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A novel technique of the dead reckoning for biped robots is proposed. The position of
robot trunk is estimated by a complementary fusion of a relative displacement of the support
foot and the acceleration. Not alike the previous methods which suppose that the support
foot is fixed with respect to the inertial frame, the support foot position is represented by
the instantaneous minimum velocity point estimated by the velocities of both feet and the
distribution of reaction forces, so that it works even when the support foot rolls, slips and
jumps.
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Fig. 1 The estimated contact point which has mini-
mum velocity related to inertial frame

1
ΔT ∗[k] kΔT

∗
kΔT

(k+ l)ΔT
∗[k;k+ l] ∗[k;k+ l] ∗[k+ l;k+ l]

1
∗[k;k+1]� ∗[k;k]

i pppi,m[k]
vvvi,m[k]

vvvi,m[k] = vvvi[k]+ωωω i[k]×RRRi[k] i pppi,m[k]+RRRi[k] ivvvi,m[k] (1)
vvvi RRRi ωωω i i

i pppi,m ivvvi,m
i i

RRRi ωωω i
qqq (10)

RRRB ωωωB vvvi
vvvi,m = 000

i pppi,m[k;k]
i

pppi

pppi[k+1] = pppi,m[k;k+1]−RRRi[k+1] i pppi,m[k;k+1]
� pppi,m[k;k]−RRRi[k+1] i pppi,m[k;k] (2)

ivvvi,m
2

1. ivvvi,m
2. vvvi,m i

(1) 1 2 vvvi,m

E1 =
1
2
‖vvvi[k]+ωωω i[k]×RRRi[k] i pppi,m[k;k]‖2 (3)

i pppi,m[k;k]

i pppi,m[k;k] =
ωωω i[k]× vvvi[k]
ωωωTi [k]ωωω i[k]

+ cωωω i[k] (c= const.) (4)

ωωω i[k] � 000

3. pppi,m

ipppi,m[k;k]

E = E1+
1
T 2m
E2 (5)

E2 =
1
2
‖ i pppi,m[k;k]− i pppi,m[k−1;k−1]‖2 (6)

Tm
E ipppi,m[k;k]

AAA[k] i pppi,m[k;k] = bbb[k] (7)

AAA[k] =
1
T 2m
111− [

(RRRTi [k]ωωω i[k])×
]2 (8)

bbb[k] =
1
T 2m

ipppi,m[k−1;k−1]+RRRTi [k] [ωωω i[k]×]vvvi[k] (9)

Tm → 0 E2
i pppi,m[k;k] i pppi,m[0;0]
Tm→ ∞ E1

i pppi,m[k;k]
AAA[k] (7)

ωωω i[k] = 000 i pppi,m[k;k]
Tm ωωω i[k]

AAA[k] Tm E2
i pppi,m[k;k]

(7)

i pppi,m[k;k] = AAA
−1[k]bbb[k] (10)

vvvi,m[k]

vvvi,m[k] = vvvi[k]+ωωω i[k]×RRRi[k] i pppi,m[k;k] (11)

vvvi,m[k] = 000

RSJ2013RS3B3 ©2013 RSJ

― 297 ―



3.

3·1
pppB[0] vvvB[0]

pppi,m[0;0] vvvi,m[0;0]
i i pppi,m[0;0]

(11) i pppi[k]

pppi[k] = pppi,m[k−1;k−1]+ vvvi,m[k−1;k−1]ΔT
−RRRi[k] i pppi,m[k−1;k−1] (12)

i pppB,i[k]

pppB,i[k] = pppi[k]−RRRB[k]Bpppi[k] (13)

Bpppi[k]
i

pppB,L[k] pppB,R[k]

p̂ppB[k] =
Fz,L+ 1

2Mg
Fz,L+Fz,R+Mg

pppB,L[k]+
Fz,R+ 1

2Mg
Fz,L+Fz,R+Mg

pppB,R[k]

(14)

Fz,L Fz,R
M g

pppB,i[k] p̂ppB[k]
pppi,m[k;k]

pppi,m[k;k] = pppi[k]+RRRi[k] i pppi,m[k;k]

+
(
p̂ppB[k]− pppB,i[k]

)
(15)

3·2

BaaaB,mes[k]
aaaB,mes[k]

aaaB,mes[k] = RRRB[k]BaaaB,mes[k]−ggg (16)

ggg

3·3

fT
F

(F = 0)
fT

fT

fT (F) =

⎧⎪⎨
⎪⎩

fT,min (F ≤ 0)
f̂T (F) (0≤ F ≤Mg)
fT,max (Mg≤ F)

(17)

f̂T (F)

f̂T (0) = fT,min, f̂T (Mg) = fT,max
d f̂T
dF

∣∣∣∣
F=0

= 0,
d f̂T
dF

∣∣∣∣
F=Mg

= 0 (18)

f̂T (F)
3

f̂T (F) = a0+a1F+a2F2+a3F3 (19)

a0 = fT,min, a1 = 0

a2 =
3

(Mg)2
( fT,max− fT,min)

a3 =− 2
(Mg)3

( fT,max− fT,min)

3·4

vvvB,est = HHHv1(z)vvvB,fix+HHHv2(z)aaaB (20)

vvvB,fix
HHHv1(z) HHHv2(z)

FFFv1(s) =
1

1+Tvs
111 (21)

1
s
·FFFv2(s) = 1

s
· Tvs
1+Tvs

111 (22)

FFFv1(s)
FFFv2(s) FFFv1(s) + FFFv2(s) = 111

Tv = 1/(2π fv)

RSJ2013RS3B3 ©2013 RSJ

― 298 ―



Fig. 2 Snapshots of a simulation of forward walking

Table 1 Estimation error of forward walking at Tm=10
with the filter for velocity

RMSE [mm] x y z total
M1 9.290 17.39 4.440 31.12
M2 20.64 26.00 35.38 82.02
M3-1 7.987 18.09 4.319 30.40
M3-2 6.316 18.90 4.630 29.85
PB 7.183 18.08 4.415 29.68
P1 5.843 14.80 4.121 24.76
P2 4.985 14.81 4.924 24.72
P3 5.811 15.37 4.037 25.22
P4 4.974 15.24 4.874 25.08
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Fig. 3 An example of the estimation result for forward
walking with time constant determination
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Fig. 4 Snapshots of a simulation of turn walking

Table 2 Estimation error of turn walking at Tm=10 with
the filter for velocity

RMSE [mm] x y z total
M1 3.895 12.90 1.997 18.79
M2 21.09 25.59 35.28 81.96
M3-1 4.727 12.04 3.307 20.08
M3-2 5.106 12.01 3.725 20.84
PB 4.102 11.37 3.976 19.45
P1 4.044 9.278 4.039 17.36
P2 4.013 9.529 4.485 18.03
P3 4.668 9.725 4.183 18.58
P4 4.551 9.934 4.594 19.08
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Fig. 5 An example of the estimation result for turn
walking with time constant determination
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Fig. 6 Snapshots of a simulation of jumping

Table 3 Estimation error of jumping at Tm=10 from 0[s]
to 4[s] with the filter for velocity

RMSE [mm] x y z total
M1 26.94 0.7441 1.122 28.80
M2 93.15 99.40 142.0 334.5
M3-1 26.33 2.571 3.745 32.65
M3-2 20.48 2.869 3.836 27.19
PB 26.00 2.494 3.820 32.31
P1 26.96 2.824 4.008 33.79
P2 21.15 3.130 4.141 28.42
P3 11.43 2.885 5.104 19.42
P4 9.056 3.186 5.144 17.39
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