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To Improve the performance of forward chaining production systems, a new parallel 
execution model IS proposed, which fires multiple rules simultaneously on muit:ple 
proceS50r systems Two problems are discussed on the mod>:>l, and efficIent 
algont.hms to solv-: these problems are proposed The synchronizatIOn analYsIs 
algonthm determInes the necessity of synchronizatIOn between rule fmngs, and the 
decompositIOn algonthm determines a mapping of rules on multIple processor 
systems. Evaluation results on an eXIsting production system show that 3. speed-up 
of 7.J IS obta:ned by introducing the parall-:l [inng mechanism 
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1 Introd uction 

Fon~·ard chaining production systems hay:: been widely applied In the 
lInplementation of a number of knowledge based expert problem-solvIng systems 
[1,~]. However, it is also reported that the performance of production systems is 
not sat:sb.ctory compared to more ccnventIOnal programming languages. Although 
advances in the Implementation of productIon system lllterpreters have provIded 
substantial performance improvements, further speed improvements are required for 
very large production systems with severe time constraints [3]. 

Recently, several multiple processor archItectures and parallel algorithms for 
productIOn systems haye been inyestigated as possible solutions to the above 
problem. Stolfo [4J and ~'firanker [5J proposed several parallel match algorithms, 
which are especially well suited for the tree-structured parallel machine DADO [6]. 
Forgy [3] reported expected effects of parallel matchings based on the evaluation of 

several existing production systems written in the OPS language [7]. Oflazer [8] has 
propos::d partitioning algorithms for production systems to maximize the effect of 
parallel matchings. 

Parallel match algorithms aim to speed-up the match process which consumes 
more than 90% of the total execution time [91 The effect of improving the tIme 
to match rules thus compresses each cycle of production system execution. In this 
paper, \ve propose a new parallel executIOn model, the parallel firing mechalllsm. 
The mechamsm aims to reduce the total number of sequential productIon rule cycles 

by executIng multIple matchlllg rules SImultaneously on multiple processor systems. 
Thus. parallel rule firings provide more performance improvements in the execution 
of productIOn systems, when combined with parallel match approaches. In our 
OpInIon. a substantial amount of parallelism can be expected to occur within 
sequential rule firings, because of the fundamental nature of production systems; 
i. e, the rules are considered as statements representing independent chunks of 
knowledg<:> which may interact less than other more procedural formalisms [10j. 

The following two major problems are dIscussed to realize parJ.llel firings. 

1. Synchronization Problem: ProductIOn rul'?s are written without 
conslderation of interference with other rules. To guarantee the 
execution enVIronment of a partIcular rule, it is necessary to determine 
what rules need to synchronize with the rule lfi questIOn, and to suspend 
the finngs of such rules during its execution. 

'I Decomposition Problem: To maximize the benefit of parallel 1mngs, 
effiCIent decompOSItIOn algorithms are required to find an optImal 
partItIOn or dIstributIon of a glven production system, so that multiple 
rules can be fired as often as possible 
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ThIS paper is orgamzed as follows. Section 2 proVIdes a more detailed descriptIOn 
oi the execution model of parallel firings Algorithms to analyze the 
synchronization of rule firings and to map rules on multiple processors are discussed 
in sections 3 and 4. Finally, some results of our preliminary evaluation of this 
approach 15 presented in SectIOn S. 

2 Basic Definitions and Concepts 

~ 1 ProductIOn Systems 

Before describing the details of our a.pproach, we begin with a brief over'ilew of 
prod uction systems and their forward chaining execution. 

A production system is defined by a set of rules or productions, called the 
production memory (PAl), together with a database of assertions, called the working 

memory (WAf). Each rule consists of a conjunction of condition elements, called 
the lefl-hand side (LHS) of the rule, along with a set of actions called the right­

hand side (RHS) The RHS speCIfies Information whIch is to be added to or 
removed from \V~1 when the LHS successfully matches against the contents of \\0.1. 

A rule written in the OPSS productIOn system language [71 is shown in Fig. 1. 

