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Vision-based pose estimation algorithm
with four coplanar feature points via
an incident-ray-based camera model
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The pinhole imaging model assumes that all the projecting rays intersect at the effective pinhole
point. The restriction of this camera model will result in the low accuracy of vision-based pose
estimation. Furthermore, the camera calibration gets the global optimal solution of intrinsic and
extrinsic parameters, which will affect the calibration accuracy of intrinsic parameters and then
pose estimation accuracy is also affected. In this paper we completed the pose estimation with
four coplanar feature points via incident-ray-based camera model. Two parallel planes are used to
perform the ray-pixel mapping. The projecting ray could be defined by its two intersections with
the two planes. In this way, the camera is parametrized by the image plane and the two parallel
planes. Based on this camera model, through four coplanar feature points, the object pose could
be estimated. The whole process consists of both non-iterative step and iterative step. In the
non-iterative step, the initial estimating of pose is obtained and then it is refined in the iterative step.
Experiments results on pose estimation by the algorithm proposed and the other existing algorithms
demonstrate the superiority of our algorithm.

Keywords: pose estimation, incident-ray-based, two parallel planes, four coplanar feature points.
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ANropnTm oLeHKN NoJIoXKeHNs Tesla Ha OCHOBe
BU3yaJibHbIX AaHHbIX C YETbIPbMSA KOMJlaHaPHbIMMN
XapaKTepHbIMM TOYKaMU C MOMOLLbIO MOoAenun
OoTCNIeXXUBaHNS nagaroLwmx nyvem
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IMonyuenue uzo0paskeHuil MOCPEACTBOM TOYEYHOT'0 OTBEPCTHS MPEAIoIaraerT, YTo Bce mpoeiupye-
MbI€ JIyYU MEePEeCeKar0TCsa B HEM. 9TO OrpaHMYeHNe IPUBOAUT K HU3KOM TOUHOCTH OI[€HKH MOJIOKEeHU A
TeJa Ha OCHOBE BH3YyaJIbHBIX MaHHBIX. Kpome TOro, KaauGpoBKa KaMepsl MO3BOJIAET MOJYUYUTh JIUIIb
ri06aIbHOE ONITHMAJIFHOE PellleHue IJISI COBOKYITHOCTH BHYTPEHHNX U BHEIIHUX IMapaMeTpPoB, 4To 3a-
TPYAHSET TOUYHYIO KaJINOPOBKY BHYTPEHHHX IIapAMETPOB, 4 3aTeM U TOYHOCTh OLEHKH TIOJIOKEeHH S Te-
na. IIpeqioskeH aJIrOPUTM OIEHKH MO3UIUH C YeTHIPHMSA KOILIAHAPHBIMU XaPaKTEePHBIMH TOYKAMM C
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IIOMOIIGI0O MOJEJH OTCIEKUBAHUA MAaJAIONNX Jydeil. /[[Be mapaJjiejsHble MIOCKOCTU HCIOJIb3yIOTCS
JJI1 OTOOpasKeHUusI MacCHUBa JIyueil U COOTBETCTBYIOIIUX UM nMukKceaoB. IIpoekTupyromiuii xyu onpeme-
JSIeTCS M0 KOOPAUHATAM €ro IepecedeHui ¢ ABYMA ILIocKocTaAMu. Takum o6pa3oM, KamMepa mapame-
TPU3YETCS MJIOCKOCTHIO N300PaKeHUA U IBYMSA NapajiieJbHBIMHU ILTOCKOocTaMuU. Ha ocHoBe 3T0M MoO-
JIeJIN TI0 YeTHIPEM KOMILTAHAPHBIM XapPaKTEePHBIM TOUYKAM MOMKHO OIEHHUTH IMO3UIIUI0 00beKTa. Bech
IIPOILEeCC COCTOUT U3 HEMTEPATUBHOTO M UTEPATHUBHBIX maros. Ha HeuTepaTMBHOM IIare moJry4aeTrcs
HavYaJIbHAA OIeHKA MO3UIMH, 4 3aT€eM OHA YTOYHAETCS Ha UTePAaTHBHOM miare. Pe3yabTaTsl 9KCIIEpU-
MEHTOB IO OL[€eHUBAHUIO MO3UIUYU MPEII0KEHHBIM aJTOPUTMOM U IPYTMMH CYIIECTBYIOIIUMU aJIro-
PUTMaMU JEMOHCTPHUPYIOT IIPEBOCXOICTBO HAIIIET0 aJITOPUTMA.

