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Abstract

We introduce a new type of query mechanism for collecting human feedback, called
the perceptual adjustment query (PAQ). Being both informative and cognitively
lightweight, the PAQ adopts an inverted measurement scheme, and combines advan-
tages from both cardinal and ordinal queries. We showcase the PAQ in the metric
learning problem, where we collect PAQ measurements to learn an unknown Maha-
lanobis distance. This gives rise to a high-dimensional, low-rank matrix estimation
problem to which standard matrix estimators cannot be applied. Consequently,
we develop a two-stage estimator for metric learning from PAQs, and provide
sample complexity guarantees for this estimator. We present numerical simulations
demonstrating the performance of the estimator and its notable properties.

1 Introduction

Should we query cardinal or ordinal data from people? This question arises in a broad range of appli-
cations, such as in conducting surveys [1-3], grading assignments [4, 5], evaluating employees [6],
and comparing or rating products [7, 8], to name a few. Cardinal data are numerical scores. For
example, teachers score writing assignments in the range of 0-100, and survey respondents express
their agreement with a statement on a scale of 1 to 7. Ordinal data are relations between items, such
as pairwise comparisons (choosing the better item in a pair) and rankings (ordering all or a subset of
items). There is no free lunch, and both cardinal and ordinal queries have pros and cons.

On the one hand, collecting ordinal data is typically more efficient in terms of worker time and
cognitive load [9], and surprisingly often matches or exceeds the accuracy of cardinal data [1, 9]. The
information contained in ordinal queries, however, is fundamentally limited and lacks expressiveness.
For example, pairwise comparisons elicit binary responses where two items are compared against
each other, but the absolute placement of these items with respect to the entire pool is lost. On the
other hand, cardinal data are more expressive [10]. For example, assigning two items scores of 1 and
2 conveys a very different message from assigning them scores of 9 and 10, or 1 and 10, although
all yield the same pairwise comparison outcome. However, the expressiveness of cardinal data
often comes at the cost of miscalibration: Prior work has shown that different people have different
scales [11], and even a single person’s scale can drift over time (e.g., [12, 13]). These inter-person
and intra-person discrepancies make it challenging to interpret and aggregate raw scores effectively.

The goal of this paper is to study whether one can combine the advantages of cardinal and ordinal
queries to achieve the best of both worlds. Specifically, we pose the research question:
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Figure 1: The user interface for perceptual adjustment query (PAQ) for preference learning (top) and
similarity learning (bottom).

Can we develop a new paradigm for human data elicitation that is expressive,
accurate, and cognitively lightweight?

Towards this goal, we extract key features of both cardinal and ordinal queries, and we propose a new
type of query scheme that we term the perceptual adjustment query (PAQ). As a thought experiment,
consider the task of learning an individual’s preferences between modes of transport. The query can
take the following forms:

* Ordinal: Do you prefer a $2 bus ride that takes 40 minutes or a $25 taxi that takes 10 minutes?
 Cardinal: On a scale of 0 to 1, how much do you value a $2 bus ride that takes 40 minutes?

* Proposed approach: To reach the same level of preference for a $2 bus trip that takes 40 minutes,
a taxi that takes 10 minutes would cost $z.

A user interface for the proposed approach is shown in Figure 1 (top). We present the user a reference
item (a $2 bus ride that takes 40 minutes) and a sliding bar representing the number of dollars ()
for the 10-minute taxi cost. As the user adjusts the slider, the value of z starts with 0 and gradually
increases on a continuous scale. The user is instructed to place the slider at a point where they
equally prefer a $2 bus ride and a taxi ride of = dollars.> The PAQ thus combines ordinal and cardinal
elicitation in an intuitive fashion: We obtain ordinal information by asking the user to make cognitive
judgments in a relative sense by comparing items, and cardinal information can be extracted from the
location of the slider. The ordinal reasoning endows the query with accuracy and efficiency, while
the cardinal output enables a more expressive response. Moreover, this cardinal output mitigates
miscalibration, because instead of asking the user to rate on a subjective and ambiguous notion (i.e.,
preference), we provide the user a reference object (i.e., the $2 bus ride) to anchor their rating scale.

Beyond combining the strengths of cardinal and ordinal queries, PAQs have additional advantages
that are well illustrated with the example in Figure 1 (bottom). First, PAQs provide users with
the context of a specific (continuous) dimension along which items vary. For example, consider a
pairwise comparison between the reference item and the “yellow apple ” selected in Figure 1. They
have similar shapes, but different colors. If these two items are shown to the user in isolation, the
user lacks context to judge whether they should be considered similar or dissimilar. In contrast, the
full spectrum provided in PAQs tells the user that the similarity judgment is apples vs. pears. The
access to such context improves self-consistency in user responses [14]. Second, PAQs provide “hard
examples” by design and thus enable effective learning. Consider Figure 1 (bottom): Items on the left
of the spectrum are apples (clearly similar to the reference), and items on the right are pears (clearly
dissimilar to the reference), and only a small subset of items in the middle appear ambiguous. PAQs
collect information precisely about “confusing" items in this ambiguous region. On the other hand, if
ordinal queries are constructed by selecting uniformly at random from the items shown, an item in
the ambiguous region will rarely be presented to the user.