(p make-possible-trip 
(ei ty -name <x> -state Ne',.r-York) 

-(~eather-foreeast -place <x> -date tomor~ov -~eather rainy) 
--> 
(make possible-trip -place <x> -date tomorrov» 

Fig, 1 An Example of OPS5 Rules 

In OPS5, \\~f consists of tuples of a.ttrlbute-value pairs called working memory 

elements (~V;\fEs). Two kinds of conditIOn elements are provided In production 
rules; a positive condition element, that is satisfied when there exists a matching 
\\~fE, and a negative condition element. that succeeds when no matching \\~fE IS 

found Pattern vanables are consistently bound throughout the positive condItion 
elements Thus the rule In Fig. 1 may be read as: 

It 
t~ere is a WME in the system representing 
a city i~ Ne~ York state 
and 
t~ere is no w~ in the system representing that 
it ~ill be rainy tomorro~ in that city 

the~ 
create a ne',; WME tagging the city is a poss1ble dest1nation 
of to~orrov's trip. 
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Suppose the folIowmg is currently the only \\0vfE m the system. 

(ci ty -na.::l8 Butfa!o -state Ne· ... -York) 

'shere city represents a class name of \V~1Es, and attribute names are prefixed by 

:" with a.ttribute values immediately following. in this case, the LHS is satisfIed, 
and if the rule is fired the following new \V:-'fE is added to the system. 

(possible-trip -place Buffalo -date tomorro~) 

In this paper, we focus attention on an irrevocable forward chaining production 
system interpreter [111 including OPS5. The interpreter repeatedly executes the 
following cycle of operatIOns: 

• Alatch: For each rule, determine whether the LHS matches the current 
environment of W11 

• Scleel: Choose exactly one of the matching rules according to some 
predefined criterion. 

• Ael' Add to or delete from W1vl all assertions as specified by the RHS of 
the selected rule. 

22 ExecutIOn :\fodel of Parallel Firings 

A multiple processor system consists of a control processor (CP) and a large set 
of processing elements (PEs). Each PE has its own local memory, and can execute 
its own program \Ve do not assume a particular inter-processor communicatlOn 
mechanIsm. Thus, the approach detailed in this paper is applicable to both shared 
memory and non-shared memory multiple processor architectures. 

ProductIon rules are distributed between the CP and all PEs In our execution 
model of parallel firings, we do not assume that only one rule IS chosen in the 
Select phase. Rather, we propose to execute multiple rules simultaneously on 
multiple processors. Thus, in our model, production systems are required to be 
wntten Without any assumptions of particular selection algorithms. 3 However, there 

eXists the case that the result of parallel executIOn of rules IS differo:>nt irom the 
result.s of sequentIal executIOns in any order of applYing those rules. For example. 
suppose there are two rules whose task is to reserve an air plane ticket. If both 
rules are fired at the same time, there is the possibility of double booking two 
flights. In this case, we say that there exists inter tcrence between rules To avoid 
such an erroneous execution, rules are synchronized at each productIOn cycle as 
appropnate. 

3How~ver, this assumption does not imply tb&t we require commut&tive production systems [Ill. 
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For simplIcity, we a.5sume the same eXecution time for all productIOn rules, and 
call the UnIt of time a production cycle. One production cycle IS executed as 
follows. 

1. .\latch: Each processor (the CP and PEs) executes the ~fatch phase 
simultaneously Each PE reports matched rules to the CPo 

.j Selecl The CP chooses one of the matched rules for each PE, so that 
interference does not occur between any pair of PEs. 

3. Act Each PE executes the Act phase simultaneously. In shared memory 
architectures, the \V~1 is a.5sumed to be allocated in a single memory 
and accessed from all PEs. In non-shared memory architectures, the 
\\::"1 is assumed to be distributed in all PEs, and the changes of the 
\\"\1 are reported to the CP and then broadcast to all PEs. II there IS 

no PE which can execute a production rule In this production cycle, then 
the CP executes one of its matched rules. Otherwise, the rules in the 
CP are never fired. 

