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Introduction

▪
Since 1999 m

uch interest in studying distributed algorithm
s for 

m
obile robots in Look-Com

pute-M
ove m

odels



Introduction

▪
n robots located in som

e space
▪

operate in Look-Com
pute-M

ove cycles: 
▪

Looks at its surroundings and obtains a snapshot containing the positions 
of all robots; 

▪
C

om
putes a destination, and then 

▪
M

oves to an nearby destination



Introduction

▪
Robots located in various spaces have been considered:

➢
Plane

➢
Sphere, torus, …

➢
G

raphs



Introduction

▪
W

hat problem
s can the robots solve as a function of their 

capabilities?



Introduction

▪
W

hat problem
s can the robots solve as a function of their 

capabilities?

▪
m

any variants have been extensively studied for over tw
o 

decades (for m
any problem

s) 



Introduction

▪
“…

 basic coordination problem
s: pattern form

ation, gathering, 
scattering, leader election,…

 w
e analyze the im

pact of the 
different assum

ptions on the robots' com
putability pow

er.”



Introduction

▪
¿W

hat kind of problem
s do the robots can solve under 

restricted capabilities?

➢
O

rientation sense
➢

M
em

ory

➢
Environm

ent visibility
➢

Com
m

unication



Introduction

▪
¿W

hat kind of problem
s do the robots can solve under and 

under different m
odels of tim

ing?

➢
Tim

ing: 
A

synchronous, partially 
synchronous, 
synchronous 



Introduction

▪
¿W

hat kind of problem
s do the robots can solve under and 

under different m
odels of failures and tim

ing?

➢
Tim

ing: 
A

synchronous, partially 
synchronous, 
synchronous 

➢
Reliability: 

O
ften failure-free (not 

alw
ays)



This w
ork

▪
¿W

hat kind of problem
s do the robots can solve under restricted 

capabilities, in som
e space, given a failure/tim

ing m
odel?

➢
This w

ork interested in a central concern:  bringing the 
robots close to each other



A basic usual m
odel



A basic usual m
odel

CPU

n robots CPU

CPU

CPU

CPU



A basic usual m
odel

CPU

▪
A

synchronous (There is no concept of global tim
e)

CPU

CPU

CPU

CPU



A basic usual m
odel

▪
The n robots are located on the vertices of a graph G



A basic usual m
odel

▪
Robots m

ove over edges on the vertices of a graph



A basic usual m
odel

▪
Robots m

ove over edges on the vertices of a graph



A basic usual m
odel

▪
Robots m

ove over the edges on the vertices of a graph



A basic usual m
odel

▪
U

se of cam
eras to see w

here other robots are located



A basic usual m
odel

M
e too!

▪
Look: see the locations of all robots in a single observation

I can see 
you!



A
synchronous R

obots w
ith Lights (A

R
L)

e.g. D
as, Flocchini, Prencipe,  Santoro, Yam

ashita, TC
S 2016

3

8

▪
External lights to transm

it inform
ation



A
synchronous R

obots w
ith Lights (A

R
L)

3
0

a
f

t

z
x

k
x

t

d
a

G
(V,E)

G
(V,E)

▪
They know

 G
  (but m

ay not have the sam
e labeling)



U
sual m

odels: W
aking Tim

es

0

0

▪
A

ll robots are present initially. H
ence, they are visible during 

all the execution.



N
ew

: A
rbitrary W

aking Tim
es

▪
 W

hat if robots can appear asynchronously at any tim
e during 

the execution ? 



N
ew

: A
rbitrary W

aking Tim
es

3

0

D
on’t see 
blue

▪
 W

hat if robots can appear asynchronously at any tim
e during 

the execution ? 



W
aking Tim

es + failures

4

0

A robot 
appeared!

▪
A

n interesting com
bination!



W
aking Tim

e

G
(V,E) =

 

4

-1

¡I’m
 alone!

ZZZZ

▪
W

e m
odeled the arbitrary w

aking tim
es w

ith a negative num
ber 

in the lights.



W
aking Tim

e

G
(V,E) =

 

4

0

I w
oke 

up

▪
W

e m
odeled the arbitrary w

aking tim
es w

ith a negative num
ber 

in the lights.

