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Abstract—Recent work has demonstrated how one can write
high-level specifications for swarm behaviors and automatically
create controllers for the individual robots to achieve the overall
swarm task. In this letter, we address the question of how to
modify, during execution, the desired behavior while maintaining
guarantees on the behavior, if possible; we define three types of
modification: changing the maximum number of robots in a region
of the workspace, changing the connectivity of the workspace,
and redistributing robots. During execution, if the specification is
modified, we update the controller by creating local patches. Given
the starting and ending state of the patch, we jointly use a symbolic
synthesis tool and a constraint programming solver to synthesize
robot control. We demonstrate our approach in simulation.

Index Terms—Swarm robotics, formal methods in robotics and
automation.

I. INTRODUCTION

WARM robotics focuses on the collective behavior of a
S large number of relatively simple robots [1]. While some
approaches start with the control of individual robots in a swarm
and analyze the emergent behavior [1], other approaches specify
goals and/or constraints for the swarm as a whole and generate
the individual robot control [2], [3], [4], [5], [6], [7]. One such
top-down approach uses temporal logic to specify goals and
constraints, and algorithms for model checking and synthesis to
generate control. Kloetzer and Belta [5] presented a hierarchical
framework for creating swarm controllers from Linear Tempo-
ral Logic (LTL). Haghighi et al. [8] encoded spatial-temporal
logic specifications into a mixed integer programming (MIP)
formulation to build a swarm robot planner. Yan et al. [9]
proposed Swarm Signal Temporal Logic for monitoring swarm
behaviors. Cardona et al. [10] controls swarms from Metric
Temporal Logic, including splitting and merging subswarms.
Leahy et al. [7] defined Capability Temporal Logic as specifica-
tions for the swarm coordination problem and provides a MIP
formulation for control synthesis. Djeumou et al. [11] developed
a probabilistic control algorithm for a swarm planning problem
with high-level behaviors specified in Graph Temporal Logic.
Moarref and Kress-Gazit [12] defined swarm behaviors using
LTL and synthesized decentralized controllers that satisfy the
specifications; Chen et al. [6] expanded the abstraction in [12]
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to include swarm formation control, and automatically de-
signed continuous controllers for the swarm robots to fulfill the
high-level task.

In the approaches above, the desired swarm behavior (speci-
fication) is given a priori and then synthesized and executed; the
specification does not change during execution. In real deploy-
ments, there may be unexpected events, or the user may decide
to change the specification on the fly. For example, there may be
obstacles that block robots’ routes, a room may be unexpectedly
cluttered, preventing the originally assigned robots from fitting
safely inside, or the user may prefer different numbers of robots
in different rooms for a monitoring task. In this letter, we address
the problem of updating the specification and control, if possible,
in a provably correct way.

A swarm plan required to satisfy high-level specifications
may be computationally expensive to synthesize, and a full
re-synthesis may not be needed for a small modification in
the specifications. Therefore, inspired by [13], we build local
patches to adjust the current swarm plan. To deal with environ-
mental events that caused the robot to violate a specification,
the previous work in [13] provided a search algorithm that
identifies a portion of the synthesized controller that needs
re-synthesis, and proceeds with creating a patch that fixes the
controller. In this letter, we allow the specification to be changed
deliberately, not only to react to environmental events, and we
create patches that do not depend only on physical distances;
furthermore, they may include the swarm splitting and merging.
Specifically, given the original swarm plan, our algorithm looks
for sub-sequences of the plan that violate the new specification
and uses a constraint programming (CP) solver to synthesize
a patch, replacing the violating sub-sequences with satisfying
ones, when possible. Contribution: In this work, we define three
types of swarm specification modification and present an online
patching method to change the swarm behavior to address the
modified specification. While previous work focuses on online
patching for single robot behaviors or swarm behavior synthesis
from fixed, a priori specifications, our work enables users to
change the swarm behavior during execution. We demonstrate
these methods in simulation.

II. PRELIMINARIES

We briefly introduce swarm specifications and the synthesis
algorithm [12] for creating a high-level swarm plan.

A. Linear Temporal Logic and the GR(1) Fragment

We use a fragment of Linear Temporal Logic (LTL) to specify
requirements on a swarm’s behavior. The syntax of LTL is:

@ == 7|=le Vol O pleUp (1)
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Fig. 1. Example I: (a) the region graph and capacities (b) swarm plan.

where 7 € 1l is a Boolean proposition, — is negation, V is
disjunction, () is next and U/ is until. From those, we define
other operators such as conjunction /A, implication =, always
[, and eventually ¢.

The semantics of LTL are defined over the set of infinite
words o = 0, 01,09, . .., 0; € 211, where IT is the set of atomic
propositions. The formula 7 is satisfied at step 7 if 7 € o;, O
is satisfied at step i if  is satisfied in step ¢ + 1, O is satisfied
if  is satisfied in all steps and (¢ is satisfied if  is satisfied
in the current or a future step. An infinite sequence satisfies ¢,
denoted as o |= ¢, if o satisfies it. We refer readers to [14] for
more details.