3 Synchronization between Production Rules 

31 Data Dependency Graph 

To analyze the Interference betwee:l production rules, we Introduce a data 

dependency graph of production rules, which is constructed from the followmg 
pnmltives 

• :\. production node (a P-node), which represents a production rule. 

• A working memory node (a W'node), which represents a group of 
working memory elements, called a class [71. 

• A directed edge from a P·node to a ~V·node, which represents the fact 
that the RHS of a production rule modifies (adds or deletes) a class of 
\V\1 elements. \Vhen a rule adds (deletes) \V11 elements of a class, the 
class IS called as '+ 'changed ('. 'changed), and the corresponding edge is 
labelled '+' ('. '). 

• :\. directed edge from a W·node to a P·node, which represents the fact 
that the LHS of a production rule refers to a class of working memory 
elements. When a class IS referenced by a positive (negative) condition 
element of a rule, the class is called as '+ 'referenced ('- 'referenced), and 
the corresponding edge is labelled '+' ('.). 

Fig. 2 shows an example of a data dependency graph, which represents the rule 
lllu5trated in Fig 1. 
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Fig. 2 An Example ot a Data Dependency Graph 

32 Synchronization Analysis 

This section details a method to analyze the interference (i. ~, the necessIty of 
synchronizatlOn) of two distinct rule firings based on a. data dependency analysIs. 
The [ollo\ving observations can be derived from a data dependency graph. 

• If all \V~f classes lying between rule A and rule Bare '+'changed 
('-'changed) by rule A and '+'referenced ('-'referenced) by rule S, then 
the [mng probability of rule B increases monotonically by executIng rule 
A. Thus, even if rule A is fired during the execution of rule B, 
interference never occurs 

• Conversely, if some \v:vf classes lying between rule A and rule B a:e 
'+'changed ('-'changed) by rule A and '-'referenced C+'referenced) by 
rule B. then the execution environment of rule B may be destroyed by 
the fIring of rule A. (See Fig. 3 (1)) 

• If rule A and rule B change the same \\"\f class, and If the class is 
'+'changed ('-'changed) by rule A and '-'changed ('+'changed) by rule B, 
t.hi"n the result of simultaneous finng may be different from the result of 
any sequential executions of rule A and rule B. (See Fig .. 3 (:2)) 

From the above observatIOns, we can say that synchronIzatIOn between rule A and 
rule B IS required, If there eXists a W~f class which satIsfIes any of the [oHoWlng 
condItions. 

l.+'changed ('-'changed) by rule A and '-'referenced ('+'referenced) by 
rule B 

.") '+'changed ('-'changed) by rule B and '-'referenced (+'referenced) by 
rule A 

;3 :+'cha!lged ('-'changed) by rule A and '-'chang~d ('+'changed) by rule 
B 



(p ruleA 
(class 1) 
--> 
(remove class2j~ 

(p ru le8 
(class2) 
--> 
(remove classl» 

(p ruleA 

--> 
(make classl) 
(:Dake class2» 

(p !"'.lle8 

--> 
(rer.love classl) 
(remove class2» 

6 

rUleS 

(1) 

-uleR rul2B 

(2) 

<'w'M elements> 
BEFORE FIRING 

(classl. class2) 
AFTER SEQUENTIAL EXECUT! ON 

(classl). ~hen ruleA is 
!1rst executed. 

(class2). ·.hen nle8 is 
!1rst executed. 

AFTER SIMULTANEOUS EXECUTION 
n11 

<',;M e 1 emen ts> 
BEFORE FIRING 

n11 
AFTER SE~UENT!AL EXECUTION 

nil •• hen ruleS 1s 
exacuted after ruleA. 

(classl. class2). 
· .. hen ruleA 1s 
executed atter r~le9. 

AFTE.:t SIMULTA.~OUS EXECUTION 
(classl. class2) or 
(classl) or 
(class2) or 
n11 

Fig. 3 An Exacple of Icterference bet~een T.o Rules 

The process of synchronization analysis produces a synchroni=ation set for each 
rule, which contains all rules to be synchronized with the rule In questIOn. Fig.-4 

shows an example of a synchronization analysis. 

