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Fuzzy geometric maps and vertex self-localization for SLAM problem
CHEN Dong-yue, ZHANG Li-ming

(Electronic Engineer Department, Fudan University, Shanghai 200433, China)

Abstract: This paper proposes a vertex self-localization method based on fuzzy geometric maps to solve the real-time
localization of in-door SLAM (simultaneously localization and map building) problem. The vertex self-localization is to
extract the vertexes of polygons as the landmarks from the raw sensor information. Compared with the traditional edge
match method, vertex self-localization has higher accuracy and less computational complexity. A novel twice-classification
method is also proposed to improve the precision of digital maps. Finally, experimental results are given to show that our
method is more efficient than the traditional edge match method.
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1 ÚÚÚóóó ( Introduction )
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Ûü�, ÏL>����{?1g½ . T�{Ú
\�
8��/ã�.,��ü$
/ã��;þ,
Ó�k|uAÛ&E�Ä�. �>��½ {¥´
IJ�E,,½ °Ý�$,O�þ�'��.�©
3 JorgeÚAilson�ó�Ä:þ�
U?,JÑ
º
:½ {��>��½ {. º:½ {3�
A
Û/ã¥Ä�õ>/º:��´I,3Jp/ã°
Ý�Ó�ü$
O�þ±9½ �{é�Ê�{�

�¦. Ùg�©¦^
Äu�mål�üg©a�
{��[13]¥¦^�Äu�Ç��g©a{, l
Jp
êâ©a�O(5�°�5. �
O��B,
�©æ^nc/�
8��Ä�AÛü�,¿�Ñ

�A�/ã��KÜ�{.

2 ¿¿¿SSSSLAM ¯̄̄KKK©©©ÛÛÛ ( Analysis of Indoor
SLAM )
3¿SSLAM¯K¥, du�¸¥Ø�3Ü�

´I,Åì<g½ �U��/ã�.½g½Â´
I���5�¤. Ïd¿SSLAM¯K¥�/ãï
��g½ ´�ép����gñ. 3�ÑäN�
)ûg´�c,�©k{ü0�~^�Åì<�..

2.1 ÅÅÅììì<<<���... ( Robot model )
�Åì<l,���:Ñu, ±Ñu:��:,

�À��� x¶���ïá�IX. d�Åì<3
T�IXS?1g½ ¿ïá/ã�.. Åì<9
Ùó��¸¢��.Xe:
bbb��� 1 Åì<�kk�&ÿål� r�-1

Daì,&ÿ��� 360◦,ü���×£:�¥%Y
��α.
bbb��� 2 Åì<U
�/^=¿�?¿��$

Ä,zg £ål��,=Åì<�üÚÚ�P�λ.
bbb��� 3 Åì<�kp°ÝÛ�ÚSÜ?èO

§ì,UO(Ö�Åì<�c��±9Óf=Ä�
¹.
e¡�Ñ�Øã9�[(JÑ´3±þb�¤

á�^�e���.

2.2 ¿¿¿SSSSLAMüüüÑÑÑ ( Strategy for indoor SLAM )
)û¿SSLAM¯KÏ~©�4��¬: 1)Da

&Eý?n; 2) ÛÜ/ã�ïá; 3) ´IÄ��g
½ ; 4)ÛÜ/ã��Û/ã����KÜ.
ÄkÅì<Uì2.1!p��{ïá�Û�I

X,Ó�¼�æNÔ:� �&E,ò¤k�æNÔ
:�&E?1©aKÜ,��deZ�Ä�AÛü
�|¤�ÛÜ/ã,lÛÜ/ã¥Ä�Ñ,
äk
AÏAÛA��Ü©��ÛÜg½Â´I.��ò
11g�ÛÜ/ã9ÛÜ´I���Û/ãÚ�Û

´I?1�;. Åì<�â�Ê�{�Ñ1?��
�±Ú�λ$Ä�12�*ÿ:. |^Ê§íÿ{O
�Ñ12�*ÿ:��O �.Åì<3T:¼�#
�Da&E,ïáÛÜ/ã, ¿Ä�12g�ÛÜ´
I.òÛÜ´I��Û´I¥?1��,#N�Û
Ü/ã�3�Û/ã¥� �,¦�¤k��´I
�o��Ý��.�âÛÜ/ã²£þéÅì<�
�m �#�O,¼�#�½ &E.¿ò²£�
����ÛÜ/ã��Û/ã?1KÜ?�#�

