x;) either
(61) 3B € body(sl¥™) s.t. Ansz = No (in n calls) or
(62) FtIm € Ry(z;):
(52 1) Vv € body(tld™): Ans., = Yes (in n calls) or

(62.2) tidm > sﬁm e P; or sldm > tldm ¢ P; and Stronger(SSyum, SSm,

= ((19)(20), Theorems 3,8, Lemma 7)

() —Az; and
(8) —A-z; and

T;)



(v) Ir € Ty(P): r € R*Yx;] and Yo € body(r): +0a and
§) Vs € R*[x;] either
(61) 38 € body(s) s.t. =08 or
(62) 3t € T,(P): t € R*¥[x;] and
(02.1) Vv € body(t): +0v or
((52,2) t>s € TU(P) =

T,(P) - +0x;

If Ansz, = No derives in (n + 1) calls of P2P_DR =

() local Ans,, # Yes and
(B) local Ans—g,; # Yes and either
(7) (1) Vrldm € Ry(z;): Ja € body(rld™) s.t. Ans, = No (in at most n calls) or
(72) 38t € Ro(ay)
(72.1) VB € body(si9™): Ansg = Yes (in n calls) and
(Y2.2) Vrldm € Ry(z;): either
(2.21) Ja € body(rfdm) s.t. Ans, = No or
(72.2.2) sédm > rﬁdm e P; or
rldm > gldm ¢ P and Stronger(SS,iam, SSgam, T;) # SS, 1am
= ((19)(20), Theorems 3,8, Lemma 7) Z Z Z

(o) —Az; and
(B) —A-x; and
(7) (m1) Vr € R*¥z;]: Ja € body(r) s.t. —Oa or
(72) 3s € Ty(P): s € R*[~z;] and
(72.1) VB € body(s): +083 and
(y2.2) Vr € RSd[xi]: either
(72.2.1) Ja € body(r) s.t. —0a or
(v2.2.2) ridm > slm ¢ T,,(P) =
TU(P) F _85[:1'



5 The 2nd Approach

The 1st approach, in both versions that we described, each queried peer is
required to return a single positive/negative answer for the queried literal.
When a conflict arises, a peer uses the trust information of the peers it
queried, to evaluate the quality of the answers that they returned. Each
answer is indirectly assigned with the trust value of the peer that returned
this answer.

In this second approach, we attempt to associate the quality of the
answer not only with the trust level of the queried peer, but also with the
confidence of the queried peer on the answer it returns. Specifically, we
define two levels of quality for each positive answer; (a) the strict answers,
which derive from the local rules of the queried peer theory; and (b)the
weak answers, which are based on the mappings that the queried literal has
established with other system nodes. In the case that the local theories
are augmented with defeasible rules, the answers that are based on local
defeasible rules fall into the second category. Below, we present P2P_D R,
a version of the P2P_DR distributed algorithm that supports the features
that we described.

5.1 The P2P_DR, Algorithm
The only differences with the P2P_DR algorithm are two:

e A peer (say P;) may return three different answers for a queried literal
(say x;). These are: (a) Yess, in case a positive answer for z; derives
from local_alg in P;, (b), (B) Yesy, in case P; computes a positive
answer for x;, which does not derive from local_alg, (v) No, in any
other case.

e Comparing the strength of two supportive sets is not only based on the
trust value of the peers, which have defined the literals contained in
these sets, but also on the level of answer for these literals. Specifically,
a strict answer for one literal is considered stronger than a weak answer
for another literal, independently of the trust level of the peers that
have defined these two literals. Comparing the strength of two literals
with the same level of proof is again entirely based on the trust level
of the peers that define these literals.