(p ruleA 
(class2) 
--> 
(make classl» 

(p rUl eS 
-(classl) 

(class2) 
--> 
(make class4» 

(p ruleC 
(class3) 
--> 
(make class2» 

(p ruleD 
-(class5) 
--> 
(remove class2) 
(make class3» 

cla~~2 

(2) Data Dependency Graph 

ruleA: (rule8. ruleD) 
rule8: (ruleA. ruleD) 
rul eC: (ruleD) 
ruleD: (ruleA. rulea. ruleC) 

(1) Sample Rules (3) Synchronization Sets 
Fig. 4 An Example of Synchronization Analys1s 



33 Discussion of the Synchronization Analysis 

Limitations or Static Analysis 

The synchronization analysis algorithm IS based on static analysis technIques and 
thus h3.S certam limitatIOns. In several cases the analyzer erroneous.l reports the 
necessIty of synchronlZlng a set of rules although there is no need to synchronIze 
their finngs in practice . 

• ~il."f classes include multiple independent subclasses' For example, one 
can combine two classes, say class A and B, and create a new class, say 
class C, whose first attribute represents the onginal class names. If onl? 
rule refers to subclass A of class C m a positive condition I?lement, and 
the other rule deletes some data in subclass B of class C, then the 
analyzer concludes that two rules should be synchronized. :\10re accurate 
a:lalysls can be performed by mapping \V-nodes not to classes but to 
subclasses, if the mformation about subclasses IS provided to the analyzer. 

• Class names are represented by variables: In this case, the static 
analyzer cannot identify the class name which is actually refere:lced in 
the executIOn of a rule. To be on the safe side, the analyzer a.ssumes 
that all classes are possibly referenced. If the possibly referenced c1a5s 
names are glYl?n to the analyzer, more accurate results would be 
obtained. 

~lore accurate analysis provides a greater opportunity for parallel executIOn. 
Human help is necessary for the analyzer to produce the milllmum synchrOnIzatIOn 
sets. 

i"lan-machme cooperation is also helpful to develop productIOn systems which are 
suitable for parallel firings. In our evaluatIOn process reported in sectIOn 5, the 
performance of an existing production system was improved many times by aVOiding 
the mterference based upon results of the synchrollization analYSIS 

Comparison between Production Systems and Procedural Programs 

Several researchers have reported on approaches to parallehzing procedural 
programs based on data dependency analysis ((12,13]. for example) In a procedural 
language, conditions on parallel execution of two succeSSIve statements, say A and 
B, are: 

1 B does not reference the variables set by A, 

;) A does not reference the variables set by B, and 

.3. A and B do not set the same variables. 
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These conditIOns are stricter than the conditIOns for parallel firing of production 

rules, because assignment is considered as a sequence of deletIng and adding. The 
underlYing diiference between procedural programs and production systems is that 
rules independently add/delete W1vfEs to/from the \\"1f, while programs 
set/reference values to/from the same storage area under pre-speCified controls 
ThiS companson suggests that production systems structurally contain more 
pOSSibilities for parallel execution than procedural programs as reported in [14,151. 

4 :\1apping Production Rules on Multiple Processors 

41 An OverView of the Decomposition Problem 

We now discuss how to decompose and allocate productIOn systems on multiple 
processor systems First of all, production systems should be decomposed into two 
parts; i.e one for the CP and the other for PEs For example, rules with I/O 
operatIOns should be allocated on the CPo 

The rest of this section describes an algorithm for the decomposition of production 
rules, which should be allocated to PEs The aim of thiS decomposition IS to 
reduce the execution time by mapping rules to a set of distinct PEs in such a way 
so that multiple rules may be concurrently fired as often as possible. We represent 
the benefit of decomposition by the number of reduced production cycles. 

The decomposition problem has two fundamental difficulties First, the number of 
pOSSible decompositions is too large to take an exhaustive approach. Second, the 
optimal decomposition may change, when the usage of the productIon system 

changes. 