In this letter, we consider LTL formulas of the form [15]':

® = Oinie A \ Oy \ D00, )
i J

where 0;,,;; and ¢; are Boolean formulas over II and 1); are
Boolean formulas over IT U (OII where (11 are the propositions
with the next operator. 6;,;; describes the initial conditions,
1; are safety guarantees which must always hold, and ¢; are
liveness goals the system must repeatedly satisfy.

B. Swarm Specifications

We consider a swarm with a total of p robots moving in a parti-
tioned workspace. The workspace is abstracted as a region graph
Gr = (R, E) that consists of a set of vertices R = {r1 ... 7|},
representing | R| regions in the workspace, and a set of edges F
such that an edge e; ; = (r;,7;) € E represents that robots can
move between r; and r; without going through any other region.
In addition, we define the set of capacities C' = {c1 ...cg|}
where ¢; is the maximum number of robots that can be in region
r; simultaneously. To capture swarm behaviors in LTL, we define
a set of atomic propositions ; € II, which are true if and only
if there is at least one robot inside region r; € R.

As in [6], [12], the swarm specification is of the form of
(2) with initial conditions 6;,,;;, safety guarantees v;, and n
livenesses {¢1, - - - ¢, }. To help filter out symbolic plans that are
physically impossible to implement, we encode the connectivity
of the workspace as safety guarantees restricting where robots
can go. For each r;:

v = | Om = \/ i | A | = \/ Oﬂ'j 3)

€j,i S €i,j S
Example 1: Consider a workspace with five rooms, as shown

in Fig. 1. We abstract the motion of the swarm with five propo-
sitions my, 7o, T3, T4, 75 and build a region graph as shown

I This formula is equivalent to the GR(1) formula [15] where the left side of
the implication is T'rue.
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in Fig. 1(a). Ellipses are labeled with the region name and its
associated capacity, denoted as r; : ¢;.

Initially, there are five robots in 7; and another five in ro.
The user has three requirements; robots must repeatedly all be
in r3, at least one robot must repeatedly go to r5, and for safety
reasons, when any robot is in 75, at least one robot must stay at
r3. The specification is encoded as:

O = (m Amg A —mg Aoy A —ms) A O(m5 = m3)
/\I:’<>(“7T]/\“772/\7T3/\“7T4/\“7T5>/\|:’<>(7T5) (@)

In addition to the user-defined specifications in (4), we encode
the region graph as safety guarantees. For example, for Region
r1, the formula is:

1 = (Om = (m Ve VgV mg))A
(1 = (Om V Ome VOV Omy)) ©)

C. Swarm Behavior Synthesis

Given |R| regions and time step ¢, we define state p' =
(ph - ph ,pr‘), where p! is the number of robots assigned

to region r; at time ¢ such that ), p! = p for all ¢. The goal of
the swarm behavior synthesis is to create an infinite sequence
of states P = p'p'p?---, such that the swarm satisfies its
specifications (Section II-B).

Given a state p’, with a slight abuse of notation, we define
o(p') = {m € II|p! > 0} as the abstract state of the swarm,
where o (p?) is the set of propositions that are true at time step
t, i.e. there is at least one robot in each region ¢ such that ; €

a(p').
Given P, we define individual robot plans2Pa =
pOplp?.-- Ja€l,p] where o(pl) is a single propo-

sition (corresponding to the location of robot a) and
a(P") = Uaepr, o) 7L)-

Synthesis: Given an initial swarm state p°, a user defined LTL
specifications ® (2), a region graph G'r, and region capacities
C, synthesize individual robot plans P,,a € [1, p] such that P
satisfies the specifications: ¢ = o(p°)o(p!) ... = ®and Vi, t >
0, pt < ¢;.

The algorithm in [6], [12] first creates a symbolic (abstract)
plan through GR(1) synthesis [15], [16]; synthesis creates a
strategy that includes symbolic transitions the swarm must take
to complete the task; there might be multiple different paths
in this strategy and the algorithm chooses one and then uses
integer programming to assign robots to regions in each step
to create P,. Additionally, through the assignment process, we
know how many robots move along an edge (7;,7;) € E, in
the transition from p’ to p‘*!, which we denote as pt i
In the following algorithms, we assume P also includes the
transition information pt L The synthesized swarm plan P
has the following structure

P = Pprefi:vpl c Pnpl T (6)

where P is a concatenation of sub-sequences of states Py, k €
[1,n] U {prefix}. The plan starts with a prefix sequence,
Pprefiz. followed by suffix sequences PP - - - P, that form
a cycle. The last state in each Py, is a state that satisfies one of
the liveness requirements ¢y.

