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Atomic, molecular and optical (AMO) approaches to quantum computing are promising due to their
increased connectivity, long coherence times and apparent scalability. However, they have a significantly
reduced cadence of syndrome extraction compared to superconducting devices, a potentially crippling
slow-down given the substantial logical gate counts required for quantum advantage. Transversal logic,
which exploits higher connectivity, has the potential to significantly speed up the logical clock rate by
reducing the number of syndrome extraction rounds required, but current decoders for fast transversal
logic are not scalable. This is not just because existing decoders are too slow to handle the large decoding
volumes resulting from fast logic; transversal logic breaks the key structural properties that make real-time
decoding of lattice surgery efficient. We introduce two windowed decoding protocols for transversal logic
in the surface code that restore modularity and locality to the decoding problem. Using our protocols, we
show that, with a very small space overhead, our scalable decoders unlock an order of magnitude speedup
for transversal logic compared to lattice surgery. Taken together, our results provide key evidence for the
viability of large-scale algorithms on AMO qubits.
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I. INTRODUCTION

Atomic, molecular and optical (AMO) approaches to
quantum computing, notably neutral atom and trapped
ion devices, have seen impressive experimental progress,
culminating in demonstrations of foundational primitives
of logic across numerous logical qubits [1–4]. However,
despite many favorable characteristics, slower physical
gates in AMO systems lead to quantum error correction
(QEC) cycle times in the order of ms [5,6], compared
to µs in their superconducting counterparts [7–11]. With-
out significant progress in accelerating AMO systems, the
tractability, and therefore viability, of large-scale fault-
tolerant algorithms on such hardware is at risk. While
improvements are to be expected in physical gate times,
they need to be complemented by QEC strategies that deci-
sively improve the logical clock speed of the quantum
computer.

Faster QEC strategies may be possible as AMO systems
offer qubit shuttling and connectivity that is daunting to
replicate in superconducting systems. Transversal gates,
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which exploit increased connectivity to operate directly on
data qubits to implement a fault-tolerant logical gate, are
a promising way to accelerate these platforms. For exam-
ple, Cain et al. [12] show that consecutive Clifford gates
can be executed with O(1) rounds of syndrome extraction
between each gate by configuring a hypergraph decoder
[13] with visibility across all logical qubits in the system.
In an analogous lattice surgery context, these same circuits
would be substantially more costly, because each gate layer
would require O(d) rounds of syndrome extraction [14].

However, decoding fast transversal logic is a funda-
mentally different problem to lattice surgery where the
decoding problem is well understood [15]. The scaling
of the decoding volume under fast transversal logic risks
overwhelming the decoder and effectively halting logical
computation [16], ruling out previously proposed global
hypergraph decoding techniques. In part, this problem
results from the inapplicability of standard windowing
schemes to the spatial dimension of fast logic, pointing to
a need for new windowing protocols tailored to the unique
setting of fast transversal logic. Additionally, improving
decoding throughput is not the only area where progress is
needed: the modular structural properties of lattice surgery
that respond more favorably to real-time decoding at scale
need to be recovered with innovations at the decoding
level in the very different context of fast transversal logic.
Finally, every time a new decoding scheme is proposed, its
impact on the time complexity of transversal logic needs
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to be assessed. Where previous work has focused on Clif-
ford logic, this analysis must extend into the non-Clifford
setting, and it remains the case that sustaining and scaling
error correction in this context is challenging.

In this work, we address these decoding challenges in
the following ways. We introduce the ghost protocol—a
decoding protocol that guarantees small, modular decod-
ing volumes in the context of fast transversal logic in
the surface code by reformulating the spatial windowing
problem as a sparse message passing algorithm. Equipped
with a scalable decoder, we study its performance in
the context of both deep Clifford and non-Clifford logic,
focusing on the structural properties of the T gate real-
ized via teleportation. We argue that in the context of
fast, windowed transversal Cliffords, the time overhead
of state teleportation is fundamentally a problem of win-
dow buffer size. From here we illuminate the surprising
inherent resilience of state teleportation to small, constant
size buffer regions when constituted via transversal entan-
gling gates. We characterize how this resilience interacts
with the necessity of spatial windowing and extend it with
a further decoding protocol we call patience to improve
accuracy close to what is observed with global decoding.
In conclusion, our proposal makes correlated decoding a
practical possibility for large-scale applications; see the
discussion section for details. This delivers at least an order
of magnitude speedup in the logical clock rate of Clif-
ford+T under standard lattice surgery assumptions [17] and
can be achieved with a far smaller space overhead than
would be encountered with time-optimal lattice surgery
[18].

As we were finalizing our paper, related work was
published by the Delft [19] group and a collaboration
between Harvard, Quera and Yale [20]. We discuss how
they compare in the conclusion and outlook section.

II. DECODING VOLUMES UNDER FAST LOGIC

Transversal gates are not universal [21] but nevertheless
emerge as useful constructs for executing logic due to their
inherent fault tolerance and low depth. A gate is transver-
sal if, after a partitioning of all physical qubits into disjoint
parts, the physical gates used to implement the transver-
sal gate have a tensor product structure with respect to
these parts [22]. The transversal logical Clifford gate set
was recently completed in the rotated surface code with
the observation that a fold-transversal S gate [23,24] could
be implemented on the half-cycle state while the code’s
instantaneous stabilizers resemble those of the unrotated
surface code [25]. The transversal H can be implemented
by applying physical Hadamards on all data qubits fol-
lowed by a 90◦ code block rotation, escaping the need for
a more involved circuit [26] when qubits cannot be freely
shuttled. Finally, two-qubit entanglement can be achieved
via physical two-qubit gates between data qubits in each

respective part of two code blocks. The transversal CNOT
has been demonstrated by performing a parallel move to
interlace the data qubits of two logical qubits and execut-
ing physical CNOTs between each pair of data qubits that
span code blocks [1].

In order to perform error correction, we require a
decoder. Decoders are classical algorithms that use mea-
surement data derived from syndrome extraction circuitry
to identify errors that occurred during a quantum com-
putation. Syndrome extraction involves partitioning qubits
into data and ancillarly resources that are repeatedly entan-
gled, enabling the measuring of Pauli operators called
stabilizers. Transversal gates interleave with this circuitry.
Syndrome extraction enables error detection: in the sim-
plest case the deviation of a stabilizer measurement from
its previous value can be indicative of an error. Decoders
typically consume measurement data in the form of syn-
dromes—sets of detector [27] values. Detectors are pari-
ties of measurements that are deterministic under noiseless
execution and get flipped from their expected values by
errors. Detectors with odd parity are commonly referred to
as defects. The number of detectors flipped by each error
is referred to as the order of the error mechanism.

To predict which errors occurred, the decoder lever-
ages syndrome data and a detector error model (DEM):
a representation of the defect patterns associated with each
separate error and their effects on the logical state [27].
These representations often begin as hypergraphs where
certain single errors flip more than two detectors, though
some codes and circuitry may allow for decomposition
of these hypergraphs into a graphlike representation over
which the minimum weight perfect matching problem can
be solved exactly in polynomial time [28]. The Union-
Find decoder [29] approximates the matching algorithm
and has seen hardware implementations with throughputs
that scale sublinearly in the code distance [30,31].