Û/ã. ±daí,�ª��Åì<&ÿ��S��
Û/ã�..
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AAAÛÛÛ///ããã���>>>������ggg½½½    ( Fuzzy
geometric maps and edge match self-
localization )
�
AÛ/ã�>���{´d JorgeÚAilson

3 1999cJÑ�[13]. �
AÛ/ã´|^½Â3�
�²¡þÝ/��S��
8��Ä�AÛü�5

L«æNÔ>.,�
8Ü���äá¼ê©Ù¥
F/. ¦�¦^
1?m×£�Åì<,=3Åì<
l��*ÿ:$Ä�e��*ÿ:�L§¥é±�

��¸?1×£,l¼�eZæNÔ:� �&
E,¿^Äu�Ç���5Vg?1êâ©a. �,
^æNÔ>.¤3����Ç� a, @�5gTæ
NÔ>.�?¿ü�:¤(½�����Ç bA÷

v

arctan b ∈ [ arctan a− ζ, arctan a + ζ ]. (1)

ª¥ ζ������Ý,3|^ª (1)é�c¤kæ
NÔ:?1©a�, òÓ�a�:[Ü��^�
ã, ¿±d�ã�F/�
8�¥¶, Ó��âT
a:�lÑ§Ý±9Åì<�$ÄØ�(½F/

�
8�°Ý, /¤��Ä�AÛü�. òz�A
Ûü�����´I?1��, ùp��´�Û
Ü/ã�,�Ä�AÛü���Û/ã¥�AÛ

ü�5gÓ�^æNÔ>.��3�8. b��
^��L«� (ρ, θ), ρ��:��ã¤3���å

l, θ��ã¤3�����, KÄ�AÛü�Ó
�û½
ü��
8 fρ, fθ, �ùü��
8�ä
á¼êÑlF/©Ù.©z [11]éÛÜAÛü�(
½�
8 f2

ρ , f2
θ ©O��ÛAÛü�¤(½��


8 f1
ρ , f1

θ '�, eüé�
8��q5v
pK@
�ü�Ä�AÛü���. �â�c¤k���Ä
�AÛü�éïá��±�I²£þ�gCþ�o

��Ý¼ê,ò��Ý¼ê���éA��I²£
þ��Åì<½ �N�þéÅì<?1#½
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 . ¿Ó�N�ÛÜ/ãS�¤kÄ�AÛü�. ò
N��ÛÜ/ã��Û/ã?1KÜ.KÜ�Ä�
�{´òü����AÛü�±�g�¹�æNÔ

:êþ���Xê?1\�²þ. Ù¥�¹�
�

8Ú�\�²þO���©z[11].
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AAAÛÛÛ///ããã���ººº:::½½½   {{{ ( New
fuzzy geometric map and vertex self-
localization )
JorgeÚAilson��{3äN�¢yL§¥E,

�3�
¯K.�´Äu�Ç�Daêâ©a�{

3æNÔ:'��8�&ÿØ�����J��;

�´>��½ {¥�o��Ý¼êE,,Ï`O

�þ�,°Ý$,°�5��. �©æ^
Äu�m

ål�üg©a{,Jp
êâ©a�°�5;Ó�

JÑ
º:½ {,T�{�>��½ {�'k

O�þ�,½ °Ýp�`:.

4.1 DDDaaaêêêâââ©©©aaa ( Classification of sensory data )
�©�,æ^©z [11]¥¦^��
AÛ/

ã�e�. êâ©a���?Ö´ò5uÓ

�^æNÔ>.�:©��a. ©z [13]¥¦^

�Äu�Ç�©a�{�3é��Û�5, eú

ª (1)¥� ζL�, 3ü^>.���Ü©N´Ñ

y��, e ζL�KÓ�^>.ò¬�©�eZ

a. �éù�¯K�©JÑ
Äu�mål��

g©a�{. Äk�©3©z [13]�Ä:þ�Ñ


#�“��5:8”�Vg. ®�ÃS:8P =
{P1, P2, · · · , Pn}, n > 3, ùpPi = (xi, yi)�&
ÿ�æNÔ� ��I, -Li = mix({pj}, j =
1, 2, · · · , n, j 6= i), L«:8P ¥Ø�: pi±	�

¤k:�â����{[Ü����.ò:Pi��

�Li�ålP� di.