>We use a (agent) to denote individual robots, and 7 to denote regions.
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@ @ @ @ " Algorithm 1: Swarm Plan Patching.
] S .x $ At st
3:10) (rs:8) - <.-.-.-%- Input : Gg,C,p",p", P, ®
@ ' @ 75 10) M Output: {P,}_, o
. . . 1 updateSuccess, P < UPDATE(Gg,C, P, D)
2 if not updateSuccess then
F < \ 1 F < .\' 1 < :’:\ 1 3 ‘ return failed, provide feedback to user
M M M 4 if p' = p' or p' ¢ P then
@ (b) © s | {P,}'_, =sPLIT(P,GRr)
D P
Fig. 2. Specification modifications for Example 1. 6 returp {Pal}azl . Lo .
/* Redistribution modifications */

Example 1 (Continued): The synthesized symbolic swarm
planis o = ogo1090103 -+, wWhere oo = {my,m2}, 01 = {73},
and o9 = {73, 75} and a feasible solution to the robot as-
signment is P = pp'p?pp? -+, or Pprefiz = p° P1 = p',
and P, = p?, where P;, P, forms a loop and p? returns
to p'. The assignment of robots becomes p° = (5,5,0,0,0),

= (0,0,10,0,0), p> = (0,0,9,0,1), which is illustrated in
Fig. 1(b). The blue dots indicate the robot positions, and pink
arrows indicate the directions the robots move in. Correspond-
ingly, we create ten individual robot plans: one of them is
T 3T, four of them are m 7'('377% and ﬁve of them are mom3ms.
Therefore prs =5, py5 =5, pgs =9, p5z = 1, py3 = Land

P5,3 =L

III. PROBLEM FORMULATION

In this work, we define three types of online specification
modifications:
(1) Region graph changes: The user can change the set of

edges F in the region graph by removing or adding edges. We
assume I? stays fixed.

Gr=(R,E) ©)

(i1) Region Capacity Changes: The user can update the region
capacities:

C={é... ®)

(iii) Momentary Redistribution: Given a state p’, the user can
momentarily redistribute the robots by requesting p:

.ﬁfR‘) s.t. Zﬁf = pand o(p*)

Cirl}

ph=( =o() O
Example 1 (Continued): Example modification are shown in
Fig. 2: (a) a door closing in the environment leads to a change
in the region graph, £ = E\{(ra,73), (r3,72)}, (b) a large
obstacle reduces the capacity of room r3 by 2, changing cs to
¢3 = 8 (c) during execution, the user decides that there should
be 5 robots in room 75, that is, for p? = (0,0,9,0, 1), the user
requests p* = (0,0, 5,0,5).

Problem statement: Given a nominal swarm plan P
and P,, the user defined specification ®, and user de-
fined modifications Gg, C, and/or p' ((7) to (9)), syn-
thesize an updated swarm behav10r plan P and the
corresponding P, that satisfy the modified specification, if
feasible.

Synchronization assumption: In this work, we assume the
robots are synchronized, i.e. they wait for each other to complete

7 solveSuccessﬂ5 —
SOLVE_PATCH(p', pt, Gr,C, ®, P, T)

8 if solveSuccess then

‘ updateSuccess,P + UPDATE(@R, C,P, D)

10 if not solveSuccess or not updateSuccess
then

11 \ return failed, provide feedback to user

2 {P,}'_, = sPLIT(P,GR)

13 return {P,}"_,

o

the current transition before continuing to the next. One can
leverage synchronization skeletons [12] that relax this assump-
tion and that causes robots to synchronize when needed and not
at every step.

IV. ONLINE SPECIFICATION MODIFICATION

Our approach to solving the online swarm specification mod-
ification problem is presented in Alg. 1. Given a modification,
we first check whether the current plan P is still valid; if parts of
the plan no longer satisfy the (modified) specification, we create
localized patches that repair the violations. We define a patch
Pps ps as a sequence of states connecting two states p* (start)
and p/ (final).

In Alg. 1, we first create patches, if needed, based on changes
in the region graph and/or the capacities (line 1). After the
update, we check whether we need to redistribute the robots; if
p' is the same as p? or p’ is not in the updated plan, we create
and return the individual robot plans (lines 4-6). Otherwise, in
line 7, we build a patch Ppt Pt that redistributes the swarm from

pt to pt. After the redistribution, we may need to rebalance
the number of robots assigned to each region in the plan. The
rebalancing operation can lead to assignments that exceed the ca-
pacity specification, therefore weuse UPDATE ((f r C,P, D)
again to ensure all the region capacities are met. Finally, we
use SPLIT (75 G R) to create separate plans for each robot, as
discussed in Section V-D.

In UPDATE(Gg,C,P,®) (Alg. 2), for each Pj, € P, we
check whether any state or transition in Py violates the re-
gion graph specifications; either exceeding region capacities
or traversing edges that were removed (line 3). If there are
any, we return P, the set of all states {p’*,p’2,---p'*} that
are in violation. Note that these states are not necessarily con-
secutive. After finding P, we set p°,p’ to enclose all states
between p'' and p'v. p® is pt if the swarm moves to the next
state through a removed edge, or p’*~! if p’* violates region
capacity constraints. Similarly, p/ is set to p** or p**!. In
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Algorithm 2: UPDATE(Gg,C, P, ®).

Algorithm 3: SOLVE_PATCH (p*,p!, Gr,C,®, P, redist).

