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Abstract: This paper presents a method to characterize asphalt
pavement macrotexture using the gray-tone difference matrix
(GTDM) and discusses the potentials of the GTDM indicators
for skid resistance evaluation. There are 37 field sites included
in the data collection, which cover 6 types of asphalt pavement
surfaces. The mean profile depth derived from 3-D
( My ) has a
relationship with the mean texture depth (M), which can be
described by a logarithm model with R* of 0.962. There is no
significant linear relationship between the friction coefficient at
a speed of 60 km/h (D;y,) and macrotexture indicators. A
nonlinear model with British pendulum number ( By )
incorporated can relate Dy, to M, or indicator f,,. A
comparison with M, shows that GTDM-based f,, has a
potential to be a macrotexture indicator for skid resistance
evaluation, which describes the general height difference and

macrotexture measurements significant

the average local height difference of pavement macrotexture.
A relatively high f,,
skid resistance.
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is helpful for improving asphalt pavement

avement macrotexture is an important factor impac-
P ting skid resistance, which is involved in traffic safe-
ty. An appropriate evaluation of macrotexture could be
helpful in understanding and increasing pavement skid re-
sistance, thereby enhancing traffic safety''™ . The mean
texture depth (M,,) and the mean profile depth (M,,)
are usually employed to evaluate pavement macrotexture
in practice. With the development of 3-dimensional (3-
D) data acquisition techniques, researchers have been
looking for approaches to collect 3-D digital macrotexture
and to capture features of macrotexture based on 3-D
measurements.
Cackler et al. " developed a 3-D macrotexture collec-
ting system, “RoboTex”, and employed the maximum
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texture depth derived from the 3-D measurement to evalu-
ate cement concrete pavement macrotexture for noise miti-
gation. Abbas et al. "' reconstructed the 3-D macrotex-
tures of cement concrete pavement specimens using X-ray
computerized tomography ( CT) scanning. Four mathe-
matical methods, the Hessian model,
transform, the wavelet analysis, and the spectral density,
were used to characterize the macrotextures. Ech et al. '

the fast Fourier

acquired the 3-D data of asphalt mixture specimens’ sur-
faces before and after repeated loading tests using a laser-
based device in laboratory. Then they evaluated the dura-
bility of macrotexture using statistical and geostatistical
indicators. Gendy et al. """ developed a system to recon-
struct pavement macrotexture in 3-D based on four-source
photometric stereo technique and calculated M, based on
the 3-D measurement. The system was improved and
named as “PhotoTexture 2.0” in 2011, Vilaca et al.
designed a 3-D macrotexture acquisition system, ‘“TaxS-

s

can”, using laser triangulation technique. They also em-
ployed M,, to characterize the macrotexture. Wen"" ac-
quired 3-D data of pavement macrotexture using a 3-D
optical scanner, XJTUOM, in laboratory and tried to ob-
tain M., from the measurement. Some commercial 3-D
laser scanners were also applied to collect pavement mac-
rotexture data in laboratory and field"™. Moreover,
some researchers developed vehicle-mounted 3-D devices
to achieve a higher test speed'"”™.

It is possible to collect 3-D digital macrotexture in la-
boratory or in field now. Some indicators based on 3-D
measurement extend the options for macrotexture evalua-
tion. In the image processing field, texture analysis is
usually used to extract the features of image. The 3-D
measurement of macrotexture can be transformed into an
image through mapping the heights of it onto a gray-tone
set. Then the methods of texture analysis can be used for
characterizing the 3-D macrotexture. Amadasun et al. !
proposed the neighborhood gray-tone difference matrix
(NGTDM), usually called GTDM, and introduced 5 in-
dicators for analyzing texture properties. The GTDM-
based indicators are effective in extracting image texture
features in many fields''""™ . They may be effective in
capturing pavement macrotexture features.

