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ABSTRACT

Stale-read anomalies occur when reads return older values than a
stronger consistency model would allow. We study which read-only
transactions (ROs) return snapshots that are stale relative to strict
serializability (SS), how often this occurs, and how such anomalies
arise, using a controlled family of Spanner-like protocols target-
ing three consistency models weaker than SS: regular sequential
serializability (RSS), process-ordered serializability (POS), and seri-
alizability (SER). The protocols differ in which prepared conflicting
read-write transactions (RWs) an RO can skip rather than wait for.

From execution traces, we build transaction dependency graphs
and analyze when RO skips lead to SS-relative stale-read anomalies,
which appear as violation cycles in these graphs. Under POS and
SER, ROs are far more likely to have at least one skip that is part
of such a cycle than under RSS. We identify the key pattern as an
anti-regular anti-dependency (ARA) pair: an RO-RW pair in which
the RO skips a prepared conflicting RW that is the next committed
writer after the version returned by the RO, even though the RW
completed before the RO began. Each ARA pair directly forms a
violation cycle. More importantly, the anti-dependency edges of
ARA pairs often help non-ARA pairs form cycles, making ARA
pairs the main source of POS/SER stale-read amplification. RSS
suppresses this mechanism by preserving regularity and therefore
ruling out ARA pairs. Finally, we associate the formation of ARA
pairs with cross-region visibility lag: an RW may complete through
its coordinator while remote participants still treat it as prepared,
allowing a later RO to skip it.
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1 INTRODUCTION

Consistency anomalies in storage services are unexpected behaviors
visible to users. A stale-read anomaly [15] is one such anomaly: a
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read returns an old value even though a more recent write should
have been visible under a stronger consistency model. For example,
a user may add an item to a shopping cart and then refresh the
cart, only to find that the item is missing. Stronger consistency
can rule out more such anomalies by enforcing more ordering
constraints, but usually at a performance cost. Within this trade-off,
prior anomaly-measurement studies [15, 21] ask a service-level
question: under a weaker consistency model, which anomalies
arise relative to a stronger reference model, and how often do they
actually occur in practice?

We study this question in Spanner-like protocols for read-only
transactions (ROs), focusing on stale snapshots returned by ROs.
Under strict serializability (SS) [16], an RO must return a legal snap-
shot that can be serialized after every transaction that completed
before the RO began, i.e., after every transaction that precedes the
RO in real time. For ROs, Spanner [4] enforces this requirement
by making an RO wait until each shard can serve its reads from a
snapshot that reflects all committed read-write transactions (RWs)
up to the RO’s read timestamp. We ask what happens when this
RO wait rule is weakened under consistency models weaker than
SS, allowing ROs to skip, rather than wait for, some prepared con-
flicting RWs: Which ROs return snapshots that are stale relative to
SS, how often does this occur, and how do these anomalies arise?

We analyze a controlled family of Spanner-like RO protocols
targeting three consistency models progressively weaker than SS:
regular sequential serializability (RSS) [6], process-ordered seri-
alizability (POS) [14], and serializability (SER) [16]. Building on
Spanner-RSS [6], we implement new POS and SER variants that
keep the same Spanner-like substrate but change only the model-
specific RO wait/skip condition and the metadata needed to evalu-
ate it. This controlled family lets us isolate how relaxing specific
ordering constraints—especially regularity [6, 11], which RSS pre-
serves but POS/SER do not—changes the frequency and structure
of SS-relative stale-read anomalies.

From each execution trace, we build a transaction dependency
graph augmented with real-time order. In this graph, SS-relative
stale-read anomalies appear as cycles, each showing that no legal
total order can simultaneously satisfy all ordering constraints re-
quired by SS. We then diagnose which RO-RW skip pairs (R, W)
become cycle-forming and how they do so. A skip pair is cycle-
forming when two conditions hold. First, R skips W, and W is the
next committed writer after the version returned by R on some
key, creating a skip-induced anti-dependency from R to W. Second,
the graph also contains a return path from W back to R. Together,
the anti-dependency and the return path form a cycle: the anti-
dependency requires R to be serialized before W, while the return
path forces W before R.
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Our first finding is that skip-induced anti-dependency volume
alone does not explain the large increase in cycle-forming pairs in
POS and SER. POS and SER produce only 1.5/2.0X as many skip-
induced anti-dependency pairs as RSS, but 181/359x as many cycle-
forming pairs. This pair-level gap is also reflected at the RO level:
0.02/3.6/7.0% of ROs participate in at least one cycle-forming skip
pair under RSS/POS/SER, respectively. Second, we find that the key
primitive is an anti-regular anti-dependency (ARA) pair: an RO-RW
pair with a skip-induced anti-dependency from R to W such that
W already precedes R in real time. Each ARA pair is cycle-forming
by construction. More importantly, for many non-ARA pairs, the
anti-dependency edges of ARA pairs contribute substantially to the
return paths that make those non-ARA pairs cycle-forming: in our
baseline traces, removing all such edges from the dependency graph
leaves 98.3% and 98.7% of non-ARA cycle-forming pairs without a
return path in POS and SER, respectively. RSS suppresses this ARA-
backed structure by preserving regularity, thereby ruling out ARA
pairs. Third, we associate ARA pairs with cross-region visibility lag:
after an RW completes through its coordinator, some participant
shards may not yet have received or applied the commit decision
and can still treat the RW as prepared, allowing later ROs to skip it.

2 BACKGROUND

We summarize the consistency models and the original Spanner
transaction protocols [4] that underlie the Spanner-like RO proto-
cols studied in this paper.

2.1 Transactional Consistency Models

Order constraints and conflicts. Given an execution a, we write

RT
Ty — T, when transaction T; completes before transaction T,

starts; this relation is the real-time order. Following Spanner-RSS [6],
we define causal order over actions as the smallest transitive relation
containing: (1) process order: within each process, earlier actions
precede later actions; (2) message-passing order: a send action
precedes its corresponding receive action; and (3) reads-from order:
the response of a transaction that writes a version precedes the
invocation of a transaction that reads that version. We say that
T, causally precedes T, when T;’s response causally precedes T;’s
invocation. We say an RO R conflicts with an RW W if R reads at
least one key that W writes.

Consistency models. All models considered here require a legal
total order of committed transactions, i.e., one in which each read
returns the latest preceding committed version of the key. They
differ only in the order constraints this total order must respect.
SS [16] respects real-time order. RSS [6] respects causal order and
the transactional regularity condition: if an RW W precedes a trans-
action T in real time and T is either another RW or a conflicting
RO, then W must precede T in the total order. POS [14] respects
each process’s order, but not real-time order across processes. SER
imposes no additional order constraint beyond legality.

2.2 Spanner

Spanner [4] is a globally distributed database that shards data
across Paxos [12] groups and provides strictly serializable transac-
tions using TrueTime [4]. A call to TT.Now() returns an interval
[earliest, latest] containing the absolute time of the call.

RW Transactions. Spanner executes an RW W using two-phase
locking [3] and two-phase commit [5]. Each participant shard s
prepares W by acquiring the necessary write locks, durably logging
a prepare record, and reporting a prepare timestamp t, (W) to the
coordinator. After collecting prepare responses, the coordinator
chooses a commit timestamp ¢.(W) that is no smaller than the
participant prepare timestamps and satisfies Spanner’s timestamp-
ordering rules. The coordinator then logs the commit decision and
performs commit-wait before replying to the client. Participants
later receive the commit decision, apply W with commit timestamp
t.(W), and release their locks.

RO Transactions. For an RO R, the client chooses tye,q(R) =
TT.now().latest, which is no earlier than R’s start time. A shard
can serve R only after its Paxos safe time reaches t;e,q(R), mean-
ing that all Paxos-replicated writes with timestamps at or before
tread (R) have been applied. The transaction manager also prevents
R from missing a prepared conflicting RW that may later commit
with (W) < tead(R), so R waits at shard s for every prepared
conflicting RW W such that

WaitSS (R> W> 3) £ tp,s(w) < tread(R)~

3 SPANNER-LIKE RO PROTOCOL FAMILY

We study a controlled family of Spanner-like RO protocols. All
variants share the same Spanner RW protocol structure, RO read
timestamp selection, Paxos safe-time check, and Spanner-RSS snap-
shot assembly; they differ only in their model-specific RO wait/skip
conditions and the metadata needed to evaluate them. This design
isolates how weakening the RO wait condition—and thereby re-
laxing specific ordering constraints—shapes SS-relative stale-read
anomalies.