’The ordinal component is crucial in our proposed perceptual adjustment query— we provide a reference
item and instruct people to make a relational judgment of the target item compared to the reference item. Hence,
the perceptual adjustment query is distinct from sliding survey questions that elicit purely cardinal responses.



The advantages of PAQs makes their deployment appealing in a variety of problem settings. For
example, practitioners may deploy PAQs to learn human preferences, like in the taxi and bus example
in Figure 1 or more complex settings such as housing preferences, where multiple features (price,
square footage, proximity to employment etc.) vary as the slider is moved. PAQs can also be used
to learn models for human perception, such as characterizing the extent of color blindness for a
given user. One can present a user with red-green color blindness a sequence of colors that slowly
transitions between red and green, and ask them to drag the slider until they perceive a difference in
colors. An extended discussion of applications is provided in the full version of this paper on arXiv.
In this paper, we focus on learning metrics to characterize human perception. In this problem, items
are represented by points in a (possibly high-dimensional) space, and the goal is to learn a distance
metric such that a smaller distance between a pair of items means that they are semantically and
perceptually closer, and vice versa. Figure 1 (bottom) presents a PAQ for collecting similarity data
for metric learning, where the user is instructed to place the slider at the precise point where the
object appears to transition from being similar to dissimilar. To construct a sequence of images as
shown in Figure 1 (bottom), one can traverse a path in the latent space of a generative model — given
a latent feature vector, the generative model synthesizes a corresponding image.

1.1 Do PAQs improve upon ordinal queries? A simulation vignette

Consider the problem of Mahalanobis metric learning, which forms the focus of this paper. In this
setting, items are represented as points in the vector space R?, which is in turn endowed with a
Mahalanobis metric parametrized by a symmetric positive semidefinite matrix * € R%*¢_ The
(dis-)similarity of two items is determined by their distance under the metric: The larger the (squared)
distance ||z — @'||%. = (z — ') "E*(x — x') between two items x and z’ is, the more dissimilar
the items are. We are particularly interested in the setting in which X* is low-rank. Established
approaches in metric learning use ordinal queries, such as pairwise comparisons (“Are items x and
@’ similar?”) [15-18], triplet comparisons [19] (“Which of the two items @, and x5 is closer to
reference item x(?”), and ranking—k& queries (“Given a reference item x(, rank the set of items
T1,...,T) in terms of similarity to xo) [14].

We compare the performance of such queries against PAQs in a toy metric learning setup. In particular,
we choose a random low-rank matrix £* in dimension 50 with rank 10 (see Appendix B for our
precise construction) and use the models and state-of-the-art algorithms of [19, 14] to produce
pairwise, triplet, and ranking-k queries and estimate the low-rank metric. In addition to these ordinal
queries, we simulate PAQ responses under the model presented in Section 2 and use our algorithm
(see Section 3) for estimation. To simplify the example, all query responses are generated in a
noiseless fashion—for example, the triplet comparison always returns the closer item to the reference.
We present our results in Figure 2, which illustrates a significant gap in information richness between
PAQs and a variety of ordinal queries. The number of PAQ responses needed to attain a reasonable
normalized error is dramatically lower than those of typical ordinal queries, illustrating that PAQs
can greatly improve upon the performance of existing ordinal queries for metric learning. The rest of
our paper explores this opportunity: It aims to make the deployment of PAQs theoretically grounded
by designing provable methodology for learning a low-rank metric from PAQ responses.

1.2 Our contributions and organization

In addition to introducing the perceptual adjustment query (PAQ), we demonstrate its applicability
to metric learning under a Mahalanobis metric. We first present a mathematical formulation of this
estimation problem in Section 2. We then show that the sliding bar response can be viewed as an
inverted measurement of the metric matrix that we want to estimate, which allows us to restate
our problem as that of estimating a low-rank matrix from a specific type of trace measurement
(Section 3). However, our PAQ formulation differs from classical matrix estimation due to two
technical challenges: (a) the sensing matrices and noise are correlated, and (b) the sensing matrices
are heavy-tailed. As a result, standard matrix estimation algorithms give rise to biased estimators.
We propose a query procedure and an estimator that overcome these two challenges, and we prove
statistical error bounds on the estimation error (Section 4). The unconventional nature of the sensing
model and estimator causes unexpected behaviors in our error bounds; in Section 5, we present
simulations verifying that these behaviors also appear in practice.
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1.3 Related work

We discuss related work on metric learning and the statistical techniques that we use.

Metric learning. As discussed in Section 1.1, prior work in metric learning [20] considers a wide
variety of ordinal queries. PAQ can be viewed as extending a discrete set of items presented to users
to a continuous spectrum, which is natural when one uses a generative model such as a GAN [21, 22].
However, the goal of tuple queries is to rank the items, whereas in PAQ the ranking is provided by the
feature space and we ask people to identify a transition point (similar vs. dissimilar) in this ranking.

