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Abstract

P2 is a scalable compiler for collection data structures. High-level
abstractions insulate P2 users from data structure implementation
details. By specifying a target data structure as a composition of
components from areuse library, the P2 compiler replaces abstract
operations with their concrete implementations.

LEAPS is a production system compiler that produces the fastest
sequential executables of OPS5 rule sets. LEAPS is a hand-writ-
ten, highly-tuned, performance-driven application that relies on
complex data structures. Reengineering LEAPS using P2 was an
acid test to evaluate P2's scalability, productivity benefits, and
generated code performance.

In this paper, we present some of our experimental results and
experiences in this reengineering exercise. We show that P2 scaled
to this complex application, substantialy increased productivity,
and provided unexpected performance gains.

1 Introduction

Programming and debugging data structures consumes a dispro-
portional amount of resources in the construction of software. Col-
lection data structures (e.g., arrays, lists, trees) are well-
understood, but general-purpose tools to reduce the burden of
implementing them have yielded mixed results. High-level lan-
guages, such as SETL, have demonstrated the usefulness of simple
and powerful data structure abstractions; unfortunately, questions
about the performance of these languages and their incompatibility
with mainstream languages (e.g., C and C++) have constrained
their popularity.
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The emergence of software libraries (e.g., the Booch C++ Compo-
nents, libg++, NIHCL) has lessened the burden of data structure
programming for applications with simple needs. Unfortunately,
applications that require specialized data structures benefit margin-
ally from libraries; consequently, specialized data structures are
still coded by hand. Adding more components to contemporary
libraries is not the answer. It has been observed that no finite
library of conventionally-designed components could ever encom-
pass the enormous spectrum of data structures that arise in prac-
tice. In short, conventional libraries are inherently unscalable
[Bat93, Big94].

Scalable libraries will offer primitive building blocks and will be
accompied by a compiler that generates target data structures from
specified compositions of blocks. Although building block librar-
iesgrow at the rate at which new blocks are added, there is a com-
binatorial number of waysin which blocks can be composed. Thus
the domain of data structures that can be generated grows geomet-
rically as each new block is added. It is this scalable approach to
data structure construction that we have taken in devel oping the P2
data structure compiler [Sir93].

More specifically, the P2 compiler is based on GenVoca, a model
of scalable software construction [Bat92, Bat94b]. The GenVoca
approach standardizes fundamental abstractions of a domain; Gen-
Voca components implement standardized interfaces and thus are
plug-compatible, interchangeable, and interoperable. GenVoca has
been applied to independently built generators for the domains of
databases (Genesis [Bat88]), communication networks (Avoca/x-
kernel [Hut91]), distributed file systems (Ficus [Hei93]), and avi-
onics software (ADAGE [Cog93]). Our work on P2 extends the
diverse list of disparate domains for which GenVoca generators
have been constructed.

The key to the success of P2 will be determined primarily on its
ability to scale to a variety of applications, deliver increased pro-
grammer productivity, and make minimal concessions to run-time
efficiency. In [Bat93] we described the GenVoca model, how P2
implements the model, and presented some experimental results
for a ssimple application. As our next attempt to evaluate P2, we
felt that a complicated, hand-coded data structure application had
to be reengineered using P2. The application that we chose was
LEAPS.



LEAPS is a production system compiler that produces the fastest
sequential executables of OPS5 rule sets [Mir90, Mir91]. LEAPS
is a hand-written, highly-tuned, performance-driven application
that heavily relies on complex and unusual collection data struc-
tures, none of which are found in conventional libraries. Because
LEAPS was developed locally at the University of Texas (and that
expertise on its construction was readily available), reengineering
LEAPS using P2 was a logical choice for an acid test to evaluate
the potential of P2's scalability, productivity gains, and the perfor-
mance of its generated code.

In this paper, we present some of our experimental results and
experiences in this reengineering exercise. We will show that P2
scaled to this complex application, substantially increased produc-
tivity, and provided significant performance improvements. We
begin by presenting features of P2 that are relevant to LEAPS.

2 The Domain Model of the P2 Compiler

The P2 model of the collection data structures domain identifies
cursors, containers, and composite cursors as fundamental data
structure programming abstractions. P2 components offer different
implementations of these abstractions. In the following sections,
we explain the features of P2 that were used in the reengineering
of LEAPS. Readers may recognize the influence of database
abstractions on the P2 domain model [ACM91].