In practice, it is often sufficient for the decoder to deter-
mine the effect of the errors on the logical observables of
interest, rather than the errors themselves. In doing so, it
is useful to define the logical sheet, the set of errors in
the decoding graph which cause the value of the logical
observable to flip.

The decoding volume is defined as the number of detec-
tors party to a given decoding problem. When operating
at scale and in real-time, the decoding problem must be
divisible into smaller parts using a windowing protocol,
so it can be solved efficiently in response to a continuous
stream of measurement data [32]. Crucially, the decoder
reconfiguration overhead implicit in this operation must
be manageable within reasonable time frames appropriate
to the qubit modality. The impact of transversal entan-
gling gates on the decoding volume is a by-product of
measurement errors that immediately precede the round
in which a transversal CNOT is performed. These errors
flip three detectors and the resultant hyperedges fuse the
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(a) (b)

FIG. 1. Construction of detectors for transversal entangling gates. (a) Here we show Z stabilizer plaquettes from two separate
logical qubits being measured at three time steps with a transversal CNOT immediately after time step t. Combinations of stabilizer
measurements (labeled in black) that form detectors are circled in red. The transversal CNOT copies errors between logical qubits—X
(Z) errors from control (target) to target (control)—broadening the sensitivity of certain stabilizer measurements to errors from across
the system. To maintain the determinism of detector definitions and spacetime locality in error detection, the detector defined at time
t + 1 on Z2 is computed to be the parity of three measurements: Z2

t+1Z1
t Z2

t [27]. This accounts for the possibility of X errors on
q1

L propagating through the transversal CNOT and flipping Z2
t+1. (b) A measurement error affecting the stabilizer measurement at Z1

t
will therefore flip three detectors (labeled in red), d0 = Z1

t Z1
t−1, d1 = Z1

t+1Z1
t , d2 = Z2

t+1Z1
t Z2

t , yielding the hyperedge h = {d0, d1, d2}
circled in green. Note, h is not trivially decomposable into a graphlike representation [12]. Decomposing h into two ghost edges (ge
and gs visible as dashed green lines), edges that are fragments of higher-order hyperedges and unsupported by lower-order terms in the
detector error model, is an effective way to break down error mechanisms of this type into a more favorable form once combined with
the new correlated decoding techniques described in this paper.

components of the DEM associated with independent log-
ical qubits into interdependent decoding problems (Fig. 1).
While transversal gates preserve the locality of errors
within surface code patches—and therefore fault toler-
ance—they also delocalize syndrome information across
space, increasing the spatial decoding volume that needs
to be decoded simultaneously.

Strong numerical evidence has emerged that deep Clif-
ford logic can be sustained with a very small, constant
number of syndrome extraction rounds between logical
gates [12]. This result has assumed correlated hypergraph
decoding with full visibility across all logical qubits, an
approach that neglects the necessity of windowing. The
impact of fast transversal entangling gates on the decoding
volume is substantial and leads Sahay et al. to reject the
viability of O(1) rounds of syndrome extraction between
transversal gates in cases that involve deep and wide log-
ical computation [16]. Since windowed decoders require
O(d) rounds of syndrome information to decode errors
of weight �d/2�, they observe that transversal entan-
gling gates separated by O(1) � d rounds of syndrome
extraction yields a decoding volume scaling as 2O(d).
This upper bound is derived from a worst-case “binary-
tree” circuit that spreads an error across logical qubits
exponentially in the logical circuit’s depth. They argue
that this exponential decoding volume could overwhelm

the decoder, risking the backlog problem [33] where the
computation grinds to a halt. We note that large, albeit
not exponential, spatial volumes can also be accumulated
in lattice surgery via multiqubit measurements between
spatially estranged patches. However, unlike in lattice
surgery, fast transversal logic provides no guarantee of
locality in interactions between qubits and undermines
the notion of a contained buffer region, meaning that
existing windowing schemes [15,32,34,35] used to break
down decoding problems in space do not apply [Figs. 2(a)
and 2(b)].

To solve this, Sahay et al. advocate enforcing d rounds
of syndrome extraction between transversal entangling
gates so that each logical operation can be decoded in inde-
pendent windows of duration O(d)—a time cost that slow
AMO platforms are unlikely to be able to afford in the
large-scale fault-tolerant regime. Alternatively, one could
stick to the global correlated decoding strategies of Cain et
al. and argue that binary-tree circuits do not characterize
the kind of logical subroutines that might be employed in a
realistic quantum algorithm. Indeed, gadgets such as Tof-
foli ladders, prominent in quantum arithmetic [36], do not
grow the decoding volume exponentially in the duration
of the window; instead, the decoding volume would grow
linearly across qubits in the temporal depth of the window
given O(1) transversal logic.
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FIG. 2. Decoding volumes and the spatial windowing prob-
lem. Windowing schemes typically work by complementing
a commit region with a locally adjacent buffer region [32].
The assumption is, therefore, that there is a coherent notion
of spatially local syndrome information that enables success-
ful partial decoding. Since lattice surgery conforms to two-
dimensional nearest neighbor connectivity, this assumption holds
and commit-buffer windowing techniques apply naturally [15].
(a) Consequently, we can slide a decoding window (solid and
dashed blue boxes represent the commit and buffer regions,
respectively) across a merge patch of arbitrary size, thereby
dividing the merge patch into smaller subproblems. Conversely,
fast transversal logic denies us locality in the detector error
model. (b) and (c) Here we represent N logical qubits with time
progressing vertically; each nested rectangle represents a round
of syndrome extraction and two logical qubits sharing a rectangle
of the same color denotes that they have undergone a transver-
sal entangling gate during this round (for example, in red we
see a transversal CNOT between q3

L and qN
L in the penultimate

round of the window). O(1) logic is in tension with the fact
decoders need O(d) rounds of syndrome information to infer
error patterns reliably, because it leads commit-buffer decod-
ing to fail: as shown in (b), the solution to q1

L either directly
or indirectly depends on all other qubits in the system and a
buffer region around q2

L (dashed) provides insufficient additional
information to reliably commit to a solution on q1

L. (c) We pro-
pose that logical qubits can be decoded independently if spatial
windowing is rephrased as a sparse message passing problem
(see Sec. III).

While such a decoding problem where decoding vol-
umes do not scale exponentially might be solvable with
the kHz throughput necessary for AMO (from a QEC
cycle duration of around 1 ms), it is less obvious that this
would work in a streaming context since DEMs would
have limited commonality between windows, requiring
the decoding problem to be reformulated and the decoder
to be completely reconfigured between windows. These
are additional costs independent of the decoder’s through-
put and could be substantial. The reason for this is that
fast transversal logic forgoes the modular structure [15]
that characterizes decoding problems based on lattice
surgery—and it is this modular structure that minimizes
the reconfiguration overhead that lattice surgery computa-
tion necessitates. It follows that we need to rethink how,
in the context of fast transversal logic, we maintain a con-
stant and manageable decoding volume while minimizing
reconfiguration between windows. This means minimiz-
ing the extent to which the decoding problem changes in
relation to the underlying logical circuit being decoded.
With this in place, we will be better equipped to present
an analysis of the time complexities of transversal gates.

