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Abstract

Gains due to the parallel execution of Production Systems have been limited by the need
for global synchronization before each rule firing. This synchronization can be eliminated by
allowing concurrent firing of rules based on the serializability criterion for execution correct-
ness. With this enhancement however, the execution demands of the local Rete network within
each processor again resurfaces as the performance bottleneck. This paper presents a novel
organization that allows the use of multiple functional units to execute the Rete subnetwork
within each processor. This organization is reminiscent of current-generation superscalar archi-
tectures for numerical processing and indeed borrows some of their synchronizing mechanisms.
We present results from a detailed event-driven simulator to quantify the benefits of employing
multifunctional units, and show that using a modest number of processors, each containing a
small number of functional units, provides the most cost-effective solution for a wide variety
of production system benchmarks. A queueing theory based analytical model for predicting
the speedup obtained due to the addition of extra functional units in the Rete network, is also
developed. To our knowledge, this is the first such analytical model for parallel production

system architectures.
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1 Introduction

Production systems can encapsulate and execute a variety of rule based or knowledge based systems.
When they were first introduced, they were notoriously slow because of the tedious matching of the
rule conditions against the entire database required after every rule firing. An early breakthrough
in the efficient execution of production systems was made in 1979 by Forgy, who proposed a state
saving algorithm called Rete[15]. It was subsequently observed that the matching phase of the Rete
algorithm was still very time consuming and a serious bottleneck [17]. This led to a considerable
amount of research in the '80s to speed up the execution of production systems, largely by paral-
lelization of the matching step [4, 31]. Unfortunately, the gains observed were quite limited, as one
was restricted to the traditional match-select-act cycle in which the next production to be fired is
selected from among all fireable instantiations, according to a combination of recency and specificity

strategies [10].

In industry, production systems have been mostly compiled for execution on serial machines,
and increasingly using C or C++ and database languages rather than OPS5. Recently, some
products have appeared from Informix, Oracle, Sybase, Microsoft etc., that run on shared memory
multiprocessors and/or client-server systems and execute limited forms of production systems. This
paper is partly motivated by the renewed interest in parallel production systems due to the recent
availability of large (over 100,000 rules) learned production systems [13, 12], and complex querying
on large datasets used for example in data mining applications. The need for scalability and faster
execution times is resurfacing. Besides faster query matching as performed by database servers,
this need can be satisfied by changing the execution model to allow parallel firing of rules and thus

avoiding the sequential “match-select-act” cycles.

The notion of parallel rule firing was explored from the mid-80’s, with serializability as a new
criteria for correctness [22, 23, 36]. This criterion allows a departure from the match-select-act
cycle as it results in the elimination of global synchronization before the resolution of the conflict
set. In a production system without global synchronization, one can superpose activities in the
matching engine with the selection and firing of rules, potentially yielding a significant speed im-

provement in the parallel execution of production systems. Both Schmolze & Goel [36] and Ishida



et al. [23, 21] proposed parallel execution of rules on distributed memory machines. Rules were
partitioned among identical processors and copies of all working memory elements (WMEs) needed
for the rules assigned to a given processor were kept in its local memory. Unfortunately, to ensure
that the overall execution was serializable, a taxing send-wait protocol was needed, leading to sub-
stantial synchronization overheads [36]. Also, a detailed architectural specification and performance

evaluation was not made to quantify the advantages and costs of serializability.

Based on the observation that maintaining a consistent view of the overall Rete network’s state
is similar to keeping caches coherent in shared memory multiprocessors, we have recently proposed
a parallel architecture that efficiently executes production systems using a bus-based system with
snoopy mechanism [5]. It is seen that global writes are much fewer than reads in typical production
systems and thus a bus is not a bottleneck even in systems with tens of processors. Rather,
by leveraging technology commercially available and used for small multiprocessors, system-wide
synchronization and updates are performed in a few bus cycles. Thus the design is based on
ideas from both message-passing and shared memory systems. The architecture also effectively
uses small amounts of associative memory to speedup the search for dependencies, executable
productions, etc. An eight processor system typically provides a speedup of over a hundred (for
reasonably large production systems), as compared to a uniprocessor implementation of Rete with

global synchronization.

Interestingly, measurements on this new architecture show that once parallel rule firing is al-
lowed, the matching in the distributed Rete network again becomes the bottleneck. In this paper,
we explore the impact of parallel execution of the Rete (sub)-network within each processor by using
multiple functional units. As evidenced by recent superscalar processors being produced by almost
all leading microprocessor companies [20], it is quite feasible to have multiple functional units within
a single chip processor using current VLSI and packaging technology. If the multiple functional units
can be usefully employed most of the time and the overheads due to extra dependency checks are
not much, then superscalar architectures yield superior performance/cost ratios since the cost of
the other components are amortized among the functional units. Of course the economies of scale
enjoyed by commodity microprocessors (x86) may overwhelm such a special purpose design as they

have done for the vast majority of proposed computer architectures. However we are heartened by



the increasingly lowered costs and shorter turn-around times for special-purpose chips produced by

companies such as LSI Logic.

This paper addresses the key question of whether multiple (and identical) functional units can
be efficiently used for parallel execution of Rete-based production systems by (i) providing an
architectural specification that addresses the synchronization issues raised for correct execution, (ii)
performing detailed simulation studies, and (iii)developing an analytical model for predicting and
characterizing system behavior. Both measurements of performance obtained from a comprehensive
event-driven simulator and predictions from the queueing theory based analytical model, show that
a small number of functional units in the Rete network can provide considerable performance

improvements.

Sections 2 and 3 provide the needed background by describing the Rete Network, and the
base parallel architecture, i.e., one without multiple functional units. Section 4 presents a new
organization that permits the implementation of the Rete network with multiple functional units.
The synchronization mechanisms used in this organization, detailed in appendix A are somewhat
similar to the ones employed in superscalar and superpipelined architectures [25]. Section 5 presents
comprehensive performance measurements. Section 6 presents an analytical model to predict the

performance improvement expected when the number of functional units is increased.

2 The Rete Network

The Rete Network is a data-flow graph that encodes the antecedents of productions. It also captures
the state of a production system in execution by storing the partial matches for every rule. The
inputs to the Rete Network are changes to the working memory generated in the act phase of one
cycle which are then used to update the match lists. The outputs of the network are changes to the
conflict set used to choose a production to be fired in the next cycle. The following discussion of Rete

Networks is presented here after Gupta and Forgy [17, 18], Lee and Schor [32], and Miranker [34].