Input :GAR,O,P,@
Output: solveSuccess,?5
1P« P
2 for k € {prefix} U[1,n] do

3 P « CHECK_VIOLATION(P), Gr,C)

4 | if P #0 then

5 expandSuccess, (p*,pf) +
INITIALIZE_PATCH(P)

6 while expandSuccess do

7 solveSuccess,'ﬁ(—

SOLVE_PATCH(p*, p/,Gr,C,®, P, L)

8 if solveSuccess then

9 | break

10 else

1 expandSuccess, (p*,pf) +

EXPAND(p*, pf, P)
12 if not expandSuccess then
13 ‘ return solveSuccess J_,75

14 return solveSuccess <+ 1,P

line 7, SOLVE_PATCH creates a new sequence to replace
the original states and transition assignments between p*, pf, if
it exists; if a patch is not found, we attempt to find a bigger patch
using EX PAND(p*, pf, P).

To limit computation time, when searching for patches we
limit each patch to span two consecutive subsequences Py,
Prt1. Ifp° or pf isnot in Py, U Py 1, expandSuccess is False
and the update stops. Each time no patch is found, we expand the
size of the patch by setting p* < p*~! and p/ « pf*1, as long
as both remain within Py U P41 If we cannot find a patch, we
resynthesize the entire swarm behavior. While we restrict to two
consecutive subsequences, it is straightforward to generalize the
patch to include more subsequences; we omit the description for
brevity.

V. CREATING A PATCH

Given the swarm specifications and patch boundaries (p°,
p), SOLVE_PATCH (p*,p’,Gr, C, ®, P, redist) synthe-
sizes a state sequence connecting p® to p/ (Alg. 3). If p° and p/
belong to Py, and Py respectively, the patch must also satisfy
the liveness goal ¢y, that is satisfied in Py ; therefore we create
patches that are composed of two parts, one reaching the liveness
goal and the other reaching p/ . Patch synthesis proceeds in
two steps: first, we construct symbolic strategies ¥(¢), X (pf)
that ensure robot movements satisfy the specification (line 1,
Section V-A); these are then encoded as constraints in the second
step where we solve CP problems to assign robot counts to
regions and determine their transitions (line 3, Section V-B).

Given X(¢) and ¥(p), we determine the minimum (121, mz)
and maximum (M7, M>) lenght of paths that satisfy the speci-
fication. We use these to bound the patch size we are searching
for. When pf € Py, instead of Py 1, we set m; = M; = 0 and

¢ =p°.

3To allow patches that span more subsequences, we can create a patch that
includes multiple liveness goals and is composed of multiple parts.

Input :ps,pf,GAR,CA',@,P, redist

Qutput: solveSuccess,P
mlaMla E(¢)7m23MQ7E(pf) —
SYMBOLIC_PATCH(p®,p’, G, ®)

-

2 while m; < Mijand my < M2 do

3 synthes1sSuccess P s pf
CP_SOLVE(p®, p/, GR,C my, ma, %(¢), (p))

4 if synthesisSuccess then

5 if redist then

6 pte < last state in Pj where p® is in Py

7 7?prefiz<_lp s pfsD +17"' aptk

8 P; +— Pz+k (mod n)> Vi € [l,n]

9 P — Pprefzwpl P

10 P «REBALANCE (p/, P, Gr, 0)

11 else

" P g0 pt g P pI

13 return solveSuccess « |, P

14 else

15 my < min(my + 1, M;)

16 mo < min(m2 +1, Mg)

17 return solveSuccess < L, P

If we find a patch, we integrate it into the overall plan,
returning P. In the case of redistribution, we reorder the swarm
plan and rebalance the subswarm sizes (Alg. 3, line 6-10), as
further explained in Section V-C.

A. Creating a Set of Abstract (symbolic) Patches

The first step in patch creation is computing symbolic strate-
gies that constrain the CP to find solutions that satisfy the
specification. To obtain $(¢) (or X(p/)), we modify the GR(1)
synthesizer [16] to create a startegy for a single goal (liveness)
¢ (or pf), keeping the safety constraints from ®, modified
according to the region graph Gr (3). This strategy is encoded
as a boolean formula over IT U (OII that represents all allowed
transitions.

In addition, similar to [12], we too consider the safety of
intermediate states: states that do not appear in the abstract
plan, but do occur during execution. Consider a plan for which
o(p') = {m} and o(p*) = {m;}; this plan requires all robots
to be in region ¢ and then all robots to be in region j. A single
robot can execute this plan, but a group of robots cannot, in
practice, perform this transition. Instead, it will go through an
intermediate state where some robots are in ¢ and some are in j,
ie. U(pintermediate) — {7Ti77rj}~

In [12], the authors iteratively synthesized a symbolic swarm
plan, checked its intermediate states against the safety specifi-
cations, and resynthesized with additional constraints if needed.
Here, in contrast, we add to the GR(1) formula an additional
safety specification that ensures the safety of the intermedi-
ate states.* This additional safety specification enumerates the
allowable symbolic transitions (o(p*), o(p'™1)) € safeTrans

4In practice we add these constraints directly as a BDD when synthesizing
the plan.