3.1 Spanner-RSS

Spanner-RSS weakens Spanner’s shard-side RO wait condition
while preserving RSS. It adds two pieces of metadata. For an RO R,
a client-maintained lower bound #yn (R) summarizes causally prior
transactions; clients advance the bound after their own transac-
tions complete and when they receive messages carrying causality
metadata from other clients. For an RW W, tee s(W) is a conserva-
tive lower bound on W’s client-side end time, used to preserve the
conflicting RW—RO real-time order required by regularity.

After performing the same Paxos safe-time check as Spanner, a
shard s examines prepared RWs that conflict with R. We say that
R skips W at s if R observes W as a prepared conflicting RW at s,
Waitss (R, W, s) holds, and the skip predicate Skipggs (R, W, s) holds;
in that case, s allows R to proceed without waiting for W. Prepared
RWs for which Waitgs is false are not counted as skipped. Thus, the
wait/skip predicates are

Waitrss (R, W, s) = Waitss(R, W,'s) A =Skipggs (R, W, ),
SkipRSS (R) w, s) = tp,s(W) > tmin(R) A tee,s(W) > tread(R)~

The t, (W) < tmin(R) wait clause preserves causal order, while the
tee,s (W) < tread (R) clause preserves regularity.

All variants use the Spanner-RSS fast/slow snapshot assembly: if
a skipped RW may commit at or before the RO’s chosen snapshot
timestamp, the client waits for the RW’s slow reply and incorporates
the RW’s writes if needed (Appendix B).



3.2 Spanner-RO-POS and Spanner-RO-SER

We implement Spanner-RO-POS and Spanner-RO-SER as controlled
ablation endpoints that further weaken the Spanner-RSS RO wait/skip
predicate while keeping the common Spanner-like substrate fixed.
The correctness proofs appear in Appendix B.

For Spanner-RO-POS, tyin (R) is a process-order lower bound:
clients advance the bound after their own RWs and ROs complete,
but do not update it from messages carrying causality metadata
from other clients. Spanner-RO-SER does not use tpin (R), and nei-
ther variant uses tee s (W).

After the Paxos safe-time check, shard s examines prepared RWs
that conflict with R. For M € {POS, SER}, the wait/skip predicates
are

Waitpy (R, W, s) = Waitss(R, W, s) A =Skipy, (R, W,s),
Skippos (R W, ) 2 tps(W) > tmin(R),
Skipgpr (R, W, s) £ true.

Thus, POS keeps only the process-order lower-bound clause, while
SER skips every prepared conflicting RW for which Waitgs holds.

4 ANALYSIS FRAMEWORK

We analyze SS-relative violations in the Spanner-like RO protocol
family. Our goal is not to find violations of each variant’s target
model, but to use the ordering constraints required by SS as a refer-
ence for diagnosing the effect of weakening the RO wait condition.

4.1 Dependency Graph

From each trace, we construct an Adya-style Direct Serialization
Graph DSG = (V, Epsc) [1], where V contains one vertex for each
committed transaction. Using committed write versions and re-
turned read versions, we construct Epsg with write-write (WW)
and write-read (WR) dependency edges, and read-write (RW) anti-
dependency edges.

To capture the real-time order required by SS, we augment the
DSG with real-time (RT) edges. For soundness, we identify a con-

servative RT edge Ty E) T, only when
’t;esp(Tl) +e< ?invoc(TZ) - &

where Hinvoc(T) and ’t;esp(T) are trace-recorded invocation and re-
sponse timestamps, respectively, and ¢ is the clock uncertainty
bound. This conservative rule guarantees that every added RT edge
represents a true real-time precedence relation despite clock uncer-
tainty. Since RT order is transitive and potentially quadratic, we
store a reduced set of RT edges using an RT transitive reduction [17].
The reduction preserves RT reachability: for distinct transactions Ty

and T,, we write T} X, T, when T; reaches T, through an RT-only
path in the reduced graph, and treat each such reachability relation
as a single logical edge.

We define and analyze the following logical dependency graph:

RT*
G = (V, Epsg U Egr*), Epr ={(T1, ) | T} — Tp}.

Because all variants preserve serializability—Spanner-RSS by its
RSS guarantee and Spanner-RO-POS/SER by Appendix B—the DSG
is acyclic; thus, cycles in G are SS-relative violation witnesses that

arise only after adding real-time order. We compute strongly con-
nected components (SCCs) of G using Tarjan’s algorithm [19] and
use breadth-first search within an SCC when a concrete shortest-
hop cycle witness is needed.

4.2 Skip-to-cycle Cascade

We identify which RO-RW pairs (R, W) form SS-relative violation
cycles using the following three-stage cascade of filters:

(1) F1 (Final skip pair). RO R observes a prepared conflicting
RW W at some shard, skips it, and W remains excluded
from R’s final assembled snapshot.

(2) F2 (Skip-induced anti-dependency pair). An F1 pair
becomes F2 if the skipped RW W is the next committed

writer after the version returned by R on some key, yielding
RWskip
R

F3 (Cycle-forming pair). An F2 pair becomes F3 if it has a
return path: W reaches R in G, written W ~» R. Together,
the skip-induced anti-dependency and the return path form

G

~

. . . Rwskip
an SS-relative violation cycle: R —— W ~»g R.

Operationally, we identify F3 pairs as F2 pairs whose R and
W belong to the same non-trivial SCC of G. For each F3 pair, we
instantiate a cycle witness by combining the skip-induced anti-

RW
dependency R —%, W with a shortest path from W back to R
within that SCC.

4.3 Positive Anti-dependency Margin:
Necessary Condition for Skip-induced
Cycles

For the Spanner-like RO protocol family, we prove that every skip-
induced SS-relative violation cycle contains at least one F3 pair
with positive anti-dependency margin (AM) (i.e., AM > 0); the proof
appears in Appendix C. For an F2 pair (R, W), including any F3 pair,
we define its AM as

AM(R, W) z?invoc(R) — &= tC(W)'

We use AM as a diagnostic statistic rather than a cycle detector:
positive AM is necessary at the cycle level, but not sufficient for an
individual pair to be cycle-forming.

5 ANALYSIS RESULTS

We now apply the analysis framework from Section 4 to diagnose
SS-relative violation cycles in the Spanner-like RO protocol family.
All reported counts and percentages are independently rounded to
the displayed precision.

5.1 Experimental Setup

We use Retwis [13], following prior Spanner-RSS evaluations [6],
because its multi-key RO and RW transactions generate cross-shard
conflicts and prepared-RW skip opportunities, while allowing load
and contention to be controlled through the number of clients and
key-access skew. The workload does not model message passing
between clients; thus, the RSS-POS contrast primarily isolates the
regularity-preserving fee s (W) < tread (R) wait clause, rather than
causality propagated through messages. Accordingly, our goal is to



Table 1: Skip-to-cycle cascade. Skip is the fraction of all ROs
that appear in at least one F1 pair, while the F3 ROs column
reports the number of distinct ROs that appear as R in at least
one F3 pair, with parentheses showing their fraction of all
ROs. F1-F3 count RO-RW pairs, with parentheses showing
survival from the previous filter. All models process a similar
number of ROs: 1.613-1.617M.

Model Skip F1 F2 F3 F3 ROs
RSS 114% 197.8K  158.0K (79.8%) 334 (0.2%) 333 (0.02%)
POS 15.8% 283.7K 232.5K (82.0%)  60.4K (26.0%)  57.6K (3.6%)

SER 21.4% 390.1K 323.4K (82.9%) 119.8K(37.0%) 112.5K (7.0%)

isolate the structural effect of relaxing specific ordering constraints,
not to estimate workload-independent anomaly rates.