This paper focuses on how to quantify the GTDM-
based features of asphalt pavement macrotexture from 3-D
digital measurements collected in field and the investiga-
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tion of the potentials of GTDM indicators of 3-D macro-
texture for pavement skid resistance. First, the back-
ground of GTDM is briefly introduced. Secondly, the data
collection in field is elaborated, which covers 6 types of
asphalt pavements. Thirdly, the asphalt pavement macro-
texture is characterized by GTDM indicators and expanded
M,,, according to the 3-D measurements. Finally, the po-
tentials of GTDM indicators are examined through investi-
gating the relationship between the friction coefficient at a
speed of 60 km/h (D) and macrotexture indicators with
the British pendulum number (B,,) incorporated.

1 Background of GTDM

In fact, the GTDM is a column vector, in which the
i-th entry is the sum of gray-tone differences between
each pixel with gray-tone i and the average gray-tone over
its neighbors'”'. Denote digital gray-tone image as I =
{G(x,y), x=1,2,...,N,, y=1,2,..., N}, where G(x,
y) is the gray-tone at the location of (x, y), N_and N, are
the sizes of image at directions of x and y, respectively.
A gray-tone difference set as D = {D(x,y), x =Dy +1,
Dy+2, ..., N, =Dy, y=Dy+1,Dy+2,...,N - D}
can be calculated by

!
G(x,y) - ———————
) = o v 1) o1

x+Dy y+Dy

[(X T 6tn) -6y ]

i2¥-Dy j=y-Dy

D(x,y) =

-

where D(x,y) is the difference of the G(x,y) with the
average gray-tone over its neighbors; D, is the neighbor-
hood size in pixel. We divide D into a series of subsets as
D,=1{D(x,y): G(x,y) =i}, i=1,2,-+,N,, where N,
is the maximum gray-tone of /. The sum of D, is the i-th
entry of the GTDM, S(i). If D, is empty, assign 0 to S
(i). Fig.1 depicts an example of the calculation of GT-
DM with D =1.

wFa-fs [ 1] DR2)=p-(Grasat
@ 2 n 2+2+1+4+3)/8|=0.75
z
- D(2,3) =2-(4+3+1+
1-p4-13 | 3 2+4+4+3+3)/8|=1
412123
S(2) =0.75+1=1.75

4 x4 gray-tone image GTDM

Fig.1 An example of GTDM calculation

Amadasun et al. ' proposed five feature indicators
based on the GTDM, which are coarseness, contrast,
busyness, complexity, and strength'"’.
ience, [ is divided into 2 subsets as I; and I,
sist of all pixels on the 4 edges with width of D, and the
other pixels, respectively. The coarseness is defined

as'"’

For conven-
which con-

fo = Lo+ Y ps(i)] (2)

where £ is a small number to prevent f, . becoming infi-
nite; p, is the occurrence probability of gray-tone 7 in I,
which can be calculated by

N,

pi=—
n,

(3)

where N, is the element number of D,; n, is the pixel
number of /.., which can be calculated by

n, = (N, -2D,) (N, -2D,) (4)

The contrast is defined as'"”’

fun = [12 ip[pju—j)ﬂ[,jisu)]

n,(n, —1)
(5)

where

n, = ZQ,-, (6)

i=1

1 c#0
0 p, =0

The busyness, complexity, and strength are defined as

follows' ™’ .

N,
2. p.S(D)
fbus = N, 1\’/7l

>

i=1 j=1

¢ li-jl
>

p,#0,p, #0 (7)
ipi _jp_,' ‘

feom = [p:S(i) +p,S(j) ]
i=1 j=1 np(p[ +pj)
p:#0,p; #0 (8)
Z z (pi +p/‘)(i _j)z
fu =T p,#0,p #0
e+ ZS(i)
(9)

2 Data Collection

Field tests are conducted at 37 sites, which are selected
from highways of various grades and urban roads in Hua-
irou and Chaoyang Districts, Beijing, China. They cover
6 types of asphalt pavement surfaces, dense asphalt con-
crete (DAC), stone matrix asphalt (SMA) , rubber as-
phalt concrete (RAC), ultra-thin wearing course ( UT-
WC) , micro-surfacing (MS), and open graded friction
course (OGFC). The basic information of the test sites is
listed in Tab. 1. The pavement surface is scanned using a
commercial hand held 3-D laser scanner. The macrotex-
ture is presented by a point set with a sample size of 90
mm x 90 mm and a sample interval of 0. 5 mm in two
horizontal directions.
Ref. [20]. Fig.2 gives a typical 3-D macrotexture. M.,
By, and D, were also collected using the sand patch
method ( ASTM E 965 ), the British pendulum tester