½½½ÂÂÂ 1 eéÃS:8P S�?¿�:Piþ

k di 6 ξ,K:8P �����5:8. ùp ξ´�

��¢ê,d(BDaìØ(½55û½.

Äk?1o©a,òÅì<�c&ÿ��¤kæ

NÔ:^��kS8ÜCL«,ùpC = {ci}, i =
1, 2, · · · , N, ci = (xi, yi, Ai). NùpL«�cÛÜ

/ãæNÔ:�oê, xi, yiL«1 i�æNÔ:�

²¡�I. AiL«Åì<¥%��1 i�æNÔ:

���. kS8ÜCS��� ciUìAid���

ü�Å�u�CS���, e,� ciØU�c¡

����¤����5:8. Kò ci�c�¤k

���©����kS8Ü, P�Q1. ¿Uìd

�{é ci9ci���¤k��UY?1©a. �

�u��¤k����,��� kakS��5:

8 {Q1, Q2, · · · , Qk}.

3o©a�Ä:þ?1[©a. O�Qi��

�� cj�Qi[Ü���ål di, ,�òQi���

� cj\\Qi+1, O� cj�#�Qi+1[Ü���å

l d′i. e d′i < di, Kò cj8\Qi+1, �EE±þ

ö���©aØ2u)Cz��.ù�Ò��
�

ª�©a(J.

4.2 ÄÄÄ���AAAÛÛÛüüü��� ( Basic geometric unit )
�u¿SSLAM¯K�A:, Ä�AÛü�7

L÷v±e^�: 1)U¿©�NæNÔ��mAÛ
/�; 2)Bu���KÜ; 3)Bu´IÄ�; 4)U

�N&EØ(½5. �â±þ4:,�©^nc/�

8��Ä�AÛü�5L«ÛÜ/ã. nc/�

8´½Â3��²¡þ����
8. Ùäá¼
ê�N
��²¡þ�:äáu,^æNÔ>.�

§Ý. ã1(a), 1(b)©O�nc/�
8�áNßÀ
ãÚ�¡ã. �²LDaêâ©a����kS�
�5f8�: Q = {q1, q2, · · · , qn}, qi = (xi, yi). e
��I∗÷v

I∗=arg min
I

(d(q1, I)2+d(q2, I)2 + · · ·+ d(qn, I)2),

(2)

¡ I∗�Q�A��ã. d(qi, I)�: qi��� I�

ål.

ã 1 (a) n�À�e�nc/�
AÛü�

Fig. 1(a) Triangular prism of fuzzy geometric unit in 3D

ã 1 (b) nc/�
AÛü���¡ã

Fig. 1(b) Sectional view of the triangular prism

of fuzzy geometric unit

½½½ÂÂÂ 2 ��kS��5:8Q/¤�Ä�A

Ûü��Lã�G = {(xb, yb), (xe, ye), (a, b), l, n}.
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Ù¥

l =
1

1− e−0.5
·

√
d(q1, I∗)2 + d(q2, I∗)2 + · · ·+ d(qn, I∗)2

n
+ δ2

α.

(3)
l´nc/�
8¥äáÝ�"�:� I∗�ål.
δa´dÊ§íÿ{���Åì< ��²þ�O

Ø�. úª (3)´dpd¼ê�n�/%C�AÛ
'X��. (xb, yb)Ú (xe, ye)©O´Ä�AÛü�
�à: q1Ú qn3 I∗�ÝK:�I. a, b´A��

ã I∗��ÇÚ3 y¶þ�å. n´Q¥¤k���

oê.

4.3 ººº:::ggg½½½   ���{{{ ( Vertex self-localization )
©z [11]òÄ�AÛü�����´I?1g

½ . ¦�õé��ü��o��¼ê�©E,,�
AO�þ���.�©JÑ
±õ>/º:��´
I��{,3½ °ÝÚO�þ�¡Ñk�½�`
³.

