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ABSTRACT

This research is focused on the development of a model for
estimating arterial travel time by utilizing Automatic Vehicle
Location (AVL) system-equipped bus as a probe vehicle. As an
initial achievement, a prototype arterial travel time estimation
model, applied to the bus arrival time estimation, was
developed. The methodology adopted in this phase of the travel
time estimation model was the on-line parameter adaptation
algorithm. Three objectives were identified for this phase of
the research. These were: 1) studying dynamics of bus
behavior at a single bus stop, 2) extending the dynamics of bus
behavior study to multiple bus stops, and 3) developing a
prototype bus arrival time prediction model. The prototype
travel time estimation was tested and evaluated through the
simulation.

INTRODUCTION

Deterministic model of bus operation was first introduced by
Newell and Potts {1]. Bell and Cowell [2] suggested the
more descriptive dynamic model which covers bus journey
times between the single bus stop and multiple bus stops, and
expanded Newell and Potts’ model by introducing recursive
autoregressive model. However, one of the unrealistic
assumptions that both of those former researchers had made
was that the passenger arrival rate at bus stop and boarding
rate were time independent values. In reality this
assumption is not valid and, therefore, it is assumed in this
research that passenger arrival rate and boarding rate are
time dependent.

A prototype model development in this research consisted of

three tasks. The first task was focused on the study of
dynamics of bus behaviors at a single bus stop. Number of
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boarding passengers were simulated based on time varying
passenger arrival rate and boarding time. The second task
was based on the study of travel time estimation at multiple
bus stops. The dynamics of bus behaviors at multiple stops
were simulated based on ratio between passenger arrival rate
and passenger boarding rate. The main variable focused on
this simulation was the departure time headway. Bus
bunching is discussed at the end of this task. Finally, arrival
time prediction model based on parameter adaptation
algorithm [3,4,5,6,7] was developed. In this model, least
square parameter adaptation algorithm [7] with forgetting
factors was adopted. Two simulations scenarios, one with
constant and the other with varying parameters at each bus
stop, were tested in order to identify the parameter update
capability. The prediction model was analyzed according to
parameter errors and estimation errors. Currently, discrete
time version of sliding mode parameter estimation algorithm
is being developed, for sliding mode technique can more
effectively accommodate varying parameters. We will next
study the impact of signalized intersections on travel time
prediction, which will be a subject of future paper.

SINGLE BUS AT A SINGLE BUs Stop
Model Formulation

The initial approach of development of travel time
estimation model in this research relies on the extended
autoregressive model of Bell and Cowell [2]. The
characteristics of autoregressive model is that the most
recent output affects the current status of model the most
through the adaptive process. The enhancement made in
this research was the adoption of time varying passenger
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arrival rate and boarding rate were considered in order to be
more realistic and accurate model for interpreting the real-
world behavior of transportation system.

The first modeling approach concentrated on the simplest

architecture of the environment as illustrated in Fig. 1.

Dynamics of bus operation in between the stops were

investigated. Although the model is simple, it retains the

essential dynamics of the bus operation. The formulation of

model is as follows:

Zi+1:hi+1—aavg,iXi+Ctavg,i+IXi+l (D

Ziy1 = departure time headway between bus i and bus
i+1 (minute/vehicle)

h;; = arrival time headway between bus i and bus
i+1 (minute/vehicle)

Qavgi = average boarding time at stop i
(minute/passenger)

x; = no. of passenger boarding on the bus at stop i
(no. of passenger/vehicle)

where,

From Fig. 1, Pavgi+1 and otyg i1 can be calculated as

]. p(t)dt

pavg,i +1 = 2 (2)
Zi+ 1
where, p(t) = passenger arrival rate at time
t (passenger/minute)

Ziny |
1

h,.,

Oty

Fig. 1. Travel time estimation at single bus stop
Xi+1

D o

k=0
Xi+1
where, a; = passenger boarding time (minute/passenger).

