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Stair detection and parameter estimation using 3D point cloud

ZHONG Chen, WANG Wei†, ZHUANG Yan

(Research Center of Information and Control, Dalian University of Technology, Dalian Liaoning 116024, China)

Abstract: Stair detection and 3D modeling are of great significance for autonomous navigation and motion planning

of mobile robots. Considering the structure diversity of stairs and the distribution uncertainty of point cloud in practical

application, we proposed an adaptive stair detection and parameter estimation method based on stair topology model and

fuzzy set theory. By employing the topology of stair profile and a histogram algorithm, we improve the accuracy and

robustness of the stair edge location estimation. Adopting the strategy of in-level extraction and cross-level linking, we

construct a set of candidate edge lines. On the basis of this result, the cascade probability of candidate edge lines is

estimated by using fuzzy transformation and adaptive fuzzy inference. A simulated annealing algorithm is applied to the

global optimum search for the candidate edge-line combination to validate the estimation of 3D stair modeling parameters.

Experimental results and data analysis show the validity and feasibility of the proposed approaches.
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2 (Detection of candidate

stair edges)
2.1 (Point cloud data correction)

( )

,

Pmn ∼ (x, y, z),

4 .

, (IMU) ,

(Euler angles) . 3

, .

,
[12]. (AH algorithm)[13]

,

.

Pmn M N ,

, n ∈ {1, 2, · · · , N}
Pi = [Pmn|m∈{1, 2, · · · ,M}] 2s +

1 (Pi−s, · · · , Pi+s) αi

(di−s, · · · , di+s) d′
i, : i

, s

( : s=2), αi ∈ (−90◦, 90◦]. (αl,

hl) αl (−90◦, 90◦]
, hl αl ,

(di−s, · · · , di+s) d′
i w, Pi

αi αl , 1 .

α = −90◦ α =
90◦ , .

1

Fig. 1 Geometrical relationship of AH algorithm

(αl, hl)
. [αl − mΔα, αl +

mΔα], Δα ,

m ,

(hl−m, hl+m) αl

. αl

, :

hp � τ × hv + ε, (1)

: hp , hv hp

, τ, ε ( :

τ = 2, ε = 2).

(αc,

hc). 2

, 2

αc1, αc2 ᾱc1 ᾱc2,

αmin
c1 = min(|ᾱc1 − 0◦|, |ᾱc1 − 90◦|)

αmin
c2 = min(|ᾱc2 − 0◦|, |ᾱc2 − 90◦|)

, ᾱmin
c = (αmin

c1 +
αmin

c2 )/2 .

αr,

Pmn
αr−→ P ′

mn.

2.2 (Position estimation

of candidate stair edges)
Pmn

,

. :

(Z ) ,

(W )

z = 0 .
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. ,

W Z (wl, hl) (zl, hl).

2.1

. W Z

,

wz = 0 wz = 1 .

W Z

wl zl,

PC. W Z PC ,

.

, k

2 .

2 k

Fig. 2 Topology model and parameters of the kth stair

k = 0, PC, k =
k + wz,

(xEk, yEk, zHk):⎧⎨
⎩

xEk = x̄PC, yEk = ȳPC, wz=1,

zHk =max(zPC), wz=1 & zHk∈∅,

zHk = z̄PC, wz = 0,

(2)

xPC, yPC zPC PC

x y z , x̄PC, ȳPC z̄PC

.

,

,

,

k, .

3(a) .

, ,

(

)h ,

. k

,

.

,

, :

1 n,

n < 3 , ,

head = 1, back =
1, k=0, td, tg th td=0.05,

tg = 0.1, th = 0.1.

2 head head + 1 tg

th, head = head + 1, head
n . back = head + 1.

3 head back 1 ,

head back ,

head back td,

tg, head back
th, :

k=k+1, head back pilek, head
= back, 2 .

4 back = back+1, back n,

3. head n, k=k+1,

head n pilek.

pile , pile
.

,

, 3(b)(c) ,

.

K ,

: , 1

2 . , k

1 ∼ k ( k = 1, 2, · · · ,K).

: 1 K

, k ,

k, k ;

1 ∼ k ,

,

k .

Lk
j , 3(d) .

(a)

(b)
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(c)

(d)

3

Fig. 3 Position estimation of stair edges

,

,

. ,

, 4 . ,

,

.

(a)

(b)

4

Fig. 4 Stair edge lines with different length, span and trend

3 (Stair 3D modeling)
2.2 P k

i ∼
(xEk

i , yEk
i , zHk

i ) Lk
j ,

.

