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ABSTRACT

An adaptive and rule-based driving system is being developed that tries to improve the driving behavior
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in terms of the energy-efficiency and safety by giving recommendations. Therefore, the driving system has
to monitor the adherence of driving rules by matching the rules to the driving behavior. However, existing
rule matching algorithms are not sufficient, as the data within a driving system is changing frequently. In
this paper a rule matching algorithm is introduced that is able to handle frequently changing data within

the context of the driving system. 15 journeys were used to evaluate the performance of the rule matching
algorithms. The results showed that the introduced algorithm outperforms existing algorithms in the context
of the driving system. Thus, the introduced algorithm is suited for matching frequently changing data against
rules with a higher performance, why it will be used in the driving system for the detection of broken energy-
efficiency or safety-relevant driving rules.

1. Introduction

When saving energy and protecting the environment became
fundamental for politics and society, several laws were enacted to
reduce the greenhouse gas emissions, like the CO, limitations, for
passenger cars in the European Union. Another factor that became
important during the past few decades is road safety, as the increas-
ing number of cars led to more accidents and fatalities on the road. On
the basis of the enacted laws with the goal to save the environment
(Wessellink, Harmsen, & Eichhammer, 2010) and the increasing im-
portance of road safety, car manufacturers are trying to optimize the
car and its individual parts like the car body, the engine, or the power
train. Furthermore, new methods are being invented to increase the
energy-efficiency and safety of cars, like the regenerative brake (Patil,
2012), which converts the kinetic energy during a brake application to
electric energy or the anti-lock brake system (Burton, Delaney, New-
stead, Logan, & Fildes, 2004), which improves safety by preventing
the wheels from locking up.

Besides the optimization of the car itself, there is also the po-
tential to increase the energy-efficiency and improve road safety
by adapting the individual driving behavior to the given driving
situation. The studies (Xiaoqiu, Jinzhang, & Guoqiang, 2011) and
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(Chin & Quek, 1997) revealed that the driving behavior has an effect
on road safety. This has also been verified in the accidents report of
the German Statistical Office (German Statistical Office, 2014), which
showed that 86% of the accidents with damage to persons in Ger-
many in 2013 happened because of driver mistakes, see Fig. 1. Several
studies have shown that energy savings up to 30% are possible with
the adaptation of the driving behavior (Haworth & Symmons, 2001;
Helms, Lambrecht, & Hanusch, 2010; van Mierlo, Maggetto, van de
Burgwal, & Gense, 2004). However, according to Bongard (2007) this
30% savings is only possible with experienced drivers. The energy
savings vary depending on the given driving practices. In short-term
driving practices, like energy-efficiency training or contests, an en-
ergy saving of about 24% is possible as shown in the tests conducted
by the car manufacturer Ford (Spencer, 2008). In contrast, Barkenbus
(2009) calculates the energy savings in sustained driving practices
at 5% when the drivers have no continuous energy-efficiency related
feedback after the initial training. Continuous feedback is defined by
showing the driver energy-efficient relevant driving recommenda-
tions every day. However, with continuous feedback, the energy sav-
ings is 10%.

There are already driving systems and methods which try to
reduce energy consumption or to improve road safety at the vehicle
level, such as the driving systems of Khayyam, Nahavandi, and Davis
(2012) and Milanes, Perez, Godoy, and Onieva (2012) and the method
of Jo, Lee, Park, Kim, and Kim (2014). Furthermore, there are also
driving systems, such as those of Fiat (2010), Cho (2008) or Lotan
and Toledo (2006), which focus on improving the driving behavior


http://dx.doi.org/10.1016/j.eswa.2015.10.044
http://www.ScienceDirect.com
http://www.elsevier.com/locate/eswa
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eswa.2015.10.044&domain=pdf
mailto:emre.yay@reutlingen-university.de
mailto:yayemre@aol.com
mailto:natividad.martinez@reutlingen-university.de
mailto:jortega@us.es
http://dx.doi.org/10.1016/j.eswa.2015.10.044

Non driver related causes
(technical defects, etc.)

Turning off mistakes, mistake in starting
off or entering the road from premises

Failure to yield right of way
Inappropriate speed
Insufficient distance

Improper road use

Fitness to drive
(alcohol, drugs, drowsiness)

Improper behaviour

. 4,0%
towards pedestrians

Overtaking mistakes 3,1%

Other mistakes

0,0% 2,0% 4,0%

4,9%

14,1%

13,6%

12,5%

12,0%

11,2%

5,9%

18,7%

6,0% 8,0% 10,0% 12,0% 14,0% 16,0% 18,0% 20,0%

Fig. 1. Causes of accidents involving personal injury 2013 in road traffic, in German Statistical Office (2014).

in terms of energy-efficiency or safety. However, these driving
systems only cover either the area of energy-efficiency or safety and
provide insufficient feedback to the driver, for example by showing
a green lamp when the driver is driving in an energy-efficient
manner. Furthermore, they do not adapt to the individual driver, by
considering the driver condition or the individual driving behavior.
In contrast, the adaptive and rule-based driving system that is in
development has the goal to improve the driving behavior in terms of
energy-efficiency and safety by giving customized recommendations
to the driver during a journey. Thus, according to Barkenbus (2009),
this can lead to an increase in the energy-efficiency of up to 10%. The
driving system adapts to the driver by customizing the recommen-
dations on the basis of his or her reaction to the previously given
recommendations and the driver condition. For example, the driving
system creates no recommendation when the driver is under stress.
Furthermore, it decreases the generation frequency of a recommen-
dation when the driver has ignored a recommendation several times.
The energy-efficiency and safe driving behavior is described by a
set of rules. These rules are used to check if the driver is driving
efficiently and safely. If the breaking of a driving rule is detected, an
energy-efficient or safety-relevant recommendation is shown to the
driver.