¡A robot 
appeared!



W
ait-free algorithm

s

0

-1

Is he slow
 

or crashed?

ZZZZ

0
1

2
3

4

Tolerate any num
ber of robots crashing or slow

 



Solo executions

0

-1

A
m

 I 
running 
alone?

ZZZZ

0
1

2
3

4

If any num
ber of robots can crash



Look-Com
pute-M

ove C
ycles

▪
Look : 

▪
light=-1 m

eans invisible

0f

Look(G)={(z,2),(r,2),(r,3),(f,0)} 

z
r

-1
2

3
3

2

a
t



Look-Com
pute-M

ove C
ycles

▪
C

om
pute :

0f

z
r

-1
2

3
3

2

a
t



Look-Com
pute-M

ove C
ycles

▪
C

om
pute : neighbor vertex and new

 light

0f

z
r

-1
2

3
3

2

a
t

(a,1)



Look-Com
pute-M

ove C
ycles

▪
M

ove(a,1) :

f

z
r

-1
2

3
3

2

a
t

1



Execution

0

0

-1

A
rbitrary interleaving of Look, C

om
pute, M

ove operations
by different robots



Execution

α

Look(G
)

M
ove(*,*)

…
M

ove(x,r)
C

om
pute(view

)



G
eneral A

lgorithm
 in A

R
L

Initial 
vertex



G
eneral A

lgorithm
 in A

R
L

Light, 
initially -1

Initial 
vertex



G
eneral A

lgorithm
 in A

R
L

A
ppear!

Initial 
vertex



G
eneral A

lgorithm
 in A

R
L

M
ay 

rem
em

ber 
the past



G
eneral A

lgorithm
 in A

R
L

M
ay 

rem
em

ber 
the past

W
here to m

ove 
and w

hich light to 
em

it



G
eneral A

lgorithm
 in A

R
L

W
here to m

ove 
and w

hich light to 
em

it

D
o it!



G
eneral A

lgorithm
 in A

R
L

D
ecide w

here to 
stay



G
eneral A

lgorithm
 in A

R
L

O
blivious



G
athering0

-1

3

-1
0

▪
M

ove all (correct) robots to the sam
e vertex



G
athering

1
-1

-1
0

3

▪
G

roup all correct Robots on the sam
e vertex



G
athering

1

-1

0

1
3

▪
G

roup all correct Robots on the sam
e vertex



G
athering

-1

1

2
3

1

▪
G

roup all correct Robots on the sam
e vertex



G
athering

-1
2

2
3

1

▪
G

roup all correct Robots on the sam
e vertex



G
athering

56

0

12

34

▪
G

athering is trivial if O
K

 to m
ove to a fixed vertex



G
athering

56

0

12

34

▪
 if there is a com

m
on labeling and there are no restrictions.



G
athering

56

0

12

34

➢
Require that final location not fixed in advance. 



G
athering definition 

▪
Term

ination: Every correct robot decides a vertex of 
G

.



G
athering definition 

▪
Term

ination: Every correct robot decides a vertex of 
G

.

▪
Validity: If all robots start on the sam

e vertex v, then 
every decided vertex is v. 



G
athering definition 

▪
Term

ination: Every correct robot decides a vertex of 
G

.

▪
Validity: If all robots start on the sam

e vertex v, then 
every decided vertex is v. [Prevents trivial]

▪
Agreem

ent: A
ll decided vertices are the sam

e.



G
athering vs convergence

▪
Term

ination: Every correct robot decides a vertex of 
G

.
▪

 
If 

w
e 

rem
ove 

the 
term

ination 
requirem

ent 
-> 

convergence problem



gathering vs edge-gathering

▪
Agreem

ent: All decided vertices are the sam
e.

▪
 A different w

ay of w
eakening -> get close to each 

other, instead of to the sam
e vertex



Edge-G
athering

▪
Term

ination: Every correct robot decides a vertex of 
G

.



Edge-G
athering

▪
Term

ination: Every correct robot decides a vertex of 
G

.

▪
Validity: If all robots start on the sam

e vertex v then 
every decided vertex is v. If the initial vertex of robots 
cover an edge e, then every decided vertex is a vertex 
of e. 