Figure 2 presents a Rete Network encoding the antecedents of two productions, P1 and P2.
The network is formed by four different kind of nodes: constant-test nodes, memory nodes, two-

input nodes and terminal nodes. In this paper, an information carrying unit that flows through
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Figure 1: Section of a Rete Network

or is stored at nodes of the Rete network is designated as a “token”. Therefore the changes to
the working memory arriving at the root network are tokens, the partial matchings stored at the
two-input nodes are tokens and the changes to the conflict set that arrive at the terminal nodes are

tokens.

The constant-test nodes appear in the first layer of the network. They store attributes that have
constants in the value field and perform intra-condition tests to determine if a working memory
element satisfies these constant fields of the condition element. In the original Rete Network, the
result of this test was stored in a local a-memory [18]. Some authors claim that the a-memories
can be eliminated because the constant test takes a negligible amount of time [32]. In this case the

one-input nodes are called a-nodes and are memoryless.

Two-input nodes, also called and-nodes, join-nodes, or -nodes, perform the matching between

distinct condition elements. A $-node has one memory associated with each input. A token arriving



in a #-node come either from another #-node or from an a-node. Whenever a new token arrives
in one of a node’s inputs, it is compared with all tokens present in the other side memory. Good
hashing techniques are necessary to speed up the matching in the #-nodes. Otherwise, it might be

necessary to process long lists of tokens [17].

Performance evaluation, modifications, and improvements of Rete are found in the works of
Gupta [17, 18], Lee & Schor [32], Stolfo [39], Kelly and Seviora [27, 28], Gaudiot and Sohn [16, 38],
and Barachini & Theuretzbacher [8]. Miranker proposed a useful modification to the traditional Rete
Network in which intermediate memory nodes are eliminated. This modified Rete is called Treat [34].
A study by Gupta [17] motivated extensive research on concurrent matching. Gaudiot and Sohn [16,
38] proposed a data-driven machine with parallel matching. They advocated the suitability of data-
flow machines for the processing of production systems. Kelly and Seviora [27, 28] proposed a
multiprocessor architecture that supports comparison level partitioning and consists of a matching
multiprocessor attached to a host computer. Rowe et al. [9, 35] developed METE/PIPER, an
extension of Rete to explore intra-production parallelism in match processing and conflict resolution.
Other noteworthy parallel implementations of Rete appear in [1, 19, 31, 37, 39, 40]. Note that none
of these works are based on parallel and serializable rule firing, which leads to qualitatively different

characteristics of Rete execution.

3 Base Architectural Model

This section summarizes the base architectural model in which each processor of the parallel machine
has a single functional unit. Detailed description of the model, along with proof of correctness and
performance evaluation, can be found in [2, 5, 7]*. For example, with 8 processors, this base model
is able to provide a speedup factor in the tens or hundreds (depending on the production system
benchmark) over a single processor that does not use associative memories or allow parallel rule

firing.

3The paper “A Concurrent architecture for serializable production systems” is currently under review for publi-
cation in the IEEFE transactions on Parallel and Distributed Processing. It can be download by anonymous ftp from

pegasus.ece.utexas.edu in /pub/papers/concurps_itpdp.ps.Z.



Our architectural model consists of a moderate number of identical processors interconnected
through a Broadcasting Interconnection Network, such as a bus. Each of the processors has the
internal organization shown in Figure 2. An I/O processor attached to the bus initially loads the
productions and the initial database in the processors. At compile time, each production is uniquely
assigned to a processor according to a partitioning algorithm that takes into consideration inter-
production dependencies and workload balance based on the firing frequency of each production
measured in previous runs of the same problem [3]. A processor reads data only from its local
memory, i.e., no read operations are performed over the network. Due to the absence of network
reads and the low frequency of network writes, a simple bus should be adequate as the broadcasting
system. This conclusion is supported by detailed experimental results showing the bus not to be a

bottleneck even for a twenty processor system.

A number of associative memories implement a system of lookaside tables to allow parallel
operations within each processor. This scheme does not allow parallel production firing within a
processor, but allows the match-select-act phases of a production system to overlap. A snooping
directory isolates the activities in remote processors from the activities in a local processor, and
interrupts a local operation only when pieces of data that affect the local processor are broadcast

over the network.

All tokens propagated over the bus consist of deletion, addition or modification of a WME.
Such operations might enable or disable a local production. Upon processing a token, the Fire-
able Instantiation Control (FIC) has to do the following: perform an associative search in the
Antecedents of Fireable Instantiation Memory to verify which previously enabled productions are
now disabled; remove such productions from the Fireable Instantiation Memory (FIM) along with
their antecedents; and place the incoming token in the input queue of the Rete network. Notice that
because the productions that are no longer fireable were removed from FIM, a partially informed

selection can proceed and select a new production to be fired among the ones that remained in

FIM.

This capability to fire a new production before the changes generated in the previous production

firing are fully propagated through the Rete network results in low overhead for token removing?,

*Low overhead in token removing is the most salient advantage of the Treat algorithm [34].
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and allows the maintenance of the f-memories of the original Rete algorithm [15]. This combination
of the advantages of Rete and Treat is made possible by the storage of negated conditions in the

representation of fireable instantiations stored in FIM.

The compiler classifies the productions as local or remote: a local production modifies only
WMEs that are exclusively stored in local memories; a remote production changes pieces of mem-
ory that are stored in other processors. Local productions are further classified into two categories
depending on whether a certain production can start firing at any time as long as its antecedents
are satisfied, or whether it needs to wait if a related production is being currently fired in a remote
processor. An execution model that guarantees non-serializable behavior with very little synchro-

nization, has been developed based on the above categorization of productions [7].

To select a production to fire, the Instantiation Firing Engine performs an associative search in
FIM to find the most recently enabled production. If the selected production is remote, the engine

places a request for ownership of the bus. Upon receiving bus ownership, the engine waits until



all outstanding tokens from previous broadcastings are processed by FIC. The engine accesses FIM
to verify whether the selected production is still fireable. If so, it proceeds to execute its actions,
propagating tokens that change shared WMEs in bus and sending tokens that modify only local
WDMEs to FIC and Rete.

The Snooping Directory is an associative memory that contains a list of all WME types that are
tested by antecedents of the productions assigned to the local processor. The Snooping Directory
“snoops” the bus and captures only tokens that modify WMEs relevant to the processor. If there is
a local production being executed, the token cannot be immediately processed. It is stored in the

Broadcasting Network Buffer, and is processed as soon as the local production processing finishes.

The Pending Matching Memory is necessary to store tokens that are in the Rete network.
Whenever a change to the conflict set? is generated in the Rete network, FIC performs an associative
search in the Pending Match Memory to verify if a later modification invalidates such change. This

mechanism prevents races between the Instantiation Firing Engine and Rete.