4.3.1 ººº::: ´́́IIIÄÄÄ��� ( Extraction of vertex land-
mark )

õ>/º:´���ü�Ä�AÛü���8.
du�©æ^
nc/�
8��Ä�AÛü�,
Ïdº:´I�±�
8�/ªL«.
½½½ÂÂÂ 3 õ>/º:´I½Â�3��²¡þ

�I/�
8, P�M = {o,R, m}. ùp: o�L

I/�
8.¡��¥%, R�LI/�
8.¡

�», m�T´I3�Û/ã¥�&ÿ��gê. X
ã2¤«.

ã 2 º:´I�I/�
8

Fig. 2 Conoid fuzzy set of vertex landmark

Kº:´I�Ä��{Xe:
eÛÜ/ã¥�3�é�����5f8/¤

�Ä�AÛü�.

Gi = {(xb
i , y

b
i ), (x

e
i , y

e
i ), (ai, bi), li, ni},

Gi+1={(xb
i+1, y

b
i+1), (x

e
i+1, y

e
i+1), (ai+1, bi+1), li+1, ni+1}

e÷v:
√

(xe
i − xb

i+1)2 − (ye
i − yb

i+1) 6 σ, σd

Daì°Ýû½. K¡Gi, Gi+1��ép�q

��Ä�AÛü�, �ép�q��Ä�A
Ûü��½U
/¤��º:´IMi,i+1 =
{oi,i+1, Ri,i+1,mi,i+1},ùp: mi,i+1 = 1;

oi,i+1 = (
bi+1 − bi

ai − ai+1

,
aibi+1 − ai+1bi

ai − ai+1

), (4)

Ri,i+1 = min(li, li+1). (5)

ª (4)´�âü^���:úª¦�. éÑÛÜ/ã
¥¤kp�q��Ä�AÛü�é,O�ÑéA�
º:´I.ù�Ò�¤
ÛÜ/ã�´IÄ�ó�.

4.3.2 ´́́III������������ `̀̀½½½      £££þþþ ( Landmark
match and optimal location correction )

g½ �{�Ì�?Ö3u´I���±9�

�Ý¼ê�Ï`. ´I��´�ÛÜ/ã¥,�´
I��Û/ã¥�,�´I¢Sþ´�¸¥�Ó�

:. ´I���½ÂXe:
½½½ÂÂÂ 4 ®�ü�´IéA�I/�
8©O

�: M ′
i = {o′i, R′

i,m
′
i}, Mi = {oi, Ri,mi},e÷v

d(oi, o
′
i) 6 min(Ri, R

′
i), (6)

K@�ùü�´I´���.
òÛÜ/ã¥�¤k´I��Û´I�g?

1'�, é�¤kp����´Ié. ,�?
1o��Ý¼ê�¦�. �ÛÜ/ã¥k s�

´I {M ′
1,M

′
2, · · · ,M ′

s}��Û/ã¥� s�´

I {M1,M2, · · · ,Ms}�3��'X, Ko��Ý
¼ê�

η =

s∑
i=1

mi

s∑
i=1

mi

√
[(xi − x′i)− Vx]2 + [(yi − y′i)− Vy]2

.

(7)

mi´�Û´IMi��#�gê, Vx, Vy�Åì<

 �3 x¶Ú y¶þ� £þ, (xi, yi)Ú (x′i, y
′
i)©

O��Û´IÚÛÜ´I��I,�`�½  £
þ�

V ∗ = max
Vx,Vy

(η(V )). (8)

ª (9)�Ñ
V ∗�Cq��¦��{:

V ∗
x =

s∑
i=1

mi(xi − x′i)

s∑
i=1

mi

, V ∗
y =

s∑
i=1

mi(yi − y′i)

s∑
i=1

mi

. (9)

�éÑ�cÛÜ/ãéA��`½  £þ�,
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�âT�` £þéÛÜ/ã?1AÛ²£,ùp
�)Ä�AÛü�,ÛÜ´I±9Åì< ��A
Û²£. ��½ N���ÛÜ/ã.

