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Abstract

A∗ must perform duplicate detection on generated nodes. Ea-
ger duplicate detection checks for duplicates immediately af-
ter node generation, while lazy duplicate detection defers the
duplicate check until a node is selected for expansion. We
compare the state expansion orders induced by these two poli-
cies under standard priority queue and tie-breaking strategies.
We show that, under FIFO tie-breaking, eager duplicate de-
tection without decrease-key expands the same sequence of
states as lazy duplicate detection, and the same holds with
decrease-key if updates refresh timestamps. In contrast, un-
der LIFO tie-breaking, the number of expanded nodes can
differ by an arbitrarily large amount in either direction. Ex-
periments in domain-independent planning benchmarks con-
firm that these differences occur in practice.

1 Introduction
A∗ is a standard heuristic search algorithm for comput-
ing shortest paths in graphs [8], with many applications
such as path finding, planning, and scheduling. In domain-
independent planning, A∗-based algorithms are among the
state-of-the-art for finding cost-optimal plans. At a high
level, A∗ is a straightforward algorithm which repeatedly se-
lects a node from a priority queue and generates its succes-
sors until a goal node is selected for expansion. However,
subtleties in the implementation can significantly affect its
search behavior (the order in which states are explored) and
runtime performance. For example, the tie-breaking policy
for selecting among nodes with the same evaluation value
can significantly affect the search behavior [2].

Another implementation choice which can significantly
affect the performance of A∗ is the duplicate detection pol-
icy. A∗ repeatedly selects and expands a node n from a pri-
ority queue Open with the best evaluation value f . When
A∗ generates a node n, it must determine whether n is a du-
plicate node. The duplicate detection can be done eagerly or
lazily. Eager duplicate detection (EAGER), checks whether
n is a duplicate as soon as it is generated, and if so, n is
discarded. Lazy duplicate detection (LAZY), inserts n into
Open without checking whether n is a duplicate, but later, if
n is popped from Open , it checks whether n is a duplicate,
and if so, n is discarded.

Previous work compared EAGER vs LAZY primarily in
terms of runtime overhead, duplicate-detection effort, and

resulting differences in expansion rate [5]. EAGER incurs
a duplicate detection check for each state generated. In the
case of LAZY, when a solution is found and search termi-
nates, there may be nodes in Open for which the checks have
been deferred, so LAZY tends to incur fewer duplicate detec-
tion checks. In some cases, many generated nodes remain in
Open at termination, so LAZY avoids duplicate checks for
a large fraction of generated nodes, resulting in faster run-
time on problems where duplicate detection accounts for a
significant fraction of the total runtime.

It is important to understand whether the choice of EA-
GER vs. LAZY is merely an implementation-level decision
whose impact is limited to runtimes and memory usage, or
whether the choice can also impact search efficiency (num-
ber of states expanded). More specifically, do EAGER and
LAZY expand nodes in the same order, and if not, how differ-
ent are their search behaviors? To our knowledge, possible
differences in node expansion order of EAGER and LAZY
have not been investigated in previous work.

This paper compares the search behavior of eager and
lazy duplicate detection both theoretically and experimen-
tally. We first define duplicate detection mechanisms in Sec-
tion 2. We then theoretically compare the search behaviors
of eager vs lazy duplicate detection in Section 3. The results
depend on the tie-breaking policy for prioritizing nodes with
the same f and h values, as well as how improved paths to
previously explored states are handled. We show that with a
FIFO tie-breaking policy, where improved Open entries are
assigned a fresh (or refreshed) timestamp, eager and lazy du-
plicate detection expands the exact same sequence of states.
On the other hand, we show that with a LIFO tie-breaking
policy, the number of nodes expanded using these duplicate
detection policies can differ by an arbitrarily large value.
Section 4 compares eager vs lazy duplicate detection exper-
imentally. In domains where some operators have a cost of
0, significant differences in the number of nodes expanded
by eager and lazy duplicate detection are observed, with lazy
duplicate detection tending to expand more nodes than eager
duplicate detection.

2 Duplicate Detection in A∗

Given a start state s0 and a goal test, A∗ seeks a minimum-
cost path from s0 to a goal state in a state-space graph.
A search node n represents a particular path to state s(n),



so multiple nodes may represent the same state. There is
a priority queue called Open , where nodes are prioritized
according to f(n) = g(n) + h(s(n)), where g(n) is the
cost of the path represented by n, and h(s(n)) estimates
the cost from s(n) to a closest goal. A∗ repeatedly selects a
node from Open , and expands it, generating its successors,
successors(n) by applying all applicable actions. For each
successor node n′ ∈ successors(n), the algorithm computes
its path cost g(n′) = g(n) + c(n, n′), where c(n, n′) is the
cost of the transition. If this new path to n′ is better than any
previously found (or if n′ has not yet been discovered), the
node is added to Open (or updated in Open) with priority
f(n′) = g(n′) + h(s(n′)).