,

, ,

,

,

, ,

,

,

.

3.1 (Fuzzy mapping)
, 2.2

Lk
j ,

Lk
j (csj, cej)

, 5 .

. Lk
j

cj = |cej − csj|/2 ,

a , Lk
j

Ok
j (a)( a � cj),

TOk
j (a)(ρ, θ).

5

Fig. 5 Neighboring-step distribution ellipse and tangent

ρ = x cos θ + y sin θ. (3)

Hough [15–16], P k
i

(ρ, θ) Lk
j

, M̃ij(ρ, θ), TOk
j (a)(ρ, θ).

P k
i Ok

j (ai)
, (ρai

i , θai

i )
M̃ij(ρ, θ) ( 1),

.

P k
i Lk

j

, . ,

Ok
j (a) a P k

i Ok
j (a)

(ρi, θi) ,

Ãij(a) M̃ij(ρ, θ),

P k
i ai.

.

, h ,
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P k
i (a, h) Ãij(a, h),

Uj(a, h) Lk
j (a, h)
, Uj(a, h) Lk

j

:⎧⎪⎨
⎪⎩

amin = cj, amax = n × cj,

Δa = (amax − amin)/d, Δh = Δa,

hmin =hj−Δh × r/2, hmax =hj +Δh × r/2,

(4)

: a ∈ [amin, amax] h ∈ [hmin, hmax]
Uj(a, h) , Δa Δh , cj hj

Lk
j , n, d r

a h

( : n = 2, d = 100, r = 51).

Uj(a, h) :

Ãij(a, h) =
�

Uj(a,h)
μist/(ais, hit), (5)

:
�

, ai, hi P k
i

, wa,

wh Ãij(a, h) a h

( : wa = 9, wh = 9), (5) :{
ais =ai−[(wa+1)/2−s]×Δa, s=1, 2, · · · , wa,

hit =hi−[(wh+1)/2−t]×Δh, t=1, 2, · · · , wh.

(6)

:

μist =min{ exp[−(
ais−ai

Δa
)2/(2×σ2

a)],

exp[−(
hit−hi

Δh
)2/(2×σ2

h)]}. (7)

σa σh a h

( : σa = 2, σh = 2).

3.2 (Adaptive fuzzy inference)
P k

i Ne , P k
i

Lk
j Ãij(a, h)

:

Fj(a, h) =
Ne∑
i=1

wa∑
s=1

wh∑
t=1

μist×δ(a−ais)×δ(h−hit)×ω, (8)

: δ(·) , ω = amax/a

a . Fj(a, h)

Ẽj =
�

Uj(a, h)
μẼj

(a, h)/(a, h), (9)

μẼj
(a, h) = Fj(a, h)/ max(Fj)

(a, h) Lk
j .

, Ãij(a, h) P k
i Lk

j

,

, P k
i

Lk
j

Nk
j (P k

i ) = max
s,t

{min[μist, μẼj
(ais, hit)]}. (10)

, a = cj, h = hj , Lk
j

Lk
j , μẼj

(cj, hj) Lk
j

, μÃij
(cj, hj)

P k
i Lk

j . ,

P k
i Lk

j

Ik
j (P k

i ) = min(μÃj
(cj, hj), μẼj

(cj, hj)). (11)

(10)−(11)

.

, ,

.

: k

k + 1 Lk
j Lk+1

j′ ,

Lk
j k , Lk

j

k + 1 P (Lk+1
j′ |Lk

j ),

(12) . , Lk
j

P (Lk
j ) (13) :

P (Lk+1
j′ |Lk

j ) =
Ne∑
i=1

{min[Nk
j (P k

i ), Ik+1
j′ (P k

i )]}/
Ne∑
i=1

Nk
j (P k

i ), (12)

P (Lk
j ) =

Ne∑
i=1

Ik
j (P k

i )/max(Ik
j ). (13)

,

, ,

.

3.3 (Stair edges searching)
Lk

j ,

P (Lk+1
j′ |Lk

j ) k k + 1
,

. K , Jk,

O(
K∏

k=1

Jk),

.

,

SK
k =

⎧⎪⎨
⎪⎩

arg max
j∈{1,··· ,J1}

(P (Lk
j )), k = 1,

arg max
j∈{1,··· ,Jk}

(P (Lk
j |Lk−1

SK
k−1

)), k=2, · · · ,K,
.