III. ITERATIVE GHOST-EDGE DECODING

Our forthcoming analysis of Clifford and non-Clifford
logic is founded on the observation that the decoding
volume under fast transversal logic can be managed via
decomposition of hyperedges that span logical qubits. For-
mally, these hyperedges are undecomposable since they
are unsupported by existing lower-order errors in the DEM
[12] (i.e., errors that flip fewer detectors than the origi-
nal hyperedge and can be summed together modulo two
to form the original hyperedge). Nevertheless, decomposi-
tion becomes possible if we allow ourselves to introduce
new lower order ghost edges [dashed edges in Fig. 1(b)]
and leverage them as correlated fragments of higher order
effects.

The goal of our decomposition is to enable indepen-
dent decoding of logical qubits. To achieve this, the ghost
edges we introduce must only flip detectors associated
with one logical qubit. The hyperedges that emerge from
transversal entangling gates have order three and span log-
ical qubits so we decompose them into (i) a time/hooklike
ghost edge in one patch (edges joining pairs of detectors
that are defined sequentially in time on two stabilizer mea-
surements) and (ii) a ghost singleton in the other patch
(an edge to the boundary that flips just one detector).
These are represented by the dashed green edges labeled
ge and gs, respectively, in Fig. 1(b). In related work, the
order-three hyperedges that emerge under the transversal
S gate are decomposed in a similar way [25], though the
hyperedges are intrapatch error mechanisms that span sta-
bilizer types, not, as in our case, interpatch errors that affect
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the decoding volume. Our approach maintains a spatial
separation between logical qubits at the level of the decom-
position of the hypergraph, not through detector definitions
that break the temporal locality of defect information with
respect to each independent error mechanism (see Ref. [37]
for a decoder that assumes detector definitions that do not
span logical qubits, leading to errors that flip detectors
arbitrarily long after they occur).

The ghost protocol is an iterative decoding procedure
where each logical qubit is decoded to correction edges
(including ghost edges) independently several times, each
time exchanging messages with decoders that are responsi-
ble for other logical qubits in the system. These messages
handle correlations between the ghost edges ge and gs (and,
by extension, logical qubits) by invoking syndrome refine-
ment operations where specific detectors are flipped in
response to decoding to ghost edges ge. Concretely, since
we know ahead of time that ge is necessarily correlated
with gs, any decoders that decode to ge will:

(1) Refine their syndrome such that the detectors at
either end of ge are flipped

(2) Message the decoder responsible for gs with the
instruction to flip the single detector represented by
this ghost edge.

We track the effect of the changing syndrome on the logi-
cal observables that the decoder is trying to protect. Taken
together, these syndrome refinement operations have the
effect of committing to order-three hyperedges and elimi-
nating them from the decoding problem before subsequent
iterations in the protocol are performed (see Fig. 4 for a
worked example). Initial decoding passes therefore func-
tion like a predecoder that purges order-three hyperedges
from the system and the derivation of a final logical
effect is postponed until the predecoding routine has com-
pleted. The correlations between ghost edges are highly
structured, predictable and learnable ahead of runtime.

The inner decoder used in our protocol is two pass corre-
lated matching [38], an implementation based on Ref. [39].
That is, we employ two levels of message passing, each of
which addresses thematically distinct contributions to the
error hypergraph—two passes for Y errors that correlate
X and Z errors, ghost decoding for interpatch hyperedges
that correlate instances of ge and gs. These two forms of
correlated decoding are closely related: in both cases cor-
relations between correction edges are used to emulate
hypergraph decoding but use simpler graph-based prim-
itives. However, correlated decoding for Y errors does
not require ghost edges since Y errors in the surface
code are trivially decomposable into lower-order X and
Z terms. Further, Y errors are handled with two decod-
ing passes, whereas the ghost protocol often needs more
iterations (Appendix B): refining the syndrome can unlock
the discovery of new ghost edges indicative of further

Predicted error

Actual error
Defect
Artificial defect (on)

Artificial defect (off)
Logical sheet

FIG. 3. A failure mode that necessitates use of gs during iter-
ation. When CNOTs are in opposite directions, order-three hyper-
edges (circled in green) form in opposite directions. This can
make it hard to successfully discover ge during iterative decoding
and use this information to flip the three detectors that comprise
each hyperedge. This is because logical qubits are decoded inde-
pendently, so the correlation between gs and its associated ge can
be misassociated with the ge of another hyperedge. This can be
resolved by carefully exposing all instances of gs during some
of the iterations (see Fig. 4). Note: exposing gs during every
iteration is distance destroying.

order-three hyperedges that were undiscoverable through
graph-based decoding of the initial syndrome.

In order for the ghost protocol to be successful, we
must handle gs with care. These edges to the boundary are
inevitable by-products of our decomposition, but destroy
the effective distance if exposed to the decoder continu-
ously. This is because, being edges to the boundary across
time slices of the DEM with transversal entangling gates,
gs can break the topology of the system. To avoid such dis-
tance reduction, one might be tempted to completely hide
gs from the decoder. However, during initial decoding iter-
ations these singletons can have an important role to play:
consecutive transversal entangling gates in opposite direc-
tions separated by O(1) rounds of syndrome extraction
have nearby ge and gs that can conflict with one another,
obscuring the discovery of ge, crucial for successful syn-
drome refinement (Fig. 3). By retaining all gs during a
carefully selected subset of decoding passes, we can break
these conflicts and reliably correlate errors across logi-
cal qubits (see Fig. 4 for a worked example). This works
because the passes in which we expose gs are used to clean
up the syndrome, not derive an overall logical effect where
the shortest undetectable logical operator in the DEM is
crucial. This addresses a weakness of existing graph-based
decoders where an inability to decode even modestly deep
circuits composed of fast transversal Clifford logic has
been reported [40].
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(a)

(b)

(c)

FIG. 4. Leveraging gs during iterative ghost-edge decoding to
resolve the failure mode shown in Fig. 3. (a) Decoder iteration 1.
Dashed gray lines represent instances of gs, edges to the bound-
ary which we expose to the decoder during this iteration. On q1

L
these edges to the boundary function to break gs away from con-
flicting with the string of measurement errors below enabling the
discovery of ge. Similarly, on q2

L the introduction of edges to the
boundary also means we decode to a separate hooklike instance
of ge. Recall that without the incorporation of gs into the decod-
ing problem, ge would not have been detectable (see Fig. 3),
causing a logical error. (b) Having found two instances of ge we
flip all three detectors associated with two separate order-three
hyperedges. On q1

L this introduces a new artificial defect high-
lighted in blue, while the remaining five detectors are turned off
(hollow blue circles). (c) Decoder iteration 2. We decode again,
but from now the edges to the boundary denoted by gs are hidden
from the decoder to protect the distance of the code. Decoding
proceeds to a final logical effect, a correction that is equivalent to
the actual error shown in green in Fig. 3.