The test method is explained in
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(ASTM E 303 ), and dynamic friction tester ( DFT)
(ASTM E 1911), respectively. B, were not collected
for all OGFC and 2 RAC test sites; D, were not collect-
ed for all OGFC test sites. All the tests were conducted in
situ in November 2010 except OGFC test sites, which
were tested in May 2012. A new set of rubber pads for
DFT was replaced and used for all tests in November
2010. Before the tests in May 2012 were conducted, the
rubber pads of the DFT underwent several other tests. It
also should be noted that maybe the asphalt film was not
totally worn off for the test sites opening in 2010 when
the tests were conducted even though most aggregates had
emerged.

Tab.1 Basic information of the test sites
NMPS/ Number of

Highway Opening

coding Grade  Surface type mm test sites date
1 SMA 13.2 5 Aug. 2010
G101 1 UTWCl1 9.5 4 Sept. 2009
1 UTWC2 9.5 4 Sept. 2010
1 MS 9.5 4 Sept. 2009
G111 2 DACI 16.0 7 July 2010
2 RAC 16.0 6 Sept. 2010
X011 3 DAC2 13.2 3 Sept. 2009
iext U™ oGRe 13.2 4 June 2008
road

Fig.2 A typical 3-D macrotexture

3 Characterizing Asphalt Pavement Macrotex-
ture

3.1 GTDM indicators

The 3-D measurement of macrotexture can be converted
into a gray-tone image by dividing the height range into
sections with a given interval and mapping each section
onto a gray-tone. Then, it can be characterized by the
GTDM indicators. This paper employs an interval of
0.05 mm, which is the accuracy of the depth of the 3-D
scanner. The conversion is described as

Z(x,y) —min(Z)
0.05

G(x,y) :ﬂoor( )+1 (10)

where (x,y) is the location of the point or pixel in the

macrotexture ; Z(x,y) is the height at the location of (x,
y), mm; floor( + ) rounds a number to the nearest inte-
ger less than or equal to it. Fig.3 depicts the gray-tone
image corresponding to the macrotexture shown in Fig. 2.
The GTDM indicators are calculated with D =1 for each
macrotexture.

Fig.3 The gray-tone image corresponding to the macrotexture
shown in Fig. 2

3.2 Mean profile depth

M, is widely used to evaluate the pavement macrotex-
ture in practice and some researchers attempted to calcu-
late M,, according to 3-D measurement ">’ The 3-D
measurement of the macrotexture usually can be divided
into a series of parallel profiles. Considering each profile
in the 3-D measurement as a segment, we can obtain an
indicator like M, through averaging the mean depths of
all profile segments. It is called M, hereinafter to dis-
criminate it from the profile-based M,,. In this paper, the
3-D measurement of macrotexture can be divided into 181
segments along x or y axis. The values of M, are calcu-
lated based on the segments divided along x and y axis,
respectively. The mean of the 2 values is adopted as the
final value of M,,, to eliminate the orientation effect.
Fig. 4 depicts a typical profile segment and its mean
depth, which is extracted from a 3-D measurement '’

Fig.5 depicts the relationship between M., and M,
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Fig.4 A typical profile and its mean segment depth
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which can be captured by the following logarithm model ;

(11)

The analysis of variance for the logarithm model is pres-
ented in Tab.2. It is shown that the model is highly sig-
nificant. The mean square error (MSE) of the model is
0.002 27 and R* is 0. 962.

