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ABSTRACT
We propose a multiagent based interpolation system for traf-
fic conditions that includes estimation and learning agents.
These agents are allocated to all the road links. The Normal-
ized Velocity (NV) is used in this system. Estimation agents
renew the NV for each road link, and learning agents renew
the weight values for estimation. The weight values can be
calculated by multivariate analysis. Estimation and learn-
ing agents alternately calculate the results to improve the
interpolation accuracy. The Coefficient of Determination
(CD) and Mean Square Error (MSE) are used to evaluate
the interpolation accuracy. Vehicle Information and Com-
munication System (VICS) data and Probe Car Data (PCD)
are usually used for traffic information systems, but we have
confirmed that the estimation accuracy without VICS data
(only PCD) is higher than with VICS data. The standard
deviation of the estimated NV error can be improved to
0.1312, and the standard deviation of the estimated velocity
error is 6.56 km/h in the mid velocity region. It was pos-
sible to improve the CD and MSE by repeated estimation
and learning.

Categories and Subject Descriptors
I.2.11 [Artificial Intelligence]: Distributed Artificial Intel-
ligence − Coherence and coordination, Intelligent agents,
Multiagent systems.

General Terms
Design, Algorithms.

Keywords
Probe car, Multivariate analysis, Coefficient of determina-
tion, Mean square error.
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1. INTRODUCTION
The role of traffic information services in reducing the

consumption of fossil fuels and carbon dioxide is important.
Traffic information is classified into two types: temporal

information and spatial information. Temporal information
denotes forecast technologies, and there is no effective way to
forecast future traffic congestion. Spatial information corre-
sponds to traffic congestion mapping. The multiagent based
interpolation system we propose can estimate traffic condi-
tions based on small amounts of information.

The Vehicle Information and Communication System
(VICS) is well-known as a traffic information service. VICS
gathers the traffic information from roadside sensors and
provides it to drivers. VICS is very useful to provide traffic
information, but a huge capital investment in roadside sen-
sors is essential. The probe car system is an effective method
of reducing this capital investment. Probe cars measure the
travel time along road links using Global Positioning Sys-
tem (GPS) sensors and other methods. With the probe car
system, it is unnecessary to install sensors at the roadside.
However since probe cars are very few in number, it is diffi-
cult to estimate traffic congestion only from Probe Car Data
(PCD).

One commonly-used method to interpolate traffic condi-
tions is by statistical analysis. This method uses statisti-
cal data for the time-sliced average of past PCD from road
links. At present, the number of probe cars providing data
that covers the same time and conditions is very few, and
the sampling errors are very large.

The pheromone model [1][2][3] is used to make up the
deficit in PCD, with deposit, propagation, and evaporation
as the pheromone parameters. While the pheromone model
is normally used as a forecast technology, it can be used
for interpolation. The pheromone intensity depends on the
velocity of the traffic, and changes through a mechanism of
propagation and evaporation. Thus traffic congestion can be
estimated from the pheromone intensity. But the pheromone
parameters are determined by human experience and are
difficult to determine objectively.

The Feature Space Projection (FSP) method [4][5] is pro-
posed as a method to interpolate the traffic conditions, with
the feature being obtained by Principal Component Analysis
(PCA) with missing data. The PCA method without miss-
ing data is commonly used for multivariate analysis. But in
this case, the probability of getting simultaneous PCD from
two road links is very small, and so a method of using PCA
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with missing data is essential for this calculation. The size
of this model [5] depends on the product of the number of
day factors and time resolution, and the required calculation
volume is beyond the capacity of ordinary PCs.

We proposed a method of solving these problems.[6] Learn-
ing agents calculate the weight value corresponding to the
pheromone parameters, and estimation agents make up the
deficit in PCD. In other words, the interpolation accuracy
can be improved by collaboration between the estimation
and learning agents. The Coefficient of Determination (CD)
and Mean Square Error (MSE) are used to evaluate the
progress of learning.

VICS data and PCD are usually used for traffic informa-
tion systems. In this paper, we compare the interpolation
accuracy with and without VICS data (Probe Only). We
also investigate the relation between the interpolation accu-
racy and the number of PCD values for the adjacent (refer-
ence) road links. In addition, we investigate the effect of (1)
the same PCD values used more than twice, and (2) removal
of the old PCD values in the database.

