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ABSTRACT

We study efficient, adaptive auditing of categorical labels in a fixed dataset, moti-
vated by biodiversity-credit programs in which expert verification of species records
is costly and downstream scores (e.g., payment) computed from corrected labels
are more sensitive to errors on certain labels than on others. Our framework couples
anytime-valid inference with a task-aware adaptive auditing policy, representing
label corrections through a confusion matrix and prioritizing which data points to
inspect next based on the uncertainty within their class labels and the corresponding
influence of these labels on the downstream score function. For linear scores such
as the mislabel rate, our priority-aware approach certifies the overall label error rate
to +2 percentage points with 24% and 11% fewer audits compared to random sam-
pling on biodiversity data from Kenya and a widely-used CIFAR-10N benchmark,
respectively. For nonlinear scores such as the Hill-Shannon diversity, we exploit a
linear-envelope representation that reduces inferences to a family of linear-score
audits; priority-aware sampling again reaches the target precision with 36% fewer
audits. When the cost of distribution-free guarantees becomes prohibitive, we
develop a model-based Bayesian alternative that trades assumption-free validity for
considerably fewer audits. Together, these results show task-aware auditing can sig-
nificantly reduce the number of expert audits needed while providing finite-sample,
anytime-valid guarantees.

1 INTRODUCTION

Large labeled datasets are routinely used in consequential inference tasks, from model evaluation
to scientific analysis. However, the labels in these datasets are not always correct, with annotation
errors documented in settings ranging from healthcare (Shi et al., 2024; Réadsch et al., 2023) to
remote sensing (Pelletier et al., 2017). Even widely used machine-learning benchmarks contain
nontrivial label noise, with one study estimating an average error rate of 3.3% (Northcutt et al., 2021).
Especially in consequential settings, practitioners may want rigorous uncertainty quantification,
but doing so requires verifying at least some of the labels. When expert verification of an entire
dataset is impractical, two natural questions arise: How many data points must be audited to certify a
downstream quantity with a desired level of confidence? Which records should be audited next to
reduce that uncertainty as efficiently as possible?

When audits are costly, confidence sequence methods are useful as they provide confidence intervals
that are simultaneously valid over all sample sizes, allowing the auditor to inspect data sequentially and
stop adaptively without invalidating the coverage guarantee. Recent work develops such guarantees
for sampling without replacement (Waudby-Smith & Ramdas, 2020; Ryu & Wornell, 2024) to certify
finite-population quantities, e.g., population mean, but these methods were not designed for the
precision audits need in practice: on our data of 33,403 labels, the prior—posterior-ratio confidence
sequence of Waudby-Smith & Ramdas (2020) needs a median of 4,118 audits to certify the mislabel
rate to +2 percentage points at 95.5% confidence, against 656 for our method. On unlabeled datasets,
active-evaluation methods adaptively select samples to label to estimate quantities such as model risk
or predictive performance (Sawade et al., 2012; Kossen et al., 2021; 2022; Mittal et al., 2024), and
recent work has begun to combine adaptive label acquisition with anytime-valid inference (Xu et al.,
2024). Our setting brings adaptive data acquisition and anytime-valid inference together in a different
form: the data are already labeled but may be incorrect, the unknown corrections are categorical and
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Figure 1: Anytime-valid, priority-aware auditing framework. (A) Each audit uses past audits
to predict the unverified labels and the target score. An expert audit V; corrects the predicted score
through inverse-probability weighting to produce an unbiased score observation Z;. (B) E-processes
accumulate evidence against each candidate score value m, reject values with sufficient evidence,
and use remaining values to form a confidence sequence I, stopping once the width falls below
a tolerance 7. (C) Our priority-aware sampling strategy directs reviews toward large strata with
high predicted score uncertainty. We compare against random sampling as a baseline, but note that
different sampling strategies only change the efficacy, not the validity of the confidence sequences.

structured, the downstream target may be nonlinear or non-smooth, and the auditor must adaptively
decide which records to verify without sacrificing validity.

Motivation: Auditing for biodiversity credits. Biodiversity credits are purchased by companies
and investors to fund nature conservation and restoration worldwide, compensating individual
landowners for measurable improvements in ecosystem health (Wunder et al., 2025). The market
is estimated to grow from US$8M annually to $69B by 2050 (World Economic Forum, 2023), but
credits are burdened by high overhead costs and concerns about trust and verification (Aide, 2024).
Each project may generate tens or hundreds of thousands of sensor records documenting wildlife
presence and abundance, making full expert audit impractical. Automated species classifiers reduce
labeling cost but can have substantial error: one widely used classifier had an 18.2% error rate on an
out-of-sample dataset (Tabak et al., 2019). Because credit payments depend on these metrics, label
errors have direct financial consequences, creating a need for efficient expert auditing. An aggregate
mislabel rate (e.g., “13% of labels are incorrect”) is insufficient because the direction of an error
determines its downstream consequence. Incorrectly labeling cattle as lion, for example, may falsely
introduce a rare species and substantially inflate estimated richness and taxonomic diversity (and
therefore payment), whereas confusing two common, closely related species may have little effect.
An effective audit should therefore account not only for where errors are likely, but also for how
potential corrections affect the downstream scoring function.

The same structure arises in myriad settings. In model evaluation, for example, noisy benchmark labels
impact downstream quantities such as F} score, balanced accuracy, or model rankings (Northcutt
et al., 2021), each of which may depend nonlinearly on the corrected labels. In epidemiology, label
corrections may change prevalence estimates (Haile & Kronthaler, 2025), while in content moderation
they may alter policy-compliance rates.

To address these challenges, we make the following contributions:

¢ A general framework for efficient label auditing (fig. 1). We introduce a task-aware
auditing framework for fixed categorical datasets that combines anytime-valid uncertainty
quantification with adaptive expert review. The framework certifies downstream quantities
while directing audits toward the label corrections that matter most, reducing the number of
costly expert audits needed in practice.

« Efficient anytime-valid inference for structured nonlinear scores. For nonlinear scores
such as Hill-Shannon diversity, we exploit linear-envelope representations to build score-
specific confidence sequences from our linear auditing framework. The resulting confidence



sequences retain finite-sample, anytime-valid guarantees while supporting efficient priority-
aware auditing.

* A model-based (Bayesian) extension within the same framework. When distribution-free
guarantees require an impractically large number of audits, we retain the same task-aware
strategy but use a Bayesian model of the confusion matrix for uncertainty quantification,
trading assumption-free validity for greater statistical efficiency.

2 PROBLEM FORMULATION

A provided dataset contains IV records. Record ¢ € [N] has a submitted label y; (known) and verified
label v; (unknown until verification). Let £ := {1, ..., L} be the full normalized label vocabulary,
and let R := {y; : ¢ € [N]} C L be the set of submitted labels with R := |R| elements. Thus
y; € Randv; € L.

Confusion matrix. A scalar mislabel rate records only how often y; # v; across the entire dataset;
it does not capture error rates across different classes. We therefore track a full confusion matrix,
which specifies the number of mislabels between any two pairs of labels. The unknown finite-
population confusion matrix is C* € ZI>{8<L, where each entry C.s := #{i : y; = r, v; = s}
indicates the number of data points submitted with row r and verified with column s. Row r contains
records submitted as label r, while column s contains records verified as label s. The row sums
Ny =3 cp Cry = #{i : y; = r} are known before auditing.

Score functions. We use score function to denote any downstream quantity computed from the
corrected labels. Formally, a score function maps the submitted-to-verified confusion matrix C to
a scalar outcome of interest, such as an error rate, model-evaluation metric, or biodiversity score.
One important property is that the score function is used for finite-population inference. Unlike
conventional superpopulation inference, when auditing labels we are only interested in the particular
submitted dataset rather than by an i.i.d. sample from an underlying distribution. That is, we only
care about sample statistics, not population statistics. A second property is that score functions can
be assessed by the verified labels, i.e., the score function depends on C only through its corrected
column totals which we write as the corrected composition p(C) € AL~ p (C) = Y, C,s/N,
with AL~ the probability simplex over £; we abbreviate p* = p(C*). For the biodiversity credits
setting, the score function is challenging as it is nonlinear and nonsmooth; details in appendix A.

Strata: splitting rows by metadata. Records often carry metadata, such as the source, location,
device, or time period, that may be associated with different correction patterns. Splitting each row
by these metadata creates smaller groups of records which we call strata. We write g = (r, a) for
the stratum of submitted label  and metadata value a. The size of each stratum is known before any
audit, and each row is the union of its strata. When no metadata is used, each row is its own stratum.
Stratification is useful when correction behavior varies across metadata-defined subgroups, because it
allows the audit to target uncertainty more precisely. In our biodiversity application, a refers to a
camera station, where corrections are strongly clustered.

3 CONFIDENCE SEQUENCES FOR AUDITING LINEAR SCORE FUNCTIONS

We first explore how to turn expert audits into a confidence sequence, illustrated in fig. 1b. Confidence
sequences provide uncertainty intervals that are valid after every audit, allowing the auditor to monitor
uncertainty and stop as soon as desired precision is reached. For linear score functions, we show
that each randomized audit can be transformed into an unbiased, prediction-corrected estimate of the
score for the full dataset. Thus the confidence sequence remains valid for any predictable audit policy,
while better sampling choices reduce its variance and therefore the number of expert audits required.

