USOORE49844E

(19) United States

12 Reissued Patent US RE49,844 E

(10) Patent Number:

Toom 45) Date of Reissued Patent: Feb. 20, 2024
(54) CONTINUOUS HIGH RESOLUTION FOREIGN PATENT DOCUMENTS
SURFACE PROFILING APPARATUS AND
METHOD JP 2000180148 A * 6/2000
WO PCT/AU94/00578 4/1995
(71) Applicant: Paul Toom, Delta (CA)
(72) Inventor: Paul Toom, Delta (CA) OTHER PUBLICATIONS
(73) Assignee: Paul Toom, Delta (CA) Surface Systems & Instruments CS8860 Walking profiler brochure
published by Surface Systems & Instruments, Inc., found at www.
(21) Appl. No.: 17/159,000 _
smoothroad.com/products/walking, accessed on Jul. 10, 2013.
(22) Filed: Jan. 26, 2021 (Continued)
Related U.S. Patent Documents
Reissue of: Primary Examiner — Karin Reichle
(64) Patent No.: 9,404,738 Lo o
Tecued: Aug. 2, 2016 (74) Attorney, Agent, or Firm — Paul R. Smith; Oyen
Appl. No.: 13/870,287 Wiggs Green & Mutala LLP
Filed: Apr. 25, 2013
(37) ABSTRACT
(51) Int. CL
GO0IB 11/24 (2006.01) A surface profiler including at least one front support wheel
GO1b 5/25 (2006.01) and at least one rear support wheel for travelling along the
GOIB 5/28 (2006.01) . ; fle to b 14 the rotational ;
GOIB 2120 (2006.01) surtace of a profile to be measured, the rotational axes o
G01C 7/04 (2006.01) said wheels being longitudinally spaced, and the wheels
(52) U.S. CL contacting the surface being profiled in a collinear manner.
CPC s, GO1B 11/24 (2013.01): GOLB 5/285 A frame carried on the wheels carries at least one imnclinom-
(2013.01); GOIB 2120 (2013.01); GOIC 7/04 L _
(2013.01) cter and at least two vertical distance measuring apparatus
(58) Field of Classification Search such as lasers, and may also carry an optical encoder. The
CPC ... GO1B 11/24; GO1B 5/285; GO1B 21/20; lasers are collinear with each other and with the wheels.
GO1C 7/04 C e
L . Incremental [to] measurements of inclination angles pro-
See application file for complete search history. _ S o
vided by the inclinometer, together with incremental mea-
(56) References Cited surements of distance to the surface being measured pro-

U.S. PATENT DOCUMENTS

vided by the lasers, produce a continuous, high resolution

mathematical series of elevations representing the surface

3,056,209 A 10/1962 Oliver _ _ _
4,741,207 A 5/1988 Spangler profile, including reproduction of surface features that are
4,858,329 A 8/1989  Manor smaller than the distance between the wheels.
5,107,598 A * 4/1992 Woznow .................. GO1C 7/04
73/146
(Continued) 14 Claims, 11 Drawing Sheets
o
e ‘.I
Mﬂﬂ'ﬂ T —
W e NG
| - |
] it
E:'MF 1 / aﬁ
o e |
a / \
‘;
l | ‘i ;
y §
/ E \ 111 /
/ }1 ta
( 1t. ML,/% E
1% ,r:, A0 \
\ | 42_\3\& i{ {1 N l@ — 1)
§ ™ _ - I e
t‘ E«(}g \ it Ef - Liﬂ___wﬁﬁ
“} s " g By e
| =% & &
- Vi —>¥




US RE49,844 E

Page 2
(56) References Cited
U.S. PATENT DOCUMENTS
5,255,561 A * 10/1993 Fleming ................. GO1B 7/345
73/146
5440923 A * 8/1995 Amberg ................... GO1C 7/04
73/146
5,535,143 A 7/1996 Face
6,618,954 B2* 9/2003 Kumazawa et al. ............ 33/533
6,647,636 B2* 11/2003 Fukuhara et al. .............. 33/521
6,682,261 B1* 1/2004 Karamihas .............. EO1C 23/07
299/1.5
6,775,914 B2 8/2004 Toom
7,044,680 B2 5/2006 Godbersen et al.
7,748,264 B2 7/2010 Prem
8,417,423 B2* 4/2013 Fudala ................. GO5D 1/0272
701/50
9,869,064 B2* 1/2018 Akashi ................... GO1B 11/30
2002/0129505 A1*  9/2002 AIrey ....ooooeevvivvinnnn.n, GO1B 3/12
33/521
2002/0176608 A1 11/2002 Rose
2008/0219764 Al* 9/2008 Prem ..........coovvvvnn... E01C 23/01
404/72
2011/0220781 Al*™ 9/2011 Batchelder ......... GO1D 5/34715
250/231.13
2014/0207411 Al1* 7/2014 Laurent .................. GO1B 11/26
702/158

OTHER PUBLICATIONS

Surface Systems & Instruments CS8800 Walking profiler brochure
published by Surface Systems & Instruments. Inc., found at www.
smoothroad.com/products/walking, accessed on Jul. 10, 2013.

* cited by examiner



U.S. Patent Feb. 20, 2024 Sheet 1 of 11 US RE49.844 E

46

50
\
16 N 14
| 1% 44":*5 - /
) \@ L; L \/l {1 i
20 427 f,--;_;h)\zm \ P 18
(o] ) LA
34T D
6 32 28 30



U.S. Patent Feb. 20, 2024 Sheet 2 of 11 US RE49.844 E

Amended

10

=
Z

18“|{

40+ [\ (L34

130
14 /56
32

Fig. 2




U.S. Patent Feb. 20, 2024 Sheet 3 of 11 US RE49.844 E

INTERFACE

KEYBOARD
& DISPLAY

46

BSB OR SERIAL COMMUNICATION CABLE

BATTERY g -
ELECTRONICS N N\
CABINET

|
L) B

COMPUTER
AND MEMORY BATTERY

|

21

COMPUTER BUS

56\ o \‘I_

INTEGRATED COMPUTER HARDWARE DC-DC
REAL TIME CLOCK. COUNTERS, DIGITAL /O |CONVERTER
16 BIT ANALOG TO DIGITAL CONVERSION

SIGNAL CONDITIONING (AMPLIFICATION, FILTERING)

50

T TEMPERATURE
OF ELECTRONICS
\
H BATTERY VOLTAGE|/

MEASURING
DEVICES

DISTANCE
MEASURING
UNIT
TRANSVERSE
DISTANCE
LASER FRONT
DISTANCE
LASER REAR

INCLINOMETER

N
N
T
N
N
R

INCLINOMETER] |
LONGITUDINAL| §

TEMPERATURE
OF WHEEL




U.S. Patent Feb. 20, 2024 Sheet 4 of 11 US RE49.844 E

-

14

X

Fig. 4




US RE49,844 L

Sheet 5 of 11

Feb. 20, 2024

U.S. Patent

(w) yr3uajanem
G SY v S'E € S 4 ST T S0 0

(papuswwiodal J0u)
1919WOoUIjDU| + J3SET JIPPIN T ---  rewwwwwe=zz===== I " -

AjuQ Ja1swiouljouj—

TP RS g FE (R A T S [ AU LT EULEE EEL LA LAL TR AT AR L LT A I R S AT s e s e T e e b ey ey Ry R R e e e ke e e e e el e e e B ke B P TR L L RN R RS R RS TS e L LT ]

e e i P P e o e B e i i i ol 3 e i o P B e o B 5 o a7 et 8 7 R R R R R N e BRI R R NN e R [ R R R R e Rt e e o il o i e T e T T L L e N N N N S e o i o T T e e B e S e T R S T S S T I T S TS e e e ——————lp

R e A e R nae [EIRTTIE e

e — et i A0 AR A5 A5 A 5 i A6 AN " ;;iisﬁﬁiéiasiééaisis m_..N
(W S20°0=1‘W0OST0=M)
lajawiouljdpuj + 13seq 3|ppIN T SA (s1ase] oN) AjuQ 1s1awiouljdpu}
uisn sasuodsay yisua|anepp aAaljeledwo) °S “Sid4



US RE49,844 L

Sheet 6 of 11

Feb. 20, 2024

U.S. Patent

(w) yaduaanem
o] 3 7 14 Gt £ ¢ [4

AjJuQ J1913Wouljou| ---

(UOl3lUaAUI
SIY}) J9)}2Woul|du} + siase] ¢—

a
FLAELETEN T oL L e T EL T IR TEE LT PEEErD )