Edge-G
athering

▪
Term

ination: Every correct robot decides a vertex of G
.

▪
Validity: If all robots start on the sam

e vertex v then 
every decided vertex is v. If the initial vertex of robots 
cover an edge e, then every decided vertex is a vertex of 
e

▪
Edge-Agreem

ent: A
ll decided vertices belong to the 

sam
e edge. 



G
athering Problem

s Sum
m

ary

1

2

3

0

4

▪
Edge-G

athering ▪
G

athering
▪

Convergence (N
o term

ination)

▪
A

lso 1-G
athering 

(see paper)



C
onvergence w

ithout labeling

∞
∞

a
b

b
a

▪
It is im

possible to achieve convergence in a general G
raph 

w
ithout a com

m
on labeling, if the robots are identical



C
onvergence w

ithout labeling

∞
∞

a
b

b
a

∞

b
a

∞a
b

▪
It’s im

possible to achieve convergence in a general G
raph 

w
ithout a com

m
on labeling, if the robots are identical



C
onvergence w

ith labeling (no lights)
▪

There are various algorithm
s to solve convergence w

ith a 
com

m
on labeling of G

 (w
ith identical robots)

▪
M

any interesting questions, w
e don’t focus on them

 here



C
onvergence w

ith labeling, no lights
▪

There are various algorithm
s to solve convergence w

ith a 
com

m
on labeling of G

▪
M

any interesting questions, but w
e don’t consider them

 here
N

ever decides 
w

here to stay!



A
lgorithm

: C
onvergence

This is one of m
any possibilities to solve convergence.  

▪
Trivial algorithm

 to solve convergence problem



Idea of C
onvergence A

lgorithm56

0

12

34

∞

I don’t m
ove

ZZZZ



Idea of C
onvergence A

lgorithm56

0

12

34

∞ ∞

The initial positions 
are different



Idea of C
onvergence A

lgorithm56

0

12

34

∞

∞

▪
A

s the initial positions w
ere different the red robot can go to a 

predefined vertex



Proof of C
onvergence A

lgorithm
 

▪
Stabilization:
       C

ase 1: The initial positions are the sam
e

0

12

34

∞
∞



Proof of C
onvergence A

lgorithm
 

0

12

34 ∞ ∞

▪
Stabilization:
       C

ase 2: There are at least tw
o different initial positions.



Proof of C
onvergence A

lgorithm
 

0

12

3

4

∞
∞

▪
Stabilization:
       C

ase 2:



Proof of C
onvergence A

lgorithm
 

By contradiction: Suppose the final position of both robots is not the sam
e

α

M
ove(*,*)

…
M

ove(*,*)

α'

▪
Agreem

ent:

Prefix in w
hich both robots stabilized



Proof of C
onvergence A

lgorithm
 

By contradiction: Suppose the final position of both robots is not the sam
e

▪
Agreem

ent:

α

M
ove(*,*)

…
M

ove(*,*)

α'

Prefix in w
hich both robots stabilized

M
ove(*,*)

≠

✗



C
onvergence is possible, w

hat about gathering? 

Can a robot decide w
hen to stop ?



G
athering is Im

possible in A
R

L
First result:

For every every G
 w

ith at least 2 vertices, there is 
no algorithm

 that solves gathering on G
 for n 

robots in strong A
RL, and even if only one robot 

can fail. 



G
athering is Im

possible in A
R

L
First result:

For every every G
 w

ith at least 2 vertices, there is 
no algorithm

 that solves gathering on G
 for n 

robots in strong A
RL, and even if only one robot 

can fail. 