Authorized licensed use limited to: Cornell University Library. Downloaded on March 03,2026 at 20:11:45 UTC from IEEE Xplore. Restrictions apply.



2110

IEEE Robotics and Automation Letters (RA-L) paper, presented at ICR

that result in safe intermediate states, and is of the form:

Yinter = U \/ /\ Tk /\ m
safeTrans \mpco(pt) m¢o(pt)
/\ O’]‘[‘m /\ - O Tn (10)

mmeo(pttt) Tngo(pttt)

For a given transition, there may be several possible in-
termediate states; we consider a transition safe if all of
its intermediate states satisfy the specification. We define
inter(pt, ) C F as an intermediate transition, which is
a collection of edges in E the swarm might traverse when
transitioning between p’ and p'T!. From example 1, we
have o(p?) = {m1,m} and o(p') = {m3}, and correspond-
ingly, einter (p°, ") = {(r1,73), (r2,73)}.

Given e;pier(p', p'™t), we follow the definition in [12] to
formulate intermediate states as a boolean formula over II:

N (mvm) A

(risrj)€einter {mrell\(o(p*)uo (p**1))}

Y

—\7Tk

Eq. (11) contains two parts: /\(,. . e, ,., (T V 7;) means each
edge the robots travel through creates 3 possible states: r;, 7; A
rj,andr;. /\men\(a(pt)ug(ptﬂ)) —7j, means the robots will not
occupy regions that are unrelated to edges they traverse. Finally,
for each possible transition (o(p?), o(pi™1)), we check whether
(11) implies ®; if so, we allow that transition by adding it to
the set of safe transitions sa feTrans. We then construct ¥, ter
using (10) and add 1);,,¢¢, to our safety guarantees, used to create

B(0) (E(p)).

B. Synthesizing P

To synthesize a patch, we formulate the CP problem
CP_SOLVE(p®,pf,Gr, C,my, my, %(6), (pf)) and solve
it with miniZinc [17]. A valid patch P,. s = 5%, p', 5%, ...
starts at p® = p°, visits ¢, and ends at p/ . The CP solver assigns
the number of robots in each region at every step and along
each transition. The patch length is m; + ms + 1, and each
consecutive state must satisfy ¥(¢) or X(p/) to respect safety
constraints and ensure eventual visits to ¢ and p’. We formalize
the patch synthesis problem as follows:

Variables:

* Region Assignments: ¢! € [0,¢,],t = [0,m1 + ma] cap-

tures how many robots should be in region r; at the ¢-th
state of the patch, so p* = (o}, 0h,...).

e Edge  Assignments: Qf ;H [0, min(¢,, ¢;)],t =
0,m1 +mg — 1], (r;,7;) € E represents how many

robots should move from region r; to r; between states ¢
and ¢ + 1 in the patch.

Example 1 (modification a): The door between regions
ro, 73 is closed. In this case, the transition between p° and
p' violates the modified region graph—five robots move from
ro to rz—therefore we solve for a patch P,o 1. In the fol-
lowing, we set m; = 0, my = 2. Here the region variables are

€ [0,10], for < = [1, 5], t = [0, 2], and the edge variable are

Qi?l € [0, 10}, Qt1t2+1 € [0, 10], and so on.
Constraints:

E ROBOTI CS N TOMATION LETTERS, VOL. 11, NO. 2. FEBRUARY 2026
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¢ Encoding X(¢) (X(p’)): For each step t € [0,my — 1]
([m1, m1 + ma — 1]), consecutive states p* and p* ! must
satisfy Y(4) (3(p)), a BDD-encoded boolean formula
over IT U OIL. Following [18], we translate ¥(¢) (3(p7))
into boolean constraints over literals {7;, ~m;, Om;, -
i}, where each literal corresponds to {(¢! > 0), (¢t =
0), (o!™ > 0), (ol™ =0)}, and auxiliary variables Vj,
representing the truth values of subformulae in X(¢)
().

e Liveness Guarantee: Att = mg, the swarmreaches a state
satisfying ¢, represented as a boolean formula over II. We
convert this into equalities and inequalities as described
above.

e Patch Boundary: ¢ = pf and o] "™ = p{ . The robot
number assignment in the first and last state should be
identical to p*® and pf respectively

* Robot Flow: o! = Z(] ek 9, 11 = Z(i,j)eE gf:;ﬂ
The number of robots in a region should be the same
as the number of robots entering or staying in that re-
gion during the previous transition and the number of
robots exiting or staying in that region during the next
transition. A

In the returned modified plan P, the patch either replaces all

states and transitions between p®, p/ when solving for region
graph updates (when redist is false), or is attached as a prefix
to P when redistributing the robots.