Qlavg,i +1=

€)

The number of passengers boarding the i+ /% bus will be the
integration of passenger arrival rate between £, and f;. As
noticed here, passenger arrival rate (p) is considered to be a
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continuous function of time, but passenger boarding time (&)
is discontinuous function of time. In reality, this is not the
case, but we can perform analysis and simulation using this
assumption, because these conditions functions emulate the
actual behavior in an average sense.

4
xi-1= | pt)dt *
12
Thus, from (1) and (2), (4) can be rewritten as
Xi+1= Pag.i +12i +1 = Pavg.i + 1M + 1 — Olavg, 0 + Olewg. 41X +1) 5)
(1= Clavg,i + 1 Pavg.t + 1)Xi +1 = —Clavg, iPavg. i + 1% + Pag.i + 11 41 6)
Therefore,
Yiui= —Olavg, iPavg, i + 1 Pavg.i+1 Biar- (7)

Xi
(l_aavg,r‘+1pavg,i+l) (l—aavg,H- lpavg.n»l)

From (7), sensitivity analysis based on different Olayg
(averaged passenger boarding time) and Pave.: + 1 (averaged

passenger arrival rate) were performed to test the stability of
the number of boarding passengers.

Model Simulation

The purpose of this simulation was to identify the behavior
of buses at a bus stop. Specifically, sensitivity of total
number of boarding passengers were investigated under the
different sets of passenger arrival rate and boarding time. In
order for the perturbation to be damped over successive
buses, as it was suggested by Bell and Cowell [2], the
passenger arrival rate should be less than half of the
boarding rate. Simulation proved the above system stability
condition. Another issue verified in the simulation was that
at system equilibrium the number of boarding passengers
equals the product of headway and passenger arrival rate
(ie, x = ph). The simulation results confirmed this
condition.

In the first simulation, p = 0.1*(1+0.1*sin(1.5*1)) and o =
0.001*(1+0.001*sin(1.5*i)) were used. The result is shown
in Fig. 2. In this case, passenger arrival rate is considerably
smaller than the boarding rate. Fig. 2 shows that after a
short transient, the variable reaches a steady state with minor
oscillation.. When p = 0.51*(1+0.51*sin(1.5*1)) and o =
0.01*%(1+0.01*sin(1.5*1)) were used. The result, as
illustrated in Fig. 3, will obtained. Passenger arrival rate is
smaller than boarding rate, but it is not significantly smaller
than the previous case. Thus, even though its amplitude is
large, it remains stable. However, when p =
0.51*%(1+0.51*sin(1.5*1)) and o = 0,90*(1+0.90*sin(1.5%1))
were used, variable representing number of boarding
passengers showed an oscillatory behavior as is illustrated in
Fig. 4. In this case, passenger arrival rate is not smaller than
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half of the boarding rate, thus perturbation occurred. Its
result is shown in Fig, 4.
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Fig. 2. Number of passenger boarding (stable condition)
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Fig. 4. Number of passenger boarding (unstable condition)
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TRAVEL TIME PREDICTION ON MULTIPLE BUSES AT
MULTIPLE BUS STOPS

Formulation

The formulation of simulation model, based on Newell and
Potts’ model [2], assumes the time independence of
passenger arrival rate and bus boarding time. Thus, number
of passenger boarding on bus m at stop » equals the product
of arrival time and arrival rate, and the product of loading
time and loading rate. This statement leads to the following
result.

loading time _ passenger arrival rde )

fon =

passenger arrival tine loading rate

In here, m denotes bus number, and » stands for stop
number.

According to (8), the following can be derived.

ton= bon-1= Toon = Fomn(bosn = Tt (9)
fmn -1 kmn Tron

fn = - fm-1n+ (10)
1—kmn 11— kmn 1— ko

t., is the time when the bus m leaves the stop #, 7 denotes
the headway of bus, and 7, is the travel time of bus m
between stop n and previous stop n-1.