Strong version of the A
RL, robots are 

non-oblivious, non-anonym
ous, use 

an unbounded num
ber of light colors 

and share a labelling (or orientation) 
of G

 



G
athering in A

R
L

N
otice: gathering is PO

SSIBLE if all robots are 
present initially



G
athering is Im

possible in A
R

L

Proof by reduction to 
consensus in the read/w

rite 
shared-m

em
ory m

odel of 
FLP



G
athering is Im

possible in A
R

L

Proof by reduction to 
consensus in the read/w

rite 
shared-m

em
ory m

odel of 
FLP

Any ARL algorithm
 can be 

sim
ulated in the W

FSM
 m

odel 
in a w

ait-free m
anner 



The sim
ulation

ARL M
odel



The sim
ulation

ARL M
odel



The sim
ulation

ARL M
odel

G
(V,E) =

 v
1

v
2



The sim
ulation

q
1

q
2

q
i

q
N

(v
2 )

(v
1 )

(v
1 )

(v
2 )

ARL M
odel

W
FSM

 M
odel

…

1
2

N
…

T
…

T
T

T

G
(V,E) =

 v
1

v
2



G
athering is Im

possible in A
R

L

q
i

1
2

N
(v

1 ,r1 )

T

…

T
T

…

ARL M
odel

W
FSM

 M
odel



G
athering is Im

possible in A
R

L

1
2

N
(v

1 ,r1 )

T

…
(v

i ,0)

T

…

q
i

ARL M
odel

W
FSM

 M
odel



The sim
ulation

1
2

N
(v

1 ,r1 )

T

…
(v

i ,0)

T

…

q
i

ARL M
odel

W
FSM

 M
odel



vSnapshot(M
)

1
2

N
(v

1 ,r1 )

T

…
(v

i ,0)

T

…

q
i

ARL M
odel

W
FSM

 M
odel



G
athering is Im

possible in A
R

L

1
2

N
(v’1 ,r’1

)
(v

2 ,r2 )
…

(v
κi ,r κi )

T

…

q
i

ARL M
odel

W
FSM

 M
odel



G
athering is Im

possible in A
R

L

1
2

N
(v’1 ,r’1

)
(v

2 ,r2 )
…

(v
κi ,r κi )

T

…

q
i

If v κi is v
1 then 

I decide x
1  else x

2  
     

ARL M
odel

W
FSM

 M
odel



G
athering is Im

possible in A
R

L

1
2

N
(v’1 ,r’1

)
(v

2 ,r2 )
…

(v
κi ,r κi )

T

…

q
i

ARL M
odel

W
FSM

 M
odel

▪
A

ll the processes m
ust to  

decide v
ki

     W
e solve Binary Consensus

If v κi is v
1 then 

I decide x
1  else x

2  
     

✗



W
eakening of gathering in A

R
L

G
iven that gathering is im

possible, even in 
strong A

R
L, require only to get close to each 

other



Edge-G
athering for 2 R

obots 
▪

The 
follow

ing 
algorithm

 
solves 

Edge-G
athering 

problem
 for 2 robots in any connected graph w

ithout 
lights.



Edge-G
athering

▪
So, 2 robots can solve edge gathering w

ithout lights

▪
W

hat about N≥3 robots  ?

Results:



Im
possibility of Edge-G

athering

▪
If G

 has a cycle, then there is no edge-gathering algorithm
 

on G
 for N≥3 robots even if at m

ost 2 robots fail, in strong 
A

LR

Theorem



M
ain im

possibility of Edge-G
athering

By reduction to shared m
em

ory: 
Suppose there is an algorithm

 A and let’s prove that w
e can 

solve 2-set agreem
ent for 3 robots. 

▪
If 

G
 

has 
a 

cycle, 
then 

there 
is 

no 
edge-gathering 

algorithm
 on G

 for N≥3 robots even if at m
ost 2 robots 

fail, in strong A
LR



M
ain im

possibility of Edge-G
athering

By reduction to shared m
em

ory: 
Suppose there is an algorithm

 A and let’s prove that w
e can 

solve 2-set agreem
ent for 3 robots. 

▪
If 

G
 

has 
a 

cycle, 
then 

there 
is 

no 
edge-gathering 

algorithm
 on G

 for N≥3 robots even if at m
ost 2 robots 

fail, in strong A
LRTopological reason !!!

(C
ycle contractibility->Sperner’s lem

m
a)



Im
possibility of Edge-G

athering w
ith 

C
ycles

…

v
1

v
3

By contradiction : Suppose there is an algorithm
 A and let’s prove that w

e 
can solve 2-set agreem

ent for 3 robots. 

