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Abstract— In the present paper, an effective support method
for equipment operation under a dynamic environment is proposed.
The proposed method presents operation instructions that the driver
should be preparing to follow in the future. Using this method, the
current and future states of the surrounding environment can be considered. The time change fuzzy set, which considers the state and
time, to be universe of discourse. The time change fuzzy set is used for
a computer as a buildup method with expert knowledge concerning
the time change in the state. Experiments to support a lane change
operation were conducted using a driving simulator. The obtained
results indicated that the proposed method safely supports a lane
change operation, and the time lag between the instruction being
given by the system and operation being performed by the driver is
decreased.
Keywords— Dynamic environment, fuzzy inference, operation
support, safety, time change fuzzy sets.

1

equipment in a dynamic environment, experts perform appropriate operations by considering not only the present state but
also potential future states. In the present paper, time change
fuzzy sets, which considers the state and time, to be universe
of discourse. Time change fuzzy sets are used to provide expert knowledge to the computer regarding the time change of
the states. Time change fuzzy sets can provide a sense of time
change, such as ”Speed is continuous high” and ”Temperature
change to cold from hot” to a computer.
The proposed method is applied to support a lane change
operation using a driving simulator.

2

Support method in a dynamic environment

In this section, an effective support method for a dynamic environment is considered. The process of the proposed system
is shown in Fig. 1.

Introduction
Equipment

When a human operates equipment in a dynamic environment,
in which the surrounding conditions change with time, the operator should correctly understand complex changes in the surrounding environment. In addition, the operator must judge
whether an operation is appropriate within a limited time.
Therefore, an equipment operation support system is necessary in order to reduce the load on the operator and to achieve
safe operation.
The equipment operation support system causes a time lag
between the instruction by system and the operation by the
driver. This is a signiﬁcant problem in a dynamic environment, into which surrounding circumstances change with
time.
Fuzzy sets can quantitatively manage human subjective assessments, such as ”He is young,” and thought processes, such
as ”IF x is small, THEN y is very large” [1, 2]. Mamdani applied fuzzy control, which is an intelligent control,
experimentally to a steam engine for the ﬁrst time [3]. Yasunobu achieved the selection of the control order based on
a multipurpose evaluation of an expert driver using the predictive fuzzy control and applied to the automatic train operation (ATO) system [4, 5, 6]. These fuzzy sets and control methods are applied to numerous intelligent cooperative
control systems based on ”fuzzy instruction” [7, 9] and a
”fuzzy target”[8]. However, in fuzzy sets, it is difﬁcult to
build in expert knowledge concerning the time change. Highperformance computers that have recently been developed
have enabled equipment operation support, including expert
knowledge, in real time.
In the present study, we construct an effective support
method for use in a dynamic environment. When operating
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Figure 1: Process of the proposed operation support method.
The support (system) consists of 1) sensing equipment and
surrounding states, 2) forecasting of future states, 3) instruction decision, and 4) presentation of instruction in advance and
sending of a pre-instruction via audio. The driver (human) is
5) perceives the pre-instruction, and 6) interprets the intention
of the system and waits for the ﬁnal/pre-instruction. The support (system) continues 7) sensing the surrounding state and
sends a ﬁnal short signal. The driver (human) 8) starts an operation.
In the proposed method, the driver can conﬁrm the operation instructions in advance. In addition, the time of 4) presentation of instruction in advance, 5) perception of instruction,
6) interpreting the intention of the system, can be sufﬁciently
secured. The time lag can be related only to 8) operation.
The proposed method 2) forecasts future states and 3) decides pre-instruction or ﬁnal-instruction, and the manner of
action 2) and 3) is important.
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3 Fuzzy inference that considers future time
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A computer can be made to emulate man’s interpretive ability
by building expert knowledge into a system using the fuzzy
theory and fuzzy inference.
In a dynamic environment, an expert operates equipment
by considering not only present states but also forecasting future states. It is necessary to deﬁne fuzzy sets concerning the
change of states in order to build expert knowledge about the
change of states and to perform inference by considering future states.
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In the present paper, we deﬁne a fuzzy set that changes with
0.0
time. A fuzzy set to which a time axis has been added is rex: Distance
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ferred to herein as a time change fuzzy set.
(c) fuzzy set at p=6 sec.
The total set of the state is assumed as R. The time change
f n in state x(t) of the object is deﬁned by the
fuzzy set X
Figure 3: Time-sliced fuzzy sets of the time change fuzzy set:
following expression ( 1 ):
change in distance from far to near.
f n(x,p) =
X


