Data Partition: A Practical Parallel Evaluation
of Datalog Programs*

Weining Zhang, Ke Wang, Siu-Cheung Chau
Department of Mathematics and Computer Science
University of Lethbridge
Lethbridge, Alberta, Canada, T1K 3M4
e-mail: zhang@hg.uleth.ca

Abstract

Parallel processing provides an aliernative to query
optimization for evaluating logic programs in deductive
databases. In this paper, previous parallel evaluation
strategies based on the partition of rule instantiations
are analyzed. We present a parallel evaluation strat-
egy for general Datalog programs that is based on the
partition of data and is more practical. A key issue
ts to determine o criterion of data transmission that
reduces the amount of data transmitted and is iested
efficiently. A notion of potential usefulness is given as
such a criterion. The problem of designing appropri-
ate partition schemes and processing schemes is ad-
dressed. Heuristics and algorithms are proposed for
making decisions in the design process.

1 Introduction

Much work has been done on optimizing Datalog
programs in deductive databases [1, 7]. As an alterna-
tive to query optimization, parallel evaluation strate-

ies for Datalog programs are recently proposed in
F2, 4,5, 6,10, 9, 11]. The idea behind these strategies
1s the program restriction [9], namely, appending con-
ditions to rule bodies so that rule instantiations are
partitioned among processors. These strategies fall
nto two categories.

Strategies in [2, 4, 6, 9, 11] are based on the syntac-
tic characterization of decomposable programs which
can be evaluated by a set of processors without com-
munication or synchronization. These strategies apply
only to restricted classes of programs and the recogni-
tion of decomposabilities is a difficult task.

Strategies in [5, 10] are for general Datalog pro-
grams. Each processor executes a modified semi-—naive
algorithm and communicates with other processors.
In each iteration, rules are evaluated using data ei-
ther derived locally or received from other processors,
in the previous iteration. After each iteration, newly
derived date are sent to other processors according to
conditions of partitioning rule instantiations, known
as the restricting predicates. The evaluation termi-
nates when no processor is busy and no data is in
transmission.
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A key issue in latter strategies is to determine the
data transmission criterion. On one hand, to reduce
the cost of communication and local evaluation, the
criterion should effectively cut the amount of data
transmission, while guaranteeing the correctness of the
evaluation. On the other hand, the criterion should be
tested efficiently. These requirements are difficult to
meet simultaneously. The criterion must be carefully
chosen, or the purpose of parallelization may be de-
feated by poor performances.

In [10], for a tuple to be sent from processor i to
processor j, it must be in transmission set T;;, and in
turn, in set SR; defined in [10] as follows.

An S-fact, f, is in SR; if and only if:
(Condition K1) there is some rule of the pro-
gram P, say 7y, such that f is not in 74, but
there is an instantiation of it that satisfies
the predicate hg;, and f appears in the body
of the instantiated rule. In other words, a
tuple fisin SR;, if there is an instantiation
fer which p; is in charge, that uses f.

where p; is processor j and hy; is the restricting pred-
icate of rule 7y at processor 3. When ry is linear and
all EDB relations are duplicated at processor %, con-
dition K1 can be tested in time comparable to that
of evaluating r, at processor j, with hy; appended to
the body, using f and EDB. In general, the entire
domain of constants have to be examined for instanti-
ating 74, or the decision of not sending a tuple based
on the partially derived IDB may be incorrect. It is
not clear how condition K1 can be tested efficiently.

The same problem exists in the strategy in [5] which
is obtained through program rewriting. For every IDB
predicate C, the set of tuples of C to be sent from
processor % to processor j i1s defined by sending rules
of the form:

Cij(9) : =Cout(9), h(v(r)) = 4,

where C; , is the set of all tuples of C derived at
processor 1, C(%) is a subgoal in some rule 7, h(v(7))
is a discriminating function on a sequence of variables
v(r) in r. To avoid repeating the evaluation work of
the receiver (i.e., processor j), all variables in v(r) are
assumed to appear in at least one subgoal in r [5]. But



because C(§) may not necessarily be that subgoal if »
is a nonlinear recursive rule, variables in v(r) may not

appear in C},,(¥), and the above sending rule may not
be safe. Even if the rule is safe, it is still not clear how
it can be efficiently evaluated without considering all
possible instantiations of variables outside .