Appendix B describes the exact number of passes and
passes with singletons used to configure the decoder for
the data in this work; we treat these parameters empirically
and leave optimizing them to future work. The number
of iterations required is fewer than d for all our simula-
tions. Since AMO qubits will require a decoding response

FIG. 5. Deep logical Clifford circuits. We show the subthresh-
old scaling of ghost decoding of deep Clifford logic between four
rotated surface codes under circuit-level noise (p = 0.1%). Fol-
lowing [12], each logical qubit is prepared in |+〉 and subject to
32 layers of transversal gates, followed by perfect measurements
of the logical stabilizers of the state. A gate layer is composed
of nr rounds of syndrome extraction, preceded by a randomly
chosen single-qubit transversal gate {H, X , Y, Z} on each qubit
then two transversal CNOTs that entangle random pairs of qubits.
Increasing nr can steepen our protocol’s gradient of error sup-
pression in the distance, but the spacetime volume computed
as (nr + 1)d2 is minimized at nr = 1 for per layer error rates
of 10−6. See Appendix B for the parameters that determine the
decoding passes used in these numerics and Appendix A for
details of the noise model.

time of ∼1 ms, such a problem appears comfortably within
reach given our protocol generates decoding windows that
are compatible with existing field programmable gate array
architectures for surface code decoding [30,31], where per
round decoding times far below 1 µs have been observed
with sublinear scaling in the distance.

Figure 5 shows the subthreshold scaling of ghost decod-
ing of deep Clifford logic between four rotated surface
codes under circuit-level noise (p = 0.1%)—a benchmark
first proposed in [12]. In our numerics, the best accuracy
is seen with nr = 3. However, in the regimes we study,
the spacetime volume of the computation computed as
(nr + 1)d2 is minimized at nr = 1 for target per layer error
rates of 10−6, results that are consistent with the previously
reported performance of a global correlated decoder [12].
Our results are the first to show deep transversal Clifford
logic where the spatial component of the decoding volume
is kept constant while decoding a larger logical circuit.
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By decomposing order-three hyperedges such that they
do not span logical qubits, spatial windowing emerges
naturally from the act of sparse global message passing
[Fig. 2(c)] and the decoding volume—both in size and
content—reflects a windowed single-qubit memory exper-
iment on each decoder core regardless of the number of
rounds of syndrome extraction between transversal gates.
That is, the need to manage the decoding volume moti-
vates making the problem graphlike. Further, data locality,
crucial in distributed computing, is ensured despite high
qubit connectivity, with each decoder taking ownership of
decoding a single logical qubit. Above all, in a streaming
setting our architecture minimizes the amount of recon-
figuration work necessary on each decoder core between
windows: from the decoder’s perspective the decoding
problem is simply memorylike and logic is handled via
syndrome refinement gadgets that can be abstracted into
a representation that is removed from the exact context
in which a gadget is deployed. Consequently, the window
configuration is divorced from the specific details of the
logical circuitry. There is a structural predictability inher-
ent in windows of this form that resembles the favorable
modularity of real-time error correction in a lattice surgery
context [15].

It remains to study the relationship between the ghost
protocol and the time complexities of non-Clifford logic.

IV. FAST TELEPORTATION IS A BUFFERING
PROBLEM

Transversal gates are not universal [21], centralizing the
importance of gate teleportation for universal computation
in the surface code. Here we focus on the T gate which is
performed by consuming |T〉 = 1√

2
(|0〉 + eiπ/4 |1〉) states

by teleportation. With reference to Fig. 6, two quantities
allow us to quantify the time overhead of a T gate realized
with transversal gates:

(1) nbuf captures the number of rounds of syndrome
extraction between a transversal CNOT that creates
the entanglement necessary for teleportation and
the logical measurement that informs a classically
controlled S gate.

(2) nsep defines the number of rounds that separate
consecutive T gates.

Notably, nbuf functions as a buffer region with respect
to the decoding problem centered on the logical measure-
ments in the circuit, presenting new structural challenges
for decoding. This is because the logical measurement can
be flipped by errors before the transversal CNOT on both
qubits, but only on the measured qubit after the transver-
sal CNOT. The result is a decoding problem where an open
temporal boundary (“severance”) has been imposed across
the surviving logical qubit, a disruptive severance that is

(a)

(b)

FIG. 6. T gates and measures of time overhead. (a) Two con-
secutive T gates, implemented via teleportation circuits, sepa-
rated by a Hadamard. The X (Z) logical sheet is shown in orange
(blue), capturing where a logical observable is sensitive to phys-
ical Z (X ) errors. Logical sheets that do not affect a measurement
are ignored for clarity. Logical measurements are made in the
Z basis, and each informs a classically controlled S gate. During
each T gate, a logical Z basis measurement is performed that only
terminates one of the qubits—the qubit carrying the state we wish
to teleport. Consequently, measuring a subset of qubits in the
system imposes an artificial severance (dashed red line) across
the decoding problem associated with the top logical qubit. A
severance manifests as an open temporal boundary across the
error model prior and can disrupt decoding by introducing new
locations for error strings to terminate without guarantees of
topological protection. With nbuf we quantify how many rounds
of syndrome extraction separate this severance from the logical
sheet (shown in blue) that needs to be decoded to close the T gate.
Separately, the quantity nsep captures how many rounds must sep-
arate transversal CNOTs in the context of contiguous T gates while
preserving robust and scalable decoding. (b) A proxy of the T
gate circuit that is simulable in the Clifford simulator, Stim [27].
All qubits are prepared in |0〉 with n SE describing how many
rounds of syndrome extraction occur on each qubit at each point
in the circuit. This circuit gives us an experiment to quantify nbuf
and nsep—the quantities that determine the time complexity of T
gates—in the context of severances and complete windowing of
fast transversal logic.

only nbuf rounds from the logical sheet we are trying to
protect.

Buffer regions are typically required to be of size O(d)

rounds of syndrome extraction [15,34], suggesting nbuf
should scale with the code distance irrespective of the time
complexity of the transversal CNOT when considered in
isolation. Consequently, it would seem that in breaking
free of lattice surgery, a paradigm that necessitates mea-
suring stabilizers for O(d) rounds, we are quickly forced
back into such a regime by the buffering conditions of win-
dowed error correction itself. To emphasize the point, there
is a striking tension here between the practicalities of error
correction and the theoretical logical clock speed. There-
fore, the key question is: how small can we make nbuf while
still decoding effectively?
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To study the behavior of the decoding protocol as a func-
tion of nbuf and nsep, we simulate a proxy [Fig. 6(b)] of
the repeated teleportation circuit shown in Fig. 6(a). Our
goal here is to use a logical circuit that captures the key
structural properties of teleportation circuitry while simul-
taneously being efficiently simulable within the Clifford
simulator, Stim [27]. To achieve this we strip out classi-
cally controlled logical gates since they are non-Clifford.
Further, we modify the circuit such that our observables
are deterministic. As such, we prepare all qubits in |0〉 and
remove the H gate between the T gates in Fig. 6(a). In
the ideal circuit H enables consecutive T gates to evolve
the state toward an arbitrary state, however, in our context
it would make the second logical Z measurement nonde-
terministic and resistant to simulation in Stim. Instead, we
leave two rounds of syndrome extraction between the mea-
surement of a logical qubit and the subsequent transversal
CNOT in the expectation that a classically controlled S gate
would be applied midcircuit during the first round [25]
and the transversal H would be applied at the end of that
same round of syndrome extraction. This then leaves a
further empty round of syndrome extraction before the
next CNOT which begins another T gate. Ultimately, this
gives us a fast T gate proxy where nsep = 3 and a bench-
mark that focuses on the open temporal boundaries we
call “severances” (dashed red lines in Fig. 6) that chal-
lenge the decoder when logical gates are executed in O(1)