2. INTERPOLATION SYSTEM FOR TRAF-
FIC CONDITIONS

Figure 1 shows the multiagent based interpolation sys-
tem for traffic conditions.[6] This system consists of both
estimation and learning agents that are allocated to all the
road links. Estimation agents renew the velocity for each
road link, and learning agents renew the weight values for
estimation. The estimated velocities and the weight val-
ues are stored in the velocity/weight database. Estimation
and learning agents alternate in calculating the results to
improve the interpolation accuracy. In this study, the up-
per limit on the number of PCD values stored in the veloc-
ity/weight database is 1000 for each road link.
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Figure 1: Multiagent Based Interpolation System
for Traffic Conditions.

The normalized velocity (NV) is used in this system, de-
fined as shown in Figure 2. The x-axis denotes the veloc-
ity, and the y-axis denotes the NV. This chart consists of
three lines: (1) y = 1 − x/1000, (2) y = 1.2 − x/50, (3)
y = 0.1 − x/1000.

Figure 3 shows the example of the junction of road links.
Road link C is connected with road links A and B. The
linear operation is used in this system. The velocity of road
link C increases by simple addition of the velocity of road
link A and B as the velocity is used. When the velocity
of road link A and B is 50km/h, velocity of road link C
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Figure 2: Definition of Normalized Velocity.

becomes 100km/h. In general way, the velocity decreases by
junctions. The velocity of road link C decreases by simple
addition of the NV of road link A and B. When the NV
of road link A and B is 0.2 (= 50km/h), the NV of road
link C becomes 0.4 (= 40km/h). The NV is suitable for
this calculation because the slope of the line in Figure 2 is
negative.
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Figure 3: Example of Road Link Junction.

The slope in the mid velocity region is steeper than in the
high and low velocity regions. In the mid velocity region,
the interpolation accuracy is assumed to be better than in
the other regions. The estimated NVs and the weight values
are stored in the database, structured as shown in Figure 1.

2.1 Estimation Agents
Figure 4 shows an example of the road link connections.

The travel time for each road link is converted to an NV,
and the NVs at time t are tv(1), . . . , tv(7). For example, tv(1)

denotes the NV of road link 1 at time t.
Estimation agents calculate the NV for the road link being

estimated using the NVs for the reference road links and the
weight values at time t, and the reference road links that
are adjacent to the road link being estimated. The initial

NV for each road link is 0, and the initial weights are w
(i)
0 =

0, w
(i)
1 , . . . , w

(i)
n = 1/n. The subscript n denotes the number

of adjacent (reference) road links for the road link i, and
each road link has a different value of n. For example, the
reference road links for road link 1 are 2, 3, 4, and 5 in Figure
4, and the number of reference road link n(1) is 4. While the
notation n(i) is appropriate, the superscript i is omitted in
this section. Without initial values, the multiagent based
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interpolation system cannot break the deadlock.
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Figure 4: Example of Road Link Connections.

V(i) denotes the NV vector for the reference road links
associated with the road link i, and tw(i) is the weight vector
of the i-th road link at time t. V(i) consists of n NVs for
the reference road links and a constant value 1. Equation
(1) shows the definition of the estimated NV t+1Ẽ(i) for the
road link i at time t + 1. In other words, the estimated
NV is the inner product of the NV vector and the weight

vector. Occasionally, the weight value tw
(i)
0 is referred to as

the threshold.

t+1Ẽ(i) = V(i) · tw(i) (1)

V(i) =
“

1 V
(i)
1 . . . V

(i)
n

”
(2)

tw(i) =
“

tw
(i)
0

tw
(i)
1 . . . tw

(i)
n

”T

(3)

When the NV for the PCD (or VICS data) at time t + 1

is t+1p(1), the component of the NV vector V(i) is renewed.
When both VICS data and PCD are assigned to the same
road link, PCD overwrite the VICS data.