Rule matching algorithms, such as Rete (Forgy, 1982) or Treat
(Miranker, 1987), are designed to check a certain data set against
rules, making them suitable for checking driving rules against driv-
ing behavior in order to find an energy-inefficient or unsafe driving
behavior. However, existing rule matching algorithms, like Rete or
Treat, are not designed to handle frequently changing data like in a
driving system, which is why the performance of these algorithms
is not ideal for their use in driving systems. There are already im-
proved versions of the Rete algorithm, like the algorithm of Li, Liu,
Cao, Yin, and Yao (2016). They created an algorithm based on Rete
that allows to subtask the task of rule matching to different comput-
ers in a distributed or parallel computing environment. Therefore,
the algorithm decomposes rules to sub rules and distributes them
to a distributed environment for parallel match, after which the al-
gorithm merges the results through a reduce function. According to
Li et al, this approach improves the match efficiency for massive
rules matching. Another modified Rete algorithm is introduced in Liu,
Huang, Zhang, and Du (2014), who try to improve the efficiency of the
Rete algorithm for the area of social insurance audit using the active

hash method. The active hash method allows to improve the search
time for a node within the network by managing the nodes and the
corresponding facts within a hash table. The experimental results
showed that the active hash method improves the efficiency of the
Rete algorithm. Rete+ is another improved Rete algorithm introduced
by Gao, Qiu, and He (2013) that has the focus on matching rules in the
context of Web of Things environments, like smart homes. According
to Gao et al. the Rete algorithm executes the same rules in the en-
vironment of Web of Things, why the Rete+ algorithm stores the in-
dex of the alpha nodes for the last executed rules. Each fact that is
put into the working memory, it will be matched first with the alpha
nodes whose index were stored. In case of an successful match, the
beta nodes of the corresponding alpha nodes are updated. However,
when the matching fails, the algorithm goes on to match the facts like
in the original Rete algorithm. The experimental evaluation showed
an higher performance of the Rete+ algorithm in comparison to the
Rete algorithm in the context of smart home environment.

However, the presented improved Rete algorithms are designed
for specific environments, like Web of Things, social insurance and so
on. They are using parallel computing, active hash methods or stor-
ing the last used alpha nodes to optimize the Rete algorithm. How-
ever, these optimizations are not sufficient for the environment of the
driving system, as the optimizations are fitted for a specific environ-
ment that is different from the environment of the driving system.
Furthermore, the driving system has to match driving rules against
data that is updated in near time. The goal of the rule matching algo-
rithm introduced in this paper is to match driving rules to a data set
with a higher performance than existing rule matching algorithm in
the context of the driving system, in order to allow the driving sys-
tem to show recommendations to the driver in time. An early stage of
the introduced rule matching algorithm is explained in Yay, Martiez
Madrid, and Ortega Ramirez (2014).

This article presents an adaptive driving system for energy-
efficient and safe driving and focuses on the development of a rule
matching algorithm that checks driving rules against the driving be-
havior to find an energy-inefficient or unsafe driving behavior. As
the rule matching algorithm is in the context of a driving system, its
architecture is explained in Section 2. Available rule matching algo-
rithms, like Rete, Treat or Leaps, are described in Section 3. Section 4
introduces the concepts and the algorithm of the developed rule
matching algorithm. The evaluation of the developed rule matching
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algorithm, on the basis of 15 journeys, is described in Section 5. The
corresponding results of the evaluation are presented in Section 6. Fi-
nally, the conclusion and further work based on this proposal will be
discussed in Section 7.

2. Adaptive and rule-based driving system

This section starts with an explanation of the driving system cycle,
which shows the steps for creating a recommendation. The driving
rules are explained in Section 2.2. Finally, an overview of the driving
system architecture is given, including the explanation of the layers
and module that are relevant for the matching of the driving rules to
the driving behavior.

2.1. Adaptive and rule-based driving system cycle

The adaptive and rule-based driving system has four main tasks
(Fig. 2). The driving system first monitors the driver, the car, and
the environment (1) using vital sensors, in-vehicle sensors, and other
additionally attached sensors, for example to get information about
the weather. Furthermore, it can be extended, for example to receive
location-based information using the internet or GPS. On the basis of
the collected information, a driving profile is generated or updated,
describing the typical driving behavior of the driver (2). After up-
dating the driving profile, the collected information is used to check
whether an energy-efficient and safety relevant driving rule is broken
(3). Furthermore, the driving profile is compared to the current driv-
ing behavior as well, to indicate if the current driving behavior devi-
ates significantly from the typical driving behavior. Upon recognition
of any breaking of the driving rules or deviations from the typical
driving behavior, the driving system decides whether or not to show
a recommendation on the in-vehicle display unit (4). This decision
is dependent on the individual driving behavior and the condition of
the driver. For example, if the driver is under stress or ignores a rec-
ommendation repeatedly, the driving system will not show the corre-
sponding recommendation to the driver. Thus, it prevents the driver
from becoming mentally overstimulated, as this can cause distraction
and lead to accidents (Brookhuis & de Waard, 2010). Furthermore, by
suppressing repeatedly ignored recommendations, the driving sys-
tem is more likely to be accepted by the driver.

2.2. Driving rules

The energy-efficient and safe driving behavior is described by a set
of driving rules that are the basis of the adaptive and rule-based driv-
ing system. According to Barkenbus (2009), energy-efficient driving
behavior involves such things as smooth acceleration between 2000
and 2500 revolutions, anticipating the traffic flow and signals, avoid-
ing sudden starts and stops, driving below the speed limit, main-
taining an even driving pace and eliminating excessive idling. van
Mierlo et al. (2004) evaluated three energy-efficient relevant driving
rules using 24 drivers who had to practice the energy-efficient driv-
ing rules. The driving rules used in the evaluation were to (1) shift
as soon as possible at a maximum of 2500 revolutions, to (2) press
the throttle quickly to keep up with traffic and to (3) shift down as

Table 1
An excerpt of the derived driving rules.

Relevance Driving rule

Safety relevant Keep enough distance to the preceding car
(minimum distance is equivalent to distance
traveled by a vehicle in two seconds or the half
of the speed in meters)

Safety relevant Adapt your speed to the given situation and do
not exceed the speed limit

Safety relevant Avoid any distractions (i.e. do not use the mobile

phone during the journey)

Shift as soon as possible at a maximum of
2500 r/min (2000 r/min for a diesel)

Drive at a steady speed using the highest possible
gear to keep the engine speed down

Turn off the engine when the engine idles longer
than one minute

Energy-efficiency relevant
Energy-efficiency relevant

Energy-efficiency relevant

late as possible to a lower gear to keep the car rolling in the high-
est gear without disengaging the clutch. The result of the evalua-
tion showed that the correct interpretation of the driving rules de-
creased the energy-consumption of the vehicles by between 5% and
25%. However, most drivers had problems applying the driving rules
(1) and (2), as these driving rules were contradictory to them. Thus,
the drivers ignored the driving rule (2). According to the findings of
Van Mierlo, the optimum in energy-efficiency can be achieved using
the driving rules (1) and (3). Furthermore, adherence to the driving
rules leads to a reduced driving speed and thus to an improvement in
road safety (Haworth & Symmons, 2001).

