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Cooperative transport strategy for multiple mobile robots in
the environment with undulating terrain

YANG Fan1,2, LIU Shi-rong2, ZHONG Chao-liang1,2, DONG De-guo1,2

(1. Institute of Automation, East China University of Science and Technology, Shanghai 200237, China;
2. Institute of Automation, Hangzhou Dianzi University, Hangzhou Zhejiang 310018, China)

Abstract: The cooperative transport strategy for multiple mobile robots in the environment with undulating terrain
is proposed, considering the slipping problem of the box and robots in the transportation. The multi-robot cooperative
box pushing problem, in which robots are in watcher-pusher mode, is transformed into the multi-robot formation problem.
Geometric-based virtual target sequence tracking is introduced to achieve the rearrangement of the transport formation when
the object strayed from its current path. The navigation strategy in the cooperative transport strategy, which is called the
navigate plain first to destination (NPFD) is employed by the watcher to guide the formation. The box pushing simulation is
performed; the result illustrates the feasibility of the proposed transport strategy in the environment with undulating terrain.

Key words: multiple mobile robot; cooperative transport; undulating terrain; virtual target sequence tracking; watcher-
pusher
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2.1 (Task formulation)
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2.2 (Posture
deviation-based robot motion behavior)

,
,

q(t) = [x(t) y(t) z(t) α(t) β(t) θ(t)]T. (1)

(1) x-y-z x, y,
z x, y z α, β θ,

ϕ̇ = [ϕ̇r ϕ̇l]T, r
, l . , z

x, y α, β

, .
xoy , q = [x y θ]T.

qL = [xL yL θL]T

qF2 =[xF2 yF2 θF2]T, qF3 = [xF3 yF3 θF3]T,

qb = [xb yb θb]T.

1 .
1 : qL

, ;
qF2 qF3 qb

qL . ,
.

,

.

, .
, xoy
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, 1 qb qL

,
. qb qL

eLb =

⎡
⎣ex

Lb

ey
Lb

eθ
Lb

⎤
⎦=

⎡
⎣ cos θb sin θb 0
− sin θb cos θb 0

0 0 1

⎤
⎦ (qL−qb).

(2)

(2) : ex
Lb ey

Lb qL qb

x y , eθ
Lb qL qb xoy

z .
(2) ex

Lb, e
y
Lb eθ

Lb 0,

lim
t→∞

eLb(t) = 0. (3)

1
Fig. 1 Posture relationships between robots and

the box being pushed

,
, Δt

. ,
, (3)

lim
t→T

exy
Lb(t) = δ. (4)

: exy
Lb ex

Lb ey
Lb, T

. 1 , qb qL ex
Lb

, qb qL ex
Lb .

forward turn-right turn-
left stop:⎧⎪⎪⎪⎨

⎪⎪⎪⎩
forward, |ey

Lb| � δ, |ex
Lb| > δ,

turn-right, ey
Lb < −δ, |ex

Lb| > δ,

turn-left, ey
Lb > δ, |ex

Lb| > δ,

stop, |ey
Lb| � δ, |ex

Lb| � δ.

(5)

(5) , ex
Lb, e

y
Lb ,

4 qL .
qL (5)

exy
TL < δ.

, , qb qFi

(i ∈ {2, 3}) ,
(6) ebFi :⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ebFi =

⎡
⎢⎣ex

bFi

ey
bFi

ez
bFi

⎤
⎥⎦ =

⎡
⎢⎣ cos θFi sin θFi 0
− sin θFi cos θFi 0

0 0 1

⎤
⎥⎦ (qb − qFi),

i ∈ {2, 3}.

(6)

1 , qL , qb qF2, qF3

, . (5)
, qb qF2, qF3

[ϕ̇rF2 ϕ̇lF2]T, [ϕ̇rF3 ϕ̇lF3]T( r , l
)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

[
ϕ̇rF2

ϕ̇lF2

]
=

⎡
⎣ϕ̇MAX · (rf +d)

(rf +2d)
ϕ̇MAX

⎤
⎦,

[
ϕ̇rF3

ϕ̇lF3

]
=

⎡
⎣ 0

ϕ̇MAX · d

(rf +2d)

⎤
⎦,

turn-right,

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

[
ϕ̇rF2

ϕ̇lF2

]
=

⎡
⎣ϕ̇MAX · d

(rf +2d)
0

⎤
⎦,

[
ϕ̇rF3

ϕ̇lF3

]
=

⎡
⎣ ϕ̇MAX

ϕ̇MAX · (rf +d)
(rf +2d)

⎤
⎦,

turn-left,

(7)

: rf , d

, ϕ̇MAX .
forward , qF2, qF3 ϕ̇MAX;
stop 0. ϕ̇ � 0,

,
.
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(Sequential virtual target sequence-

based transport formation rearrangement)
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.