2.1 Cursorsand Containers

Collection data structures—arrays, binary trees, ordered lists—
implement the container abstraction. A container is a sequence of
elements, where al the elements are instances of a single data
type. Elements can be referenced and updated only by a run-time
object called acursor (see Figure 1).

container

Figure2. A Multicontainer Relationship

The P2 programming language is a superset of C. P2 introduces
statements for cursor and container declarations, along with spe-
cial operations on cursors and containers. An abbreviated declara-
tion of a container of EMPLOYEE_TYPE instances is shown
below, along with declarations of a cursor (al | _enpl oyees)

that references all elements of this container and another cursor
(sel ect ed_enpl oyees) that references only those elements
whose dept no field hasthe value 10:

/1 Declaration of the enpl oyee container.
cont ai ner <EMPLOYEE_TYPE> enpl oyee;

/1l Cursor that references all elenments in
/1 the enpl oyee cont ai ner.
cursor <enpl oyee> all_enpl oyees;

/1 Cursor that references sel ected

/'l elements of enployee container.

cursor <enpl oyee> where “$.deptno == 10"
sel ect ed_enpl oyees;

P2 offers an (extensible) set of container and cursor operations.
For example, the f or each construct is used to iterate over quali-
fied elements of a container. The f or each loop below prints the
names of selected employees:

/1 For each el enent whose deptno field
/1 has the val ue 10.
foreach( sel ected_enpl oyees )
{
/1 Print the enpl oyee nane.
printf( “%\n”, sel ected_enpl oyees. nane);

}

2.2 Composite Cursors

Complex data structures consist of multiple containers whose ele-
ments are interconnected by pointers. A relationship among con-
tainers Cq, C,, ..., C, is a set of n-tuples <ey, ey, ..., &> where
element g isamember of container C;. Figure 2 depicts arelation-
ship for containers A, B, and C whose 3-tuples are:

{ (a3,bl,cl), (a3,bl,c3), (al,b2,c4),
(a2,b3,c2), (a2,b3,c4) }

A composite cursor enumerates the n-tuples of a relationship.
More specifically, a composite cursor k is an n-tuple of cursors,
one cursor per container of arelationship. A particular n-tuple <e;,
&, ..., > of arelationship is encoded by having theith cursor of k
positioned on element g. By advancing k, successive n-tuples of a
relationship are retrieved.

As an example, a composite cursor ¢ that joins elements of the
depart nent and enpl oyee containers that share the same
value of the dept no field is specified in P2 as:?

conpcurs < d departnment, e enpl oyee >
where “$d. deptno == $e. deptno” c;

d and e are aliases for container names. (Aswe will seein Section
3.2, aliases are useful for expressing the joins of containers with

2. Note that predicates in P2 are expressed by strings. Field F of
the element referenced by a cursor is denoted “$. F”. A cursor
over container with alias X is denoted “$x”.



themselves in an unambiguous way). The f or each loop below
prints pairs of names of related depart ment and enpl oyee
elements. Readers may recognize this loop as a natura join
between depar t ment and enpl oyee containers:

foreach( ¢ )

{
}

printf (“(%, %)\n",c.d.nang, c. e. nane) ;

Occasionally, it is useful to retrieve only n-tuples of arelationship
that involve specific objects. Suppose we are interested only in the
3-tuples of Figure 2 that involve element b3 of container B (i.e,,
tuples (a2, b3, c2) and (a2, b3, c4)). Such a retrieval is
called seeding a relationship with b3. Seedings are expressed in
P2 by augmenting the conmpcur s declaration with a gi ven
clause (which lists aliases of all containers that are to be seeded).
Prior to af or each, thegi ven cursors must be positioned on the
seeding elements. The above example with b3 would be expressed
by thefollowing conpcur s declaration and f or each code frag-
ment:

/| Decl are seeded_conposite_cursor seeded

/'l by b.

conpcurs <a A b B ¢ C>given <b >
seeded_conposi te_cursor;

/1 Position seeded_conposite_cursor.b
position( seeded_conposite_cursor.b, &b3 );

/1 lterate over seeded tuples.
foreach( seeded_conposite_cursor )

{ ...}

Updating elements within a f or each loop is possible. Such
updates may affect the n-tuples that are subsequently retrieved by
a composite cursor. For example, after we delete an element of an
n-tuple, we do not want to retrieve another n-tuple that contains
this deleted element. Recall composite cursor ¢ which returns
pairs of related depart ment and enpl oyee elements. The
f or each loop of Figure 3a prints each retrieved ordered pair and
then deletesthe depar t nent element of that pair.

(@ foreach(c)

printf(“(%, %)\n",
c.d. nanme, c.e.nane);

del ete(c.d);
}

(b) “blind” join (c) “valid” join
(d1,el) (d1,el)
(d1,e2) _
(d1, e3) skip
(d2,e4) (d2,e4)
(d2,e5) skip
(d3,e6) (d3,e6)

Figure 3. Updating elements within a foreach loop.

The “blind” join of Figure 3b and the “valid” join of Figure 3c
illustrate two possible semantics for the foreach loop of Figure 3a
A blind retrieval ignores updates (e.g., deletions) to a container
which are made while the container is being traversed. A valid
retrieval, on the other hand, reflects these updates by performing a
test (e.g., checking to seeif the depar t ment element of apair is
deleted) prior to each cursor advancement, in order to make sure
that the next n-tuple is meaningful (e.g., it is meaningless to per-
formpri ntf ordel et e on adeleted element).