»
3
k]
3
rerer
|

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

(W S20'0=1‘WQSZ'0=M)
AjuQ J1912WouljpU] pue J313Wouljduj + siaseq ¢
Suisn sasuodsay yisuajanepn anneledwio) -9 dij




i vt et et e U S U SN e e A A e et A A - A A A - M AR | s ey e e s e e e e e e e i e e e e e e e e e R T e A S T T NN TSN DA B BRI I e e e e e e e e i e Tl o e e e .[IWI.rl N O QO O

US RE49,844 L

( E)

.\ ad
" N - — I I e . - My Ay Ay PR e e B A A e e e e e A Ao oA A AL e - ey e ey R g By e [FrRTrys e e e e P e P e el o e oo =i e i S, R ey 1 Ty b e e R T e e T Rk g e et [
£
L L

™
o N

AjuQ J913WoUloU| -~-

Sheet 7 of 11

JJJJJ A N e gy o By gl e, o, g ol o o e e B e e P e R e e e T A R R R R AR R R R R RS TSR T ST T S e e e ek e b bbb bl L Lk AR d A A B AR AR RS SRS R RS Rk, Bk bk bbb bbb bbbk b B RLLd [ R N R N N N N N L L L R e L L L R bR AA LALLM L R BN BRI RTRT RS RS T RS S T T g h mooo O

U 2> U o

b
i

80000

H
.

e L L A A T B B L T N L LA el KA [T Pt o
r
H

................................................................................................................................................................................................................ - L L T e L LU P R PR eV T YR PP ERELEFFELEE 0 — OO D

Feb. 20, 2024
LLd

?«T\-ﬂ-ﬂ—!lh‘

........................................... ;quo
(W SZ0'0 =1 ‘W 0SZ0 = M)
1939WOUIIU| + SI9SeT Z pue AjuQ Ja1awouljduj
Suisn 1nduj dwing apip W 9T°0 e 10} sindinQ 3jijoid aAljesedwio) /£ "5l

U.S. Patent



U.S. Patent Feb. 20, 2024 Sheet 8 of 11 US RE49.844 E

Fig. &




US RE49,844 L

Sheet 9 of 11

Feb. 20, 2024

U.S. Patent

$S00 AQ paonpal (JV 109.1100U]
¢pSOd QY —=

X < . el

p\adV

6 "SI

109110))
av

~enaBEE

vl

4 43
%
_

91

SRS



US RE49,844 L

Sheet 10 of 11

Feb. 20, 2024

U.S. Patent

Sl

UOILUDAUL
Ul) J919Wouljdu] + S19se] ¢—

AjuQ Jalawouljuj ---

AjuQ si1ase] g -

EARAY R R

111111111

(w) yrsuajanepn

ErAEETLUEU LY YR UL AT A LT e rrrrarTerr e s TGS e Y Y A e T Y e Y =

oy " e Ty e e L

5
:
:
T
!
)
3
H
3
I
I
3
i
2
£
g
i
g
:
|
H
£
£
|
i
|
i
£
:
:
:
:
i
3
1
i
:
:
H
i
:
i
i
é
i
2
-i’
i
!
i
1
o

- Nﬁat

A XE

% 9'Y 1% St t G°C 4 ST I
e A K i : ;

‘l.‘li“ii‘ll“l_i‘l‘Il'li‘ll.lll'

.
A

-
mre

“¥bzsnerrven
‘.'_"..“...‘..'.
.'....
L X ™
*

LI

™
-
»

P PP PP Pt 1 et et o PR P e oot r By By e Bk B e el ek e e B Ak A B R BT BT R R Pt T b m mr d e B A b e A L L A A A AR LI LA L A R LA AL AT R TR S T R R R Tm st ks e e b b R el g bk e ek A R LA Ll Lk E NN A AR Ll N [TETFIR YT T T YRR T TR TN Y LY T R

L L T et LR L R L L e

et P el e g =y =i — ey i g b m e ey B L L L L el L L LA LT T AL T T T by e e e e e e e e T e T T L TR R T R L B e e R e T b m R R By b =y e e ey e S Ll e AL AL d LR e A e e P T R e e Rk b A R B AL A TR R R L R AR AR R A R LA A T TR RS R hhema T P T e L DL R L T r arflnannas -...:::...:......................::J!.. ....... -3
R "
. [T TN
il el el o R AL AL R R A R R L T R L R ] —-ra [ (e S p— T N Y e SCF AL R PRI VIFEFE PRFLFTEFE R PRLE DY T CEFT PR LT WITIVL LITRE TEPERERE RITTEORTE LRV EVE VP L L EFEVE LREVERIE L L ELLYE TN L' e e o e B e e e e T e e b A e R e T T T R e T e e g e e e e B B e e R e R Y R R B U E R TR LT A LT EE T ST R wirrAAT T f:f.tt},‘qf{-..lfr - MR L) Lo L]
: w
‘ &« ]
T B o B T e Tl e I e el o Pl L R E R e b o P T e e e e R R e e R N T EETIIVIFETH o P L o W o TP B gt i g g e i B et el e e e R T B e e e T R R e el I B R R T T B T T T T EEEEETT rw rrE el e a S s e ] e T T T T T T T P R e R A T R UL e ;rrrrfrfit[rtrfrfril:::!::tiﬂ{..r& v 11“1... rratah i .

Y e MAU

&

. ¥
»* el
L ] LN .
» =
- L
- - .
=
-
-

»

-

i
-

AERARRET RS S R T AT AR T BT T 1T 1 et bk bk e d b A A L R L LR R RRA T AT AT RT T AT T I T b ke bbb b b b b ke bRk bk bk R e e A W

R
sxr®?? :
Pt ersrnayl

:

A A PP AL PR ROT R TR R T el T R R P et e e e m b m b by o i g e e e o e e o e e o e e e e e o e e e ke e e e e e e e e e e e P b e R TR R R R AR LR Y AINAT TETT 114 R TR S ARSI PR ST R e L T

[ SSRrY WI IY E EA EECIR I Y L AT AR | .......-.-W.‘,.r m —

e T e T T e e e R e el el e il et il W o e L R A WA T LT 'l e e e o e e B e e LR anr

" e e L ey ey ey Ty e e T T T T e T T Ty e e e e T W O

(W SZ0'0 =1‘W 0SZ'0 = M)

Frrur Tt T YT e T T T e T e A = T A Y

$19Se7 Z pue Siglawoul|duj Jo suoilngliuo)
asuodsay Yyisdua|anep a2nailesedwo) gt "4



U.S. Patent Feb. 20, 2024 Sheet 11 of 11 US RE49.844 E

X
l“ Jpu--
|
.\.
|
46 |
N
\
%
K \
48 //'\
‘,
‘.
\.
‘.
10 |
\ \
:
|
47 |
|
|
\ ~
===
(- .
:
|
‘. S50
T
4
] e e — Li-—-
12--_._.\_ T 45 V.
18“~ﬁ:#i_f“ il — T X
MMMMMMMMM e f
— g | W LY
40 A RERY
bl 30
14 A
VK'\ 1 ..~_____26
~32



US RE49.844 E

1

CONTINUOUS HIGH RESOLUTION
SURFACE PROFILING APPARATUS AND
METHOD

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE 10O RELATED
APPLICATIONS

The present application is a reissue application of U.S.

Pat. No. 9,404,738, which was filed on Apr. 25, 2013 and
issued Aug. 2, 2016.

FIELD OF THE INVENTION

The invention relates generally to surveying instruments.
More specifically the invention relates to a surface profiler
for determining the contour and characteristics of a surface.

BACKGROUND OF THE INVENTION

In surface profiling, a surface contour or profile 1s
acquired by measuring the elevation of the surface at inter-
vals along the surface. Surface profiling methods include
cither non-contact methods using optical (e.g. laser) or
ultrasonic transducers, or contact-based methods using
ground-engaging apparatus.

Contact-based profilers are generally characterized either
as the walking or the rolling type. Walking profilers include
those having spaced ground-engaging “feet” or pads that are
alternately brought into engagement with the surface to be
measured, as the profiler 1s moved over a distance. An
example of a walking profiler 1s shown 1 U.S. Pat. No.
7,748,264 to Prem. The majority of contact-based profilers
are of the rolling type. Rolling profilers travel on wheels
over the surface to be profiled. They may be manually
propelled by a walking operator, or driven or towed by a
vehicle. Profilers that are propelled by a walking operator,
even though they may use only wheels to contact the surface
to be profiled, are also commonly called “walking™ profilers.
Such a profiler 1s disclosed 1 U.S. Pat. No. 6,775,914 to
Toom.