Estimation agents are allocated to all the road links, and
they iteratively calculate the NV for the road links being
estimated. First, the new PCD assigned to road link 1 and
the NVs for adjacent road links 2, 3, 4, and 5 are calcu-
lated. Next, the NVs for road links 6 and 7 are calculated.
When the road link being estimated is 2 and the reference
road links are 1, 3, and 6, t+1Ẽ(2) can be calculated from
Equation (4).

t+1Ẽ(2) = V(2) · tw(2) (4)

V(2) =
`

1 t+1p(1) tv(3) tv(6)
´

(5)

tw(2) =
“

tw
(2)
0

tw
(2)
1

tw
(2)
2

tw
(2)
3

”T

(6)

Using the same method, t+1Ẽ(3) can be calculated from
Equation (7).

t+1Ẽ(3) = V(3) · tw(3) (7)

V(3) =
`

1 t+1p(1) t+1Ẽ(2)
´

(8)

tw(3) =
“

tw
(3)
0

tw
(3)
1

tw
(3)
2

”T

(9)

Then, when the new probe data is assigned to the road
link, the NVs for the adjacent road links are calculated, and
finally the NVs for all the road links can be calculated. We
should note that the NV vector V(i) includes both the NV
components at time t and at time t + 1.

2.2 Learning Agents
Learning agents are allocated to all the road links, and

they calculate the weight vector w for learning the road link i
referring to the probe NVs for the road link i and the NVs for
the reference road links. The superscript for the time t and
the road link number i is omitted in the notation. Equation
(10) is m simultaneous equations with n + 1 unknowns. P
denotes the probe vector for the road link i with m NVs, and
Vm×(n+1) denotes the matrix consisting of m NV vectors for
the n reference road links and m constant values of 1. The
subscript m denotes the number of PCD values, and each
road link has a different value of m. While the notation m(i)

is appropriate, the superscript i for m is also omitted.

P = Vm×(n+1) · w (10)

P =
`

P1 P2 . . . Pm

´T
(11)

Vm×(n+1) =

0
BBB@

1 V11 . . . V1n

1 V21 . . . V2n

...
...

. . .
...

1 Vm1 . . . Vmn

1
CCCA (12)

When m is less than n + 1, the solutions to the simulta-
neous equations in Equation (10) are not fixed. When the
rank of Vm×(n+1) is n + 1, Equation (10) can be solved. If
the number of independent equations is greater than n + 1,
Equation (10) cannot be solved. In this case, the least mean
squares method can be used to minimize the MSE. E de-
notes the estimated NV vector for the road link i with m
NVs, which is the product of the NV matrix Vm×(n+1) and
the weight vector w.

E = Vm×(n+1) · w (13)

E =
`

E1 E2 . . . Em

´T
(14)

εk denotes the residuals of the k-th component of P and E.
The sum of the squares of the errors Q is given by Equation
(15). The sum of the squares of the errors divided by m is
the MSE.

Q =

mX
k=1

ε2k =

mX
k=1

(Pk − Ek)2 (15)

The MSE for the road link i has a minimum value when
the partial differential equations in Equations (16) and (17)
equal 0.
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∂Q

∂w0
= 0 (16)

∂Q

∂wu
= 0 (u = 1, . . . , n) (17)

Since Equation (17) is linear, multivariate analysis can
be used. The dependent variables are the probe NVs, and
the independent variables are the NVs for the reference road
links. Equation (18) is the transformed Equation (17). Equa-
tion (18) can be solved by Gaussian elimination and the
regression coefficients, w1, . . . , wn, can be calculated.

0
BBB@

s11 s12 . . . s1n

s21 s22 . . . s2n

...
...

. . .
...

sn1 sn2 . . . snn

1
CCCA

0
BBB@

w1

w2

...
wn

1
CCCA =

0
BBB@

p1

p2

...
pn

1
CCCA (18)

sqr =

mX
j=1

`
Vjq − V̄q

´ `
Vjr − V̄r

´
m − 1

(19)

pq =
mX

j=1

`
Pj − P̄

´ `
Vjq − V̄q

´
m − 1

(20)

V̄q =
1

m

mX
j=1

Vjq (21)

P̄ =
1

m

mX
j=1

Pj (22)

The weight value w0 can be also calculated from Equation
(23), which is transformed from Equation (16).

w0 = P̄ −
nX

j=1

wj · V̄j (23)

3. EVALUATION OF INTERPOLATION
PCD for Nagoya taxis is used in this evaluation. The eval-

uation area for this system is the Nagoya district including
Nagoya Station, an area of approximately 10 kilometers by
10 kilometers on a longitude from 136◦52’30” to 137◦00’00”
and a latitude from 35◦10’00” to 35◦15’00”. The taxi com-
pany that took part in this experiment has approximately
1200 taxis, and the total number of road links is 1128. The
PCD can be obtained every 15 minutes (if probe cars exist
at the road link).