KnroueBble c/ioBa: OLEHKa MOJIOXKEHWS Tesla, MOAEn OTCeXUBaHUS rnagaroLymx ﬂyqeﬁ, ABe rnapa”si-
JieJibHbIe JIOCKOCTU, KOMI1J/1aHapHble XapaKTepHble TOYKUN.

1. INTRODUCTION

The vision-based pose estimation is non-contact
with the measured object and little influenced
by the harsh application environments. It could
also be applied in a high dynamic environment,
so with the rapid development of modern indus-
try, the vision-based pose estimation technology
has been widely used, such as space rendezvous
and docking [1], unmanned aerial vehicle (UAV)
pose estimation and control [2], helmet aiming
display system [3], industrial robot control [4],
roadheader pose measurement [5], etc.

As to the vision-based pose estimation, usu-
ally some feature points are used. Both the world
coordinates and image coordinates of feature
points are known quantity. This kind of methods
uses the camera to establish the measurement
coordinate system and the camera captures the
images of feature points.

Then object pose relative to measurement co-
ordinate system is solved. The vision-based pose
estimation is also called the perspective-n-point
(PnP) problem. When n is less than or equal
to 3, feature points is not enough, resulting in
multiple solutions, so n is usually greater than
or equal to 4. When n > 5, the PnP problem can
be converted to the direct linear transformation
(DLT) problem [6, 7].

Duan et al. [8] proposed a linear algorithm
using the trapezoid corner points. The parallel
constraint of trapezoid was introduced. Lepetit et
al. [9] proposed the EPnP algorithm. It expresses
feature points coordinates with four virtual con-
trol points coordinates. This converts estimating
feature points camera coordinates to estimating
virtual control points camera coordinates. Hu et
al. [10] proposed an algorithm for linearly solving
the object pose based on the four corner points

of the parallelogram. These algorithms belong
to non-iterative algorithms. They obtain closed-
form solutions. The calculation cost of non-iter-
ative algorithms is less and the corresponding
calculation speed is faster. The non-iterative al-
gorithms could achieve high precision only when
the imaging points of feature points could be ac-
curately extracted from the image.

The iterative algorithms get higher accuracy
in comparison with the non-iterative algorithms.
Zhang method with chessboard is famous [11].
It is based on the pinhole imaging method.
To complete the pose estimation, usually there
are many coplanar feature points on the target.
The translation and rotation matrix of target rel-
ative to the camera could be solved. The number
of points is great and the amount of calculation
is large. Large number of feature points result
in the decrease of efficiency. At the same time,
as to iterative algorithms, a proper initial esti-
mation is required. If the iterative algorithms
are not well initialized, they will fail or be more
time-consuming. Usually, the two kinds of algo-
rithms are combined and the result of non-iter-
ative algorithm is set as the initial estimation
of iterative algorithm. The number of feature
points could also be reduced. Four feature points
is enough to solve the object pose based on the
geometric constraints of feature points.