4 Rete Network with Multiple Functional Units

The architectural model presented in section 3 assumed that the matching was performed by a Rete
network with a single functional unit. A closer look at Production System execution on this model
reveals that the bottleneck is in the processing of tokens in the 3-nodes of the Rete network rather
than at the associative memories or in the communication bus. This motivates the use of a multiple
functional unit Rete network in the architecture presented in Figure 2. We now consider the use of
a single functional unit for a-node matching and one or more functional units to process tokens in

the (B-nodes.

The use of multiple 3-units adds complexity to the problem of synchronizing the matching of
tokens in the Rete network with the firing of productions in the Instantiation Firing Engine. To
ensure a correct operation of the multiple f-unit architecture, two synchronizing structures are

added: an In-Order Buffer and an Qutput Buffer. This section presents the organization for this

% “Conflict set” is the set of all productions enabled to be fired at any given time.



new Rete network scheme.

4.1 Multiple 5-Unit Rete Network

In the organization presented in Figure 3, the a-unit is responsible for processing tokens in a-nodes.
Each incoming token is sequentially tested against all a-nodes of the network. Whenever there is
a match with an a-node, the a-unit produces one copy of the token for each one of the -nodes
that are successors of the matching a-node. Before forwarding these new tokens to the [-units, the
a-unit attaches to each one the identity of one of the successor #-nodes. Therefore the processing
of a single token in the a-unit may result in the generation of many tokens to be inserted in the

external $-queue. Note that [-units also share an internal input queue for tokens generated by

(-nodes.

[-units

External

unit Output

Buffer |to Production

Firing Unit

Figure 3: Rete network with m (-Units

To reduce the average time that tokens spend in the Rete network, a token placed in the external
queue is processed only when the internal queue is empty. A free S-unit will take the first token from
the queue, read the memory locations corresponding to the #-node to which the token is destined,
execute all the (3-tests and then place the newly generated tokens at the end of the internal queue.
When a token destined for a P-node is produced by a -unit it is forwarded to the production firing

unit.

This study does not consider the use of multiple a-units. Therefore, the amount of speedup

in the Rete network, Sgee(m), according to Amdahl’s Law [20], is limited by the amount of time



spent in the non-parallelized portion of the algorithm.

_ Tw + T(1)
SRete(m) - Ta + Tﬁ(m),

(1)
where m is the number of (-units in the architecture, T, is the average amount of time spent in
« nodes, and Tj(m) is the average amount of time spent in 3 nodes when m identical -units are
used. Assuming that the processing time at the S-units is very short when a large number of units

is available, the maximum speedup that can be obtained with such an architecture is given by

. _ T5(1)
nlbl_r)%oSRete(m) =1+ T—a. (2)

4.2 Synchronization Issues

Because multiple tokens are simultaneously processed in the S-units, the order in which the results
appear at the output of these units needs careful consideration. The organization presented in
Figure 3 allows out-of-order execution of tokens in the [-units and might cause token deletions
to be processed before the corresponding additions. Synchronizing mechanisms are necessary to
ensure that out of order processing of tokens does not lead to wrong results. Simple solutions such
as allowing only tokens originated from a single external token to proceed to the [-units are too
conservative and might offset the advantages of a multiple S-unit organization. It is necessary to
create a synchronization mechanism that imposes minimum overhead and guarantee correct results

in every situation.

[(-units

External

Q In-Order

. Output
unit Buffer P

Buffer

Figure 4: Synchronizing Buffers in Rete network with m (-Units

The solution shown in Figure 4 uses an In-Order Buffer (I0B) and an Output Buffer (OB).

IOB prevents conflicting tokens from entering the [-unit queues simultaneously. OB detects when

10



a token is leaving the (-units and reports it to IOB. A detailed description of these two buffers is
given in Appendix A

5 Performance Measurements for Multiple (#-Unit

Rete Network

Performance evaluation can be accomplished through measurement, simulation, and analytic mod-
eling [26]. Measurement consists of observing actual values for specified parameters in an existing
system. Simulation consists in creating a model for the behavior of a system, writing a computer
program that reproduces this behavior, feeding the program with an appropriate sample of the
workload of the actual system, and computing selected parameters of interest. In analytic modeling
a mathematical model of the system is created and its solution provides the performance evalua-
tion. The problem with analytic modeling is that few detailed mathematical models can actually be
solved. The good news is that even simplified models often deliver remarkably good approximations
for performance estimates [26]. In this section we provide simulation results, and then develop an

analytical model in section 6.

5.1 Benchmarking

Bench. | # Prod | Ant./prod | Cons./prod | # WME types
life 40 6.1 1.3 5
hotel 80 4.1 2.0 62
patents 86 5.2 1.2 4
south 91 4.7 2.8 40
south?2 121 4.7 2.7 61
moun 211 4.7 2.8 88
moun?2 301 4.7 2.7 151
waltz2 10 2.7 8.0 7

Table 1: Static Measures for Benchmarks Used.

11



Like in numerical processors, the performance of a production system machine is highly dependent
on the production system program that it executes. Unfortunately, a well known weakness of pro-
duction system machine research is the lack of a comprehensive and broadly used set of benchmarks
for evaluation of performance. To evaluate the performance of the multiple functional unit Rete
Network, we used three benchmarks obtained from other researchers and developed a new bench-
mark in which the number of productions and the database size can be independently changed to
allow researchers to study various aspects of new architectures. This new benchmarking, called

Contemporaneous Traveling Salesperson Problem (CTSP), is presented in detail in [2] and [6].

Table 1 shows static measures — number of productions, number of distinct WME types, average
number of antecedents per production, average number of consequents per productions — for the
benchmarks used to estimate performance in the multiple functional unit Rete network. south and
south2 are CTSPs with four countries and ten cities per country; moun and moun2 are CTSPs with
ten countries and fifteen cities per country. Our solution to the constraint Confusion of Patents
Problem presented in [14, 24] is patents. Originally written by Steve Kuo at the University of
Southern California, hotel is a production system that models the operation of a hotel. It is a
relatively large and varied production system (80 productions, 65 WME types) with 17 non-exclusive
contexts. life is an implementation for Conway’s game of life, as constructed by Anurag Acharya.
After our modifications, 1ife has forty productions. Our version of the line labeling problem,
waltz2, was originally written by Toru Ishida (Columbia Univ.), and successively modified by Dan
Neiman (Univ. of Massachusetts), Anurag Acharya (Carnegie-Mellon Univ.) and José Amaral
(Univ. of Texas). It has two non-overlapping stages of execution, each one with four productions.