time.
Our proxy does not address the time complexities of

state preparation around which there is an extensive liter-
ature [32,41–48]. Instead, our focus is the time overhead
of teleportation in the bulk of the computation. In Fig. 7
we show the surprising result that nbuf = 1 and nsep = 3
yield error suppression even with full temporal and spatial
windowing. This suppression scales with 	d/2
 at small
distances, and 	d/4
 at higher distances. In Fig. 7(a), this
can be seen by the fact that the separation between lines
of consecutive distances (d, d + 2) is roughly double at
small d compared to large d. In Fig. 7(b) the transition from
d/2 to d/4 suppression features in the change of slope of
the windowed curve (GP), that follows the global curve
at small distances, and the windowed error (TW) at large
distances, that has roughly half the slope. This is also the
point where errors stemming from temporal windowing
dominate. Temporal windowing (“TW”) errors are shown
as the dotted line in Fig. 7(b), capturing the probability
of the temporally windowed ghost protocol disagreeing
with the global ghost protocol (note, this metric is equiva-
lent to first step heralded errors in Ref. [49]). In the next
section, we illuminate why temporal windowing errors
come to dominate and characterize transition points in the
observed gradients of error suppression. We relate this
to the unique structural properties of the post-transversal-
entangling-gate setting. This analysis culminates in a new
decoding strategy—patient decoding—that recovers the

accuracy lost at higher distances under aggressive temporal
windowing with negligible time overhead.

V. ERROR SUPPRESSION DEPENDENCE ON
CIRCUIT AND BUFFER SIZE

In this section we will elucidate the error patterns
that determine the characteristics of the error suppression
observed in Fig. 7(b) and explain why it persists despite
our aggressive temporal windowing of the decoding prob-
lem.

First, however, we reflect on the behavior of error sup-
pression in a quantum memory context under various win-
dowing protocols—a frame of reference for the problem to
hand. A typical temporal window contains a “commit” and
“buffer” region. The decoder addresses the whole window,
but it only decides firmly on outcomes inside the commit
regions. The buffer region expands the view of the decoder
beyond the commit region and generally includes around d
rounds of syndrome information. This enables reliable cor-
rection of all errors up to weight �d/2� [Fig. 8(a)] and the
expected logical error suppression behavior, PL ∝ �−	d/2
.
Importantly, if we utilize the sliding window protocol
described in Ref. [32], error suppression in the distance
persists even if no buffer region is used. In this context,
the minimum weight of uncorrectable errors is dimin-
ished from ≈ d/2 to ≈ d/4 [Fig. 8(b)] halving the gradient
of error suppression in the distance. Error suppression is
nevertheless possible here, because the sliding window
protocol leverages artificial defects to postpone decisions
around the logical effect of “ambiguous” error patterns into
the future—an effect that functions to imitate something of
a buffer region even where, formally, no such buffer region
exists.

Conversely, a sliding window protocol that does not uti-
lize artificial defects will, in the absence of a buffer region,
fail to suppress errors in the distance [Fig. 8(c)]. In other
words, in the memory setting, it is the interdependence
between windows shown in Fig. 8(b) that sustains mod-
erate error suppression without buffer regions. As soon as
this interdependence is removed, as in Fig. 8(c), buffer
regions of size O(d) become indispensable.

Fast T gate teleportation must survive in a paradigm that
is analogous to that shown in Fig. 8(c): we need buffer
regions to be small and cannot allow ourselves to benefit
from the use of artificial defects that bind a firm decod-
ing decision to a future decoding problem since a final
logical effect is needed as soon as possible to apply a Clif-
ford correction. To do otherwise would return the time
complexity of the T gate to O(d). Therefore, against the
backdrop of windowed quantum memory where indepen-
dence between decoding windows necessitates substantial
buffering overheads, a surprising feature of our data in
Fig. 7(b) is that strong error suppression nevertheless per-
sists despite nbuf = 1. So what is different here and how is
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(a) (b)

FIG. 7. Ghost decoding of T gate proxies (nbuf = 1 and nsep = 3). (a) Logical error per T gate proxy of fully windowed (i.e., both
spatially and temporally) ghost decoding as a function of the physical error rate p . Straight lines indicate power laws between the
logical error and p , with the power increasing with the distance, although not quite linearly for our range of distances—note, the error
mechanisms responsible for this are described in Sec. V and further decoding protocols that overcome them are proposed in Sec.VI. (b)
Gradients of error suppression in the distance for fully windowed ghost decoding (solid lines labeled “GP”), ghost decoding without
temporal windowing (dashed lines labeled “Global GP”, though note spatial windowing is still operational) and the temporal window-
ing error (dotted lines labeled “TW error”). TW error describes the probability that Global GP disagrees with the decoding result of GP,
capturing the contribution of errors originating from our aggressive temporal windowing. We note a p–dependent transition point (at
roughly d = 11 for our range of p) where the gradient of the fully windowed decoder converges on the TW error rate with a gradient of
error suppression that is roughly half that of the global decoder (fits for the TW error and the global GP error at p = 0.2% are plotted
as green continuous lines and have slopes of 0.24 and 0.45 respectively). This highlights an asymptotic regime where the temporally
windowed decoder has failures of half the weight compared to the global decoder (d/4 vs d/2), emerging from the relationship between
nbuf and our spatial windowing protocol (again, this distance-halving effect is reversed in Sec. VI with additional decoding).

this possible given the O(1) time complexity of our T gate
proxy?

Here we have to return to what is special about the
DEMs that underpin transversal entangling gates [recall
Fig. 1(b)]. The core difference in comparison to the mem-
ory setting is that transversal entangling gates create more
defect information than standard errors in the surface code.
In particular, error strings that begin before a transver-
sal entangling gate and terminate after it deterministically
spread defect information onto other qubits due to the sub-
sumption of timelike errors into order-three hyperedges
that link the otherwise detached error models of two logical
qubits.

Figure 9 gives a topological perspective on why this
increased syndrome information sustains error correction
even when this same syndrome information is incomplete
in proximity to a commit region. We show how the copying
of errors through transversal gates opens up a wealth of

logically trivial loops in the hypergraph that the ghost pro-
tocol is able to exploit when decoding to logical effects.
Notably, failure to discover a ghost edge and trigger syn-
drome refinement [Figs. 9(a) and 9(c)]—or conversely,
erroneous discovery of a ghost edge [Fig. 9(b)]—is not
inevitably a failure mode. This underlies the viability of
fast T gates with aggressive windowing.