Zhang et al. [12] solve the object pose based
on the spatial geometrical constraints (includ-
ing length, angle, and non-coplanar constraints)
of the four non-coplanar feature points. The ac-
curacy and convergence speed could be guaran-
teed through the weak-perspective projection
in this algorithm. Zhang et al. [13] combined
affine invariants and the geometric constra-
ints. Then a two-step pose solution is obtained.
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Chen et al. [14] proposed IEPnP algorithm.
IEPnP algorithm retains the main idea of the
EPnP algorithm. It uses the weak perspective
projection model to obtain the initial coordi-
nates of the virtual control points in the camera
coordinate system. Then the coordinates of the
virtual control point in the camera coordinate
system are optimized with the Gauss—Newton
method. DeMenthon et al. [15-17] proposed
POSIT algorithm. The POSIT algorithm is now
the inner function of OpenCV and widely used.
When using the POSIT algorithm, Sun [18] et al.
reduce the measurement error of pose estima-
tion through global control points calibration.
Zhang et al. [19] obtain the two-step pose esti-
mation algorithm using four coplanar feature
points. The four points form a trapezoid and the
corresponding affine invariants are used.

The camera model is crucial to pose estima-
tion. The above algorithms are based on the
pinhole imaging model [20, 21]. It assumes that
all the projecting rays intersect at a single view
point (the effective pinhole point). However, this
is not true in the process of pose estimation.
The practical camera lenses system is a complex
assembly of multiple lenses, and the project-
ing rays may not meet at a single effective view
point [22]. Furthermore, the camera calibra-
tion gets the global optimal solution of intrin-
sic and extrinsic parameters, which will affect
the calibration accuracy of intrinsic parameters
and then pose estimation accuracy is affected.
These factors will result in the low accuracy.
So many researches have been done in recent
years. A general camera imaging model is pro-
posed [23—26]. These methods are discrete and
nonparametric. They perform mapping from
incident rays to pixels. The concept of “raxel”
is proposed to express this mapping [27]. This
mapping is just a linear mapping and the cali-
bration process is complicated, which requires
binary coding patterns and high precision turn-
table. A perspective-ray-based camera model
which include both non-iterative parts and it-
erative parts is presented [28—30]. However, the
camera calibration algorithm presented relies
on minimization of the constraints. It is done
using classical optimization methods. However,
this calibration process requires a good enough
initialization, and there is no provision for it. It
is essential because local optimization method
cannot find a global minimum of a function.

Based on the discussion above, we proposed
the pose estimation algorithm with four copla-
nar feature points via an incident-ray-based cam-
era model. Two parallel planes are used to per-
form the mapping from the incident rays to the
image plane. Each projecting ray corresponds
to a pixel on the image plane. It intersects the
two parallel planes at two points. The project-
ing ray could be determined by the two points.
From this we established the mapping relation
of the image plane and the two parallel planes.
We perform the calibration of the mapping re-
lation with non-iterative process and iterative
process. The pose estimation is completed using
four feature points. The projecting rays are ap-
plied to express the feature points geometrical
constraints. The scaled orthographic projection
approximates the perspective projection. The
feature points world coordinates are solved lin-
early. These are the initial estimating of feature
points coordinates. These initial estimating are
refined using the Levenberg Marquet (LM) op-
timization method. The object pose could be fi-
nally solved.

The remaining parts of the paper are formed
as below. In section 2, an incident-ray-based
camera model is proposed. In section 3, the ob-
ject pose is solved based on this incident-ray-
based camera model. In section 4, some experi-
ments are provided to examine the algorithm.
Section 5 makes conclusions.

2. INCIDENT-RAY-BASED CAMERA MODEL
USING TWO PARALLEL PLANES

A general camera imaging model usually per-
forms the mapping from rays in 3D space to pix-
els as shown in Fig. 1.

Pixels
on the image detector

Rays
in the 3D world space

Fig. 1. The mapping between the rays and pixels.



The imaging system

| The lens
| system |~

_____ == _

Fig. 2. Perform the mapping between the rays
and points on the image plane using two parallel
planes.