In this paper, we consider parallel evaluations of
general Datalog programs and solve the above prob-
lems. The key is to partition data for individual sub-
goals rather than to partition rule instantiations in
the first place. We make the following contributions.
First, we generalize the definition of restricting pred-
icate by allowing multiple partition functions in one
rule. Secondly, a notion of potential usefulness defined
based on local partition functions, i.e., each has its all
variables in one subgoal, is identified as a criterion
of data transmission that is tested efficiently. Finally,
we consider design issues regarding partition functions
and the assignment of computation load among pro-
cessors. We identify a number of decision problems
in the design process, and propose heuristics and al-
gorithms for making these decisions. Results in this
paper generalize previous approaches to parallel eval-
uation of programs.

The rest of the paper is organized as the follow-
ing. Section 2 contains some preliminary definitions
and notations. In Section 3, we present the data par-
tition paradigm consisting of partition and processing
schemes. In Section 4 , we consider the design of par-
tition scheme and processing scheme for a program.
Section 5 concludes the paper.

2 Preliminary

We follow traditional definitions and assume read-
ers are familiar with the terminology and concepts in
deductive databases and logic programming [7].

In this paper, we only consider Datalog programs.
A positive literal is either an atom of the form ¢(Z)
where g is a predicate name and # is a vector of vari-
ables or constants; or a built-in predicate, such as
z>50ru=1y. A ruleisoftheforma:—by,bs,... b
where a is an atom and each b; is a positive literal. We
call a the head and the conjunction of b;’s the body of
the rule. Each b; is a subgoal of the rule. A subgoal is
ordinary if it is an atom. We assume rules are safe [7].
A program is a finite set of rules. The semantics of a
program is its least fixpoint which can be computed
using the semi-naive bottom-up evaluation [1, 7).

To simplify the presentation, we define rectified
rules. Rules for a derived predicate p are rectified if
their heads are identical, and of the form p(x4, ..., zk)
for distinct variables z1, ..., zk, and in each rule, every
argument of an ordinary subgoal is a variable appear-
ing exactly once in ordinary subgoals. A program is
rectified if rules for each derived predicate in the pro-
gram are rectified. This definition differs from the one
in [7] in that it requires not only the head but also all
ordinary subgoals of rules to contain no constant nor
repeated variable. Rules can be rectified by first us-
ing the method in [7] followed by considering, for each
rule, argument positions of ordinary subgoals one by
one from left to right. For each position, if it contains
a constant a, then replace a with a distinct variable z
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and append the subgoal ¢ = a to the rule body; if it
contains a variable z that appears more than once in
ordinary subgoals, then replace every occurrence of z
in the rule body, except the first one, with a distinct
variable y, and append the subgoal z = y to the body.
For example, consider the following rule.

plz,y,y) :— e(z, 4,u,v),p(u,w, ),
p(y, v, m), f(m, v, u).

The rectified version of the rule is

p(zh 22, 23) . ——E(Zl,t, u, 'U), p(ula w, ‘l.U]_),
p(22,v1, m), f(m1,v2,u2), 21 = 22,6 = 4,
U= ULV =V, U = U, W= W,
vy = V2, M = M;y.

3 Paradigm of Data Partition

In this section, we present the data partition
paradigm for parallel evaluation of Datalog programs.
Basically, for a given program, a set of restricted ver-
sions of the program, known as a processing scheme,
is constructed based on generalized restricting predi-
cates. Fach restricted version is evaluated at exactly
one processor using a parallel semi-naive algorithm.
When evaluating a rule at a processor, only a subset of
tuples, known as a fragment, is considered for instanti-
ating each subgoal. Newly derived data are exchanged
among processors, based on a criterion, through either
a communication network or a shared memory. We
consider three key issues of the paradigm, namely, the
partition scheme and the processing scheme, the crite-
rion for data transmission, and the parallel evaluation
algorithm,

3.1 Partition Schemes and Processing
Schemes
Our ideas are motivated by following examples.

Example 3.1 Consider the following program.

P1: 11(3,1!72) L q(u7m)v)7Q(y1v7w))q(w)zlt)'
p2 9(%‘!1,2) P e(z:ysz)'
There are a number of ways to create restricted ver-
sions of the program. For simplicity, we only consider
rule p;. A possible restricted version of rule p; for
processor s; is given by

P3: 9(31 Y, z) : —‘1(“, z, ‘U), Q(?l, v, w)7 Q(wy Z,t),
(u+z+v)modn =1

where n is the number of available processors. Rule
p3 is responsible for instantiations of p; satisfying
(u+2z+v)modn = i. Given a tuple g(a,b,c), it
may not be efficient to determine if the tuple will be
used for a subgoal in some instantiation of p3 because
all instantiations of p; may need to be checked. We
observe that (u + z + v) mod n = 7 imposes a par-
tition, Fcos,..., Fen—1>, on tuples of g, i.e., a tuple
g(a,b,c)isin Fjs iff (a+b+c) mod » = j. To find an
instantiation of p3, only F;> needs to be searched for
tuples instantiating subgoal g(u, z,v). But for instan-
tiating the remaining two subgoals, it is not sufficient
to consider only single fragment — all tuples of ¢ must
be considered. O