These unusual topological structures create redundancy
and enable the error suppression in the distance shown
numerically in Fig. 7. However, there are limits to this
resilience that fall short of the ordinary level of protection
we expect from our code distance. We find that the ghost
protocol is subject to logical errors of weight (see Fig. 10),

w ≥ nbuf + 1 + 	d/2

2

. (1)
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FIG. 8. Basics of buffer size for quantum memories. (a) The
maximum weight (w = �d/2�) adversarial error string that is cor-
rectable in a sliding window setting [32], given a buffer region
of size ≈d. (b) Given a buffer region of size 0, the maximum
weight correctable adversarial error shrinks to w = �d/4�. Here
we show an error pattern described in Ref. [15] that can occur
when this is exceeded. Note, error suppression is still possible in
absence of a buffer region, because the effect of a buffer region
is imitated by the act of pushing artificial defects into the future.
(c) Conversely, if forgoing the use of artificial defects but retain-
ing a buffer region of size 0, the decoder would be susceptible to
small, constant weight logical errors. That is, increased indepen-
dence between decoding windows is incompatible with minimal
buffer region sizing.

We have verified by search that the smallest error pat-
terns leading to failure in our decoder saturate this
inequality.

To derive Eq. (1), look at Fig. 10(b). In the figure, an
error string (green) of length w starts at an offset ch from a
boundary in the control logical qubit q1

L and travels across
and up through a transversal CNOT. The ghost decoder
introduces a logical error when the concatenation of the
error (w) and correction (ch) strings extends past the mid-
point of q1

L, w + ch ≥ 	d/2
, because, unlike in Fig. 10(a),
the defects in q1

L and q2
L are matched to opposite bound-

aries in either logical qubit. We can rewrite this condition
as w + c ≥ nbuf + 1 + 	d/2
 using that the total correc-
tion weight is c = ch + nbuf + 1 (+1 for the edge to the
open temporal boundary). Now, the ghost decoder will
pick this purple correction in q1

L when w ≥ c. Adding the
two inequalities, c cancels and we deduce Eq. (1). Cru-
cially, logical errors are suppressed in the distance despite
nbuf = 1, a significant difference to the aforementioned
windowing of memory without artificial defects. How-
ever, there is a halving of the effective distance that is
implied by this inequality. This halving is slow to affect
the gradients of error suppression we showed numerically
in Fig. 7(b), because nbuf + 1 acts as a constant in Eq. (1)
that inflates w, creating the illusion of error suppression
scaling with 	d/2
 at low d. At intermediate d the impact

(a)

Severance

Severance

Severance

Commit

Commit

Commit

Commit

Commit

Commit

(b)

(c)

FIG. 9. Resilience of the ghost protocol to T gates with nbuf =
1. In this figure we show syndromes for errors (highlighted in
green) and their correction (purple) under iterative ghost decod-
ing. We assume a simple configuration with two iterations of the
ghost protocol. (a) An error string in q1

L (green) pierces through a
transversal CNOT, lighting a detector in q2

L (orange dot, explained
by the green hyperedge across the two logical qubits), and ter-
minates after a severance in q1

L (top orange dot in q1
L). Because

of the severance in q1
L, the decoder never infers that an order-

three hyperedge occurs, but nevertheless arrives at a logically
equivalent correction (purple). This correction crosses the logi-
cal sheet that tracks the observable measured in q2

L (light blue, on
both qubits before the CNOT, and only on q2

L after) separately on
both q1

L and q2
L. (b) Similarly, two spatially oriented error strings

(green) are decoded as an order-three hyperedge (purple), leading
to an apparently wrong logical effect in q1

L, but also introducing a
new artificial defect in q2

L (blue dot). The correction in q2
L (purple)

restores the correct logical effect. (c) More than one order-three
hyperedge (circled with dashed and solid lines) can occur and be
undiscovered without jeopardizing the logical information.

of this constant is diminished and error suppression scales
with 	d/4
, evidencing the halving of the effective distance
anticipated in Eq. (1).

010320-10



SCALABLE DECODING PROTOCOLS. . . PRX QUANTUM 7, 010320 (2026)

(a)

Severance

Severance

Severance

Commit

CommitCommit

Commit

Commit Commit

(b)

(c)

FIG. 10. Limits of the ghost protocol’s resilience given T gates
with nbuf = 1. (a) Here we show an error of weight w and a
windowed correction of weight c = ch + nbuf + 1 in qubit q1

L.
A logical error is avoided but only because w is small. (b) A
larger horizontal component of w turns the error of (a) into a fail-
ure mode. Here a logical error is introduced because the actual
error does not flip the logical, but unlike before, the effect of ch
crossing the logical in q1

L is no longer neutralized in q2
L due to

the increase in w. (c) The naive fix to the aforementioned failure
mode is to enforce nbuf ≈ d/2. Section VI improves upon this.

Notably, this failure mode is a feature of our windowing
protocol where we consider logical qubits separately.
Decoders that forgo spatial windowing [12,16] achieve
the expected code distance as they do not suffer from
this failure mode: given the error in Fig. 10(b), decoders
with visibility over both q1

L and q2
L can use the defect

information on q2
L to infer the actual error string on q1

L.
Consequently, in a regime where decoders are not spatially
windowed, the resilience property we outline here survives

without limitations even with nbuf = O(1)—a key differ-
ence to what is possible in normal temporal windowing
settings.

Instead, to guarantee ordinary protection against all
errors up to weight �d/2� it follows from Eq. (1) that ghost
decoding needs a buffer size of nbuf ≈ d/2 [Fig. 10(c)]—a
big cost for transforming the problem into the windowed
form advocated for in Sec. III. Without increasing nbuf in
this way, ghost decoding would still enable O(1) logic, but
with a fourfold space overhead in the number of qubits
(from the d → 2d increase needed to counter the d/2 →
d/4 failure mode, leading to a d2 → 4d2 increased space
cost). In the following section we overcome this with a new
decoding strategy that allows O(1) transversal logic and
windowed decoding to coexist with a significantly reduced
accuracy penalty.

VI. ALL YOU NEED IS PATIENCE

Here we describe a new decoding technique—patience
—that builds on the ghost protocol and seeks to overcome
the aforementioned distance reducing failure modes with
minimal impact on nbuf. We begin by highlighting two
important properties fundamental to patience:

(1) The freedom to postpone the application of con-
ditional logic during teleportation. That is, we are
free to accumulate more syndrome information than
originally planned for via further syndrome extrac-
tion rounds before applying a conditional gate.

(2) The inherent rarity of the distance reducing failure
modes described in Sec. V. This rarity is evident in
the low TW error probability observed in Fig. 7(b).

Property (1) means nbuf can be a runtime parameter
without changing the underlying logical operation (in the
absence of error, a T gate remains a T gate regardless of
how many rounds separate a CNOT from the classically
controlled S gate) and property (2) is suggestive of the
fact that increases to nbuf are only necessary in a heavily
suppressed number of cases.