We perform this mapping using two paral-
lel planes as shown in Fig. 2. Q); and Q, are the
two parallel planes. The rays in the 3D space
are directed by the imaging system to its photo-

sensitive elements (pixels). Each projecting ray
intersects the planes QO  and Q, at two points. For
example, r; intersects Q and Q at P° and P!.
Q,, is the image plane. Pllm is the correspond
1ng image point on the image plane. P™ is the
image coordinates of P™. 0,-X,Y,Z, repre-
sents the world coordinate system. It could be
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established by plane Q,. Bj; is the world coordi-
nates of PS P!; is the world coordinates of Pf.
2, of Pl is 0. z,; of Pj; is d. The expression
of the projecting ray r; in the world coordi-
nate system could be obtained under the con-
dition of knowing Pj; and P.,. Through
each projecting ray, Pim iand Ps i estab-
lish the one-to-one correspondence. P/™ and
P! also establish the one-to-one correspon-
dence. )

The mapping relation of P'™ with the co-
ordinates P/ (u;,v;), P® with the coordinates
Py (Xyi»Yypi,d) and that of PI™ with the co-
ordlnates P’vl(ul,v ), P! with the coordinates

Pl (X,i»Yypi» 0) could be expressed accord-
1ng to space mappmg relation. The following
takes le and P! as the example to intro-
duce the calibration process of this mapping
relation.

The ideal image coordinates of calibration
feature points are P.n:(u;,v;) and the coordi-
nates of their intersections with plane Q; in
the World coordinate system O,-X,Y, Z, 6 are
PL;(X,i»Yypi» 0). The mapping relatlon of Plfl’ﬁ
and sz is shown in Eq. (1).

up| |t tg 3| Xy
tt V; | = t4 t5 t6 Ywi . (1)
1 t7 tg 1] 1

Then the calibration equations could be ex-
pressed with Eq. (2). The least square method
could be used to solve Eq. (2).

X1 ¥t + Y1 *ta+is —uy Xy *tr — 1Yy *ig —uy =0,
X1 ¥ty + Y1 *t5 + g — 01 Y1 ¥lg —01 Xy Ft7 —v1 =0,

X2t + Yo

*lg+ i3 —ug Xy ¥ty —ugY, 9 ¥tg —ug =0,

Xypg ¥ty + Yy *t5 +16 — VaY,0 1y —09 X9 * 17 —vg =0, 2)

XN ¥t + YN Fta+t3—unXyn *tr —unY,n *tg —uy =0,
XN *tg +Yyun *t5 +t6 —vnYun ¥lg —UnXyn ¥tr —vy =0.

The calculation process of this model is sim-
ple and fast, but it also has two disadvantages:
First, there is no correction for lens distortion.
Second, there is only a non-iterative process,
which is difficult to achieve constraints espe-
cially when there is noise during image process-
ing. This has a great influence on the accuracy

of the solution, so the iterative process is intro-
duced as shown below.

For the correction of lens distortion prob-
lem, the ideal image coordinates of Pilm are
P (u;,v;). The actual image coordinates of
P'™ are P! Udl(udl’vdl) It is obtained through
image processing. The ideal image coordinates
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Plfﬁ (u;,v;) and the actual image coordinates Plfvmdi(udi,vdi) could be expressed with Eq. (3). m;and ;

@i=0,1,2,..,9) are the coefficients.

U; mg mpy mg mg

b 4 L 0 I

Ui

2 2 4 4 3 2
X[l Ugi Vgi Udi UVdi UdiVdi UdiVdi Udildi UdiVdi

Then Eq. (4) could be obtained.

0m4

mg mg my Mg Nyg le

5ol bk 0 @)
3 5 5

9 T
Ugibqi Ug; vdi}

2 : 4 2
mo +mg *vgy +mg *ugy +my *ug1vgr +ms *Fug1vgr +my *Fugy +

2 3 .3 2 4 5
+mg *ug1vg1 +my *ug1vg1 +me *ugvgr +mg Fugr —ug =0,

9 : . . 4 9
lo+4 *ugy +13%vg1 +1g *vgrugr +1le *vg1ugr + o *vgy +

2 3 3 2 4 5
+r *vgrugr + g *vgrugr +15 *vgrugr +1lg Fvgr — vy,

2 4 9
mo +mg ¥ vgg +mg ¥ ugg +my *ugavge +ms *ugovys +my *ugs +

2 3 3 2 4 5
+mg *ugovgo +my ¥ ugavgs +me * Ugavgs +mg *uge —ug =0,
9 4 9
lo+4 *ugs +13*vga +1s *vgauga +lg *vgauge +1l *vga + (4)