Besides the energy-efficient driving rules, there are also safety
relevant driving rules that prevent aggressive driving behavior and
therefore improve road safety. According to UNECE - United Nations
Economic Commission for Europe (2004), aggressive driving behav-
ior includes amongst others speeding or driving too close to the car
in front. Furthermore, the German Statistical Office (2014) showed
that about 12% of the accidents happened because of speeding or in-
adequate speed in different driving situations, and about 11% of the
accidents were caused by insufficient distance from the car in front.
Additionally, the New Zealand Transport Agency (2007) defined driv-
ing rules to prevent aggressive driving behavior and to improve road
safety by avoiding speeding, distraction, and fatigue. On the basis
of these facts, the above driving rules were derived and used in the
adaptive and rule-based driving system to analyze the driving behav-
ior and to generate recommendations in terms of energy-efficiency
and safety. Table 1 shows an excerpt of the driving rules.

2.3. Architecture

The adaptive and rule-based driving system is separated into three
layers (Fig. 3): the data layer, processing layer, and graphical layer. The
data layer gathers the data from the car, the driver, and the environ-
ment using the interface module, which passes the collected data to
the data aggregation and the profile update module. The aggregated
data is then passed from the data aggregation module to the profile
update module, as well. The profile update module updates the driv-
ing profile of the driver using the collected data from the interface
module and the aggregated data. The driving profile is stored in the
mid-term knowledge base and represents the driver’s typical driv-
ing behavior. It stores, for example, information about the average
driving speed or the average stress level of the driver. The long-term
knowledge base, which is also placed in the data layer, consists of
energy-efficient driving rules and information about the car. The in-
formation about the car is used, for example, to show the driver the
current energy consumption and the consumption when the driver
adheres the recommendations. Finally, when the data is processed
within the modules data aggregation and profile update, it is stored
in the working data of the short-term knowledge base.
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As the main focus of this paper is on the detection of the broken
driving rules using a rule matching algorithm within the rule selector
module (marked red in Fig. 3), the processing layer of the adaptive
and rule-based driving system will be briefly described in the follow-
ing sections.

2.3.1. Processing layer

The processing layer (Fig. 4) is responsible for analyzing the cur-
rent driving behavior in terms of energy-efficiency and safety and
giving customized recommendations on the basis of the driving rules
and the typical driving behavior of the driver. The first step of the pro-
cessing layer is done in the prediction engine module that gets the
data from the working memory, which is placed in the short-term
knowledge base of the data layer. On the basis of the gathered data,
the prediction engine module starts to predict the state of the car
using the autoregressive moving average algorithm (Yay & Martnez
Madrid, 2013). The prediction of the car’s state allows the driving sys-
tem to generate recommendations before a driving rule is broken. The
predicted information is passed along with the data from the working
memory to the rule selector module.

On the basis of the data passed from the prediction engine mod-
ule, the rule selector module (Fig. 3) detects if a driving rule is bro-
ken or if the current driving behavior differs from the typical driving
behavior. The developed algorithm is described in Section 4. The de-
tected broken driving rule or deviation from the typical driving be-
havior is pushed into the broken rules queue, which is processed by
the inference engine module according to the first in, first out princi-
ple. However, if no broken driving rule or deviation from the typical
driving behavior is found, the processing layer gets new data from
the working memory. The recommendations inference engine mod-
ule decides whether to show a recommendation to the driver, on the
basis of the drivers condition and reaction to previously given rec-
ommendations. The recommendations inference engine module will
also reduce the frequency of a recommendation, when the driver re-
peatedly ignores a driving rule. This makes the driver more likely to
accept the driving system, he or she will not be bothered by recom-
mendations that her or she does not find relevant. Recommendations
that are not suppressed are passed to the Graphical Layer, which dis-
plays them, for example, on the in-vehicle display unit.

3. Rule matching algorithms

The rule selector module of the processing layer (Fig. 3) detects
broken driving rules and deviations from the typical driving behav-
ior using a rule matching algorithm. Rule matching algorithms are
pattern matching algorithms that match rules to a data set. They are
often used in production systems to determine which of the produc-
tion system rules have to be fired on the basis of the data stored in the

working memory of the production system. The rule matching algo-
rithms receive information about the changes made to the working
memory of the production system and determine the changes that
have to be made in the conflict set. The conflict set contains all rules
that have to be fired. As there is a conflict, as to which rules should
be fired first, the conflict set has to be solved using a conflict set res-
olution strategy, such as first come, first serve or the prioritization
of the rules. Regarding the introduced driving system, the conflict
set is the broken rules queue module of the processing layer (Fig. 3),
which is solved by the recommendations inference engine using the
first come, first serve principle. The rule matching algorithms com-
pare productions (rules) against data tuples (facts). In the presented
driving system, the rules are represented by the driving rules and the
facts are stored in the working memory of the short-term knowledge
base. The rules are described by conditions and consequences. For ex-
ample, a condition of a rule is Rpm > 2500 and a consequence is to
show the recommendation to shift the gear. The rule is passed to the
conflict set when the facts match the conditions of that rule. Accord-
ing to the conflict set resolution strategy, the consequence of the rule
is fired when the conflict set is solved. There are several rule matching
algorithms such as Rete, Treat, or Leaps, which are briefly described
in the following section.