In this example, after deleting the element d1, the blind join still
retrievesthe pairs (d1, e2) and(d1, e3), eventhough they
involve the deleted element d1. Similarly, after deleting the ele-
ment d2, the blind join retrieves the pair (d2, e5). The valid
join, on the other hand, skips over pairs that contain a deleted ele-
ment.

P2 supports validation of n-tuples using the val i d clause of a
composite cursor declaration. The following declaration and code
fragment eliminates the problems of a blind retrieval of
(department, enpl oyee) pairs by returning only pairs of
undeleted elements:

conpcurs < d departnent, e enployee >
where “$d. deptno == $e. dept no”
valid “!del eted($d)”
val i d_conposite_cursor;

/1 Skips pairs with deleted el ements.
foreach( valid_conposite_cursor )

del ete( valid_conposite_cursor.d );

}

Note that tuple validation is more general than merely testing for
tuple deletion. P2 permits any predicate to be used for element val-
idation. For example, the dept no field of adepart ment de
ment might be updated within a f or each loop. In this case, the
depart nent element has not been deleted, but its modification
may affect the sequence of (valid) tuples that can be produced.
Tuple validation is a general-purpose feature that is useful in graph
traversal and garbage collection algorithms, where cursors may be
positioned over elements that are suddenly deleted and cursor vali-
dation is needed to ensure correct executions.

2.3 Customizing Data Structure Specifications

P2 programs are written in terms of cursor, composite cursor, and
container abstractions without regard to how these abstractions are
implemented. The P2 compiler automatically translates P2 decla
rations and operations into C code. In order for P2 to accomplish
this, P2 users must specify an implementation of these abstractions
by composing building-blocks from the P2 library. Such a compo-
sitionisdeclared in at ypex (type expression) declaration:

typex { sinple_typex =
top2ds[qualify[dlist]
mal | oc[transient]]]];



si mpl e_t ypex is a composition of five P2 components, where
each component encapsulates a consistent data and operation
refinement of the cursor-container abstraction and is responsible
for generating the code for this refinement [Sir93]. The t op2ds
layer, for example, trandates f or each statements into primitive
cursor operations (r eset, advance, end_of _cont ai ner);
qual i fy trandates qualified advance operationsinto i f tests
and unqualified advance operations; dl i st connects all ele-
ments of a container onto a doubly-linked list; mal | oc alocates
space for elements from a heap; and t r ansi ent alocates heap
space from transient memory. P2 code generation relies on sophis-
ticated macro expansion and partial evaluation techniques [Bat93].

A type expression is a high level declarative specification of the
implementation of cursors and containers. Minor changes to atype
expression can generate substantially different code. Usually, a P2
program includes only a few type expressions and each type
expression itself is at most a few lines long. Thus, tuning and
maintaining a P2 program is often a matter of changing afew lines
of type expressions.

3 Reengineering the LEAPS Algorithms

OPS5 is a forward-chaining expert system [McD78, For81].
LEAPS (Lazy Evaluation Algorithm for Production Systems) is a
compiler that trandates OPS5 rule sets into C programs. LEAPS
produces the fastest sequential executables of OPS5 rule sets,
sometimes outperforming OPS5 interpreters by severa orders of
magnitude [Mir90, Mir9l]. Besides the expected performance
gains made by compilation, LEAPS relies on special search ago-
rithms and sophisticated data structures to make rule processing
efficient.
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Figure 4. Relationship between LEAPS and RL

Figure 4 shows a relationship between LEAPS and P2. To reengi-
neer LEAPS required us to translate OPS5 rule sets into a P2 pro-
gram,; thistranslator was called RL (Reengineered Leaps). The RL-
generated P2 program would then be trandated into a C program
by the P2 compiler, thus effectively accomplishing in two transla-
tion steps what the LEAPS compiler does in one. All of the
LEAPS algorithms would be embedded in the generated P2 pro-
gram.

We faced two difficult challengesin this reengineering effort. First,
it was well-known that the LEAPS agorithms were difficult to
understand. This was due, in large part, to a lack of high level
abstractions appropriate to express the details of the agorithms.

Since there was no appropriate language in which to express the
algorithms, it was difficult for the LEAPS developers to explain
(or code) them. Thus, elegance of specification of LEAPS algo-
rithms (in P2) was an important goal for us. Second, even if
LEAPS agorithms had an elegant expression, the code that P2
produced would have to be very efficient to compete with LEAPS.

This section shows that LEAPS does have an elegant specification
in P2. In Section 4, we consider the performance and productivity
gains using RL/P2 generated code.

3.1 OPS5 Background

OPS5 rule sets begin with container declarations called | i t er -
al i ze statements:

(literalize rell val)
(literalize rel2 val)

The above statements declare containersr el 1 and r el 2 whose
elements have a single field called val . LEAPS dynamically
infers the data types of element fields. In RL, we chose to augment
l'iteralize statementsby staticaly supplying the data type for
each field.