Each experiment runs for 600 s, including a 120 s warm-up, under
Zipfian skew 0.9. We run experiments on six machines (64 cores,
327 GB RAM, and a 10 Gbps NIC each), grouped into three emu-
lated regions with two machines per region. We use 3 shards with
3 replicas per shard. Each shard’s replicas are co-located within
one region, while different shards are placed in different regions.
Inter-region round-trip times (RTTs) are 64-130 ms, emulated using
Linux TC [8]. The measured clock uncertainty used for RT extrac-
tion is below 100 s, and the TrueTime uncertainty configured for
the protocol is 4 ms. For each protocol, we collect more than 2.61M
transaction traces (1.001-1.003M RWs and 1.613-1.617M ROs). Ad-
ditional results under different skew, replica placement, RTT, and
RO/RW mix settings are reported in Appendix A.

5.2 F2 Volume Alone Does Not Explain F3
Amplification

RSS, POS, and SER process similar numbers of ROs (1.613/1.615/
1.617M). In Table 1, 11.4/15.8/21.4% of all ROs appear in at least
one F1 pair under RSS/POS/SER, respectively. After the F2 filter,
158.0K/232.5K/323.4K F2 pairs remain: POS and SER have only 1.5/
2.0x as many F2 pairs as RSS. However, the F3 gap is much larger:
POS/SER produce 60.4K/119.8K F3 pairs, 181/359x RSS’s 334. Thus,
F2 volume alone does not explain POS/SER F3 amplification.

The corresponding fractions of distinct ROs that appear as R in
at least one F3 pair are 0.02/3.6/7.0% in RSS/POS/SER. Thus, the
pair-level amplification is also reflected in a substantially higher
fraction of ROs involved in SS-relative stale-read anomalies under
POS and SER.

5.3 ARA Pairs Account for a Substantial Share
of POS/SER F3 Pairs

We next investigate which F2 pairs become F3 pairs. The key prim-
itive is an anti-regular anti-dependency (ARA): a skip-induced anti-

RWg
dependency R N W whose skipped RW W precedes the skip-
ping RO R in real time, W LR Thus, an ARA pair is cycle-
forming by construction. We call its skip-induced anti-dependency

RWaRa
edge an ARA edgeR —— W.
In Figure 1a, (R4, Wa) is an ARA pair: Ry skips Wy because
S, still treats Wy as prepared, while Wy precedes Ry in real time.

Table 2: Composition of F2 and F3 pairs. ARA denotes anti-
regular anti-dependencies; Non-ARA denotes the remaining
F2 pairs. Percentages are normalized within each model and
filter.

Model F2 (ARA / Non-ARA) F3 (ARA / Non-ARA)

RSS 0 (0.0%) / 158.0K (100.0%) 0 (0.0%) / 334 (100.0%)
POS 28.8K (12.4%) / 203.7K (87.6%)  28.8K (47.7%) / 31.6K (52.3%)
SER 47.4K (14.6%) / 276.1K (85.4%)  47.4K (39.5%) / 72.5K (60.5%)

W, ends Ry starts
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(a) Concrete execution

RT"

(b) Induced dependency graph

Figure 1: Example of ARA/non-ARA pairs and their cycle
formation. In (a), client C; issues RW W4 and RO Ry, and
C, issues Wy and R4; shards S; and S, coordinate the multi-
shard RWs W, and Wy, respectively. Both pairs (R4, W4) and

RWg;
(RN, Wn) have a skip-induced anti-dependency R N 2

R skips W and returns an older version on some key; in the
committed history, W is the next committed writer of that
key after the version returned by R. (R4, W4) is ARA because

Wy LI Ra, whereas (Ry, Wy) is non-ARA because Wy does
not precede Ry in real time. In (b), (R4, Wa) is cycle-forming

RT*
by construction via Wy — R4; (Rn, Wn) becomes cycle-

RT* RW RT*
forming via the return path Wy — R4 ERN W4 — Rn.

This pair is cycle-forming by construction, as shown in Figure 1b:

RWaRraA RT*
RA _— WA —_— RA.

In Table 2, RSS has no ARA pairs in either F2 or F3. In contrast,
ARA pairs account for 12.4% of POS F2 pairs and 14.6% of SER F2
pairs; all of them become F3. Although ARA pairs are a minority of
F2, they account for a large fraction of F3: 47.7% in POS and 39.5%
in SER. RSS’s zero ARA count follows directly from regularity: an
RO cannot skip a conflicting RW that precedes it in real time. The
important contrast is that POS and SER allow only a modest ARA
minority at F2, yet these pairs account for a substantial share of F3.



5.4 Non-ARA Pairs Rely on ARA Edges for
Return Paths

Non-ARA pairs become F3 much less often than ARA pairs: 203.7K —
31.6K (15.5%) in POS and 276.1K — 72.5K (26.3%) in SER. Because
they dominate F2, however, they still make up 52.3% and 60.5% of
F3 in POS and SER, respectively (Table 2).

The key question is how these non-ARA pairs (R, W) obtain a
cycle-forming return path W ~»5 R. We remove all ARA edges
from G and, for each non-ARA F3 pair, recompute whether the pair
still has a return path. This removes the return path for 98.3% of
POS and 98.7% of SER non-ARA F3 pairs; only 1.7% and 1.3% remain
cycle-forming, respectively. Concretely, the dominant shortest-hop
return-path witness signatures for non-ARA F3 pairs are pure ARA-
RT chains: RT*~RWara-RT", repeated one or more times. These
dominant signatures account for approximately 94.6% and 94.9%
of non-ARA witnesses in POS and SER, respectively. Thus, most
non-ARA F3 pairs rely on ARA edges in the graph to obtain return
paths.

In Figure 1a, (Ry, Wy) is a non-ARA pair: Ry skips Wy, but Wy
does not precede Ry in real time. Also, W, precedes Ry in real time,

and Wy precedes Ry in real time. As shown in Figure 1b, (Ry, Wx)
RW,
ARA

becomes cycle-forming via the return path Wy X, Ra
Wa LR Ry, which relies on the ARA edge Rq M Wy.

Appendix A reinforces this interpretation. Under global replica
placement, where each shard’s replicas are distributed across re-
gions, ARA’s direct share of F3 falls to 19.9/18.3% in POS/SER, yet
removing ARA edges removes the return paths for 99.7/99.8% of
non-ARA F3 pairs. The same pattern appears under the RO-heavy
setting, which uses a 90:10 RO/RW transaction-selection ratio: ARA
accounts for only 20.9% of F3 pairs in both POS and SER, while
removing ARA edges removes the return paths for 98.6/98.4% of
non-ARA F3 pairs, respectively.

5.5 ARA Pairs Are Associated with Cross-region
Visibility Lag

ARA can form when an RW has completed through its coordinator
but a participant still treats it as prepared. A later RO can then
skip this already-completed RW at that participant. The example
in Figure 1 illustrates this cross-region visibility-lag structure. For
the ARA pair (Ra, Wa), Wa’s client C is close to coordinator Sj,
while R4’s client C; is close to participant S,. By the time R4 reaches
Sz, Wy has already completed through S; and returned to Cy, so Wy
precedes R, in real time. However, S, still treats W, as prepared
because the commit decision has not yet been applied at S,. Thus,
Ry can skip the already-completed Wy at S;, creating an ARA pair.

For every per-shard skip observation (R, W, s) associated with
an ARA pair, the shard s where R skips W is a participant of W, not
W’s coordinator. W’s client is almost always local to the coordinator
(97.4% in both POS and SER), while the participant is far from the
coordinator (median RTT 130 ms). Conversely, R’s client is usually
local to that participant (77.7% in POS, 76.7% in SER). Thus, cross-
region shard placement opens an ARA-prone visibility-lag window:
the period after W completes through a coordinator near W’s client
but before the commit decision is applied at remote participants,

during which a later RO R can skip W at a remote participant close
to R’s client.