Patience is a protocol that aims to exploit these two
properties in order to escape the failure modes that afflict
the ghost protocol without necessitating a significant
increase in average nbuf. Specifically, patience extends the
ghost protocol with the ability to herald distance reduc-
ing failure mechanisms resulting from aggressive temporal
windowing. In the minority of cases where the decoder
raises a herald, the protocol postpones the application of a
conditional gate until nbuf has increased through continued
syndrome extraction rounds. This means increasing nbuf
such that w = 	d/2
 where w is defined in Eq. (1). Once
further syndrome data has been generated and passed to
the decoder, the decoder has a final attempt at determining
a correction with more syndrome information.
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FIG. 11. Heralding failure modes with the patience protocol. Here we show how the failure mode first highlighted in Fig. 10(b) can
be heralded. Heralding allows us to postpone the application of the Clifford correction, allowing more syndrome information to be
collected before redecoding the logical measurement that conditions the Clifford correction with improved fidelity. (Left) We perform
a decoding with the ghost protocol using an open temporal boundary (red dashed line) on q1

L and compare it to a further decoding
outcome (right) where we decode with a closed temporal boundary (solid red line). Correction strings are free to terminate on open
temporal boundaries, but not on closed temporal boundaries. Notice that after the second iteration, these two decodings have arrived
at different logical predictions: this difference is a sufficient trigger of patience. Separately, while iterating during the first decoding
(left) we track whether or not the weight of the correction in the blue shaded region increases between the first and final iteration of
the ghost protocol. An increase, as shown here, is sufficient to herald the need to be patient.

Operationally, we trigger patience through two inference
steps either of which is sufficient to immediately trigger
patience if satisfied (Fig. 11 gives visual intuition behind
these steps):

(1) We run the ghost protocol as usual, but track
whether the weight of the correction string increases
between the first and final decoding iterations per-
formed by the ghost protocol. This functions to
detect most cases where aggressive temporal win-
dowing spuriously triggers a syndrome refinement
operation (of the form described in Sec. III) despite
the fact no such order-three hyperedge occurred.
In the language of Fig. 1(b), these cases are often
detectable because they mistakenly involve a flip
of gs, triggering a defect that, in future decoding

passes, incurs a long set of correction edges due to
the stringlike nature of errors in the surface code.
The change in syndrome weight is assessed in a
local region so that the analysis is not distracted
by distant parts of the decoding problem. In the
particular case of our T gate proxy, this means we
localize this analysis on the target qubit in tempo-
ral proximity to the severance [dashed red line in
Fig. 6(b)]—the place where increases to the weight
of the correction string is most directly indicative of
a likely temporal windowing failure.

(2) Inspired by soft-output decoding constructions [50,
51], we perform a further complementary match-
ing on a modified DEM, where the open temporal
boundary is turned into a closed boundary, meaning
error strings can no longer terminate at a temporal
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FIG. 12. Patient temporal windowing decoder. Here we over-
lay the accuracy data presented in Fig. 7 with further data derived
from when the ghost protocol is extended with patience (“Patient
GP”). When the decoder heralds the need to be patient, we collect
further rounds of syndrome information before redecoding the
logical measurement. In a fully windowed setting, patience over-
comes the failure modes of weight ≈d/4 described in Sec. V.
This is achieved without incurring a costly time penalty from
enforcing nbuf ≈ d/2 across all T gates. See Table I for data on
the average time penalty of patience.

boundary. With this complementary matching, we
can herald cases that yield a different correction
bit to the previous decoding with the open tempo-
ral boundary. This functions to detect most cases
where the ghost protocol fails to discover order-
three hyperedges that occurred [for example, the
case shown in Fig. 10(b)].

Together, these techniques give us a mechanism for effi-
ciently reducing the gap between the error suppression
seen under global decoding of T gates and the temporally
windowed decoder (Fig. 12). Patience is effective because
TW errors are rare [see Fig. 7(b)] and therefore to herald
them (even with a relatively high probability of false pos-
itives) and delay the computation when these events are
encountered has a minimal impact on average nbuf and, by
extension, the logical clock rate of the quantum computer.
False positive heralds are benign in terms of accuracy,
though the goal is to suppress them such that nbuf remains
small on average without increasing false negatives, which
inevitably lead to logical errors. Table I confirms that the
average cost of patience (the number of additional rounds

TABLE I. Average patience delay. For each distance and noise
model simulated in Fig. 12, we report the number of rounds of
syndrome extraction performed in nbuf when patience is applied
(see “delay”). With these patience delays, nbuf is increased such
that w = 	d/2
 where w is defined in Eq. (1). Without a patience
delay nbuf = 1 is fixed. The average number of rounds of delay
incurred per T gate proxy through patience is given for p =
0.1% and p = 0.2%. Since patience is applied rarely in the sub-
threshold regime, its impact on average nbuf per T gate proxy is
negligible. Recall that without patience, ghost decoding of state
teleportation in the large d regime would require an overhead
of nbuf ≈ d/2 per T gate to reliably match the error suppression
behavior of the global decoder. We note that reductions in the
physical error rate p minimize the overhead of patience.

Average patience delay (num rounds)

d Delay p = 0.1% p = 0.2%

3 0 0 0
5 1 (5.227 ± 0.051) × 10−4 (2.284 ± 0.014) × 10−3

7 2 (1.125 ± 0.007) × 10−3 (5.031 ± 0.020) × 10−3

9 3 (2.324 ± 0.005) × 10−3 (9.764 ± 0.015) × 10−3

11 4 (4.029 ± 0.006) × 10−3 (1.545 ± 0.001) × 10−2

13 5 – (2.077 ± 0.001) × 10−2

15 6 – (2.492 ± 0.002) × 10−2

of syndrome extraction that patience introduces per T gate)
is negligible in the subthreshold regime. Together, this con-
firms the viability of fast T gates in a fully windowed
context.

VII. DISCUSSION AND OUTLOOK

In this work we proposed two new decoding proto-
cols—the ghost protocol and patience—that combine to
enable scalable decoding of fast transversal logic. We
analyzed the performance of the ghost protocol on deep
logical Clifford circuits with as few as one round of syn-
drome extraction between logical gate layers. Coupling
the ghost protocol with patience, we demonstrated scal-
able, modular decoding strategies for non-Clifford logic,
focusing on the structural properties of the T gate realized
via teleportation. Further, we characterized the topological
structures that give rise to a resilience property that facil-
itates fast state teleportation despite aggressive temporal
windowing.

By lattice surgery, a multiqubit π/8 rotation requires 2d
rounds of syndrome extraction on a planar lattice using the
Litinski architecture [52] due to the complexity of mea-
suring arbitrary Pauli products [17]. Achieving upward
of 109 T/Toffoli gates by lattice surgery with kHz syn-
drome extraction circuitry has daunting implications for
the time overhead of large-scale fault-tolerant algorithms.
By enabling scalable, fast transversal logic our protocols
deliver an O(d) speedup for qubits with high connectiv-
ity. This is achieved without the significant increases in
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the space overhead of the computation incurred in Refs.
[18,53]. The topic of fast transversal logic is subtle and
expert opinion is divided, so future non-Clifford simula-
tions that study the time complexity of logic in relation to
specific decoding schemes may be valuable.

Since our approach is compatible with graph-based
decoders with MHz throughputs (e.g., [30,31]), we can
estimate the number of iterations of the ghost protocol that
could be performed within the latency budget of AMO
hardware (1 ms). Assuming an inner decoder with a latency
of about 10 µs for a surface code memorylike decoding
volume [30], and the message passing between decoders
during a single iteration of the decoding problem taking
10 µs, 50 iterations of our decoding protocol could be
performed within 1 ms. The maximum number of iter-
ations needed in the simulations presented in this paper
was 8 (see Appendix B), leaving a comfortable margin for
decoding within the AMO latency budget using the ghost
protocol.