To avoid redundant work, A∗ maintains a set of states
(called Closed ) that have already been expanded.

This process continues until either a goal node is selected
for expansion, at which point the algorithm returns the cor-
responding path as an optimal solution, or Open is empty,
in which case no solution exists.

2.1 Duplicate Detection
Duplicate detection determines how the algorithm handles
generated nodes whose states have already been seen.

In EAGER (Algorithm 1, A∗ with eager duplicate detec-
tion), duplicates are checked when successors are generated.
For generated states, the algorithm maintains a partial map
gbest : S ⇀ R≥0, where gbest(s) is the best path cost to
s among generated nodes. If a successor state has not been
generated before, then the successor is accepted and inserted
into or updated in Open . If the new path is not better (a
non-improving duplicate), the successor is discarded imme-
diately.

There are two approaches for handling new, improved
paths. In EAGER with a decrease-key operation, improving a
node already in Open can be handled by updating its g-value
and parent pointer and decreasing its priority to the new
value f(n). In this case, there is typically only one queue
entry per state in Open .

An alternative approach is reinsertion, where an improved
node is instead inserted into Open as a new queue entry. The
older entry remains in the priority queue but is stale.

In LAZY (Algorithm 2, A∗ with lazy duplicate detection),
duplicate checking is deferred until nodes are popped from
Open . Successor nodes are inserted into Open without first
checking whether their states have already been generated.
Duplicate entries are filtered later when they are selected for
expansion (see stale-check description below).

The state-cost information maintained by the two algo-
rithms has different meanings. In EAGER, gbest(s) stores the
best path cost to s among generated nodes, because dupli-
cate detection is performed during successor generation. In
LAZY, gacc : S ⇀ R≥0 instead stores the best path cost
to each state among entries that have already been popped
and accepted. Generated but not yet accepted entries do not
update gacc. Therefore, a popped LAZY entry for state s is
discarded if s has already been accepted with cost at most
g(n), i.e., if s ∈ dom(gacc) and g(n) ≥ gacc(s).

In EAGER implementations without decrease-key, im-
proved paths are handled by inserting a fresh entry into

Open , while older entries for the same state become stale.
Therefore, when an EAGER entry is popped, it is discarded
if its path cost is larger than the current generated best cost,
i.e., if g(n) > gbest(s(n)).

In LAZY, every generated node is inserted into Open as
a fresh entry. Since generated but unaccepted entries do not
update gacc, duplicates are detected only when entries are
popped. A popped LAZY entry is discarded if s(n) has al-
ready been accepted with cost at most g(n), i.e., if s(n) ∈
dom(gacc) and g(n) ≥ gacc(s(n)). Otherwise, the entry is
accepted, gacc(s(n)) is updated, and s(n) is expanded. If
s(n) had previously been closed with a larger cost, it is re-
opened under the common reopening policy.

In the rest of the paper, we use the term expansion to re-
fer to the entire process of removing a node from Open ,
accepting it as the current representation of its state s(n),
and generating all of its successors. Nodes that are popped
from Open but discarded by duplicate or stale checks are not
counted as expanded.

The choice of eager vs. lazy duplicate detection offers
several trade-offs. EAGER incurs a larger number of Closed
lookups, as EAGER will look up every generated node in
Closed , while LAZY will only perform Closed lookups for
nodes which are popped from Open and become candidates
for expansion, and some nodes which remain in Open when
A∗ terminates will never have been looked up in Closed .
Looking up a node in Closed typically requires a hash ta-
ble query. In applications such as domain-independent plan-
ning using relatively expensive heuristic evaluation func-
tions, this lookup is a relatively cheap operation. On the
other hand, in applications with very fast node generation
rates such as domain-specific solvers for the sliding-tile puz-
zle, this lookup can be a significant overhead [5].

LAZY may consume more memory than EAGER. This is
because more nodes corresponding to the same state can
be in Open with LAZY compared to EAGER (which would
eliminate such nodes immediately after generation).

Many textbooks present A∗ with duplicate detection cor-
responding to eager duplicate detection with decrease-key
[14, 6, 13, 12, 7]. To our knowledge, the first explicit de-
scription of an implementation which corresponds to lazy
duplicate detection is [5]. They showed that EAGER was sig-
nificantly faster than LAZY on the sliding tiles puzzle due to
the overhead of Closed hash table lookups. The terms ”ea-
ger” and ”lazy” duplicate detection were used to distinguish
between these two types of duplicate detection in [11]. For
an external memory search using an SSD, they argued that
lazy duplicate detection was preferable to eager duplicate
detection due to the very high cost of Closed lookups when
Closed was implemented on an SSD.