Let D € REXL be a deterministic contribution matrix, where the (r, s) element D,., € [0, 1] is the
contribution to the score from a data point submitted as label r and verified as label s and is known
in advance. For example, when the score function is the mislabel rate, D is a binary matrix with
D,.s = 1{r # s}. We denote the r-th row of this matrix as d,’ .



We begin with linear scores, for which each record contributes a fixed, known amount determined by
its submitted and verified labels. A score is linear if it can be expressed as 6* = + vazl Dy, v, =

% Y orer 2oser CrsDrs. If all verified labels were known, 6* could be computed exactly. During
the audit, however, only a subset of the data have been reviewed.

Constructing an unbiased audit observation. We first construct a quantity Z; whose conditional
mean, given everything seen so far, is the target score 6*:

E[Z,

Fi1]=0" for every labeling. D

Audit ¢ examines record J; € [N], which lies in the drawn stratum G, and has verified label
Vi = vy,. Let A1 = {J1,...,Ji—1} be the records reviewed before audit ¢, ;1 = [N]\
A1 the unreviewed ones, and Uy ¢ those of stratum g, with sizes M; = |[Uy_1| = N —t +1
and My, = |Uy,—1|. The audit history F;_; consists of {(Gy, Ji, Vi)}i_}. For unreviewed

; _ 1 ; 2
records in stratum g, we express the mean as p1g; = M, Zieug,t_l Dy, and variance as Ogt =

1 2 : o
S Zieugvt,l (Dy, v; — Hg,t)*. The linear score can be split into:

NO*= > Dyu+ Y Dyu= > Dyu+ > Myypgs. )

€A1 i€EUL—1 1€A 1 g
After t — 1 audits, the first sum is known and the second must be learned (or estimated) by the auditor.

Before audit ¢, using only F;_1, the auditor fixes a selection probability 7, ; and a predicted verified-
label distribution q,; € AL~ (from among the M, ; remaining, unreviewed records) for each
stratum g. It draws a stratum G'; with probability 7¢, ; and audits a single record I; chosen uniformly
from Ue, 11, so each unreviewed record of stratum g is audited next with probability 7, ; /M, ;.

For audit ¢, predict € via the estimator:
. 1 -
1 = N ( Z Dy v, + ZMQJ ’ dr(g)qg’t) : 3)

€A1 g

The next randomized audit corrects the prediction 6;_1. Because strata may be sampled nonuniformly,
simply plugging in the newly verified contribution would generally lead to a biased estimate. Instead,
we use an inverse-probability-weighted correction in the spirit of Horvitz & Thompson (1952).
Replacing each ji4 ¢ by its prediction dTT( 999t and correcting the resulting residual gives

Mg,

Zy =0,
t t1+N'7TGt,t

(Dr(a)ve — dG,)q6..t)- “)

The prediction term acts as a control variate, analogous to Sérndal et al. (2003). The inverse-
probability-weighted correction makes Z; unbiased for 6* for any predictable predictions and sam-
pling probabilities, as formalized in lemma 1.

Lemma 1 (One audit, one unbiased observation). If D, q.; and . ; are predictable and 7g; > 0
whenever My > 0, then E[Z; | F;_1] = 6* for every labeling, and with by = g+ — q;tDT(g).,

2
Var(Z, | Fioy) = % {Z ]Zq,: (02, +b2,) — (Z M, ,tbg7t)2] )
’ g

g

Prediction quality affects efficiency, but not validity. In experiments, we set qg ; to the posterior mean
of the hierarchical Dirichlet model (Gelman et al., 1995), fitted to the audits observed before time .

E-processes. Following Waudby-Smith & Ramdas (2024), fix a candidate value m and predictable
stakes /\;ft (m) > 0. Under the null hypothesis §* = m, lemma 1 makes each factor below mean one:

Ef(m) = _H{l +AF(m)(Z —m)}, Ef(m) = _H{l “AT(m)(Zi —m)}. (6

If m = 6*, both processes are nonnegative martingales with initial value one. By Ville’s inequality
(lemma 4), each crosses 2/« with probability at most /2, uniformly over time.



The only requirement on the stakes AT is that they are predictable and keep every factor nonnegative,
whatever label the expert reveals. This is always achievable because D,.s € [0, 1], so the range of Z;
is known before each audit. Section F.1 gives this range and the stakes used in our experiments.

Theorem 2 (Confidence sequence for a linear score). Let I; = {m : Ef(m) < 2/a, E; (m) <
2/aforall s < t}. Then Pr{0* € I,Vt} > 1 — « for every labeling.

The proof (section F.1) applies Ville’s inequality to the two e-processes at m = 6*. Ratios of linear
scores reduce to the same test: the recall p* = C%,/ >~ C}, of species s and the F} score are handled
the same way (appendix H).

4 PRIORITY-AWARE SAMPLING

The confidence sequence in section 3 determines when an audit may stop. We now consider what to
audit next. Because different label corrections can vary greatly in their impact on the downstream
score, we aim to prioritize expert audits towards rows whose unresolved labels contribute most to
uncertainty in that score, a process illustrated in fig. 1a.

2
Suppose by ¢+ = 0, 1.e., gt = d:(g)qut. The variance %(O’;t +b!2],t) is minimized over probability

vectors T s.t. mg.4 &< M, 104 +. This inspires us to review a stratum/row in proportion to its size times
its uncertainty.

Proposition 3 (Priority-aware allocation). If the predictions are exact, (5) is minimized subject to
floors gy > Uy by mgy = max{ly s, Mg 104/v}, with v normalizing. Without floors the minimum
is N=2(32, My 104.4)* the Neyman variance (Neyman, 1934).

M, s is the number of remaining observations to be audited in stratum g and can be calculated
from known values. We can estimate the standard deviation o ; using a heuristic estimator. When
the scoring function is the mislabel rate, the contribution is Bernoulli so if &, ; = d:(g)Qg,t =

Pr(verified label # y, | F¢—1) is the predicted error rate in stratum g, then the estimated standard
deviation is 641 = /€4.4(1 — é4.4).

Then to ensure continued exploration, we mix the resulting priority allocation with sampling propor-
tional to the number of remaining records:

M, M, 6,
Mgt =€ + (1 — &) 9| @)
S My ( )Zk My 16t

The first term guarantees continued exploration of all remaining records, while the second approxi-
mates the variance-minimizing allocation of proposition 3. The end-to-end priority-aware sampling
procedure is presented as algorithm 1 in appendix C.

4.1 EXPERIMENTAL RESULTS: CERTIFYING THE MISLABEL RATE

Table 1 compares five methods for certifying the overall mislabel rate on the Kenyan biodiversity
and CIFAR-10N datasets. Our priority-aware sampling (PAS) method and simple random sampling
(SRS) use the same confidence sequence approach, in theorem 2, and differ only in the selection of
the next record.

On the Kenyan biodiversity dataset, PAS reaches a half-width of two percentage points after a median
of 656 expert reviews, compared with 864 under SRS, a reduction of 24%. On CIFAR-10N, PAS
reaches the same target after 768 audits, compared with 862 under SRS, a reduction of 11%. The
smaller CIFAR gain is consistent with its more balanced submitted-label rows and less concentrated
residual uncertainty. In both settings, PAS retains the anytime-valid guarantee of the underlying
confidence sequence while reaching the target precision sooner. A more in-depth empirical study of
the mechanism driving priority-aware upside versus SRS is in section D.3.

The remaining methods provide established random-sampling benchmarks. The prior—posterior-
ratio method (Waudby-Smith & Ramdas, 2020) is anytime-valid but does not exploit priority-aware
allocation. The Wald interval is an asymptotic reference computed using the true population variance,
while Serfling’s inequality provides a finite-sample bound for sampling without replacement. PAS



Table 1: Audits required to certify the mislabel rate to a half-width of 2 percentage points at 95.5%
nominal confidence. The Kenyan biodiversity dataset has a true mislabel rate of 17.97% and CIFAR-
10N of 17.23%. We report median stopping times over 20 audit paths.

# audits to =2 percentage points

Method Sampling strategy Guarantee Kenyan biodiversity CIFAR-10N
PAS (ours) priority-aware finite-sample, anytime 656 768
SRS random finite-sample, anytime 864 862
Wald random asymptotic, fixed n 1,481 1,434
PPR random finite-sample, anytime 4,118 3,973
Serfling random finite-sample, fixed n 4,154 4,332

reaches the two-percentage-point target substantially earlier than all three benchmarks on both
datasets. The trajectories of the confidence sequence widths are shown in fig. 2; the qualitatively
similar CIFAR-10N comparison appears in section D.2.1. Additional settings for the five procedures
are given in section D.1.1 and section D.2.1.
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Figure 2: Audits on the Kenyan biodiversity dataset. (Left) Submitted-to-verified confusion matrix.
Diagonal entries are correct labels, off-diagonal entries are mislabels. Color indicates the number
of records on a log scale. (Right) Half-width of the 95.5% mislabel-rate interval as the number of
audits increases, comparing our PAS approach against four baselines. Curves show medians over 20
audit paths with the 25th—75th percentiles. Dots mark the audits required to reach a half-width of two
percentage points. The corresponding CIFAR-10N figure (section D.2.1) exhibits the same relative
performances, and numerical results for both settings are reported in table 1.