The Rete (Latin for net) algorithm (Forgy, 1982) uses a tree struc-
tured network, also called rete network, to represent the rules, see
Fig. 5, whereby every rule has its own rete network. A rete network
contains alpha and beta nodes, where each alpha node represents
one condition of a rule and stores the fact that matched its condi-
tion. The beta nodes are used to store partial matches when different
facts are joined from the nodes. Upon every update of a fact stored in
the working memory, the old fact stored in the corresponding alpha
or beta node memory is deleted. The updated fact is then pushed into
the Rete network, which passes the fact to the corresponding alpha
node. The alpha node then checks whether the new fact satisfies the
node condition. The fact that satisfies the condition is stored in the
alpha memory and is passed to the beta node. The beta node repre-
sents the joining of the alpha nodes and checks whether the joining
between the alpha nodes is satisfied on the basis of the newly re-
ceived fact. If the beta node is satisfied, the rule is put to the conflict
set. The conflict set resolution strategy of the Rete algorithm has to
be defined. Fig. 5 illustrates the data flow of the Rete algorithm, in
which the Rete network of the rule shift as soon as possible (Rule)
with the conditions RPM > 2500 and Gear < 6 is shown. The initial
working memory, rete network, and conflict set are empty. However,
the facts Rpm 3000 and Gear 3 are added to the working memory in
the next cycle. The working memory passes the new facts to the rete
network using an add operation. The root node of the rete network
hands the incoming facts over to the corresponding alpha nodes that
check if the facts satisfy their conditions and then stores them in their
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Fig. 5. Illustration of the Rete algorithm with the operations add and delete.

alpha memory. The facts are then passed to the beta node that checks
if they satisfy the joining of the two alpha nodes. If they do, the facts
are stored in the beta memory and the Rule; is put in the conflict set.
In the next cycle of Fig. 5, the fact Rpm 3000 is updated to Rpm 2400.
This update causes a delete operation of the old fact Rpm 3000 in the
alpha memory and a removal of the facts in the beta node memory.

An add operation passes the new fact Rpm 2400 to the Rete network.
As the Rpm 2400 does not satisfy the condition Rpm > 2500 of the
alpha node, it is not stored in the alpha memory and is not passed to
the beta node. Thus, the Rule; is not put into the conflict set again.
According to Wright and Marshall (2003) the worst-case space
complexity of Rete is O(W™1), where W is the number of working
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memory elements and n is the number of rule conditions. The match-
ing of a rule in Rete comprises the operations add and delete. The add
operation is used when a new fact is put into the working memory.
The computational costs of an addition in Rete is represented by the
equation R(n), that is according to Wright and Marshall (2003)

ZR(I n)

where i is the alpha node that is entered by the fact in a network with
n + 1 alpha nodes. R(m, n) is defined as

K(n)

Yim e Ty
where K(n) represents the full computation of the Rete network in-
cluding the comparisons of the facts against the alpha nodes and the
computation of the intermediate relations of the alpha nodes when
the Rete network is entered at the alpha node a, or a;. Otherwise the
cached state of the Rete network is used. aq is the first alpha node, g;
is the ith alpha node and a;, the entering alpha node. g; represents
the jth alpha node, whereas the matching probability of the fact that
is stored in the beta node is p;. K(n) is

R(n) =

m=<1
a;jpj otherwise

R(m,n) = {

n=1
otherwise

K(n) { 11a1+11_[
where n > 0 and py = 0. p; + 1 is the constant matching probability
of a fact stored in the jth beta node. The delete operation of the Rete
algorithm is represented by the equation R(n) + S(n) as a delete oper-
ation causes a recomputation of the alpha and beta nodes in the Rete
network. The cost of the additional search of a beta node for deleting
a fact is represented by S(n) that is

00 +1p;+1+a;

1 n
S(n) = — i
(M) =5 >_S.m
i=0
where i is the alpha node that is entered by the fact in a network with

n + 1 alpha nodes. S(m, n) represents the search of a beta node within
an entry point m.

S(m,n) = Zaona,pj

As the update of a working memory element causes a delete and
an add operation in Rete, an update of an working memory element
can be described in the Rete algorithm as 25(n) + R(n).

The Treat algorithm (Miranker, 1987) is based on the Rete algo-
rithm. It improves Rete, for example, in the memory usage, as it
does not use beta nodes to join the alpha nodes and does not use a
beta memory to store the facts that satisfied the joining of the al-
pha nodes. Instead, the satisfaction of the joining is checked when
required. When an incoming fact satisfies an alpha node, the fact is
stored in the alpha memory and the joining of the alpha node is re-
computed. If the result of the computation is positive, which means
that the facts satisfied the conditions of the alpha nodes, the rule
is added into the conflict set. Fig. 6 illustrates the process on the
basis of the driving rule shift as soon as possible Rule; with the condi-
tions RPM > 2500 and Gear < 6. The driving rule is represented in the
Treat algorithm also by a Rete network, however, without the beta-
nodes. The initial working memory contains the facts 3000 rpm and
3rd gear, in which the revolutions per minute is updated to 2600 rpm.
This causes the Treat algorithm to delete the old fact stored in the al-
pha memory and also to delete Rule; directly from the conflict set.
During the add operation the new fact is passed to the corresponding
alpha node, which checks if the fact satisfies the alpha node condi-
tion. On satisfaction of the condition, the intermediate relations of
the alpha nodes are recomputed, which causes, in our example, an
insertion of Rule; into the conflict set.

The worst-case space complexity of the Treat algorithm is O(W),
where W is the number of elements in the working memory (Wright
& Marshall, 2003). In contrast, to Rete the add operation in Treat is
defined as K(n), as Treat does not use beta nodes to store the inter-
mediate relations of the alpha nodes. Thus, the intermediate relations
of the alpha nodes are computed when needed. The delete operation
within the Treat algorithm requires the deletion of the fact from its
corresponding alpha node. According to Wright and Marshall (2003),
the delete operation is represented by D(n) that is

.1 n
n)=n+1§ai

An update of a working memory element in Treat is similar to
Rete, it causes a delete and an add operation within the Treat al-
gorithm. Thus, an update of a working memory element can be de-
scribed as K(n) + D(n).