Simulation

Simulation of dynamics of bus behavior at multiple stops was
based on the dynamics (10). f,;, was assumed to be known
from the AVL probe vehicle data, and we assumed. values of
loading time and time taken from i* to i+1”. First, steady
state simulation (constant loading time and k) was performed
for four bus stops with twenty buses. Fig. 5 illustrates
dynamics of bus behaviors on steady state (constant  and k).
Then, simulation for nonsteady state was performed with the
same assumptions except that & and £ were taken as time
vaty 9by adopting random numbers. Fig. 6 illustrates
dynamics of bus behavior for nonsteady condition.
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Fig. 5 Dynamics of bus behavior at steady state
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Fig. 6 Dynamics of bus behavior at nonsteady state

In the nonsteady state condition, when the loading time of
bus gets longer due to delay, then the loading time of
following bus at the same stop gets shorter. On the other
band, since the previous bus left early because of less
passengers, the following bus at the same stop stays longer,
and so on. This disturbance due to bus bunching, can be
seen in Fig. 6. The varying loading time of nonsteady state
is descriptively shown in Table 1.

The next step in the analysis is the prediction of bus arrival
time at stops. Least square parameter estimation algorithm
[7] was adopted for identification of the system for this
analysis.

Table 1 Nonsteady state loading time

no. of buses | loading time at the | loading time at loading time
second stop the third stop at the forth
stop

1 4.0948 3.2352 6.3943
2 3.1012 3.2077 5.8573
3 3.0400 5.7365 3.4025
4 8.3906 8.2457 13.8082
5 5.5854 2.544 2.3059
6 7.7199 11.6253 13.1391
7 2.7395 4.3987 0.9239
8 9.1491 13.6022 9.3529
9 8.7883 5.1909 3.9725
10 2.7438 5.4893 7.7680
1 6.2809 9.5145 7.2424
12 4.3502 3.8504 2.3321
13 9.9517 12.4607 5.2881
14 5.0404 3.2215 2.0689
15 6.1930 5.0543 4.1420
16 3.0860 5.4645 4.9753
17 10.6106 83153 8.4602
18 2.3969 4.5456 3.2545
19 3.9459 3.1066 83737
50 7.6035 10.0346 10.4576

A PROTOTYPE ARRIVAL TIME MODEL

Adopting from Bell and Cowell’s model [2], travel time
between two locations including a single stop can be
expressed as
i = C+0Xi
¢ = departure time headway that excludes
passenger loading time at a bus stop
ox; = passenger loading time at a bus stop.

(an

where,

Substituting x; from (7) to (11), the general form of recursive
arrival time estimation model becomes

(12)

1-ap

This equation describes the recursive approach for travel
time estimation. The current travel time between the stops
relies on the most recent travel time.

Now, let’s consider the case of travel time prediction
between two locations that include two buses. According to
the Bell and Cowell’s suggestion [2], we have to add two
consecutive travel times in two stops to forecast bus arrival
time for the following bus. However, even though current
travel time is based on that of the previous one, it can not be
simply summed up for forecasting the next bus. It is
explained in the following statements. If we add two travel
times on a route, the total travel time can be expressed as
P, i +ophil | ~op ¢ + ophi, 13)
1-op I-op  1-oap 1-op
where, t,; = time taken the i bus to pass the first stop

til+ti2=

+ ti-12+
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t,,= time taken the i® bus from the first stop to the
second stop

h;; = arrival time headway between i-1 and i" bus
at the first stop

h; » = arrival time headway between i-1 and i" bus
at the second stop

Equation (13), however, can not be expressed as one time
variant equation. For example,

olX1+0l2Xx2 = OLa(X1 + JCQ)

oL1X1+ A2X2
o3 = ——
X1+ X2

as = f(x1,x2) (14)
From (14), oy is the function of two variables (x; and x5).
Therefore, travel time on multiple stops should be estimated
separately in the stepwise manner, instead of summing them
up for one route to calibrate predicted travel time. For this,
segment by segment calibration method is introduced. The
description of new approach in this research is as follows.