Walking profilers may generally be further divided into
two main types. One type typically includes a frame sup-
ported on wheels and an inclinometer, pendulum or other
means to measure the inclination of the entire profiler’s
frame. A second type generally also comprises a frame
supported on wheels, and further includes one or more
separate marker or sensing wheels that do not support the
profiler but are connected to a transducer for direct sensing
of the position of the marker wheel in relation to the
supporting wheels. A relatively common prior art approach
for profilers of the latter type 1s to provide load bearing
wheels at the front and rear ends of a frame and ground-
engaging sensing means mounted between the load bearing
wheels. Such an apparatus 1s exemplified by U.S. Pat. No.
5,535,143 to Face.

A surface profiler acquires a surface contour or profile by
measuring the elevation of the surface at constant distance
intervals along the surface, relative to a starting elevation.
Sampling the elevation 1n this manner produces a math-
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2

ematical series of elevations, which collectively represent
the physical surface along a specific line. The series can be
used for a number of purposes relating to construction or
ongoing management of the surface.

U.S. Pat. No. 4,741,207 to Spangler discloses a vertical
distance measuring device mounted to a vehicle, which
takes the form of a transducer that measures the distance to
the road surface by reference to the vehicle’s suspension
system. However, in order for the device to produce a
profile, it 1s first necessary to determine a stable artificial
plane of reference by double integrating the signal from a
vertically oriented accelerometer and then to use the dis-
tance measuring device to measure from the artificial plane
of reference to the pavement. This method and apparatus
describe what has come to be known as an “inertial profiler”,
because of the inertial nature of the vertically oriented
accelerometer sensor, which 1s fundamental to deriving the
artificial plane of reference. In the case of low speed
profilers, it 1s not possible to create a stable artificial plane
of reference since drift inherent to the technique will mvali-
date the reference over the fairly long period of manual data
collection. This 1s because of limitations of the inertial
accelerometers used to measure the acceleration normal to
the road surface. Vertical acceleration 1s caused by profile
“pushing” the profiler up or down 1n response to horizontal
movement over the profile at fairly constant speeds. It the
horizontal speed 1s low, the vertical acceleration will be
correspondingly low. At the fairly low operating speed of a
walking profiler (typically about 4 km/hour, depending on
the roughness of the profile), the vertical acceleration would
be much less than 1 G (the acceleration of earth’s gravity).
Based on current accelerometer technology, this would
result 1n a very low signal relative to noise, bias drift and
other sources of error. The double integration of this weak
signal would tend to yield an error value that would grow
over the long profiling duration of, for example, 15 minutes
required to collect data for a 1 km profile.

Various mathematical algorithms can be applied to the
clevation series to calculate indices that are representative of
the roughness or smoothness of the surface. The roughness
relates to the discomifort that would be experienced by a
passenger riding 1n a real or simulated vehicle that rolls over
the surface. One of these indices 1s the International Rough-
ness Index (IRI), which models the suspension of a nominal
quarter of an automobile that 1s rolled over the surface
within a computer model. The IRI algorithm computes the
total travel of the quarter car’s suspension per unit of
distance traveled while rolling over the subject profile—the
greater the travel, the higher the IRI value or roughness. IRI
1s 1ncreasingly being used for surface construction contract
management. The quality of a newly constructed surface 1s
compared to 1ts contractual end product specification to
determine 1f the finished surface i1s compliant with the
specification. Construction contracts can be managed using,
surface profilers, with contract bonuses and penalties pay-
able depending on profile test results. IRI 1s coming into use
as the preferred index to determine profile quality. It should
be apparent that instruments used to acquire the elevation
series representing the actual surface profile that are used to
calculate the IRI must therefore have high levels of accuracy
and repeatability.

IRI 1s also being used for management of large-scale
networks of roads within the jurisdictions of state depart-
ments of transport and highways, where non-contact surface
profilers capable of collecting data at highway speeds are
commonly being used. These are typically inertial profilers
that measure elevation with reference to an inertial reference
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derived by double integrating the signal from a vertically
oriented accelerometer. Due to their inherent limitations,
such 1nertial profilers must be calibrated or verified against
a benchmark reference or a more accurate profiling instru-
ment to validate the data they acquire. Such benchmark
devices have been defined by the United States Federal
Highway Administration as “Reference Profilers”.

In recent years, research and development into roads and
applications of measured road profiles has resulted in the
desire for more spectral detail within the profiles. This desire
arises from the interest in studying the friction and other
interactions between vehicle tires and surface textural fea-
tures such as may be found in longitudinal and transverse
tining, longitudinally ground pavements and those pave-
ments that use very coarse granular materials such as chip
seal and stone matrix asphalt.

Low speed contact-based manual reference profilers do
not use vertically-oriented accelerometers to sense vertical
acceleration of the vehicle frame to derive an arfificial
reference plane. Instead they use inclinometers to measure
the longitudinal tilting of the vehicle frame as a basis for
determining the elevation of the frame. The inclinometers
are typically accelerometers that measure the vector com-
ponent of the earth’s acceleration in the horizontal direction
(orthogonal to gravity) that results when they are not per-
fectly horizontal with respect to the plane of the earth. This
method 1s therefore not speed dependent.

Reference profilers must be capable of measuring fine
profile features having very short wavelengths. However,
prior art profiling devices employing ground-engaging
wheels and inclinometers are mathematically limited to
measuring only wavelengths greater than the longitudinal
distance between the rotational axes of [is] their wheels.
Specifically, inclinometer-based profilers having a frame
supported by a forward wheel and a rearward wheel spaced
apart by wheelbase separation distance W have the follow-
ing transfer function which provides the inclinometer signal

gain H at different wavelengths A, where the straight brack-
ets signify the absolute value of the enclosed function:

ﬂ(HW)
S1 T
TW

A

H(A) =

It can easily be seen that the gain falls to precisely zero
where A=W, since sin(m)=0, and is very low for A between
0 and W wavelength. This inclinometer-based profiler con-
figuration 1s in fact an exact mechanical analog of a moving
average filter having sample length of W, and the challenge
presented 1s that the geometry of the profiler apparatus
actually filters out the wavelengths that are of interest,
namely those shorter than W.

It 1s therefore known to employ non-contact measuring
devices to enhance the measuring capabilities of an incli-
nometer-based profiler. For example, U.S. Pat. No. 7,748,
264 to Prem discloses the use of an array of laser-based
height sensors attached to a frame. The frame 1s translated
step by step longitudinally along the profile and provides a
series of snapshots of the transverse profile along the lon-
gitudinal span. However, 1t will be noted that Prem 1s
directed to transverse profile measurement. An inclinometer
measures the transverse filting of the frame but not the
longitudinal tilting of the frame. Since no means are pro-
vided to accurately determine the longitudinal elevation
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4

differences of the frame i1t 1s not possible to derive a
mathematical series that accurately represents the longitu-
dinal elevation profile.

U.S. Pat. No. 7,044,680 to Godbersen et al. similarly
discloses an apparatus to measure a surface profile using a
series of paired lasers stretched transversely across the
surface being profiled, attached to a moving vehicle. The
frame 1s again translated step by step longitudinally along
the profile, at relatively large 2 inch increments. The method
requires fairly complex calculations and painstaking track-
ing of the locations of the x and y values at the front and rear
of a measuring arm and thereafter careful tracking of
changes 1n both of these values. An accurate starting datum
1s critical, and indeed Godbersen dedicates much of the
patent specification to describing various methods for deter-
mining that information. The laser pairs are about 36 1nches
apart and the apparatus 1s therefore limited to detecting
features having wavelengths of 36 inches even though the
longitudinal measurement increments are shorter, because
the spectral content of wavelengths in the recorded math-
ematical series representing the profile will still be limited to
the spacing between the non-contact sensors. The transfer
function of the apparatus 1s also described by the preceding
formula for H(A) and will be zero at the 36 inch spacing of
the lasers, and close to zero at wavelengths smaller than 36
inches, making the 2 inch data sampling interval somewhat
pointless 1n this range.