All these benchmarks are detailed in [2].

5.2 Simulation Results

To evaluate the speed improvement obtained from the combination of inter-production parallelism
and matching performed by a multiple functional unit Rete network, we developed a comprehensive
event-driven system level simulator that takes as an input an OPS5-like production system program,
and produces measurements of the time necessary to solve the problem specified by the program.

The OPS5 parser and the encoding of productions in an internal data structure was developed

12



# of Beta Units

Bench. | # Proc | 1 2 3 ) 7 8 10
1 1.00 | 1.98 | 2.88 | 4.64 | 6.32 | 6.93 | 8.44
2 1.54 | 3.02 | 450 | 7.30 | 9.78 | 10.62 | 13.09
patents 5 2.70 | 5.28 | 8.03 | 13.45 | 18.71 | 20.83 | 23.48
10 5.34 1 10.56 | 14.79 | 21.28 | 23.63 | 24.07 | 24.55
15 6.20 | 12.82 | 18.55 | 22.07 | 23.40 | 23.79 | 24.49
20 7.05 | 14.23 | 19.45 | 22.22 | 23.49 | 23.98 | 24.61
1.00 | 1.99 | 2.87 | 4.03 | 4.80 | 5.05 | 5.42
waltz2 2 1.73 | 3.17 | 4.05 | 5.07 | 5.61 | 5.78 | 6.03
5t 3.46 | 464 | 533 | 599 | 6.33 | 6.44 | 6.55
10 3.46 | 4.64 | 531 | 5.99 | 6.35 | 6.43 | 6.55
1 1.00 | 1.32 | 1.36 | 1.36 | 1.36 | 1.36 | 1.36
2 1.73 | 1.78 | 1.79 | 1.80 | 1.80 | 1.80 | 1.81
hotel 5t 3.70 | 3.77 | 3.75 | 3.77 | 3.79 | 3.79 | 3.79
10 5.87 1 6.96 | 6.64 | 6.96 | 6.76 | 6.90 | 6.83
15 .95 | 717 | 716 | 7.22 | 7.25 | 7.30 | 7.28
20 5.95 ] 9.15 | 895 | 9.00 | 8.82 | 9.08 | 8.87

Table 2: Speedups of a concurrent production system with multiple #-functional units.

by Anurag Acharya from Carnegie Mellon University. This simulator is also capable of providing
information about the time spent in each one of the subsystems and the size of the associative

memory necessary to implement the system.

Tables 2 and 3 present the speedups obtained by increasing the number of processors and the
number of f-units in the architecture of Figure 2. All measures presented represent architectures
with a separate unit for a-node processing. On the top of each column is the number of -units in
the architecture. These results clearly show the advantages of using multiple S-units. In general,
given limited resources, it is preferable to use fewer, more powerful processors than a larger number
of less powerful ones. For example, a two processor system with five #-units per processor performs

better than a five processor system with two (-units per processor.

There are few situations in which increasing the number of G-units or the number of processors

(or both) results in a reduction of speedup. This happens because: (1) the architecture utilizes
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# of Beta Units

Bench. | # Proc | 1 2 3 ) 7 8 10
1 1.00 | 1.97 | 2.89 | 4.63 | 6.00 | 6.80 | 7.99
2 1.70 | 3.26 | 4.76 | 7.25 | 9.20 | 10.24 | 11.65
south D 3.07 ] 6.06 | 9.94 | 11.88 | 15.91 | 16.05 | 18.38
10 3.41 ] 6.71 | 10.05 | 15.63 | 18.42 | 19.58 | 20.73
15 4.22 | 8.03 | 11.29 | 16.07 | 18.77 | 20.54 | 21.21
20 4.38 | 8.50 | 10.32 | 15.12 | 20.80 | 21.60 | 22.27
1.00 | 1.96 | 2.86 | 4.34 | 5.62 | 6.20 | 7.12
1.75 | 3.43 | 484 | 6.69 | 8.08 | 8.66 | 9.94
south?2 5t 3.06 | 5.59 | 7.73 | 10.85| 12.70 | 13.03 | 13.75
10 4.21 | 7.60 | 10.22 | 12.87 | 14.75 | 15.06 | 15.03
15 4.45 | 833 | 11.07 | 14.94 | 17.12 | 16.49 | 18.05
20 4.58 | 8.44 | 11.48 | 15.27 | 17.14 | 17.43 | 17.93
1.00 | 1.94 | 2.81 | 4.40 | 5.82 | 6.44 | 7.58
2 1.85 | 3.41 | 497 | 7.31 | 9.11 | 9.87 | 10.90
moun?2 5t 3.43 ] 6.53 | 8.93 | 12.67 | 15.03 | 15.88 | 16.29
10 5.02 | 9.13 | 12.30 | 16.42 | 19.13 | 19.89 | 20.23
20 7.24 1 12.98 | 18.18 | 25.84 | 30.43 | 32.09 | 33.91

Table 3: Speedups of a concurrent Production System with multiple G-functional units.

a partially informed selection mechanism that might result in the firing of extra productions; (2)
for a given configuration in an specific benchmark, the firing engine might select productions and
wait for the possession of the bus just to find out that the selected production is no longer fireable
and needs to be aborted. Therefore, Tables 2 and 3 should be examined for the trends with the

increasing of the number of processors and (-units, and not for any specific value.

The higher speedup delivered by a multiple functional unit Rete network confirms some early
observations in production system research that the matching phase of the execution constitutes a
bottleneck. However, for some benchmarks, the improvement obtained by a faster Rete network

saturates with a rather small number of functional units, evidencing the need for multiple processors.
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6 Analytical Model for Multiple $-Unit Rete Network

Analytical modeling is a powerful and underused tool in the study of production system machine
performance. Yukawa et al. [43, 29] construct an analytic model for the performance of Rete network
based on basic notions of probability, utilizing a “back of the envelope” method similar to the one
largely employed by Cragon [11] for the analysis of superpipelined and superscalar processors. Wang
et al. [41] constructed an analytical model to measure performance of parallel-rule firing production

systems based on a transaction model.

In this research we use what Kant [26] describes as an “hybrid modeling” method. We developed
an event-driven simulator to obtain the parameters necessary to evaluate the performance of the
Rete network with multiple S-units described in section 4. Here, we construct an analytic model
for the processing of tokens in the Rete network which uses some of these parameters. This model
allows the estimation of the improvement in the speed of the Rete network when m [-units are

used.

For clarity, we first present a single S-unit system, introducing the generating function technique
that is used to solve the analytic model [42, 30, 26]. In section 6.5 we develop a model for a system

with m servers, and verify that it reduces to the single server model when m = 1.