For example, assume that in P; there is one supportive mapping rule for
T;, m1: ar = x;, and one mapping rule that contradicts x;, me: by = —x;,
and P, precedes P, in T;. Assume also, that aj is proved based on the
local rules of Py, whereas P, computes a positive answer for b; using its
mappings. The first version of the algorithm, P2P_DR, would compute a
negative answer for z;, as it would compute SS;, = {ax}, and CSy, = {b;},
and aj is weaker than b;, based on T;. On the other hand, P2P_DRs will
take into account that Py, provides a strict positive answer for aj, while P,
provides a weak positive answer for b;, and will eventually return a positive
answer for x;, as it will not take into account the trust level of P, and Pj.

The only lines of the code of P2P_D R that we have to modify to support
the three levels of answer are:

Line 5: Ans,, < stry,

Lines 27-28: else if Ans,, # No and by ¢ V; then SS,, — S5, UAns,
Lines 51-52: else if Ansy, # No and by ¢ V; then SS,, — SS,,UAns,
Line 63: return Ans,, = weak,, and SS;, and terminate

Line 66: return Ans,;, = weak,; and SS;, and terminate

The Stronger function is also modified as follows:

Strongery(S,C,T)

1: if da: Ans, = weak, € S then

20 a" «— ag|Ans,, = weakq, € S and for all a;|Ans,, = weaky, € S: Py,
does not precede P; in T

3: else
a® — ag|Ans,, € S and for all a;|Ans,, € S: Py does not precede P;
inT

5. end if

6: if Jb: Ansp, = weaky, € C then
bY — by|Ansy, = weaky, € C' and for all bj\Ansbj = weaky;, € C: B
does not precede P; in T

8: else
b « bi|Ansy, € C and for all bj|Ans,, € C: Py does not precede P;
inT

10: end if

11: if Ansgw = stryw and Anspe = weakyw then



12:  Stronger «— S
13: else if Ans,w = weakyw and Anspw = strye then
14:  Stronger «— C

15: else

16:  if P, precedes P, in T then

17: Stronger «— S

18:  else if P, precedes Py in T then
19: Stronger «— C

20: else

21: Stronger «— None

22:  end if

23: end if

5.2 Properties of P2P_DR,;

In the same way with P2P_DR, it is easy to prove the following properties
for P2P_DRs:

e P2P_DR> always terminates.

o The total number of messages that need to be exchanged between the
system nodes for the computation of a single query with regard to the
total number of system nodes is in the worst case O(n?) (using the
same optimizations that we described for the case of P2P_DR).

o The computational complexity of P2P_DRsy for the computation of a
single query on one node is in the worst case O(n? x n? x n,) (where
n is the number of system nodes, n; is the number of literals a node
may define, and n, is the number of rules a node may define.

The INC_Q and OUT_(@ structures that are part of the optimizations
that we described have to be slightly modified for the needs of P2P_DRo.
Specifically, for each queried literal x;, we can have four different values: (a)
stry;; (b) weaky,; (¢) No; and (d) undetermined. For the first three cases,
the algorithm retrieves the stored answer. In the latter case, the algorithm
call is suspended, until the computation of the answer for x; is completed
by another algorithm call that is still pending.



5.3 Equivalent Defeasible Theory

The steps that are required to build an equivalent defeasible theory from
the unification of the distributed peer theories for the second version of the
distributed reasoning algorithm, P2P_DR,, are similar with those that we
described for the case of P2P_DR. In fact, we only have to modify the
Priorities procedure that adds priorities between conflicting rules in the
unified theory. The differences between the Priorities procedure and the
modified version, Prioritiesy are:

e The derivation of the Supportive Set of a rule r; in the (i + 1), step
of the derivation process Pr is modified to:

If Pr(i+1) =S5, then either
(a) Sp, =(U Sa;) U (U stra;) U (Jweaky, ), and
Va;: a; € Vi, a; € body(r;), Sq;, € Pr(1...7) and
Yaj: a; ¢ Vi, a; € body(r;), Sa; € Pr(1...i), Sq, = {} and
Vag: ag ¢ Vi, ai, € body(r;), Sa,, € Pr(1...4), Sa; # {}, w & Sa, or
(B) Sy, = w, and
Jaj, s.t. aj & Vi, aj € body(r;), Sa; € Pr(l...7), w € S,

e In the derivation of a priority relation or of the Supportive Set of a
literal, instead of the Stronger function, we use its modified version,
Strongers

Theorems 3,4 and 5 hold for P2P_D Ry and the proofs for these theorems
derive in exactly the same way with the proofs that we presented for the
case of the first version P2P_DR. Using these three theorems, we can derive
Theorem 6 in a very similar way with the one that we presented for the case
of P2P_DR. Lemma 7, and Theorems 8 and 9 derive also in exactly the
same way with the case of P2P_DR, following Theorems 3-6.



