


robot control loop

@ someone please sketch on the board




How to represent and
coordinate multiple
collaborating robots?
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Computation Embodiment

Robot 2

X[t+1]

objective
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Topic 15: Multi- 24l Physics

robot coordination (Plant)
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Robot 1

How to represent and coordinate
multiple collaborating robots?




Computation Embodiment

Robot 2

Assignment problem:
assign tasks to robots to
maximize utility

X[t+1]

objective

Xql] Physics

Cig (Plant)
| Decision X14lt] | Motion including inter-robot

Making Control

communication

objective

communicate
to coordinate A

who does X1[t] X[t+1]
what

Perception Sensing

Robot 1

How to represent and coordinate
multiple collaborating robots?




Final Tournament

® 2-on-2 matches
@ double elimination

@ larger field (6x4m)
and goals (1.5m)

10[0)

150 l

@ any on-board
algorithms allowed

® hardware can be

reconfigured, but not
modded




Final Tournament

® 2-on-2 matches
@ double elimination

@ larger field (6x4m)
and goals (1.5m)

10[0)

@ communication and
ISOI 1 specialization allowed

@ how to communicate?

@ how to coordinate?




Multi-robot
coordination

@ Implicit coordina’rion Ball and goal
llned up. I

should score

® direct comms No+ near ball.
I should deFend
not necessary

@ Embodied intelligence: coordination arises from
dynamics of embodied interaction (SFU Create video)

@ Stigmergy: coordination through modifying the
environment

@ Analogy to ants coordinating by pheromone trails




Vaughans 36 Creates




Multi-robot
coordination

@ Implicit coordination w e
@ Explicit coordination

quick tangent:
network sockets

@ Given M robots and N tasks, assign robots to tasks

@ Assume each robot has existing controllers for
performing each applicable ftask

@ Cast as "assignment problem” to find optimal
assignment (or allocation) of robots to tasks




How fo communicate?
socket programming

® BSD socket API in C/C++

@ http://en.wikipedia.org/
wiki/Berkeley_sockets

® Control sender-receiver
connections at session level

@ Example of network protocol
layers shown for Player msgs

@ Simple client/server code ...

\4

Out to network




lcl server.c
/¥ & simple server in the internet domain using TCP
The port number 13 passed as an argument */
#include <=tdio.h=
#include <sys/types.h=
#inciude <zys/socket.h=
#include wetinet/in.h=

void error{char *msg)

perror{nsg):
exit{l);
b

int main{int argec, char *argv[])
{
int sockfd, newsockfd, portho, clilen;
char buffer[256];
struct sockaddr_in serv_addr, cli_oddr;
int n;
if (arge < 2) {
fprintf{stderr ,"ERROR, no port providedin");
exitil);

i
sockfd = socket(AF_INET, SOCK_STREANM, 8);

if (sockfd < @)
error {"ERROR opening socket");
bzero{{char *) &serv_addr, sizeof (zerv_addr));
portno = atoifargv[i]);
serv_addr.sin_family = AF_INET;
serv_addr.sin_gddr.s_addr = INADDR_ANY:
sery_noddr.sin_port = htons{portno);
if (bind({sockfd, {struct sockaddr *) &serv_addr,
sizeof {serv_addr)) < 83
error{"ERROR on binding"):
listen(sockfd,5);
clilen = sizeof {cli_addr);
newsockfd = accept(sockfd,
{(struct sockaddr *) 8&cli_addr,
gclilend;

if (hewsockfd < @)

error{"ERROR on accept");
bzero{buffer,256);
n = read{newsockfd,buffer ,265);
if {(h <= @) error{"ERROR reading from socket");
printf("Here is the message: %si\n",buffer);
n = write{newsockfd,"I got your message",18);
if (h < @) error{"ERROR writing to socket"};
return 8;

http://www.linuxhowtos.org/C_C++/socket.htm

Note: easy to
get started,
hard to get
right

)

N.O ¢! client.c

l

pinciude <stdio.hs
#nclude <sys/types.h=
#include <sys/socket . h>
#include anetinet/in.h=
#inciude -netdb.hx>

void error{char *msg)

perror{msg):
ex1t{@);:

main{int arge, char *argv[])

int sockfd, portno, n;
struct sockaddr_in serv_addr;
struct hostent *server;

char buffer[256];

if {arge < 3) {
fprintf (stderr,"usage ¥s hostname portisn", argv[@]);
ex1t(8);

portho = atoi{arav[2]);

sockfd = sockeb{AF_INET, SOCK_STREAM, 8);

it (sockrd < @)
error{"ERROR opening socket");

server = gethostbyname{arav[1]):

if (server == NULL) {
fprintf {stderr,"ERROR, no such hostin"):
exit(d);

bzero{ (char *) Sserv_addr, sizeof (serv_addr));
serv_addr.sin_tam ly = AF_INET;
beopy{{char *)server-zh_addr,