4.3.3 ���ÛÛÛ ´́́III������### ( Updating global land-
marks )

�Û´I�#©�ü«�¹: �´ÛÜ/ã¥

�ë\���´I�P¹; ,�«´���ÛÜ´

I��Û´I�KÜ.c�«�#'�{ü,�I�

rT´IéA�I/�
8\\�Û´I�L=

�. ��«KI��?�Ú�êÆ?n. �²L½

 N���ÛÜ´IM ′′
i = {o′′i , R′′

i ,m′′
i }��Û´

IMi = {oi, Ri,mi}��. �#����#��Û

´I�: Mn
i = {on

i , Rn
i ,mn

i },
on

i =
mioi + o′′i
mi + 1

, (10)

Rn
i =

Ri + R′′
i − d(oi, o

′′
i )

2
, (11)

mn
i = mi + 1. (12)

4.3.4 ///ããã���������KKKÜÜÜ ( Map match and fusion )
ÛÜ/ã²L½ N��A��Û/ã?1�

��KÜ,l~�/ã�;þ. ü�nc/�
8

�Ä�AÛü���´�ü�Ä�AÛü�(½�

���
8,�Åì<�ål�
8�C,±9AÛ

ü��3�8. �ü�Ä�AÛü��

G1 = {(xb
1, y

b
1), (x

e
1, y

e
1), (a1, b1), l1, n1},

G2 = {(xb
2, y

b
2), (x

e
2, y

e
2), (a2, b2), l2, n2},

e÷vúª (13)∼(15):

arctan |(a1 − a2)/(1 + a1a2)| < min(B1, B2),
(13)

|d1 − d2| < min(l1, l2), (14)

G1 ∩G2 6= φ, (15)

K@�G1, G2´p����. ª (13)¥B1ÚB2´

ü�AÛü��Ý�
8>.�¥%�ål, X

ã 3 (b)¤«, diL«Åì<�Gi¥¶¤3���å

l:

di = |yr − aixr + bi|/
√

1 + a2
i . (16)

Ù¥ (xr, yr)�Åì<��c�I. duG1, G2Ñ

´�
8Ü,Ïd, G1, G2¤�¹��ã��ÇÚ�

m ��´�
8. �ã 3 (a). ã 3 (b)´G1, G2�

�Ý�
8, A1ÚA2©O´ü�Ä�AÛü��

¥¶��.

ã 3 (a) �
AÛü�¥>�
8�²¡ã

Fig. 3(a) 2D view of edge fuzzy geometric unit

ã 3 (b) ü����
AÛü�¥���
8

Fig. 3(b) Angel fuzzy sets in two neighboring

fuzzy geometric units

/ãKÜ´�ò�ép����ÛÜÄ

�AÛü���ÛÄ�AÛü�^��A

Ûü�5L«. �ÛÜÄ�AÛü�G1 =
{(xb

1, y
b
1), (x

e
1, y

e
1), (a1, b1), l1, n1} ��ÛÄ�AÛ

ü�G2 = {(xb
2, y

b
2), (x

e
2, y

e
2), (a2, b2), l2, n2}��,

�KÜ��#ü��

G12 = {(xb
12, y

b
12), (x

e
12, y

e
12), (a12, b12), l12, n12},

KKÜ5KXe:

n12 = n1 + n2, (17)

a12 = tan(
n1B2 arctan a1 + n2B1 arctan a2

n1B2 + n2B1

),

(18)

b12 = yr − a12xr −
√

1 + a2
12d12, (19)

l12 =
|n1l1 + n2l2| − |n1d1 + n2d2|

n1 + n2

, (20)

d12 = (n1l2d1 + n2l1d2)/n1l2 + n2l1. (21)

� I12´d (a12, b12)¤(½���. K (xb
12, y

b
12) ,

(xe
12, y

e
12)�(xb

1, y
b
1), (x

e
1, y
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úª (16)O���. úª (18)∼(21)�¿Â´KÜ�
�Ä�AÛü��¥%��±9�Åì<�ål´

�5�ü�Ä�AÛü��\�²þ. úª (19)´
ÏLÅì<g�� �±9Åì<�KÜ��Ä�

AÛü��ålO���Ä�AÛü�¥¶¤3�

��y¶�å. úª (20)´3�Ä
\�Xê��Å
ì<�ü�Ä�AÛü��ål�
8��8�¥

%�>.�ål�CqO�.