. 2 3 3 2 4 5
+l7 *vgaugs +1g *vgattga + b5 * vgauga +1lg ¥vge — g

. 2 4 2
mo +mg *vgn +mg *ugn +my *ugnvgn +ms Fugnvgy +my Fugn +

g FuSNvIN +my FuSNUIN + Mg F udnVgN +mg Fudy —uy =0,

9 N 4 2
lo+h *ugn +i3*vgn +1lg *vgnugn +1lg *vanugn +lo *vgy +

2 3 w3 2 4 5.5
+lr Fvgnugn + I8 Fvgnugn +15 Fvgnugn +lg Fugn —Un-

Both Eqg. (1) and Eq. (3) constitute the space
mapping model of P/™ and P}. This model in-
cluding two parts parameters: the linear trans-
formation parameters and lens distortion cor-
rection parameters. Eq. (2) and Eq. (4) constitute
the corresponding calibration equations for the
two parts parameters.

The specific calibration steps are as follows:

1. Obtain the actual image coordinates (uy;,
vg) of the calibration feature points by image
processing. The world coordinates (X,,;, Y,,;, 0)
of the calibration feature points is known.

2. Substitute (uy;, vy) and (X,,;, Y,,;) into the
Eq. (2) to obtain ¢;.

3. Use (X,,;, Y,,;)) and ¢; to calculate the ideal
image coordinates (u;, v;) according to Eq. (1).

4. Substitute (uy;, vy) and (y;, v;) into the Eq.
(4) to obtain /; and m,.

5. Substitute (uy;, vy), [; and m; into Eq. (3) to
calculate the corrected image coordinates (u;,v;).

6. The accuracy requirement is set as shown
in Eq. ().

N
> | @ —ub)? + @ —v))’

i=1 <3d. (5)
N(N +1)

If the results meet the accuracy require-
ments, the calculation process will stop and the
result is output. Otherwise, update (uy;, v4;) with
(ui,v}), and jump back to the first step. The spe-
cific process is shown below.

3. POSE ESTIMATION BASED ON THE
INCIDENT-RAY-BASED CAMERA MODEL
Four coplanar feature points form a trapezi-
um with knowing their relative geometry and
are shown in Fig. 4. PP, is parallel to P3P,.
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Obtain the actual
image coordinates
(tai, Vg;) and the
coordinates (X, Yu:)
in the world
coordinate system

d
l

\ 4

Substitute (uai, vai)
and (Xwi, Yuwi)
into the Eq.(2)
to obtain the value of ¢

\ 4

Use (Xui, Yui, 0) and t; to Fig. 4. The target with four coplanar feature points.
calculate theideal image

coordinates (u;, v;)

v Update (ug;, vg;) with \
(i, v)) 1

Substitute (ug, va;) and (w;, v;)
into the Eq. (4) to obtain the A eP; Z,=d
values of [; and m;

v \.

Substitute (wai, vai), L;and m;
into Eq.(3) to calculate the
corrected image coordinates

*
|

(ul, v} ¥
. " Z,=d

Meet the accuracy
requirements

Output result

Fig. 3. The specific calibration steps.

Fig. 5. The approximation of perspective projection
The target coordinate system could be con- using scaled orthographic projection model.
structed. Then the coordinates of feature
points in the target coordinate system could be

known. The plane Q, is parallel to Q, and Q,. P/is the
The pose estimation algorithm includes both vertical projection point of P; on the plane Q,

the non-iterative and iterative parts. As to the and z,,; of P/is d'. Then P/is projected to the im-

non-iterative parts, a proper initial estimation is age plane.

obtained to ensure the accuracy and efficiency P! is calculated according to Eq. (6).

of the iterative parts. The scaled orthograph-

ic projection is used to complete this step as p. :d—/(PS- _PL)+ Pl (6)

shown in Fig. 5. P, is projected to the plane Q,. 'od ' .
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Then the coefficient «/ could be calculated ac-
cording to Eq. (7). They are considered as the
initial estimations.