Statistical techniques. In our theoretical results, we apply techniques from the high-dimensional
statistics literature. Our theoretical formulation (presented in Section 3) resembles the problem of
low-rank matrix estimation from trace measurements (e.g., [23—28]; see [29] for a more complete
overview), and, in particular, when the sensing matrix is of rank one [30-33]. However, as discussed
in Section 3, our model presents two important distinctions from prior literature. In our case, the
sensing matrices are both heavy-tailed and correlated with the measurement noise. The heavy-tailed
matrices violate the assumptions of much prior work that relies on sub-Gaussian or sub-exponential
assumptions on the sensing matrices. Prior work has attempted to address the challenge of heavy tails
with methods such as robust loss functions [34, 35] or the “median-of-means” approach [36—38]. We
draw particular inspiration from Fan et al. [39], which considers truncation to control heavy-tailed
behavior for a variety of problems. However, in the low-rank matrix estimation setting, Fan et al. [39]
only analyze the case of heavy-tailed noise under a sub-Gaussian design, meaning their methodology
and results are not applicable to our problem setting.

2 Model

In this section, we present our model for the perceptual adjustment query (PAQ) in the context of its
application to metric learning.

2.1 Mahalanobis metric learning

We consider a d-dimensional feature space where each item is represented by a point in R%. The
distance metric model for human similarity perception posits that there is a metric on R that
measures how dissimilar items are perceived to be. A recent line of work [40, 41] has modeled
the distance metric as a Mahalanobis metric. If £* € R?*? is a symmetric positive semidefinite
(PSD) matrix, the squared Mahalanobis distance with respect to X* between items « and 2’ € R? is
|z —'|%. := (x — x') " =*(z — ). The distance represents the extent of dissimilarity between
items @ and «’: If we further have a perceptual boundary value y > 0, this model posits that items
x,x’ are perceived as similar if |z — @’||%. < y and dissimilar if ||z — «'||%. > y. We adopt a
high-dimensional framework and, following [19, 41], assume that the matrix 3* is low-rank.

Note that if the goal is to predict whether two items are similar or dissimilar via computing the relation

|z — 2’||%. = v, then this problem is scale-invariant, in the sense that two items are predicted as
similar (or dissimilar) according to (X*, ), if and only if they are predicted as similar (or dissimilar)



according to (Cscale X%, Cscalel) for any scaling factor cscale > 0. We are thus interested in finding the
equivalence class of solutions {(¢scale 2%, Cscale/) © Cscale > 0}. Therefore, in practice, one can set y
to be any positive scalar and then estimate the corresponding 3*. Indeed, our theoretical error bounds

on || I S || = exhibit a natural scale-equivariant property (see Section 4, Scale Equivariance).

2.2 The perceptual adjustment query (PAQ)

We assume that every point in our feature space R¢ corresponds to some item. Recall from Figure 1
that a PAQ collects similarity data between a pair of items, where a reference item is fixed, and a
spectrum of target items is generated from a one-dimensional path in the feature space. Denote the
reference item by & € RY. The target items can be generated by any path in R?, but, for simplicity,
we consider straight lines. For any vector a € R%, we construct the line {x + va : v € [0,00)}. We
call this vector a the query vector. As shown in Figure 3, the user moves the slider from left to right,
and the value of v increases proportionally to the distance traversed by the slider. Note that the value
v is dimensionless.

The user is instructed to stop the slider at the transition point where the target item transitions from
being similar to dissimilar with the reference item. According to our model, this transition point
occurs when the 3*-Mahalanobis distance between the target item and the reference item is y. The
(noiseless) transition point, denoted by ~,, satisfies the equation

y=|z—(x+.a)% =20 Ta. (1

Note that the ideal PAQ response 7, does not depend on the specific reference item « but rather only
on the query direction a and the (unknown) metric matrix 3*. When querying users with PAQs, the
practitioner has control over how the query vectors a are selected, which we discuss in Section 3.2.

2.3 Noise model

We model the noise in human responses as follows: In the PAQ response (1), we replace the boundary
value y by y + 1, where 1 € R represents noise. Thus the user provides a noisy response v whose
value satisfies v2a’ $*a = y + 7. Substituting in (1), we have 4? = 72 + —+L—. This model
captures qualitatively how we would expect the variance of v due to noise to scale. To see why, recall
that -y is proportional to the distance traversed by the slider in the user interface Figure 1 (bottom).
If a” X*a is large, then the semantic meaning of the item changes rapidly as the user moves the
slider, and the slider will stop at a position that is close to the true transition point. On the other
hand, if @ *a is small, then the item changes slowly as the user moves the slider. It is then hard to
determine where exactly the transition occurs, so the slider may stop in a larger interval around the
transition point.

3 Methodology

In this section, we formally present the statistical estimation problem for metric learning from noisy
PAQ data, and we develop our algorithm for estimating the true metric matrix 3*.

3.1 Statistical estimation

Assume we collect N PAQ responses, using N query vectors {a;}¥ | that we select’. Denote the

noise associated with these queries by random variables 71, ...,ny € R. We obtain PAQ responses,
denoted by 71, . .., vn, that satisfy
via!X*a;=y+mn, i=1,...,N. )

We assume the noise variable 7 is independent*of the query a, has zero mean and variance Vﬁ, and is

bounded, with —y < n < nT for some constant nT > 0. Note that we must have 4+ y > 0 since
~2 > 0; in addition, we place an upper bound ' on the noise.