Further, the placement of the various pairs of lasers in a
spaced relationship transversely across the surface being
profiled leads to additional complications in the readings
being taken and in the calculations necessary to produce
useful data from those readings. In a system such as that
disclosed 1n Godberson, where the distance measurement 1s
not made at the mid-point between the non-contact sensors,
an error may be introduced wherever the slope of the surface
prodile at the non-contact sensors differs from the slope at the
location of the distance sensor. Small errors in the difference
of the distance measured by the lasers become amplified 1n
longer profiles leading to large end elevation errors. It 1s
therefore necessary to reduce or eliminate the contribution
of the non-contact sensors when measuring long distance
proilles by filtering out the long wavelengths from the
signals they provide, for example using high pass filtering to
eliminate wavelengths longer than 10 meters, which also
removes the DC (direct current) component of the signal.
The inclinometer becomes the primary instrument for deter-
mining long wavelength proifile features since 1t maintains
accuracy for longer wavelengths. This can unnecessarily
increase the complexity of the surface profiler.

Further, there are significant differences between the
physics and geometry of inertial profilers and low speed
contact-based manual reference profilers which make 1mple-
mentation of laser measurements to low speed contact-based
profllers challenging. For example, Surface Systems &
Instruments CS8800 Walking Profiler (http://www.s-
moothroad.com/products/walking/) 1s a surface proiiler pro-
vided with a single lateral line scan laser attached to the
frame to supplement the profile information gathered from
the inclinometer. Such a single laser 1s generally attached to
the mid-point of the frame and 1s directed downward so that
it “sees” the ground underneath the profiler. However, the
single laser 1s still incapable of measuring short wavelength
features, and accordingly the CS8800 profiler must be
provided with a contacting front arm apparatus. Further,
since the frame rises and falls 1n response to the wheels’
contact with the surface being measured, the measurement 1s
not based on a stable plane of reference. If the distance
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measured by the laser 1s simply added to the profile gener-
ated from the inclinometer in an effort to “fill in” the missing

response at distances smaller than the wheel spacing, the
irregular wavelength response shown in FIG. 5 results:
clearly the data obtained 1s inaccurate and of little practical
use in the wavelength range shorter than the wheel spacing
W. Consider also the sitnation shown 1n FIG. 8, where the
profiler traverses a simple continuous sinusoidal profile with
wavelength equal to the distance between the rotational axes
of the wheels. When the profiler’s wheels are resting on the
crest of the sine wave the laser sees the full depth of the
trough. When the profiler’s wheels are resting on the trough
of the sine wave, the laser sees the full height of the crest.
The difference between the two gives a normalized gain of
about 2 at this wavelength, representing a 100% error. At
shorter wavelengths the response 1s erratic and overall this
apparent solution 1s not at all useful. In summary, the
distance measured by the vertical distance measuring device
cannot simply be added to the profile derived by the incli-
nometer. Information provided by a single laser will at best
be able to improve the resolution of the profiler making 1t
capable of measuring features approximately half the size of
the distance between the rotational axes of the wheels, that
1S, W/2.

It 1s therefore an object of this invention to provide a
surface profile measuring apparatus that will address one or
more of the 1ssues present with currently available profilers.

It 1s further an objective of this invention to provide an
apparatus and method to measure a surface profile continu-
ously and with high resolution, meaning that very short
wavelength profile features may be accurately 1dentified and
measured.

The present invention, given its high accuracy and repeat-
ability, while finding uses in several industries and for many
purposes, will be of particular value 1in both the contract
management of new surface construction and as a reference
standard for certification of other instruments.

These and other objects of the invention will be better
understood by reference to the detailed description of the
preferred embodiment which follows. Note that the objects
referred to above are statements of what motivated the
invention rather than promises. Not all of the objects are
necessarlly met by all embodiments of the invention

described below or by the invention defined by each of the
claims.

SUMMARY OF THE INVENTION

The invention provides an accurate surface profiling appa-
ratus intended to be useful as a reference profiler, useful in
calibrating the other profiling devices, and capable of deter-
mining profile features smaller than the wheel base of the
profiler.

The surface profiling apparatus according to the invention
comprises a frame supported on a pair of wheels, one or
more devices for measuring inclination of the frame, and
two or more devices for measuring the vertical distance to
the surface being profiled. The apparatus may also comprise
a device for measuring longitudinal distance travelled by the
profiler. A third wheel may be attached to an arm extending
transversely from the frame to provide stability and lateral
support.

The vertical distance measuring devices, which are pref-
erably optical triangulation lasers, are placed relatively close
together, to capture short distances, which are defined herein
as being distances shorter than the distance between the two
supporting wheels. The profiler measures surface profile in
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a continuous method based on differential calculations using
small distance increments to compute a continunous math-
ematical series of elevations at the [to] single mid-point of
the lasers. The inclinometer defines a first angle and the
lasers define a second angle; the sum of the angles 1s applied
to the differential calculus calculation of the continuous

mathematical series to compute the elevation at a given
point on the profile.

In one aspect, the invention comprises a surface profiling
apparatus comprising a frame; a plurality of wheels sup-
porting the frame, at least two of the wheels being aligned
to contact the surface being profiled 1n a longitudinally
collinear manner; a longitudinal distance measuring appa-
ratus supported by the frame; a longitudinal inclination
measuring apparatus supported on the frame [to measure an
angle o between the frame and the surface]; and at least two
vertical distance measuring devices, the vertical distance
measuring devices being collinear with the collinear wheels
and separated by a distance L. The vertical distance mea-
suring devices may be equidistant from the mid-point of the
frame, and may be lasers. The lasers may be longitudinally
spaced apart on the frame and may be attached to the frame
at a specilied separafion, being shorter than the distance
between the wheels. The longitudinal distance measuring
apparatus may be positioned between the collinear wheels,
and may be positioned between the vertical distance mea-
suring apparatuses. The longitudinal distance measuring
apparatus may be rotationally linked to an axle of one of the
wheels, and may be an optical encoder. The longitudinal
inclination measuring apparatus may be an inclinometer.
The apparatus may further comprise a transverse inclination
measuring apparatus, oriented substantially perpendicular to
the longitudinal inclination measuring apparatus|, to mea-
sure a transverse angle ¥ between the frame and the surface.}

In a further aspect, the surface profiling apparatus may
comprise attachment means by which it can be attached to
a motorized drive means, which will move it along the
surface to be profiled, and/or it may comprise a motorized
drive means to move it along the surface to be profiled.

In yet a further aspect, the apparatus may comprise an
operator interface to control the profiling apparatus. The
interface may be associated with a cabinet associated with
the frame, and the cabinet may house appropriate opera-
tional equipment, such as one or more internal sensors, a
power supply, power level monitor, signal conditioning
equipment, real time clock, distance pulse counters, digital
input/output and multi-channel 16 bit analog to digital
converter, computer and non-volatile memory.

In another aspect, the invention comprises a method of
proflling a surface, the method comprising acquiring data
relating to the longitudinal distance AD travelled by the
profiler from a longitudinal distance measuring apparatus;
the angle o of the frame from a longitudinal inclination
measuring apparatus; and vertical distances L, and L,
between the profiler and the surface at each of first and
second vertical distance measuring apparatuses; calculating
an incremental change in surface elevation AE, using the
formula:

L,-L,
ﬁE:&Dsin({rthan_l(( ! - ) ))

and adding the incremental change to an accumulated eleva-
tion series which represents a profile of the surface. The
method may be applied at appropriate periodic intervals,
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which may be time increments, At, such as 1 millisecond, or
longitudinal distance increments, A, such as 1 millimeter.
The mnvention may further comprise the step of acquiring
data relating to the transverse angle ¥ of the frame from a
transverse inclination measuring apparatus to correct cross-
ax1s error.

In yet another aspect, the invention comprises a method of
profiling a surface, the method comprising obtaining a
vertical distance L, from a first vertical distance measuring
device, and a vertical distance L, from a second vertical
distance measuring device; calculating a first angle f
between the vertical distances L, L, and the distance L
between the vertical distance measuring devices using the
formula

(Lf — Lr))

B = tan_l[ -

obtaining angle o from longitudinal inclination measuring
apparatus; calculating an incremental change in surface
elevation AE, using the formula AE=AD sin(a+f3); and
adding the incremental change to an accumulated elevation
The method may be applied at appropriate periodic inter-
vals, which may be time increments, At, or longitudinal
distance increments, AD. The elevation may be corrected for
Cross-axis error by obtaining a transverse angle ¥ from a
transverse inclination measuring apparatus supported by the
proiile.

The foregoing was mntended as a summary only and of
only some of the aspects of the invention. It was not intended
to define the limits or requirements of the invention. Other
aspects of the invention will be appreciated by reference to
the detailed description of the preferred embodiments.
Moreover, this summary should be read as though the claims
were incorporated herein for completeness.