R×P

µXef n(x,p) /(x, p),

(1)

x ∈ R, p ∈ (0, P ).

Rule 1: If forward vehicle (x) is continuous far and following vehicle (y) is continuous far, then lane change (z) is
continuous safe.

Here, µXef n(x,p) is the membership value in universe of dis- Rule 2: If forward vehicle (x) is continuous far and following
vehicle (y) is change from far to near, then lane change
course the state x and the following time p, and P is the max(z) is change from safe to danger.
imum following time.
An example of a time change fuzzy set is shown in Fig. Rule 3: If forward vehicle (x) is change from near to far and
2. This fuzzy set describes a ”change in distance from far to
following vehicle (y) is change from far to near, then lane
near”. The axes of this ﬁgure indicate distance, x, the followchange (z) is continuous middle.
ing time, p, and the membership degree of the fuzzy set µ.
The terms x, y, and z in the above rules are deﬁned by time
change fuzzy sets, as shown in (1) . The above rules are then
described as follows:
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3.3

Fuzzy inference process

Figure 4 shows an example of the fuzzy inference process.
4.0
7.5
e
)
m
(x,p) and
(
(s 5.0
e
The if-part is given by time change fuzzy sets X
tanc
ec
x: Dis
on 6.0 0.0

Y(x,p) , and the then-part is given by time change fuzzy set
d)
(x,p) . These fuzzy sets are in the form of time functions, as
Z
(p) and y(p) are calcuFigure 2: Example of a time change fuzzy set: change in dis- shown in Fig. 4. The input functions x
lated by forecasting the future states from the present states.
tance from far to near.
The degree of membership of the input value to the time
  and Y  as shown in (2) and (3), rechange
fuzzy sets X
Figure 3 shows the time change fuzzy set at p = 0 sec,
i(p)
i(p)
spectively,
is
calculated
by minimum operation, whereby time
p = 3 sec, and p = 6 sec.
Time change fuzzy sets indicate how a fuzzy set changes change fuzzy sets are removed by the input value. For exam
with time. Time change fuzzy sets can be used to build expert ple, when the time change fuzzy set Xi(x,p) is removed by the
 .
(p) , the section area becomes X
knowledge concerning the time change of states into a com- input value of x
i(p)
puter.
3.2

tim

Fuzzy inference rules

Time change fuzzy sets are used to if-part and to then-part of
fuzzy inference. To simplify explanation, three fuzzy rules for
lane change support are described below.
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 = X
i(x,p) ∧ x
i(bx ,p)
X
(p) = X
i(p)
(p)

i = 1, 3,

(2)


Yi(p)
= Yi(y,p) ∧ y(p) = Yi(by(p) ,p)

i = 1, 3.

(3)


Each rule ri is evaluated to Z
i(z,p) , as shown in (4).
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Figure 4: Fuzzy inference using time change fuzzy sets.
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Application supporting a vehicle lane change
Outline of the support system

(4) The support method proposed in Section 2 and fuzzy inference that considers the time change proposed in Section 3 are
3.4 Result of fuzzy inference
applied to support the lane change of a vehicle.
 , and Z
 are 0.3,
 , Z
An expert driver can forecast the future states of other veWhen the evaluation values of rules Z
1
2
3
0.8, and 0.4, respectively, as shown in Fig. 4, the result of hicles and judge intuitively whether a lane change can be perans(z,p) , as given by (5), is as shown in formed safely.
fuzzy inference, i.e., Z
Fig. 5(a).
In the present study, the knowledge of the expert driver is
referred to as driving knowledge. A support system is constructed that forecasts future trafﬁc states from present trafﬁc
ans(z,p) = Z