5.6 AM Provides a Cycle-level Diagnostic

Consistent with the cycle-level positive-AM necessary condition,
removing all positive-AM skip-induced anti-dependency edges elim-
inates all detected skip-induced cycles. ARA pairs have positive me-
dian AM: 23.8 ms in POS and 24.0 ms in SER. In contrast, non-ARA
F2 pairs have negative median AM in all three models: —34.0/—33.5/
—33.0 ms in RSS/POS/SER. Non-ARA F3 pairs shift upward relative
to all non-ARA F2 pairs, with medians 30.3/-9.6/—13.0 ms. Since
RSS has no ARA pairs, positive-AM witnesses in RSS must come
from non-ARA F3 pairs. In POS/SER, non-ARA F3 pairs often have
non-positive AM, but their cycle witnesses contain other larger-AM
skip-induced anti-dependency edges: the median witness maximum
AM is 31.1/50.8/51.6 ms in RSS/POS/SER. These gaps suggest that,
for many POS/SER non-ARA F3 pairs, the required positive-AM
witness comes from another skip-induced anti-dependency on the
witness cycle, consistent with the ARA-backed return paths in Sec-
tion 5.4.

The example in Figure 1 illustrates this cycle-level role of AM.
The non-ARA pair (Ry, Wy) may have small or non-positive AM,
yet it becomes cycle-forming through a return path that relies on
the ARA pair (Ra, Wa). If Wy completed well before Ry starts while
remote participant S; still treats W, as prepared, as in Section 5.5,
the ARA pair can supply the larger positive-AM witness for the
cycle.

5.7 Implications

The main design lesson is to identify which ordering constraints
limit the extent to which skips produce SS-relative stale-read anom-
alies. Although RSS and POS are not currently widely deployed as
database consistency models, the ordering constraints they preserve
or relax—such as regularity, process order, and real-time order—are
general semantic building blocks that can be combined in future
models and protocols. Our controlled RSS/POS/SER family lets us
study which ordering constraint matters. In our traces, POS pro-
duces fewer F3 pairs and F3 ROs than SER, suggesting that process
order helps limit F3 amplification. However, POS still admits ARA
pairs and ARA-backed return paths, so process order does not elim-
inate the dominant amplification mechanism. RSS suggests a useful
design point for Spanner-like RO protocols: preserving regularity
rules out ARA pairs and keeps both F3-pair and F3-RO counts far
lower than in POS/SER. Furthermore, although RSS relaxes RO-RO
and non-conflicting RW-RO real-time order, these relaxations alone
do not appear sufficient to produce such amplification.

This suggests that selective regularity could be an interesting
future protocol direction. For ROs selected based on their issuing
users, client regions, or accessed keys, a system could preserve reg-
ularity while using weaker wait rules for other ROs. For example,
building on consistency-based service-level agreements [20], an ap-
plication could express consistency as a service-level requirement
and require consistency-sensitive ROs to preserve regularity. For
such a selected RO R, regularity prevents R from skipping a conflict-
ing RW W that precedes R in real time and returning a snapshot
that omits W’s write, thereby preventing the corresponding ARA



edge from R to W. Further, ruling out such ARA edges may also
reduce stale-read amplification by preventing other non-ARA pairs
from becoming cycle-forming.

6 RELATED WORK

Empirical anomaly measurement. Prior work has measured the
practical cost of weaker consistency. Lu et al. [15] quantify anom-
alies in Facebook’s eventually consistent TAO by analyzing sampled
production traces with respect to stronger local consistency mod-
els. Their study asks how often one deployed system’s observed
executions are disallowed by stronger local consistency models
for non-transactional operations; our work instead studies transac-
tional, non-local SS-relative anomalies across a controlled family
of Spanner-like RO protocols targeting RSS, POS, and SER.

In our prior work [9], we studied anomaly rarity within Spanner-
RSS. An RSS-specific cascade of necessary conditions for cycle
formation explained how workload skew, RTT regime, and replica
placement affect the rate at which SS-relative anomalies arise. The
present work asks a different question across consistency mod-
els: how does weakening the RO wait condition beyond RSS—
and thereby relaxing additional ordering constraints—amplify SS-
relative stale-read anomalies? Using the controlled RSS/POS/SER
family, we identify ARA-backed graph structure—direct cycles
formed by ARA pairs and return paths for non-ARA pairs supported
by ARA edges—as the structural primitive behind this amplification.

Black-box consistency checking. Elle [10] infers Adya-style de-
pendency graphs from client-observed histories using workloads
in which reads expose enough version-history information, while
Cobra [18] provides scalable black-box serializability verification
for transactional key-value stores.

Our goal is different: we do not build a general-purpose black-
box checker. Our analysis is deliberately white-box, using protocol
traces that expose prepared RWs, skip decisions, timestamps, and
the coordinator and participant roles of shards. This lets us attribute
SS-relative violation cycles to specific RO-RW skip pairs, classify
ARA and non-ARA structures, and connect the formation of ARA
pairs to cross-region visibility lag.

Spanner snapshot reads and Spanner-RO-SER. Along with strictly
serializable read-only transactions, Spanner [4] provides snapshot
reads: they execute without locks at a client-chosen timestamp
or at a timestamp selected to satisfy a client-specified staleness
bound. Each snapshot read returns a consistent snapshot and can
be serialized at that timestamp, but need not respect the real-time
order required by SS.

Spanner-RO-SER is not an implementation of this snapshot-read
APL Instead, it is a controlled Spanner-RSS-derived RO variant used
to isolate the effect of weakening the RO wait condition. It retains
the common Spanner-like RO substrate—the RW protocol, RO read
timestamp choice, Paxos safe-time check, and snapshot assembly—
and changes only the wait rule: it skips every prepared conflicting
RW that an SS RO would wait for. It serves as the weakest RO-wait
endpoint in our RSS/POS/SER comparison.

7 CONCLUSION

We diagnose SS-relative stale-read anomalies in a controlled fam-
ily of Spanner-like RO protocols targeting RSS, POS, and SER. In
POS/SER, stale-read amplification is not explained by skip-induced
anti-dependency volume alone, but by ARA-backed graph structure:
ARA pairs form cycles directly, while ARA edges support return
paths for many non-ARA pairs. We associate the formation of ARA
pairs with cross-region visibility lag at remote participants. RSS
prevents this structure by preserving regularity.

Within our controlled family and traces, our findings isolate
the ordering constraint that matters for stale-read amplification:
process order alone is insufficient, whereas regularity rules out
ARA pairs and suppresses the dominant ARA-backed mechanism.
This insight may motivate new consistency models and transaction
protocols, including selective-regularity designs.
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A SENSITIVITY ANALYSIS ACROSS SKEW,
PLACEMENT, RTT, AND RO/RW MIX

This appendix repeats the analysis under four sensitivity settings,
each changing one workload or deployment dimension from the
main configuration: lower skew, global replica placement, intra-
continent RTT, and an RO-heavy workload mix. All counts and
percentages reported in this appendix are independently rounded
to the displayed precision.

Takeaway. Across lower skew, global replica placement, intra-
continent RTT, and the RO-heavy workload mix, the volume and
composition of F3 pairs change substantially. Lower skew reduces
skip opportunities; intra-continent RTT shrinks the AM scale and
reduces F3 survival; and global replica placement and the RO-heavy
mix substantially increase non-ARA F2-to-F3 survival. Despite these
differences, the same structural distinction persists: POS/SER show
F3 amplification over RSS; most non-ARA return paths in POS/SER
remain dependent on ARA edges; and RSS suppresses amplification
by ruling out ARA pairs. Thus, the sensitivity results reinforce the
design implications discussed in Section 5.7.

Experimental setup. For each protocol, we run the Retwis [13]
workload for 600 s, including a 120 s warm-up period. We run ex-
periments on six machines (64 cores, 327 GB RAM, 10 Gbps NIC
each), grouped into three emulated regions with two machines per
region. We use 3 shards with 3 replicas per shard. For each workload
setting, we first measure the peak throughput of all three proto-
cols and set the operating point for each protocol at approximately
70% of its measured peak; because their peak throughputs are sim-
ilar, we use the same client count across protocols. We evaluate
five settings. The baseline uses Zipfian key-access skew 0.9, inter-
continent RTTs, and local replica placement: each shard’s replicas
are co-located within one region, while different shards are placed
in different regions. Zipf-0.7 changes only the key-access skew to
0.7. The global setting changes only replica placement: each shard’s
replicas are distributed across regions, with the leaders of different
shards placed in distinct regions. The intra setting changes only the
RTT regime to the intra-continent setting in Table 3. The RO-90

Table 3: Wide-area p50 RTTs (ms) measured on AWS [2].
Regions are abbreviated as follows: FFM (Frankfurt), ZH
(Zurich), PAR (Paris), VR (Virginia), IR (Ireland), CA (Cal-
ifornia).