The evaluation period was the four months from 01/11/2007
to 29/02/2008. First, the PCD from the 1128 road links
was checked (see Table 1). The subtotal for road links with
single-figure PCD is 149. We should note that the number
of PCD values m must be not less than the number of un-
knowns n+1 for learning, therefore it is difficult to calculate
the weight value of a road link from single-figure PCD.

The subtotal for road links with four-figure PCD values
is 179. In this range, the road links have collected a suffi-
cient number of PCD values. The number of PCD values
obtained per day was 96, and the evaluation period was 121

Table 1: Frequency Distribution of Number of PCD
Values
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days, giving a maximum number of PCD values of 11,616.
In the four-figure range, the NV for the road links could
be estimated by traditional methods without using this in-
terpolation system. At the end of the evaluation period
(29/02/2008), the number of road links with PCD was 1062
at most. The rest of the 66 road links had no PCD. A suit-
able range of PCD for this interpolation system is considered
to be from double figures to three figures.

3.1 Evaluation by CD and MSE
VICS is a well-known traffic information service. VICS

gathers traffic information from roadside sensors and pro-
vides it to drivers. Probe cars measure the travel time along
road links using GPS sensors and by other methods. It is un-
necessary to install sensors at the roadside with the probe
car system. In this study we compare the following two
cases:

(Case A) Using only PCD (Probe Only)
(Case B) Using both VICS data and PCD (VICS+Probe)

The estimation order of the road link refers to the distance
from the road link with VICS data or PCD. In Figure 4, the
estimation order of road link 1 is 0, the order of road links
2, 3, 4, and 5 is 1, and the order of road links 6 and 7 is 2.

Table 2 shows the estimation order in this evaluation. The
total number of road links was 1128. PCD for 10/11/2007 at
12:00 were used. When only PCD was used, the maximum
estimation order was 8. However, the estimation order was
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3 at most when both VICS data and PCD were used. In
this case, more than 50% of road links had VICS data or
PCD, and more than 40% of the road link had an estimation
order of 1. Therefore, when VICS data and PCD were used
together, almost all estimated NVs were calculated from the
adjacent VICS data.

Table 2: Estimation Order
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In this simulation, the CD and MSE are used to monitor
the progress of learning. R denotes the CD for the road
link i, which is given by Equation (24). p and e denote the
variance of the PCD and the estimated NV, respectively. R
denotes the ratio of the two variances. While the notation
R(i) is appropriate, the superscript i is omitted.

R =
e

p
(24)

e =

mX
j=1

`
Ej − Ē

´2

m − 1
(25)

p =

mX
j=1

`
Pj − P̄

´2

m − 1
(26)

Ē =
1

m

mX
j=1

Ej (27)

3.2 Comparison between with and without
VICS Data

Figure 5 shows the fluctuations in the CD for several road
links in the evaluation area. The x-axis denotes the number
of PCD values, and the y-axis denotes the CD. The fifth
digit in the road link number (ex. 30281) denotes the fol-
lowing:

1: Inter-city Expressways; 2: Inner-city Expressways; 3: Lo-
cal roads

The rest of the digits denote the number assigned to the
road link. The road link number in Figure 5 denotes a local
road.

When the number of PCD values is less than the num-
ber of unknowns (m < n + 1), 0 is assigned to the CD.
When Equation (10) can be solved, the CD becomes 1.
As the number of PCD values increases, the CD decreases
abruptly, and then increases gradually. The minimum value
of the CD for road link 31002 (Probe Only) is approxi-
mately 0.75 after learning, and its value gradually increases
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Figure 5: Fluctuation in the Coefficient of Determi-
nation.

to 0.85. The CD for road link 30281 (Probe Only) abruptly
decreases when the number of PCD values is approximately
450, and increases gradually thereafter. The reason why the
CD changes abruptly is thought to be that the weight value
of the reference road link changes. The reason why the CD
increases gradually is thought to be that the PCD values are
concentrated in a hyperplane in the multivariate analysis.