Example 1 (modification a): The patching returns 75 pt as

p* =1’ = (5,5,0,0,0),p" = (5,0,5,0,0), p)"5 =5, ,6331 =

5, [)tfé =5, and p/ = p' =(0,0,10,0,0); that is, between

p*,p', 5 robots go from 71 to 73, 5 robots go from 7o to
r1, and between p'',p/, 5 robots in 7; go to r3. The mod-
ified swarm plan than becomes P =ppp%p°p2 - - -, where

~0 0 51 ~t1 a2

b =p,p pvp_pvp =p°.

C. Redistribution

Rebistribution requests will typically result in the need to
adjust the full swarm plan; the previous swarm states (number
of robots in each region) will be modified, and robots will
receive new individual plans. In Example 1 modification (c),

=(0,0,9,0,1) is modified to p = (0,0, 5,0, 5). Originally,
robots move from p? to p® adhering to the nominal assign-
ments: p§§ =9 and p§§ = 1, but that is inconsistent with p2.
Therefore, when creating a patch for redistribution, we mod-
ify the nominal plan such that the redistribution patch from
p' to p' becomes the beginning of the modified plan. The
prefix of the modified plan after the redistribution goes from
pt to p' and satisfies ¢ at p** (line 7, Alg. 3). The swarm
will continue to satisfy each liveness goal in the same order
as before the modification, starting from ¢y1. In line 10 in
Alg. 3, we modify the robot assignment in P such that it is
consistent with p¢ using REBALANCE(p!, P,Gg, C); the
function takes P and tries to update all states following p’
by formulating CP problems for each prefix/suffix Pp, sim-
ilar to CP_SOLV E, and solving them sequentially. Since
we want to avoid resynthesizing an entire swarm plan (which
requires symbolic strategies that address all liveliness goals),
REBALANCE(p!,P,Gr, C) will not change how robots
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move symbolically, and we temporarily ignore the region capac-

ity specification C'. If the rebalanced plan exceeds C', we will
attempt to fix itusing U PD AT E'in Alg. 1, line 9. Suppose states

in modified pre/suffix P, are p7, ... pTHPI-1

REBALANCE(p!,P,Gg, C) as follows:

Variables: .

* Region Assignments: o! € [0, p|,t = [0, |P)| — 1]. This
is the same as C P_SOLV E, except that the region capac-
ities constraints are removed.

e Edge Assignments: gt =

, we formulate

€10,p],t =[0,|Px| — 2] and

for each i, j such that (n, rj) € E and pb §+1 > 0. phitt

1s the number of robots that travel through (7, ;) between
p' and p'T!. Since we are not changing the symbolic part
of the plan, edges that are not used by the swarm in Pr will
not be assigned with any robot in the rebalanced plan.
Constraints: R
e Patch Boundary: For P, ., given p* = (pt,. .. 7[)|tR\)’
weenforce oY = pl. Otherwise, givenp” = (p7,. .. AL

oY = pr. For P, (last suffix), we additionally enforce

‘P’“l ! Alp’”ef ial because the last state in the last suffix

should be identical to the last state in the prefix to form a
loop.
* Robot Flow: o! = Z(j Nel gt
This is the same as CP_S' OLVE
Finally, since we want to avoid robot assignments that exceed
regional capacities, we define the optimization goal for the CP
solver, shown in (12). As a note, since we rebalance first (by
fixing the symbolic plan) and then patch the plan, we may miss
possible swarm behavior modifications; in such cases, we will
resynthesize the full behavior.

Z Z max (O, QEIE’-H — min (éi, éj))

te[0,|P|-2] (rir;)eE

1,t t,t41

=2 (ig)ek Oilj

min
(12)

D. Creating Individual Robot Plans P, (SPLIT(P,GRg))

Given an updated overall plan P, we decompose it into
individual plans ]5,1 for each robot a, allowing them to execute
their tasks independently. Each individual plan P, shares the
same prefix length as the overall plan P, but its suffix may
differ in length from that of another robot’s plan P, or from
the suffix of P itself. This discrepancy arises because when Pis
split among the robots, a robot may end its individual plan in a
region different from the one where the shared prefix ends (the
first state of the cyclic suffix). To handle this, robots exchange
the suffix portions of their plans, ensuring that each robot starts
the next cycle of the suffix in the region where it finished the
previous one. This suffix exchange must be a permutation over
the robots, so that each robot’s suffix is reassigned to exactly
one robot, preserving the collective execution of the overall
plan P. If this exchange occurs periodically at the end of each
suffix section, then the total length of an individual plan P,
becomes |P| + I x (3.7_, |Px|) where I is a non-negative
integer denoting the number of exchange rounds.

In Alg 4 line 1, we first initiahze ]5 for each robot a with
the region it is in in the initial state $°. In lines 2-7, we create
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P, for each robot a by distributing the transitions in P. For each
transition between p and p'™! in P, and for each individual
robot plan, given p, = {m;}, if we have robot transferring from
region r; to ;, we append pitt = {m;} to the end of P,. In
lines 8-13, for each individual robot plan, we check if the suffix
ends in the same region as where the suffix starts. If not, we
determine which suffix each robot must append (addSuf fiz)
by looking for P, whose suffix starts in the same region as
the end region of Pa (lines 14-18). Once we obtain the suffix
ordering, we unroll addSuf fix to finish building the complete
P, lines 19-24.