,
.

1 , ,
,

, ,
ebF2

ebF3 . K , ebF2

ebF3 ,{
ebFi(k) �= ebFi(k − 1), i = 2 3,

∀k ∈ [2, · · · , K],
(8)

, .
,

,
K

, .
2 .

2
Fig. 2 Trajectory of formation rearrangement and virtual

target sequence

2 : qTi(tj)(i ∈ {2, 3}, j ∈ {0, 1, 2})
qFi(i ∈ {0, 2})

. t0 − t2(t′2),
qF2, qF3 qT2(tj), qT3(t′j)

. ,
. qb

, [xb yb θb]T , (zb,

αb, βb). (2),
xoy , (zb, αb, βb)

. ,

,
αb, βb θb. qTi(t0)

,
qTi(t1)

. qTi(t1),

qTi(t2)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

qT2(t1) =

rot(αb, βb, θb) ×

⎡
⎢⎢⎢⎢⎣
−[

lb + lr
2

+ a]

ωb

2
0

⎤
⎥⎥⎥⎥⎦ + qb,

qT2(t2) =

rot(αb, βb, θb) ×

⎡
⎢⎢⎢⎣
− lb + lr

2
ωb

2
0

⎤
⎥⎥⎥⎦ + qb,

(9)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

qT3(t′1) =

rot(αb, βb, θb) ×

⎡
⎢⎢⎢⎢⎣
−[

lb + lr
2

+ a]

−ωb

2
0

⎤
⎥⎥⎥⎥⎦ + qb,

qT3(t′2) =

rot(αb, βb, θb) ×

⎡
⎢⎢⎢⎢⎣
− lb + lr

2

−ωb

2
0

⎤
⎥⎥⎥⎥⎦ + qb,

(10)

rot(αb, βb, θb) =⎡
⎢⎣cos θb − sin θb 0

sin θb cos θb 0
0 0 1

⎤
⎥⎦

⎡
⎢⎣ cos βb 0 sin βb

0 1 0
− sin βb 0 cos βb

⎤
⎥⎦ ×

⎡
⎢⎣1 0 0

0 cos αb − sin αb

0 sin αb cos αb

⎤
⎥⎦ , (11)

: lb, wb , lr

, a , 2 . qTi(t2)
, qTi(t1)

qTi(t2)
. qFi, 1

.

1 .

BEGIN
Generate the virtual targets sequence qTi(tj)(i ∈

{2, 3}, j ∈ {0, 1, 2}, )

if (eTi(t2)Fi � δ)&&(the other pusher is pushing box)

Break; %

else

(Track) %



7 : 861

Halt the other pushers;

for 0 � j < 3
Track virtual target qTi(tj)
if eTi(tj)Fi < δ

j++;

endif

endfor

(Wait) %

if eTi(t2)Fi > δ

Turn to (Wait);

endif

endif

END
3

. 3(a) ,
qF2 qF3 ,

, qF2(t0) qF3(t0)
. , 3(b) qF2

, qF3

qF3(t1). 3(c) ,
, , .

3

Fig. 3 Rearrangement the formation when the transport task failed

,
,

, .

4 (Formation cooperative
transport strategy)

,

.
,

.

4.1 (Classification of terrain infor-
mation)

,
,

, 4 .
4 .

qL

, .
4 , RGB ,

(
),

. ,
( 4(a)).

, 4(b) ,
,

. ,
,

, , 4(c)
.

4
Fig. 4 Several typical features in undulating terrain

environment

,
NPFD .
4.2 NPFD (NPFD strategy)

NPFD
,

, ,
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. ,
( ), .

,
,

( 5), 2 .
2 NPFD .

BEGIN (Watcher)

if (Target detected)

Move to Target qT;

Return;

endif

if |eθ
TL| >

π

2
Turn to target qT;

endif

Generate P (t);

(qL )

Select pk(t) = | arg mink [z(pk(t)) − z(qL(t))] |,
pk(t) ∈ P (t);

if |exy
TL| > δxy

Move to target qT;

else

Stop;

endif

END
BEGIN (Pusher)

if |exy
TL| > δxy

Push the box to the position represented by qL;

Follow formation rearrangement strategy in Strat-
egy 1;

else

Stop;

endif

END
5(a)−(b) 5(c)

RGB ,
,

. ,
, 5(c) .