6 The 3d Approach

The 2nd version of the distributed algorithm, which we presented in the pre-
vious section, extends the first version, P2P_DR, by supporting two levels
for the positive answers, based on whether these answers derive from the
peer’s local theory or from its mappings. In this section, we describe a more
extended version, in which a peer does not return a single positive/negative
answer, but it augments it with its supportive set; namely, the foreign lit-
erals that it has to prove to reach to a true/false truth value. This set of
foreign literals may not only contain literals that are involved in the local
peer’s mappings. For example, consider the case that P; is queried about
literal 1. If in order to compute an answer for x1, P, has to query P, about
Z9, and in order P» to be able to find the truth value of x5, it has to query
P3 about x3, which is locally proved in Pj, the answer returned by P; will
contain both zo and z3.

6.1 The P2P _DRj3 Algorithm

The steps of the third version of the algorithm, P2P_D Rj3, differ from the
original version only in the process of building the supportive/conflicting set
of a literal. In this version, the supportive set of a literal, say x;, contains
all the foreign literals that all the recursive calls have to prove in order to
be able to derive a positive answer (in the absence of any contradictions).
Considering that some of these algorithm calls may be executed by different
peers than P;, this set may contain literals that are not involved in P;’s
mappings (but they are involved in mappings defined by other peers). If
there are more than one ways to support z;, P2P_D R3 builds the supportive
sets of all the supportive rules, and keeps the one which is the strongest
based on the trust level order of P;, T;. The algorithm uses the same trust
information to compare the supportive set of x;, SS;,, with the conflicting
set, C'S,,, to reach to the final answer.

To support these new features P2P_D R algorithm is modified as follows:
Lines 27-28: else if Ansy, = Yes and by ¢ V; then SS,, — SS,.USSp, Ub,

Lines 51-52: else if Ans,, = Yes and by ¢ V; then SS,, — SS,.USSp, Ub,

The local_alg algorithm and the Stronger function remain unchanged.



To clarify the difference between the two versions P2P_DR and P2P_DRj3
consider the following example: A peer, say P, is queried about x1 by one
of its acquaintances. Assume that x; is supported by one mapping rule;
mi1: T9 — x1, and is contradicted by one mapping rule; mio: x3 — —x71.
Assume also that in P, there is one rule that supports xg; moi: T4 — X2
and no rule that contradicts it, and that x4 is locally proved in P;. Assume
that in Pj there is one rule that supports x3; ms1: x5 — x3 and no rule that
contradicts it, and that x5 is locally proved in P5. Finally, assume that P;
has defined its trust level order as follows; 71 = [Ps, P2, Py, P5]. The first
version, P2P_DR would compute SS;, = {z2} and C'S;, = {x3} and would
return Ans,, = No, as P3 precedes P> in T7. On the other hand, the new
version, P2P_DR3, would compute SS,, = {z2,24} and CS,, = {z3,25}
and would return Ans;, = Yes, as x4 is the weakest element of SS,, and
x5 is the weakest element of C'S;,, and Py precedes Ps in T7.