3In what follows, we use the terms “responses”/“measurements” interchangeably for ~y, and the terms “query
vector”’/““sensing vector” interchangeably for a.

*This could be relaxed by placing conditions on the conditional distributions of 77 given a (and even the
reference point ), but we omit this for simplicity.



Given the query directions {a; } ¥, and the PAQ responses {7; }¥ ;, we want to estimate the matrix
3. We first rewrite our measurement model as follows: Recall that the matrix inner product is
denoted by (A, B) := tr (A" B) for any two matrices A and B of compatible dimension. Then
from (2), we write

Plugging (3) once more into (2), we have
y+n= (A",
where
A™ .= ~%ga’ = Maa,T. %)

T a’TX*a

Hence, our problem resembles trace regression, and, in particular, low-rank matrix estimation from
rank-one measurements (because the matrix A" has rank 1) [31, 30, 32, 33]. We call A™ the
sensing matrix, and a the sensing vector. Classical trace regression assumes that we make (noisy)
observations of the form y = (A, 3*) + ¢ where A is fixed before we make the measurement; in our
problem, the sensing matrix A™™ depends on our observed response v and associated sensing vector
a. Hence, the process of obtaining a PAQ response can be viewed as an inversion of the standard trace
measurement process. The inverse nature of our problem makes estimator design more challenging,
as we discuss in the following section.

3.2 Algorithm

As our first attempt at a procedure to estimate X*, we follow the literature [24, 33] and consider
randomly sampling i.i.d. vectors a; ~ N(0, I;). We then use standard least-squares estimation of
3*. Since we expect X* to be low-rank, we add nuclear-norm regularization to promote low rank. In
particular, we solve the following program:

|nV 2
min NZ y— (A, 2)" + A= )

where Ay > 0 is a regularization parameter. This is a convex semidefinite program and can be solved
with standard off-the-shelf solvers. However, the inverted form of our measurement model creates
two critical issues when naively using (5):

* Bias of standard matrix estimators due to dependence. Note that the sensing matrix (4) depends
on the noise 7. Quantitatively, we have E [nA‘“"] # 0 (see Appendix D.1). Standard trace
regression analyses require that this quantity be zero, typically assuming (at least) that 7 is zero-
mean conditioned on the sensing matrix A. The failure of this to hold in our case introduces a bias
that does not decrease with the sample size N.

* Heavy-tailed sensing matrix. The factor in A"V (see Equation (4)) makes A" heavy-

aT>*a 2 *a
tailed in general. When a is Gaussian, the term ﬁ is an inverse weighted chi-square random
variable, whose higher-order moments are infinite (and the number of finite moments depends on
the rank of 3*). This makes error analysis more difficult, as standard analyses require the sensing
matrix A to concentrate well (e.g., be sub-exponential).

To overcome these challenges, we make two key modifications to the procedure (5).

Step 1: Bias reduction via averaging. First, we want to mitigate the bias due to the dependence
between the sensing matrix A" and the noise 7. The bias term E [nA'""] scales proportionally to
E [n(y + n)] = E [n?]. Therefore, to reduce this bias in the least-squares estimator (5), we need to
reduce the noise variance. We reduce the effective noise variance (and hence the bias) by averaging
1.i.d. samples. Operationally, instead of obtaining /N measurements from /V distinct sensing vectors

{a;}N |, we draw n sensing vectors {a;}!_,, and collect m measurements, denoted by {727 )} 1
corresponding to each sensing vector a;. We refer to n as the number of (distinct) sensing vectors.



Algorithm 1 Inverted measurement sensing, averaging, and truncation.

Input: number of total measurements N, averaging parameter m (that divides V), truncation
threshold 7, measurement value y
N

1: Compute the number of sensing vectors n = -
2: fori =1tondo
3:  Draw sensing vector a; from standard multivariate normal distribution

Obtain m PAQ measurements (71(1))2, .

4 . (’yi(m))2 with a; and y.

5. Bias elimination via averaging: compute averaged response 72 = % ZT:l (’yi(j ))2‘
6:  Heavy tail mitigation via truncation: compute truncated response 72 = 52 A .
7:

end for
Output: truncated responses 77, . .. 52

To keep the total number of measurements constant, we set n = % where the value of m is specified
later. For each sensing vector a;, we compute the empirical mean of the m measurements:

m

1 i 1 & +n: + 77,
oI~ e Lx~ytn” oyt ;
%= 07 el Tra  a e 6)

j=1

where we define the average noise by 7; := % Z;n:l nl(j ). This averaging operation reduces the

2
effective noise variance from var(n;) = v to var(ij;) = % If n is small, we may have large error
due to an insufficient number of query vectors a;. On the other hand, a small m leads to a large bias.
Therefore, we set the value of m carefully to balance these two effects. This is studied theoretically
in Section 4 and demonstrated empirically in Section 5.

Step 2: Heavy tail mitigation via truncation. Next, we need to control the heavy-tailed behavior
introduced by the ﬁ term in the sensing matrix A'"™". Note that the sample averaging procedure
(6) does not mitigate this problem. We adopt the approach in [39] and truncate the observations.
Specifically, we truncate the averaged measurements 77 to 72 := 4% A 7, where 7 > 0 is a truncation

threshold that we specify later. We then construct the truncated sensing matrices

T~ T Y+ 1 T
A, =7 a;a; :<MAT>aiai, i=1,...,n. 7
While truncation mitigates heavy-tailed behavior, it also introduces additional bias in our estimate.
The truncation threshold 7 therefore gives us another tradeoff, and in our analysis to follow, we
carefully set the value of 7 to balance the effects of heavy-tailedness and bias.