6.1 Single 3-Unit Architecture

Consider an organization with a single -unit and a single a-unit. A number of simplifications are
necessary to construct the analytical model for the Rete network with multiple functional units.
Delays due to the synchronizing In-Order Buffer are not considered in the analytical model. Also
we consider an organization with a single queue for both external and internal tokens. Figure 5

shows the single (-unit organization considered for the analytical model.

Whenever a token matches an a-node while being processed in the a-unit, a number of tokens
are produced to be delivered to the 8-FIFO. This group of tokens is called a bulk. The probability
that a bulk has j tokens is measured by h;. The model does not consider empty bulks, i.e., an

arrival occurs when at least one token arrives in the 3-FIFO. Therefore hy = 0.
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Figure 5: Single 3-Unit System

Whenever free, the S-unit will take the first token from the queue, read the memory locations
corresponding to the #-node to which the token is destined, execute all the (-tests and then place
the newly generated tokens at the end of the S-FIFO. If the processing of a token in a given -node
produces a new tokens, and that #-node has b -node successors, we consider that ab new tokens
were generated and placed at the end of the queue. The probability that i new tokens are generated
when a token is processed in a (-node is given by ¢;. Also, any new instantiation at a terminal

node is sent to the production firing unit that will select one (or more) production to be fired.

For the construction of the analytical model, we consider that there is a “waiting station” at
the f-unit output that allows it to hold all the tokens generated until the end of the execution of
the current token, and then adds all of them at once to the queue. Although this assumption may

not reflect the actual behavior of a physical machine®, it simplifies the analytical model.

6.2 Multiple 5-Unit Architecture

The organization considered for the construction of an analytical model for the Rete network with
multiple $-units is shown in Figure 6. The only difference with the single F-unit architecture is the

number of F-units used to process tokens in F-nodes.

6.3 Simplifications for Analytic Modeling

In this model, the arrival of a bulk of tokens in the #-queue from an a-node is called an external

arrival. The arrival of a group of tokens from the waiting station into the 3-FIFO is an internal

In an actual machine the 3-unit would place tokens in the queue as they are produced.
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Figure 6: System with m [-Units

arrival. The moment at which a -unit finishes processing a token and places all the newly generated
tokens (if any) in the S-FIFO is called departure. To develop the queueing theory model, we make

the following assumptions:

The B-FIFO has infinite capacity.

The overhead of placing tokens in the S-FIFO is zero.

The external arrival of tokens is a Poisson process.

The processing time for tokens in the $-nodes follows a Poisson process.

The main problem with the above assumptions is that events that occur in the machine are not
independent of each other. In fact they not only depend on the specific production system being
executed, but also change as the execution of it proceeds. However, the simplified model obtained
still produces a good estimate for the amount of time that a token spends in the system, and thus
for the reduction in the average time spent by a token in an m [(-unit system compared with a

single (-unit system.

6.4 Single §-Unit Model

The infinite Markov chain that represents the single G-unit system is presented as a state-transition-
rate diagram in Figure 7. The circles represent states and the arcs represent state transitions. The

value associated with each arc indicates the transition rate. In this representation, the system is
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Figure 7: State Diagram for a Single $-Unit System

We are interested in the steady state behavior of the system. At steady state, the input flow

18



must equal the output flow in each state. Therefore, we can write difference equations for the

system.
00 k—1 k
(As + g D ) Pk = 1 9oPes1 + A D Dilu—j + 15> Di Gr—it1s (3)

where py is the probability of k£ tokens being in the system, including the token being processed.

By definition, the sum of all probabilities ¢; is equal to unity. Using
Yoo gi = 1, equation 3 can be written as follows:
k-1 k
(As + 1) Pk = B GoPrir + Xg D Djhe—y + 1D DiGkit1- (4)
5=0 i=1

Examining the transitions into and out of state 0, we can write the boundary equation 5.

g Y _hipy = pggom (5)
=0

But the sum of all probabilities A; is also equal to unity. Therefore the boundary equation can

be simplified to equation 6
AsPo = g 9o P1 (6)

From equations 4 and 6, using Z-transforms we obtain the generating function for the system
with a single f-unit [2]:

Lm0 - ) - GE)
P = 530 - 70 + ml - GG @)

where P(z), G(z), H(z), and p; are defined as

P(z) = kio i 2, (8)

6 = 3 0 ()

H(z) = g% hy, 2" (10)

n= i = nieg )
G = limGW(z) = %igi (12)

H = lig%H(l)(z) = iﬂzh (13)
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GW(z) and HM(2) are the first derivative of G(z) and H(z) with respect to 2.

The utilization factor py is a ratio between the external arrival rate A3 and the S-unit processing
rate fi3; po represents the utilization rate in an M/M/1 system, i.e., a system with no bulk external
arrivals and where new tokens are not generated at the [-units. The value p; is the utilization
rate of a single #-unit system with bulk arrivals and “feedback”, i.e., a system in which the S-units
generate new tokens. This rate must be positive, therefore the first moment of g;, G must be less

than one. Also, for stability, we must have p; < 1 what implies that

— < i (14)

. From the definition in equation 8 it follows that

‘ W e 00 bl oo -
lim PV (z) = ngr%g::lkpkz = §kpk = N(1), (15)

z—1

where P()(z) represents the first derivative of P(z) with respect to z, and N(1) is the average

number of tokens in the single 3-unit system including the token currently being processed.

For g; we verify that

o0

llLI%G Z:O (1—1)g; 2 ;z (1—1)g
Zi2gi —Zigi =G? - G, (16)
i=1 i=1

where G(®(2) is the second derivative of G(z) with respect to z, and G2 is called the second moment
of G(z). This indicates that the limit as z goes to 1 of the second derivative of G(z) is equal the

difference between the second and the first moments of G(z).

In a similar fashion, we can establish that

lim H?(z) = H? — H. (17)

z—1

Calculating the derivative of expression 7, taking the limit as z goes to 1, and using the re-
sults 12, 13, 15, 16, and 17, we obtain the following expression for N(1) in terms of the moments

of G(z) and H(z) [2].
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~ P (H2 + H)

N(1) = (-G)

2(1—p) H TG (18)

Since the values that appear on the right hand side of equation 18 can be measured in the
simulator developed, we can use this equation to estimate the average number of tokens in the
single B-unit Rete network. We use Little’s result to obtain the average time that a token spends

in the system [33, 30].