The conflict set resolution strategy of the Treat algorithm must be
defined, similarly to the conflict set resolution strategy in the Rete
algorithm. According to the results of Miranker (1987), the Treat al-
gorithm is more effective than the Rete algorithm, as it needed fewer
comparisons until it bound the facts to the corresponding nodes and
needed less memory due to the missing beta nodes and beta mem-
ories. Moreover, during a deletion of a fact, Treat manipulates the
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Fig. 7. Illustration of the Leaps algorithm when a new fact is added.

alpha nodes and the conflict set directly, instead of recomputing the
joinings of the alpha nodes. In contrast, Rete has to recompute the
joinings of the alpha nodes when a fact of the working memory is
deleted, to keep the beta nodes up to date. However, Nayak, Gupta,
and Rosenbloom (1993) showed in their evaluation that the Rete al-
gorithm outperforms the Treat algorithm, especially when it is used
in static structures, as the Rete algorithm joins the alpha nodes in
static structures once, instead of recomputing the joinings every time.
Nayak et al. define a structure as static when a single fact is not re-
moved from the working memory, thus Rete has to compute every
joining only when the whole structure is removed or added. Accord-
ing to Nayak et al. the results of their evaluation differ from the results
of Miranker (1987), because Miranker counted only the number of
comparisons, which may not reflect the intrinsic differences between
the match algorithms (Nayak et al., 1993).

The Leaps (Lazy Evaluation Algorithm for Production Systems) al-
gorithm (Miranker, 1990) is a rule matching algorithm based on the
Treat algorithm. Its space complexity is according to Miranker et al.
O(max(ts)xc). The Leaps algorithm uses alpha nodes to store the facts
and calculates joinings of the alpha nodes when they are needed. In
contrast to the presented rule matching algorithms Rete and Treat,
Leaps also considers the conflict set resolution strategy by combin-
ing the conflict set resolution strategy with the search for rule activa-

tions. Thus, Leaps does not have a conflict set. Instead, Leaps fires the
consequence of a rule immediately when the rule conditions are sat-
isfied. Leaps is using lazy evaluation to find rules whose alpha node
conditions are satisfied by inspecting the facts of that rule one by
one. If a rule is found whose alpha node conditions are satisfied, it
pauses the current search and fires the rule consequence. Fig. 7 illus-
trates one cycle of the Leaps algorithm with two rules. The driving
rule “shift as soon as possible” (Rule;) with the conditions RPM >
2500 and Gear < 6 is used along with the rudimentary Rule,, which
is illustrated only for demonstrating the processing of Leaps.

The driving rules are represented in the Leaps algorithm like the
Rete network without the beta nodes, as beta nodes are not used in
Leaps. The initial working memory is empty, which is why the alpha
memories of Rule; are empty. The working memory is then updated
with the facts 3000 rpm and 3rd gear. Leaps now starts to search for
the rule by checking the conditions of Rule;. As the conditions as well
as the joining of the alpha nodes are satisfied by the facts, the con-
sequence of Rule; is fired immediately. After the firing of Rule;, the
working memory is updated with the fact revolution per minute 2400
rpm. As the search with the fact 3000 rpm caused a firing of a rule,
the search is suspended and Leaps starts a new search using the up-
dated fact of 2400 rpm. However, if the old search did not fire a rule, it
would not be suspended. Instead, the updated fact would be pushed



onto a stack until the old search is finished. After the finished search,
the updated fact would be popped from the stack and Leaps would
start the search with the new fact. As the old search is suspended,
the facts stored in the alpha memories are not deleted, but instead
ignored in the new search. Leaps now carries on to search the rules
Rule; and Rule, using the updated working memory. When the search
is finished, Leaps resumes the suspended search with the old fact un-
til all rules are checked. Finally, when all rules are checked with the
old fact that is not in the working memory anymore, the old fact is
deleted from the alpha memories of all rules. According to the results
of Miranker (1990), the lazy evaluation of the rules allows Leaps to
increase the rule firing rates and decrease the execution time. This
can be achieved because Leaps avoids the computation of all rules in
each cycle like Rete or Treat does. Instead, Leaps suspends the current
search when a rule is fired and carries on to search the rules with the
new fact.

The Treat algorithm tries to improve Rete by omitting the beta
memories. Thus, it does not have to recompute the joinings of the
alpha nodes on every change of the working memory. Instead, it re-
computes the joinings only when necessary. However, according to
Nayak et al. (1993) the Rete algorithm outperforms the Treat algo-
rithm, especially in static structures. As the facts within the work-
ing memory of the introduced driving system are updated instead
of deleted or added, the working memory of the introduced driving
system has a static structure. However, updating the working mem-
ory is not considered in the Treat and Rete algorithms, which is why
an update of the working memory results in deleting and adding the
facts within these algorithms. Due to this fact, the Treat and Rete al-
gorithms are not the ideal rule matching algorithms for the driving
system. The evolution of the Treat is the Leaps algorithm, which com-
bines the lazy rule matching with the solving of the conflict set. This
allows the Leaps algorithm a faster firing of the rule consequences.
However, this also makes the Leaps algorithm inflexible, as the con-
flict set resolution strategy cannot be changed. The conflict set of the
introduced driving system, called the broken rules queue, is solved
by the recommendations inference engine, which processes the rules
within the broken rules queue according to the first in, first out prin-
ciple. Each rule is checked by the recommendations inference engine
for whether the firing of the consequence has to be suppressed, as
the driver may be under stress. Due to this fact, the Leaps algorithm
is also not the ideal solution for matching the rules against the facts in
the driving system, because it fires the rules instantly without the op-
tion to suppress the recommendations. On the basis of the elaborated
findings, a rule matching algorithm for the usage within the driving
system will be created. The Rete algorithm will be the basis for the
improved rule matching algorithm because it is designed to work in
static structures. In the next section, the improved rule matching al-
gorithm will be explained in detail.

4. Improved rule matching algorithm

The Rete algorithm is developed for environments with static
structures. According to Nayak et al. (1993) static structures are de-
fined as facts in a working memory which are not removed. Thus,
the introduced driving system has a static structure, as the facts (the
measured values from the car) stored in the working memory are not
removed. Instead, they are updated with a frequency of 100Hz. How-
ever, an update operation using the Rete or Treat algorithms consists
of deleting the old fact from the Rete network and adding the new
fact. The delete and add operations are shown in Figs. 5 and 6. The us-
age of the Rete or Treat algorithms in the driving system would cause
massive delete and write operations within the used network, as they
would have to update the facts with a frequency of 100 Hz. To avoid
the write and delete operations upon every update of the facts and
therefore, to improve the performance, a rule matching algorithm has
been created on the basis of the Rete algorithm, as it is designed to