In Example 1, for all the individual plans, the last region
in the plan is also the first in the cycle, so no suffix ex-
change is neccessary. To illustrate suffix exchange, we consider
the following nominal plan for the same region map, initial
condition, and swarm size as Example 1. The new nominal

plan is P = pO 'p?pipt - -+, where p° = (5,5,0,0,0), p' =
(0,0,9,0,1), p?> = (0,9,0,1,0), and p* = (5,5,0,0,0). Here
the preﬁx Ppre iz = p” has length 1, and the overall plan length

is |P| = 4. We split P into 10 individual plans.

In Alg. 4, lines 2-7 create the individual plans:
Py = mymwamamy, Py = Py = Py = P5 = mym3mama,
P6 = TQT5T272, P7 = Pg = Pg = PlO = TQT3727 . As can
be seen, P; starts and ends in 7, therefore, addSuf fixz[l] = 1
and there is no need to add an additional suffix to Robot 1’s
plan. Same goes for Robot 6. Robot 2’s plan is Po = m1m3mame;
this path does not return to its starting region 7. Meanwhile
Robot 7’s plan is P; = mymgmamy. Following lines 8-18, we
set addSuf fix][2] =7, adding to Robot 2’s plan Robot 7’s
suffix, and so on. The resulting suffix permutation table for
this example is addSuffiz =1{1,7,8,9,10,6,2,3,4,5}
and the final plans for the robots are P; = mimymymy,
Py =Py =P, = P5 = mmamamom3momy, FPs = momsmama,
P7 = PS = Pg = P10 — TQT3TM1T3TQTY.

VI. THEORETICAL ANALYSIS

Soundness and completeness of Patching: The patching
mechanism is sound as long as the patch covers all states and
transitions that violate the specification following the modifica-
tion. Given p*, ¢, p/ and unbounded M, Mo, if a patch exists,
we will find it since 3(¢) and (p/) include, for every symbolic
swarm state, all possible next symbolic states reachable to ¢ and
p/ . Similarly, if we allow patches to span multiple subsequences,
if a patch exists, we will find it. However, the patching approach
is not complete, even if we allow patches of any size, because
we restrict patches to be sequences and not cycles; if the entire
plan suffix needs to be replaced, there is no p/ and our approach
will fail.

Complexity of Patching: If we restrict each patch to two
consecutive segments, Py, Pk 1, the maximum number of patch
expansions from an initial patch in Py, is 1 (|Py| + [Pr1]). As-
suming the longest symbolic sequence to any swarm state is M,
the CP solver is called at most M times per patch. Each CP prob-
lem contains at most 2M transitions, requiring |R|(2M + 1)

region variables, 2| E|M edge variables, and 2|V;|M boolean
auxiliary variables per step. It gives a worst-case complexity of
O (p(IFIGM+)+2[EIM) 92 V[MY since constraint satisfaction is
NP-complete [19]. Thus, the overall worst-case complexity is
O L(IPi] + [Pesa) MplIRIGM D222 AN,
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Algorithm 4: SPLIT(P,GR).

Input : 752 Gr
Output: {P,}"_,

1 {P,}’_, « INITIALIZE(3")
2 for t = [0..]P| — 1] do
3 Pij ob ;H for each é; ; € E
4 | fora=][l.p] do
/* suppose Pa ends in m; */
5 find &; ; such that p; ; is not zero
6 pa < j)aﬂ-j
7 Pig < pij—1
8 addSuffix <—empty array of length p
9 checked « {}

10 for a = [1..p] do

u | i ph el = pllrer=1 7T then
12 checked « checked U {a}
13 addsuffix[a] < a
14 for a = [1..p] do
15 | for a/ =1. p] do
16 if p A‘P - ﬁlf””f””l*l and o’ ¢
checked and addSuffix[a] is empty then
17 checked « checked U {a'}
18 addSuffixla]  d
19 for a = [1..p] do
20 a < addSuffix|a
21 while « # a do
. piuff’bw _ A\’lsprefiﬂ N ~]5£’5|_1
~ Asuffm:
23 P +~ P,P,
24 o addSuffix[a]

25 return {P,}”_,

Soundness and completeness of SPLIT(P,Gr): Given a

region graph Gr and a swarm plan P forming a “lasso” with

|75\ 1 [Pprefial—1
il , splitting P into p individual plans using

Alg 4is sound and complete Lines 2-7 ensure each individual
plan has length |P| Since robots may occupy different regions
att = |Pprefiz| — Land t = |P| — 1, addSuf fiz maps robots
endinginr; at |75| — 1tothose starting inr; att = |75prefia;| -1

Pore iz —1
Qlj’\ ! Q‘P” #i=l 71 ensures this mapping to be a permutation

of size p, and concatenating suffixes by addSu f fix yields finite

P, since all cycles in a finite permutation are finite. Finally,

A\ﬂ*l _ "‘ﬁp'r'efiw |-

" because the last suffix appended in the loop

(lines 19-24) ends in the same reglon as p‘m '