From Fig. 7, estimated arrival time headway in the first stop
will be expressed as

hii=t+c-E& -1 (15)
where, /i1 = estimated arrival time headway for
bus 1 at stop no.1
T = initial arrival time headway
£,_,, = arrival time of previous bus (i-1) at stop no. 1
Then travel times on the s” stop will be estimated as
-~ —Q, C+Q /;i
A S A (16)
1-—ap —ap
]:l\i,Z =tit+c—&i-12 a7
~ —Q c+a f; i,
tiz= P fi-12+ Pl (18)
1-ap 1—ap
lil\z',s:l‘i,,yfl—{*c—&i—l,s 19)
~ —QL, C+ ]’:i, 5
ti,s= D fi-1,s+ P (20)
1-ap 1-ap
where, i =bus number
s = stop number
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Fig. 7. A prototype arrival time estimation model in time-space domain

Parameter Estimation

The underlying assumption in parameter adaptation
algorithm [3,4,5,6,7} is that system structure is known, but
parameter values are unknown. In general, two approaches,
off-line and on-line computational methods, are utilized for
the system identification in order to estimate the parameters.
Since parameters are usually time-dependent for the bus
dynamics, application of on-line estimation is appropriate.

Least square parameter adaptation algorithm is one of the
most popular parameter estimation algorithms. The function
of adaptation mechanism is as follows:

W) = —ay(k 1)+ bu(k) =0 (k1)
y(k-D}

2D

u(k)
stop was formulated as

where, ¢" =[-a b] and ¢(k - 1) =[
Since time taken from m-1 to m"™
(20), it can be rewritten as
Im = —Qtm-14+bhm+c
where, ~% _ ., P _,. and _¢__ .

1-op 1-ap 1-op

22

Thus,

tm ~1
T
0" =[-a b djand g _pyoip,
1
The estimated output would be identified by an estimate of

parameter vector O . It can be written as

(k) =67 ()b (ke = 1) 23)
The estimation output error would be
e(k) = y(k) - y(k) 29
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Least square estimate (LSE) minimizes the summation of the
squared prediction errors, i.c,

I NP DN &
E= kél[y“‘) 67 o]

The LSE can be found by setting the partial derivative of E

25)

with respect to © to zero.
oE

n AT
=2 k)0 - - (26)
= kgl[ﬂ =67 (ot - sk -1
Therefore,
6(k) = F(k)kfs 0k~ (k) @7
-1
where, gy - [kg $0k- o7 (k- 1)} @8)
é(k +1) in the recursive form will be
6(k +1) = B(k) + correction term 29
Note that
F e+ = Fl ) + 40067 (k) (30)
and
otk =y =6®r k) @D
Therefore,

Ok +1) = Fk +1)[{F_1(k +1)- ¢(k)¢T(k)}é(k) +o(k)y(k +1)]
= F(ke+ DF ™Yk + D8k + F(k + Do) y(k +1) - 67 (k)p (k)]
=00k) + F(k+ Dotk + D -6 (Do) (32)
Since éT(k)q)(k) represents a priori predicted output based
on the parameter estimate vector at time k, it can be replaced
with
30 41 =67 (kyack) and Pk +1) =067 (k +1(k) . (33)
Prediction errors can be expressed as

Q1) =y +1)~3"k +1) and

ek +1) = y(k +1) = 5k +1) . (34)
Therefore,
Bk +1) = B(k) + F(k +Do(k)e (ke +1) (33)

Equation (31) is the recursive form of the parameter
adaptation algorithm.

From the matrix inversion lemma, gain term would be
expressed as

Flie )= )~ F(bd;gk)«bT (BF (k)
1 L+ 97 (B)F(k)b(k)
Multiplication of ¢(k) in (33) will yield
F(R)(k)
1+ 67 (BF (ko (k)
Therefore, parameter updating law will be

(36)

Fk+ (k) = 37)
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Fk)ok)

S 1 €] 38)
1407 (R)F )k

Bk +1) =B(k) + Ok +1)

Relationship between e’ and e can be identified by
manipulating (32) and (33).

ek +1) = y(k +1) - 07 (k + yok) (39
= p(k+ 1)~ [Bk) + _MLeo(k + ) 90k
1+¢° (OF(k)d(k)

= p(k +1)= 87 ()0 (k) — {LF ()R’ e + DY [1+ 7 () F (DS (k)