work in static structures. Instead of storing the fact within the node
memories, the improved rule matching algorithm stores pointers to
the corresponding facts within the working memory. Thus, upon ev-
ery update of the facts within the working memory, the improved
Rete network does not have to be updated. Instead, the network is
only triggered to check whether the updated facts satisfy the node
conditions. Listing 1 contains an abstract description of the improved
rule matching algorithm. Upon every update of the facts within the
working memory, every improved rete network is triggered to check
its alpha nodes with the updated facts. If the result of the check dif-
fers from the previous result stored within the corresponding node
memory, the old result is deleted and the new result is put in the al-
pha memory. If there is a beta node, the result is passed to that beta
node, which checks first if both parents are updated with the new
facts. Then, the beta node starts to check the intermediate relation
between the alpha nodes. If the result of the check differs from the
stored value in the beta node memory, the new result is stored and
the old result is deleted from the beta node memory. If the beta node
has another beta node, the result is passed to the child beta node.
However, if there is no beta node, the conflict set is updated accord-
ing to the result of the check. If the result of the check was positive,
which means that the rule is broken, the rule is put into the conflict
set. If the rule is not broken and the conflict set contains it, the rule is
removed from the conflict set. The explained approach allows a faster
processing of the rule matching algorithm, because it does not have
to update the memory of every alpha or beta node using the fact of
the working memory. Furthermore, the improved rule matching algo-
rithm avoids storing redundant information in the alpha nodes, as the
facts of the working memory are not stored within the node memo-
ries.

An example in Fig. 8 shows the improved Rete network and the
update process of the improved rule matching algorithm using the
driving rule shift as soon as possible (Rule;) with the conditions RPM
> 2500 and Gear < 6. The initial working memory in the example is
empty as well as the memory of the alpha and beta nodes. The beta
node points to the memory of the alpha nodes, which is needed to
check whether the intermediate relation between the alpha nodes is
satisfied. During the initial add operation, pointers to the facts in the
working memory are passed to the corresponding alpha nodes. After
the initialization of the pointers, the improved Rete network is trig-
gered to check the conditions against the facts in the working mem-
ory according to the abstract algorithm in Listing 1. First, the alpha
nodes check their condition against the fact. The result of the check
is stored in the corresponding alpha node using a logical value. In the
example, the facts stored in the working memory satisfy the condi-
tion of the alpha nodes, which then trigger the beta node to check
the intermediate node relation. As the beta node checks the logical
values of the parent nodes, which are both true, the conflict set is ma-
nipulated by adding Rule; into the conflict set. After the update of the
fact RPM to 2400 rpm, the improved Rete network is triggered again
to check the conditions within the network against the facts, instead
of deleting the old and adding the new fact within the alpha node
memories, like the Rete or Treat algorithm does. Thus, the alpha node
with the condition RPM > 2500 checks its condition against the cor-
responding fact in the working memory and stores the result, which
is in the example false, in its node memory. Afterwards, it triggers the
beta node to check if the intermediate relation of the alpha nodes is
satisfied, using the values stored in the alpha node memories. In our
example, the beta node memory consists of the value false after the
update, as the intermediate relation of the alpha nodes is not satis-
fied. Thus, the beta node removes Rule; from the conflict set, as Rule;
was in the conflict set before.

The improved rule matching algorithm is based on the Rete algo-
rithm and uses therefore alpha and beta nodes for the rule matching.
Thus, the space complexity of the improved rule matching algorithm
is similar to the Rete algorithm: O(W"-1), where W is the number of



1  For each rule do;
2 For each alpha node in Rete Network do;
3 Check condition of alpha node using the pointer to the fact stored in the working memory;
4 If result of the checking differs from the stored logical value then;
5 Store result in alpha node memory;
6 If alpha node has a beta node then;
7 Trigger child beta node to check the intermediate relation of the alpha nodes;
8 If beta node has been triggered from both parents then;
9 Check the updated values of both parents using the stored pointers;
10 If result is true and the result differ from
the stored logical values then;
11 Store result in beta node memory;
12 If beta node has children then;
13 Trigger child beta node to check the intermediate relation in the same way
as current beta node;
14 Else;
15 Put rule into the conflict set;
16 End if;
17 Else if result of both values are false and the result differs
from the stored logical values then;
18 Store result in beta node memory;
19 If beta node has children then;
20 Trigger child beta node to check the intermediate relation in the same way
as current beta node;
21 Else;
22 Remove rule from conflict set;
23 End if;
24 End if
25 End if
26 Else if alpha node condition is satisfied and rule is not in conflict set then;
27 Put rule into the conflict set;
28 End if;
29 Else if alpha node condition is not satisfied and rule is in conflict set then;
30 Remove rule from conflict set;
31 End if;
32 End if;
33 End for;
34 End for;

Listing 1. Abstract improved rule matching algorithm, which shows the matching of the rule using the facts stored in the working memory.

working memory elements and n is the number of rule conditions.
Table 2 shows the computational costs of the operations in the differ-
ent rule matching algorithms. The computational cost of an add and a
delete operation in the improved rule matching algorithm is the same
as in the Rete algorithm, as the pointers have to be added or deleted
from their corresponding nodes similarly to the Rete algorithm. In
Rete and Treat, there is no update operation available, however, an
update of a working memory element causes a delete and an add
operation in Rete and Treat, why an update in Rete is 2R(n) + S(n)
and in Treat K(n) + D(n). The improved rule matching algorithm pro-
vides an update operation that is R(n), as an update of an element in
the working memory causes only the recomputation of the alpha and
beta nodes in the improved rule matching algorithm. Thus, the per-
formance of the improved rule matching algorithm should be higher
than Rete and Treat in the driving system, as the data within the driv-
ing system is updated frequently by the sensors of the car, the driver
and the environment.