The remainder of an OPS5 rule set is a sequence of rules of the
form:

(p print-sequence
(rell ~val <r>)
(rel2 ~val <s> “val > <r>)
(rell ~val <t> ~val > <r> ~val > <s>)
-->
(wite strictly increasing sequence
<r> <s> <t>))

The name of the above production is pri nt - sequence. The
clauses prior to the arrow - - > define the rule's qualification; the
clauses after the arrow define the rule’s action. A rule qualification
is a conjunction of clauses called (positive) condition elements
(CEs). A CE serves two purposes: (1) to bind variables to particu-
lar fields of an element and (2) to qualify elements on the basis of
their field values. The first CE in pri nt - sequence hinds the
variable r to the val field of arel 1 element. The second CE
binds variable s to theval field of ar el 2 element and requires
thisfield to be greater than r . The third CE binds variablet to the
val field of arel 1 element and requires this field to be greater
than both s and r . In effect, the qualification of thisruleisto iden-
tify 3-tuples (rel 1 element, rel 2 element, rel 1 element)

whose val values are in strictly increasing order. The action of
thisruleisto print theval valuesof a3-tuple.

We chosethepr i nt - sequence rule as an example becauseitis
simple. OPS5 rules can be more complicated when negated CEs
are included. A negated condition element is a predicate that dis-
qualifies n-tuples that satisfy the positive CEs of arule. OPS5 rule
actions can also be more complex. Actions may specify element
creation, deletion, modification, and calls to externa routines. A
more complete discussion of the capabilities of OPS5 can be found
in [McD78, For81]. We will use the pri nt - sequence rule to



illustrate the trandations performed by RL. A full explanation of
RL trandationisgiven in [Bat94a).

Forward-chaining inference engines, including LEAPS, use a
match-select-action cycle. Rules that can be matched (i.e., tuples
found to satisfy their qualification) are determined, one n-tuple is
selected, and its corresponding action isfired. This cycle continues
until afix-point has been reached (i.e., no more rules can be fired).
Conventional eager match algorithms are inherently slow, as they
materialize all tuples that satisfy the predicate of a rule. These
materialized tuples are stored in data structures and have a nega-
tive impact on performance because they must be updated as a
result of executing rule actions. A fundamental contribution of
LEAPS isthelazy evaluation of tuples; i.e., tuples are materialized
only when needed. This approach drastically reduces both the
space and time complexity of forward-chaining inference engines,
and provides LEAPS with its phenomenal increase in rule execu-
tion efficiency.

3.2 Rule Trandation

The difficult part of converting OPS5 rules into P2 code is the
trandation of rule qualification; trandlating rule actions is straight-
forward. There are four basic stepsin rule qualification translation.
The first is to convert positive CEs to P2 predicates. Figure 5a
showsthepri nt - sequence rule and Figure 5b showsits corre-
sponding composite cursor declaration. Note that each CE of the
rule corresponds to a container that isto be joined.

(@) (p print-sequence
(rell ~val <r>)
(rel2 ~val <s> ~val > <r>)
(rell ~val <t> ~val > <r> ~val > <s>)
-->

(b) # define ps_query “$b.val > $a.val
&& $c.val > $b.val
&& $c.val > $a.val”

typedef conpcurs < arell, brel2, crell >
where ps_query curs_ps;

Figure 5a-b. Rule Translation Step 1:
onversion of Selection Predicates

The lazy evaluation of composite cursors in LEAPS centers
around the concept of dominant object. The dominant object isthe
most recently updated element that has not yet been processed.
“Processed” means that the element has not seeded and fired all of
the rules that it could. In order to support the seeding of dominant
objects, multiple copies of an OPS5 rule are spawned, one copy for
each different condition element that is being seeded. The second
step in rule translation isto replicate a composite cursor definition,
one copy for each possible seed position. Figure 6a shows the for-
mat of a cursor declaration produced in Step 1; Figure 6b shows
the replication of this rule with different seeds. Note that the effect
of this rewrite is to trandate an n-way join into n (n-1)-way joins,
each simpler than the original n-way join.

@) typedef compcurs <a ..., b ..., ¢ ... >
where ps_query curs_ps;

(b) typedef compcurs <a ..., b ..., ¢ ... >
given < a >
where ps_query curs_ps_a;

typedef compcurs <a ..., b ..., ¢ ... >
given < b >
where ps_query curs_ps_b;

typedef compcurs <a ..., b ..., ¢ ... >
given < c >
where ps_query curs_ps_c;

Figure 6a-b. Rule Trandation Step 2:
Replication of Composite Cursors by Seeding

OPS5 semantics impose a fairness criterion such that no n-tuple
can fire a rule more than once. Fairness is achieved in LEAPS
through the use of timestamps and temporal qualifications. Every
element has an RL-augmented timestamp field _t s that indicates
when the element was last updated. OPS5 semantics are realized
by requiring that al elements of an n-tuple have timestamps no
older than the timestamp of the dominant object that seeded the n-
tuple. Figure 7a shows a cursor definition produced in Step 2; Fig-
ure 7b shows the addition of tempora predicates to the wher e
clause of the cursor.