3 Theoretical Comparison
We compare the nodes expanded by EAGER (with and with-
out decrease-key) and LAZY. Specifically, we analyze the
following concrete policies: (1) EAGER with reinsertion (no
decrease-key), (2) EAGER with decrease-key and timestamp
refresh, (3) EAGER with decrease-key and no timestamp re-
fresh, and (4) LAZY with reinsertion of all generated entries.



Algorithm 1: A∗ with eager duplicate detection

Require: start state s0
1: Open ← empty priority queue
2: Closed ← ∅
3: gbest ← empty map
4: n0 ← new node with s(n0) = s0, g(n0) = 0,

parent(n0) = ⊥
5: gbest(s0)← 0
6: insert n0 into Open with priority f(n0) = g(n0)+h(s0)
7: while Open is not empty do
8: n← pop-min(Open)
9: if g(n) > gbest(s(n)) then

▷ old entry without decrease-key
10: continue
11: if s(n) is a goal state then
12: return path obtained by following parent
13: pointers from n

14: Closed ← Closed ∪ {s(n)}
▷ mark s(n) as expanded

15: for all n′ ∈ successors(n) do
16: s′ ← s(n′)
17: g′ ← g(n) + c(n, n′)
18: if s′ /∈ dom(gbest) or g′ < gbest(s

′) then
▷ eager duplicate detection

19: gbest(s
′)← g′

20: g(n′)← g′

21: parent(n′)← n
22: if s′ ∈ Closed then
23: Closed ← Closed \ {s′}

▷ reopen if a better path is found
24: if Open supports decrease-key then
25: if a node for s′ is already in Open then
26: decrease-key that node to
27: priority g′ + h(s′)
28: else
29: insert n′ into Open with
30: priority g′ + h(s′)

31: else
32: insert n′ into Open with
33: priority g′ + h(s′)

▷ old entries, if any, become stale
34: return failure

Algorithm 2: A∗ with lazy duplicate detection

Require: start state s0
1: Open ← empty priority queue
2: Closed ← ∅
3: gacc ← empty map
4: n0 ← new node with s(n0) = s0, g(n0) = 0,

parent(n0) = ⊥
5: insert n0 into Open with priority f(n0) = g(n0)+h(s0)
6: while Open is not empty do
7: n← pop-min(Open)
8: if s(n) ∈ dom(gacc) and g(n) ≥ gacc(s(n)) then
9: continue ▷ lazy duplicate/stale check

10: if s(n) ∈ Closed then
11: Closed ← Closed \ {s(n)}

▷ mark s(n) as reopened
12: gacc(s(n))← g(n) ▷ the popped entry is accepted
13: if s(n) is a goal state then
14: return path obtained by following parent
15: pointers from n

16: Closed ← Closed ∪ {s(n)}
▷ mark s(n) as expanded

17: for all n′ ∈ successors(n) do
18: s′ ← s(n′)
19: g′ ← g(n) + c(n, n′)
20: g(n′)← g′

21: parent(n′)← n
22: insert n′ into Open with priority g′ + h(s′)

▷ duplicates are allowed
23: return failure

Throughout this section, we assume: (1) deterministic
successor ordering, (2) nonnegative edge costs, (3) heuris-
tic values depend only on the state, and (4) if a better path to
a previously expanded state is found, that state is reopened,
and both EAGER and LAZY use the same reopening policy
(to handle inconsistent heuristics).

The results are summarized in Table 1. We discuss each
case in detail below.

3.1 Analysis Under FIFO Tie-Breaking
We first consider First-In-First-Out (FIFO) tie-breaking,
which orders nodes lexicographically by (f, h, t), where

tie-break EAGER update policy Result

FIFO
Reinsertion Same
Decrease-key with
timestamp refresh

Same

Decrease-key with-
out timestamp
refresh

possibly different

LIFO any Unbounded expansion-
count gap

Table 1: Summary of theoretical results: comparison of ex-
panded nodes



t(n) (also referred to below as the ”timestamp” of n) is an ef-
fective FIFO tie-breaking key representing the relative new-
ness (with respect to insertion order) of n among Open en-
tries with the same (f, h) key. In FIFO tie-breaking, smaller
t (earlier insertion) is preferred.