Z
(5)
1(z,p) ∪ Z2(z,p) ∪ Z3(z,p) .
states, judges whether a lane change can be performed safely
In the present study, Sp(p) is the lane change safety at time p and presents instructions to the driver.
obtained using the center of gravity method (defuzziﬁcation),
It is preferable to maintain the velocity of the vehicle conas given by (6). Figure 5(b) shows the lane change safety at stant during a lane change so that the driver can operate the
time p.
vehicle safely. Therefore, constant velocity is a requirement
for safe lane changing. In addition, it is necessary to keep

safety from the presentation of system’s instruction to the opdz
z · µZans(z,p)
e
Sp(p) = 
(6) eration of driver. This requirement is judged based on whether
dz
µZans(z,p)
e
a sufﬁcient distance between the driver s vehicle and the other
vehicles
will be maintained during a lane change.
Thus, the future output states are inferred from the future
The
lane
change support process is as follows. (a) Assume
states of input, which are forecast from the present states. The
that
the
velocity
of one s own vehicle is constant, (b) Forecast
system determines the operation that the driver should perform
changes
in
the
relative
positions of the other vehicles, and (c)
in the future based on the results of inference. The operation
Present
the
instruction
to
change lanes if it appears that safety
instruction is presented to the driver in advance, and the supwill
be
maintained.
port method described in Section 2 is achieved. The shape of
this fuzzy set looks like a type-2 fuzzy set[10]. The type-2
fuzzy set extends the membership grade to fuzzy value. Other 4.2 Forecast future states
side, this time change fuzzy set based on universe of discourse Other vehicles are assumed to maintain their velocities. The
time and dynamic state, and simple membership grade from relative positions of the other vehicles are calculated as fol0.0 to 1.0.
lows based on assumption (a) above.
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∧

i = 1, 3.
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Predictive states after p seconds are as follows:
x
(p) = x
(t) + vx p
y(p) = y(t) + vy p,

(7)
(8)

where x
(t) and y(t) denote the relative position of forward and
backward vehicle at the present time, t, and vx and vy denote
the relative velocity of these vehicles respectively.
4.3

Judge lane change appropriateness

In order to judge whether a lane change is possible based on
the prediction of future states, expert knowledge concerning
the future state of trafﬁc is necessary. In the present study, the
appropriateness of the lane change is referred to as the lane
Figure 6: Driving simulator.
change appropriateness and is expressed as a number from 0
to 10. These numbers correspond to the following meanings:
Situation 2) Nearby vehicle moves away: A nearby vehicle
0; dangerous(unsafe), 5; will be safe soon, and 10; safe.
moves away gradually (Fig. 8(a)).
Fuzzy inference is performed by using the predictive values
of the relative positions of other vehicles as the input calcuFirst, an experiment is performed using the support method
lated in Section 4.2, and the lane change appropriateness is
in
which only the present state is considered. Then, the exgiven as the output. The instruction to change lanes is preperiment
is performed using the proposed method (Section
sented to the driver based on the lane change appropriateness.
2) in which the future states are considered. In the proposed
method, time change fuzzy sets (Section 3) are used. Audio
4.4 Presentation of audio instructions
In the proposed system, the driver is presented with audio in- instructions are presented as described in Section 4.4.
structions. The instruction is decided according to the lane
change appropriateness and the change. In the present study,
the instruction is output as follows.
Audio instruction:
· Present: Safety is high. Future: Safety is high.
−→ Instruction: ”You can safely change lanes.”
· Present: Safety is high. Future: Safety is low.
−→ Instruction: ”It’s getting dangerous.”
· Present: Safety is low. Future: Safety is high.
−→ Instruction: ”You will be able to change lanes soon.”
After a few seconds.
−→ Instruction: ”Change lanes now.” = Go signal

5.1

Situation 1: Approach from the rear

5.1.1 Results obtained by considering only the present state
The results of an experiment conducted with one test driver
in Situation 1 without considering future states is shown in
Fig. 7(b). In this method, in which only the present state is
considered, the experimental system can only judge whether
the present state is ”safe” or ”unsafe”, and the safety of future states cannot be predicted. Fig. 7(b) indicates that when
the driver started to operate the steering wheel, the system reported that the state changed from safe to unsafe. In this example, the time lag between the instruction of the system and
the operation by the driver caused a problem.