{char *)&serv_addr.sin_addr.s_addr,

server-=h_length);
serv_oddr.sin_port = htons{portno);
it (connect(sockfd,8serv_addr,sizeof (serv_oddr)) < @)

error ("ERROR connecting");
printf("Please enter the message: ");
bzero{burfer ,256);
fgets{buffer ,265,stdin);
h = write{sockfd,buffer strien{buffer));
if (n<8)

error{"ERROR writing to socket"):
bzero(burfer ,2667);
h = read{sockfd,buffer,265);
if (n <@}

error{"ERROR reading from socket");
printf{"%¥s\n" ,burfer);
return 8;




http://www.linuxhowtos.org/C_C++/socket.htm

cl Server.c
/¥ & simple server in the internet domain using TCP
The port number 13 passed as an argument */
#include <=tdio.h=
#include <sys/types.h=
#inciude <zys/socket.h=
#nclude wetinet/in.h=

void error{char *msg)
1
perror{nsg):
exit{l);
iy

int main{int argc, char *argv[])
{
int sockfd, newsockfd, portho, clilen;
char buffer[256];
struct sockaddr_in serv_addr, cli_addr:
int n;
if (arge < 2) {
fprintf{stderr ,"ERROR, no port providedin");
exitil);

H
sockfd = socket(AF_INET, SOCK_STREANM, 8);

if (sockfd < @)
error {"ERROR opening socket");
bzero{{char *) &serv_addr, sizeof (zerv_addr));
portno = atoifargv[L1]);
serv_addr.sin_family = AF_INET;
seryv_addr.sin_oddr.s_addr = INADDR_ANY :
sery_noddr.sin_port = htons{portno);
if (bind({sockfd, {struct sockaddr *) &serv_addr,
sizeof {serv_addr)) < 83
error{"ERROR on binding");
listen(sockfd,5);
clilen = sizeof {cli_addr);
newsockfd = accept(sockfd,
{struct sockoddr *) &cli_addr,
gclilend;
if (hewsockfd < @)
error{"ERROR on accept");
bzero{buffer,256};
n = read{newsockfd,buffer ,265);
if {(h <= @) error{"ERROR reading from socket");
printf{"Here is the message: ¥s\n",buffer);
n = write{newsockfd,"l got your message",18):
if (h < @) error{"ERROR writing to socket"};
return 8;

&)

N.O i

| client.c

o

l

finciude <stdio.hs
#include <sys/types.h:=
#include =ys/socket .hx>
#include anetinet/in.h=
#inciude -netdb.hx>

void error(char *msg)

1

perror{msg);
ex1t(8);

main{int argc, char *argv[])

int sockfd, portno, n;
struct sockaddr_in serv_addr;
struct hostent *server;

char buffer[256];

if {argc < 3) {
fprintf (stderr,"usage ¥s hostname portisn", argv[@]);
ex1t(8);

portho = atoi{arav[2]);

sockfd = sockeb{AF_INET, SOCK_STREAM, 8);

if (sockrd < @)
error{"ERROR opening socket");

server = gethostbyname{arav[1]):

if {server == NULL) {
fprintf (stderr,"ERROR, no such hostin");
exit{d);

bzero{{char *) Sserv_addr, sizeof (serv_addr));
serv_addr.sin_tam ly = AF_INET;
beopy{{char *)server-zh_addr,

{char *)&serv_addr.sin_addr.s_addr,

server-=h_length);
serv_oddr.sin_port = htons{portno);
it (connect(sockfd,8serv_addr,sizeof (serv_oddr)) < @)

error{"ERROR connecting" );
printf("Please enter the message: ");
bzero{burfer ,256);
fgets{buffer ,265,stdin);
h = write{sockfd,buffer strien{buffer));
if (n<8)

error ("ERROR writing to socket");
bzero(burfer ,2667);
n = read{sockfd,buffer,255);
if (n <@}

error ("ERROR reading from socket"):
printf{"¥s\n" ,burfer);
return 8;




http://www.linuxhowtos.org/C_C++/socket.htm
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icl server.c

/¥ A simple server in the internet domain using TCP
The port number 1s passed as an argument */

#include <stdio.h=

#include =sys/types.h>

#inciude <sys/socket.h=

#include metinet/in.h=

void error{char *msg)

perror{nsg);:
exit(1); init socket, resolve

int main{int arge, char *argv([]) hostname and Porf
{

bind to port
and listen

accept connection,
read message

send ack

return 83

¥

#nclude <svys/types.h-
#include <sysssocket.h>
#include <netinet/in.h=
#inciude =netdb.h=

void error{char *msg)

perror{msg);:
1£{8); o« e
Whiiie init socket, resolve

int main{int argc, char *argv[]) hostname and POI'"I'
{

connect to
server

prepare and
send message

return @3 get acknowledgement

¥




Coordination Taxonomy

[Gerkey, Mataric 2004]

@ Assume centralized coordinator (one of the robots)
@ Coordination problem depends on 3 factors:

@ single-task robots (ST) vs. multi-task robots (MT)
@ single-robot tasks (SR) vs. multi-robot tasks (MR)