Example 3.2 Suppose we rectify rule p; and have
the following restricted version.

p1:q(z,y,2) : —q(v, 2,), 9(y, v1, w), g(wy, 2, 1),
v=1v;,v° mod n; = i,vf mod ny = 1,
w = w;,wmod ny = j,w; mod ny = j.

where n, and n, are integers. The conditions spec-
ify three different partitions on tuples of ¢, one for
each subgoal. The partition on g(u, z,v) is specified
by v?> mod ny, on g(w;,2,t) by w; mod ny, and on
q(y,v1, w) by both v? mod n; and w mod ny. o find
instantiations of py, only their respective fragments
need to be searched for tuples to instantiate the sub-
goals. There are n) X n, versions of rule py, corre-
sponding to combinations of 4,5, 0 <i<n;—1, 0 <
Jj £ na — 1. Notice that using rectified rules, we can
specify different functions on originally same variables.
This allows more flexibilities to partition relations of
subgoals. O

The key is to view the body of a rule as a join
expression of relations and the body of a restricted
version of the rule as the same join expression with
some relations replaced by one of their fragments. To
guarantee the correctness, versions of the rule wrt all
combinations of fragments must be evaluated. We now
formalize the ideas.

Definition 3.1 Let r be a rectified rule and & =<
Z1,...,&m > a vector of variables in r. A parti-
tion function (simply PF) g(&) over = is a mapping
g : D(z1) x ... x D(2n) — R, where D(z;) is the
domain! of variable z;; and R, called the range of g,
is a subrange [0..n — 1] of integers for some n > 1.

Definition 3.2 Let » be a rectified rule and G =<
91(@1),...,9x(&) >, where k > 0, be a vector of
partition functions over r with ranges Ry,..., Ry, re-
spectively. The domain of G, Dom(G), is the cross
product Ry X --- x Rx. A restricied rule of r wrt
G is obtained by appending to the body of r the
conjunction gi(&1) = vi,...,gx(@) = v, where
V =< v1,...,% >€ Dom{G). The conjunction, de-
noted by G = V, is called the constraint predicate of r
and each conjunct is a partition constraint. G, and V
are called the function vector (FV) and the processing
vector (PV), respectively. Comp(r, G) denotes the set
of all restricted rules of »r wrt G, each corresponding
toa PV V € Dom(G). O

By definition, the restricted rule of any rule r wrt an
empty FV <> is r itself. In this paper, when r, G and
V are understood, we simply talk about a restricted
rule without mentioning them.

! Domains need not to be integers. Rules are always eval-
uated on domains required by the applications. Only when
evaluating PFs, are values of variables mapped into integers. A
simple such mapping is to use the internal representation of the
values.
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Definition 3.8 Let P = {r;,...,7m} be a recti-
fied program. A partition scheme G of P is a set
{Gi1,...,Gu}, where each G; is a (possibly empty)
FV over r;. A resiricted program of P wrt G is a non—
empty set containing, for every 1 < i < M, at most
one restricted rule of r;. A processing scheme of P
wrt G is a set of restricted programs {P;,...,Pn} of
P wrt G such that for 1 < 7z < M, every restricted
rule of 7; wrt G; is in exactly one P;. O

Intuitively, the requirement of including at most
one restricted rule of r; in each restricted program
is for simplicity. The requirement for each restricted
rule to be included in exactly one restricted program
is because that for the correctness of the evaluation,
each restricted rule must be evaluated by at least one
processor, and for efficiency, it should be evaluated by
at most one processor.

Example 3.3 Consider the following program P.

By Q(mi Y, Z) : —q(u, 31'”),‘1(317 1)1,‘!1}), Q(whzat))
V=V, W= Wy

M2 3'1(35,1/, 2) : '—e(z:yy Z).

Suppose the partition scheme ¢ = {Gi,G;},
where G; =< fi(v), f2(v1), fa(w), fa(w1) > and
Ga =<>, and fi(v) = v2 mod 2, fo(v1) = v? mod 2,
mod 3. Then

(w) = wmod3 and f4(w;) 1
< j < 2} where

fs =
Comp(p1,G1) = {pi; | 0< 1< 1,
4 ; is given by

w
0

9(-"% Y, Z) : —Q(H;Z,”),‘J(y,vl, w): 'I(th,t),
v =, w=wy, fi(v) =4, fo(v1) =4,

Fa(w) = 4, fa(w1) = 5.

and Comp(pg,th) = {p2}. A possible processing
scheme [} P wrt g

is {{o,0}, {wo,1}, {wo,2}, {n1.0}, {u1,1}, {012}, {e2}}
Another processing scheme of P wrt G '1s

{{r0,0, 2}, {w0,1}, {wo,2}, {w61,0} {111}, {1,2}}0

Obviously, constraint predicates are generalization
of restricting predicates [10] which only allow one func-
tion to be specified for a rule?. Our definition allows
multiple PFs in a constraint predicate. As we will
see, this generalization is essential for efficient parallel
evaluation.