6.2 Properties of P2P_DR3

Theorems 1 and 2 (regarding termination and total number of messages)
hold also for this version, P2P_DRj3 (the proof is exactly the same). The
computational complexity of this version on a single node is also in the worst
case the same. The worst case is, however, different in the two cases. In
general, for the case of P2P_D R, the computational complexity is O(n%CQ X
nl2 X n,), where nacq is the number of acquaintances a peer may have, n;
is the number of literals a peer may define, and n, is the number of rules a
peer may define. The worst case is that all peers have defined mappings that
involve all literals from all system nodes. In that case nacg = n, where n
is the number of system nodes, and the complexity is O(n? x n? x n,). For
the case of P2P_DR3, the worst case is that computing the truth value of
every literal tnvolves computing the truth value of all literals from all system
nodes. In that case the complexity is also O(n? x nl2 x n,). However, the
requirement for the worst case in this version is rather more realistic than
in the case of P2P_DR.

6.3 Equivalent Defeasible Theory

Building an equivalent defeasible theory from the distributed local peer the-
ories for the case of P2P_D Rj is feasible following the same procedure with



the one that we described for the case of P2P_DR. The only modification
we have to make is in the procedure that adds priorities between conflicting
rules in the unified theory. The difference between the Priorities procedure
and the modified version, Prioritiess is:

e The derivation of the Supportive Set of a rule r; in the (i + 1), step
of the derivation process Pr is modified to:

If Pr(i+1)=.25,, then
STi :(U Sai) U (U aj) U (U SSaj)’ and
Va;: a; € Vi, a; € body(r;), Sa, € Pr(1...i) and
Vaj: aj ¢ Vi, a; € body(r;), Sa; € Pr(1...7)

The proofs for Theorems 3-9 are very similar with the case of P2P_DR.
In fact, for Theorems 3-5, Lemma 7 and Theorems 8-9 the proofs are exactly
the same.



7 The 4th Approach

The main feature of P2P_DRj3 is that along with the truth value of the
queried literal, a peer also returns its Supportive Set. This set describes the
most trusted way to reach to the final answer. However, trust is subjective.
The most trusted between two or more different ways will be different if we
use the trust level orders of two different peers.

In this section, we describe another approach that addresses this issue;
when a peer is queried about one of its local literals, it returns its truth value
along with its Supportive Set, which in this case contains all the different
ways that can be applied to support this literal. In the new version of
the algorithm, P2P_D Ry, the Supportive Set of a literal is actually a set
of the Supportive Sets of all the rules that can be applied to support this
literal. The reason for retaining the supportive sets of all supportive rules is
that, although the queried peer (say P;) may regard SS,,, stronger (more
trusted) than S Sm based on its trust level order, Tj, (where 71, 142 are two
supportive rules for the queried literal, x;), the peer that issued the query,
say P; may have a different opinion based on T;.

7.1 The P2P DR, Algorithm

P2P_DR, follows the four main steps of the original version, P2P_DR,
with two modifications in the process of building the supportive sets, and
in the process of comparing two conflicting sets. In this version, whenever
the algorithm computes a positive truth value for the literals that lie in the
body of a supportive rule, it augments the Supportive Set of the queried
literal, with the Supportive Set of this rule. It also does the same thing with
the Conflicting Sets. To compare two conflicting sets, say SS;, and CS;,
it actually compares the strongest mapping sets of S.S;, and C'S,, using T;
and the Stronger function.

P2P _DR(x;, Py, P;, SSy,,CSy,, Histy,, Ansy,, T;)
1: if 3rl € Ry(x;) then
localHisty, «— [z]
run local_alg(z;, local Histy,, local Ansg, )
if localAns,, = Yes then
Ansy, «— local Ansy,



10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:
43:
44:
45:

terminate
end if
end if
if 3t € R.(v;) then
local Histy, <« [x4]
run local_alg(—z;, local Histy,, local Ans—,)
if localAns—,, = Yes then
Ansy, «— —local Ans—y,
terminate
end if
end if
for all rﬁm € Rs(z;) do
SSr, —{}
for all b; € body(r'™) do
if b, € Hist,, then
stop and check the next rule
else
Histy, «— Histy, Ub;
run P2P_DR(by, P;, Py, SSy,, CSy,, Histy,, Ansyp,, T})
if Ans,, = No then
stop and check the next rule
else if Ans,, = Yes and by ¢ V; then
SSy, — S8Sy, x (8, x {b+}) (x stands for Cartesian Product)
else
SS” — SSQ X SSbt
end if
end if
end for
S8y, — S8z, USS,,
end for
if SS;, = {} then
return Ans,, = No and terminate
end if
for all r'™ € R.(z;) do
SSr, —{}
for all b; € body(r'™) do
if b, € Hist,, then
stop and check the next rule
else
Histy, «— Histy, Ub