5 AUDITING NONLINEAR SCORES VIA LINEAR ENVELOPES

In practice, downstream scores are often nonlinear, so the linear construction of section 3 cannot
be applied directly with a single fixed contribution matrix. For concave scores, we show they
nevertheless admit an anytime-valid audit by exploiting their representation as envelopes of linear
scores: a single predictable tangent direction yields a valid upper confidence bound, while the lower
bound requires ruling out every plausible label composition, which we certify by convex optimization.
For instance, species diversity (part of the biodiversity score function, see appendix A) can be written
as Py := exp H(p(C*)), where H(p) = — 3 Ps log p; is the Shannon entropy of the corrected
label proportions. We develop this construction for an entropy term and apply the same principle to
other nonlinear scores on CIFAR-10N.

Concave scores are envelopes of linear scores. Let H be a concave, differentiable score of the
corrected labels. For any reference p € A*~1, concavity implies that the tangent plane to H at p is
an upper bound. Using } ©_ps = 1, the tangent plane is a linear score,

H(p) < 3 psts(p),  where t(p) = H(p) + 0.H(p) = 3 p; O H (), ®)

seL



with equality at p = p. Hence H(p) = min; ) pstbs(p): a record verified as s contributes the
known amount 15(p) to the linear score indexed by p. For entropy, 1s(p) = log(1/ps), and the
tangent plane is the cross-entropy CE(p, p) := >, pslog(1/ps) = H(p) + KL(p||p). The inequality
in (8) is Gibbs’ inequality KL > 0 (Cover et al., 1991).

Upper bound: one linear audit. Any predictable reference p gives a valid upper confidence bound,
its choice affects only the width but not validity. We therefore take the best guess of p* available
before the audit, i. e., the plug-in composition p;_1, which counts audited records at their verified
labels and unaudited records at their predicted distributions g, ;. Auditing the resulting linear score
as in section 3 gives the upper confidence sequence U (appendix G).

Lower bound: ruling out every composition. A tangent plane lies above H, so one cross-entropy
cannot certify a lower bound. To show H* > h we must show CE(p*, p) > h for every composition
p still consistent with the audits, P, = {p € AL~ : p, > O;s/N}, where O,  counts audited
records verified as s after ¢ audits. Following Manole & Ramdas (2023), we form for each candidate
p an e-process B (p; h) whose factors have conditional mean at most one at (p*, H*), using a single
predictable stake shared by all candidates, and rule out h once EX(p;h) > 1/a_ forall p € Py,
where «_ is the error budget of the lower end. Sharing one stake and one prediction correction across
all candidates makes the logarithm of each e-process convex in p, so this minimum is certified by
convex optimization rather than enumeration (appendix G). The total budget @ = oy + «_ is split
between the two ends; together with U, the interval [L1, UH] is the desired confidence sequence.
The end-to-end procedure is presented as algorithm 2 in appendix C.

5.1 EXPERIMENTAL RESULTS: CERTIFYING NONLINEAR SCORES

On the Kenyan biodiversity dataset, PAS reaches the prespecified 5% relative accuracy target for
pooled Hill-Shannon diversity P» after a median of 1,625 audits, compared with 2,550 under SRS
(fig. 3). This saves 925 audits, or 36% of the SRS audit cost. The advantage grows over the audit:
relative to paired SRS, PAS produces confidence sequences that are approximately 26% narrower
after 2,000 audits and 30% narrower after 3,000. PAS and SRS use the same 95.5% finite-sample,
anytime-valid convex-profile certificate and differ only in their predictable allocation of audits. Every
stored interval contained the fixed-population truth.

The CIFAR-10N experiments test a different class of nonlinear scores. We define worst-three precision
as the mean precision of the three least precise submitted classes gprec(C) = % Do Bs(C) %,

where B3(C) indexes the three smallest classwise precision values C,../N,.. PAS reaches confidence-
sequence width 0.08 after 3,750 audits, whereas SRS requires 6,250. We similarly define worst-
three taxonomic risk as giax(C) = % ZTGTOPB(T) 7., where 7, = N7t 3" C,4d,s and d, is the
normalized taxonomic distance (computed using WordNet 3.0) between classes r and s. PAS reaches
width 0.05 at the same respective audit counts. PAS therefore saves 2,500 audits for each target. At
10,000 audits, its median intervals are 21% narrower for worst-three precision and 19% narrower for
worst-three taxonomic risk.

These settings are discussed in greater detail in section D.1.2 and section D.2.2.

6 A BAYESIAN, MODEL-BASED ALTERNATIVE FOR EFFICIENT AUDITING

The certificates of sections 3 and 5 make no assumptions about how the labels were generated. This
assumption-free validity provides strong robustness, but can come at a substantial cost in statistical
efficiency, requiring an impractical number of expert audits. A natural alternative is to introduce a
statistical model for how submitted labels are corrected, allowing information to be shared across
related labels and strata when inferring the composition of unaudited records. This model-based
approach can substantially reduce the number of audits required. The compromise is that the resulting
uncertainty is no longer distribution-free, but depends on the adequacy of the model. Importantly, the
same task-aware auditing framework accommodates both approaches.

For a submitted label r and stratum g, let 6, denote the overall correction distribution for label r
and 0, , be the strata-specific correction distribution. We use a hierarchical Dirichlet-multinomial
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Figure 3: Anytime-valid certification of nonlinear scores under PAS and SRS. (Left) Pooled diversity
P; on the Kenyan biodiversity dataset. (Middle) Worst-three precision on CIFAR-10N. (Right)
Worst-three taxonomic risk on CIFAR-10N. Curves show median confidence-sequence widths with
interquartile ranges over 20 paired audit paths for Kenya and 10 for CIFAR-10N.

Table 2: On the Kenya biodiversity data, the number of Bayesian audits required to estimate P, to
5% relative accuracy at 95.5% nominal credibility under the model. Results are over 100 audit paths
per sampling strategy; all paths reached the target within 1,000 audits. Coverage is the fraction of
audit paths whose interval contains the true P at stopping.

# audits to 5% relative accuracy

Sampling strategy Mean Median Coverage at stop
Priority-aware (PAS) 248 250 93%
Random 493 500 89%

model (Kim & Ghahramani, 2012): 6, ~ Dirichlet (mr{ﬁeT + (1 -p)g}+ AT), and 0, |
0, ~ Dirichlet (k. 6, + A, ), with unaudited labels in stratum (r,a) drawn from distribution
Multinomial (M, 4, 0r.4). Here, A, and A,. , are counts of the verified labels audited so far, with
M, , unaudited records. Then e, places prior mass on the submitted label r being correct, and g
summarizes the smoothed share of verified labels observed across all labels. The concentration
parameters , and k. control how strongly information is shared across labels and strata. As audits
accumulate within a stratum, its local counts increasingly dominate the shared prior (appendix F).

The model-based audit repeatedly selects and verifies records using the same priority-aware sampling
policy (section 4). At audit ¢, we select a stratum G, sample one unverified record uniformly
from that stratum, reveal its verified label V;, and update the observed correction counts. Every
25 audits, we propagate posterior uncertainty to the downstream score by drawing stratum-level
correction distributions from the posterior and, conditional on each draw, imputing verified labels for
all remaining unaudited records. Each posterior draw defines a complete, corrected dataset consistent
with all expert audits observed so far. We compute P» on each completed dataset, producing a
posterior distribution over the nonlinear downstream score, without relying on a linear approximation.
We report the 2.25th and 97.75th percentiles at a 95.5% credible interval and stop once the interval
satisfies the prespecified 5% relative-accuracy target.

If the labels were generated by this model, the interval contains the true P, with probability 95.5%.
That is the key difference from sections 3 and 5, whose guarantees hold without modeling assumptions.

6.1 EXPERIMENTAL RESULTS: EFFICIENT MODEL-BASED AUDITING

Our results in table 2 show: (1) With priority-aware selection, the Bayesian approach requires far
fewer audits, achieving 5% relative accuracy after a mean of 248 audits — about 6.6 x fewer than the
distribution-free certificate. (2) Priority-aware selection is as essential in the Bayesian case as it was
in the model-free case, halving the cost compared to choosing records at random instead (requires
493 audits). (3) The model is overconfident. The interval covers the truth on 93% of audits, below



the nominal 95.5%, and on some audits it leans low. With random selection coverage falls to 89%.
On this dataset, the assumptions that each submitted label is probably right and that errors follow
shared patterns, are approximately but not exactly true.