To overcome the above difficulties, we use the following strategies 

• \Ve defIne parallel executability between each pair of rules as the 
number of productIOn cycles which can be reduced by allocating the two 
rules In distinct PEs. 

• To reduce the complexity of the combinatorial problem, the 
decomposition is based on the para.llel executabllity of each paIr of rules. 
To obtain an efficient solution in an incremental manner, the most 
Influential rule paIr, which has the largest parallel executabtlity, IS first 
allocated. 

• We use sample execution traces to calculate the parallel executabtlity of 
each pair of rules. Thus, analyzing additional execution traces 
Incrementally approaches an optimal decomposition. Furthermore, tuning 
IS posslbie after the productIOn system starts to work. 
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4.2 Decomposition Algorithm 

Our algorithm, called the hierarchical decomposition algorithm, consists of two 

pha.::es. In the first phase, the algorithm produces a hierarchical data structure, 

called a rule tree. In the second phase, partitions for parallel processor systems are 

created from the rule tree. Precise procedures in each phase are described below. 

Phase!: Generating a. Rule Tree 

A token is defined as a trIple, (ruieA ruleB P{ruleA.,ruleB)), where rule A and 

rule B are production rules and P(ruleA,ruleB) is a parallel executability between 

rule A and rule B. \Ve assume all tokens for all pairs of rules are already 

calculated by uSing sample execution traces. (The actual number of tokens IS 

disc ussed later) 

The goal of thIS phase is to produce a rule tree In which each rule is associated 

With a distinct leaf node, and to maximize a sum of P( i, j) at each non-leaf node 

in all combinations of i and j, where i/j indicates a rule in a nght/left subtree of 

the non-leaf node. The tree initially consists of only one root node, which contains 

all rules. Tokens are input to the root node in descending order of P. Each node 

processes tokens as follows. 

• If both rules aTe contained in the node, move one of them to the root 
node of its left subtree, and the other to the root node of its nght 

. subtree. (If subtrees are null, create root nodes for those subtrees, and 
do the above operation) 

• If one of tu;o rules is contained in the root node and the other IS 

contained in its right (left) subtree, move the rule, which is contained In 
the node, to the root node of its left (right) subtree. (If the subtree IS 

null, create the root node for the subtree, and do the above operatIOn.) 

• If both rules are contained in its left (right) subtree, pass the token to 
the root node of its left (nght) subtree. 

• If one of two rules is contained in its right subtree and the other IS 

contained in its left subtree, ignore this token 

Phase2: Create Partitions for Parallel Processor Systems 

ThiS phase creates partitions of a production system for parallel processor systems 

from the rule tree. Because the rule pairs with a large pa;allel executability are 

decom posed in the early stage, partitions for a parallel processor system can be 

easily obtained by selecting a suitable layer of the rule tree. (The hierarchical rule 
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tree grows exponentially and thus is best mapped on to processors containing a 
number of PEs that IS a binary power.) An example of the decomposition process 
is sho"m in Fig. S. 

(A 0 10) 

(8 E 9) 

(e 0 8) 

(8 F 7) 

(8 e 6) 

(E F 5) 

0) Tokens (2) A Rule Tree 

IPE: (A BeD E F) 

2PE: (A 8 e) (0 E F) 

4PE: (A) (8 e) (D) (E F) 

aPE: (A) 0 (3) (e) (D) 0 eE) (F) 

(3) Partitions 
Fig. 5 An Example ot a Decomposition Process 

-1.3 DiSCUSSiOns on the Decomposition AlgorIthm 

The Number or Tokens 

The number of possible pairs of rules IS n(n-l}/2, when the number of rules IS n. 
Howe',er, in an actual em"lrOnment, the number of tokens is much smaller. The 
f'~;1.Son 15 that many pairs of rules wIll, In practice, never fire In parallel even 
though the production system' contains a substantial amount of parallelism. For 
example, dUrIng our evaluatlOn reported In section .5, only 17se of all possible pairs 
are processed as tokens. 