K
Pu/)i :ﬁ'(Pljl l)+ wl’
PwiPwi (7)
/
K/ :% PPy

As shown in Fig. 6, the four feature points
are projected to the image plane according to
incident-ray-based camera model using two par-
allel planes proposed in section 2. ¢; is the unit
vector from P to B°. According to the camera
model, P!, and P}, are known, so the world co-
ordinates of P; could be obtained through calcu-
lating coefficients k i as shown in Eq. (8).

t ps
'_':.PwiPwi
t ps
PwiPwi

1 b

8)

— ¢
B, =;q; + By;-

Piargeti is the coordinates of P; in the target
coordinate system. dis; is the length of two

Fig. 6. The imaging of the four feature points with
the incident-ray-based camera model.

arbitrary feature points. They could be calcu-
lated using Eq. (9).

2

b

. 2
disj; = HPtargeti — P argetj

.

— = i ot

K;q; —%;qj + PpiByi| =
(9)

—~ = ot pt — t pt
Z(KiQi—Kij+ijPwi)'(KiQi ]q]+Pw]P)

2
disf, =Py — Py =

PP, is parallel to P3P,. The projection
transformation maintains the length ra-
tio of parallel lines. It could be expressed as
Eq. (10).

(KZE—KlaJrPuﬁPut)z) _

P P PP, o=
wibw2 / Pu1 B2 . . P
K494 —K3q3 + By3Ppa

Prarget1 Brarget2 (10)

Pt arg et3Pt arget4

According to the angle 6 shown in Fig. 4,
Eqg. (11) could be obtained.

PwSPwl'Pw3Pw4/ Pw3Pw1 Pw3Pw4 -

_ (Klqi—K3Q§+P$3P$1)'(K4qz—K3q;+P$3P$4) _

- - 1 t — —_ t t
K191 — %393 + By3B1||[Ke 94 — %393 + By3bpa

(1)

Pt arg etSPt argetl”’ Pt arg et3Pt arget4

R&arg etSRtarg etl Ptarg et3Pt arget4

Now eight equations about unknown coeffi-
cients k i are gotten as shown in Eq. (12). The co-
efficients «’ i obtained in Eq. (7) are considered
as the initial estimation of « i. Then according
to Eq. (12), through the minimization of the
constraints using the Levenberg—Marquardt al-
gorithm, the values of ki are refined.

f(Ki,Kj):(Kia—Kngj+P£jP£i)x

2

b

o - t pt
X(Ki%’ _Kij +ijpwi)_HPtargeti _Bfargetj



- - t t
Kogo — K11 T Bnbve

8(x1,Kg,Kg,Kq) = —
K4q4 — K393 + By3B4

BﬁargetlBﬁargem

Pt arg et3Pt arget4
(12)

h(xy,%3,%4) = (K1E—K3%+P$3P$1)X

(Mi —K3q3 + PJ;3P$4)

- —_ A t — - t A
K191 — K393 + B3 B1||| €494 — €393 + By3by4

_ Pt arg et3Pt argetl”’ Rf arg etSPt argetd

Pt arg et3Pt argetl Rt arg et3Ptarg et4

4. EXPERIMENT RESULTS

As can be seen from Fig. 7, the experiment sys-
tem contains one rotation and translation stage,
one CCD camera.

Fig. 7. The experiment system.

Fig. 8. The kinds of feature points.