3.2 Data Transmission Criteria

The major concern of communication is its cost,
i.e., the amount of data to be transmitted. Central
to the issue is a criterion for data to be sent among
processors. For a parallel evaluation strategy to be
practical, the criterion should allow both efficient test
and effective reduction on the communication cost. To
guarantee this, the test process must satisfy the fol-
lowing requirements.

2 Although there is an example in [5] where the discriminat-
ing predicate contains a function composed by multiple func-
tions, the concept and its importance on the efficient parallel
evaluation is not addressed there.



1. For each tuple ¢ and each processor s, the test
whether ¢ should be sent to s is done once for all,
i.e., the same test should not be repeated despite
that more data may be available later on.

2. The test depends solly on data available at the
sending processor when the test is required. This
is a basic requirement of a parallel, asynchronous
evaluation.

3. The test does not affect the correctness of the
evaluation, i.e., if a tuple is not sent to some pro-
cessor because the criterion is unsatisfied, the re-
sult of the evaluation is the same as if the tuple
is sent to the processor.

Not satisfying all these requirements may result in an
incorrect or inefficient evaluation algorithm.

We now consider choices of the criterion. At one
extreme, a criterion can be whether a tuple is newly
derived. This forces every newly derived tuple to be
broadcasted to all processors. Although the test is
very efficient, the criterion does not cut communica-
tion cost in any way. At the other extreme, a criterion
can be whether a tuple is useful at the receiving pro-
cessor. This can be formally defined as the following.

Definition 3.4 Let P be a rectified program, £ be
an EDB, and 7 be a restricted rule of some rule in
P. tis useful to a subgoal b in = iff there exists an
instantiation of r in which every ordinary subgoal is
a tuple in the least fixpoint of P wrt £ and t is the
instantiated b. O

Usefulness provides a lower bound of communica-
tion cost because every tuple transmitted is used by
the receiving processor to derive some tuple. However,
in many situations, this criterion can not be tested be-
fore the least fixpoint is completely evaluated since the
test may violate either requirement 2 or 3. Moreover,
since usefulness enforces relationships among subgoals
via either shared variables or partition functions, in
general, the test must consider all possible combina-
tions of tuples for instantiating the rule. As a result,
the test has a time complexity comparable to that of
evaluating the rule at the receiving processor. (Al-
though some syntactic properties of a program, e.g.,
pivoting property (6], may reduce the test to a trivial
case, general programs do not have such properties.)
Based on these observations, we consider a weaker cri-
terion that deals with local PFs only.

Definition 3.5 Let f(Z) be a partition function over
a rectified rule 7. f(Z) is local to an ordinary subgoal
g in 7 if all variables in & appear in g; otherwise, f(Z)
is global. The function vector G over 7 is localif every
function in G is local to some ordinary subgoal in .
A partition scheme G = {G,...,Gn} is local if every
function vector G; is local. A processing scheme is
local if it is based on a local partition scheme. O

Definition 3.8 Let r be a restricted rule of a rule
with a local FV and let b be an ordinary subgoal in 7.
A tuple t is potentially useful to bin = if ¢ is a tuple of
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Algorithm Al:
Initialization;
Sending;
Receiving;
Decomposition;
REPEAT

REPEAT

Evaluation;
Sending;
Receiving;
Decomposition

UNTIL AQ' = 0 for all g;

IFNOT Termination THEN BEGIN
Wait for data from other processors;
Receiving;

Decomposition

END

UNTIL Termination;

Figure 1: Semi-naive Evaluation at Site s

the predicate of b and all partition constraints® local
to b are evaluated true on i. O

Based on this criterion, tuples are filtered for trans-
mission by conditions introduced by the constraint
predicates local to the relevant subgoals. Clearly,
transmitted tuples are not guaranteed to be success-
fully used to derive tuples at the receiving processor.
On the other hand, the test of the criterion is very
efficient as indicated by the following proposition.