Final algorithm. Before presenting our final optimization program, we summarize our assumptions
and sensing model below.

Assumption 1. The noise values n; are i.i.d copies of the random variable 1), which is independent
of the random sensing vector a. The random noise is (1) zero-mean: E[n] = 0, and (2) bounded:
There exists a positive constant 1)1 such that —y < 1 < n' with probability 1.

We choose the sensing vector distribution to be the standard multivariate normal distribution and
collect, average, and truncate N PAQ responses following Algorithm 1. This process yields n
truncated responses 77, ...72. We then use these truncated responses to form the averaged and
truncated matrices {A;}"_;, which we substitute into the original least-squares problem (5). To
estimate X*, we solve

n

~ 1 ~ 2
3 € argmin — — (A, 2)) + X, 8
g nZ(y (A, 2) + Al B ®)

where, again, \,, is a regularization parameter that we specify later.

Practical considerations. In the averaging step, we collect m measurements for each sensing
vector a;. These measurements could be collected from m different users. Furthermore, recall from
Section 2.2 that the measurements do not depend on the reference item x. As a result, one may



also collect multiple responses from the same user by presenting the same query vector a; with
different reference items. In addition, recall from Section 2.1 that user responses are scale-invariant.
Practitioners are hence free to set the boundary y to be any positive value of their choice without loss
of generality, and the noise ) scales accordingly with y. The user interface does not depend on the
value of y.

4 Theoretical results

We now present our main theoretical result, which is a finite-sample error bound for estimating
a low-rank metric from inverted measurements with the nuclear norm regularized estimator (8).
Our error bound is generally stated, and depends on the averaging parameter m and the truncation
threshold 7. Recall that 1/,27 denotes the variance of . We define the quantities y' := y + 1" and

ty =y + median(n). We further denote by o1 > --- > o, > 0 the non-zero singular values of *.

Theorem 1. Suppose 3* is rank r, with r > 8. Assume that we choose the sensing vector distribution
the be the standard multivariate normal distribution, that Assumption 1 holds on the noise, and that
we collect, average, and truncate measurements following Algorithm 1. Further, assume that the
truncation threshold T satisfies T > “(LLT”*) Then there are positive constants ¢, C, Cy, and Cs, such

that if the regularization parameter and the number of sensing vectors satisfy

tld d T\ 1 1 V2
yT<y \/7+T+<y ) ) T and n > Cord, )
orVn  n o) T orrm

then any solution S 10 the optimization program (8) satisfies

)\nZCI

tr (%)

Y

2
g—E*llFsc( ) Vi (10)

with probability at least 1 — 4e=% — e~

The proof of Theorem 1 is presented in Appendix E. The two sources of bias discussed in Section 3.2
appear in the expression (9) for the regularization parameter \,, (and consequently in the error
bound (10)). The term scaling as 1/7 corresponds to the bias induced by truncation, and decreases
as the truncation gets milder (i.e., as the threshold 7 gets larger). The term scaling as 1/,27 /m
corresponds to the bias arising from dependence between the noise and sensing matrix. As discussed
in Section 3.2, in this model, m-averaging results in a bias that scales like 1 /m. Given the dependence
of the estimation error bound on the parameters m and 7, we carefully set these parameters to obtain a
tight bound as a function of the number of total measurements N = mn. These choices for m and 7,
along with the final estimation error, are presented in the following corollary, proved in Appendix F.

Corollary 1. Recall that N = mn. Assume that the conditions of Theorem 1 hold, and set the
values of the constants (¢, C, Cy,C3) according to Theorem 1. Suppose that the number of total

measurements Sallsﬁes
N > C;/ ln 2 / d CZ d .

Set the averaging parameter m and truncation threshold T to be

2/s 1
V2 N /3 yT N
_ n _
m= ’V <(yT)2> ( pi ) and T = poe k (12)

and set \,, equal to its lower bound in (9). With probability at least 1 — 4e=% — e=<N/™ e have:

2 ~
(a) If (;%)2 > %, then any solution X to the optimization program (8) satisfies

2 (o1)/3 (12) /5 s
WU e () 13

IS - r<cr XL
o, 121



<4/ %, then any solution S 10 the optimization program (8) satisfies

N 2 1 2 d 1/2
I - <ot (y> P2 () . (14)
or \ Hy N

V2
(b) If (5

In both cases, C' = 3C - C,.

A few comments are warranted about our error bounds (13) and (14):

Error rates and noise regimes. Under the standard trace measurement model, it is known that if
the measurement matrices are i.i.d. according to some sub-Gaussian distribution and the number
of measurements satisfies N 2 rd, then nuclear norm regularized estimators achieve an error that

scales like 4/ %(e.g., [24, 25]). Such a result is also known to be minimax optimal [25]. Allowing

heavier-tailed assumptions on the sensing matrices, such as sub-exponential [32, 42] or bounded
fourth moment [39], typically results in additional log d factors but does not impact the exponent
1/2 in the error rate. However, a crucial assumption in these results is that E [nAi“"] = 0, and thus
there is no bias due to measurement noise. Our inverted measurement sensing matrix is not only
heavy-tailed but also leads to bias (see Lemma 1 in Appendix D.1). Nevertheless, we are able to
reduce the bias and trade it for variance, ensuring consistent estimation in all regimes.