From Figure 5, the CD for the Probe Only case is greater
than the CD for the VICS+Probe case. Firstly, the PCD is
taken as true even if the VICS data is true in reality. As the
VICS data differs from the PCD, the VICS data is thought
to disturb the calculation. Secondly, the VICS data disturbs
the diffusion of PCD. For example, the PCD for road link 1
in Figure 4 never diffuses to the other road links when road
links 2, 3, 4, and 5 have VICS data. The VICS data acts as
some kind of bulwark against the PCD.

The weight values can be calculated by multivariate anal-
ysis, which minimizes the MSE, which is the essential pa-
rameter in the evaluation. Figure 6 shows the fluctuations
in the MSE. The x-axis denotes the number of PCD values,
and the y-axis denotes the MSE. When no PCD exists for
the road link, 1 is assigned to the MSE. When Equation (10)
can be solved, the MSE becomes 0. As the number of PCD
values increases, the MSE increases abruptly, and then de-
creases gradually. The trend in the MSE is opposite to the
CD.
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Figure 6: Fluctuation in the Mean Square Error.
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Figure 7 shows the average CD and MSE for all the road
links in the evaluation area. The x-axis denotes the elapsed
time in days, and the y-axis denotes the average CD and
MSE. Rave is the average CD for all the road links in the
evaluation area, which is given by Equation (28). N de-
notes the number of road links in the evaluation area. The
average MSE Qave is given by Equation (29), and the no-

tation m(i) is used in this equation. The evaluation period
was from 01/11/2007 to 29/02/2008, and the same data was
used twice. The CD and MSE abruptly improved during
New Year ’s Day and in mid February (national holidays).
During these periods, Nagoya taxis choose different routes
from on normal days. From these results, the CD and MSE
can be improved when VICS data is not used.
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Figure 7: Average CD and MSE for All the Road
Links.

Rave =
1

N

NX
i=1

R(i) (28)

Qave =
1

N

NX
i=1

Q(i)

m(i)
(29)

3.3 Evaluation by Only PCD
Figure 8 shows fluctuations in the CD (Probe Only) for

several road links in the evaluation area. The x-axis denotes
the number of PCD values, and the y-axis denotes the CD.
When learning finished (29/02/2008), the CD for road link
30255 had a minimum value, and the CD for road link 30544
had a maximum value. As the number of PCD values for
road link 30255 is greater than for road link 30544, the CD
does not depend on the number of PCD values.

Figure 9 shows fluctuations in the MSE (Probe Only).
The x-axis denotes the number of PCD values, and the y-
axis denotes the MSE. When learning had finished (29/02
/2008), the MSE for road link 30544 had a minimum value,
and the MSE for road link 30255 had a maximum value.
The trend in the MSE is opposite to the CD.

To investigate the reason, the number of PCD values for
the reference road links were measured, and these are shown
in Table 3. For road link 30544, the number of reference road
links was 13, and the number of PCD values greater than
200 was 12. For road link 30255, the number of reference
road links was 13, and the number of PCD values less than
100 was 9.
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Figure 8: Fluctuation in the Coefficient of Determi-
nation.
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Figure 9: Fluctuation in the Mean Square Error.

Table 3: Number of PCD Values for the Reference
Road Links
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From these results, the CD is considered to depend on the
number of PCD values for the reference road links. When
the number of PCD values for the reference road links is few,
one item of probe car data greatly changes the weight value
for the reference road link. As the PCD values are plotted
far from the hyperplane, the CD decreases abruptly. The
slight fluctuation in the CD is thought to be for the same
reason.

3.4 Repeated Use of Same PCD
When learning is in progress, the weight values of the ref-

erence road links are renewed. Even if the road link being
learned gives the same PCD, estimation agents calculate the
NVs for the reference road links with different weight values.
Learning agents use different NVs in the multivariate analy-
sis. Since the same PCD values are used twice, the number
of PCD values increases substantially. When the number of
PCD values is m and the same data is used twice, the actual
number of PCD values becomes 2m. The estimation errors
during the first run are very large, and therefore iterative
use of the same data is preferable.

Figure 10 shows fluctuations in the CD when the same
PCD from 01/11/2007 to 29/02/2008 are used twice. The x-
axis denotes the elapsed time in days, and the y-axis denotes
the CD. The same PCD values are used for the 1st and 2nd
runs, and the PCD values from 01/03/2008 to 30/06/2008
are used after that.
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Figure 10: Fluctuation in the Coefficient of Deter-
mination.