FFM ZH PAR VR IR CA
FFM 0.4 VR 04
ZH 10 0.4 IR 70 0.4
PAR 12 12 0.4 CA 64 130 04

(a) Intra-continent (b) Inter-continent

setting uses the baseline skew, placement, and RTT regime, but
changes the configured RO/RW transaction-selection ratio from
50:50 to 90:10. We do not model message passing in this workload.

Table 3 reports the intra-/inter-continent p50 RTT settings be-
tween regions, emulated via Linux TC [8]. The measured clock
uncertainty used for RT extraction is below 100 ps. Separately,
the emulated TrueTime uncertainty used by the protocol is 4 ms,
matching Spanner’s reported average under normal conditions [4].

The experiment settings process different numbers of transac-
tions, so raw counts should be compared primarily within the same
setting. Within each setting, however, RSS, POS, and SER process
similar numbers of ROs: 1.613-1.617M in baseline, 2.333-2.337M in
Zipf-0.7, 1.420-1.424M in global, 2.364-2.366M in intra, and 8.065-
8.128M in RO-90.

Limitations. Different transaction shapes, access correlations,
shard counts, and forms of application-level causality may change
the magnitude and composition of cycle-forming pairs. Evaluating
these effects under broader workloads and in deployed systems
remains future work.

Sanity checks. All settings pass three sanity checks: (1) the DSG
alone has no non-trivial SCCs; (2) removing all F2 skip-induced
anti-dependency edges removes all non-trivial SCCs from G; and
(3) every detected skip-induced cycle contains at least one skip-
induced anti-dependency pair with positive AM, as required by The-
orem C.4.

F2-to-F3 amplification across settings. Table 4 shows that, within
each setting, POS/SER F3 amplification is much larger than the in-
crease in skip-induced anti-dependency volume. In baseline, POS/SER
produce only 1.5/2.0X as many F2 pairs as RSS, but 181/359X as
many F3 pairs. The same pattern holds in global and RO-90. In
global, POS/SER produce only 1.2/1.5X as many F2 pairs as RSS,
but 289/648x as many F3 pairs; in RO-90, POS/SER produce only
1.6/1.7Xx as many F2 pairs as RSS, but 165/198x as many F3 pairs.
Under Zipf-0.7, RSS produces almost no F3 pairs, while POS/SER
still produce thousands of F3 pairs. This pair-level F3 amplification
also appears at the RO level: across all settings, no more than 0.07%
of RSS ROs appear as R in an F3 pair, whereas the corresponding
fractions reach 13.9/29.2% in POS/SER.

In the intra-continent setting, RSS skip volume drops sharply
relative to POS/SER, so POS/SER have 21.9/26.7x as many F2 pairs
as RSS. This is consistent with RSS’s shard-side t..-based regularity
guard: under the smaller RTT scale, the tee (W) > treaq(R) skip
clause is satisfied less often, making RSS skips much rarer. Even



Table 4: Sensitivity of the skip-to-cycle cascade across set-
tings. Skip is the fraction of ROs that appear in at least one
F1 pair. F1-F3 count RO-RW pairs; parentheses in the F2 and
F3 columns show survival from the previous filter. The F3
ROs column reports the number of distinct ROs that appear
as R in at least one F3 pair; parentheses show their fraction
of all ROs. Raw counts should be compared primarily within
each setting because trace sizes differ across settings.

Setting Model Skip F1 F2 F3 F3 ROs
baseline RSS 11.4% 197.8K  158.0K (79.8%) 334 (0.2%) 333 (0.02%)
POS 15.8% 2837K 2325K (82.0%)  60.4K (26.0%)  57.6K (3.6%)
SER 214% 390.1K  323.4K (82.9%) 119.8K (37.0%)  112.5K (7.0%)
Zipf-0.7  RSS 15% 357K 325K (91.1%) 4(0.01%)  4(< 0.001%)
POS 20% 477K 43.9K (92.1%) 6.6K (15.1%) 6.6K (0.3%)
SER 32% 773K 714K (923%)  18.1K(25.3%)  17.9K (0.8%)
global  RSS 28.0% 4745K  414.7K (87.4%) 789 (0.2%) 781 (0.06%)
POS 31.4% 548.6K 485.7K (88.5%) 228.4K (47.0%) 197.6K (13.9%)
SER 38.8% 706.2K 632.9K (89.6%) 511.3K (80.8%) 415.2K (29.2%)
intra RSS 1.2% 27.8K 20.5K (73.9%) 0 (0.0%) 0 (0%)
POS 19.4% 513.9K  449.6K (87.5%) 27.0K (6.0%)  26.3K (1.1%)
SER 23.0% 620.2K  547.8K (88.3%) 515K (9.4%)  50.1K (2.1%)
RO-90  RSS 11.8% 1.018M  827.1K (81.3%) 52K (0.6%)  5.2K (0.07%)
POS 17.2% 1.542M  1.286M (83.4%)  866.2K (67.4%) 804.2K (9.9%)
SER 19.0% 1.718M  1.435M (83.5%) 1.039M (72.4%) 957.8K (11.8%)

Table 5: ARA composition and ARA-edge dependence
across settings. Entries under ARA/Non-ARA Share report
ARA%/Non-ARA% within F2 or F3. Non-ARA F2—F3 is the
survival rate of non-ARA F2 pairs. ARA-dep. F3 is the frac-
tion of non-ARA F3 pairs that are no longer cycle-forming
after removing all ARA edges. Dashes denote not applicable.

Setting  Model ARA/Non-ARA Share Non-ARA Behavior
of F2 of F3 F2—F3 ARA-dep.F3
baseline  RSS 0.0%/100.0%  0.0%/100.0% 0.2% 0.0%
POS 12.4%/87.6%  47.7%/52.3% 15.5% 98.3%
SER 14.6%/85.4%  39.5%/60.5% 26.3% 98.7%
Zipf-0.7  RSS 0.0%/100.0%  0.0%/100.0% 0.01% 0.0%
POS 12.1%/87.9%  80.2%/19.8% 3.4% 99.7%
SER 18.0%/82.0%  71.1%/28.9% 8.9% 99.9%
global RSS 0.0%/100.0%  0.0%/100.0% 0.2% 0.0%
POS 9.3%/90.7%  19.9%/80.1% 41.5% 99.7%
SER 14.8%/85.2%  18.3%/81.7% 77.5% 99.8%
intra RSS 0.0%/100.0% - 0.0% -
POS 4.9%/95.1%  81.5%/18.5% 1.2% 79.2%
SER 7.5%/92.5%  79.8%/20.2% 2.1% 91.3%
RO-90 RSS 0.0%/100.0%  0.0%/100.0% 0.6% 0.0%
POS 14.1%/85.9%  20.9%/79.1% 62.0% 98.6%
SER 15.1%/84.9%  20.9%/79.1% 67.5% 98.4%

accounting for this larger F2 gap, however, POS/SER still exhibit
non-negligible F3 formation: tens of thousands of their F2 pairs
become F3, while RSS produces no F3 pairs in this run.

Table 6: Client-shard co-location and RTTs for ARA obser-
vations. Cyy is the client of the skipped RW W, Sc is W’s
coordinator shard, Sp is the shard where RO R skips W, and
Cg is R’s client. In all ARA observations, Sp is a participant
shard of W, not its coordinator. Co-loc. reports the fraction
of observations in which the client is co-located with the
corresponding shard; RTT columns report median RTTs.