First, consider FIFO tie-breaking in implementations
where every improved Open entry receives a fresh effective
timestamp. This happens automatically if improved paths
are handled by reinsertion (inserting a new node), and also
holds for decrease-key implementations that refresh the en-
try’s timestamp when its key is decreased. This holds in
a common implementation strategy where Open is imple-
mented as a two-level bucket priority queue: In such an im-
plementation, t(n) is not explicitly recorded, and instead the
position in the bucket serves as the effective timestamp t(n)
(newly inserted elements in the bucket have newer t(n) than
elements inserted earlier). When node n is updated, it will
move from its previous bucket to a new bucket, and will be
inserted as the most recent element of that bucket (i.e., ef-
fectively the same as updating t(n)).
Definition 1 (Live Open representative). Consider a partic-
ular run of an A∗ algorithm A using lexicographic node or-
dering by (f(n), h(s(n)), t(n)). A node n for state s is live
if A’s pop-time stale and duplicate checks would not dis-
card it before expansion if n were to be popped from Open
at the current point in the run (equivalently, n is live if it is
a currently acceptable representative of s according to A’s
state-cost information and reopening policy)

In EAGER, n is live only if g(n) = gbest(s) and there
is no closed representative of s with cost at most g(n). In
LAZY, n is live only if s /∈ dom(gacc) or g(n) < gacc(s).
Entries that fail these conditions are stale or non-improving
duplicates and cannot be expanded before being discarded.
Definition 2 (Minimum live Open representative). For a
state s, the minimum Open representative of s in A, de-
noted mA(s), is the live Open entry n with s(n) = s that
is minimum according to the lexicographic Open ordering
by (f(n), h(s(n)), t(n)), if such an entry exists, and is un-
defined otherwise.
Definition 3 (Representative-order equivalence). Let A and
B be two runs of A∗ using lexicographic Open ordering by
(f, h, t). For each run, let mA and mB denote the corre-
sponding minimum live Open representatives. We say that
mA and mB are representative-order equivalent, written

mA ≡ord mB

if mA and mB have the same domain and, for all states
s, s1, s2 in this domain, g(mA(s)) = g(mB(s)) and(

mA(s1) ≺A mA(s2)
)
⇐⇒

(
mB(s1) ≺B mB(s2)

)
,

where ≺A and ≺B are the Open-list orders in the two runs.
Since h is state-based, equality of g-values for the same state
also implies equality of the corresponding (f, h) keys.
Theorem 1 (Equivalence under FIFO). Consider EAGER
and LAZY, two versions of A∗ given the same start state,
edge costs, heuristic h, successor function, and lexico-
graphic Open ordering by (f(n), h(s(n)), t(n)) (ties are

broken by smaller f , then smaller h, then smaller t), where
f(n) = g(n) + h(s(n)) and t(n) is an effective FIFO tie-
breaking key in each run. In EAGER implementations with
decrease-key, update operations may refresh this timestamp.

Assume: (1) A stale-check is applied when a node is
popped from Open , and stale nodes are discarded. (2) EA-
GER either handles improved Open entries by reinsertion,
or, if it uses decrease-key, assigns the updated entry the same
effective FIFO timestamp it would have received had the
improved node been inserted as a fresh Open entry at that
point.

Then EAGER and LAZY perform the same sequence of
expansions, including reopenings.

Proof. We prove by induction on the number of expan-
sions that after every expansion: (1) both EAGER and LAZY
have expanded the same states, in the same order, and (2)
meager ≡ord mlazy.

Initially, the above claim is true, since both algorithms
start with only the start node in Open .

Assume that the invariant holds after some number of ex-
pansions. Since meager ≡ord mlazy, the minimum live rep-
resentatives induce the same Open-minimum live state x.
EAGER chooses x as its next expansion. LAZY may first pop
entries that are not live, because it may contain deferred du-
plicates that EAGER discarded at generation time. Each such
entry fails LAZY’s pop-time duplicate/stale check and is not
expanded, so removing it does not change mlazy. Hence
LAZY’s next expansion is also x. Both algorithms generate
the same successors of x in the same order.

Consider one such generated successor node n, with state
s = s(n). We show that the invariant is preserved after pro-
cessing n. There are two cases.

Case 1: n becomes the new minimum live Open repre-
sentative of s. Then n represents a path to s that is strictly
better than any existing live representative of s, or else s
has no previous live representative and n is not stale. Thus
n becomes minimum live Open representative of s in both
algorithms. LAZY inserts the generated entry in Open . EA-
GER either inserts a new fresh Open entry for s or updates
the existing one. In the reinsertion case, the EAGER entry re-
ceives a fresh FIFO timestamp at the same point in succes-
sor processing as the corresponding LAZY insertion. In the
decrease-key case, Assumption (2) gives the updated EA-
GER entry the same FIFO timestamp it would have received
under the reinsertion case.

Therefore, in both algorithms, the resulting representa-
tives for s have the same state, same path cost, same heuristic
value, the same f -value, and the same FIFO position relative
to the other minimum live representatives. If this path im-
proves a previously expanded state, both algorithms apply
the same reopening policy. In LAZY, the improvement will
trigger reopening when the entry is popped, while in EA-
GER the state may be marked reopened immediately, but this
difference does not change the representative order. Thus,
meager ≡ord mlazy after processing n.