Figure 10 indicates that the CD increases when the same
PCD is used. The CD abruptly increases at several road
links on the 2nd run, and this is considered to be because
the number of PCD values exceeds 1000. The upper limit to
the number of PCD values stored into the velocity/weight
database is 1000 for each road link. When the number of
PCD values exceeds 1000, the oldest item of probe car data
is deleted from the database. As the old PCD, which is far
from the hyperplane, is deleted, the CD can be improved.
From these results, the CD can be effectively increased when
the PCD is more than 1000.

The CD for road link 31002 decreases after the 2nd run.
The reason is considered to be that the weight value of the
reference road links changes abruptly. For road link 31002,
the number of the referenced road link is 12, and the number
of PCD values less than 100 is 4 after the 1st run. After the
2nd run, the weight value of the referenced road link changes

drastically, and therefore the CD decreases abruptly.
Figure 11 shows fluctuations in the MSE when the same

PCD values are used. The x-axis denotes elapsed time in
days, and the y-axis denotes the MSE. Figure 11 indicates
that the MSE follows the same trend as the CD. The MSE
of road link 31002 increases after the 2nd run, for the same
reason as for the CD. The MSE of road link 30544 is 0.00048
at the end of the evaluation, and the standard deviation of
the estimated NV error is 0.0219. The standard deviation of
the estimated velocity error is 1.10 km/h in the mid velocity
region as shown in Figure 2, because the slope in the mid
velocity region is 1/50.
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Figure 11: Fluctuation in the Mean Square Error.

Figure 12 shows the average CD and MSE for all the
road links in the evaluation area. The x-axis denotes the
elapsed time in days, and the y-axis denotes the average
CD and MSE. The evaluation period is from 01/11/2007 to
30/06/2008, and the same PCD values are used twice. The
average CD and MSE can be improved with the passage of
time.
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Figure 12: Average CD and MSE for All the Road
Links.

The final value for the average MSE is 0.06774, and this
value includes the road links without PCD. As the MSE of
the road links without PCD is 1, this value can legitimately
be subtracted. The number of road links without PCD is
57 on 30/06/2008, and the total number of links N is 1128.
Therefore, the actual average MSE in this area is 0.01721
(= 0.06774 − 57/1128), and the standard deviation of the
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estimated NV error is 0.1312. The standard deviation of
the estimated velocity error is 6.56 km/h in the mid veloc-
ity region shown in Figure 2, because the slope in the mid
velocity region is 1/50. The standard deviation of the high
and low velocity regions is 131.2 km/h. Therefore, this type
of NV can be used for the mid velocity region only, not for
the expressways. However, the average CD and MSE can be
improved on by repeating the estimation/learning.

4. CONCLUSION
We propose a multiagent based interpolation system for

traffic conditions. This system consists of two kinds of agents:
an estimation agent and a learning agent, allocated to all the
road links. The CD and the MSE are used to evaluate the
interpolation accuracy. We compared the results for (A) Us-
ing only PCD (Probe Only), and (B) Using both VICS data
and PCD (VICS+Probe). We confirmed that the interpo-
lation accuracy without VICS data (Probe Only) is higher
than with VICS data.

Under the traditional system, the interpolation accuracy
of the road link depends on the number of PCD values for
the road link itself. In this system, the interpolation accu-
racy depends on the number of PCD values for the adjacent
(reference) road links. When the number of PCD values is
low, the weight values of the reference road links are unsta-
ble. One item of probe data drastically changes the weight
values of the reference road links, and the estimated NV for
the reference road links also changes. Therefore the interpo-
lation accuracy decreases when the number of PCD values
for the referenced road link is low.

In addition, the interpolation accuracy can be improved
when the same PCD values are used more than twice, be-
cause this increases the number of PCD values substantially.
Removal of the old PCD values is a useful way to improve
the interpolation accuracy, as well. The standard deviation
of the estimated NV error can be improved to 0.1312, and
the standard deviation of the estimated velocity error is 6.56
km/h in the mid velocity region. Furthermore, the CD and
MSE can be improved by repeated estimation and learning.
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