T (ke + 16T (o F T (kybth)

=k -
1+¢* (B)F(k)d(k)

)
1467 (WF (k)9

Forgetting Factor

The vector & was assumed to be time invariant in the
derivation of least square formula. However, in the time
dependent parameter identification problem the time
decreasing adaptation gain factor, F(k), is not suitable
because of its weak adaptation functionality. Due to this
reason, forgetting factor, 4, is introduced. Therefore, new
performance index will be

£= 200 -6T et )

where, 0 <A <1
From adopting Landau and Silveira’s general formula, F(k)
can be represented as

F7Hk +1) = M(k)F (k) + Aa(k)o(k)0 T (k)

where, F(0)>0,

O< M) <1and 0 <ha(k)<2.

According to the matrix inversion lemma, Fk) will be
updated as

(40)

(41)

Fobd! (oF(k)
2106)/2206) + 67 () F (k)

(42)

Fll+1)= %[F(k)—

Results

Bus arrival time estimations and estimation errors for each
stops were the main outputs to be analyzed in this
simulation. Actual parameters a, b, and d were assumed to
be following continuous functions.
a =-0.2+0.05*sin(0.13%(-1))
b = 0.2+0.05%sin(0.13%(i-1))
d=12+0.75%sin(0.13%(i-1))
where, i = number of simulating buses
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First Simulation

The validity of the estimation scheme for bus arrival times “or

described above was tested using MATLAB. In the 3sr

simulation plot, x axis represents the clock time (sequential ar

time), and y axis represents absolute time. 100 buses with Iy

four bus stops were simulated so that estimation of arrival =

time can be predicted for nineteen buses (arrival time of the g 7

Ist bus was assumed to be known) at three stops (2nd, 3rd, 5 14¢

and 4th stops). Figure 8 illustrates estimated arrival time of : 1t

the second bus. In the figure, the first plot illustrates the

arrival time of bus at the second stop, the second plot shows kb

arrival time at the third stop, and the third plot shows arrival
time at the forth stop.

N :
Ly it

20 40 60 80 100
#of buses

The bus was assumed to be located at the zero coordinates at
the initial time. Hence, estimated arrival time was predicted Fig. 9. Estimation etror at the second stop
as 40 minutes (headway 30 minutes + travel time 10

minutes) in absolute time in the top plot in Fig. 8. In the 35 . E.S tmaton Em.jr

second plot, the jump in the value of arrival time indicates

the update of the estimated values by the algorithm. In the
bottom plot, two updates were made because of the
information from the previous bus at previous bus stops (i.e.,
information was obtained two times). Thus, the accuracy of
prediction improves with time.

errors at stop 2
- N
w N w w
T r T —

T

Second Simulation

Estimation errors (difference between actual and estimated
arrival time) were plotted for each stop against each bus.
Figure 9, 10, and 11 show estimation errors for all the stops
plotted against the number of buses. Estimation errors
converged to zero as bus goes on. The results obtained seem

e
n

o

-05
0

# of buses

F
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encouraging. .
g Fig. 10. Estimation error at the third Stop
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Fig. 11. Estimation error at the forth stop
Fig, 8. Estimated trave] time for the second bus
CONCLUSION

We devised a new scheme based on least square estimation
with forgetting factor for bus arrival time estimation. The
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theoretical foundation was laid, and confirmed by computer
simulations. The results were encouraging, and the results
can be further improve by appropriately modifyving the
techniques shown in this paper.

Accurately predicted short-term travel time is a good
Measure of Effectiveness (MOE) for proactive mode in
establishing control strategies for ATMS, route guidance for
ATIS, and high quality of user services for APTS. The
outcome of this project will provide both accurate and
reliable forecasting of bus arrival time information to the
regular and potential bus transit users. Travel time model
development for normal traffic on the arterial road is the
final goal of this research. By considering the conversion
factors of lane usage of buses and dynamic characteristics of
bus behaviors, and by excluding passenger loading times, a
platform can be established to interpret normal traffic travel
time from bus travel time information.
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