Case 2: n does not become the new minimum live Open
representative of s. Then either n is stale or non-improving
with respect to an already accepted representative of s, or it



is dominated by some existing live Open representative of
s.

If n is stale or a non-improving duplicate because s has
already been accepted or expanded with cost at most g(n),
then EAGER may discard it immediately, while LAZY may
insert it temporarily. In LAZY, such an entry would fail the
pop-time duplicate/stale check and therefore is not live, so it
does not affect mlazy(s).

Otherwise, n may be live in LAZY. Since n does not be-
come the new minimum live Open representative of s, let r
be the existing minimum live Open representative of s be-
fore processing n. Then r is no worse than n in the FIFO
(f, h, t) order. Because r and n represent the same state,
g(r) ≤ g(n). If g(r) < g(n), then, f(r) < f(n) (because r
and n have the same h-value), so n cannot be the minimum
representative. If g(r) = g(n), then r and n have the same
f and h values, but r has an earlier effective FIFO position.
Under FIFO tie-breaking, r is preferred to n, so n cannot
change the minimum live Open representative of s.

Thus, after processing n, the minimum live Open rep-
resentative maps meager and mlazy remain representative-
order equivalent. Since the algorithms process the same suc-
cessors in the same order, the invariant is preserved after x
is fully expanded. This completes the induction.

If decrease-key is not used, then whenever an improved
path is found, it is inserted into Open as a new node with
a fresh timestamp, so based on Theorem 1, it follows that
EAGER and LAZY expand the same sequence of states.

Corollary 1 (FIFO equivalence without decrease-key). Un-
der FIFO tie-breaking, EAGER without decrease-key and
LAZY expand the same sequence of states, including re-
openings.

Proof. When EAGER does not use decrease-key, whenever
an improved path is accepted, it is inserted into Open as
a fresh node, exactly as in LAZY. EAGER may discard
generated duplicates immediately, while LAZY may keep
them in Open until they are selected/popped. However,
such discarded or deferred duplicate entries cannot change
meager(s) or mlazy(s).

Thus, EAGER and LAZY satisfy the representative-order
condition of Theorem 1: each accepted improved path is in-
serted as a fresh Open entry, and deferred LAZY-only dupli-
cates cannot change the minimum live representative under
FIFO, so they expand the same sequence of states.

When decrease-key is used, EAGER with decrease-key
and LAZY will expand the same sequence of states if the
decrease-key operation is implemented such that the updated
node also has an updated timestamp t(n).

Corollary 2 (FIFO equivalence with timestamp-refresh-
ing decrease-key). Under FIFO tie-breaking, EAGER with
decrease-key and LAZY expand the same sequence of states,
including reopenings, provided that each decrease-key op-
eration assigns the updated Open entry the same effective
timestamp that a fresh insertion of the improved node would
receive.

Proof. Consider an improved path to a state s already in
Open . LAZY inserts the improved node as a fresh Open en-
try with a fresh timestamp. EAGER decreases the key of the
existing Open entry for s and places it in the same effective
FIFO position that the corresponding fresh insertion would
occupy among live representatives. Thus, after the update,
both algorithms have the same minimum live Open repre-
sentative mA(s).

For non-improved (duplicate) paths to a state s already in
Open , LAZY inserts a fresh Open entry with a fresh times-
tamp. EAGER discards it immediately. Such an entry cannot
change mA(s).

Thus, after every Open update, the conditions for Theo-
rem 1 are satisfied. Therefore, EAGER and LAZY expand the
same sequence of states.

FIFO non-equivalence when decrease-key does not re-
fresh timestamp Theorem 1 makes the assumption that
whenever a node for a state which is already represented in
Open is generated, it receives a fresh timestamp when in-
serted into Open .

This is a key constraint for ensuring that EAGER and
LAZY expand the same sequence of states. If we break this
assumption, the equivalence guarantee is lost. For example,
if EAGER with FIFO tie-breaking uses decrease-key, but the
decrease-key operation does not update t(n), then EAGER
and LAZY can expand different state sequences.

Consider the graph in Figure 1. Assume the blind heuris-
tic. After expanding the start state s, Open contains c (cost
4), a (cost 5), and b (cost 6). Assume these successors were
opened in the order b, a, c, so t(b) < t(a) < t(c). Next, we
expand c. This generates a better path to b with cost 5. In
LAZY, this creates a fresh node b′ (cost 5), newer than a, so
a will be expanded before b according to FIFO tie-breaking
policy, and the expansion order is s, c, a, b. However, EA-
GER with decrease-key will change the old node b to cost
5, without updating t(b). Thus, according to FIFO, EAGER
will expand b before a, and the expansion order is s, c, b, a.

s

a

c

b

6
5

4

1

Figure 1: FIFO decrease-key counterexample.