BRIEF DESCRIPTION OF THE DRAWINGS

The preferred embodiment of the invention will be
described by reference to the drawings thereof in which:

FIG. 1 1s a side elevation view of the profiler according to
an embodiment of the invention;

FIG. 2 1s a front end view of the profiler according to an
embodiment of the invention;

FIG. 3 1s a block diagram of the control components of the
proiiler;

FIG. 4 1s a schematic diagram illustrating the geometry
applied to create a surface profiile;

FIG. 5 1s a graph of comparative wavelength responses of
a profiler with an inclinometer only and a profiler that adds
the profile obtained by a single laser to the elevation profile
derived from an inclinometer;

FIG. 6 1s a graph of comparative wavelength responses of
a profller with an inclinometer only and a profiler having
dual lasers and an inclinometer according to the invention;

FIG. 7 1s a graph of comparative profiler output to a 160
mm wide bump 1nput for a profiler with an inclinometer only
and a profiler having dual lasers and an inclinometer accord-
ing to the invention;

FIG. 8 1s a schematic diagram 1illustrating the limitations
of profiler responses for certain wavelengths, determined by
the profiler wheel spacing;

FIG. 9 1s a schematic diagram 1illustrating the limitations
of a profiler having a distance measuring wheel located
away from the mid-point of the profiler;
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FIG. 10 1s a graph of comparative wavelength response
contributions to the profile measurement of an inclinometer

alone, dual lasers alone, and a combination of the two; and
FIG. 11 1s a front end view of the profiler according to
another embodiment of the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring to FIGS. 1 to 3, a surface profiler 10 according
to the invention comprises a frame 12 which 1s supported by
a front support wheel 14 and a rear support wheel 16.

Wheels 14, 16 are spaced apart longitudinally on the
frame 12 and are collinear, for travel along the same line.
They are mounted for rotation on axles 18, 20 that are
supported on frame 12. A suitably strong and lightweight
material, such as aluminum, 18 chosen to minimize the mass
of the wheel hubs. A suitable wheel material, such as solid
natural rubber, 1s chosen for durability, to keep wheel mass
low and to provide compliance between the frame and the
surface to be profiled, 1.e. to average out micro-texture, and
to reduce vibration from the wheels to the frame and
instruments of the profiler. If additional stability 1s desired,
a third wheel may be attached to an arm (not shown) that
extends orthogonally from a side of the frame 12 in order to
support the profiler 10 and prevent 1t from tipping to the side.
Alternatively, the frame 12 of the profiler may be widened
and the third wheel attached directly to the frame.

The profiler may comprise a distance measuring unit 26 to
measure the distance that the profiler has travelled. In the
embodiment shown, the distance measuring unit 1s a mea-
suring wheel 32 attached to an arm 28 which 1s pivotally
attached 30 at either end of the frame 12. The measuring
wheel 32 drives a shaft which directly couples 1ts rotational
motion to an encoder 34 for generating digital pulses related
to the distance traveled.

An 1inclination measuring apparatus, such as inclinometer
44, 1s mounted on the frame 12 with i1ts measuring axis in the
longitudinal direction of the profiler, 1.e. along the path of
travel. Inclinometer 44 measures the orientation of the frame
12 with respect to the horizontal position. If required for a
specific application, a second inclinometer 45 may be pro-
vided near the center of the frame 12 with its measuring axis
in the transverse direction, 1.e. perpendicular to the path of
travel. This embodiment 1s best 1llustrated in FIG. 11.

The vertical distance between the frame and the surface
being profiled 1s 1s measured with at least two vertical
distance apparatuses, which 1n the preferred embodiment are
lasers 40, 42 provided near the center of the frame 12,
approximately equidistant from the center of the frame 12
and substantially closer together than the distance between
the rotational axes of the wheels 18, 20. For example, if the
distance between the wheels 1s approximately 250 mm, the
distance between the beams of light from the lasers 40, 42
may be approximately 25 mm. The lasers 40, 42 are aligned
so that the points of laser beam light projected on the profile
are collinear with the points at which the wheels contact the
surface being profiled. The lasers 40, 42 may be of any
suitable type, such as the point-type, round spot-type, ellip-
tical spot-type or the line-type; a line-type laser 1s shown 1n
FIG. 2, with a characteristic fan shape, but a suitable laser
would ultimately be selected depending on the surface
profile demands. The LMI™ Selcom™ Rol.ine™ or Goca-
tor® series of 3D lasers are examples of lasers that are
engineered for the challenges of pavement surface profiling
and suitable for this application. If the lasers are of the
line-type or three dimensional “3D”-type, the line 1s pref-
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erably projected perpendicular to the path being profiled,
that 1s, 1n the transverse direction. Line lasers are useful for
measuring the profile over a region such as the width of a
typical automobile tire. Collecting a multiplicity of distance
sample data over a region helps to reduce the influence on
the accuracy of the data of macrotexture such as rock chips,
fining or grinding, either longitudinally or transversely.
Generally the laser line width should be several times larger
than the largest texture feature, such as the size of rock chips
In an aggregate cement paving mixture. The multiple
samples collected by the line-type laser in the transverse
direction may simply be averaged to a single value, however
it 1s preferable to include only the values that would contact
a tire passing over the surface and eliminate, or to bridge
over, values that would not contact a tire, such as cracks or
other negative going features. Such tire bridging algorithms
are known and should be applied to the transverse line laser
data.

The measuring wheel 32 1s preferably located approxi-
mately mid-way between lasers 40, 42, 1n order to ensure it
measures the same distance travelled as 1s “seen” by the
lasers 40, 42 traversing the profile to be measured. Alterna-
tively, a distance measuring device may be coupled to the
rotational axis of either wheel. However 1t may be necessary
to adjust the calculations, as a unit located off-centre may
not measure the distance changes observed by the lasers as
accurately as would a unit that 1s placed near the mid-point
of the lasers, as best 1llustrated 1n FIG. 9.

Referring again to FIGS. 1 to 3, a handle 47 1s attached to
frame 12. An operator interface, such as a cabinet 46, 1s
secured to the handle 47. Cabinet 46 may comprise any
suitable interface means, such as a keyboard, touchscreen
and/or display screen, to allow the operator to control the
profiler, including seeing and controlling data input, output,
system 1nformation, communication, and provision of infor-
mation. If preferred, the cabinet 46 may be secured with
bracket 48 that 1s adjustable to allow the operator to see 1t
properly, regardless of the ground angle or the lighting
conditions.

An enclosure 50 attached to the frame 12 contains the
operational equipment necessary to operate the profiler. For
example, the enclosure 50 contains the computer and
memory 38 required to acquire and apply the signals and
readings obtained from the measuring devices and other
apparatus carried on the profiler, including the distance
measuring unit 26, one or both inclinometers 44, 45 and [to}
the distance measuring lasers 40, 42. It may also obtain
information from any other sensors that may be provided,
such as a temperature sensor 43. Enclosure 50 may also
contain batteries 52 or any other suitable power supply,
internal sensors such as a temperature sensor 51 and battery
voltage monitor 53, and signal conditioning equipment
including amplhification and filtering 54 and an integrated
computer hardware interface 56 containing suitable appara-
tus such as a real time clock, distance pulse counters, digital
input/output and multi-channel 16 bit analog to digital
converter.

Data acquisition 1s controlled through the operator inter-
face 46. Under control of the computer 58 the distance 1s
measured using distance measuring unit 26 which sends
electrical pulses representative of the distance traveled to
counters on the hardware interface board timer in order to
trigger acquisition (1.e. digital conversion and storage) of
analog voltages at appropriate distances. The analog volt-
ages from the inclinometers 44, 45, distance measuring
lasers 40, 42, temperature sensor 43, and batteries 52 are
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acquired by the multi-channel 16 bit analog to digital
converter on the hardware interface board 56.