Proposition 3.1 Whether a tuple is potentially use-
ful to a subgoal b in a restricted rule r can be tested
in the time required to evaluate all partition functions
local to b on the tuple. O

Here, we ignore the time of evaluating instantiated
built-in predicates, such as 1 < 2. If all local partition
functions are evaluated in a constant time, which is
a reasonable assumption, potential usefulness can be
tested in a constant time. By being restricted to lo-
cal processing schemes, our strategy is more practical
than previous ones. For the rest of paper, we consider
only local processing schemes.

3.3 An Evaluation Algorithm

We now present an algorithm for evaluating a re-
stricted program. The algorithm is a modification of
the parallel semi-naive algorithm in [10]. We assume
each restricted program is evaluated at exactly one
processor and EDB are initially distributed based on
potential usefulness criterion. In the following, g is 2
derived predicate, Q is the partial relation for g stored
at the processor, AQ is the set of new tuples of g lo-
cally derived in the last iteration, AQ’ is the set of
tuples of g received through communication in the last
iteration with tuples in Q@ removed. Also, we denote

3To achieve better efficiency, we can also include all built-in
subgoals of r that have all their variables in b here.



by P, the set of tuples to be substituted for subgoal b
of predicate p in evaluation. When all processors ter-
minate, the least fixpoint of the program is the union
of all tuples in Q stored at all processors, for all de-
rived predicates g. The algorithm is given in figure 1
and consists of following procedures.

Initialization: for every derived predicate g, com-
pute the initial set of tuples of g by evaluating
exit rules of g using EDB locally stored. This can
be done by computing an expression similar to
EVAL in [7].

Evaluation: for each derived predicate g, compute
new tuples AQ of g by evaluating every recursive
rule of ¢ with each subgoal b of a predicate p sub-
stituted by P, This can be done by computing an
expression similar to EVAL-INCR in [7].

Sending: send to every processor the tuples in AQ
that are potentially useful to some subgoal owned
by that processor. Tuples for different subgoals of
the same predicate may be packed together before
transmitted to avoid duplicate transmissions.

Receiving: for each derived predicate ¢, add to AQ’
all tuples of q received in the last iteration, remove
from AQ' tuples already in @, and add all tuples
in AQ' to Q.

Decomposition: for every subgoal b of a derived
predicate g, add to Q) the tuples in AQ’ that are
potentially useful to the subgoal. This procedure
assigns the received tuples to subgoals according
to potential usefulness.

Termination: Same as in [5, 10].

Theorem 3.2 Let P be a rectified program and
{P1,...,Pm} be a local processing scheme of P. If
each P; is evaluated at a processor s; using algorithm
A1, the set of all processors {si,...,sy} correctly
computes the least fixpoint of P. O

4 Design of Schemes

Given a rectified program P = {ry,...,rx} and N
processors, We want to design a partition scheme G =
{G1,...,Gk} and a processing scheme {Py,...,Pn}
wrt G so that each P; is evaluated at exactly one
processor. Since each restricted program is evaluated
by exactly one processor, G must be chosen so that
m < N. On the other hand, to enhance parallelism,
G should be designed to allow m to be as close to
N as possible. More importantly, we want the par-
tition scheme to meet the demands for relations of
certain subgoals to be partitioned. In general, par-
titioning large relations is more desirable than parti-
tioning small ones. These optimization requirements
make the design non—trivial.

We identify the following steps of the design pro-
cess.

1. Design formats of the partition scheme. For each
rule, decide which subgoals need to be parti-
tioned, how many partition functions are for each
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subgoal, which variables a partition function has
as arguments, what operation each function per-
forms, how functions are related, etc.

2. Determine ranges of partition functions.

3. Design the processing scheme. Group restricted
rules to create restricted programs.

We separate function ranges from their format because
ranges are dependent on the number of available pro-
cessors, while format of functions is not. In order to
obtain a good design, decisions made in each step may
have to be readjusted several times before they are fi-
nalized. In fact, readjusting decisions is a means to
fine—tune the resulting schemes for certain applica-
tions. We now give an example to illustrate the steps
involved in the design process.

Example 4.1 Consider the following rectified pro-
gram

o1 Q(za Y Z) : _b(y’ vl:“’l): q(u’lx z, ‘U'_)),
9(“Zy u3, w2)1 t(za 173)) v = v,
Wi = Wy, Uy = U2, V2 = V3, U2 = U3.

o ! 9(2, Y, Z) : -—c(w;;, V4, Z), q(u4l V5, y))
d(z, wy, us), w3 = W4, V4 = V5, Ug = Us.

o3: q(z,y, 2): —e(z,y,2).