Tom 88, Ne 8 /ABryct 2021/ OnTu4eckuii XypHan 61

Usually, the points easy to perform image
processing and determine the spatial coordi-
nates are selected as the feature points as shown
in Fig. 8. They include the center point of the
circular markers, the angular point of square
markers and the intersection points of the line
markers. The shape and size of the feature points
are the same on one target. The image coordi-
nates of feature points on the target are the most
important input data as shown in equation (1).
The positioning accuracy of the feature points
during image processing has a direct impact
on the pose estimation accuracy. The automatic
identification of circular makers is more conve-
nient. There are many available algorithms for
the center positioning of circular makers. The
sub-pixel center positioning accuracy could be
easily achieved, so in this paper, the center point
of the circular markers is selected as the feature
points.

The camera calibration process is performed
in Fig. 9. The calibration target in position 1
is considered as Qg and the image is captured.
The calibration target in position 2 is consid-
ered as Q, and the image is also captured. In this
way, the two parallel planes Q; and Q, could be
constructed. The world coordinate system O,-
XY, Z,,1is constructed through Q,. With captur-
ing the images of calibration target, the circular
makers centers are extracted. Then according to
section 2, the calibration is completed by apply-
ing the two captured images. The mapping rela-
tion of P.,, P° and that of P},, P’ could be
obtained. By this camera model, using the tar-
get shown in Fig. 4, the target pose is calculated
according to section 3.

The pose estimation experiments include the
experiments based on computer simulation and
the experiments with real images.
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Position 1

2w
i —

The camera calibration target

" Qs
Position 2

@he camera

Fig. 9. The camera calibration process.

1. The experiments based

on computer simulation

In order to verify the accuracy and anti-noise
performance of the algorithm, a comparison
with POSIT algorithm using coplanar feature
points [15], duan algorithm [8] and sun algo-
rithm [24] based on the computer simulation ex-
periments is made. Multiple levels of Gaussian
noise were added to the image points and then
test data sets were generated for each noise lev-
el. As illustrated in Fig. 10, the y-axis repre-
sents the relative errors of pose estimation and
the x-axis represents the noise level. The method
proposed is more stable and accurate than other
ones, particularly, when the noise level is higher
than one pixel. Moreover, along with increasing
noise disturbance, the errors rise quite slowly.
The algorithm proposed produces better results
than the other three algorithms. This behavior
can be interpreted as following: unlike the non-
iterative algorithm (duan algorithm) which is
sensitive to the noise, the algorithm proposed
is an iterative algorithm that has a strong im-
munity to the noise. POSIT algorithm used the
pinhole imaging camera model. The experi-
ment results demonstrate that the incident-ray-
based camera model using two parallel planes
performs better than the pinhole imaging mod-
el. Sun algorithm does not take the initial val-

Yw The image of camera calibration
target in position 1

The image of camera calibration

target in position 2

0.25

0.20

‘n. |I|. ||| |||| |||| |||I |||| hll
0.00
1 2 3 4 5 6 7 8

5
N
(4]

Ralative error
o
>

0

o
($)]

Noise level

#Duan ®WPOSIT ® Sun " Our

Fig. 10. The comparison with POSIT algorithm
using coplanar feature points, duan algorithm and
sun algorithm based on the computer simulation
experiments.

ues of camera calibration process into account.
With the noise level increasing, a higher error
appears.

2. Real Images Experiments

The distance between object and camera is lim-
ited by the depth of field. If the object is out of
the range of the depth of field, the measurement
accuracy is lower. If the object is in the range
of the depth of field, the measurement accuracy



is little influenced by the distance between ob-
ject and camera. The target is fixed on rotation
and translation stage. Then it rotates with the
stage. The distance between the target and cam-
era is almost fixed. This could ensure that the
object is in the depth of field of camera. The CCD
camera is used to capture the images of the tar-
get. The measurement range is 0° — 35° in the
three rotation degree of freedom respectively.
The angle measurement experiments in the pa-
per are estimating one angle with the other two
angles not changing (such as estimating the yaw
angle with the pitch and roll angle remaining
unchanged).