Computer 58 periodically obtains signals from all mea-
suring devices attached to the profiler, preferably substan-
fially simultaneously measuring the total longitudinal dis-
tance travelled, the inclination of the frame and the vertical
distances seen by the two lasers. This may be most simply
done at constant distance intervals AD, such as 1 mm. It 1s
important to capture data from all devices at the same 1nstant
in order for the algorithm of the method to provide the most
accurate profile results. Conveniently the total longitudinal
distance travelled 1s acquired by counting pulses from the
optical encoder, while the inclination 1s obtained from the
inclinometer and the two vertical distances are obtained
from the lasers by converting voltages from these devices to
their corresponding digital forms using an analog to digital
converter with multiple analog inputs. Alternatively, instead
of constant distance intervals, measurements may be taken
at constant time intervals or any other suitable interval. For
example, the computer 58 may use a real time clock to
determine when to obtain the measurement signals, namely
at intervals of constant time such as 1 msec. Distance change
AD may be determined by inspection of the distance trav-
elled at each 1 msec interval, although 1t may not have a
constant value from interval to interval, if the speed of the
prodiler 1s not constant.

Calculations

Referring now to FIG. 4, the invention uses the following
method to produce a mathematical series that accurately
represents the surface profile.

First, the following constants are acquired:

W 1s the distance between the rotational axes of the
wheels, 1n meters. While W 1s not used directly 1n the
calculation of the profile elevation series 1t does define the
wavelength at which the inclinometer frequency response
rolls off to zero and the lasers take over. The wheels and
lasers must be collinear for smooth and accurate transition
between inclinometers and lasers.

L. 1s the distance between the measuring light beams
emitted from the lasers, in meters. The lasers are preferably
substantially equidistant from the mid-point of the frame.

o 1s the angle between the frame and the horizontal plane
of the earth 1n radians, as measured by the inclinometer.

Lf 1s the difference between the distance to the surface, as
measured by the front laser, and a line SW connecting the
points at which the front and rear wheels contact the surface
as shown 1n FIG. 4. L., 1s the difference between the distance
to the surface, as measured by the rear laser, and the same
line. L, and L, are measured in meters. The points where the
laser beams contact the surface define a line, labeled 1n FIG.
4 as SL. The angle between line SL and line SW is J.

O 1s the angle between SL, the line connecting the points
where the laser beams contact the profile surface, and the X
axis, which 1s the horizontal plane of the earth, meaning that
O=0+3.

We can see that:

. (Lf - Lr)
tanf = ( T ]
or inverted:
_ 1 (Lf - Lr)]
£ =tan ( T
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There i1s a continuous elevation profile function J(x)
called E(x):

y=E(x)

For a pomnt P on the profile function E(x) mid-way
between the rotational axes of the wheels and mid-way
between the lasers, using principles of differential calculus,
the slope at point P 1s:

For a right angle triangle having point P at its lower
corner, the hypotenuse has the slope of a tangential line
intersecting P that forms the angle 0 with the horizontal
plane of the earth. The slope at point P i1s given by the angle
0. The mean value theorem states that a point P on the profile
between the points of contact of the lasers on the profile
must have the same slope as that defined by the points of
contact of the lasers on the profile. We estimate that this
value occurs at the mid-point between the lasers:

slope = sin(f)
dy
Infl = —
> ax

We see that for a very small incremental change in
horizontal distance Ax there will be a corresponding very
small change 1n elevation AE according to the profile slope
at point P as determined by the angle 0. For very small
incremental changes in horizontal distance Ax, for example
less than 1 mm, and elevation AE:

AP
5111 _ﬁ}{

AD 1s the distance travelled by the profiler 10 along the
surface being measured. The distance 1s preferably mea-
sured at or very near the mid-point between the lasers for
greatest accuracy. Otherwise, a AD error may be introduced
wherever the slope at the location of the non-contact sensors
differs from the slope at the location of the distance sensor.
As an example, FIG. 9 illustrates a configuration with a
measuring unit remote from the midpoint of the profiler
frame. Clearly there can be sitnations where the midpoint
profile 1s horizontal but the remote distance measuring
wheel traverses up a bump or down a dip, where the profile
has large positive or negative slope. In this example the
distance measuring unit 26 will record a larger value of AD
than the actual value observed at the mid-point of only AD
cos ¢. The opposite may also occur. The AD error results 1n
an 1ncorrect calculation of AE and an incorrect mathematical
series representing the profile elevations.

In summary:

. _AE
g = ——
> AD
AE = ADsin@

AE = ADsin(a + 8)
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-continued
L,—L,
AE = &Dsin(af + tan_l(( £~ ) ))

L

And to build a mathematical series accurately represent-
ing the profile from m samples of data, starting at elevation
E,, sampled every AD, distance interval, the resulting end
distance E,_ may be defined as follows:

” L, -L
E_=FEq+ Z(&Dnsin[ x,, +ta,n_1[( I - ) )]]

n=1

E, may be taken from existing records for the elevation
above sea level of the test site. Alternatively, a relative
measure may be sufficient for the purposes of the profile data
such that E, 1s set to zero.

In order to build the profile at every n distance interval it
1S necessary to acquire the values AD,, a,,, Ls;, and L, from
the measuring devices. Therefore, at any given point along
the profile, the necessary readings are acquired from the
distance measuring unit, the inclinometer and the lasers.

Note that the lasers may be removed from the apparatus,
which would continue to function as an accurate profiler
using only o , therefore making 1., and L., and conse-
quently 3, equal to zero. The profiler frequency response
would roll off toward and become zero at W.

Calculating the Profile

The data collection process 1s 1nitiated by the operator,
and confinues until the operator stops the process. Once
stopped, the data collected can be saved to a USB-connected
flash drive or other storage device. Also, the operator may
perform diagnostics and calculations such as computation of
roughness indices such as the IRI.

The following process 1s used to measure the proiile.
First, a benchmark survey data may be used to establish the
local elevation as E,, or the starting elevation may simply be
set to 0. Then, at smtable time 1ntervals At, such as every
millisecond, or every incremental distance AD, such as
every millimeter, a measuring subroutine 1s initiated, during
which the following steps are performed:

1. Acquire all raw data from measuring devices using
input hardware interfaces. This step generally involves
obtaining information about the angle of the frame 12 from
the 1inclinometer 44 and the distance between each of the
lasers 40, 42 and the ground. The data 1s preferably all
acquired substantially simultaneously, for example within
one millisecond, because using precise geometry and precise
measurements at each position of the profiler along the path
will 1increase the accuracy of the surface profile. Measure-
ments from the 1s measuring devices are preferably condi-
tioned to remove noise and 1mprove quality prior to per-
forming calculations. Analog voltage signals entering the
multi-channel analog to digital converter may be provided
anti-aliasing filters. “Anti-aliasing” involves the application
of passive resistor-capacitor low pass filters to incoming
analog signals to limit the frequencies applied to the mputs
of analog to digital converters to one-half of the digital
sampling frequency, which 1s known as the Nyquist fre-
quency, to avoid digitization errors. Digital values derived
from the analog to digital converter may be digitally filtered
using a band pass digital filter that passes only signal
frequencies containing useful information.

2. Determine the distance travelled. In the embodiment
shown, this 1s accomplished by accumulating the counts of
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electrical pulses from the longitudinal distance measuring
unit 26 and dividing by a scaling factor that converts the
number of pulses to a distance D, travelled along the
profile, in meters. However, any method suitable to accu-
rately obtain and provide the distance travelled by the
profller may be employed.

3. Determine the incremental distance AD travelled. This
simply uses the formula:

AD =D HE‘W_D ofd

where D_,, 1s the distance travelled and stored during the
iteration of the measurement subroutine. AD may be as small
as approximately 1 mm and may vary depending on speed
of the profiler but the method 1s generally independent of
speed. The current distance value D, 1s stored for use at
the next measurement interval as D _, ..

4. Convert the data acquired into useful values. This step
involves scaling digital values from the analog to digital
converter to voltages and then to engineering quantities of
angles 1n radians and distances in meters. The value of o
obtained from the inclinometer will be 1n radians. The
distance measured by the front laser distance measuring
device 1s L-and the distance measured by the rear laser 1s L.,
both being directed vertically downward and perpendicular
to the frame. L, and L., from the distance measuring lasers
will be converted to meters. The lasers are normally scaled
to produce 0 to 10 volts for 16 to 120 mm of distance, but
by simple scaling adjustments consisting of adding an offset
and 1nverting the range, it 1s possible to obtain values of L,
and L. _that represent the distances between the points where
the lasers strike the surface of the profile (i.e. along line SL)
and the line SW, which extends between the points where
wheels contact the surface of the profile pavement. L. and L,
will have a positive value where the profile is higher than the
line SW, and a negative value where the profile is below the
line SW.