46: run PQP,DR(bt, P, P, SSbt, CSbt, Histbt , Ansbt , Tt>

4T: if Ans,, = No then

48: stop and check the next rule

49: else if Ans,, = Yes and b, ¢ V; then
50: SSy, «— SSp, X (SSp, x {bt})

51: else

52: SSy, — SSy, x SSp,

53: end if

54: end if

55:  end for

56:  CSg, «— CS;, USS,,

57: end for

58: if C'Sy, = {} then

59:  return Ans;, = Yes and SS;, and terminate
60: end if

61: SS5I" — SSI € 55, s.t.

62: for all SS%, € SS,,: Stronger(SST,SS)
63: CS5" — CSI € O8,, s.t.

64: for all CS%, € OSy,: Stronger(CST, CS3,,T;) # OS2,
65: if Stronger(SS5",CS5", T;) =SS5 then

66: return Ans,, = Yes and S9,,

67: else

68:  return Ans,, = No

69: end if

T;) # 5S4,
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The local_alg algorithm and the Stronger function remain unchanged.
To clarify the difference between the two versions P2P_DR3 and P2P_DR,
consider the following example: A peer, say Pj, is queried about x1 by one of
its acquaintances. Assume that x; is supported by one mapping rule; mq1:
r9 — x1, and is contradicted by one mapping rule; mis: x3 — —x1. Assume
also that in P» there are two rules that support xo; moi: z4 — zo and
ma2: x5 — x2 and no rule that contradicts it, and that x4 is locally proved
in Py and x5 is locally proved in Ps. Assume that in P3, x3 derives from
the local theory. Finally, assume that P; has defined its trust level order as
follows; T7 = [Py, Py, P3, Ps] and P has defined T, = [Py, Ps, Py]. P2P_DR3,
would compute SS,, = {z2,25} (as P» would return SS,, = {z5}) and
CSz, = {x3} and would return Ans;, = No (as P3 precedes Ps in T7).
In the case of P2P_DR,, P will return SS;, = {{z4},{z5}}), and P,
will compute SS;, = {{z2, x4}, {2, 25}}, and will return Ans,, = Yes, as



{z2,x4} is the strongest mapping set in SS,, and Py precedes Ps in T.

7.2 Properties of P2P_DR,

Theorems 1 and 2 (regarding termination and total number of messages)
hold also for this version, P2P_DRy (the proof is exactly the same).

The main drawback of this approach is its too high computational com-
plexity, which is the result of retaining all the different ways (supportive
sets) that can be applied to support a literal. Specifically, the support-
ive set of a literal (SS;,) is the unification of the supportive sets of the
rules that support it (|JSS,,). The supportive set of each rule (SS,,) de-
rives from the Cartesian Product of the Supportive Sets of the literals in
its body. This means that if [ is the number of literals contained in the
body of a rule, and k; is the number of mapping sets in each literal’s sup-
portive set, SS,, will contain l’f different mapping sets. Considering that
[ is proportional to the number of literals a peer may define (n;) and the
number of acquaintances a peer may have (nacq), the supportive set of a

(i maca)™

literal will contain O mapping sets. In the same way, k; will

be O(nS«mXMCQ)b) and so on. Overall, the number of distinct mapping
sets that may be contained in the Supportive Set of a literal may be (in
the worst case) exponential to the number of peers (n), to the number of
rules a peer may define (n,) and to the number of literals a peer may define
(n;), rendering this approach non-scalable and inapplicable even for a small
number of peers.