_ N1)(1-G)

T(1) = =T (19)

where T(1) represents the average total time that a token spends in a single $-unit system, including
the time the token is waiting in the queue and the processing time. Observe that we have to consider
the total arrival rate in the S-FIFO, i.e., external tokens originated in the a-nodes as well as tokens
generated in the f-nodes. In equation 19, the external arrival rate is A\g H and the arrival rate due

to generation of tokens in S-units is (1 — G)~'.

6.5 Multiple 3-Unit Model

In this section we are interested in estimating the average time that a token spends in the m (-units

organization shown in Figure 6.

Figure 8 presents the state-transition-rate diagram for the system with m [-units. The main
difference from the single [S-unit model is that the transition rate out of states 1 through m—1
due to the processing of tokens in [-units is proportional to the number of tokens in the system.
This occurs because if ¢ < m tokens are present, all tokens are being processed, and m—1: (-units
are idle. Therefore, the processing rate is proportional to the number of tokens in the system. If,
however, 7 >m tokens are present in the system, m tokens are being processed and j—m tokens are
waiting in the queue; therefore, the processing rate is proportional to the number of S-units. Every
state (except for state 0) has a self transition. If i <m, the self transition rate for state i is i jug g;.

Otherwise the self transition rate is m s g;.
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Figure 8: State Diagram for System with m (3-Units

The m—1 boundary conditions of this system are expressed by equation 20. The flow conservation

equation for state £ > m is given by equation 21.

For kK < m:
k—1
As + kpg)pe = (b + 1) pggoprn + As D pihy +
=0
k
148> i Di Ghit1- (20)
i=1
For k > m:
k—1
(\s + mpus) pe = mpsgoprar + Ag O prh +
1=0
m—1
1g Y D Geoiv1 +
i—1
k
1B D MDj Ge—ji- (21)
j=m

To compute the generating function P(z), we have to sum equation 20 from 0 to m—1, and sum

equation 21 from m to infinity, and then combine both results and simplify [2]. This results in

=G TR Rt
PO = 2= HE] + mum - G
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Computing the limit of P(z) as z goes to 1, and making the result equal to 1 (series sum
property), we obtain relation 23. Equation 20 provides m equations and m + 1 unknowns. The
relation expressed in 23 is the last equation we need to solve this linear system and obtain the

values for the boundary probabilities pg, p1, ..., Pm-

m—1

I;(m—k)pk = m(l—pn) (23)

P (24)

To guarantee stability, the utilization factor p,, for the system with m B-units must be less than

unity. Therefore the distributions of g; and h; must have the following property:

12V
= < .
1-G  mug

(25)

The average number of tokens in the system with m [-units, including the tokens that are
currently being processed, is obtained by computing the limit of the first derivative of P(z) as z

goes to 1 [2].

o . _ Pm (H*+H) (G*-G) Yo k(m — k) py
Nm =sa— '@ T i |t T mi—pm

(26)

Note that expression 26 is identical to expression 18 when m = 1, as expected. The first and
second moments of G(z) and H(z) are obtained from measures of g; and h; in the simulator. The

boundary probabilities are obtained by solving the system of linear equations mentioned previously.

6.6 Rete Processing Improvement

Using Little’s result, the ratio between the average time spent in the single 3-unit system and the
average time spent in the system with m [-units can be obtained from the average number of tokens

in each one of these systems. We define the improvement in system time according to equation 27.

I(m) = = = (27)



assuming that the effective arrival rate of the system does not change with the number of S-units.
I;(m) indicates how much faster a token goes through the S-node portion of the Rete network when

m [-units are used instead of one.

We purposely avoid calling this performance improvement speedup because of the loaded mean-
ing of that word. Speedup is a system level concept that is applied to different settings, e.g.
fixed-time speedup, fixed-load speedup, memory-bound speedup, etc [20]. Also, except for very
rare cases, the speedup of a computer system is always a sublinear function of the number of pro-
cessors in the system. In our system, because of the nature of the incoming flow of tokens, the
amount of improvement in the time spent in the G-network can be superlinear. This happens be-
cause the existence of occasional bursts of traffic in the incoming flow of tokens can cause tokens to
spend considerable amount of time waiting in the f-unit input queue. Of course, if the incoming
flow of token were to be steady, the improvement in the time spent in the system would be at most

linear.

6.7 Analytical Model Predictions

The analytical model presented in this paper assumes a steady state in the flow of tokens through
the Rete network. An approximation of such a situation is only encountered in fairly large produc-
tion system programs. We present measurements for the benchmark moun2, which is the largest
benchmark presented in Section 5. Table 4 presents measurements for the first and second moment
of g; and hj, for the service rate pz and the average number of tokens in the single f-node system

N(1) as measured in an event driven simulator.

#Proc| G | G2 | H | H? s N(1)

1 0.78 | 3.35 | 5.45 | 40.22 | 0.00096 | 644.8
2 0.80 | 3.10 | 2.89 | 11.58 | 0.00093 | 244.4
4 0.79 | 4.17 | 2.15 | 6.15 | 0.00096 | 160.2
6 0.80 | 4.20 | 1.59 | 3.51 | 0.00094 | 89.6
10 0.80 | 5.06 | 1.41 | 2.48 | 0.00102 | 47.8

Table 4: Parameter Measurements for moun2.
In the architecture presented in section 3, the production set is divided among the processors in
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the machine. Therefore, a machine with a larger number of processors has smaller Rete networks
in each processor. Moreover, the amount of tokens processed in each Rete network is smaller. Note
that the first and second moments of g; do not change significantly when the Rete network is divided
into a larger number of networks, but rather seems to be a characteristic of the benchmark program.
On the other hand, the moments of h; do change substantially when each processor has smaller
Rete networks because in such networks each a-node has fewer successors. The value of p4 is also
independent of the size of the Rete network. The measures presented in Table 4 were obtained

by forcing the simulator to implement a single 3-FIFO to replicate the simplification used in the

analytical model.
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Figure 9: Average Number of Tokens in the System versus Ag for moun2 in a Single Processor

Architecture

Figure 9 shows the variation in the average number of tokens in the system with the value of
the arrival rate Az for Rete network of moun2, in a single processor architecture with one up to ten
[B-units. Notice that there is a dramatic increase in the number of tokens in the system when the
utilization rate tends to one. For systems operating close to such an asymptote, the addition of a

single B-unit can improve the performance significantly. This improvement is due to the reduction

in the amount of time spent waiting in the queues.
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A difficulty in the utilization of this analytical model to estimate performance improvements is
the correct estimation of arrival rate A\g. We can obtain the arrival rate for a single S-unit system
from direct measurement in the simulator. However, this rate does not remains constant when the
number of S-units is increased. The Instantiation Firing Engine works as an outer loop that receives
new instantiations from the output of the Rete network and generates new actions that are placed
in the Rete network input. A Rete network with a larger number of F-units produces changes to

the conflict set at a faster pace resulting in a higher arrival rate.
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Figure 10: Prediction of the Rete network speed improvement for moun2.