Setting  Model Cw-Sc Sc-Sp Cr-Sp
Co-loc. RTT RTT Co-loc. RTT
baseline  POS 97.4% <lms 130ms 77.7% <1lms
SER 97.4% <lms 130ms 76.7% <lms
Zipf-0.7  POS 97.0% <lms 130ms 81.5% <lms
SER 97.2% <lms 130ms 78.1% <lms
global POS 72.2% <lms  70ms 46.9% 64 ms
SER 71.4% <1lms 70 ms 47.2% 64ms
intra POS 98.0% <1lms 12ms 81.9% <1lms
SER 97.6% <1lms 12ms 82.9% <lms
RO-90 POS 97.7% <lms 130ms 77.9% <lms
SER 97.8% <lms 130ms 77.0% <lms

ARA share varies, but ARA-edge dependence persists. Table 5
shows that F2 pairs are mostly non-ARA across all POS/SER set-
tings. ARA accounts for only 4.9-18.0% of F2 pairs, depending on
the setting and model. Because ARA pairs are cycle-forming by
construction, however, their share can become much larger at F3.
In Zipf-0.7 and intra, ARA accounts for 71.1-81.5% of POS/SER F3
pairs, not because non-ARA F2 pairs are rare, but because non-ARA
F2 pairs rarely become F3: only 3.4%/8.9% in Zipf-0.7 and 1.2%/2.1%
in intra.

The contrast between Zipf-0.7 and intra is informative. Zipf-0.7
reduces the number of dependency opportunities while retaining
the inter-continent RTT regime; the non-ARA F3 pairs that remain
are almost entirely ARA-dependent: removing ARA edges leaves
99.7%/99.9% of POS/SER non-ARA F3 pairs without a return path.
Intra keeps the higher skew but reduces the RTT scale; there, non-
ARA F2—F3 survival is lower, and ARA removal leaves a smaller,
but still majority, fraction of non-ARA F3 pairs without a return
path: 79.2%/91.3% in POS/SER.

At the opposite extreme are the global and RO-90 settings. ARA
accounts for only 18.3-20.9% of POS/SER F3 because non-ARA F2
pairs survive to F3 much more often (41.5-77.5%). Yet removing
ARA edges leaves 98.4-99.8% of non-ARA F3 pairs without a return
path. Thus, a small direct ARA share does not imply that ARA edges
are unimportant; in both settings, ARA’s effect appears primarily
through its support for non-ARA return paths.

ARA pairs arise from participant-side visibility lag. Table 6 char-
acterizes where ARA pairs arise. Across all settings with ARA pairs,
the RO skips the RW at a participant shard rather than at the RW’s
coordinator. This supports the visibility-lag interpretation: the RW
has completed through its coordinator while a participant still treats
it as prepared.

Baseline, Zipf-0.7, intra, and RO-90 show the same client-shard
distance pattern: the RW client is almost always co-located with
the RW coordinator, and the RO client is often co-located with



Table 7: AM diagnostics across settings. All entries are me-
dian AM values in milliseconds. The ARA F3, Non-ARA F2,
and Non-ARA F3 columns report pair-level AM medians. Wit-
ness Max reports, over non-ARA F3 pairs, the median of the
maximum AM among skip-induced anti-dependency edges
on the chosen shortest-hop logical witness cycle. Dashes de-
note not applicable.

Setting Model ARA Non-ARA
F3 F2 F3  Witness Max
baseline  RSS - =340 30.3 31.1
POS 238 =335 -9.6 50.8
SER 240 -33.0 -13.0 51.6
Zipf-0.7 RSS - =346 23.1 23.1
POS 244 -31.0 -5.5 48.2
SER 245 =279 -5.9 47.9
global RSS - -4.2 99.3 114.9
POS 108.6 -3.2 13.1 155.7
SER 111.8 -0.3 5.5 158.3
intra RSS - -9.3 - -
POS 6.7 -3.5 2.8 19.3
SER 7.0 -3.0 2.8 10.2
RO-90 RSS - -3338 30.4 315
POS 238 -32.6 —23.8 54.0
SER 239 =327 -254 54.8

the participant where the skip occurs. In baseline, Zipf-0.7, and
RO-90, which use the inter-continent RTT regime, the coordinator-
to-participant RTT is 130 ms, the largest RTT in those settings; intra
preserves the same co-location pattern at a 12 ms coordinator-to-
participant RTT.

Global replica placement exhibits a different client-shard distance
pattern: RW-client co-location with the coordinator drops to about
71-72%, RO-client co-location with the participant drops to about
47%, and the RO-client-to-participant RTT rises to 64 ms. Thus,
neither strict client-shard co-location nor the largest coordinator-
to-participant RTT is necessary for an RO to observe an RW that
has already completed through its coordinator as still prepared.
This pattern is consistent with additional cross-region replica co-
ordination lengthening the participant-side visibility-lag window
before the commit decision is applied.

AM reflects RTT and replica-placement trends. Table 7 reports
pair-level AM values and witness-level maximum AM values across
settings. The ARA and witness-max columns most directly reflect
the RTT and placement trends. Baseline, Zipf-0.7, and RO-90, which
share the same inter-continent RTT regime and local replica place-
ment, have similar ARA F3 median AM values around 24 ms and
similar POS/SER non-ARA witness-max AM values around 48-
55 ms. Intra has a smaller AM scale: ARA F3 median AM is only
6.7-7.0 ms, and the median non-ARA witness max AM is 10.2—
19.3 ms. Global shifts these values upward: ARA F3 median AM
rises to about 109-112 ms, and non-ARA witness max AM rises to
about 155-158 ms in POS/SER.

The non-ARA pair-level columns provide a complementary view.
Non-ARA F2 medians remain negative in all settings, and non-ARA

F3 medians shift upward relative to non-ARA F2 but are still nega-
tive or much smaller than the witness maximum in many POS/SER
settings. This suggests that many non-ARA F3 pairs obtain their
positive-AM witness from a different skip-induced anti-dependency
edge with a larger AM. Together with Table 5, this pattern indicates
that their return paths are typically ARA-backed in POS/SER. In
contrast, RSS has no ARA pairs, so its rare non-ARA F3 pairs have
F3 AM and witness-max AM at similar scales.

B CORRECTNESS OF SPANNER-RO-POS AND
SPANNER-RO-SER

We reuse the timestamp-based proof structure of Appendix D of the
Spanner-RSS technical report [7]. Our proof sketches identify the
arguments that remain unchanged and isolate the model-specific
changes for Spanner-RO-POS and Spanner-RO-SER.

Consistent snapshot assembly and snapshot timestamp selection.
Skipping prepared RWs independently at different shards can make
the initial shard replies fail to form a consistent snapshot. For exam-
ple, one shard may return a version written by a multi-shard RW
W, while another shard skips W because W is still prepared there.
To assemble a consistent snapshot, Spanner-RO-POS and Spanner-
RO-SER use the same fast/slow reply mechanism as Spanner-RSS.

Each shard first returns a fast reply with committed versions for
the requested keys and metadata for skipped prepared RWs. Once
all fast replies have arrived, the client computes a fixed snapshot
timestamp tgqp (R) from the candidate versions accumulated so far,
including any versions obtained from slow replies already received.
Following the Spanner-RSS CALCULATESNAPSHOTTS rule, the client
takes the earliest commit timestamp for each requested key among
the candidate versions available for that key, and then takes the
maximum of these per-key timestamps. The client keeps tgap (R)
fixed while waiting for slow replies from skipped RWs that could
still commit at or before #nqap (R). A slow reply reports whether the
skipped RW commits and, if so, its commit timestamp and value.
The client incorporates the write if it commits at or before tsnap (R),
and repeats until no remaining skipped RW can affect the snapshot.

Serialization timestamp assignment. For an RW W, let 7(W) =
t.(W). For an RO R, let tpin (R) be the lower bound carried in R’s
request. For Spanner-RO-POS, this is the client process-order lower
bound; for Spanner-RO-SER, it is 0. We assign

T(R) = max (tsnap (R)’ tmin (R)) .

Let tinvoc(T) and tresp (T) denote the invocation and response times
of a completed transaction T.

LEmMMA B.1. In Spanner-RO-POS and Spanner-RO-SER, suppose T,
is an RW with serialization timestamp t(T;). For each key read by
T,, the returned value is written by the committed RW Ty with the
greatest serialization timestamp t(Ty) such that 7(T;) < 7(Ty).