Heuristics on Ordering Tokens 

In the decomposition algOrIthm presented In section -12, tokens are processed in 
descending order. However, more heuristics for ordering tokens were applied dunng 
the evaluation reported lil sectlOn 5, because partltlOns derived from a descending 
order has the following disadvantages . 

• Sometimes, there eXIsts a big difference between the numbers of rules on 
the rIght and left subtrees. (For example, see Fig. 6 (1)) 

• Rule pairs are often allocated without conSiderIng the relationship with 
other rule pairs; 1 e, the conditlOn 'if both rules are contained in the 
node', IS often satisfied. (For example, see Fig. 6 (2).) 

A more sophisticated orderIng, called the linked order of tokens, has been 
Invented to avoid the above disadvantages In the hnked order, tokens are ordered 
so that rules are allocated to right and left subtrees one after the other. The 
hnked order is obtaIned by the follOWIng procedures. 



11 

(A 9 10) (A 8 10) 
A 8 

(A C 10) (C D 10) A 8 
C 

(A D 10) (A C 5) c D 
D 

(3 C 9) (8 D 5) 

(3 D 9) Sum of Parallel (A D 1) Su:n o! Parall e 1 
Execut.abili ties ue cu tab ill ti e s 

(C D 9) 30 (1:3 C 1) 22 

Tokens Part.ition Tokens Part.ition 

(1) Case 1 (2) Case 2 

Fig. 6 Deco~pos1tion 8ased on a Descend1ng Order 

• :\lake a list of tokens, in which tokens are listed in descending order 

• Pop a token from the list and register it as the first token of a linked 
order. Post both rules in the first token to a common table. 

• The nth token of a linked order is selected as follows 

o Check tokens in the list fr'Om the top to the end, and select the 
first token which contains a posted rule 

o If there IS a token which contains some posted rule, then 
remove the token from the list and register it as the nth 
token of the linked order. Find a rule In the nth token 
which is not posted. Clear the common table and post the 
found rule. 

o If there IS no token which contains any p05ted rule, then pop 
one token from the !ist and register It 3.S the nth token. 
Clear the common table and post both rules In the nth token 

Fig. 7 Illustrates the decompositIOn results obtained by uSing the linked order for 
the same problems appearing In Fig. 6. The sums of parallel executabdltlp.S In both 
CJ.5e are Improved by introducing the linked order. The h:.ked order is applted to 
all la.yers of a rule tree by stacking and linked-ordering all tokens which are passed 
from a par.:nt node. .Durlng the evaluatIOn reported In ::ectlon .) the linked-ordH 
decompOSition produced partitions which are about '20CC fJ..:ster than the ones 

obtained by the decomposition based on the descending order 

.5 Implementation and Evaluation Results 
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(A 8 10) (A 8 10) 

(3 c g) (8 D 5) 
A 8 A B 

(A C 10) (C D 10) 
C D D C 

(A D 10) (A C 5) 

(3 D g) Su:n of Parallel (A D 1) SU::l of Parallel 
Executabil1 ties Executabil1 ties 

(C D g) 38 (8 C 1) 30 

iokens Part.1 tion Tokens Partition 

(1) Case 1 (2) Case 2 
F1g. 7 Decompos1t1on Based on a L1nked Order 

5.1 Sim ulation Environment 

To evaluate the effectiveness of parallel 
simulation environment has been developed. 
consists of three major subsystems; I.e. 
Decomposer for Production Systems. 

execution of production systems, a 
The environment depicted in Fig 8 

an Analyzer. a Simulator, and a 

F1g. 8 A S1mulat10n Environment 

• The Analyz~r inputs production systems written In OPS5 It constructs 
a data dependency graph of a given production sFtem, analyzes the 
graph and outputs the synchronIzation sets. The synchronIzation analYSIS 
algorithm, which IS deSCrIbed in sectIOn ,3, IS used In the Analyzer 

• The Simulator simulates the parallel execution of production systems. It 
can Simulate any partition of production systems for parallel processor 
systems. and creates execution traces The synchronizatIOn sets. which IS 

the output of the Analyzer, are referenced dUrIng the simulation for 
the purpose of obtaining the parallel executabtllty bet\'.:een each pair of 
rules, special Simulations are periormed Those assume that each rule IS 

allocated on a distinct PE The r",sults are used by the Decomposer 
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• The Decomposer analyzes the executlOn traces, whIch are created by the 
Simulator, and measures the parallel executability (the number of parallel 
firings) between each pair of rules. The Decomposer creates partitions of 
production rules based on the hierarchical decomposItion algonth:n 
described in section 4 . 