Compressing the spatial dimension of a quantum com-
putation is a developed and active area of research [5,54–
61]. While our study concerns the surface code, which has
a lower encoding rate and therefore greater space over-
head than nonsurface quantum low density parity check
(qLDPC) codes, it is important to consider the compara-
tive value of compressing different axes of the spacetime
volume in a way that accounts for the specificities of
the underlying hardware. In an AMO context, the speed
of syndrome extraction means we anticipate that codes
with favorable characteristics in time may be preferable
even over codes that reduce the spacetime volume more
substantially through acting in space. Further study will
be necessary to quantify this trade-off, but we suggest
that the possibility of fast transversal logic in the surface
code preserves its competitiveness even against the back-
drop of further innovation in the qLDPC space. Regarding
the applicability of our decoding protocols to the broader
qLDPC context, we note that our protocols are not depen-
dent on graph-based decoders and could be coupled with
fast hypergraph decoders [62–64] that will be necessary
in this area. However, the decomposition of hyperedges
that span logical qubits would yield higher weight ghost
hyperedges and further techniques for iteratively correlat-
ing these hyperedges may need to be found.

Fast transversal logic is difficult to decode not just
from a decoder throughput perspective but also because
it challenges key structural properties that make real-time
decoding of lattice surgery efficient. In lattice surgery
we have a modular, blocklike structure which gives pre-
dictability and repetitiveness to the decoding problem
as well as a local memory model that benefits highly
distributed computation. Under fast transversal logic it
would seem like we have to completely reformulate
the decoding problem from scratch in response to each
logical measurement. Alternative proposals for decoding

fast transversal logic [19,20] are less heuristic in their
approach, but transpose into a matchable problem where
decoding throughput is considered acceptable for AMO
at the expense of a potentially crippling reconfiguration
overhead: each decoding problem is circuit specific and
modularity is lost. This overhead is unquantified and, as
discussed above, may be consequential in a streaming set-
ting. With patient ghost decoding, fast transversal logic
is windowed with minimal reconfiguration overhead. Our
protocols enable fast transversal logic at scale, securing a
crucial speedup for qubit types with high connectivity but
slow physical gate times.

ACKNOWLEDGMENTS

We thank Ben Barber, Dan Browne and Joonas
Majaniemi for feedback on a draft of this paper. We thank
Luka Skoric for valuable discussions about windowing.
We thank Steve Brierley and our colleagues at Riverlane
for creating a stimulating environment for research.

M.L.T. led the research, developing, implementing and
evaluating the decoding protocols. J.C. and M.L.T. wrote
the paper with input from all authors. All authors con-
tributed to discussions on research direction and problem-
solving approaches. O.C. and M.L.T. generated the circuits
simulated in this work.

DATA AVAILABILITY

The data that support the findings of this article are
openly available [65].

APPENDIX A: NOISE MODEL

We adopt the circuit-level noise model proposed in
Ref. [66] across all our numerical simulations. The model
is parameterized by a single probability p and introduces
independent channels of the following type and strength
throughout our Stim circuits:

(1) Depolarization of both qubits after each two-qubit
Clifford gate with probability p .

(2) Depolarization of each idle qubit and after each
single-qubit Clifford gate, including measurement
and reset operations, with probability p/10.

(3) Randomly change the result of a measurement with
probability p .

The only exception to this is that logical stabilizers at the
end of our deep logical circuits (Fig. 5) are measured noise-
lessly with multiqubit Pauli product measurements. All
error bars in our data represent likelihoods within a fac-
tor of 1000 of the max likelihood hypothesis, given the
sampled data. All Stim circuits simulated in this paper are
available on Zenodo (DOI: 10.5281/zenodo.15544576).
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APPENDIX B: PARAMETERS AND DECODING
PASSES

By default the ghost protocol performs four decod-
ing passes. That is, all logical qubits get decoded
independently four times, each time exchanging mes-
sages between one another and refining the syndrome (see
Sec. III for a full description of the message passing). In
this default configuration, the first decoding pass involves
turning on ghost singletons [gs in Fig. 1(b)] in the first
pass, a fast reweighting operation that is linear in the num-
ber of ancilla qubits. This default configuration is used
in the numerical simulations of the T gate proxy—i.e.,
the data shown in Figs. 7 and 12. We believe the default
configuration to be sufficient for most logical circuits.

The number of decoding passes and the content of these
passes (whether or not ghost singletons, gs, are exposed
to the decoder) is however a parameter that needs to be
evaluated in relation to the structure of the logical cir-
cuit, the number of rounds of syndrome extraction between
logical gates and the code distance. For the numerical
simulations of deep logical circuits (Fig. 5) the default con-
figuration underlies the data points at all values of nr for
d = 3, 5, 7, 9. However, at d = 11 and nr = 2, 3 we have to
increase the number of decoding passes to six, displaying
ghost singletons during the first and fourth decoding pass,
to maintain exponential error suppression in the distance.
At d = 11 and nr = 1 the protocol has to work harder still
to purge the syndrome of interpatch, order-three hyper-
edges, performing eight passes, showing boundary edges
on the first, fourth and sixth decoding pass. We currently
determine these parameters empirically and further study is
needed to work out how to set these parameters automat-
ically in regimes that are hard to simulate. A fundamental
principle that has worked well is to include ghost single-
tons in the decoding problem during the initial pass and
then occasionally in intermediate decoding iterations; for
the reasons discussed in Sec. III ghost singletons should
never be shown during the final pass.

As the number of rounds between transversal CNOTs
shrinks, order-three hyperedges offset in time and with
opposite orientations conflict with one another and it takes
more time to discover them. Each time we discover a ghost
edge there is a possibility that a subsequent matching opens
up the possibility of further ghost edges appearing in a sub-
sequent correction string. Under ghost decoding this can
only be solved iteratively. We have not seen the number of
passes required to decode effectively exceed the distance
of the code giving us confidence in the tractability of our
scheme at high distances.

In practice configuring the decoding system for the
ghost protocol involves:

(1) Constructing a DEM using Stim [27].
(2) Decomposing hyperedges that flip detectors across

logical qubits into ghost edges [ge and gs in

ALGORITHM 1. Ghost protocol.

Fig. 1(b)]. Note, the order-three hyperedges can
embed in higher weight hyperedges, meaning the
splitting into ge and gs needs to be supplemented
by more standard decomposition techniques where
hyperedges are decomposed into both ghost edges
and existing lower-order graphlike error mecha-
nisms.

(3) Recording which instances of ge and which
instances of gs are correlated with one another via
order-three hyperedges.

(4) Assigning a decoder to each logical qubit. This
spatial locality is enabled by the previously per-
formed decomposition. Note: for the surface code,
this will look like a quantum memory decoding
graph and a streaming decoder will have to know
how to replicate this structure through a succession
of temporal windows. Similarly, an emergent prop-
erty of our architecture is that a streaming decoder
can store a single mapping that captures the rela-
tionship between instances of ge and instances of
gs, avoiding the need to perform bespoke decom-
position operations for full logical circuits on the
fly.

(5) Determining the number of iterations niter as well as
the iterations in which instances of gs are exposed to
the decoder from empirical data.

At runtime the ghost protocol proceeds as shown in
Algorithm 1.
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