5. Calculate the nth incremental change 1n elevation AE

Using the Formula:

Lg— Lrn
AE, = &Dﬁsin(afﬁ +ta,n_1[( I T )))

AE_ 1s then added to the accumulated elevation series as:

EH:ED+AE1+AEE . a4 +AE

FL

6. Return to step 1 at the next increment.

The mathematical elevation series created captures within
the resulting profile all wavelengths from L to the longest
wavelengths of interest. At L, the gain of the device becomes
zero. Above L, all frequencies are captured without phase
shift or distortion with the result that large and small profile
features such as bumps, dips and cracks are captured with
correct amplitude and longitudinal distance.

FIG. 6 shows how the addition of dual lasers, in this
example being lasers spaced about 25 mm apart mounted to
a profiler having a wheelbase of about 250 mm, can extend
the short wavelength response over the 25 mm-250 mm
range, as compared to an otherwise 1dentical profiler using
only an inclinometer, that is where P is always zero because
of the absence of lasers to derive 3. Overall the performance
of this configuration of dual laser/inclinometer profiler is
smooth and accurate from 25 mm to effectively infinite
millimeters, and 1n particular provides useful information in
the region A the wheelbase separation distance W, down to
laser separation distance L.
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FIG. 7 1s a more specific example of the results from a
profiler to which dual lasers have been added. The profiler,
which has the same dimensions as that in the FIG. 6
example, 1s now able to measure the shape and amplitude of
a bump on the profile having a half cycle sinusoidal shape
with width of 160 mm. Without the addition of the dual
lasers to the profile calculation, laser-derived angle [3 would
always be zero and would not affect the profile. Using only
the inclinometer, the wheels would contact points on the
profile, spaced apart by W, tilt the frame and provide the
inclinometer slope [a] o to calculate the profile. If the slope
1s positive the calculated profile increases; 1f the slope 1s
negative the calculated profile decreases; 1f the slope 1s zero
the elevation remains constant. On a generally horizontal
proille, for profile features such as bumps or dips that are
shorter than W, the wheels can actually straddle the feature
with the result that the calculated profile remains constant
while the feature 1s between the wheels. For this reason the
prodiler without dual lasers, that 1s with inclinometer only, 1s
unable to provide a calculated profile that accurately records
the height of profile features smaller than W. These calcu-
lated profile features will be both lower 1n height and wider
than the actual feature, as shown i1n FIG. 7.

The profiler measures the total distance travelled along
the surface of the profile, the summation of the AD_ values.
This 1s normally sufficient since the true elevation values are
most 1mportant and in most cases the D values are adequate
for uses of the data. If the total distance travelled along the
horizontal plane of the earth (the X axis) 1s required, then
each AD,_ value must be multiplied by the corresponding
cos(0, ) before summing. Specifically:

AX =AD_cos 8_

Correction and Compensation

The measurement of the surface profile 1s accomplished
using a combination of inclinometer measurements and laser
measurements. The inclinometer 1s able to measure profile
independently of the laser measurements using the formula:

AE=AD sin{c)

However, as shown in FIG. 8, when the wavelength A of
any surface feature 1s equal to or 1s less than W, the
inclinometer alone loses effectiveness, and the profiler 1s
incapable of accurately detecting these features. Where the
feature wavelength A is equal to W, the profiler remains
horizontal relative to the plane of the earth at all positions on
the profile so the angle o measured by the inclinometer
remains constantly at zero, meaning the response gain of the
profiler 1s zero at this wavelength. The use of the lasers
therefore extends the wavelength range of the invention into
the range of A between W and L, enabling high resolution
measurement of surface features. For features having wave-
lengths A between W and L, the combination of inclinometer
and lasers work together to measure the profile using the
formula:

L,—L
AE:ADsin(chrtan_l(( L - 2 ))

FIG. 10 1s a graph showing the contributions of the
inclinometer alone and lasers alone, as compared to using
the dual laser and inclinometer combination of the inven-
tion.

In practice, despite efforts to accurately calibrate and
balance the front and rear lasers, it 1s possible that L. will not
equal L. when the profiler 1s placed on a perfectly straight
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surface with or without tilting relative to the horizontal plane
of the earth. Also for very long wavelength sine wave
proiiles, the distance measuring lasers “see” a straight line
and produce no L1, or B signal. FIG. 10 shows that at 20
fimes W (5 m where W 1s 0.25m), the contribution of the
lasers to the total profile, or their gain, 1s nearly zero
compared to the inclinometer which i1s nearly 1.0. At 20
times W, the L. and L, signals will be very small relative to
the resolution of the lasers or the analog to digital converters
or will be buried 1n noise inherent in data acquisition
systems. This may result 1n poor performance of the profiler
if the long wavelength component of the L1, or 3 signal is
not removed. Therefore 1t may be necessary to wavelength
high pass filter L. and L., or the term:

using a high pass digital filter with a cutoff wavelength of
approximately 20 times W. This involves filtering 1n the
distance domain (cycles/meter) rather than the frequency
domain (cycles/second) and requires the AD values to be
fairly constant. In this way, even if L-L, or [ is not exactly
equal to zero for a perfectly straight profile, there will be no
non-zero value of [ that causes the profile elevation to
wander and result 1in large elevation errors at the end of the
profile, since the high pass digital filter will make L. and L,
or 3 equal to zero for very long wavelengths. Filtering out
very long wavelengths from the P signal as described
requires the wheels and lasers be collinear to ensure the
component of the profile contributed by the inclinometer 1s
aligned with the component of the proifile contributed by the
lasers particularly through the crossover region at 20 times
W.

A typical inclinometer 1s basically an accelerometer that
responds to the direction of the acceleration of gravity using
a pendulum that 1s balanced to the zero position by a
miniature torque motor. The electrical current to the torque
motor required to maintain the pendulum in the zero position
1s proportional to the sine of the angle of inclination and 1s
the source of the voltage signal produced by the inclinom-
eter. Such devices are also sensitive to acceleration of the
inclinometer along the sensitive axis, such as may be caused
by the operator pushing on the handle of the profiler to start
it moving, and pulling on the handle to stop it. The incli-
nometer will also be sensitive to the normal acceleration and
deceleration inherent 1n the walking motion of the operator.
In order to correct this sensitivity, it may be necessary to
calculate a compensating signal using high resolution dis-
tance information from the optical encoder or other distance
measuring device, i1f the information 1s available. By differ-
enfiating the distance signal D twice, an acceleration signal
A can be derived. This differentiation may be performed on
the digital representation of distance obtained from the
distance measuring unit. By appropriately scaling this accel-
eration with constant k, an equal and opposite compensation
signal can be added to the inclinometer signal 1 to eliminate
this 1ssue. Specifically this 1s accomplished as follows:

dD/dt=velocity V

dV/dt=acceleration A
icorrecredz iuncﬂrrecred_k A

In some cases, the longitudinal inclinometer produces an
errant signal when tilted in the transverse direction, a
characteristic known as cross-axis error. Cross-axis error 1s
caused by misalignment between the axis of the sensing
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accelerometer element 1n the longitudinal inclinometer with
its enclosure, or misalignment between the enclosure of the
inclinometer with the longitudinal axis of the profiler. Either
misalignment exposes the sensing accelerometer element to
tilting 1n the transverse direction. As best shown 1n FIG. 11,
if a transversely-aligned (or cross-axis) inclinometer 45 1s
provided to measure the angle ¥ between the horizontal
plane of the earth and the frame 1n the transverse direction,
it may provide information to correct the longitudinal incli-
nometer angle o for cross-axis error. The correction 1s
applied to the voltage output from the inclinometer prior to
conversion to angle. The longitudinal inclinometer voltage
V 1s compensated for cross-axis error as follows.

V}(— V,}( affset
SX

Vae = Vo + 84 to yX

where:

V.. 1s the longitudinal inclinometer voltage, after com-
pensation, in volts;

V 1s the longitudinal inclinometer voltage, before com-
pensation, in volts;

Se 70 518 the longitudinal inclinometer’s (or o’s) sensitiv-
ity to tilting 1n % direction in volts/G, determined
empirically;

V%is the transverse, or cross-axis, inclinometer voltage 1n
volts;

V. oser 18 the transverse inclinometer voltage output
measured when the inclinometer 1s set horizontal rela-
tive to the plane of the earth in volts, determined
empirically; and

S,1s the full range sensitivity of the transverse inclinom-
eter 1n volts/G.

Then the cross-axis compensated angle o 1s given by:

where S_ 1s the full range sensitivity of the longitudinal
inclinometer 1n volts/G.