3.2 Analysis Under LIFO Tie-Breaking
Next, we consider Last-In-First-Out (LIFO) tie-breaking,
which orders nodes lexicographically by (f, h,−t), where
larger t (later insertion) is preferred. Under LIFO tie-
breaking, the equivalence results for the sequence of states
expanded by EAGER and LAZY do not hold. In fact, the
number of expanded states can differ by an arbitrarily large
amount. The reason is that a non-improving duplicate with
the same cost as the previous representative of a state will



be immediately discarded by EAGER before it enters Open ,
but LAZY would insert it as a fresh entry in Open , giv-
ing it the most recent timestamp (and hence highest prior-
ity among nodes with the same f and h values under LIFO
tie-breaking). This can lead to different expansions from the
same (f, h) plateau. The following theorem shows that the
difference in the number of state expansions is unbounded.

In standard A∗ with admissible heuristics, any live Open
node with f < C∗ must be selected before an optimal goal
with f = C∗. Therefore, differences in expansion between
the policies can only arise among nodes with f = C∗,
modulo stale/duplicate entries and reopenings. However, the
number of such states can be very large.

Theorem 2 (Unbounded expansion gap under LIFO
tie-breaking). For A∗ with LIFO tie-breaking, the difference
in the number of states expanded by EAGER and LAZY can
be arbitrarily large in either direction. For every integer N ,
there exists an instance on which EAGER expands at least
N more nodes than LAZY, and there exists an instance on
which LAZY expands at least N more nodes than EAGER.

Proof. We construct two families of instances, both based
on the following gadget construction. Let the optimal solu-
tion cost be C∗ = 1. Let the subgraph rooted at qe be a
zero-cost chain qe → q1 → q2 · · · → qN , where edges
have cost 0, none of qe, . . . qN is a goal, and h=0 for ev-
ery state in the chain. Then every state reachable from qe
has f = g + h = 1 = C∗, and therefore belongs to the
final plateau. If one duplicate-detection policy enters the
subgraph rooted at qe before reaching the goal, while the
other strategy reaches the goal without entering the subgraph
rooted at qe, the number of expansions by the two strategies
differ by at least N . N can be chosen to be arbitrarily large,
so the expansion gap is unbounded.

First, consider the instance in Figure 2. Suppose succes-
sors are generated in an order such that after expanding s
and p, t(y) > t(qe), so according to LIFO tie-breaking, both
EAGER and LAZY expand y before qe. When y is expanded,
it generates another path to x (s → p → y → x) with the
same cost as the existing Open entry for x, a non-improving
duplicate.

At this point, the behaviors of the two duplicate detection
policies diverge. LAZY inserts this newly generated copy of
x into Open . According to LIFO tie-breaking, this copy of x
is selected next. Since x has not yet been accepted, the lazy
duplicate check does not discard it, and expanding x imme-
diately generates and reaches the goal g without entering the
subgraph rooted at qe.

In contrast, EAGER detects that the newly generated copy
of x is a duplicate of the existing Open node for x and is
discarded. Thus, after expanding y, the node qe is selected
before the original copy of x. Since qe is the entry to an
arbitrarily large zero-cost subgraph whose states all satisfy
f = C∗, EAGER expands the entire subgraph containing at
least N nodes before returning to x and then reaching g.

Therefore, for the family of instances represented by Fig-
ure 2, EAGER expands at least N more nodes than LAZY.

Second, consider the instance in Figure 3. Suppose suc-
cessors are generated in an order such that after expanding

s

x p

qeg y

1 1

0 0
00

Figure 2: Under LIFO tie-breaking, EAGER can expand ar-
bitrarily more nodes than LAZY. h = 0 everywhere. qe is the
entry to an arbitrarily large subgraph with all 0-cost edges.
Successors of s are generated in the order x, p; successors of
p are generated in the order qe, y.
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Figure 3: Under LIFO tie-breaking, LAZY can expand arbi-
trarily more states than EAGER. h = 0 everywhere. qe is the
entry to an arbitrarily large subgraph with all 0-cost edges.
Successors of s are generated in the order x, g, p.

s, its successors x, g, and p are generated in that order so
that t(x) < t(g) < t(p). According to LIFO ordering, p is
expanded next. Suppose this is followed by y, which results
in another path to x (s → p → y → x) (cost 1, so an equal
cost, non-improving duplicate).

In EAGER, the newly generated copy of x is immediately
detected as a duplicate of the existing node for x in Open ,
so it is discarded. Then, Open contains the original x and
goal g. According to LIFO policy, g is selected for expansion
next, and EAGER terminates without entering the subgraph
rooted at qe.