The simulator developed has the capacity to simulate multiple S-unit Rete networks. Therefore,
we can measure the amount of change in the arrival rate Ag when the number of S-units is increased.
Using the measured Ag values, we obtain the speedup curves shown in Figure 10. Future research
with experimental measurements of a larger set of benchmarks might determine a general rule to

estimate the variation of the arrival rate with the number of (-units.

Figure 11 presents the actual speed improvement obtained from measures in the simulator when
multiple #-units are used in the architecture. Notice that these curves only show the speed improve-

ment obtained due to the addition of multiple 3-units after the partition of the productions among
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Speed Improvement

Figure 11: Actual system level speed improvement due to increased number of G-units for moun2.

multiple processors. As the graphic shows, when fewer processors are used in the architecture the
Rete network is heavy loaded and thus multiple functional units produce more speed improvement.
The base of comparison for each curve in Figure 11 is an architecture with the same number of
processors and a single $-unit as base of comparison. Because Figure 10 plots the predicted speed
improvement only in the Rete network while Figure 11 plots the actual speed improvement for the
whole machine, the absolute values are quite different. However, comparing the plots of Figures 10
and 11 we verify that the analytical model was successful in anticipating the trend of these curves. A
computer architect could estimate the number of S-units to use in a design only from the analytical

model predictions.

7 Concluding Remarks

Recent growth in expert databases, large rule bases, intelligent transaction processing and data
mining applications have led to a renewed demand for executing large production systems in (near)

real time. This paper is an initial step in addressing this need by providing an innovative organiza-
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tion that allows for considerable speed gains in the implementation of Rete networks. The multiple
functional unit Rete matching engine adapts superscalar processor design concepts for fast and

correct execution of production systems.

The proposed matching engine was used in a parallel architecture that produces correct results
according to the serializability criterion. This architecture eliminates global synchronization in every
match-select-act cycle and takes advantage of a number of characteristics of production systems:
the high ratio between reading and writing operations that allows the use of a simple bus as a
communication network; the intensive need for searching that makes the use of associative memories
effective; and the possibility of using a first solution matching algorithm that allows concurrency

between matching and selecting.

The analytical model for the multiple functional unit Rete network addresses a shortcoming in
the study of production system architectures: the rare use ” of analytical modeling for performance
evaluation. While, as expected, the model is not as accurate as those developed for more determin-
istic systems, it is a surprisingly effective and inexpensive tool for predicting system performance,
trends, and for identifying where the bottlenecks are. In particular, it reveals that considerable
amount of time is spent waiting in the queues of a standard implementation of a Rete Network.
Thus a small number of functional units is sufficient to deliver considerable speed improvement in
the match engine of a Production System machine. It also indicates that an appropriate config-
uration for the target application domain is formed by a moderate number of functional units in
the Rete network and a modest number of processors. This reflects on the amount of parallelism

available at two levels of granularity, for the production systems examined in this paper.

"To our knowledge, Yukawa et al. [43] made the only other attempt to use analytical modeling to estimate

performace of the Rete Network
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A Organization and Functioning of the Synchronizing Buffers

A.1 In-Order Buffer

Before the functioning of the IOB is described, some definitions and formalism are required. By
convention, the children of a Rete network node are labeled as “left” and “right” children. All
a-nodes are left children of the root node. The root node is the only parent of the a-nodes. Each -
node is associated with an antecedent of a production. A sign associated with the #-node indicates
whether this antecedent is negated®. We will notate the sign of the 7** S-node with S(3;). A S-node
has two inputs (or parents). The left parent of a -node is always the a-node that performs the «
testing in the antecedent associated with the $-node. If the antecedent associated with a node ;

is negated, S(3;) = —1, otherwise S(f;) = +1.

The right parent of a f-node might be another -node or an a-node. If it is an a-node, it must
be the first antecedent of a production and therefore cannot be negated. If the right parent is a
(B-node, it is the result of a join operation of at least two independent antecedents of a production

and cannot be negated either.

Two tokens are conflicting if one of them enables and the other disables the same production.
Conflicting tokens can be identified locally at each 3-node by the type of action specified by the
tokens (addition or deletion of a WME) and the sign of the f-node to which they are destined.

The terminal nodes, also known as P-nodes store changes to the conflict set, These changes
consist of addition or deletion of instantiation. Each production R, has a corresponding P-node in
the Rete network. A production that has a single antecedent has no need for join operations and

no (-nodes. In this case the left son of an a-node is a P-node.

We say that a (-node [3; belongs to a production R,, notated by 3; € R, if there is a line of
successors (or a path of f-nodes) in the Rete network that connects f3; to the P-node of R,. In other

words, if any token produced by ; can eventually lead to the addition or removal of an instantiation

8 A negated antecedent of a production tests for the absence of an specified WME in the working memory, while
a non-negated antecedent tests for the presence of the specified WME. An instantiation of a production is created
when all the non-negated antecedents are satisfied and there are no WMEs in the database that matches any of the

negated antecedents.
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of R,, then §; € R,. Notice that parts of the Rete network might be shared among productions,

resulting in #-nodes that belong to more than one production.

The purpose of the In-Order Buffer is to prevent two conflicting tokens from proceeding to the
[B-units while allowing non-conflicting tokens to be processed without delay. At compile time, an
analysis of the Rete network is performed by transversing the network from the a-nodes to the
P-nodes following the left son links. This results in the construction of a two dimensional array
with information about the relationship among the $-nodes. For each processor Py, this array has
two bits in each position and stores the function C : B x B — {0,+1, —1}, where B is the set of all

(-nodes in the Rete network.

0 ifﬂRaePk/ﬁiERaandﬂjERa
C(ﬂl,ﬁ]) = +1 ifdR, € Pk/ﬁz € R, and ﬂj € R, and S(ﬂl) S(ﬁ])
-1 ifdR, € Pk/ﬁz € R, and ﬂj € R, and S(ﬂl) 7£ S(ﬁ])

The array formed with the values of C(f;, 5;) is used to identify pairs of tokens that enable and
disable the same production. The function of IOB is to prevent such tokens from being executed

concurrently in the -units. Observe that by definition C(f;, ;) = +1 for any node (;.

Tokens arriving at the Rete network are classified according to the action that they produce
in the specified working memory element: add, delete, or modify. Because a modify token is pre-
processed in the a-unit producing an add and a delete token, these are the only types of actions
to be processed in (-nodes. We define the function A : T — {41, —1}, where T is the set of all

possible tokens to be processed in any (-node.