(14)

SK
k ∈ {1, · · · , Jk} k ,

.
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,

,

,

. ,

, [14]

, :

1 t0, tmin,

r ∈ (0, 1), imax.

2 SK
k ,

Yi = P (L1
SK

1
) +

K∑
k=2

P (Lk
SK

k
|Lk−1

SK
k−1

).

3 Yi Yi − 1 ,

Pi = exp[(Yi − Yi−1)/ti] .

4 ti+1 = r × ti .

2−3 : i = imax ti < tmin.

SK
k

,

. 6(a)

, 2.2

6(b) , 6(c)(d)

, : (c)

, (d)

.

(a)

(b)

(c)

(d)

6

Fig. 6 Contrast of stair edge searching algorithm

4 (Experiment results

and data analysis)

, 7(a)

. SICK LMS291,

361 ,

( 80000 ),

4 s.

Pp = (ρ, θ, ϕ), : ρ

, θ , ϕ

.

7(b) , a, b, c 3

. :

Pi =⎡
⎢⎣x

y

z

⎤
⎥⎦ =

⎡
⎢⎣ sin θ

sin ϕ · cos θ

− cos ϕ · cos θ

0
cos ϕ

sin ϕ

⎤
⎥⎦

[
ρ

b

]
+

⎡
⎢⎣ 0

c · sin ϕ

a − c · cos ϕ

⎤
⎥⎦ . (15)

Pi

Pmn , m n

.

(a)
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(b)

7

Fig. 7 3D laser scan system and its coordinate conversion

4.1 (Adaptivity and ro-

bustness analysis)
,

31 ,

, 1 .

, 8 . :

8(a) ,

; 8(b)

; 8(c)

; 8(d)

, .

, ,

. ,

,

.

1

Table 1 Parameter value table of each step algorithm

s = 2 w = 0.005 m

τ = 2 ε = 2
Δα = 2◦ m = 8◦

td = 0.05 m tg = 0.1 m th = 0.1 m

n = 2

σa = 2, σh = 2
r = 51 d = 100 wa = 9, wh = 9

t0 = 1 tmin = 0.1 r = 0.99 imax = 1000

8

Fig. 8 3D modeling of stairs with different structures

1 ,

.

,

,

( 0.1∼0.3 m),

.

, ,

±30%



6 : 731

. ,

, (50%,

200%) ,

. ,

,

, . ,

,

( ),

,
[14].

,
[9–11]

,

9 . : 9(a)

; 9(b)

; 9(c)−(d)

9(a)−(b) ,

,

, ,

,

; 9(e)−(f) ,

,

,

,

.

, 9(a)

, 9(b)

,

.

9

Fig. 9 3D modeling of stairs with damaged edges
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4.2 (Modeling error analysis)

,

,

.

, 10−11

, 2−3.

γ

d 10−11 , γ (

60◦)

, γ

.

2 3

0.0082 m 0.0145 m,

.

1 cm ,

. , 3

,

. ,

,

,

.

.

10

Fig. 10 Modeling results of one indoor scene with different distance and angle of view

11

Fig. 11 Modeling results of one outdoor scene with different distance and angle of view

2

Table 2 Modeling error of indoor stairs

1 2 3 4 5 6 7 8

/m 0.160 0.167 0.167 0.167 0.167 0.167 0.167 0.167

1 /m 0.1818 0.1754 0.1727 0.1680 0.1804 0.1720 0.1744 0.1843

2 /m 0.1682 0.1631 0.1668 0.1693 0.1639 0.1691 0.1668 0.1608

3 /m 0.1770 0.1789 0.1788 0.1738 0.1752 0.1754 0.1759 0.1853

/m 0.0157 0.0081 0.0059 0.0034 0.0082 0.0052 0.0055 0.0139
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3

Table 3 Modeling error of outdoor stairs

1 2 3 4

/m
0.150 0.190 0.180 0.160

1

/m
0.1499 0.1703 0.1440 0.1636

2

/m
0.1680 0.1823 0.1637 0.1443

3

/m
0.1796 0.1808 0.1679 0.1538

/m
0.0159 0.0122 0.0215 0.0085

, 10

( 80000 )

. Intel(R) Pentium(R) M

1.86 GHz .

10 ,

196 ms,

180 ms;

3 , 28 ms.

3∼4 s,

.

5 (Conclusion)

.

, .

,

, .

. ,

,

.

, ,

.

.
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