(@ typedef compcurs <a ..., b ..., ¢ ... >
given < a >
where ps_query curs_ps_a;

(b) #defi ne ps_tenporal _qual
“$b. ts <= domi nant _tinestanp
&& $c._ts <= domi nant_ti mestanp”

typedef compcurs <a ..., b ..., ¢ ... >
given < a >
where ps_query && ps_tenporal _qual
curs_ps_a;

Figure 7a-b. Rule Translation Step 3:
Addition of Temporal Predicates

Once a rule is fired, the composite cursor is placed on a stack,
thereby suspending its execution. At some later time when the ele-
ment that seeded the composite cursor again becomes dominant,
the composite cursor is popped and advanced to the next n-tuple.
During the time the cursor was on the stack, any or al of the ele-
ments of the last n-tuple it produced could have been modified or
deleted. Consequently, advancements of composite cursors must
bevalidated. Thisisaccomplished by addingaval i d predicateto
each cursor declaration. Figure 8a shows a cursor definition pro-
duced in Step 3; Figure 8b shows the addition of theval i d predi-
cates.



typedef compcurs <a ..., b ..., ¢ ... >
@) given < a >
where ps_query && ps_tenporal _qual
curs_ps_a;

(o) #define ps_valid_pred “!deleted($a)
&& ! del et ed( $b)
&& ! del eted($c)”

typedef compcurs <a ..., b ..., ¢ ... >
given < a >

where ps_query && ps_tenporal _qual
valid ps_valid_pred

curs_ps_a;

Figure 8a-b. Rule Trandlation Step 4:
ddition of Validation Predicates

3.3 Other Issues

There are additional issues regarding the translation of OPS5 rule
sets into P2 programs that are worth mentioning. First, there are
two more trandation steps when rule qualifications involve
negated CEs. These steps are no more complicated than the four
defined in the previous section [Bat944).

Second, when an element isinserted in LEAPS,; it is pushed onto a
wait-list stack for subsequent seeding. Composite cursors, whose
execution was suspended, are placed on a join-stack. The stack
whose top element has the most recent timestamp is chosen to be
the dominant object on the next execution cycle. In RL, the wait-
list stack and join stack are unified. This gives a very compact and
elegant representation of the primary cycle loop (see Figure 9a).

Third, the P2 procedures for rule firings are also compact (see Fig-
ure 9b). If acursor has not yet been created, oneis allocated on the
heap, initialized, and positioned on the seeding element. Control
then fallsto thef or each statement. If a cursor (whose execution
has been suspended) has been created, control continues at the end
of the f or each statement (where validation tests are performed
by P2). Once an n-tuple is generated, the rule is fired and the pro-
cedure is exited. After al n-tuples have been generated, control
passes to the next rule for possible firing.

Also included in RL are additional LEAPS optimizations. the use
of predicate indices (i.e., linking together al elements of a con-
tainer that satisfy a given predicate), active rule optimizations (i.e.,
skipping rules that are known a priori not to be able to produce n-
tuples), using symbol tables to minimize string comparison times,
inlining of container insertion and del etion operations, plus others.
Overdl, RL provided a faithful re-implementation of the LEAPS
algorithms.

4 Results

Three results surprised and impressed our LEAPS colleagues.
First, P2 permitted a clean, high-level specification of the LEAPS
algorithms (i.e., the RL trandlator and the P2 files it generated).
LEAPS algorithms were previously difficult to explain and com-

@) execut e_production_systemn()
while(1l) {
/1l Get the top of the stack.
reset_start(top);
if (end_of _container(top)) {
/1l The stack is enpty.
/'l We're at a fix-point.
br eak;
}
el se {
/1 The stack is not enpty.
fresh = !'top.curs;
domtinmestanp = top.time_stanp;
(*top.current_rule)();
}
}
}

void seed_rule_ps_a ( void)
) |

curs_ps_a *c;

if (fresh) {
c = (curs_ps_a*)

mal | oc(si zeof (curs_ps_a));

top.curs = (void*) c;
init(*c);
position(c->a, top.cursor_position);

}

el se {
c = (curs_ps_a *) top.curs;
goto cnt;

}
foreach(*c) {
fire_rule_ps( c );
return;
cnt:; // performvalid tests here

}

free(c);

fresh = TRUE;

top.current _rule = nextrule;
nextrul e();

Figure 9a-b. Execution Cycle &
Rule Seeding Procedur es

prehend because of alack of high level abstractions appropriate to
express their details. The P2 container and cursor abstractions
served this purpose particularly well. The other two results were
improved performance and productivity. We describe the bench-
marks we used to test our implementation and elaborate on these
results in the following sections.

4.1 TheBenchmarks

We tested LEAPS and RL on five rule set benchmarks provided by
our LEAPS colleagues, which they considered a sufficient test for
RL. These benchmarks have been used for years to measure the
performance of rule execution engines, and are typical of LEAPS
applications [Bra9l]. Further, these benchmarks were particularly
useful because (unlike some OPSS rule sets) they required an input
file. We were thus able to run each benchmark with input files of



various sizes, to better characterize the performance difference
between LEAPS and RL/P2.