Assume N = 6. We now make decisions at each
step without giving explanations (justification will be
given in subsequent subsections). First, we choose
the following format of partition scheme G. fi(uq) =
u; mod ny on g(u, 2, v2) in oy; fg&‘v?) = 92 mod n, on
q(u1, 2,v2) in o1; f3(u2) = uz mod n; on g(u3, u3, w2)
in o1; fa(ws,vs,2) = (w3 + v + 2?) modny on
c(ws, v4, z) in 09; f5(us4) = us mod ns on g(u4, v5,y) in
o2; fe(z,y,2) = (2 + y+ 2) mod ng on e(z, ¥,z) In 03;
where n;s are the sizes of ranges of functions to be de-
termined in the next step. Notice that we have chosen
f1 and f3 over o, to be the same mapping (on differ-
ent variables). ¢ = {G1, G3, Gs}, where the function
vectors G1 =< fi1,f2,f3 >, G2 =< fa, f5 >, Gz =<
fe >. Next, we choose the ranges to be n; = 3, ngy = 2,
ny = 2, n5 = 3, ng = 6. Since f; and f5 are defined on
variables u; and u; such that u; = u;, the following
tables give all processing vectors of rules in question.

PVT T, PVTT,, PVTT,,
h 2 bk fa fs Je
0 0 0 0 0 0
0 1 0 1 0 1
1 0 1 0 1 2
1 1 1 1 1 3
2 0 2 0 2 4
2 1 2 1 2 5

Finally, a processing scheme can be formed by group-
ing row i of the three tables to create a restricted



program P;. (There are other ways to group these
processing vectors). For instance, Pj is given by

q(zyya z) : _b(y:vlywl)y ‘1(“1,"5,”2))9(“2, ‘lL3,'LU2),
t(z,v3),v1 = v2,w; = W2, U = U, V2 = V3,

u = ug, fi(w) =1, fa(vz) =0, fa(ue) = 1.

Q(z,y, z) . —c(w31 ”472):9(11’4’”57 y)a
d(Z,W4,U5),UJ3 = Wy, V4 = V5, U4 = U3,
fa(wa, v4,2) = 0, f5(ua) = 1.

‘1(-’51 Y, 2) : —e(z,y,z), fs(zy v, Z) =20

4.1 Format of Partition Scheme

In this subsection, we consider decisions to be made
in order to obtain the format of a partition scheme,
and discuss heuristics to be used in making these de-
cisions.

Choosing Subgoals for Partition: A number of fac-
tors may affect the decision. One factor is the size of
relations of subgoals. A heuristic is to partition sub-
goals with large relations. One may apply methods
known in the literature [3] or use historical statisti-
cal data from previous execution of the programs to
estimate the size of relations. A second factor is the
syntax of the program. For instance, if a program is
pivoting, one can choose the subgoals suggested by
the pivoting property to eliminate the communication
cost. Another factor is the relationships among sub-
goals with the same predicate name. One may insist
that all subgoals (in the same rule) with the same
predicate name are either all chosen or all not chosen.
Similar heuristic applies to subgoals with shared vari-
ables (in the original, un-rectified program, of course).
Due to the restriction on the number of available pro-
cessors, it is possible that all partition functions of a
chosen subgoal are void in the sense that their ranges
have size one, so that the subgoal is not partitioned at
all. This problem can be solved by assigning a prior-
ity value to each chosen subgoal and keep PFs of high
priority subgoals from being void.

Number Of Partition Functions: For each chosen
subgoal, one or more partition function can be speci-
fied. There are two reasons to use multiple partition
functions for a subgoal. First, a subgoal may involve
more than one join with other subgoals, one function
may be defined on each join variable, i.e., variables be-
tween which equalities can be logically inferred from
the equalities in the rule. Second, multiple partition
functions can impose a “composite hash partition”
which is an important tool for handling data skew
[8]. But, increasing the number of partition functions
carelessly may result in many void partition functions.
Thus it may need to go back and forth between steps
that determine the number of partition functions and
the ranges of partition functions until a satisfactory
decision is made.

Arguments and Operations of Partition Functions:
Arguments and operations of a partition function are
determined based on the intended use of the partition
function and balanced size of fragments. For example,
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if a join operation is to be partitioned, partition func-
tions defining the same mapping on the join variables
should be specified. This is illustrated by functions f;
and f3 in Example 4.1. The choice of operations will
affect sizes of fragments. Presumably, all fragments
should have nearly the same size.

Dependencies of Partition Functions: In Example
4.1, the values of partition functions fi and f5 are al-
ways equal in every processing vector of rule ;. This
type of dependency is due to the fact that variables u,
and u; in f; and fs, respectively, are join variables. If
this dependency is enforced, then only 6 out of 18 PVs
are needed to generate restricted rules of ¢;. There is
another type of dependency in Example 4.1. Functions
f3 and f5 define the same partition on the relation of
g, i.e., they hash on the first argument of the respec-
tive subgoals using the same operation and range. If
this dependency is enforced, by appropriately group-
ing versions of rules, the relevant subgoals can share
the same fragment of g. This can reduce communica-~
tion cost. These dependencies are formally defined as
follows.