My, =0.526 3In(M,y, —0.938 3) +1.386 1

1.57
1.3f
1.1}
£0.9
Y
a
=0.7
+ DACI; O DAC2
0.5 * MS; X RAC
’ OSMA; <O UTWC2
0 3 * A UTWC1; YV OGEC
1.0 1.2 1.4 1.6 1.8 2.0
Mpp;/mm

Fig.5 Scatter plot of M., against M, with the logarithm re-

gression model

Tab.2 Analysis of variance for the logarithm model relating
M,y and My,

Degree of  Sum of Mean Significance

Source F value
freedom  squares square level
Model 2 1.9396 0.9698  426.51 <0.000 1
Error 34 0.077 3 0.002 27
Corrected
36 2.016 9

total

4 Relationship between GTDM Indicators and
Skid Resistance

This paper investigates the relationships between GT-
DM indicators, M., , M., By and D, , using correla-
tion analysis. Tab. 3 lists the Pearson correlation coeffi-
cient matrix. Among the 5 GTDM indicators, f,  has the
maximum correlation coefficient of 0. 727 5 with D,
while the others just have values below 0.3. The correla-
tion coefficients between D, and M., M, are 0.448 3
and 0.406 3, respectively, which are much less than that
between f,, and D..,. Fig. 6 gives the scatter plots of
Do With f, - M., and M,;,,. According to Tab. 3 and
Fig. 6, there is no significant linear relationship between
Dy, and the macrotexture indicators. The Penn state
model ™ is usually used to describe the nonlinear rela-
tionship between the friction coefficients and slip speed
with consideration of the macrotexture influence. To in-
vestigate the potential of f, , in macrotexture evaluation
for skid resistance, this paper incorporates B, to relate
Dy, and macrotexture indicators with referring to the
Penn state model.

0.09
+ DACl; O DAC2 o
0.08
* MS; x RAC o
0.07/ O SMA; O UTWC2 %
0.06] & UTWCI o
_0.05}
3
0.04}
~ O X EO AD
0.03 S o, An
0.02 + HY o
+
0.01
ol Fx Fw
0.30 0.35 0.40 0.45 0.50 0.55 0.60
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1.37
X
I o
1.1 2 X X e [m] %
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g oo # A
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(b)
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(¢)
Fig. 6 Scatter plots of Dp, against f_, ,
DFTGO _fcnn 5 ( b) DFT(')O _MTD 5 ( C) DFT()U _MPD3

M., and My, (a)

The models of relationships between D, and M., f...
with B, incorporated are described by Egs. (12) and
(13), respectively. Tabs.4 and 5 present the results of
analysis of variance for the two models. It is shown that
both the two models are significant. The MSEs of the
models with M., and f,  are 0. 002 6 and 0. 002 4, re-
spectively. Figs. 7 and 8 depict the measured D, with
the predicted Dy, by Eqs. (12) and (13), respectively.
According to the comparison with M., the GTDM-based
f.on shows a potential to be a macrotexture indicator for
skid resistance evaluation.

1

(12)

Drry :BPNeXp(o. 006 2M,, +0.200 4)



Application of gray-tone difference matrix-based features of pavement macrotexture in skid resistance evaluation 393
Tab.3 Pearson correlation coefficient matrix
Indicators Dy Bpy My Mpp;s Seos feon Sous feom S
Do 1.000 O 0.608 6 0.448 3 0.406 3 -0.1477 0.727 5 -0.2852 0.139 1 -0.193 1
By 0.608 6 1.000 0 0.399 0 0.336 2 -0.094 6 0.565 3 -0.407 1 0.1510 -0.129 8
My 0.448 3 0.399 0 1.000 0 0.933 9 0.057 8 0.742 8 -0.494 9 0.832 1 0.3517
Mo 0.406 3 0.336 2 0.9339 1.000 O -0.164 5 0.765 4 -0.317 3 0.790 8 0.182 8
Jeos -0.1477 -0.094 6 0.057 8 -0.164 5 1.000 0 -0.3656 -0.4857 0.131 6 0.787 1
Seon 0.727 5 0.565 3 0.742 8 0.765 4 -0.365 6 1.000 O -0.236 2 0.578 1 -0.1370
Sous -0.2852 -0.407 1 -0.494 9 -0.317 3 -0.4857 -0.236 2 1.000 0 -0.4579 -0.5195
Seom 0.139 1 0.1510 0.832 1 0.790 8 0.1316 0.578 1 -0.4579 1.000 0 0.608 1
Jar -0.193 1 -0.129 8 0.3517 0.182 8 0.787 1 -0.1370 -0.5195 0.608 1 1.000 O
Tab.4 Analysis of variance for the exponential model with M, D -B -1 13
Source Degree of Sum of Mean F Significance Fre0 = PNeXp( 0.094 3fmn +0.202 7) ( )
freedom  squares square value level
Model 2 6.1624 3.0812 1183.7  <0.000 1 5 Discussion
Error 29 0.0755 0.002 6
Uncorrected It is helpful to investigate the meaning of f,  for pave-
31 6.237 9