5.1.2 Result obtained by considering the future states
The results of an experiment conducted with one test driver in
Situation 1 considering future states is shown in Fig. 7(c). As
the results indicate, the experimental system did not indicate
· Present: Safety is low. Future: Safety is low.
that the state became safe, and driver did not operate the steer−→ Instruction: ”You can’t change lanes.”
ing wheel. In Situation 1, the experimental system can predict
the safety of future states. In addition, the experimental system judges that indicating that the state will become safe is not
5 Driving simulator experiments
appropriate considering the time of driver’s perception, underExperiments using the lane change support system are per- standing, and operation.
formed using proposed support method. The case in which
the vehicle in the left-hand lane on a two-lane roadway enters 5.2 Situation 2: Nearby vehicle moves away
the right-hand lane is assumed. The only vehicle in the left- 5.2.1 Results obtained by considering only the present state
hand lane is the driver’s own vehicle, and two or more other The results of an experiment conducted with one test driver
vehicles are driving in the right-hand lane. Fig. 6 shows a in Situation 2 are shown in Fig. 8(b). This ﬁgure shows the
photograph of the driving simulator. The test drivers are three time lag between the time at which the safe message is
men in their twenties.
provided by the system and the time at which the driver begins
The following two situations are assumed in the experi- to operate the steering wheel. The average of time lag of the
ments.
three testers is 1.70sec.
Situation 1) Approach from the rear: A vehicle approaches
from the rear (Fig. 7(a)).
ISBN: 978-989-95079-6-8
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Figure 7: Experiments results obtained for Situation 1.

5.2.2

Results obtained by considering future states
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Figure 8: Experiments results obtained for Situation 2.

the time at which the driver begins to operate the steering
wheel became shorter. The average time lag of three testers
is 0.63sec.

The results of an experiment conducted with one test driver
considering future states in Situation 2 are shown in Fig.8(c).
The difference from Fig. 8(b) is that the message ”It will be 5.3 Discussion
safe to change lanes soon” is presented to the driver, because The results of the experiments reveal the following.
this method considers not only the present state but also predicts future states. The ”safe” message is then presented at the
• In Situation 1, the proposed support system can predict
time when system judges that it will be safe to change lanes
danger in future states, whereas the system that considfor a while. The ﬁnal signal is then presented to the driver.
ers only the present state cannot predict danger in future
In this way, the driver is presented with the knowledge that
states.
he will be able change lanes soon, and can prepare to change
lanes. In addition, the time required to provide the audio in• In Situation 2, in the proposed support system, the time
struction can be shortened by using a signal to indicate that it
lag between the time at which the system provides an
is safe to change lanes.
instruction and the time at which the driver performs an
As shown in Fig. 8(c), the time lag between the time at
operation is shorter than that in the system that considers
which the safe message is provided by the system and
only the present state.
ISBN: 978-989-95079-6-8
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Therefore, the effectiveness of the proposed system as a
support system for use in a dynamic environment is demonstrated.

6 Conclusions
An effective support method for use in a dynamic environment
is proposed in the present paper. The proposed method forecasts future states that are calculated from present states, and
the driver is provided in advance with instructions to perform
various operations. In order to achieve the proposed method,
time change fuzzy sets are proposed as a method of building expert knowledge concerning the time change of the states
into a computer.
The proposed method was applied to a lane change support
system and experiments were performed. The obtained results
indicate that it is possible to achieve a safety support system
that can predict danger in future states and can reduce the time
lag between the system providing an instruction and the driver
performing an operation. In addition, the results indicate the
effectiveness of the proposed support method.
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