The basis for the improved rule matching algorithm is the driv-
ing rule file (DRR), which contains the rules used for matching the
facts within the improved rule matching algorithm. The antecedent
and consequence of the rules are based on the driving rules listed in
Table 1. On the basis of the description within the DRR files, the im-
proved Rete network for the described rules is generated. The driv-
ing rule to shift the gear, when the rpm is higher than 2500 and
the gear is not the maximum gear, which is 6 in the example, is de-
fined by the following schema in the DRR file: #rule ecoRPM #when
Rpm>2500 & Gear<6. The start of a rule in the DRR file is indicated
by the tag #rule, which is followed by the name of the rule between

quotation marks, ecoRPM in the example. The conditions of the rule
are defined after the keyword #when and are separated by the char-
acter & The conditions can be defined using terms, in which the
facts of the working memory can be used by defining their names
in the terms. In the example, the terms Rpm > 2500 and Gear <
6 are defined as the conditions of the rule, whereby the facts Rpm
and Gear are used. The defined conditions are followed by the con-
sequence of the rule, which is indicated by the key word #then.
The consequence of the rule is defined in the Long Term Knowl-
edge Base, which is placed in the Data Layer, and consists of the rec-
ommendation, which will be shown to the driver. It is possible to
define multiple consequences in order to show the driver multiple
recommendations.

On the basis of the defined rule, the improved rule matching al-
gorithm creates the corresponding improved Rete network. The ab-
stract algorithm for generating the improved Rete network is shown
in Listing 2. For each rule in the DRR file, a root node for the rule is
created. Then the algorithm parses the DRR file to find defined condi-
tions for that rule. For any found condition, the improved rule match-
ing algorithm creates an alpha node and sets it as a child of the root
node. If another condition is found, another alpha node is created as a
child of the root node. Furthermore, a beta node is created, which rep-
resents the intermediate relation of the created alpha nodes. In addi-
tion, pointers to the alpha node memories are stored in the beta node.
After the generation of the improved Rete network, the improved rule
matching algorithm starts to listen for an initial add of a fact in the
working memory in order to pass the pointer to the corresponding
alpha nodes and to match the facts against rules.
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Fig. 8. The improved rule matching algorithm is using pointers to the facts and triggers the improved Rete network to check the conditions against the facts on every update of the
working memory.

Table 2 Instead of storing all facts that satisfied the node condition within the
The computation complexity of the operations add, delete and upate in the different node memories, the alpha nodes are pointing to the facts stored in the
rule matching algorithms. . ! -

working memory and the beta nodes are pointing to the stored value

Operation Rete Treat Improved in the alpha memory. The nodes store only the logical value that in-
Add R(n) K(n) R(n) dicates if the node condition is satisfied. Furthermore, the improved
Delete R(n) +S(n) D(n) R(n) +S(n) Rete algorithm allows the definition of the rules within the DRR files
Update 2R(n) + S(n) K(n) +D(n) R(n) whereby terms represent the conditions of the rule, which are used to

pass the pointers to the corresponding nodes during the generation
of the improved Rete network.

An improved rule matching algorithm has been adapted on the 5. Evaluation
basis of the Rete algorithm and optimized for the usage in the driv-
ing system, respectively in environments whose data is changing fre- For the evaluation, the improved rule matching algorithm has
quently. This has been achieved by adapting the alpha and beta nodes. been implemented in the Rule and Data Element Selector module of

1 For each rule in DRR file do;

2 Create a root node;

3 If there is a condition in driving rule then

4 Create an alpha node using the condition and set it as a child of the root node;

5 While there are further conditions in the driving rule do;

6 Create an alpha node using the condition and set it as a child of the root node;
7 Create a beta node;

8 Set beta node as a child of the new created alpha node;

9 Pass beta node a pointer to the memory of the new alpha node;

10 If there is a former created beta node;

11 Set new beta node as a child of the former created beta node;

12 Pass beta node a pointer to the memory of the former created beta node;
13 Else

14 Set new beta node as a child of the former crated alpha node;

15 Pass beta node a pointer to the memory of the former created alpha node;
16 End if;

17 End while;

18 End if;

19 Endfor;

Listing 2. Abstract improved matching algorithm, which illustrates the generation of the improved Rete network based on the rules defined in the DRR file.



Fig. 9. Driving system during the evaluation of the driving rule “shift as soon as possible”.

the driving system. Besides the improved rule matching algorithm,
the Rete and Treat algorithm has been implemented as well, as the
results of its evaluation show the differences in the performance of
the algorithms. Miranker (1987) and Nayak et al. (1993) used differ-
ent metrics in their experiments to measure the performance of the
rule matching algorithms. Therefore, a combination of the metrics
was used in the evaluation of the improved rule matching algorithm.
The following metrics have been used in the evaluation: (1) counting
the comparisons of the facts against the node conditions; (2) count-
ing the accesses to the node memories; (3) measuring the average
execution time.

The improved rule matching algorithm and the original Rete al-
gorithm were evaluated using the driving rules: (1) to switch the
gear as soon as possible, (2) not to exceed the speed limit and (3)
to keep enough distance from the car in front. These driving rules
were described within the driving system with the rule conditions
(1) Rpm > 2500 & Gear < 6, (2) Carspeed <Speedlimit and (3) Dis-
tanceToCar <Carspeed/2. On the basis of the three rules, the eval-
uations of the algorithms were done using 15 different journeys.
During the different journeys, the rules (1)-(3) were used to initial-
ize the algorithms, which created one Rete network for every rule.
However, to have the same evaluation environment for every algo-
rithm, the driving simulator shown in Fig. 9 was used to record the 15
journeys on a rural road. The recorded journeys consisted of informa-
tion about the virtual car, like revolutions per minute, car speed, cur-
rent gear and so on. The recorded journeys were played back on every
run, which allowed the evaluation of the algorithms using the same
conditions.

The recorded driving speeds of the journeys were compared
against the average driving speeds on a rural road in the European
Union, which is 77 km/h (André & Hammarstrom, 2000), using the
one-tailed t-test. The one-tailed t-test is a statistical hypothesis test
that allows to check whether the mean of samples are differing sig-
nificantly from a particular value. Thus, using the t-test to check if
the recorded data is able to represent the average driving behavior
on a rural road. The result of the statistical hypothesis test was an h-
value of 0 and a p-Value of 0.0515. Thus, the t-test does not reject the
null hypothesis that the recorded data is able to represent the average
driving behavior at a significance level of 5.15%.

6. Results and discussion

During the evaluation, the accesses to the node memories, the
comparisons of the facts to the node conditions, and the execution
time of the algorithm were measured. Table 2 shows the results of
the evaluation. According to the results, it is clear that the improved
rule matching algorithm outperforms the Rete and Treat algorithm in
the environment of the driving system. The improved rule matching
algorithm needed fewer comparisons of the facts to the node con-
ditions, fewer accesses to the node memories, and took less average
execution time. Thus, it can be assumed that passing a pointer to the
nodes and storing the result of the comparison of the facts to the con-
ditions is more efficient than passing the facts to the Rete network
and storing the fact, which satisfies the node condition, within the
node memories.