Thebasi c_cycl e benchmark consists of asinglerule. It counts
from 0 to the number specified in its input file. This benchmark is
useful for evaluating the execution-cycle overhead of forward-
chaining inference engines.

Thetri pl benchmark consists of 2 rules. Given k, the number
specified in the input file, it finds all triples (n1, n2, n3) wherenl <
n2<n3<k.

The manner s benchmark consists of 8 rules. It finds table seating
arrangements for guests subject to constraints (e.g., the sex and
hobbies of the guests). Theinput fileis a set of guests.

Thewal t z and wal t zdb benchmarks consist of 33 and 38 rules
respectively. Both label two dimensional graphs. wal t z labels
junctions of 2 or 3 edges; wal t zdb labels junctions of 4 or 5
edges. Although both rule sets are functionally similar, they are
implemented differently and have different execution behaviors.
The input files for both are the graphs to be labeled.

Although the number of rules per rule set seems small, the pro-
grams generated by RL, P2, and LEAPS are substantial (see Table
1). The LEAPS and RL/P2 programs for wal t zdb, for example,
exceed 15,000 lines of code.® To our knowledge, we believe the C
filefor wal t zdb generated by RL/P2 to be among the largest ever
generated by a data structure compiler.

4.2 Performance Results

The performance of RL/P2 generated programs surprised us and
our LEAPS colleagues. From the beginning, the primary design
goal of LEAPS was performance. Because L EAPS uses data struc-
tures that were carefully optimized and hand-coded by experts,
whereas RL uses generic data structures whose code is generated
automatically by a general-purpose tool (i.e., P2), we expected the
performance of RL/P2 programs to only approach that of LEAPS-
produced programs. Nevertheless, our results show that in al cases
RL/P2 programs are substantially faster than their LEAPS counter-
parts. Speedups ranged from 1.5 (for wal t zdb) to 2.5 (for

tripl).

3. LEAPS generated programs are linked with a 10,000 line run-
time library. Thus, 10,000 lines should be added to the size of
LEAPS-generated files.

Figures 10a through 14a show the running time of the LEAPS and
RL/P2 versions of the benchmarks, and Figures 10b through 14b
show the speedup of the RL generated version relative to the
LEAPS generated version.*

input file size
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Figure 10a-b. Performance Graphsfor the
basi ¢c_cycl e Benchmark

We discovered that the performance improvements of RL/P2 over
LEAPS are largely due to two factors. First, P2 is able to perform
complex code optimizations automatically, while such optimiza-
tions are difficult or impractical to perform by hand. Thus, the first
factor is the high quality of code produced by the P2 compiler.

Second, RL implements the LEAPS functionality more cleanly
than does LEAPS:

4. These results were obtained on a DECstation 5000/240 using
thegcc 2. 5. 8 compiler with the - @2 option.

RL-generated P2-generated LEAPS-generated
Rule Set RuleSet Size P2Program Size C Program Size C Program Size
manner s 8rules 770lines 3,300 lines 2,300 + 10,000 lines run-time
wal t z 33rules 2,400 lines 13,600 lines 10,000 + 10,000 lines run-time
wal t zdb || 38rules 3,100 lines 15,800 lines 15,000 + 10,000 lines run-time

Table 1: Size of Generated Programs



Figure 14a-b. Performance Graphsfor thewal t zdb Benchmark

input file size input file size
6 < 4
E
g ° 2
2 LEAPS =
S 4 S 3
3 _
;’ a4
= <
£ 2 RL w2
c -l
c <
> Q.
2 3
Q
g
% 10 75 30 o 15 10 %5 30
Figure 11a-b. Performance Graphsfor thetri pl Benchmark
2500 4
[}
=
& 2000 =
2 =
S LEAPS S 3
@ 1500 5
o z
g -
< 1000 4
g 52
£ 2
= 500 RL g
k5
[0}
o
Y637 %7 158 756 & Y37 %7 153 256
Figure 12a-b. Performance Graphsfor the manner s Benchmark
3000 — 4
()
— E
@ 2500 =
c £
8 c
g 2000 LEAPS 5 3
o 4
£ 1500 £
2 2
'€ 1000 RL &2
c
= S
500 2 ]
©
[0}
Q
o
97 75 37 50 75 @ 17 75 37 55 75
Figure 13a-b. Performance Graphsfor thewal t z Benchmark
900 4
[0}
800 £
’UT (=]
g 700 LEAPS £
g 600 5 3
o, _
= 500 E
E 400 )
> RL %
£ 300 g2
c |
S5 200 P e
=}
100 k5
Q
0 2 1
4 8 12 16 2 4 8 12 16 20



® RL uses a unified wait-list/join stack. This reduces execution
cycle overhead (see the results for the basi c_cycl e bench-
mark, in particular).

® RL does not replicate predicate indices (also called alpha mem-
ories). This significantly reduces the overhead of element inser-
tions and deletions.

® RL uses a static type system. This reduces the run-time over-
head for element qualification.