▪
If G

 has a cycle C, then there is no determ
inistic 

algorithm
 that solves edge gathering on G

 for N≥3 robots 
even if at m

ost 2 robots fail.

v
2

C = 



Im
possibility of Edge-G

athering w
ith C

ycles

…

v
1

v
3

By contradiction : Suppose there is an algorithm
 A and let’s prove that w

e 
can solve 2-set agreem

ent for 3 robots. 

▪
If G

 has a cycle C, then there is no determ
inistic 

algorithm
 that solves edge gathering on G

 for N≥3 robots 
even if at m

ost 2 robots fail.

v
2

C = 
x

3

x
2

x
1

G
 = (V,E) 



Edge-G
athering w

ithout Lights
▪

Edge-G
athering 

w
ithout 

Lights 
its 

im
possible 

in 
a 

graph 
G

 
w

ith 
diam

(G
)≥3

(Proof: A
n indistinguishability argum

ent)



Edge-G
athering N

≥3

▪
If G

 has a cycle, then there is no edge-gathering algorithm
 

on G
 for N≥3 robots even if at m

ost 2 robots fail, in strong 
A

LR

M
ain Results:

▪
If G

 is a tree, then there is an edge-gathering algorithm
 on 

G
 for N≥3 robots even if at m

ost 2 robots fail, in strong 
A

LR



Edge-G
athering on Trees

▪
for N≥3 robots

N
eed lights



Edge-G
athering on Trees4

4

4

0

2



Edge-G
athering on Trees4

4

4

0

2

▪
R

obots 
executing 

the 
m

axim
um

 round 



Edge-G
athering on Trees4

4

4

0

2 ▪
Subtree 

spanning 
all 

the 
vertices 

of 
the 

leaders.



Edge-G
athering on Trees

4

4

4

0

2 ▪
A robot m

oves tow
ards 

the 
center 

of 
the 

subtree if it is a leaf.



Edge-G
athering on Trees

▪
The algorithm

 is sim
ple, but the analysis is not due to the 

com
bination of asynchrony, distinct waking tim

es and 
failuresFor exam

ple, in a given execution, two robots m
ight 

com
pute their next vertices using the sam

e m
axim

al 
round but with very different sets of positions; 

m
oreover, a robot m

ight com
pute its next position 

considering only crashed robots. 

Such difficulties m
ake difficult to find and prove 

invariants 



M
ain result

▪
W

e provide a characterization of the solvable robot 
tasks in graphs, in the strong A

LR

A robot task on G
, ⟨I,O

,∆
⟩ is solvable for 

N robots if and only if there is a 
subdivision Subd(I) and a sim

plicial 
m

ap δ from
 Subd(I) to O

, such that for 
every input sim

plex σ, δ(Subd(σ)) ⊆ 
∆(σ). 



C
orollary

▪
The characterization im

plies undecidability:

There is no (sequential) algorithm
 that 

decides if a given robot task on G
 for three 

processes tolerating tw
o failures is solvable 

in the A
LR m

odel. 



C
onclusions (1)

▪
Investigated the basic asynchronous LO

O
K

-
CO

M
PU

TE-M
O

V
E m

odel, considering the possibility 
that not all robots are present initially. 

▪
Robots on a graph, and m

ay use lights
▪

G
athering-type of problem

s w
ith stopping

▪
Characterized the solvable cases



C
onclusions (2)

▪
Exposed a close relationship w

ith fault-tolerant 
shared-m

em
ory com

puting, 
▪

and hence w
ith topology

▪
Providing a fram

ew
ork to unify the m

any Look/
Com

pute/M
ove different m

odels
▪

and to study them
, eg., synchronous vs asynchronous 

allow
 to solve different tasks, but the underlying 

topological setting is sim
ilar



O
pen problem

s
▪

N
on-gathering type of problem

s 
▪

O
ther spaces represented by a sim

plicial com
plex, and 

continuous versions
▪

O
ther m

odels: e.g. synchronous, sem
i-synchronous, 

Byzantine failures…
▪

W
e focused on com

putability; study com
plexity (tim

e, 
m

em
ory, lights, etc)

▪
D

ynam
ic netw

orks



Thanks you for your attention