In contrast, LAZY inserts the new copy of x into Open .
According to LIFO policy, it is selected next for expansion,
which leads to qe. Since qe is the entry to an arbitrarily large
zero-cost subgraph whose states all satisfy f = C∗, LAZY
expands the entire subgraph containing at least N nodes be-
fore returning to x and then reaching g.

Therefore, for the family of instances represented by Fig-
ure 3, LAZY expands at least N more nodes than EAGER.

In both constructions, the path that causes the search order
divergence is a non-improving duplicate with the same path
cost as an existing Open representative, so this argument
does not depend on whether decrease-key is used or not.
Since N can be arbitrarily large, the expansion gap between
EAGER and LAZY under LIFO tie-breaking is unbounded in
both directions.



4 Experimental Results
We experimentally compare EAGER and LAZY in domain-
independent cost-optimal planning using A∗, based on the
implementation in the widely used Fast Downward (FD)
planner [9]. The EAGER configuration is based on FD’s
astar search plugin. Since the standard FD astar con-
figuration uses FIFO tie-breaking, we extended the open-
list implementation to also support LIFO tie-breaking within
each (f, h) bucket. The LAZY configuration is implemented
as a new FD search plugin using the same (f, h) ordering
and the same FIFO/LIFO bucket policy.

Both configurations use the same evaluator structure:
nodes are ordered lexicographically by (f, h), where
f = g + h, and remaining ties are broken either
by FIFO or LIFO order. For EAGER, we use FD’s
TieBreakingOpenList. For LAZY, we implement an
equivalent bucketed open list whose keys are (f, h); each
bucket stores all generated entries with that key and removes
entries from the front for FIFO tie-breaking and from the
back for LIFO tie-breaking.

In the EAGER implementation, the search space stores
the current best g-value and parent for each generated state,
and non-improving duplicates are discarded during succes-
sor generation. In the LAZY implementation, each generated
path is stored as a separate open-list entry containing its own
g-value and parent information; the state-level search-space
record is updated only when an entry is popped and accepted
for expansion.

All tested configurations use Open without decrease-key
support and with reinsertion/stale-checks. This matches the
“no decrease-key” cases in Table 1.

For the heuristic function, we use the admissible and
consistent hmax [4], and the admissible but inconsistent
hLMcut [10].

All experiments were run on a machine with Ubuntu
22.04.2 LTS, equipped with an Intel Xeon E5-2670 v3
@2.30GHz processor. Each run was given a time limit of
5 minutes and a memory limit of 4 GiB.

4.1 Results on Standard IPC Benchmarks
The first set of experiments is with standard IPC domains.
We used the optimal strips benchmark suite from the
Fast Downward benchmark repository [1], consisting of
1847 planning tasks from 66 domains.

We compare four configurations for each heuristic:
EAGER with FIFO tie-breaking, EAGER with LIFO tie-
breaking, LAZY with FIFO tie-breaking, and LAZY with
LIFO tie-breaking.

Figure 5 shows pairwise comparisons between EAGER
and LAZY on the standard benchmark suite.

The expansion results are consistent with our theoretical
analysis. With FIFO tie-breaking, EAGER and LAZY expand
the same number of states on all solved tasks. With LIFO tie-
breaking, differences in the number of expanded nodes were
observed. With hmax , there were 5 tasks where the expan-
sion counts differed by more than a factor of 2: mprime(p26)
and openstacks-opt08(p12, p22, p07, p10). With hLMcut ,
there were 9 tasks where the expansion counts differed

(a) hmax (b) hLMcut

Figure 4: Comparison of state expansions on zero-cost
benchmarks with LIFO tie-breaking. Points above the diag-
onal indicate instances where LAZY expands more states.

by more than a factor of 2: mprime(p08, p12, p16, p26),
mystery(p19), openstacks-opt08(p12, p22), and openstacks-
opt11(p07, p10). The differences do not show a systematic
advantage for either duplicate-detection policy.

We also compared the number of duplicate detection
checks, i.e., the number of times the implementation queries
the relevant data structure to decide whether a generated suc-
cessor or popped Open entry is a duplicate. The duplicate
detection column in Figure 5 shows that LAZY incurs sig-
nificantly fewer checks than EAGER. This is because LAZY
checks nodes only when they are popped from Open; nodes
left in Open at termination are never checked. The reduc-
tion is larger with hLMcut , likely because its stronger guid-
ance and inconsistency leave more generated or stale entries
unexpanded in Open .

The search time column in Figure 5 shows that fewer
duplicate-detection calls do not necessarily yield faster
search: with the cheaper hmaxheuristic, the extra Open op-
erations of LAZY often make it slower than EAGER, whereas
with the more expensive hLMcut , the two variants have sim-
ilar runtimes.

Finally, Figure 5 shows that LAZY generally uses more
memory. This is because more duplicate and stale entries
remain in Open until they are popped, and these entries must
retain state identifiers and parent information.