, ,
. ,

,

.

5 NPFD
Fig. 5 The motion of both watcher and the pushers in

the NPFD strategy

4.3 NPFD
(Multi-robot cooperative transport strategy

with NPFD navigation strategy)

NPFD
,

, 6 .

6 .
qT,

qb

qF . qb

qL

,
qL

.
7 .

7
,

.
. 3

.

6
Fig. 6 Control architecture of multi-robot cooperative

transport

3 .
BEGIN (Watcher)

while |exy
TL| > δxy
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Move to Target qT;
Update and broadcast watcher’s posture qL;
if formation is rearranging
Turn to target qT;
Stop;
Broadcast the box posture qb;

endif
if |exy

TL| > ζ(ζ )
Stop and wait for the box;

endif
endwhile

END
BEGIN (Pusher)

Acquire watcher’s posture qL and the box posture
qb;

(first time)
while |exy

TL| > δxy

Acquire watcher’s posture qL;
if eT i(t2)Fi > δ

Announce formation rearrangement;

Acquire box posture qb;

Follow formation rearrangement strategy in Strat-
egy 1;

else

if received formation rearrangement announcement

Stop and wait for announcement of formation

rearrangement clean;

else

Push the box qb to the position represented by
qL;

endif

endif

endwhile

END
,

.

, .
,

.

7

Fig. 7 Flow chart of multi-robot cooperative transport

5 (Simulation results)
,

. qL, qF2,

qF3 qb, qT

qL(t0) =

⎡
⎢⎣2

0
0

⎤
⎥⎦ , qF2(t0) =

⎡
⎢⎣ 0

0.8
0

⎤
⎥⎦ ,
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qF3(t0)=

⎡
⎢⎣ 0
−0.8

0

⎤
⎥⎦, qb(t0)=

⎡
⎢⎣0.6

0
0

⎤
⎥⎦, qT(t0)=

⎡
⎢⎣30

0
0

⎤
⎥⎦.

,
qb(t0) = [0.6 0 0]T 30 m qT =

[30 0 0]T. Microsoft Robotics Devel-
oper Studio (MRDS) 2008 R3 ,

Dell Optiplex GX620, 2.8 GHz CPU, 3.5 G
RAM, RADEON X600 12 M, Win 7 OS.

MRDS ,

CPU
,

,
,

20 .
,

1 m –1 m.

8 NPFD
, : 8(a)

, 8(b)
, 8(c) xoz .

(a)

(b)

(c)

8

Fig. 8 Cooperative transport simulation result

8 , ,
,

x ≈ 5 m , 5 .
x ≈ 10 m , qF3 ,

, qF2

, qF3 .
, 382.4 s.

4 . 20
382.4 s∼434.8 s,

398.3 s;
4−6 . , ,

.

8(c) ,
z = 0.3 m. NPFD

, z = 0.5 m,
z= −0.5 m. , ,

,
x ≈ 13 m ,

,
.

9 .

9
Fig. 9 Posture deviation between pusher robots and the box

during the transport process

9 , qF2 ebF2

, qF3

ebF3 .
, t = 150 s , t = 230 s, t =

310 s ,
,

.

, ,
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. ,

.

,
, 10

, ,
.

10
Fig. 10 Rapid ascent in the environment of multi-robot

cooperative transport

qL, qF2, qF3

qb, qT

qL(t0) =

⎡
⎢⎣2

0
0

⎤
⎥⎦ , qF2(t0) =

⎡
⎢⎣ 0

0.8
0

⎤
⎥⎦ ,

qF3(t0) =

⎡
⎢⎣ 0
−0.8

0

⎤
⎥⎦ , qb(t0) =

⎡
⎢⎣0.6

0
0

⎤
⎥⎦ ,

qT(t0) =

⎡
⎢⎣ 15
−10
0

⎤
⎥⎦ .

,
11 .

11
Fig. 11 Cooperative transport simulation results with rapid

ascent on the forward path

11 , NPFD ,
,

,
qT = [15 − 10 0]T ,

.

6 (Conclusion)

.
,
. ,

,

. ,
, NPFD

,
.

,

.
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