A(T) =

—1 if T; is a delete token
+1 if T; is an add token

After the processing in the a-nodes, a token is identified by a pair (7}, 3;) that contains the
token identification 7; and the identification of the $-node that will process the token. The decision
of whether two tokens are conflicting takes into account both values. Suppose that a token (77}, 5;)
is already in IOB when a second token (77}, 3;) arrives. The IOB decision to hold the second token
until the processing of the first one is completed or to forward the new token immediately is based

on the function Conflict(i, 7).
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Conflict(i, j) = A(T;) A(Ty) C(6:, 8;) + @i (28)

where
—2 if i = j and S(f;) = —1 and the right parent of f3; is

Yij = the first antecedent of a production

0 otherwise

If Conflict(i, j) is positive or equal to zero, there is no conflict between the two tokens and the
second token to arrive in IOB can proceed to the external queue even if the processing of the first
one has not been completed. Observe that if the tokens are destined to -nodes that are not part
of the same production, the value of Conflict(i,j) is zero, independent of the types of action in
the tokens. Two tokens destined to the same (-node are conflicting if their actions are different.
A special situation occurs when the first f-node representing a production is negated. In this case
both tokens with the same sign and tokens with opposite signs destined to that S-node might be
conflicting”. When this situation occurs, ¢;; assumes value —2 and forces the value of Con flict(i, 7)
to be negative independent of A(T;) and A(T;). For simplification of hardware, ¢;; can be stored

as a forth value of C'(B;, B;), requiring no extra storage space.

Presence T; Bi A(T;) has_conflict conflicts_with

Figure 12: Organization of In-Order Buffer (I0OB)

The In-Order Buffer is an associative memory with the organization shown in Figure 12. It
works as a queue with some additional decision logic. When a token arrives in the buffer, a single
associative search identifies whether there is another token already in the buffer with which the

new token conflicts. If no conflicting tokens are found in the buffer, the token is placed at the end

9To avoid this situation, some production system implementation do not allow the first antecedent of a production

to be negated.
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of the buffer with NULL value in its conflicts_with field. Simultaneously, the token is placed in the
external queue to be processed by the B-units. If more than one conflicting token is found, lets
assume that the one closer to the end of the buffer is stored in position k£ of the buffer. The newly
arrived token is stored in the end of the buffer with the value k stored in its conflicts_with field. The
single bit field has_conflict of the position k of the buffer is set to 1 indicating that the completion of
the processing of the token in this position is been awaited by another token. Because there are no

tokens waiting for the completion of the newly arrived token, its has_conflict field is initially reset.

IOB_Arrival(T;, (3;,tail)

1 10B(tail).T; « T,

2 10B(tail).f; ¢ G

3 IOB(tail).presence < 1

4 k< max;{j / (T}, ;) € IOB and Conflict(k,j) < 0}
5 ifk=-1

6 then [OB(tail).conflicts_with < NULL
7 forward (7}, 5;) to (-units

8 else T0B(tail).conflict_with < k

9 IOB(k).has_conflict < 1

10 IOB(tail).has_conflict <— 0

In the algorithm that represents the sequence of steps for the arrival of a token in [OB, the argu-
ment tail is the first empty position at the end of the buffer, T} is a unique id for the token arriving,
and (; is a unique id for the -node that will process this token. IOB(tail).7" and IOB(tail).s;
represent the 7T; and the §; fields of the first empty position at the end of the buffer, respectively.

Step 4 is the associative search for possible conflicting tokens already in the buffer.

The processing of a token that is recorded in IOB is completed when the token and all its
successors have been processed. This completion is signaled by the Output Buffer. When a token
has been completely processed, if its has_conflict field is reset, the token is removed from IOB just by
reseting the presence field. If the has_conflict field is set, an associative search in the conflicts_with

field of the buffer identifies all tokens that were waiting for this completion. Suppose that one of
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these tokens is found at position p of the buffer. The token at p might still conflict with some
other token that arrived before the token now completed, but that has not been processed yet.
Therefore, it is necessary to perform another associative search in the buffer to identify whether
any other token ahead of p conflicts with p. If one such token is found at position ¢, the value of the
conflicts_with field of p is changed to ¢, the field has_confiict of p is set, and the token in p remains
waiting. If the token in p does not conflict with any other token ahead of itself, its conflicts_with

field is set to NULL and the token is placed in the external queue.

Observe that the value stored in the field conflicts_with of a token that has many conflicting
tokens in the IOB is always the one closest to the end of the buffer. It is likely that all other
conflicting tokens will have left when this token leaves. Therefore the second search for further
conflicting tokens will find none in most of the cases. Also, the presence of the single bit field
has_conflict in the IOB prevents the execution of an associative search for tokens that do not have

any conflicting token waiting for them.

IOB_Departure(T;, ;)
k <« position of (7}, 3;) in IOB
if IOB(k).has_conflict = 1
then foreach p € {r / 10B(r).conflicts_with = k}
do ¢ «+ max;{j / (T}, 0,) € IOB and

= W NN =

Conflict(p,j) <0 and j < ¢}
ifg=-1
then 10B(p).conflicts_with < NULL
forward (7, ,) to (B-units
else 10B(q).has_conflict < 1

© oo N O O

IOB(p).conflicts_with < q

In the algorithmic presentation of the procedure for departure from IOB, steps 1, 3, and 4
involve associative searches. The relationship j < ¢ indicates that the token at position j precedes

the token at position ¢ in the buffer.
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A.2 Output Buffer

The Output Buffer has the function of identifying the departure of a token from the system and
signaling this departure to the IOB. Tokens processed in the Rete network are called “a-tokens”
or “f-tokens”. An a-token is a token that arrived at the a-unit. The processing of an a-token
might produce a number of 3-tokens to be placed in the external queue. Once a token arrives at
the Rete network, it is assigned a unique tag. Every token generated internally also receives a
unique identification. Whenever a 3 token is generated from an a-token, its tag is placed in the

output-buffer.

B_tag Counter Presence

Figure 13: Organization of Output Buffer (OB)

The execution of a S-token might produce further tokens. We call these tokens generated at the
[B-units internal tokens. For all practical purposes there is no distinction between a [(-token and
an internal token other than that the former is produced in an a-unit while the later is produced
in a B-unit. The identification of a 3-token is carried along by all its successors. Whenever a new
internal token is produced, the counter corresponding to its original #-token is incremented in the
OB. When an internal token is processed, this counter is decremented. Whenever a counter reaches
zero, the (-token identification is removed from the buffer and the IOB is notified of the token

departure.
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