total

Tab.5 Analysis of variance for the exponential model with f,

Degree of Sum of Mean F Significance
Source N
freedom  squares square value level
Model 2 6.1697 3.0849 1312.6 <0.000 1
Error 29 0.0682 0.002 4
Uncorrected
31 6.2379
total
0.601
0.55¢
o A ©
80.50f X
=
Qm X Uo S ¢
E 0.45 + + + DACI1
% X +g + M O O DAC2
£ 0.40 * MS
. [m]
x * x RAC
+ O SMA
0.35 * O UTWC2
* A U TWC1

0. 30 : :
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Fig.7 Measured Dy, against predicted Dy, by My,
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O
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k= x +ot 24 O DAC2
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Fig.8 Measured Dy, against predicted Dy, by f,

on

ment macrotexture. Denote

fi = (. _I)ZZPP,(I— (14)
=igmo (15)

Then
Jen =515 (16)

Define a pixel pairs set corresponding to I. as P =
{[G(r,s),G(t,u)]: r, t=Dy+1,Dy+2,--,N, -
Dy; s, u=Dy+1,Dy+2,-- N —D|. P can be divid-
ed into a series of subsets as P, = { [ G(r,s) ,G(t,u) ]:
G(r,s) =i, G(t,u) =j}, 1—1,2,~-~,Ng; j=1,2,-,
N,. Then p,p, is the element number proportion of P to
P. Therefore, the summation part of Eq. (14) is the av-
erage of gray-tone difference square over all pixel pairs in
P. According to Eq. (6) , we know that n, is the number
of gray-tones actually existing in /.. The summation part
in Eq. (14) is normalized through dividing it by
n,(n,-1). Thus,
erage of gray-tone difference square over all pixel pairs in
P. Tt represents the general height difference of the pave-
ment macrotexture.

According to the definition of GTDM, S(i) is the sum
of D,. Then

we know that f, is the normalized av-

N, N,-Dy N,-D,
> S(i) = > D(x,y) (17)
i=1 x=1+Dy y=1+D,
Therefore,
N.-Dy N,-D,
Y Y D(x,y)
fz _ x=1+Dy y=1+Dy (18)

(Nx _2DN)(NV _2DN>

Actually, Eq. (18) is the average of D. We can clear-
ly understand that f, is the average of gray-tone differ-
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ences between all pixels and the mean over their neigh-
bors. It represents the average local height difference of
the pavement macrotexture. According to the previous
analysis, it is known that the indicator f,  , the product of

f, and f,, captures both the general and local height
differences of pavement macrotexture.

6 Conclusion

According to the 3-D measurement of asphalt pavement
macrotexture, this paper quantifies its features using the
GTDM indicators. Expended M., (M,y,) is also calculat-
ed using the 3-D measurements. The potentials of the
GTDM indicators for skid resistance evaluation are inves-
tigated by comparing them with the traditional macrotex-
ture indicators according to data collected in situ, which
covers 6 types of asphalt pavement surface, DAC, SMA,
RAC, UTWC, MS, and OGFC. Results show that the
M, has a strong relationship with M, , which can be de-
scribed by a logarithm model with R* of 0.962. Correla-
tion analysis and the scatter plots show that there is no
significant linear relationship between D, and macrotex-
ture indicators. A nonlinear model, referring to the Penn
state model, is used to relate Dy, to macrotexture indica-
tor with B, incorporated. It is shown that the model is
significant when M, or f,  is included as macrotexture
indicator. A comparison with M, shows that the indica-
tor f, . has the potential to be a macrotexture indicator for
skid resistance evaluation.

The indicator f,, includes two components which de-
scribe the general height difference and the average local
height difference of pavement macrotexture, respectively.
A relatively high f,  is helpful for improving asphalt
pavement skid resistance.
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