7 RELATED WORK

Anytime-valid inference. Classic finite-population concentration bounds such as Serfling’s in-
equality provide finite-sample guarantees for sampling without replacement at a fixed sample size
(Serfling, 1974; Bardenet & Maillard, 2015). Confidence sequences, first introduced by Darling &
Robbins (1967), instead provide confidence sets that remain simultaneously valid over time, per-
mitting continuous monitoring and adaptive stopping. Recent work has developed nonparametric,
nonasymptotic constructions (Howard et al., 2021; Ramdas et al., 2023). For sampling without replace-
ment from a fixed finite population, Waudby-Smith & Ramdas (2020) develop prior—posterior-ratio,
Hoeffding-type, and empirical-Bernstein confidence sequences. The closest works combine anytime-
valid inference with adaptive, nonuniform sampling. Shekhar et al. (2023) construct confidence
sequences for a finite-population weighted mean under adaptive sampling without replacement, using
importance-weighted betting martingales and fixed side information as a control variate. Waudby-
Smith et al. (2024) give anytime-valid inference under adaptively chosen sampling probabilities for
off-policy evaluation. These methods target a mean of scalar values, and the sampling priority de-
pends on the values themselves (their size, or a prediction of them) rather than on a downstream score.
Our section 3 builds on importance-weighted confidence sequences for adaptive finite-population
sampling, but exploits the categorical correction structure to construct score-specific prediction
corrections and sampling policies. Beyond linear scores, we develop anytime-valid certificates for
nonlinear functionals such as entropy using linear-envelope and convex-profile constructions.

Active evaluation. A complementary literature studies how to allocate expensive labels for efficient
evaluation. Early active-evaluation methods choose test points to label in order to compare or estimate
predictive performance (Sawade et al., 2012; Kossen et al., 2021; 2022) while more recent work
formulates adaptive evaluation as sequential planning or active statistical inference (Mittal et al.,
2024; Zrnic & Candgs, 2024). Li et al. (2025) develop robust active-sampling rules that interpolate
between uniform and uncertainty-directed acquisition when model uncertainty may be misspecified,
while Xu et al. (2024) combine adaptive label acquisition with predictor-assisted, anytime-valid
inference and optimize the labeling policy under a budget. Our problem differs in that every record
is already labeled: expert effort is spent not on acquiring missing labels, but rather verifying and
potentially correcting that label. Our acquisition objective is not simply where a label is uncertain,
but where a possible correction most affects the downstream score, including in nonlinear ways.

8 CONCLUSION

Our work challenges a common assumption within machine learning communities: that the labels
we treat as ground truth are reliable, even though they may be a source of consequential errors.
When these labels feed into complex downstream score functions, we show that the structure of
these score functions can be leveraged to guide priority-aware auditing, substantially reducing the
number of expert audits needed to obtain narrow confidence sequences while retaining finite-sample,
distribution-free, and anytime-valid guarantees.

Methodologically, we represent label corrections through a confusion matrix and couple adaptive audit
allocation with inverse-probability-weighted inference. Our approach focuses audits on unresolved
corrections that matter most to the downstream task without sacrificing validity under adaptive
sampling or stopping. The efficiency and validity of this approach is relevant to many high-stakes
settings, such as auditing wildlife observations to determine payments in biodiversity credit programs.

Limitations and future work. The gain from priority-aware sampling scales with how unevenly the
score-relevant uncertainty is distributed across strata so on very homogeneous data the priority-aware
approaches buy little; additionally, we treat expert-verified labels as ground truth, when in reality
they are also subject to error. Natural next steps are less conservative confidence sequences that avoid
stronger modeling assumptions, and extensions to shifting confusion patterns, heterogeneous audit
costs, and multiple auditors.
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A AUDITS FOR BIODIVERSITY CREDIT PROGRAMS

To establish market credibility and prevent greenwashing, voluntary biodiversity credit schemes
require standardized monitoring frameworks, robust baseline metrics, and transparent verification
processes (Wunder et al., 2025; Gonzalez et al., 2026). A project site is a landowner enrolled in
a biodiversity credits program, such as a cattle rancher in rural Kenya. Each project site collects
data using sensors placed on their landscape, recording wildlife observations. These data points are
labeled with the specific species observed, which determine the biodiversity index for the landscape.

As a representative application, we consider the Plan Vivo “multimetric” (Plan Vivo Foundation,
2026) which includes three species-based pillars': species richness P; (number of unique species),
species diversity P, (relative abundance of species), and taxonomic diversity Ps (dissimilarity in
the taxonomic tree). The multimetric determines the number of biodiversity certificates that the
landowner is awarded, which then determines their payment.

Species are categorized into disjoint groups G = {G?1,..., Gk}, where each group G, C Lis a
category such as birds, bats, or medium-to-large mammals. The within-group relative abundance of
species s € G, is

ms(C)

ZjeGk m;(C)’
Let z5(C) = 1{ms(C) > 0} indicate whether species s is present in the corrected labels, Si(C) =

> seq, #s(C) denote the number of species in group k, and S(C) = 3, 5 Sk(C) denote the total
number of present species. The three pillars of the multimetric can then be expressed as:

p(C) = s € Gy. )

P (C) = S(0), (10)
P(C)= Y Di(p(C),  Dilp) =exp (=D pilogp.), (1n)
GrLeg s

Zi<j 2i(C)z(C) Creg S(0)

Here, the within-group taxonomic dissimilarity is A(p) = >, _ ; WijDiDj [ ic ; Pipj, where w;; €
[0, Q] denotes taxonomic distance and €2 is some maximal taxonomic distance. The multimetric
then aggregates the three pillar values, e.g., as a weighted sum: M (C) = ®(P,(C), P(C), P5(C)).
Notably, this scoring function is both nonlinear (P and P3) and nonsmooth (P; and Ps).

'The multimetric also includes two habitat pillars. Here, we only consider the species-specific pillars.
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B NOTATION

Table 3: Core notation. All submitted and verified labels, and hence the true confusion matrix, are
fixed; probability is with respect to the randomized audit design.

Symbol

Meaning

N
yi € R=A{1,...,R}
UiEEI{L...,L}

C*
C,q

‘/'r‘ us A'V‘S,us -Fr' u

s

A+5,t
Rt’ ‘/t, It, Trt, M'r t

)

At_1, U1

Ot,s

Zi(dy), Z(dy
qs(p), ds(p), ¢

Qrowy Qcoordy X—, Ot

PlaP27P3

Number of submitted records

Submitted label of record 7, known.

Expert-verified label of record ¢, unknown and revealed only upon
verifying <.

True (unknown) confusion matrix, where C; = #{i : y; = r,v; = s}.
A candidate confusion matrix and a candidate complete row-count
vector.

Known size and dataset weight of submitted-label row r: N, = ZS Crs
and w, = N,./N.

Corrected abundance and corrected proportion of label s induced by C"
ms(C) =3, Crs and ps(C) = ms(C)/N. p* = p(C”).

Candidate transition distribution in row 7; p(C) = > w.0,(C).
Global audit time, row-local audit time, and number of randomized
audits completed in row r by global time ¢.

Verified label revealed by the u-th randomized audit in row r; A,s ., =
> v<u H{Vr¢ = s}; row-local audit history.

Column total of observed verified labels, ET Arsun(t)-

Row chosen at global time ¢, its revealed label, the reviewed record, the
predictable row probability, and the remaining row size N, —u,(t — 1).
Reviewed and remaining record sets before review ¢ (distinct from the
count matrix A).

Reviewed records verified as s by time ¢

Row-baseline and metadata-corrected directional observationsSection 3.
Smoothed candidate score (Nps +1)/(N + L), —log g (p), and slack
log(1+ L/N).

Declared failure budgets for the matrix event, the composition event,
and the two entropy tails.

The three species-based pillars: richness, diversity, and taxonomic dis-
similarity.
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C ALGORITHM PSEUDOCODE

Reading algorithm 1. All predictions, priorities, sampling probabilities, and betting stakes are
computed before the next verified label is observed; this predictability is what permits adaptive
allocation without sacrificing validity. Verified strata are removed and the sampling distribution is
renormalized over the remaining records. Prediction quality affects efficiency only: an inaccurate
predictor may slow contraction but does not invalidate the confidence sequence.

Reading algorithm 2. The two entropy endpoints require different certificates. The upper endpoint
uses a predictable linear cross-entropy direction, whereas the lower endpoint must rule out every
composition still compatible with the audits through a conservative convex optimization. Both
endpoints use the same audit stream, with tail budgets satisfying oy + a— < «; the reported interval
is valid only when the numerical lower-end optimization returns a certified bound rather than an
unconstrained approximate solution.

Algorithm 1 Priority-Aware Sampling (PAS) for a linear score

Require: Strata g, contribution matrix D, predictor PREDICT(), miscoverage «, SRS weight ¢,
target half-width 7

while confidence-sequence half-width > 7 do

2: Predict: For each nonempty stratum g, estimate g, and

ﬁg,t = Z qg,t(S)DT({]),S7 (/J'\;t = qu,t(S) (Dr(g),s - .ag,t)z-

—_

3: Estimate score:

é\tfl = % Z Dy, v, + ZMg,tﬁg,t

1€AL_1 g

4: Update sampling probabilities:

M, M, o
Tgt =620 4+ (1— e)—2tot
Zk. Mk,t Zk Mk,tffk,t
> Mix residual-record SRS with variance-based priority.
5: Set stakes: Compute the predictable range of the next Z; over all possible strata and verified

labels; choose capped stakes /\fE (m) for each candidate m.