Complexity of SPLIT(P,Gr): The time complexity of
SPLIT(P,Gg) (Alg. 4) is O(p? + p|P|). Lines 2-7 require
p X \75| iterations to divide 7 into individual plans P,.Lines 14—
18 take p? iterations to construct addSu f fiz. Finally, lines 19—
24 iterate over a permutation table of size p for p robots, the total
iteration time is also up to p? times.
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Fig.3. Time spenton patching or re-synthesizing following removal of an edge
in the region graph. The x-axis shows cases of increasing difficulty. Blue points
represent our patching method, orange points re-synthesis with precomputed
Yinter, and green points re-synthesis using [12]. At the top, red dots indicate
failures (algorithm terminated without a solution), and purple dots mark runs
exceeding 350 seconds. While re-synthesis is faster when successful, it has
higher failure and timeout rates in all cases.

VII. COMPARISON TO RE-SYNTHESIS

We compare our patching approach to full re-synthesis of the
swarm behavior [12].

Region capacity changes and redistribution: The approach
in [12] first finds a symbolic plan and then solves an integer
program to determine subswarn sizes; if the integer program
fails, there is no mechanism to encode additional constraints into
the symbolic synthesis. Therefore, [12] can only address region
capacity changes that do not require changes in the symbolic
plan, and cannot generally address redistribution. In contrast,
our approach solves for the subswarm sizes while taking into
account all possible symbolic plans, and can naturally address
such modifications.

Region graph changes: To evaluate how specification com-
plexity affects patching efficiency, we conduct an empirical
study of a 50 robots swarm (p = 50) using randomly generated
LTL specifications with varying map sizes | R|, number of safety
requirements /, and number of liveness guarantees n. We use grid
maps R = {r; ; |t € [1,H],j € [1,W]} of sizes 4 x 3, 4 x 4,
and 5 x 4, where robots move between adjacent cells. Safety
guarantees are either conjunctive ¥con; = —(74, j; A iy j,) OF
implicative wimpl = Ti1,51 = Tig,ja> with Tiy 51 and Tis o cho-
sen randomly. Each liveness formula includes three random
regions R} C R and ¢, = /\reR; r /\reR\R;; —r. We test five
cases: (1) |R| =12,lcon; =3,n=23; (2) |R|=12,lcon; =
27l7impl =1,n=23;(3) |R| = 12>limpl =3,n=23;(4) ‘R| =
16, limpr = 4,n =4; and (5) |R| = 20, ljmp = 4,n =5. We
omit specifications that are unrealizable.

Given the specifications and a valid nominal swarm plan, we
compare the proposed patching method with resynthesis [12]
and resynthesis using precomputed ;.. (Section V-A), for
graph modifications where we remove one edge in the graph.
For each case, we test 20 specifications and nominal plans, and
record the computation time for all three methods. Fig. 3 shows
the results: violin plots (blue—proposed patching, orange—
resynthesis with ¥;,,¢e., green—resynthesis from [12]) display
the time distribution of successful runs, while purple and red
dots indicate time-outs and failures, respectively.

Fig. 3 shows that while re-synthesis can be faster in successful
cases, it fails in cases where patching succeeds, and it times
out more often as the specification complexity increases (cases
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3-5). Even with precomputed );,,;,, failures remain because
some symbolic plans admit no valid robot assignments. The
results also show that for patching, patch expansion can be
time-consuming: in cases 1-4, a few outliers take 10-100x
longer due to repeated CP solver time-outs and patchs that
require expansion.

VIII. DEMONSTRATION

We demonstrate our approach in simulation, as seen in the
accompanying video. The swarm of 50 robots is moving in
an environment with 11 regions, and the nominal specification
includes two safety and four liveness requirements. All compu-
tation is done on a personal computer equipped with an Intel
Core 17 1370P processor.

The first modification includes capacities and connectivity
changes in the region graph. Patching took 53.2 seconds to

build a centralized plan P and 0.03 seconds to split the plan.
The second modification showcases redistribution, and took 72.9
seconds to build the centralized plan P and 0.03 seconds to split
the plan.

IX. CONCLUSION

We present a framework for autonomous online modification
of robot swarm behavior, addressing three distinct types of mod-
ifications: changes in region capacities, region graph connectiv-
ity, and robot assignments. We create a patching mechanism
to identify and rectify any swarm state within the plan that
violates the modified specifications. We resolve these violations
by generating new sequences of states using symbolic synthesis
and a Constraint Programming solver. To showcase the effective-
ness of our approach, we provide a demonstration that covers
all three types of modifications. This demonstration illustrates
the framework’s ability to adapt high-level swarm behaviors in
response to changes in specifications. The problem formulation
can potentially be extended to full LTL, although doing so would
require an efficient representation of symbolic strategies similar
to X(¢). Other future work includes enabling users to specify
minimal robot numbers, not only maximum capacities, solving
for multiple liveness guarantees inside a patch, and reacting to
environmental inputs or robot failures during execution.
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