. :; 2 EvaluatIOn Results 

A preliminary evaluation has been performed on the Manhattan ~fapper expert 
system [16]. which has been developed at Columbia to provide travel schedules in 
Manhattan. Production rules of the ~fanhattan Mapper consists of two groups, i.e. 
rules for man-machine interface and rules for planning. \Ve allocate the rules for 
man-machine interface to the CP and distribute the rules for planning (49 rules) to 
PEs. The following graph Illustrates the main results of the preliminary evaluation. 
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rig. 9 Evaluation Res~lts 

• Our 1:1ltIJ.! evaluation results on the original ~fanhattan ~fapper show 
only a 15% reduction in production cycles resulting from parallel 
executIon. and that up to 2 rules are fired in paralleL This result wa.s 
contrary to our expectations. After further InvestigatIOn of the onginal 
~Ianhattan ~lapper, we recognized the system had been made suitabl>? for 
sequential execution on Single processor systems; i. e, the execution order 
of rules are carefully pre-specified by embedded control information 

• To reveal the potential parallelism in the ~lanhatt3.n ~bpper, we then 
reconstructed the system by analyzing its data depend",ncy graph and by 
minimizing synchronizatlOn among rules :-Jew [I~sults show more than an 
85% reductlOn In productlOn cycl~s and up to 13 parallel [mngs wer8 
achieved on some cycles of executIon. Fig. 9 shows that a speed up by 
a factor of 7 S IS expected on .32 processor systems We stress that this 
number "hows only the effect of parallel firings. i.e. it does not 
includes the effects of parallel matchings, which may compress the 
production cycle itself Thus more speed up than described in Fig9 can 
be expected as the total effect of parallel execution. 
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• The evaluation is performed by gradually adding execution traces 
Evaluation results on the initial partition, obtained from one execution 
trace, and the final partition, obtained from several additional execution 
traces are shown in Fig. 9. Though the final partition cannot be 
guaranteed to be the optimal pa:"tition, we report that better partitions 
than the final one are difficult to obtain even by human efforts. This 
r.::sult shows not only that the effect of tunIng IS qUite large, but also 
that our Incremental approach is efficient enough to get a satisfiable 
partition. 

6 Conclusion 

\Ve proposed a new parallel execution model of production systems, the parallel 
firing mechanism, and discussed two major problems on the model, the 
synchronization problem and the decomposItion problem. \Ve also reported our 
siill ulation environment to evaluate the effectiveness of the model and obtained very 
promIsing results. 

Howeyer, further study is underway to clarify the effectiveness of the parallel 
execution of production systems. The difficulty of thIS evaluatIon IS that the true 
num ber cannot be obtaIned from a surface analysis of existing productIon systems . 
. -\s we showed in thIS paper, even if existIng productIOn systems seem not to 
contaIn much parallelism, it IS qUite pOSSIble to reconstruct these systems to be 
SUItable for parallel execution. Careful analysis of the original problem is necessary 
to determine the real effectiveness of parallel execution 

There remaIns the important research problem to find methods to mInImIZe the 
amount of Inter-processor communication on various kinds of architectures, and to 
fInd a SUItable archItecture for parallel finngs of production systems. Our initIal 
thinkIng on these problems for tree-structured machInes IS presented In [4] and [17] 

At Columbia UnIversity, a parallel tree-structured machine, called DADO [6]. is 
presently under constructIon to prOVIde a parallel proceSSIng enVIronment for 
productIon systems, logic programs and speech understanding tasks Our next step 
15 to Implement this approach combined WIth vanous parallel match algOrIthms In 
the actual DADO environment. 
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