6: Audit: Draw G; ~ 7; and uniformly audit one unaudited record in Gy, revealing V.
7: Observe: M

Zy = 0,1 + —2 (D — e, ¢) -

t -1+ Nro. s ( r(Gt),Va MGt,t)

8: Update e-processes:

Ef(m) = EZ (m)[1+ X (m)(Z —m)],

By (m) = E_y(m)[1 = A (m)(Z —m)].
9: Report:

Iy ={m: EX(m) < 2/aVs < t},

and update the audited set and remaining stratum sizes.
10: end while
11: return Z;
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Algorithm 2 Distribution-free audit of entropy

Require: Strata g, predictor PREDICT(), tail budgets «t, smoothing 7, target log-width 7
log(21/19)
1: whileU;_1 — L;_1 > 7 do
2: Predict composition: Estimate g, ; for each nonempty stratum and form

ng—1 + Z Mg,th,t‘| .
g

1

ﬁt—l = N

3: Set entropy direction:
re = (1 —=n)pi—1 +n/L, Py = —logry.
4: Estimate stratum influence:

boo = dgutbes  Tgp =D dgal(s) (s — bg)*.
S

5: Update sampling probabilities:

m = 0A4pP™P + 0.3 pf°" + 0.3 pf™,

where )
prop floor pri ~
Pyt X Mgy, Pyt X My, (1+bg1), Py X Mg 10g.:.

6: Set stakes: Choose predictable upper/lower stakes from the range of 1, the possible Horvitz—

Thompson weights, and current endpoints L;_, U;_;.
7: Audit: Draw G; ~ 7; and uniformly audit one unaudited record in Gy, revealing V.

8: Upper endpoint: Form the prediction-corrected directional observation ZU using contribu-

tions 1, update
E{ (h) = B (h)[1 = XY (W) (Z{ = h)],

and set U; to the smallest h ruled out by the upper e-process.
9: Lower endpoint: Form (X;, K;) and update

Fy(p;h) = Fioa(ps h) +log[1 + A¢(h) {X," log(1/p) + K, — h — c}],

with N 1
~ p+
=— =log(1+ L/N).
P=—xNgg> ¢=ls(l+L/N)
10: Profile over feasible compositions: For each h, compute a certified lower bound on

in Fi(p: h
min ¢ (p; h)

by projected gradient plus a supporting-plane bound; use bisection in A to obtain L;.
11: Report:

~

P. elt eVt Py =——
2 € [ 3 ]7 2,t eLt J,-eUt’

2€Lt+Ut

then update counts and remaining records.
12: end while R
13: return [eXt, eYt] and Py,
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D EXPERIMENT SETTINGS AND ADDITIONAL RESULTS

All error-rate experiments use nominal confidence 95.5% (o = 0.045). PAS and SRS use the
same prediction-corrected betting confidence sequence and differ only in their predictable sampling
probabilities. Records are sampled uniformly within the selected stratum. Paired policies use identical
randomized within-stratum record orders.

Table 4: Frozen settings for the label-error-rate experiments. The prior column gives the prior
probability that a submitted label is correct. The SRS weight is € in Equation (7).

Setting Kenya Dataset CIFAR-10N
Population size 33,403 50,000
Audit strata 46 40
Audit paths per policy 20 20
Maximum audits 5,000 5,000
Stored interval spacing 25 25
Target half-width 0.02 0.02
SRS weight € 0.30 0.10
Submitted-label prior 0.80 development-calibrated
Prior/shrinkage strength 2and 1 50
Stake effective horizon 800 1,200
Stake cap fraction 0.90 0.90
Candidate-grid spacing 5x107* 5x107*

D.1 KENYA BIODIVERSITY SETTING
D.1.1 LINEAR SCORE: MISLABEL RATE

Submitted labels define the 46 audit strata. The predictable error model starts from correctness
probability 0.8. Observed row error rates are shrunk toward the corresponding error probability 0.2
with strength 2, followed by a second shrinkage stage of strength 1. PAS mixes 30% remaining-record
SRS with 70% predicted Neyman allocation. We use 20 paired paths with seeds O, . .., 19.

D.1.2 NONLINEAR SCORE: PILLAR 2 DIVERSITY

As in the main text, let
mg(C
ms(C) = ZCrsa ps(c) = ]\(/v )

denote the corrected abundance and population proportion of species s induced by a candidate
confusion matrix C. Pillar 2 is the Hill-Shannon diversity of this corrected composition:

H(p(C)) = =Y ps(C)logps(C),  P2(C) = exp{H(p(C))}.

seL

Thus, P, is the effective number of species implied by the corrected labels: it increases when the
composition contains more species or distributes mass more evenly among them. Label corrections
affect P, through the column totals of C, and its nonlinearity makes uncertainty in rare or poorly
audited species especially consequential.

The distribution-free P, experiment uses 300 nonempty strata obtained by crossing submitted
label with camera station. The prediction hierarchy shrinks station-level distributions toward their
submitted-label row with strength 1, and row distributions toward a pooled composition with strength
2. The row prior places probability 0.8 on the submitted label. The predictable reference composition

used in the entropy direction is

., 001
ry = 099pt + Tl

PAS uses the frozen mixture

TPAS = 0.4 7P 4 0.3 1P 4 0.3 7, YR,
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The proportional component samples according to remaining stratum size, the range component
controls the possible range of the importance-weighted observation, and the Neyman component uses
predicted within-stratum variation in the current entropy direction.

Table 5: Frozen settings for the Kenyan biodiversity data distribution-free diversity experiment.

Setting Value
Audit strata 300
Paired paths 20
Seeds 95001, ...,95020
Maximum audits 3,000
Endpoint update spacing 25
Reported checkpoint spacing 100
Lower-tail error budget 0.0225
Upper-tail error budget 0.0225
Proportional/range/Neyman weights 0.40/0.30/0.30
Reference smoothing 0.01
Row/stratum shrinkage 2/1
Stake cap fraction 0.90
Entropy resolution 3x107*
Profile iteration limit 60
Target entropy width log(21/19)

The entropy interval is transformed outward to the P, scale. The stopping target U/l — LH <
log(21/19) corresponds to at most 5% relative uncertainty around the harmonic center of the trans-
formed endpoints. SRS and PAS use the same lower convex-profile certificate, upper affine certificate,
prediction hierarchy, and stake rules.

D.1.3 BAYESIAN SETTINGS

We evaluate the model-based procedure of section 6 on the Kenyan biodiversity dataset. PAS and
SRS use the same hierarchical Dirichlet-multinomial model, posterior computation, credible interval,
and stopping rule; they differ only in audit allocation. Records are sampled uniformly within the
selected stratum, and paired PAS and SRS paths use the same randomized within-stratum record
orders.

The model hyperparameters are fixed at 5 = 0.5, k,, = 2, and x. = 0.5, with add-one smoothing of
the pooled verified-label composition. Posterior intervals are evaluated every 25 audits beginning at
audit 100. Each evaluation uses 400 posterior draws and reports the 2.25th and 97.75th percentiles of
Ps.

PAS uses the frozen allocation

N N
7_‘_E’AS —0.2 7_‘_frop 408 ™ eyman7 eyman

7Tg,t XX Mg,tag,ta

where 6 ; is the predicted within-stratum standard deviation of the entropy influence direction. Its
variance includes the light-audit adjustment 1 + 1/(ngy+ + k). SRS samples uniformly from all
unaudited records. Neither policy uses a pilot phase.

D.2 CIFAR-10N SETTING
D.2.1 LINEAR SCORE: MISLABEL RATE

The submitted label is random_labell, and clean_label is the designated audit reference.
The two additional human annotations, random_label?2 and random_label3, are used as
pre-audit covariates. Each record belongs to one of 40 strata formed by crossing its submitted class
with four auxiliary agreement patterns: both auxiliary labels support the submission, exactly one
supports it, both agree on a different label, or all three human annotations differ.

Stratum error priors were estimated on a development view using random_1label2 as the submitted
label and the other two human rounds as auxiliary annotations. Six candidate policies were evaluated
on five development paths through 1,500 audits. The frozen selection rule minimized median terminal
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Table 6: Frozen settings for the Bayesian diversity experiment.

Setting Value
Audit strata 300
Audit paths per policy 100
Seeds 8000, ...,8099
Maximum audits 1,000
Evaluation schedule 100, 125,...,1000
Posterior draws per evaluation 400
Credible-interval percentiles 2.25/97.75
Prior weight 3 0.5
Concentrations K, /K. 2/0.5
Pooled-composition smoothing Add one
PAS proportional/Neyman weights 0.20/0.80
Pilot audits 0
Stopping threshold U — L <log(21/19)

half-width, breaking ties by mean half-width and then by configuration identifier. The selected
policy uses a prior strength of 50, a stake effective horizon of 1,200, and a 10% SRS component.
Confirmation uses 20 fresh paired paths with seeds 2026101200, . . . ,2026101219.

Mislabel rate certification
@e=e SRS me== PAS === : PPR === Wald === Serfling

10°

Submitted class

73 4,332
farget! +f points

10! tal G eSS

Mislabel rate CS half-width (%)

10° 0 T T T T T
Reference class 0 1000 2000 3000 4000 5000

Audits

Figure 4: Audits on CIFAR-10N. (Left) Submitted-to-reference confusion matrix. Diagonal entries
indicate agreement with the reference labels, while off-diagonal entries indicate label disagreements.
Cell annotations give record counts, and color displays them on a log scale. (Right) Half-width of the
95.5% mislabel-rate confidence sequence as the number of audits increases. Methods and plotting
conventions match fig. 2; dots mark the audits required to reach a half-width of two percentage points.
The two settings exhibit similar contraction patterns and relative method performance. Numerical
stopping times for both are reported in table 1.