4.2 Results on Zero-Cost Benchmarks with LIFO
Tie-Breaking

The results with standard IPC benchmark tasks showed that
significant differences in node expansions were relatively
rare. However, significant differences in expanded nodes oc-
curred in openstacks, a domain where some operators have
cost 0, and a large final plateau region with f = C∗. This
is because EAGER and LAZY must expand the same number
of nodes with f < C∗. Any differences in the number of ex-
panded nodes can only arise in the final plateau where nodes
have f = C∗, and domains such as openstacks which have
zero-cost operators can have very large final plateaus.

To further investigate the search behavior of EAGER vs.
LAZY on problems with large final plateau regions, we com-
pared the algorithms on the set of ”Zero-cost benchmarks”



Heuristic Cov. E Cov. L Both L>E L<E GM L/E

hmax 245 232 230 127 51 1.252
hLMcut 280 269 266 139 44 1.249

Table 2: Zero-cost benchmark results with LIFO tie-
breaking. Cov. E and Cov. L denote the coverage of EA-
GER and LAZY over all 620 tasks. ”Both” is the number of
tasks solved by both. L>E and L<E are the number of tasks
solved by both where LAZY expands more or fewer states
than EAGER, and vice versa (the remaining tasks had identi-
cal expansion counts). GM L/E is the geometric mean of the
LAZY-to-EAGER expansion ratio over tasks solved by both.

by [3]. These are based on IPC tasks, except that some op-
erators have been modified to have cost 0, to model tasks
where the actual cost of some actions are much larger than
others. For example, in the original IPC driverlog domain,
all operators have cost 1, but in the zero-cost benchmark
suite version, load-package is modified to have cost 0, while
the other operators have the original cost of 1. We used the
full set of 620 zero-cost tasks from 28 domains.

Figure 4 shows that on these instances, LAZY tends to ex-
pand more states than EAGER under LIFO tie-breaking, for
both hmax and hLMcut . As summarized in Table 2, coverage
is slightly lower for LAZY than for EAGER for both heuris-
tics. Among tasks solved by both, LAZY expands more
states than EAGER on substantially more instances than the
reverse. The geometric mean expansion ratio is about 1.25
for both heuristics, indicating a consistent multiplicative in-
crease in expansions for LAZY on the zero-cost benchmarks.

A possible explanation is that lazy duplicate insertion
changes the meaning of LIFO tie-breaking inside large
plateaus. Asai and Fukunaga [3] observed that zero-cost ac-
tions create large plateaus in which many nodes have iden-
tical f - and h-values, so the search behavior is largely de-
termined by the tie-breaking rule. They also note that LIFO
tends to behave like a depth-first traversal of the plateau, be-
cause it repeatedly selects the most recently generated node.

Under EAGER, this depth-first-like behavior is applied to
newly accepted state representatives: equal-cost duplicates
are removed before insertion into Open , and therefore do
not affect the LIFO order. Under LAZY, however, equal-cost
duplicates are inserted into Open and receive the most recent
LIFO priority. Thus, LIFO is applied to generated path en-
tries rather than to unique states. These duplicate entries can
interrupt the depth-first-like plateau traversal and redirect
the search toward regions that EAGER would not prioritize.
Since zero-cost benchmarks contain large final plateaus, this
effect is amplified, providing a plausible explanation for the
observed increase in expansions for LAZY.

5 Conclusion
We compared EAGER and LAZY duplicate detection for A∗,
and showed that, under FIFO tie-breaking, EAGER without
decrease-key and LAZY expand the same sequence of states.
The same equivalence holds for EAGER with decrease-key
if decrease-key refreshes the effective timestamp. However,

under LIFO tie-breaking, the number of nodes expanded
may differ by an arbitrarily large amount in either direction.
Experimentally, we showed that the divergence of search be-
havior with LIFO tie-breaking occurs in practice, especially
on problems where a significant amount of search among
nodes with f -values equal to the optimal solution cost is re-
quired. These results show that duplicate-detection policy is
not merely an implementation choice which affects runtime,
and can significantly change the search behavior of A∗.

While we focused on A∗, the theoretical results can be
generalized to other best-first search such as greedy best-first
search (GBFS), and the experimental gap between EAGER
and LAZY we observed for A∗ may also be found in other
algorithms such as GBFS. This is a direction for future work.
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(a) hmaxheuristic with FIFO tie-breaking

(b) hmaxheuristic with LIFO tie-breaking

(c) hLMcutheuristic with FIFO tie-breaking

(d) hLMcutheuristic with LIFO tie-breaking

Figure 5: Comparison of EAGER and LAZY on standard IPC benchmarks for hmax and hLMcutheuristics, under FIFO and LIFO
tie-breaking strategies. Columns show expansions, search time, duplicate detection checks, and peak RAM usage.