® RL does not perform garbage collection. LEAPS performs rudi-
mentary garbage collection, which does not seem to be effec-
tive and has run-time overhead.

It isworth noting that the above four bullet-items were conjectured
to be performance problems by our LEAPS colleagues, but the
complexity of the LEAPS implementation discouraged, if not pre-
cluded, experiments to test these conjectures. Our research con-
firmed their intuition by providing performance numbers. It isonly
after we presented our results that the conjectures of our LEAPS
colleagues came to light. We did not take these conjectures into
account in designing RL. Rather, the high-level abstractions pro-
vided by P2 encouraged these design decisions and made it easy
for us to experiment with and finally implement these optimiza-
tions in RL. Thus, the second factor in the performance improve-
ment of RL/P2 over LEAPS isthe high level abstractions provided
by P2.

4.3 Productivity Results

Interviews of the LEAPS development team indicated that they
believed that LEAPS experts could build a version of LEAPS
(functionally equivalent to RL) in no less than twelve weeks. They
also believed domain novices such as ourselves (experienced C
programmers, with no expertise in expert system or forward-chain-
ing inference engines) would take at least twice that long. Given
P2, however, coding RL was straightforward. We wrote an initial
prototype of RL within one week, and over the next seven weeks
enhanced it with additional LEAPS optimizations. Thus, P2
reduced the programming time by a factor of three.® In short, P2
enabled novices (ourselves) to program like domain experts.

The productivity benefits of P2 can also be seen in decreased
source code size. The implementation of LEAPS consists of
approximately 20,000 lines of code. RL consists of approximately
4,000 lines of code. Although it was unnecessary for us to imple-
ment every feature provided by LEAPS (since not all LEAPS fea-
tures were used in by our benchmark set), we estimate that to do so
would require us to add not more than 1,000 linesto RL. Thus, not
only did P2 reduce programming time by a factor of three, it
reduced the total number of lines of code necessary by a factor of
four. Thus, by either measure, P2 affords a large productivity
advantage.

5. Actually, part of the eight weeks was spent waiting for P2 to be
debugged, so our estimates of how long RL took to develop is con-
servative.

Besides improved productivity, P2 provided other important soft-
ware engineering benefits:

® [nitial implementation. Our initial prototype of RL used gen-
eral-purpose components from the P2 library. Thus, P2 permit-
ted us to get an RL prototype up and running very quickly (i.e.,
one week).

® Library Scalability. Two RL-specific components were added
to the P2 library in order to improve the performance of RL/P2
generated code. These components implemented timestamp
ordered lists and predicate indices, and were used in the version
of RL/P2 that we benchmarked. Overall, the number of lines of
code added to the P2 library was minimal (i.e., 335 lines). We
remind readers that these components are Gen\oca building
blocks; i.e., they must be composed with other building blocks
for memory alocation, element qudification, etc. (e.g., the
t op2ds, qual i fy, etc. components of Section 2.3) in order
to produce the desired data structure. The size of comparable
components that would have to be added to conventional (tem-
plate) libraries would be considerably larger because they
implement specific compositions of many GenVoca building
blocks.

® Tuning. The P2 separation of data structure abstractions from
data structure implementations enabled us to tune RL-generated
programs easily by atering t ypex (i.e., component composi-
tion) statements. The complexity of attempting similar optimi-
zations in LEAPS is daunting and would require significant
rewriting and debugging. (We note that changing data struc-
tures in LEAPS was never attempted because of the effort
required; entire rewrites were performed instead).

* Maintenance. Alteringt ypex statements allowed usto imple-
ment enhanced versions of LEAPS (e.g., with persistent con-
tainers) in days[Sir94]. Comparable changesto LEAPS [Bra93,
Bro94] required months of effort.

® Design Scalability. Interviews of the LEAPS development
team indicated that debugging LEAPS was very difficult and
that al of the major problems were caused by errors in data
structures. Developing LEAPS without P2 is a monumental
undertaking. Its complexity discourages attempts at trying dif-
ferent designs and fine-level tuning. We have learned that
abstracting away the voluminous and complex data structure
implementation details of an application promotes clean and
efficient designs. In short, this is an issue of the scalability of
software design; organizing fewer details often leads to better
and more maintainable products.

5 Conclusions

In [Bat93], we presented results that showed that for a simple
application, the performance of P2 generated code was at least as
good as components in popular template libraries. Moreover, we
observed that P2 offered much greater possibilities for software
productivity, because of the uniform and high-level abstractionsin
which P2 users would program. These simple test cases, however,
failed to convincingly demonstrate that P2 could scale to address
much larger problems.



In this paper, we report our first major experiment to evaluate P2
on alarge and complex application. We reengineered the LEAPS
production system compiler, a performance-driven forward-chain-
ing inference engine that was hand-written and highly-tuned.
LEAPS relies on complex data structures and search algorithms
that, because of their unusual and application-specific nature, were
not offered by available template libraries. Moreover, the retrieval
requirements of LEAPS—specifically those embodied in P2's
composite cursors—far surpass the capabilities of current and pro-
totype template libraries. We believed that LEAPS would provide
an acid test to evaluate the scalability, productivity, and perfor-
mance advantages of P2.