The coordinates of feature points in the tar-
get coordinate system is known. The world co-
ordinates of feature points are calculated ac-
cording to section 3. In order to verify the ac-
curacy performance of the presented algorithm,
a comparison with POSIT algorithm using co-
planar feature points [15], duan algorithm [8]
and sun algorithm [24] is made. The results are
shown in Fig. 11. As illustrated in Fig. 11, our
algorithm performs well on the estimation of
rotation angle. It is obviously better in accuracy
and stability than other algorithms. Duan algo-
rithm is a non-iterative algorithm and is sensi-
tive to the observation noise (caused by image
processing). When measurement angle becomes
larger, its RMS error becomes greater. Similar
to POSIT, sun algorithm is not stable. This is
because the observation noise has greater in-
fluence on scaled orthographic projection when
rotation angle is greater. The incident-ray-based
camera model using two parallel planes could
resolve this problem. The errors of YAW, pitch
and roll are not independent. The errors of yaw,
pitch and roll influence each other and they con-
stitute the rotation matrix together as shown
in (1). b is the YAW angle. B is the pitch angle.
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The experiments results of yaw angle
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Fig. 11. The real image experiment results of rota-
tion angles.

y is the roll angle. When the target is rotated
in all the axes, the solution of angles will use
(13). As the errors of yaw, pitch and roll influ-
ence each other, the measurement errors may be
promoted.

sinocosy cososiny —sino
R =|sinPsinocosy—cosPsiny sinPsinosiny+cosPcosy sinfcosa (13)
cosPsinocosy+sinPsiny cosPsinaSy—sinBcosy cosfcosa

To further validate the accuracy of the pro-
posed algorithm, the real images experiment us-
ing a target board as shown in Fig. 12 was com-
pleted. There are many circular markers on the
board. The four corner points marked in green
are applied.

Six images are captured. In each image, we
calculate the world coordinates of point i, then
the lengths d;; between the points are recov-
ered. We also made a comparison with POSIT
algorithm on the condition of coplanar feature
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points [15], duan algorithm [8] and sun algo-
rithm [26]. The results in Fig. 13 are the mea-
surement errors. The measurement error is the
absolute difference of the estimated length to the
true length. The performance of our algorithm
is obviously better than the other three algo-
rithms. This can be explained as both the POSIT
and duan algorithms use the pinhole imaging

Fig. 12. The image of target board.
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Fig. 13. The comparison of length measurement errors.
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model. The experiment results demonstrate the
superiority of the incident-ray-based camera
model using two parallel planes proposed in this
paper. In addition, although the sun algorithm
can get better results than POSIT algorithm and
duan algorithm, the calibration of camera model
is done using the Levenberg-Marquardt algo-
rithm. This iterative algorithm requires a good
enough initialization, and there is no provision
for it. This leads to its lower accuracy than our
algorithm.

5. CONCLUSION

In our study, we have proposed an accurate and
robust algorithm that can globally solve the ob-
ject pose. Using two parallel planes, we perform
the ray-pixel mapping. The projecting ray could
be defined by its two intersections with the two
parallel planes. In this way, the incident-ray-
based camera model is constructed. Based on
this camera model, four coplanar feature points
which form a trapezium are used to complete the
pose estimation. In the pose estimation process,
we consider the initial estimating of pose in
this problem. According to the geometric char-
acteristics of feature points, initial estimating
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of pose is refined during the iterative solving
process and the object pose is finally obtained.
Our algorithm has some advantages: (1) The pin-
hole imaging model causes low accuracy of pose
estimation. The proposed incident-ray-based
camera model could overcome this restriction.
(2) The pose estimation algorithm consists of
both non-iterative step and iterative step. The
proposed algorithm is compared with the oth-
er three currently employed algorithms. Ex-
periment results demonstrate that the accuracy
and stability of pose estimation are improved by
our algorithm. The proposed algorithm could be
used for the helmet tracking system. The pose
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measurement of helmet is obtained by captur-
ing four coplanar feature points installed on
the moving helmet through the camera. In the
next step of research, experiments will be im-
proved by increasing the number of feature
points group on the same helmet to extend the
measurement range of the helmet tracking
system.
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