D.2.2 NONLINEAR SCORE: WORST-THREE SCORES

For a confusion matrix C, let N, = Ziil C,.s denote the number of records submitted as class r.

The classwise precision is p,-(C) = C,../N,.. We define worst-three precision as the mean precision
of the three least precise submitted classes:

]- Crr
ol ) = 2005 2,
S|=3 "

To define taxonomic risk, we map each CIFAR-10 class to a fixed noun synset in Princeton WordNet
3.0. For each pair of classes r, s, we compute the unweighted shortest-path distance between their
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synsets in the undirected WordNet hypernym graph and normalize it by the largest distance among the
ten classes. This gives a fixed semantic-distance matrix D = (d,s), with d,., = 0 and d,-s € [0, 1].

The classwise taxonomic risk is the average semantic severity of corrections from submitted class r,

1 10
TT(C) = ﬁ Z Crsdys.
T s=1

We define worst-three taxonomic risk as the mean risk of the three highest-risk submitted classes:

10
1 1 1
ax C)= o> T C)= o N Crsdrs-
9x(€) = Jume 3 > 7(C) = mme ) 3D
|S]=3 resS |S]=3 resS s=1

Both scores are therefore the minimum or maximum of the (130) = 120 fixed three-row averages. The
candidate-score grid has spacing 0.001, the total miscoverage level is a = 0.045, the stake effective
horizon is 800, and the stake cap fraction is 0.9. Predictions use a submitted-label prior of 0.8, row
shrinkage strength 2, and secondary shrinkage strength 1.

PAS uses
mAS = 0.70 7P + 0.15 w8 4 0.15 7, Y,

Row relevance gives equal weight to plug-in worst-three membership and to the three-row subsets
currently limiting the profiled endpoint. The latter weights are smoothed with softmax temperature 1,
and ties in estimated tail membership are divided fractionally.

D.3 SYNTHETIC DATA: A PRIORITY MECHANISM STUDY

The synthetic experiment isolates the acquisition advantage produced by heterogeneous score rele-
vance. Its confirmation population contains 20 equal-sized submitted-label rows with 250 records per
row, for N = 5,000. Four rows have equal numbers of records with score contributions 0 and 1. The
other 16 rows each have two possible verified destinations, both with score contribution 0.25. Their
verified labels remain uncertain, but that uncertainty does not affect the chosen score.

The target is the population-wide linear risk
1
g(C) = N Tzs: ApsChs,

whose value in the confirmation population is 0.30. PAS uses the remaining-size-aware Neyman rule
PAS ~
ﬂ-r,t XX Mntam

without an SRS floor. Constant-contribution rows have zero predicted score variance and therefore
receive no PAS audits. SRS remains uniform over all unaudited records. Both policies use the same
prediction-assisted linear betting confidence sequence.

The scaling screen fixes four score-variable rows and varies the total number of rows over
R € {8,12,20,32,48}.

Each configuration uses five development seeds and an 800-audit budget. This screen tests the pre-
dicted increase in PAS advantage as the number of score-invariant nuisance rows grows. Confirmation
fixes R = 20 and uses the 100 fresh paths reported above.

D.4 RANDOM-SAMPLING COMPARATORS

The default prior—posterior-ratio confidence sequence is evaluated on the same 20 SRS audit orders
used by our betting confidence sequence. It uses a uniform BetaBinomial(V, 1, 1) working prior on
the population error count and reports the running intersection of its candidate sets.

The Wald reference uses the true population error variance, no finite-population correction, and
nominal confidence 95.5%. It is an oracle-variance, fixed-sample asymptotic reference. The Serfling
reference is the corresponding finite-population, fixed-sample bound. Wald and Serfling therefore
provide benchmark sample sizes rather than anytime-valid stopping rules.
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Table 7: Frozen synthetic-experiment settings.

Setting Value
Confirmation rows 20
Score-variable rows 4
Records per row 250
Population size 5,000
Confirmation paths 100
Confirmation seeds 2026101000, . ..,2026101099
Maximum audits 800
Checkpoint spacing 25
Confidence level 95.5%
Prior strength 2
Stake effective horizon 800
Stake cap fraction 0.90
Candidate-grid spacing 5x 1074
SRS component in PAS 0
= SRS = PAS
Synthetic confusion matrix Certified width contraction
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Figure 5: Controlled synthetic experiment isolating the benefit of priority-aware sampling.
(a) Submitted-to-verified confusion matrix; asterisks identify the four rows whose possible ver-
ified labels have different score contributions. (b) Median confidence-sequence width under PAS
and SRS, with interquartile ranges. (¢) Terminal PAS width reduction as the total number of rows
increases while the number of score-variable rows remains fixed at four. The dotted curve shows the
1 — \/k/R reference with k = 4.

E COMPUTATIONAL ENVIRONMENT

All experiments were executed on a local machine with 15 CPU cores and 24 GB of unified memory.
Computation was CPU-only; no GPU or external computing cluster was used. Independent score-
policy-seed tasks were distributed across four local worker processes.

The final runs used macOS 26.5 and Python 3.14.7. Principal numerical and reporting dependencies
were NumPy 2.5.2, SciPy 1.18.1, pandas 3.0.5, and Matplotlib 3.11.1. Each worker wrote an
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independent result shard, and aggregation began only after all expected shards for that experiment
had completed.

F LINEAR SCORES

Lemma 4 (Ville’s inequality Ville (1939)). Let (W}):>0 be a nonnegative supermartingale with
respect to (Fy) with Wy = 1. Then Pr{3t : W; > ¢} < 1/c for every ¢ > 0.

Predictions. Any predictable g, ; keeps Lemma 1 valid; good predictions only reduce the variance
(5). We use a two-level shrinkage estimator, built only from the audits before audit ¢. Let A, ;(s)
and A, ;(s) be the numbers of audited records in row r and in stratum g that were verified as s, and
Npy =, Ari(8), ngt =Y, Ay +(s) the numbers audited. Then

- 1/L+3, Ar(s) .
= T led fied label
gt(s) T+ (t—1) (pooled verified labels)
Ar T T 11— g :
gog = At rrdBer + (1= B)ge} (submitted label 1) (13)
i Nyt + Ry
Ag s+ Ke gy
dgt = Lot ¥ Relrig)t (stratum ¢ within row 7(g)), (14)
Ng,t + Ke

where e,. is the unit vector at r. Before any audit in row r, the prediction puts weight 8 on “the
submitted label is correct” and spreads the rest over the labels verified so far. As audits accumulate,
each row moves toward its own verified-label frequencies, and each stratum toward its own frequencies
within its row. Each level is the posterior mean of a Dirichlet—-multinomial model whose prior is
centred on the level above. This is the same structure as the Bayesian model of section 6, but here
it is used only for prediction, never for inference. On the Kenya data we use 5 = 0.8, x,, = 2 and
k. = 1, fixed before the audit and not tuned.

F.1 PROOFS FOR SECTION 3

Proof of lemma 1. Unbiasedness. Given F;_ and G; = g, I; is uniform on Uy +_1, so E[Dyzt v |
Fi—1, Gy = g] = pg,1- Averaging over Gy,

M,
E[ Gt

M
Nrg, (D?/Itvt a qgmtDT(Gt)') ‘ ]:t—l} = Z Tg,t N7f:t (Mg,t - qu,tDT(g).)

g:Mg >0

1
N Z Mg, (Ng,t - q;tDr(9)~)'
g

The condition 7y ¢ > 0 whenever M, ; > 0 lets the probabilities cancel. Adding ét,l, the predicted
terms cancel and (2) gives 8*. Variance. Only the correction is random. Its conditional second moment

is Zg Wg,t(Mg,t/NWw)QE[(Dytht - q;tDr(g)-)2 | Gy =g] = N—2 Zg(MgQ,t/Wg,t)(Uz,t + bﬁ,t)-
Subtracting the square of its mean, N ! >~ g Mg.tbg.¢, gives (5). 0

Proof of proposition 3. With exact predictions by ; = 0 and (5) is N2 Eg 53/779 with 8, =
Mg t0g+. This is convex on {m > ¢,>° m, = 1}, and the KKT conditions give 7, =
max{/y, By/v}. Without floors, Cauchy-Schwarz gives } B2y > (3 p B4)? with equality
at 7 o< 3. For refinement, split g into g1, ..., gs with shares p;; by the law of total variance and
Jensen, o > 37 pjos. > (32, pjog,)? 50 Myog > 37 My 04, O

The range of one observation. The stake caps need predictable bounds valid for every stratum that
could be drawn and every unobserved label:

) ; Mg,t : T
Zy =01+ gt Nros (ngln Di.(gy0 — Qg,tDr(g)-)v
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— s My T
Z= i1t xS (max Digyy, = 43, Dri. )

For the error rate, min, D,., = 0 and max, D,, = 1 in every row.