The present invention, given 1ts high accuracy and repeat-
ability, while finding uses in several industries and for many
purposes, will be of particular value 1n both the contract
management of new surface construction and as a reference
standard for certification of other instruments.

The foregoing embodiment of the invention has been
described as a rolling/walking profiler, having an operator to
physically move the apparatus along the surface being
profiled. However, it 1s also contemplated to provide a
motorized drive mechanism for the apparatus, which can
move the apparatus along the surface at a controllable speed.
In a further alternative, the apparatus may comprise appro-
priate attachment means by which 1t can be attached to a
motorized vehicle, which will then move the apparatus
along the surface to be profiled, such as by towing or
pushing.

In the foregoing specification, the invention has been
described with reference to specific embodiments thereof.
However, the scope of the claims should not be limited by
the preferred embodiments set forth 1n the examples, but
should be given the broadest interpretation consistent with
the description as a whole. The specification and drawings
are, accordingly, to be regarded 1n an 1illustrative rather than

a restrictive sense.
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What 1s claimed 1s:

[1. A surface profiling apparatus comprising:

a frame;:

a plurality of wheels supporting said frame, at least two of
said wheels being separated by a distance W and being
aligned to contact a surface being profiled 1n a longi-
tudinally collinear manner;

a longitudinal distance measuring apparatus supported by
said frame;:

a longitudinal inclination measuring apparatus supported
by said frame to measure an angle o between said
frame and said surface; and

at least two vertical distance measuring devices, said
vertical distance measuring devices being collinear
with said collinear wheels and separated by a distance
L.]

[2. The surface profiling apparatus of claim 1 wherein said
vertical distance measuring devices are equidistant from the
mid-point of said frame.]

[3. The surface profiling apparatus of claim 1 wherein
each of said vertical distance measuring devices is a laser.}

[4. The surface profiling apparatus of claim 3 wherein said
lasers are attached to said frame at a specified separation,
and wherein said separation is shorter than the distance W.}

[5. The surface profiling apparatus of claim 3 wherein said
lasers are equidistant from the mid-point of said frame.]

[6. The surface profiling apparatus of claim 1, wherein
said longitudinal distance measuring apparatus 1s positioned
between said collinear wheels.}

[7. The surface profiling apparatus of claim 1 wherein said
longitudinal distance measuring apparatus 1s positioned
between said vertical distance measuring apparatuses.]

[8. The surface profiling apparatus of claim 1, wherein
said longitudinal distance measuring apparatus 1s rotation-
ally linked to an axle of one of said wheels.}

[9. The surface profiling apparatus of claim 8 wherein said
longitudinal distance measuring apparatus 1s an opftical
encoder.]

[10. The surface profiling apparatus of claim 1 wherein
said longitudinal inclination measuring apparatus 1s an 1ncli-
nometer.]

[11. The surface profiling apparatus of claim 1 further
comprising a motorized drive adapted to move the profiling
apparatus along the surface to be profiled.]

[12. The surface profiling apparatus of claim 1 further
comprising attachment means by which the apparatus may
be attached to a motorized vehicle to move the apparatus
along the surface to be profiled.]

[13. The surface profiling apparatus of claim 1, further
comprising an operator interface to control said profiling
apparatus. }

[14. The surface profiling apparatus of claim 13 wherein
said 1nterface 1s associated with a cabinet associated with
said frame.]

[15. The surface profiling apparatus of claim 14 wherein
said cabinet houses operational equipment, said operational
equipment being selected from the group consisting of: one
or more internal sensors, a power supply, power level
monitor, signal conditioning equipment, real time clock,
distance pulse counters, digital input/output and multi-chan-
nel 16 bit analog to digital converter, computer and non-
volatile memory.]}

[16. The surface profiling apparatus of claim 1, further
comprising a transverse inclination measuring apparatus,
supported by said frame and oriented substantially perpen-
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dicular to said longitudinal inclination measuring apparatus,
to measure a transverse angle ¥ between said frame and said
surface.]

17. A method of profiling a surface using a surface
proflling apparatus mounted on a plurality of wheels, at least
two of said wheels being aligned to contact the surface 1n a
longitudinally collinear manner, the method comprising:

acquiring data relating to:

a longitudinal distance AD travelled by said [profiler]
surface profiling apparatus from a longitudinal dis-
tance measuring apparatus mounted on said [pro-
filer] surface profiling apparatus:

an angle o of said [profiler] surface profiling apparatus
relative to a horizontal plane intersecting said sur-
face at a location of one of said wheels where a point
of the wheel, a vertical line and a line collinear with
a diameter of the wheel intersect, from a longitudinal
inclination measuring apparatus comprising a first
inclinometer mounted on said [profiler] surface pro-
filing apparatus; and

a vertical distance L, between said [profiler] surface
profiling apparatus and said surface from a first
vertical distance measuring apparatus mounted on
said [profiler] surface profiling apparatus;

a vertical distance L. between said frame and said
surface from a second vertical distance measuring
apparatus mounted on said [profiler] surface profil-
Ing apparatus,

said first and second vertical distance measuring appa-
ratuses being mounted collinearly with said wheels
and separated by a distance L;

calculating an incremental change in surface elevation

AE, using the formula;

L—L,
AE = &Dsin(af — tan_l(( fL ))); and

adding said incremental change to an accumulated eleva-
tion series which represents a profile of said surface.

18. The method of claim 17, wherein said method 1s
applied at periodic intervals.

19. The method of claim 18 wherein said periodic inter-
vals are at time 1increments, At.

20. The method of claim 19 wherein At 1s 1 millisecond.

21. The method of claim 18 wherein said periodic inter-
vals are at longitudinal distance increments, AD.

22. The method of claim 21 wherein AD 1s 1 millimeter.

23. The method of claim 17, wherein said step of acquir-
ing data further comprises acquiring data relating to a
transverse angle 7y of said [profiler relative to] surface
profiling apparatus between a horizontal plane above said
surface and a line transverse to a longitudinal axis of a
frame of said surface profiling apparatus, from a transverse
inclination measuring apparatus comprising a second 1ncli-
nometer [supported by] mounted on said [profiler] surface
profiling apparatus to correct said angle o for cross-axis
EITOr.

[24. The method of claim 23, wherein said method is
applied at periodic intervals.}

[25. The method of claim 24 wherein said periodic
intervals are at time increments, At.]

[26. The method of claim 25 wherein At is 1 millisecond.]

[27. The method of claim 24 wherein said periodic
intervals are at longitudinal distance increments, AD.]

[28. The method of claim 27 wherein AD is 1 millimeter.]
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29. A method of profiling a surface using a surface
profiling apparatus mounted on a plurality of wheels, at least
two of said wheels being aligned to contact the surface 1n a
longitudinally collinear manner, the method comprising:

moving the [profiler] surface profiling apparatus a lon-

gitudinal distance increment AD:;
obtaining a vertical distance L, between said surface
profiling apparatus and said surface from a first ver-
tical distance measuring device, and a vertical distance
L between said surface profiling apparatus and said
surface from a second vertical distance measuring
device, said first and second vertical distance measur-
ing apparatuses being mounted on said surface profil-
ing apparatus collinearly with said ar least rwo wheels
and separated by a distance L;

calculating a first angle 3 between said vertical distances
L, L, and said distance L using the formula:

o

(Lf_Lr))

B = tan_l[ T

obtaining an angle o of said [profiler] surface profiling
apparatus relative to a horizontal plane intersecting
said surface ar a location of one of said wheels where
a point of the wheel, a vertical line and a line collinear
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with a diameter of the wheel intersect, from a longitu-
dinal inclination measuring apparatus comprising a
first inclinometer mounted on said [profiler] surface
profiling apparatus;

calculating an incremental change 1n surface elevation
AE, using the formula:

AE =AD sin{o+B);

and adding said incremental change to an accumulated
elevation series which represents a profile of said
surface.
30. The method of claim 29, wherein said method 1s
applied at periodic intervals.
31. The method of claim 30 wherein said periodic inter-
vals are at time increments, At.
32. The method of claim 31 wherein At 1s 1 millisecond.
33. The method of claim 30 wherein said periodic inter-
vals are at longitudinal distance increments, AD.
34. The method of claim 33 wherein AD i1s 1 millimeter.
35. The method of claim 29 comprising the further step of
correcting said angle o for cross-axis error using a trans-
verse angle ¥, said transverse angle ¥ being obtained from
a transverse inclination measuring apparatus [supported by}
comprising a second inclinometer mounted on said [profiler}
surface profiling apparatus.

*E kK kK kK kK
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