In Corollary 1, there are two distinct cases for error rate which correspond to two different noise
regimes induced by the quantity “»/(y")2, which captures the noise level in our measurements. In
particular, the two cases in Corollary 1 correspond to two regimes with distinct bias behavior:

(a) High-noise regime: In this setting, the bias due to measurement noise is non-negligible. As a
result, we employ averaging with large m, which results in the rate scaling as (d/N)"/>.

(b) Low-noise regime: In this setting, the measurement noise bias is dominated by the variance, and
thus has negligible impact on the estimation error. As a result, we are able to achieve a rate of
order (d/N)"/?, which is consistent with established results for low-rank matrix estimation.

Sample complexity. Since the degrees of freedom in a rank-r matrix of size d x d is of order rd, one
expects that the minimum number of measurements to identify a rank-r matrix is of order rd. This
is reflected in Theorem 1, which assumes that the number of distinct sensing vectors {a;} satisfies
n > rd. In the high-noise regime, from (12) in Corollary 1, we have that m scales like (N/d)"/*.
Thus, the total number of measurements is N = mn > (N/d)"/® - rd > N'*d**r, and hence
N > r*/2d. Given that the rank is assumed to be relatively small compared to the dimension, the
extra factor of /7 is a relatively small price to pay to obtain consistent estimation. In the low-noise
regime, it can be verified that m = 1 in (12) due to the low-noise condition Vﬁ/ (w"H? < +/d/N.No
averaging is needed, and we only require N = n = rd.

Dependence on rank. When compared to standard results, Corollary 1 differs in its dependence
on rank. First, the matrix 3* is assumed to have rank r > 8. This prevents the term ﬁ from
making the sensing matrices so heavy-tailed that even truncation does not help. We empirically show
that the assumption of r > 8 is necessary in Section 5. Second, there is an additional factor of r in
our rate for both noise regimes. To interpret this, note that if 3* has non-zero singular values in a
fixed range, then E [a " X*a] = tr (£*) ~ r. Since the “magnitude" of the sensing matrix A™ is
inversely proportional to @ ' X*a, increasing r decreases the magnitude of A™ and thus also (for a
fixed noise level) the signal-to-noise ratio.

Scale equivariance. As discussed in Section 2.1, the metric learning from PAQs problem aims to
find an equivalence class {(Cscale X, Cscaley) © Cscale > 0}, and the ground-truth ¥* is defined with
respect to a particular choice of y. Accordingly, our error bounds are scale-equivariant: If we instead
replaced y with csca1ey, the bounds (13) and (14) would scale linearly in cgc,e. This fact is precisely
verified in Appendix C and relies on the fact that the noise also scales appropriately in cscae. Thus
practitioners may simply set y to be any positive number.
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Figure 4: Simulations quantifying the effect of dimension d, rank r, and averaging parameter 7 on
estimation error. Shaded areas correspond to standard error of the mean but sometimes not visible.

5 Numerical simulations

In this section, we provide numerical simulations investigating the effects of the various problem and

estimation parameters. For all results, we report the normalized estimation error HZA) =X e/ IIZ* 7
averaged over 20 trials. Shaded areas (sometimes not visible) represent standard error of the mean. For
all experiments, we follow [19] and generate the ground-truth metric matrix as 3* = %U U, where

U € R9*" is a randomly generated matrix with orthonormal columns. The noise 7 is sampled from
a uniform distribution on [—n", n'] (where n" < ). We set the regularization parameter, truncation
threshold, and averaging parameter in a manner consistent with our theoretical results (see Egs. (9)
and (12)), cross-validating to choose the constant factors. We solve the optimization problem using
cvxpy [43, 44]. Code for all simulations is provided at https://github. com/austinxu87/pagq.

Effects of dimension and rank. Our first set of experiments characterizes the effects of dimension d
and matrix rank r. For all experiments, unless we are sweeping a specific parameter, we set y = 200,
d =50, r = 15, and n" = 10. Fig. 4a shows the performance for varying values of d plotted against
the normalized sample size N/d. For all dimensions d, the error decays to zero as the total number of
measurements [V increases. Furthermore, the error curves are well-aligned when the sample size is
normalized by d with fixed 7, empirically aligning with Corollary 1. Fig. 4b shows the performance
for varying values of rank r. Recall that for our theoretical results we assume r > 8 to ensure that
the quadratic term a " ©*a in the denominator of our sensing matrices does not lead to excessively
heavy-tailed behavior. When r > 8, the number of measurements required for the same estimation
error increases as the rank increases. A clear phase transition occurs at 7 = 8. The error still decreases
with N for r < 8, but at a markedly slower rate than when > 8. This empirically demonstrates that
when r < 8, the sensing matrix tails are too heavy to be mitigated by truncation.

