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Deadlock situation for multi-robot systems
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Formal Definition of Deadlocks

Consider a set of M homogeneous robots M = {m'|i = 1,..., M} with dis-
crete linear dynamics

i A i
T 1 = Az, + Buy

i
Pt
i
Uy

input (acceleration).

where zt = ["] is the state (position p! and velocity v?) and u! is the control

The optimal control input u},u! . q,...,u! 47 of each robot i starting at
timestep t for a time horizon 7' is then calculated distributively from a con-
strained optimization problem:

ui7u%+17 ol ut+T — arg mlnz ||"I"3'+1+t - xiarget”% + A||'u’t-|-‘l'||%
t+'r€U

Tyry1 = Azp, +Bup, Dviy] <vmer  Dfuriigy] < ames
obs) >r Vje{l,.,N}

max(Arob t+’r+1xt+'r+1 b’rob t+7‘+1) 2 r Vk € {1’ **y M} \ i;

J i
max(Agy Tiqri1 —
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Formal Definition of Deadlocks

The optimal control input u!,u’ IR ,u 47 of each robot i starting at
timestep ¢ for a time horizon 7' is then calculated distributively from a con-
strained optimization problem:

Ut Ugyys - - ut+T = arg mg} ZT -0 ||$r+1+t -’Btarget”z + AMlutt-|[3
c
t+‘r

x?t:+'r+1 = A$§+r + But+r I2|'Ui+1+t| < Umaz I2|ui+1+t| < Qmaz
obs) > r VJ S {1 }
max(Arob t+'r+1$t+'r+1 brob t+7‘+1) > Vk € {17 *y M} \ 7:;

J o
max (A, Tt -1 —

A deadlock happens at some timestep t4.,q When

||pidead+1 T pideadHQ S 67 ||pidead+1 o piarget”Q 2 67 v/l' E {]‘7 7M}
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Formal Definition of Deadlocks

The optimal control input u!,u’ IR ,u 47 of each robot i starting at
timestep ¢ for a time horizon 7' is then calculated distributively from a con-
strained optimization problem:

Ut Ugyys - - ut+T = arg mg} ZT -0 ||$r+1+t -’Etarget||2 + Alfutir|[3
c
t+‘r

Tyrpn = Az, +Bup, Dlviy] S vmee  Lolufyyl < Gmas
obs) >r Vje{l,.,N}

max(Arob t+'r+1xt+'r+1 brob t+7‘+1) > Vk € {17 *y M} \ 7:;

J o
max (A, Tt -1 —

We want to resolve the deadlock and all robots arrive at their targets
as soon as possible
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Resolution to the deadlock situation
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Resolution to the deadlock situation
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Resolution to the deadlock situation
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Deadlocks Resolution

Algorithm 1 Greedy Algorithm for Deadlock Resolution We Start the Simulation Wlth all robots
Ty ; // Full Time horizon considered h . h 1 .
M = {ml,...,mM}; // List of robots initialized with active status avce an aCtlve Status, winose Contro 1S
Tpassive < 03 // Set of indexes of all passive robots . . .

ot o 1 to Ty do optimized for:

if deadlock detected among active robots then

// Find the index of the robot closest to its target
lclosest $— a-rg'nlinie{l,...,M} ”p% - pgarget”2 ] i i .\ i i 2 2
Sort robots m* € M by decreasing distance to m’ctosest UgsUt g1y - - -5 Ugypr = ATEIMIN Z 127 4144 — Thargetll2 + Allwer 2
. . . K
// Update m'Z,, ., iteratively, and mark m' as passive ' . u“f*e_U =0 .
for each robot m' in the sorted list of active robots other than m'ctosest do Tiiri1 =Azi  +Bui . D|vii < Vmee D|uriii < tmas
m'. I} e assive assive — assive U1 J i ] :
e|nd passive ¢~ Ip Ly Ty max(A?, z;, ., —b,)>r Vje{l,.,N}
m/leclosest I;)zl;;%; — Ipassive : /* Update I;zl;;;s)é for mlclosest x/ maX(A'rob,t+T+1-'L't+'r+1 - brob,t+7’+1) >r Vk € {1, . M} \ {’L U I;z)assive}
end

if all active robots have arrived at target positions then
// Re—activate robots based on the distance to targets

Uclosest €~ Arg miniEIpasswe ||p% - pgarget“Z L;assi've = L)assive \ Telosest

Set m/'closest gtatus to active m 'Tmssive =m .Ipassive \ Fetosest Vi € Ipassive

end
end




Deadlocks Resolution

Algorithm 1 Greedy Algorithm for Deadlock Resolution

Ty ; // Full Time horizon considered
M={m! ... mM}; // List of robots initialized with active status
Tpassive < 03 // Set of indexes of all passive robots

fort =1to Ty do

if deadlock detected among active robots then

// Find the index of the robot closest to its target
lclosest $— a‘rg'minie{l,...,M} ||p% - pzarget”2 )