Definition 4.1 Let band b’ be ordinary subgoals in a
rectified program. Let f(zy,...,z«) and g(v1,-. ., ¥k)
be partition functions local to b and ¥, respectively.
f(z1,...,zx) and g(w1, ..., Yx) are equivalent if for ev-
ery constant vector < aj,...,ax >, f(@1,...,8x) =
g(ai,...,ax). f(z1,...,2x) and g(y1, ..., ) are join
related if 1) they are equivalent; 2) b and ¥’ are differ-
ent subgoals in the same rule; 3) for 1 < ¢ < k, z; and
y; are join variables. f(21,...,2x) and g(y1,-- -, Yk)
are synchronous if 1) they are equivalent; 2) b and 3
are the same subgoal or they are in different rules with
the same predicate name; 3) z; and y; appear at the
same argument position in b and ¥, respectively. O

Each of the two dependencies imposes an equivalence
relation on PFs. The corresponding equivalence class
are called the join classes and synchromous classes,
respectively. In Example 4.1, functions fi(u;) and
f3(uz) are join related; fs(uz) and fs(us) are syn-
chronous. Join classes can be used to determine ranges
of PFs and to eliminate useless processing vectors;
synchronous classes can be used to optimize forma-
tion of restricted programs.

4.2 Ranges of Partition Functions

Ranges of partition functions are determined one
rule at a time. Let G =< fi,..., fx > be a local PV
over a rule 7 and A be the total number of processors.
The problem is to determine the ranges ij\/fh 1<
i < k, subject to constraints imposed by (to be
described later). Since the range of fi, Ri = [0..n,-—1l,
is uniquely determined by the size n;, in the sequel,
we refer n; as the range of f;.

Recall that each restricted rule of r is determined
by a processing vector V =< vy,..., v >, where v; €
R;. Thus the total number of versions of r is given
by m1 X ... X ny. Since each processor evaluates no
more than one restricted rule of r, the total number of
processing vectors must be no more than the number
of processors. In addition, it is also desirable for ranges
to satisfy the following requirements.



1. The number of processing vectors is as close to the
total number of processors as possible, so that the
maximum utilization of processors is achieved.

2. The number of void partition functions is as fewer
as possible, so that the maximum utilization of
partition functions is achieved.

When join related dependencies are enforced, in
each processing vector, the values of functions in the
same join class must be equal. Therefore as far as
ranges are concerned, it is the join classes rather than
individual functions that need to be considered.

Let m be the number of join classes of fi,..., fi.
Let 2;, 1 < 4 < m, be variables representing the m
ranges to be found for the join classes. The problem
is to find an assignment of integer values to z;, 1 <1 <
m, such that, the following conditions are satisfied, if
possxble

Lazi>1

2. [lizi < WN;

3. N =TI, #: is minimized;

4. the number of z; that is less than 2 is minimized.

Note that any three conditions including Condi-
tions 1 and 2 can always be satisfied at the same time.
If not all four conditions are satisfiable, one of con-
ditions 3 and 4 must be compromised. The following
example illustrates a situation where this happens.

Example 4.2 Assume A = 20 and m = 5. An as-
signment that satisfies conditions 1,2 and 41s: z; = 2,
zy=2,23=2, ¢4 =2 and z; = 1. But the product
of z;5 is only 16. An assignment that satisfies condi-
tion 1,2and 3is: ) = 2,20 =2, 23 =5, 24 = 1
and zs = 1. But there are two rather than one z
variables having value 1. In fact, for this example,
any assignment satisfying conditions 1, 2 and 4 must
have a product of z values that is not greater than 16;
any assignment satisfying conditions 1, 2 and 3 must
have at least two z variables with value 1. Thus, no
assignment can satisfy all four conditions. O

In the sequel, we present two practical methods to
find values of @;s, one emphasizing on condition 4, the
other on condition 3. The usefulness of these methods
depends on applications.

The first method is given in Figure 2. The idea is to
assign ranges evenly. Forany N' > 1, there exists some
integer d > 1, s.t., d™ <A/y< (d+1)™. That is, the
value of each z; is elther dord+1. We ﬁrst a551gn to
each z; the value d. Then, one z at a time, we increase
the value of the vanable by 1, until the product of z;s
exceeds N. The algorithm is very efficient. Applymg
algorithm A2 to example 4.2, we can obtain the first
assignment that satisfying conditions 1,2 and 4. It
can be shown that for small m or large A, algorithm
A2 returns ranges that make good use of processors.