Proof of theorem 2. Consider E;" at m = 6*. If 0* > Z, the stake is at most 0.9/(6* — Z,),
so 1+ )\f(Zt —6*) > 1-0.9 = 0.1; if 0 < Z, the factor is at least one. By lemma 1 its
conditional mean is one. So E;" (6*) is a nonnegative martingale with £ = 1, and lemma 4 gives
Pr{3t : E;(0*) > 2/a} < «/2. The same holds for E; (*) with the cap 0.9/(Z; — 0*). The
sequence misses §* only if one of the two reaches 2/a. O

Evaluating the sequence on a grid. In the experiment, candidates are evaluated on the grid
m; = j/2000, j = 0,...,2000. On each interval [m;, m;1] each side’s stake is held constant at
the more constrained endpoint: A™ capped at 0.9/(m;+1 — Z,) and A~ at 0.9/(Z; — m;). Then
1+ AT (Z; —m) decreases and 1 — A\~ (Z; —m) increases in m on the interval, so if 0* € [m;, m;41]
is not rejected, neither are m ;41 by the upward test nor m; by the downward test. Retaining every
grid interval whose right end survives the upward test and whose left end survives the downward test
therefore preserves coverage exactly, and differs from the hull of surviving grid points by at most one
grid step (only 0.05 percentage points).

Choosing the stakes. Within the caps, the stake decides how fast evidence accumulates. Suppose
the observations have mean m + § and variance v. Expanding log(1 + z) ~ z — x?/2, each
review adds about A\d — A\2v/2 to log ;" (m), so after n reviews the candidate m is ruled out once
n(A§ — A\2v/2) > log(2/a), that is, once § > log(2/a)/(n\) + Av/2. The stake that makes this
smallest is
\ [2los(2/a)  eiving o= 2vlog(2/a)
nuv n

A large stake is safe when the observations are quiet and dangerous when they are noisy. Neither v nor
the number of reviews is known in advance, so we use the predictable plug-in rule of Waudby-Smith
& Ramdas (2024) in its fixed-horizon form: we replace v by a running estimate computed from past
reviews only, and n by a planned horizon n*,

sl 09 ) = min{ . =
A\ = \/77 A; (m) _mm{/\t,m_zt}, Af (m)—mln{/\t,7t_m}7

15)

where a cap is dropped when its denominator is nonpositive and
- Ly iZ )2 7 _ 1 AZ _
'Ut:t{4+§(zi_9i1) } 0; Z;;Zgw 05 = o
[ 71<1

The term i, the largest variance of a [0, 1] variable, keeps early stakes small before any variance
has been observed. The horizon n* is the number of reviews at which the stakes are sharpest. The
half-width of the interval is insensitive to n*, and we use n* = 800 throughout without tuning.

This is what separates the e-process from Serfling’s bound. Serfling’s width is set by the largest
possible variance, 1/4; here the width {29, log(2/a)/n}'/? is set by the variance actually observed,
which is 0.147 for the raw error indicator and far smaller once the predictions of (4) have learned the
TOWS.

G ENTROPY AND LINEAR ENVELOPES: CONSTRUCTION AND PROOFS

G.1 TARGET AND GUARANTEE

We write p* = p(C*) for the corrected composition, H* = H (p*) for its entropy, and AZ~! for the
set of compositions on the vocabulary £, with 0log 0 = 0. The audit reports a lower end L and an
upper end U/? after every audit. We split the total level as « = a_ + o, and require

Pr{Lf{ < H* < UM forall t > 0} >1—a_—ay for every labeling. (16)
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Here o bounds the probability that the lower end ever exceeds H*, and 4 bounds the probability
that the upper end ever falls below it. The experiments use a_ = a4 = 0.0225.

The diversity interval is P5 € [eLtH , el |. We stop once the report is within 5% of every value in the
interval, which by proposition 5 means U — LI < log(21/19).

Proposition 5 (Reporting a point value). For 0 < P < P, the report minimizing max PelP, P |lx —
P|/Pisax* = 2P P/(P + P). Its worst-case relative error is (P — P)/(P + P), which equals

tanh{(UH A — L) /2} for P = el Y and P = V. So 5% relative accuracy holds if and only if
U — L1 < 2artanh(0.05) = log(21/19).

Proof. Forz € [P, ?] the worst case is at an endpoint, giving max{x/ﬂ —1,1—x/P}. Areport
outside the interval is worse at the nearer endpoint. The first term increases in « and the second
decreases; they meet at z* with value (P — P)/(P + P). Writing W = U — L, this equals
(e —1)/(e" +1) = tanh(W/2), and tanh(W/2) < 0.05 if and only if W < log(1.05/0.95). O

G.2 THE REFERENCE COMPOSITION AND THE OBSERVATION FROM EACH AUDIT

Gibbs’ inequality. For a reference r with every r; > 0, CE(p, r) — H(p) = KL(p||r). By Jensen’s
inequality,
—KL(p[r) = > pslog(rs/ps) <log > r. <0,
5:ps>0 s:ps>0
with equality if and only if » = p (Cover et al., 1991, Theorem 2.6.3). Since s H (1) = —logrs — 1,
formula (8) gives ds(r) = log(1/ry).

The plug-in composition and the reference. Let O, ; be the number of the first ¢ audited records
verified as s, and let g, +(s) be the predicted share of label s among the unaudited records of stratum
g (the predictions of section 3). Before audit ¢,

. 1 . 1
P1s = (Ot—l,s + zg:M p q_q,t(s))7 re = (1 =n)pi—1 + %, t,s = log —_ 17

with 7 = 0.01. Four properties follow:

* > . Di—1,s =1, because ) Oy_1 s =1t—1and Zg My, =N—-t+1;
* p;_1 equals p* once every record has been audited,

* mixing in the uniform distribution gives /L < T4 s < 1, so every contribution v , lies in
[0,1og(L/n)], even for labels not yet seen;

* any predictable reference gives a valid upper end, and the choice of r; affects only the width,
through KL (p*||r;), which is second order in the error of p;_1.

The predicted contribution of stratum g is figs = D, qg,t(5) Yy s.

The observations. Audit ¢ gives the upper-end observation, which is (4) with every row of the
contribution matrix equal to ;:

M,
Zy _Zpt 1,s Vs + Gt’ (wtvt MGt,) (18)

plug-in cross-entropy

For a candidate composition p, let p = (Np + 1)/(N + L). The same audit gives the lower-end

observation
( > log*J“ZMgt“gt)

€A 1

2 (1og L e, a9)

This is (18) with log(1/ps) in place of 1, 5. The prediction term /i, ; is kept the same for every
candidate, which is what makes the computation in section G.5 convex. The smoothing keeps every
contribution finite, at most log(N + L).
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Lemma 6 (One audit, every cross-entropy). If m,; > 0 whenever M, ; > 0, then E[Z] | F;_1] =
CE(p*,r:) = H* + KL(p*||r+) > H*, and E[Z;(p) | Fi—1] = CE(p*, p) for every composition p.

Proof. Letd € (0,1]" be predictable, let the fig.+ be any predictable numbers, and set

1 1 R Mg, + 1 o
Y, = 7( log — M ) “ (1 — )
t= N 7'6; og . +§g: g.thgt ) + Nra, 0g Iy [en

Given F;_; and G; = g, the audited record is uniform over the M, unaudited records of g.
Averaging over G, cancels 7, ; exactly as in the proof of lemma 1, and the /i terms cancel. So E[Y; |

Fi1)=N-1 Zfil log(1/9,,) = CE(p*,¥). The argument uses only that /i, ; is predictable.
With 9 = r; we get Y; = ZU, because (17) gives
1 N N
N( Z Wi,v; + Z Mg,t,ug,t) = Zpt—l,s%,s-
1€AL 1 g s

With 9 = p we get Y; = Z:(p). O

G.3 THE UPPER END

For each candidate value h, the upper-end e-process is
BV () = T[{1- N (2 =)},
i<t

the downward e-process of section 3 applied to (18). The stake \Y > 0 is predictable and does not
depend on h.

Range and cap. Before audit ¢, everything in (18) is known except the stratum drawn and the label
revealed. The stratum can be any g with M, ; > 0, and the label can be any label in £, including one
not yet seen. So the largest possible value is

U ~ Mg,t N
Zy = zs:ptq,swt,s + v }Vr}jﬁo Nrgr (msax Vi, Mg,t)- (20

Let hi™™ be the smallest candidate tested at audit ¢: 0 in the basic version and L{T | with cross-capping
(proposition 10). We require

0.9
0< N < —F——oi,\ 2D
Z, — hjmn
dropping the cap when its denominator is nonpositive.
Proposition 7 (Upper confidence sequence). Let Uf? be the smallest h > hi™™ with EY (h) > 1/ay
for some s < t, or UHE = log L if there is none, with h*™ = 0. Then Pr{H* < Ul Vt} > 1 —a,

for every labeling.

Proof. Positivity. For h > h™1, the cap (21) gives 1 — AV (ZV —h) > 1 — Ag(?g — hminy > 0.1,

Supermartingale. At h = H* > 0, lemma 6 gives each factor conditional mean 1 — A\Y KL(p*||r;) <
1. So EY (H*) is a nonnegative supermartingale starting at one. By Ville’s inequality (lemma 4) it
ever reaches 1/« with probability at most av.