Effect of averaging parameter m. Equation (12) suggests that the averaging parameter m should
scale proportionally to (N/d)"/?. To test this, we set y = 200, d = 50, 7 = 9, and 5T = 200. We
vary values of m for different choices of the (IV, d) pair, as shown in Fig. 4c. The empirically optimal
choice of m is observed to be the same when N/d is fixed, regardless of the particular choices of
N or d (the green and red curves overlap, and the blue and orange curves overlap). Moreover, the
optimal m is smaller when N/d = 400 compared to when N/d = 1000.

6 Discussion

In this paper we introduced the perceptual adjustment query, a cognitively lightweight way to obtain
expressive responses from humans. We specifically investigate using PAQs for human perceptual
similarity learning. We use a Mahalanobis distance-based model for human similarity perception
and use PAQs to estimate the unknown metric. Using random measurements to learn an unknown
Mahalanobis metric gives rise to the new inverted measurement scheme for high dimensional low rank
matrix estimation which violates commonly held assumptions for existing estimators. We developed
a two-stage estimator and provide corresponding sample complexity guarantees. This work opens up
many interesting lines of future work in inverted measurements. One key direction is to characterize
their fundamental limits with information-theoretic lower bounds.
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A Broader impacts and limitations

In this section, we discuss the broader impacts and limitations of our work.

A.1 Broader impacts

Automated systems that use human feedback are being used in an increasing number of contexts,
spanning everything from predicting user preferences to finetuning language models. It is important
to ensure that such systems are as accurate as possible; this naturally requires humans to respond in an
accurate and consistent manner. Using the perceptual adjustment query to collect data in such settings
could lead to more expressive responses without heavy cognitive burdens on users. Furthermore,
providing a user the additional context of a continuous spectrum of items may result in more self-
consistent responses. The downstream effects of collecting more expressive and self-consistent
human responses could lead to improved models or entirely new paradigms of model development
for a myriad of problem settings. With these advantages come associated risks as well. Due to how
expressive the responses to PAQs are, the effects of adversarial responses may be magnified. That is,
if an adversary purposely chooses to respond in an antagonistic manner, models trained with PAQs
may be trained poorly or in opposition to the stated goal. Mitigating such effects likely requires a
holistic approach from both the query design and robust model design perspectives.

A.2 Limitations

From a data collection perspective, the perceptual adjustment query requires access to a continuous
space where each point corresponds to an item. In many applications, assuming access to this
continuous space is reasonable. For example, if we use PAQs to characterize color blindness, then a
natural continuous space is the RGB color space. In general, we situate our data collection within
the latent space of a generative model, such as a GAN. While GANs are capable of producing
extremely high fidelity images, these images are not always free of semantically meaningful artifacts.
Our query design and modeling assumptions do not explicitly consider the case where a portion of
the continuous spectrum of items may be corrupted. Furthermore, because our work is an initial
exploration into low-rank matrix estimation from inverted measurements, we have not considered
scenarios such as unbounded noise or heavier-tailed sensing vectors, and we have not established
information-theoretic lower bounds for the inverted measurement paradigm. We hope that further
exploration of the inverted measurement paradigm will lead to a rich line of follow-up work.

B Simulation details

In this section, we provide details for the simulation results presented in Figure 2. For our experiments,
we adopt a normalized version of the setup of [30] and form the metric ¥* by X* = LL" /| LLT ||,
where L is a 50 x 10 matrix with i.i.d. Gaussian entries. We sweep the number of query responses
N, estimate the metric with 3, and report the normalized estimation error ||I=* — ZA)H r/1Z5 | F
averaged over 10 independent trials. For each query response, items are drawn i.i.d. from a standard
multivariate normal distribution, similar to [45].

Pairwise comparison setup. For pairwise comparisons, we use value of y = 10 to denote the

squared distance at which items become dissimilar, following our distance-based model for human
perception (see Section 2.1). For the i-th pairwise comparisons, we draw two items m§1)7 :cél)
i.i.d. from a standard multivariate normal distribution. We record the pairwise comparison outcome
e, € {—1,+1} as¢; = sign( ||m11) - :1:%1) |%. —y). To estimate the metric from pairwise comparisons,
we utilize a nuclear-norm regularized hinge loss and solve the following optimization problem:

N
~ 1 , ,
Ypc € argmin i Zmax{(),y - ei||a:§1) - :Bél)HQE} + Apc|| X -
=0 =
Triplet setup. For the ¢-th triplet, we draw three items wgi),ws), wgf) iid. from a standard
multivariate normal distribution and record the outcome ¢; € {—1,+1} as ¢; = sign(||w(11) -
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wg) 1%, — ||:13§Z) — mz()f) |%. ). To estimate the metric from triplet responses, we follow [19] and utilize
a nuclear-norm regularized hinge loss and solve the following optimization problem:

ETearggg,m*Zmax{ 1—c (et = 2813 — el —211%) } + Al S

Ranking-k query setup. For the ¢-th ranking query with a reference item g and k items @1, . . . ,
to be ranked, we draw all items i.i.d. from a standard multivariate normal distribution. For each
item x;, we compute the squared distance ||zg — x||%.. To determine the ranking of items, we
sort the items based on this squared distance. To estimate the metric, we follow the approach of [14]
and decompose the full ranking into its constituent triplets. A ranking consisting of k items can
equivalently be decomposed into k(k — 1)/2 triplet responses. To estimate the metric, we decompose
each ranking query and use the triplet estimator presented above with regularization parameter Ag to

obtain estimate Xg_.