Sort robots m* € M by decreasing distance to m/tclosest

// Update m'.I’ iteratively, and mark m! as passive

passive
for each robot m' in the sorted list of active robots other than m'<tosest do

| mz-I;,assive — Ipassz’ve Ipassive = Ipassive Uz
end

i iclosest . losest i
mlelosest 'I;)Ca;;;’f)e — Ipasswe ; / * Update I;;;;;ze for mlclosest 4/

end
if all active robots have arrived at target positions then
// Re—activate robots based on the distance to targets

Telosest € arg miniezpassive ||P§ - ptitarget||2 Ipassive = Zpassive \ Telosest

Set mtclosest gtatus to active mz.I;,assive = ml.I;assive \ Gctosest Vi € Ipassive

end
end
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When deadlock 1s detected, we use a
greedy algorithm to select some agents to
be passive, whose control is optimized
for:

T

i i . i 2
Ut Uty1s - - - Ut = AT IMIN E :”ut+'r||2
upy €U 7=0

x§+r+1 = A$§+r + Bu§+r I2|’Ui+1+t| < Umaz IZ|“3+1+t| < @maz
max(AZ)bsx;+T+l - bf)bs) >r Vj€E {]-a P N}

k i k . i
max(Arob,t+‘r+1x;+‘r+1 - brob,t+7’+1) 2T Vk € {1? ] M} \ {7' UI;)assive}

Now, the only objective for the passive
robots 1s to avoid other robots
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Algorithm 1 Greedy Algorithm for Deadlock Resolution

Ty ; // Full Time horizon considered
M={ml ... mM}; // List of robots initialized with active status
Ipassivee@; // Set of indexes of all passive robots

fort =1to Ty do

if deadlock detected among active robots then

// Find the index of the robot closest to its target
lclosest < a'rg'nlinie{l,...,M} ||p% - p%a.rget”2 ]

Sort robots m* € M by decreasing distance to m/tclosest

// Update m'.T’ iteratively, and mark m! as passive

passive
for each robot m® in the sorted list of active robots other than m'<osest do
| mi-l}imssive — Ipassive Ipassive = Ipassive U1
end
miclosest .I":closest «— Ipassive : /+ Update Iiczosest for mpelosest 5/

passive passive

end
if all active robots have arrived at target positions then
// Re—activate robots based on the distance to targets

Uclosest €~ Arg miniEIpasswe ||p2 - piargetHz L)assi've = Ipassive \ Telosest

Set mteclosest gtatus to active m .Ipassive =m .Ipassive \ etosest Vi € Ipassive

end
end
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We start the sitmulation with all robots
have an active status, whose control 1s
optimized for:

T

ui,uiﬂ, XX ,U§+T = aI;g mglz ||a:i+1+t - x%arget”% + MJugi||3
Ui €U =0

Tirrp1 = ATi, +Buy, Dlvrgyf Svmee Dpfuriip] < amaa
J i ' :
maX(Aobs$t+7.+1 _bﬁbs) 2 T VJ G {1,..,N}

max(Arob,t+T+lx;+T+1 - brob,t+7‘+1) 2T Vk € {1’ ) M} \ {'L U I;)assive}

With that, we can remove the constraint
for collision avoidance between active
and passive robots in active robots’
optimization problem.
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Algorithm 1 Greedy Algorithm for Deadlock Resolution

Ty // Full Time horizon considered
M={m! ... mM}; // List of robots initialized with active status
Ipassive(—(b; // Set of indexes of all passive robots

fort =1to Ty do

end

if deadlock detected among active robots then

// Find the index of the robot closest to its target
lelosest < arg minz’e{l M} ||p% - pzarget||2

.....

Sort robots m* € M by decreasing distance to m’ctosest

// Update mi.I;;asswe iteratively, and mark m' as passive

for each robot m' in the sorted list of active robots other than m'<tosest do
| mZ-I;,assive — Zpassive Ipassive = Zpa,ssive Uz
end
i el . el i
mictosest Tidotstt - Tonaoine ; /+ Update Tidocst for micesest «/
end

if all active robots have arrived at target positions then

// Re—activate robots based on the distance to targets
Telosest € arg minielpasswe ||P% - p%arget||2 L)assive = Zpassive \ Telosest
Set m/closest status to active ML, gie = M Lpgssive \ iclosest Vi € Lpassive

end
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We keep the robot that is closest to its
target be active when detect deadlocks
and continue to select robots to be

passive until the deadlock is resolved.

For a multi-robot systems with n robots,
we at most need to select n-1 robots to be
passive and the remaining active robot is
guaranteed to arrive at its target when
ignoring all other robots.