Monotonicity. Each factor is positive and nondecreasing in 2 > 0. So if some h < H* were ruled out
at audit s, then EY (H*) > EY(h) > 1/ay.

Start. log L > H(p) for every composition p. O
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G.4 THE LOWER END
Smoothing. For any composition p, 1/(N + L) < ps < 1. At the truth:

e if pt > 0,thenpf > p/(1+L/N),solog(1/p%) <log(1/p%)+cwithc=1log(l+L/N);
* if pX = 0, no record is verified as s, so label s never enters Z;(p).

By lemma 6,
E[Z(p*) | Fer]) < H +c. (22)

On the Kenyan data, ¢ = log(1 + 50/33,403) = 0.0015 nats.

Candidates. Every audited record verified as s belongs to p%, so p* € Py = {p € AL~1:p, >
O.,s/N} for every t, whatever happens in the audit.

The e-processes and the lower end. With a predictable stake AL > 0 shared by all candidates and
all h, let

Ef(pih) = [[{1+ M (Zip) —h—¢)},  Fulp;h) =log B} (p; h).
i<t
At audit ¢, a value h is ruled out if min,ep, Fi(p; h) > log(1/a_), or if a certified lower bound on
this minimum is (section G.5). The lower end L{ is the largest value ruled out so far, and L = 0.

How Z;(p) depends on p. Collecting terms in (19),

1 1 Mg

Zi(p) = i,s 10g — + 0i, iszi(Oif s+ ——L{Vi= )>07 23

(p) %:X, o8> +e Xis = 7 (Oimts + 7 {Vi=s}) > (23)

where 9; = N~' (32, My ifigi — Mg, ific;,i/7c,,i) does not depend on p, and 37 xis = N~ (i —
1+MG“¢/7FG“Z‘).

The cap. Let hi"®* be the largest candidate tested at audit ¢: log L in the basic version and U/ ;

with cross-capping. We require A\* (3", X¢s — 0¢ + hi"* + ¢) < 1 for every stratum that can be
drawn; the label revealed does not affect the left side. Substituting,

t—1 M, 1 .
A [——i— 9.t (1+7g,) -~ Z My fik i +hP™+c| <1 forevery g with My, > 0. (24)
%

N N’/Tg_’t

The bracket is at least 1 + h;"®* 4 c. It grows when a large stratum, or one with a large predicted
contribution, is drawn with small probability. Priority-aware sampling does exactly this for large,
well-known strata, which is why the allocation in section G.6 includes a floor.

Theorem 8 (Lower confidence sequence). Suppose each \F is predictable and satisfies (24) with
hmax = log L. Then Pr{L{ < H* Vt} > 1 — a_ for every labeling. Together with proposition 7,
the interval [LI | UH] satisfies (16).

Proof. Fix i, h < log L and a composition p. Write xs = Xi.s» A = AL, ¢ =14+ X(g; — h — ¢) and
J(p) = >, xslog(1/ps) > 0, so that the factor is ¢ + AJ (p).
Positivity. By (24),¢ > A ZS Xs > 0 when A > 0, so every factor is positive.

Monotonicity. Each factor decreases in h, and the stake does not depend on h. So Fi(p;h) is
nonincreasing in h < log L.

Validity. By (22), at p = p* and h = H* every factor has conditional mean at most one. So
EL(p*; H*) is a nonnegative supermartingale starting at one, and by lemma 4 it ever reaches 1/c_
with probability at most cv_.

Suppose LZ > H*. Then some h € (H*,log L] was ruled out at some audit s < ¢, by a statistic no
larger than minp_ Fs(-; k). Since p* € P, and Fj is nonincreasing in h, log(1/a_) < Fy(p*; h) <
F,(p*; H*). This has probability at most c_.

Two sides. A union bound with proposition 7 gives (16). [
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G.5 COMPUTING THE LOWER END: THE CONVEX PROFILE

Ruling out h requires the minimum of F;(-; h) over P;. The cap that keeps the factors positive also
makes this a convex problem.

Proposition 9 (Convex profile). Under (24), p — Fy(p; h) is convex on AL=1 for every h < hinax,
For any trial point p° € Py, the value F,(h) in (25) is a lower bound on minp, Fy(-; h). Using it in
place of the minimum preserves theorem 8.

Proof. Keep the notation of the previous proof and let vs(p) = N/(Nps + 1). The derivatives of
log(1/ps) in ps are —vs and v2, with no cross terms. For ((p) = log{s + AJ(p)} and any direction
y,
A 2y N sys)”
yTVQCy: ZsX VsYs (ZS XsUsY )

c+ AT (c+ AJ)2

By Cauchy-Schwarz, (3, xsvs¥s)? < (3, xs) (O Xsv2y?). So this is nonnegative whenever
S+ AJ > X}~ xs, which the cap gives. Summing over ¢ preserves convexity.

The lower bound is the supporting-plane inequality below. The proof of theorem 8 never uses how
the minimum was computed. O

The supporting-plane bound. For a convex differentiable function, F(p) > F(p°) +
VE(p°)"(p — p°) (Vandenberghe & Boyd, 2004). Over P, the linear part is smallest with ev-
ery coordinate at its lower limit O, s /N and the free mass 1 — ¢t/N on the label with the smallest
gradient coordinate. Writing V = V F(p°; h),

1 t
— o, T ,0 o : < : .
Ey(h) =F(p°;h) =V p +t5 ES VO s + (1 fN) min V, < min Fiy(p;h),  (25)

where

/\L Xi,s Us(p)
0sFi(p;h) = — Z T .
= 14+ MA{Zi(p) —h—c}

In practice. We take p° from projected gradient descent on P;, with at most 60 iterations, and rule
out h when F,(h) > log(1/c_). The gap F;(p°; h) — F,(h) is lost evidence, not lost validity, so an
inexact optimizer can only widen the interval.

If several stake sequences each satisfy (24), the logarithm of their weighted average,
log >~ wj exp Ft(j) with w; > 0 and ) ; w; = 1, is again convex in p and nonincreasing in h.

This holds because log-sum-exp is convex and increasing in each argument. Mixtures of stake scales
are therefore allowed.

G.6 ALLOCATION AND CROSS-CAPPED STAKES

Allocation. Strata are submitted label x camera station (300 strata). In our experiment, PAS draws
stratum g with probability

My 4 103 My (14 fig )

2
Tyt = 0.4 . >
o >k Mt Dok Mt (1 + figt)

6'37,5 = Zq_q,t(s) (wt,s_p'_%t) :
’ (26)

My 10g1
+0.3 =290
ZkMk,tUk,t

e The priority. The last term is the priority of proposition 3 applied to the influence ;.

* The floor. The middle term implies My (14 fig+)/7gt < D) Miy+(1+ fir+)/0.3 for every
g, which bounds the stratum-dependent term of (24).

* The baseline. SRS sets g, = Mg ¢/ >, My .

Every nonempty stratum has positive probability, so lemma 1 applies.

Proposition 10. Run both ends on the same audits with h*™ = L | in (21) and h**>* = UH | in
(24), testing only candidates in [LE |, UE ). Then (16) holds.
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Proof. The endpoints only move inward, and they start at 0 < H* < log L. Let ¢y be the first audit
after which H* ¢ [L{!, Uf!]. The modified stakes

N =aV1{H* > L7 3, N =A{H < U}

K3

are predictable, since H* is a fixed number. With them, the factors at the truth are positive and have
conditional mean at most one, so both modified processes are nonnegative supermartingales. They
reach 1/cy and 1/«_ with probabilities at most ;. and cv_.

Fori < to, H* € [L |, U], so the modified stakes equal the actual ones up to audit ¢y. A failure
at tg is one of two events:

* some h € [Ly!_,, H*) has E/ (h) > 1/a, which forces E) (H*) > 1/ay;

« some h € (H*,Uf1_] is ruled out by the lower end, which forces Fy,(p*; H*) >
log(1/a_).

Either is a crossing of a modified process, and a union bound finishes the proof. O

The proof uses only that the ceiling h}"®* is predictable and never increases, not that it is an upper
confidence bound. So a one-sided lower bound can use any such ceiling, for example one set near the
current plug-in entropy.

H SCORES BEYOND THE BIODIVERSITY PILLARS

Ratios. For g(C) = (U,C)/(W,C) with W > 0, p* = g(C*) satisfies (U — p*W,C*) = 0, so
the observation with contributions U — pW has conditional mean zero at p = p* (lemma 1). An
e-process for each candidate p gives a confidence sequence for recall, F; and balanced accuracy.

Bounded curvature. If V2g is bounded by 3, on the relevant region, then g(p*) = g(r) +

Vg(r)T(p* —r) + R with |R| < %" lp* — 7||%; a linear confidence sequence for the first-order term
and a composition region for the remainder, at a separate budget, certify g. Shannon entropy is not of
this type, because 92 H/Op? = —1/ps is unbounded near zero.

Support-based scores. Richness changes by one when a single record reveals a new species. If
a procedure declares an eligible species absent after 7" reviews and errs with probability at most o
under every alternative in which one record carries it, then E[T] > (1 — «)N: couple with each
single-record alternative, which agrees until that record is reviewed, and sum over records. Presence,
by contrast, is certified by one verified record.
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