ProOF sKETCH. We reuse Lemma D.3 of the Spanner-RSS tech-
nical report [7]. The RW transaction protocol is unchanged from
Spanner-RSS and is nearly identical to Spanner’s RW protocol.
Thus, the lemma follows from the Spanner-RSS argument, which
relies on the correctness of strict two-phase locking and Spanner’s
timestamp assignment. O



LEmMMA B.2. In Spanner-RO-POS and Spanner-RO-SER, suppose T,
is an RO with serialization timestamp ©(T5) as defined above. For each
key read by T,, the returned value is written by the committed RW
T, with the greatest serialization timestamp t(Ty) such that t(T;) <

T(Tz).

PROOF SKETCH. If 7(T3) = tonap(T2), this is exactly the Spanner-
RSS snapshot assembly argument in Lemma D.4 of the Spanner-RSS
technical report [7]: any skipped prepared RW that could commit at
or before tsap (T2) is resolved before the final snapshot is returned.

Now suppose 7(T2) = tmin(Tz) > tsnap(T2); this case can occur
only for Spanner-RO-POS. Because tpin (T2) is carried from transac-
tions that completed before T, starts, and tyeaq (T2) = TT.NOW().latest
is chosen when T, starts, we have tyin(T3) < tread(T2). We show
that no read key has a missing committed write with timestamp in
(tsnap(TZ)s tmin(TZ)]'

Let U be a committed RW that performs such a missing write
to a key read by T,. First suppose U had already committed at the
shard when T’s fast reply was produced. Because the shard has
passed the Paxos safe-time check and returns the latest committed
version at te,q(T2), the shard’s fast/slow replies received before
snapshot selection contain only committed versions whose com-
mit timestamps are at least t.(U). These versions constitute the
candidates used for that key by CALCULATESNAPSHOTTS; hence
the per-key timestamp for that key is at least t.(U). Since CALcU-
LATESNAPSHOTTS takes the maximum over per-key timestamps,
this would force tsnap(T) = t.(U), contradicting the assumption
that t.(U) > tenap(T2).

Next suppose U was prepared but not yet committed at that shard
when the wait/skip decision was evaluated. Since t.(U) < tyin(T2)
and t,(U) < t.(U), we have t,5(U) < tyin(T2). Under Spanner-
RO-POS, such a prepared conflicting RW cannot be skipped; the
RO waits for it. If U commits, then because t.(U) < tyin(T2) <
tread(T2), the version returned in the fast reply after waiting reflects
U or a later committed write. As in the previous case, this forces
tsnap(T2) = t.(U). If U aborts, it is not a committed missing write.
Therefore, any prepared RW X that is skipped and later commits
has tp(X) > tmin(T2), and since £ (X) > #,5(X), it cannot commit
at or before 7(Ty) = tyin(T2)-

Finally, if U had not yet prepared at that shard when T,’s fast
reply was produced, the Paxos safe-time check implies that its fu-
ture prepare timestamp is greater than t,.,q(T;). Therefore, since

tmin(T2) < tread(T2), such a write cannot commit at or before ty, (T3).

Thus, for the keys read by Ty, the interval (tsnap(T2), tmin(12)]
contains no missing committed write. Consequently, the snapshot
returned at tg,p(T2) is also legal at the serialization timestamp
T(TZ) = tmin(T2)~ O

LeEmMA B.3. For every completed transaction T,
(T) < tresp(T)~

ProOOF SKETCH. For an RW, commit-wait ensures that t.(T) has
already passed before the transaction responds. For an RO R, if
tsnap(R) > 0, then by CALCULATESNAPSHOTTS fnap (R) is the com-
mit timestamp of some candidate version available to the RO client.
That version comes from a committed RW whose commit times-
tamp has passed before R returns; if ts;qp(R) = 0, the claim is

immediate. The incoming tyi, (R) was produced by completed ear-
lier transactions at the same client, so by induction it is smaller
than R’s invocation time. Thus both ts4p (R) and tyin (R) are smaller
than tesp (R), and hence so is 7(R). m]

LEMMA B.4. In Spanner-RO-POS, if completed transactions Ty and
T, are issued by the same client and Ty completes before T, starts, then
7(Th) < ©(T:). Furthermore, if both T and T, are RW transactions,
then (Ty) < ©(Ty).

Proor skeTcH. This is the process-order version of Lemma D.1
in the Spanner-RSS technical report [7]. Spanner-RO-POS uses tin
to carry only the client’s process-order lower bound. When a client
ends a transaction Ti, it advances tp;, to at least 7(T;) and sends
this bound with later ROs.

First suppose that T, is an RO. Since T; is issued after T; ends,
the lower bound carried by T, is at least 7(T;). By definition,

7(Tz) = max (tsnap(TZ)a tmin(TZ)) 2 tmin(T2) 2 7(Th).

Now suppose that T; is an RW. Since T; completes before T, starts,
Lemma B.3 gives 7(T}) < tresp(T1) < tinvoc(T2). Spanner’s RW
timestamp assignment chooses t.(T3) after T,’s start, so 7(Ty) <
T(Tg).

O

THEOREM B.5. Spanner-RO-POS guarantees process-ordered seri-
alizability.

ProoF skETCH. We reuse the structure of Theorem D.5 of the
Spanner-RSS technical report [7]. We first construct a strict to-
tal order < over completed transactions using the timestamp 7.
First, transactions are ordered by increasing 7(T). Second, for each
timestamp, we form a tie graph over transactions with the same
timestamp, using causal-order edges between them. Causal edges
are used here only as a tie-breaking rule; POS requires only process-
order preservation. Since causal order is acyclic, each tie graph is
acyclic. We topologically sort each tie graph, breaking remaining
ties arbitrarily.

Note that conflicting RWs receive distinct commit timestamps,
so two RWs that write the same key cannot tie at 7. Thus, same-
timestamp ties do not create ambiguity about the latest RW writer
for any key.

Let S be the sequential history obtained by ordering completed
transactions according to <. We first show that S is legal. If T is an
RW, Lemma B.1 shows that each value read by T is written by the
greatest-timestamp RW before 7(T), which is the latest preceding
writer in S. If T is an RO, Lemma B.2 shows that each returned value
is written by the greatest-timestamp RW at or before 7(T). If the
writer’s timestamp is smaller than 7(T), it precedes T by timestamp
order; if the timestamps are equal, the read-from edge is a causal
edge in the tie graph, so the topological order places the writer
before T. Thus, S is legal.

It remains to show that S respects process order. Consider com-
pleted transactions T; and T, issued by the same client, where Ty
completes before T; starts. By Lemma B.4, 7(Ty) < (T). If 7(Tq) <
7(Ty), then Ty < T, by timestamp order. Otherwise, 7(T;) = 7(T2);
since process order is included in causal order, the process-order
edge from T; to T, appears in the same timestamp tie graph, and the



topological sort places T; before T,. Hence S respects each client’s
process order.

Therefore, the execution has a legal serial history that respects
process order, so Spanner-RO-POS satisfies POS. O

THEOREM B.6. Spanner-RO-SER guarantees serializability.

Proor skETCH. The same timestamp-order construction used in
Theorem B.5, together with Lemmas B.1 and B.2, gives a strict total
order and a legal sequential history. Since SER imposes no order
constraint beyond the existence of such a history, Spanner-RO-SER
satisfies serializability. O

C CORRECTNESS OF POSITIVE CYCLE-LEVEL
ANTI-DEPENDENCY MARGIN

For the Spanner-like RO protocol family, we prove that every
skip-induced SS-relative violation cycle contains at least one skip-
induced RO-RW anti-dependency pair with positive AM.

Dependency timestamp assignment. For the AM proof, we use a
dependency timestamp o, distinct from the serialization timestamp
used in Appendix B. For an RW T, let o(T) = t.(T); for an RO T,
let 0(T) = tsnap(T), the fixed snapshot timestamp used by the final
snapshot assembly.

Trace-time bounds and real-time relation. Let tinyoc(T) and’t\resp(T)
be the raw invocation and response timestamps recorded in the
trace. Let tﬁl’\foc(T) and tfel'fp(T) denote the corresponding unob-
served absolute event times. We assume the trace-clock error is

bounded by &, so

mvoc

finvoe (T) = 112, (T)] < &

’t\resp(T) - tabs (T) < e

resp

Accordingly, define the conservative event-time bounds
Einvoc(T) = EnvoC(T) - ?resp(T) = I‘Iresp(T) +eé.
Then
Eiwoe (1) < e 65 (T) < Tresp (7).