@ instantaneous assignment (IA) vs.
time-extended assignment (TA)

@ Focus on ST-SR-IA (most common), also of interest:

@ ST-MR-IA: coalition formation
@ ST-SR-TA: scheduling
@ MR-MR-IA: set cover problem




ST-SR-IA as an Optimal
Assignment Problem

formation of utility matrix

@ Given M robots and N tasks,
form utility matrix U

Qrr — Crr if Ris capable of executing
Urr = T and Qrr > Crr

0 otherwise

@ Uj; is relative benefit of

computation of utility

CT::EE:EE:aw(waj

i=1 j=1

robot i performing task j

@ Given U, select elements
o=[0,1] that maximize overall
utility

assign only 1 robot to a task

@ Assignment must be unique
mapping of robots to tasks

assign only 1 task to a robot




@ How to allocate given SOCCQI" Example

these utilities?

This matrix is

Uti |'|'y matrix guesstimated
Robot/Task | Defender | Attacker

0

-

Objective: W smurv w/camera
W . "
win soccer match




@ How to allocate given
these ufilities?

@ Greedy allocation?
U=11=10+1

Objective:
“*win soccer match”

Soccer Example

Uti

Ity matrix

Robot/Task

smurv w/camera

Defender

Attacker

0

il .)\ -

-




@ How to allocate given
these ufilities?

@ Greedy allocation?
U=11=10+1

@ Optimal allocation
U=15=8+7

Objective:
“*win soccer match”

Soccer Example

Uti

Ity matrix

Robot/Task

smurv w/camera

Defender

Attacker

0

-




"Directive” Example

Objective: put
plant by window

Task: watch to make
sure objective is met

Task: push table to window x
¥ (2 robots: left, right)

St




"Directive” Example

Ideally, one robot could do all of Objective: put
these tasks... in the year 2105 plant by window

Task: watch to make
sure objective is met

Task: push table to window x
¥ (2 robots: left, right)

St




Box pushing task

[Gerkey,Mataric 2002]

Turn box left, then
straight push to landmark

Straight push to landmark
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Objective: put
plant by window

How to allocate?

U

Watcher

Box Push
Right

Box Push
Left

Create

w/camera | \&

Pioneer

A s
w/camera P& T
>

Pioneer

w/camera [ . >

and grip




Box Push | Box Push
U waleher Heriaht Left

Objective: put

plant by window Create | ‘gay 4 4
w/camera L A

How to allocate?

Pioneer ‘
w/camera P&
and laser A

Greedy can still
be problematic

Pioneer p»
(deadlock w/camera [

condition) and grip




Objective: put
plant by window

How to allocate?

Greedy can still
be problematic

Combinatorial
optimization:
Hungarian
algorithm
[Kuhn 1955]

Lets do the
example

U

Watcher

Box Push
Right

Box Push
Left

Create
w/camera

Pioneer

w/camera PR 5
and laser [\

A

A

Pioneer

w/camera &

and grip
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Hungarian alg.
example

cost matrix
C == max(U)

C

Watcher

Box Push
Right

Box Push
Left

Create

w/camera | \&

Pioneer

A s
w/camera P& T
>

Pioneer

w/camera [ . >

and grip




C

Watcher

Box Push
Right

Box Push
Left

Hungarian alg.
example

cost matrix
C = U - max(V)

subtract each row
by smallest entry
Ci = Ci - min(Ci)

find unique asgns
with zero cost

Create
w/camera

Pioneer

w/camera [\
and laser [\

5

o

Pioneer
w/camera
and grip




C

Watcher

Box Push
Right

Box Push
Left

Hungarian alg.
example

cost matrix
C = U - max(V)

subtract each row
by smallest entry
Ci = Ci - min(Ci)

find unique asgns
with zero cost

subtract each col
by smallest entry
Cj = Cj - min(Cj)

find unique asgns
with zero cost

Create
w/camera

Pioneer

w/camera [\
and laser [\

5

o

Pioneer

w/camera [ -

and grip
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C

Watcher

Box Push
Right

Box Push
Left

Hungarian alg.
example

cost matrix
C = U - max(U)

subtract each row
by smallest entry
Ci = Ci - min(Ci)

find unique asgns
with zero cost

subtract each col
by smallest entry
Cj = Cj - min(Cj)

find unique asgns
with zero cost

Create
w/camera

Pioneer

w/camera PR 575
and laser [\&

5

o

Pioneer

w/camera | -

and grip




Hungarian alg.
problem example

Suppose we
slightly change
one entry

C

Watcher

Box Push
Right

Box Push
Left

Create

w/camera | N

Pioneer

N O
w/camera PR 7

Pioneer

w/camera ff . . W

and grip




C

Watcher

Box Push
Right

Box Push
Left

Hungarian alg.
problem example

Warning: be very
careful in
estimating utilities

Suppose we
slightly change
one entry

Result creates
uncertain
assignment

Create
w/camera

5

o

Pioneer
w/camera

and laser [N

Pioneer
w/camera
and grip




McLurkins Swarmbots

Follow the leader




