
correspond to all possible locations of agent ai at timestep
t when agent ai follows a path of cost li that satisfies
N.constraints . The source and goal nodes are single nodes,
indicating that agent ai occupies the vertex si and gi at
timestep 0 and li, respectively. Building MDD i for an
agent ai is simple. We run a breadth-first search from the
source si to explore the nodes that satisfy the constraints
N.constraints within cost li. Once the search is finished,
MDD i only records the partial DAG that reaches goal gi.
This auxiliary data structure has been widely used to im-
prove the CBS search, e.g., prioritising conflicts (Boyarski
et al. 2015b) and symmetry reasoning (Li et al. 2021).
Example 1. Figure 1b shows MDDs of three agents, where
we assume the constraints N.constraints = ∅. MDD1,
MDD2 and MDD3 correspond to the cost-minimal paths
for each agent, with costs of 4, 6 and 4, respectively.

Mutex1 propagation is a popular technique used in AI
planning, such as planning graph (Blum and Furst 1997),
state-space planner (Nguyen and Kambhampati 2000), and
improving SAT-based planner (Kautz and Selman 1996).
Recently, Zhang et al. (2022); Surynek et al. (2020) extended
mutex propagation to identify and resolve pairwise sym-
metries for MAPF problems. Like many constraint prop-
agation techniques, mutex propagation finds incompatible
nodes between the MDDs of two agents. Given MDDs for
two agents, mutex propagation finds two types of mutexes:
• Initial mutexes: a pair of MDD nodes/edges is an initial
mutex iff these two MDD nodes/edges correspond to a
vertex/edge conflict at the same level t.

• Propagated mutexes: a pair of MDD nodes (resp. edges)
is a propagated mutex iff they are at the same level t and
all pairs of their parent MDD edges (resp. nodes) are ei-
ther initial mutex or propagated mutex.
A pair of MDD nodes is mutex if either initial or prop-

agated mutex. In general, the initial mutexes are detected
first and then propagated through MDD to find the propa-
gated mutexes. Many existing algorithms (Mackworth 1977;
Zhang et al. 2022) can detect mutexes between MDDs. We
omit the details of such algorithms.
Property 1. Iff two nodes from different MDDs at the same
level are mutex, there exists no pair of conflict-free paths that
traverse through the two nodes and reach their goal loca-
tions on their individual minimum cost (Zhang et al. 2022).
Example 2. Figure 1b shows an example of mutex propaga-
tion ofMDD2 withMDD1 andMDD3.

Our Approach
While the best heuristic for CBS is quite sophisticated, it
only ever reasons about the interactions of pairs of agents. In
this work, we detect and make use of interactions between
three or more agents to improve heuristics and find bypasses.
Definition 1 (Conflict Cluster). Given a CT node N , a con-
flict cluster C is a set of agents such that, considering ev-
ery agent a ∈ C with a set of cost-minimal paths that sat-

1Mutex is a short term for mutual exclusion.
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Figure 1: (a) A MAPF instance with three agents. (b) Exam-
ples of MDDs for three agents and the results of mutex prop-
agation between agent a2 with agent a1 and a3. The initial
and propagated mutexes are shown in dashed blue arcs and
solid red arcs, respectively. The incompatible nodes between
a2 and a1 (resp. a3) are coloured in blue (resp. orange). All
paths of a2 have incompatible nodes and thus must collide
with either a1 or a3.

isfy N.constraints , there exist no conflict-free assignments
of paths for these agents.

Example 3. Figure 1 shows a conflict cluster containing
three agents, where the current paths (shown in solid lines)
of a2 and a3 collide atC3. Although switching a2 to another
cost-minimal path (e.g., the path shown in the dashed line)
avoids the conflict with a3, it conflicts with another agent a1.
In fact, there exists at least one conflict between two or more
agents no matter what cost-minimal paths the agents choose.
Thus, the optimal solution requires at least one agent to wait
for at least 1 timestep.

The critically important feature of conflict clusters is that,
if a CT node N has a conflict cluster C, then the SIC of
any collision-free paths that satisfies N.constraints is guar-
anteed to be larger than the cost of N because some pair
of agents in C must conflict, i.e., the cost must increase by
at least 1. However, the WDG heuristic fails to capture this
case, since conflict-free paths exist for any pair of agents
while ignoring the other agents.

Computing Heuristics and Bypasses
Our approach iteratively detects the conflict clusters for a
CT node N . Whenever our algorithm finds a conflict clus-
ter, we increment the heuristic value by one and exclude the
agents in this cluster to ensure the clusters detected are in-
dependent of each other. As a byproduct, our approach may
also explore a bypass, a cost-equivalent path that satisfies the
constraints N.constraints and reduces the total number of
conflicts N.conflicts . Here, we explain the high-level idea
of computing an admissible heuristic by integrating the best
pairwise heuristic WDG and the heuristic value of conflict
clusters found, as well as adapting the bypasses based on
the CBS framework. The details of detecting conflict clus-
ters and bypasses will be explained later.
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