Now we describe the second method which satisfies
Conditions 1, 2, and 3 by assigning values to z;s so
that II;z; = N. The idea is to factorize A’ into prime
numbers greater than 1, and assign these numbers to
z;s. There are two cases.

104

Algorithm A2

Input: The total number of processors A and the
total number of join classes, m.

Output: Ranges of join classes satisfying conditions
1, 2 and 4.

Method:
d:= lz(log;,j\ Y/ m|.
FORi=1TO m DO z; :=d;

K :=d™;
C:=(d+1)/d;
FOR ::=1TO m DO
IF K x C < N THEN
K::KxC;
T; =

Figure 2: Algorithm for even assignment of ranges

Case 1: The number of prime factors of A is less
than m. In this case, z; is assigned the largest
factor, z, the second largest factor, etc. When all
factors are assigned, the remaining z;s are simply
assigned the value 1.

Case 2: The number of prime factors is grater than
m. In this case, each z; is assigned one or more
prime factor so that the value of z; is the product
of the prime factors assigned to it.

A very simple method for finding the factors is to
use Afy as the initial quotient, and repeatedly find the
smallest prime number other than 1 that evenly di-
vides the previous quotient. This process terminates
when the quotient becomes one. The second assign-
ment in Example 4.2 is obtained by applying this
method.

Once values for z;s are obtained, they are assigned
to join classes. The simplest method is to arbitrarily
assign one z; to exactly one join class, so that every
function in the class has a range [0..2; — 1]. A better
method is to define priority values of join classes based
on priority values of subgoals, and assign larger z; to
join class with higher priority.

Partition functions are completely specified once
their format and ranges are specified. The partition
scheme is then given by the set of function vectors of
rules, each being a (possibly empty) sequence of non-
void partition functions over a rule.

4.3 Grouping Processing Vectors

Let P’ be the set of rules with non-empty func-
tion vectors in a rectified program P and G =<
fi,- .-, fm > be the function vector of a rule r in P/,
with ranges nj,...,n,;,, wheren; > 1, 1 <i<m. We
create a table T}, called the processing vector table (or
simply PVT) of r (wrt G), that contains all processing
vectors < ¥y,..., 0, > With 0 < v; < n; —1, such that
v; = v; if f; and f; are in the same join class. Assume
PVTs are obtained for every rule in P’. Since ranges



of partition functions are decided individually for each
rule, the sizes of PVTs are not necessarily equal.

To construct restricted programs of P, we only
need to group the corresponding PVs. A simple way
of doing so is to select an arbitrary PV from every
non—empty PVT to form a group, and then to delete
the selected PVs from their PVTs. This repeats un-
til all PVTs are empty. PVs in the same group are
used to create restricted rules in the same restricted
program. Rules with empty PVs are either included
into Pi, ..., P; or used to form restricted programs by
themselves, as long as the total number of restricted
programs does not exceed the total number of proces-
sors.

In general, optimization is possible in this step. In
Example 4.1, f3(u;) and fs(u4) are synchronous and
therefore define the same partition on relation of g.
But subgoals g(uy, us, wz) and g(us,vs,y) in this re-
stricted program use different fragments of g. Thus
the processor evaluating this version must store data
from two fragments of g. However, if this synchronous
dependency needs to be enforced, we must switch rows
2 and 3 in T,,. Then the two subgoals will share
the same fragment, which reduces the communication
cost. The idea is to reduce the number of distinct
fragments stored at a processor. Due to space limit,
we will not discuss it fuarther.

5 Conclusion

In this paper, we present a practical parallel evalu-
ation strategy for general Datalog programs based on
the data partition. A key issue is to determine a crite-
rion for data transmission that reduces the amount of
data transmitted and is efficiently testable. Potential
usefulness is given as such a criterion. The problem
of designing partition schemes and processing schemes
for a given program is addressed. Heuristics and algo-
rithms are provided for making decisions in the design
process. '

There are some immediate extensions of the results
in this paper. Similar to [10], the strategy can be eas-
ily extended to stratified Datalog programs with nega-
tions. Also, definitions of constraint predicates can be
extended to allow conditions like 2 < u & u < 5 to
be specified. Such conditions can be used to generate
even size fragments and specify relevant fragments of
subgoals for joins.

A challenging open problem is to define appropri-
ate measurements for the performance of parallel eval-
uation strategies. In this regard, very little result is
known. Another open problem is to find an efficient al-
gorithm to group processing vectors such that commu-
nication cost and storage requirement are minimized.
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