But this 1s inefficient, we propose to use
Neural Logic Machines to make these
selections
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Algorithm 1 Greedy Algorithm for Deadlock Resolution

Ty // Full Time horizon considered
M={m! ... mM}; // List of robots initialized with active status
Tpassive < 03 // Set of indexes of all passive robots

fort =1to Ty do

if deadlock detected among active robots then

// Find the index of the robot closest to its target
lclosest $— a‘rg'minie{l,...,M} ||p% - pzarget”2 )

Sort robots m* € M by decreasing distance to m/tclosest

// Update m'.I’ iteratively, and mark m! as passive

passive
for each robot m' in the sorted list of active robots other than m'<esest do

| mz-I;,assive — Ipassive Ipassive = Ipassive Uz
end

i iclosest . losest i
mlclosest .I;;;;;}’Ze — L)asszve ; / * Update I;Ca;;;}se for mlclosest 4/

end
if all active robots have arrived at target positions then
// Re—activate robots based on the distance to targets

Telosest € arg miniezpassive Ilp% - p%'argetHz Ipassive = Zpassive \ Telosest

Set m/closest status to active mz'I;)assive = mz'Izl)assive \ Z'closest Vi € Ipassive

end
end
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After all active robots have arrived their
targets, we set passive robots to become
active based on their distance to their
own target one at a time



Resolution to the deadlock situation

Predicates ‘

NLM
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Set the agent with
the highest S
score to be
passive
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Resolution to the deadlock situation

Predicates:
True 1f agent m; blocked

FreeToMoveFront(m;) True if agent m; is able to InDeadlock(mi,m;) m, to move for any of the

move along its front direction o
four directions

True 1f agent m. 1s able to
Freel'oMoveB ack(mi) SEt . True if the distance agent
move along its back direction , :
. . TargetC loser(mi, mj) m; to m;’s target 18 closer
FreeToMoveRight(m;)  Trueif agentmis able to m; to m, ’s target

move along its right direction

True 1f agent m. 1s able to True 1f m; has a higher
FreeToMoveLeft(m;) SE I B 8O0 HigherPriority(m;,m;) . . J .
move along its left direction J/ priority than m,

Action:

SetPas sive(mi) Set agent m. to passive status
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Figure 2: The NLM Pipeline used to select a robot switching to passive status



Algorithm 2 NSDR Algorithm for Deadlock Resolution

Ty // Full time horizon considered
M={m},....)mM}; // List of robots initialized with active status
Zpassivee@; // Set of indexes of all passive robots

fort =1to Ty do

if deadlock detected among active robots then

// Evaluate predicate values for M and obtain ordered list
based on NLM scores

PM PM + predicate_cal(M)

t,unary’ = t,binary

score_list «— NLM(P{,‘,{}MW, Pi‘g’mary)
// Select highest feasible scored active robot as ig,,,
for i in score_list do

if selection of robot i is feasible and m'.status == active then

| %smae < ¢ break
end

end
Ipassive — Ipassipe U {ismax.} > . /* Update Ipassi've */
for each robot m* € M \ m*smez and m*.status ==" active’ do

| mi.I;assive  Lpassive; /* Update I;;assive for all active robots =/
end

end

if all active robots have arrived at target positions then
// Re-activate robots based on distance to targets
lelosest < Arg minielpassive ||p§ - pgarget||2 Zpassive = Lpassive \ Iclosest
Set mi,,.,, status to active m*.Z, . =m T oo\ ciosest Vi € Lpassive
end
end
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. Select passive robots based

on the score from NLM.

. Check whether the selection

IS feasible

. Update passive robots list

for each robot.

. After all active robots have

arrived at their target
position, we reactivate
passive robots based on
their distance to targets.
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Resolution to the deadlock situation

When trained on a small world (involving 2 to 5 agents?), the NLM can learn the logic
and generalize to play the game over much larger worlds (involving 10 agents?)
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Training Scenarios

. . . .\ . .

X e : «iﬁi xxsc

Num robots =2 Num robots = 3 Num robots =4 Num robots = 5

For each scenario, we generate all possible selections of
passive robots and recorded the arrival time of each agent.

We also augmented the data by including all possible
orders of assigning agents to deadlock positions

We also augmented the data further by including 5 different random
priorities by randomly assign priorities of 1 or 2 each agent.
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Training Scenarios

. . . .\ . .

X : «iﬁi xxsc

Num robots =2 Num robots = 3 Num robots =4 Num robots = 5

We obtained 4299 number of different sets of predicates along with the best passive agent selected
that minimized the weighted sum of arrival times of all agents based on a set of predicates

We then divide the whole dataset into 5 folds and
performed a supervised 5-fold cross validation training

The resulting model can achieve 99.74% training
accuracy and 99.55% validation accuracy
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In Sample Test

Greedy Method NLM Method
Completion Time: 218 steps Completion Time: 209 steps
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In Sample Test

- | -

%R % &
Greedy Method NLM Method

Completion Time: 282 steps Completion Time: 221 steps
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Out Sample Test

Greedy Method NLM Method

Completion Time: 230 steps Completion Time: 202 steps



Out Sample Test

Greedy Method
Completion Time: 696 steps
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NLM Method
Completion Time: 573 steps