In this appendix, RT denotes the full conservative real-time relation:

RT —
A— B iff  tresp(A) <t .. (B).

—1nvoc

Equivalently, in terms of raw trace timestamps, this is
’[resp (A) < ?invoc(B) - 2e.

In Section 4, RT* denotes the reachability relation induced by the
reduced RT graph, which is equivalent to the full conservative RT
relation defined above. The proof below reasons about the latter
directly.

Definition of AM. For a skip-induced anti-dependency pair (R, W),
define
AMR, W) =t, . (R) - t.(W).
A pair has positive AM when this quantity is positive.
LemMmA C.1. For every completed RO R, and for each key read by R,

the returned value is written by the committed RW with the greatest
commit timestamp t.(W) such that t.(W) < 6(R) = tgnap(R).

ProoF skETCH. This is the Spanner-RSS snapshot-assembly prop-
erty from Lemma D.4 of the Spanner-RSS technical report [7], re-
stated with o(R) = tsnap (R). All variants reuse the same fast/slow
snapshot assembly: the client fixes tonap (R), waits for any skipped
prepared RW that could still commit at or before this timestamp,
incorporates such writes if needed, and finally returns READAT-
TIMESTAMP(V, tsnap (R)). O

Lemma C.2. For any data-dependency edge A — B in the DSG,
o(A) < a(B).

PRroOF sKETCH. We consider the three DSG edge types. For edges
whose target B is an RW, strict two-phase locking together with
Spanner’s timestamp assignment places B after the transaction or
version that induces the edge. Thus, if A — B is a WW edge, a WR
edge where B is an RW, or an RW anti-dependency where A is an
RW, then o(A) < o(B).

It remains to consider edges whose source or target is an RO. For
a WR edge where B is an RO, B returns a version written by A. By
Lemma C.1, every version returned by B has commit timestamp at
most o(B). Hence (A) < o(B).

For an RW anti-dependency edge where A is an RO, B is the
next committed writer of a key for which A reads an older ver-
sion. If 0(B) < 0(A), then by Lemma C.1, A would have returned
B’s version or a later version for that key, contradicting the anti-
dependency. Hence o(A) < o(B). O

Lemma C.3. For any completed transaction T,

a(T) < Eresp(T)~

Proor skeTcH. IfT is an RW, commit-wait ensures that the com-
mit timestamp has already passed before the transaction responds.
Hence

o(T) =t(T) < 1abs (T) < ?resp(T)‘

resp

If T is an RO and o(T) = tsnep(T) > 0, then by CALCULATES-
NAPSHOTTS, tsnap (T) is the commit timestamp of some candidate
version available to the RO client. That version comes from a com-
mitted RW whose commit timestamp has already passed before T
returns, so

o(T) < tion(T) < Tresp(T).-

resp

If T is an RO and tgap (T) = 0, the claim is immediate. ]

THEOREM C.4 (POSITIVE CYCLE-LEVEL AM). For every skip-induced
SS-relative violation cycle C in the DSG augmented with the full
conservative RT relation, C contains at least one skip-induced anti-
dependency pair (R, W) such that

te(W) < Linyoe (R)-

INVOC
Equivalently, C contains at least one skip-induced anti-dependency
pair with positive AM.

PrROOF. We prove the theorem by contradiction. Assume every
skip-induced anti-dependency pair (R, W) on C satisfies

tC(W) = Iinvoc (R)



We assign a tracking value v(A) to each vertex A on C based on
its outgoing edge on C:

) o(A) if A’s outgoing edge is a WW/WR/RW edge,
v(A) =4_
tresp(A)  if A’s outgoing edge is an RT edge.

We traverse C and show that the tracking value never decreases,
and that it strictly increases at least once. In Case 5, when an RT
edge enters an RO whose next edge is an anti-dependency, we treat
the two-edge segment as a single compressed step.

Case 1: A — Bis a data-dependency edge, and B’s outgoing
edge is a data-dependency edge. Then

v(A) = 0(A) < o(B) =v(B)
by Lemma C.2.

Case 2: A — B is a data-dependency edge, and B’s outgoing
edge is an RT edge. Then

0(A) = 0(A) < 0(B) < tresp(B) =v(B)
by Lemmas C.2 and C.3. This step is strict.
Case 3: A — Bis an RT edge, and B is an RW. Then
0(A) = Tresp(A) <t (B) < tc(B) = a(B).

—Invoc

The last inequality follows because Spanner chooses an RW commit

timestamp no earlier than the transaction’s absolute start time, and
b ) . .

tivoc(B) < 2% (B). If B’s outgoing edge is a data-dependency

edge, then v(B) = o(B). If B’s outgoing edge is an RT edge, then
0(B) = tresp(B) > o(B) by Lemma C.3. In either case,

v(A) < v(B).

For Cases 4 and 5, note that an RO performs no writes, so an
RO’s outgoing edge on C is either an anti-dependency or an RT
edge.

Case 4: A — B is an RT edge, B is an RO, and B’s outgoing
edge is an RT edge. Then

(B) <t (B)

mvoc

0(A) = Zresp(A) <t

—1nvoc

< 12 (B) < fresp(B) =ov(B).

resp

This step is strict.

Case 5: A — B is an RT edge, B is an RO, and B’s outgoing

edge is an anti-dependency B W, w. we compress the two-edge
segment

A5 B w
and show that v(A) < o(W).
From the RT edge,

0(A) = tresp(A) < t00(B).
Case 52: B % W is skip-induced. By the contradiction hy-
pothesis, the skip-induced anti-dependency pair (B, W) has non-
positive AM:

t.(W) >t (B).

— —Invoc
Therefore,
v(A) <t

—Invoc

(B) < te(W) = o(W).

Case 5b: B - W is not skip-induced. We first show, by
contradiction, that
te(W) >t 0 (B).
Assume instead that
(W) < £y (B).
Since B chooses tye,q(B) = TT.Now().latest when it starts, and
(B) is a lower bound on B’s absolute invocation time, we have

B).

Einvoc

tread(B) b tabs (B) 21

= ‘invoc ~invoc (

Therefore, t.(W) < tiead(B). Because B v, W, RO B read an older
version of the key and W is the next committed writer of that key.
There are three subcases. (1) If W’s version had already been
applied at the shard where B read the key, the candidate versions
from the fast/slow replies for that key would have timestamps at
least t.(W), forcing tenap(B) > t(W). By Lemma C.1, B would
then return W’s version or a later version, contradicting the anti-
dependency. (2) If W was prepared at that shard, then either B
waited for W or B proceeded without waiting. If B waited, the same
argument as in (1) applies after the wait. If B proceeded without
waiting, then £, s (W) < t.(W) < tread(B), so Waitss(B, W, s) holds;
since B~ W is already an anti-dependency, proceeding without
waiting makes it skip-induced, contradicting Case 5b. (3) If W was
neither applied nor prepared at that shard when B began executing
there after the Paxos safe-time check, then a future prepare of W
must have timestamp greater than #,.,q(B). Hence W cannot later
commit at or before t,.,q(B), contradicting the assumption. Thus,

(W) > Eyoe(B).
Therefore,
U(A) < Einvoc
In both Cases 5a and 5b,
v(A) < o(W).
If W’s outgoing edge is a data-dependency edge, then o(W) = o(W).
If W’s outgoing edge is an RT edge, then v(W) = trep (W) > (W)
by Lemma C.3. Hence in both cases,

v(A) < o(W).

(B) < te(W) = o(W).

Completing the proof. Because all protocols preserve serializ-
ability, the DSG is acyclic. Therefore, C contains at least one RT
edge. Every RT edge on C falls under Case 3, Case 4, or the com-
pressed Case 5; each of these yields a strict increase. All remaining
data-dependency steps on C fall under Case 1 or Case 2 and never
decrease the tracking value.

Chaining the inequalities around C, with Case 5 segments com-
pressed, gives

U(Al) < e <o SU(Al),
which implies
0(A;1) < v(Ay),

a contradiction. Therefore, our assumption is false, so C contains at
least one skip-induced anti-dependency pair (R, W) with positive
AM. o
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