The results of the fact comparisons to the node conditions and
accesses to the memory nodes are dependent on the duration of
the journey. The longer the journey, the higher the comparisons to
the node conditions and accesses to the node memories. However,
in all 15 journeys, the improved Rete algorithm needed about 97%
fewer accesses to the node memories than the Rete with a p-Value of
0.0000000004 or Treat algorithm with a p-Value of 0.0000000002
(Fig. 10). This is related to the logical value stored within the node
memories and the pointer to the fact in the working memory. The
stored pointers to the facts of the working memory allow the im-
proved rule matching algorithm to avoid the deletion and addition
of the facts within the node memories, like the Rete or Treat does.
Another point is that the stored logical value is only altered when the
result of the condition check differs from the stored logical value. This
also saves accesses to node memories. Due to the missing beta nodes
in the Treat algorithm, it needed fewer accesses to the memory nodes
than the Rete algorithm (Table 3).

Furthermore, the improved rule matching algorithm needed 35%
fewer comparisons to the node conditions during all journeys than
Rete with a p-Value of 0.000000000000004 and 15% fewer compar-
isons than Treat with a p-Value of 0.000000000001 (Fig. 10), because
the improved rule matching algorithm triggers the improved Rete
network to compare its node conditions to the facts after all facts are
updated within the working memory. Therefore, the nodes have to



Table 3
The result of the evaluation based on 15 journeys.

Journeys

Algorithms 1 2 3 4
Accesses to node memories Improved 219 203 215

Rete 4331 8091 4821 5437

Treat 3437 6945 3997 4583
Fact comparisons against node conditions Improved 2860 3865 2960 3645

Rete 4423 5949 4512 5357

Treat 3462 4620 3516 4254
Average execution time (in ms) Improved 4 5 5

Rete 11 12 11
Treat 10 1 1
8000 16

7000 14

6000 12
5000 10
4000
3000
2000
1000

0 —

Accesses to node Comparisons Average Execution

against node Time
conditions

B Improved M Rete M Treat

O N B OV 0

memories

Fig. 10. The average results of 15 journeys.

check each condition against the facts once. In contrast, the Treat and
Rete algorithms pass each fact from the working memory to their net-
works for the comparison to the node conditions. For example, when
the facts speed and speed limit are updated within the working mem-
ory, the corresponding node in the improved rule matching algorithm
has to compare the condition speed < speed limit once to the work-
ing memory. In contrast, using the Rete or Treat algorithm, an update
consists of deleting the old fact and adding the new fact. Thus, the
facts speed and speed limit are first removed from the network. Then,
the new facts are passed in succession to the network, which first has
to check the fact speed against the condition and then the fact speed
limit. Thus, an update with two facts in one condition causes in the
Rete and Treat algorithm two comparisons instead of one comparison
in the improved matching algorithm. Because the Treat algorithm has
no beta nodes, whose node memories have to be updated on a dele-
tion of a fact, it needs fewer comparisons than the Rete algorithm.

The evaluation showed that the improved rule matching al-
gorithm was about 62% faster than the Rete with a p-Value of
0.0000000000000002 and 57% faster than Treat algorithm with a p-
Value of 0.000000000000000001 (Fig. 10). Thus, passing a pointer to
the facts in the working memory to the node memories and trigger-
ing the improved Rete network to check the node conditions against
the updated facts needed less execution time than passing the facts to
the network and storing them in the alpha and beta node memories
as in Rete, or storing the facts in the alpha memories and the recom-
putation of the alpha node joins. However, according to the results of
the evaluation, the Treat algorithm is faster than the Rete algorithm.
Thus, the computation of the alpha node joins is more efficient in the
area of the driving system than the recalculation of the beta nodes as
the Rete algorithm does.

The results of the evaluated metrics showed an higher perfor-
mance of the improved rule matching algorithm compared to the
Rete and Treat algorithm. The main advantage of the improved rule
matching algorithm is the ability to update a working memory fact

without using a delete and an add operation, like Rete or Treat does.
This allows a faster processing of facts that are changing frequently,
like the car, driver or environmental information used in the intro-
duced driving system. However, this also limits the introduced al-
gorithm to the context of the driving system, as the improved rule
matching algorithm is specific to the handling of frequently changing
information.

7. Conclusion and further work

The goal of this research was to develop a rule matching algo-
rithm for detecting broken driving rules within an adaptive and rule-
based driving system that improves the performance of existing rule
matching algorithms, as the performance of existing algorithms are
not sufficient for matching rules against frequently changing data. It
is clear, based on 15 journeys and three driving rules, that this has
been achieved, as the improved rule matching algorithm outperforms
existing rule matching algorithms like Rete and Treat.

In contrast to the existing algorithms, the improved rule matching
algorithm stores pointers to the working memory facts, instead of the
facts themselves. It also checks the node conditions after the update
of all working memory facts, rather than checking the node condi-
tions upon the change of a single working memory fact. Furthermore,
an update of a fact causes in the improved rule matching algorithm a
recomputation of the alpha and beta nodes, whereas Rete and Treat
initiate first a removal of the old fact from the nodes, including a re-
computation of the nodes to keep the network up-to-date. Then, the
new fact is added to the network, followed by another recomputa-
tion of the alpha and beta nodes. This leads to a performance im-
provement of the improved rule matching algorithm during the up-
date of the working memory facts, as an update in the introduced
algorithm does not imply a delete and an add operation of a single
working memory fact, like in Rete and Treat. Based on these find-
ings, the introduced algorithm has a higher performance than the
Rete or Treat algorithm, when used in the driving system to match
frequently changing information against rules. Thus, it will be used in
the energy-efficiency and safety relevant driving system for matching
the data about the car, the driver, and the environment to the driving
rules.

As the rule matching algorithm is tested in the environment of
the driving simulator, further work will include testing it in the envi-
ronment of a real car. Furthermore, as the rule matching algorithm is
limited to the context of the driving system, it is planned to investi-
gate the performance of the algorithm outside of the automotive area
and in environments with less frequent changing data.
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