Our results using P2 surpassed our expectations:

® Only two simple components had to be written to augment the
set of componentsin the P2 library to implement LEAPS.

* We were ableto achieve aclean, compact, and high-level speci-
fication of the LEAPS algorithms.

® P2 reduced by an estimated factor of three the programming
time and by an estimated factor of four the volume of code that
had to be written.

® The performance of RL/P2-generated files for the benchmarks
that we considered was at least 50% faster than those produced
by LEAPS. These results either confirmed suspected perfor-
mance problems in LEAPS or they identified cleaner, more
maintai nable ways of implementing future versions of LEAPS.

All of the above was accomplished without expertise in expert sys-
tems or forward-chaining inference engines. In short, P2 enabled
novices (ourselves) to program like domain experts.

Our experiences using P2 have been very encouraging to date.
Other reengineering experiments will be needed to better under-
stand the strengths and limitations of P2. We firmly believe, how-
ever, that scalable data structure compilerslike P2 will be valuable
tools of future software engineering environments.

Acknowledgments. We thank David Brant at The Applied Research
Laboratories at the University of Texas for supporting our
research. We thank Dan Miranker and Bernie Lafaso for their
patience in explaining the LEAPS agorithms to us, and we thank
Vivek Singhal and Bart Geraci for their insightful comments on
earlier drafts of this paper.

6 References

[ACM91] Association for Computing Machinery, “Next
Generation Database Systems’, Communications of
the ACM, October 1991.

[Bat88] D. Batory, et a. “Genesis: An Extensible Database
Management System”, |EEE Transactions on Software
Engineering, November 1988.

[Bat92] D. Batory and S. O'Malley, “The Design and

Implementation of Hierarchical Software Systemswith
Reusable Components’, ACM Transactions on
Software Engineering and Methodology, October
1992.

[Bat93]

[Bat94q]

[Bat94b)]

[Big94]

[Braoi]

[Brag3]

[Bro94]

[Cog93]

[For81]

[Heio3]

[Huto1]

[McD78]

[Mir90]

[Miro1]

[Sir93]

[Siro4]

D. Batory, V. Singhal, M. Sirkin, and J. Thomas,
“Scalable Software Libraries’, Proc. ACM S GSOFT,
December 1993.

D. Batory, “The LEAPS Algorithms’, unpublished
report, May 1994.

Don Batory, Vivek Singhal, Jeff Thomas, Sankar
Dasari, Bart Geraci, and Marty Sirkin. “The GenVoca
Model of Software System Generators’. |EEE
Software, September 1994.

T. Biggerstaff. “The Library Scaling Problem and the
Limits of Concrete Component Reuse’, |EEE
International Conference on Software Reuse,
November 1994.

D. Brant, T. Grose, B Lofaso, and D. Miranker,
“Effects of Database Size on Rule System
Performance: Five Case Studies’, Proceedings of the
17th International Conference on \ery Large Data
Bases (VLDB), 1991.

D. Brant and D. Miranker, “Index Support for Rule
Activiation”, Proc. ACM SGMOD, May 1993.

J. Browne, et a. “A New Approach to Modularity in
Rule-Based Programming”, Department of Computer
Sciences, University of Texas at Austin, April 1994.

L. Coglianese and R. Szymanski, “DSSA-ADAGE: An
Environment  for  Architecture-based  Avionics
Development”, Proc. AGARD, 1993. Also, Technical
Report ADAGE-IBM-93-04, IBM Owego, New York,
May 1993.

C. Forgy, OPSH User's Manual, Technical Report
CMU-CS-81-135, Carnegie Mellon University, 1981.
J. Heidemann and G. Popek, “File System
Development with Stackable Layers’, Technical
Report CSD-930019, Department of Computer
Science, UCLA, July 1993. To appear in ACM
Transactions on Computer Systems.

N. Hutchinson and L. Peterson, “The x-kernel: An
Architecture for Implementing Network Protocols’,
IEEE Transactions on Software Engineering, January
1991.

J. McDermott, A. Newal, and J. Moore, “The
Efficiency of Certain Production Systems’, Pattern
Directed Inference Systems, Waterman, Hayes, Roth
(ed), Academic Press, New York, 1978.

D. Miranker, D. Brant, B. Lofaso, and D. Gadbois, “On
the Performance of Lazy Matching in Production
Systems”’, Proc. National Conference on Artificial
Intelligence, 1990.

D. Miranker and B. Lofaso, “The Organization and
Performance of a TREAT Based Production System
Compiler”, IEEE Transactions on Knowledge and
Data Engineering, March 1991.

M. Sirkin, D. Batory, and V. Singhal, “Software
Components in a Data Structure Precompiler”, Proc.
15th  International Conference on  Software
Engineering, May 1993.

M. Sirkin, “A Software System Generator for Data
Structures’, Ph.D. dissertation, Dept. of Computer
Science, University of Washington, 1994.