5 ¢¢¢���(((JJJ ( Expeniment results )
5.1 ^̂̂������[[[¢¢¢��� ( Simulation using MATLAB )
�NyT�{��15, �©3MATLAB²�

þ�O��§S5�[�k-1Daì�Åì<3

�����¸e(��)�/ãï�1�, PCM��
¸�Pentium IV 2.4G, 1GS��. Åì<�k18�
-1ÿå¤,þ!©Ù3±Åì<�¥% 360◦��
�S.=���ü�-1ÞY�� 20◦,k�&ÿå
l� 20m. Åì<l: (5,5)Ñué/ã?1&ÿ,
Åì<3¢�¥�²þ&ÿØ�� 5%,��$ÄØ
�� 20%. ã 4 (a)�Ê§½ {!>��{±9½
:½ {3«�{10gÁ����cnÚ²þ½ Ø

�'�ã. ã 4 (b)��Ó^�e10g�[���>
��{�º:½ {¤^²þ�m�'�. lã¥
�±²w�wÑ�©��{ÃØ3½ °Ý�´$

��m�¡Ñ`u>��{.

ã 4 (a) ²þ½ Ø�'�ã

Fig. 4(a) Comparison in errors of locations

ã 4 (b) ²$��m'�ã

Fig. 4(b) Comparison in time consuming

ã 5 3«�{���êi/ã

Fig. 5 Digital maps obtained by 3 methods

ã5�IO/ã±9º:½ {!>��½ 
{!Ê§½ {3«�{ïá�/ã�.±9Åì
<½ �¹�'�. ã 5 (b)¥¦^
º:½ {,
Ê�(�º:´I, /ã�.�¢S�¹A��
�¬Ü,½  �é�. lã¥�±�*�wÑ�
©�{�½ °Ý�p����/ã�ý¢/ã

���q.
5.2 GrandarÅÅÅììì<<<///ãããïïï���¢¢¢��� ( Map building

using grandar robot )

�©|^GrandarVÓ</Åì< (ã 6)3ý

¢�¿S�¸(rI$�?)?1êi/ãï�.

TÅì<�k-1ÿå¤, �ÿþÅì<�c�

±90◦��S�æNÔ. ��ÿåþ�� 30 m, ×

£©EÇ� 1◦. Åì<U|^VÓ�?èìÖê

éÅì<� �Ú^�?1oÑ�½ . ã7�©

O|^>��{Úº:½ {���êi/ã�

.�'�. ã¥�:L«�A�{�Ñ�Åì<

½ P¹ �,o��/ã�.. lã¥�±wÑ

|^�©��{���êi/ã²w'>��{

���/ã�.�\O(!�ß.äN�½ Ø�

±9üÚ$��m'�(JXã8¤«,lã¥�

±wÑ�©�{ÃØ3½ °Ý�´O�þþþ

`u>��{.
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ã 6 GrandarVÓ</Åì<

Fig. 6 Grandar two-wheel humanoid robot

ã 7 (a) |^>��{���rI�êi/ã�.

Fig. 7(a) Digital map of a hall obtained by
edge match method

ã 7 (b) |^º:½ {���rI�êi/ã�.

Fig. 7(b) Digital map of a hall obtained by vertex

localization method

ã 8 º:½ {�>��{�¢�(J'�ã

Fig. 8 Comparisons between vertex self-localization

and edge match method

6 (((ØØØ ( Conclusion )
lþ¡��{©Û±9¢�(J�±wÑ,�


AÛ/ã���«#�/ã�.e�U
�

*/���NæNÔ��3�¹, ¿äk�p�
°Ý.º:½ {�DÚ�>��½ {'�,3
O�þ9½ °ÝþÑkX²w�`³. �

AÛ/ã�º:g½ �{�(Ü, U
/¤�
@���)û¿SSLAM¯K��Y. cÙ´¿
SSLAM¯K¥��J±�õ)û�´IÄ�¯
K±9/ã�.�;þ���¯K.
�XÅì<ó��¸E,Ý�Jp,�5�¿

SSLAM¯KU?�'�3uDaì�U�, À
úDaìò¬¤�£ÄÅì<	ÜDaì¥�

Ì6, Ïdn�/ã�.ï, ±93D|µeÄ
�AÛü��ï��A�Ä�ò¬¤��5¿

SSLAM¯KïÄ�:. Ó�du3DÀúÚ
å�êâþ�ìOò¬¦�p�Ç�êâ?n�

{¤�ïÄ�9:��.
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