PAQ setup. For the i-th PAQ response, we draw the reference item «; and query vector a;
i.i.d. from the standard multivariate normal distribution. We then receive a scaling 7 satisfying
72 = y/a] X*a;, with y = 10. To perform estimation, we leverage our method presented in
Section 3. Our theoretical results indicate that the averaging parameter m should be set to 1 in
the noiseless setting. Furthermore, the truncation threshold 7 is large relative to our responses
42, meaning no truncation is employed. As a result, we solve the nuclear-norm regularized trace
regression problem

N 2
~ 1 Y
Spao € arg min — a;a; > —> + Apaol| 2|+
PaQ € argmm NE << ) )2 paql| 2|

In all cases above, we solve all optimization problems with cvxpy and normalize the estimated metric

3 ¢pc, T, R-k, PAQ} 1O be unit Frobenius norm to ensure consistent scaling when compared against the
true metric 3*. We use a value of 0.05 for all regularization parameters A(pc, T, r-k, paQ} and observe
similar performance trends for other choices of regularization parameter.

C Scale equivariance

In this section, we verify the scale-equivariance of our derived theoretical bounds (13) and (14).
Specifically, we denote by 3* and X the ground-truth and the estimated matrices corresponding to

value y. We denote by X% and f) the ground-truth and estimated matrices corresponding to value
Cscalely fOr any cecale > 0. By definition, we have X% = cqce 2, and it can be verified that solving

the optimization program (8) yields Z = csca|e§) Hence, one expects the error bound to scale as
Cscale- TO verify this linear scaling in cscae, We confirm that the noise 7 scales as Cscale-

Under the ground-truth metric 3*, if the user responds with an item that is a distance y + 7 away
from the reference item, then that same item is a distance cscale(y + 77) away from the reference under
the scaled setting. As a result, the noise scales as a result of the choice of y. Therefore, the following
values in the upper bound (13) can be written as scaled versions of their corresponding “ground-truth”
values.

Noise 1 = Cscale Mx Noise median fy = Cscale uy
Noise upper bound 1" = cecate 71 Boundary upper bound YT = Cscale (Yx + 77*)
Noise variance uf, cfcale ufh* Singular values Ok = Cscale O, Kk =1,...,7

Substituting these scaled expressions into the upper bounds (13) and (14), we have

™N4/30,,2 \1/3 1z
. (01 G 02D L, [ d
[2e = EZF < cscale o ox (,LL;)Q i N
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in the high-noise regime and

2
. *)2 T d 1/2
”26 - 2):”F S Cscale C/ @ (%) TS/Z <>

o oy N

r

in the low-noise regime. Note that the constant C’ is independent of cgcae.

D Preliminaries and notation

In this section, we provide an overview of the key tools that are utilized in our proofs. We first
introduce notation which is used throughout our proofs.

Notation. For two real numbers a and b, let a A b = min{a, b}. Given a vector x € R<, denote
|lz||; and ||z||2 as the ¢1 and 5 norm, respectively. Denote S¢~! := {z € R? : ||z, = 1} to be the
set of vectors with unit £, norm. Given a matrix A € R%*“_ denote || Al|, | Al|., and [|A]|, as
the Frobenius norm, nuclear norm, and operator norm, respectively. Denote Sdxd — {A € Rdxd .
A = AT} to be the set of symmetric d x d matrices. Denote A = 0 to mean A is symmetric positive
semi-definite. For A = 0, define the (pseudo-) inner product (x,y) , = x| Ay and the associated
(pseudo-) norm ||| 4 = V" Az. For matrices A, B € R%*% denote (A, B) = tr (A" B) as
the Frobenius inner product.

We use the notation f(z) < g(x) to denote that there exists some universal positive constant ¢ > 0,
such that f(z) < ¢- g(x), and use the notation f(x) 2 g(x) when g(x) < f(z).

We define random matrices B
200 = 2T 40T

A=5 = 15
Y aa P ST (15)

and _
A= Faa' = (;ﬁlr;?a A 7') aa’ (16)

as the sensing matrix formed with the m-averaged responses 7 and truncated responses 7, respectively.

D.1 Inverted measurement sensing matrices result in estimation bias

Recall from Equation (4) that the random sensing matrix A™ takes the form
v ytn 7
AT = e

Standard trace regression analysis assumes that for some sensing matrix A and measurement noise 7,
E [nA] = 0. Specifically, it is often typically assumed that 7 is zero-mean conditioned on the sensing
matrix A. The following lemma shows that for the inverted measurements, we have E[nA"] # 0,
resulting in bias in estimation.

Lemma 1. Let A™ be the random matrix defined in Eq. (4) and 1 be the measurement noise. Then
E [A™] # 0.

The proof of Lemma 1 is provided in Appendix D.6.1. Hence, utilizing established low-rank matrix
estimators for inverted measurements results in biased estimation.

D.2 Sub-exponential random variables

Our analysis utilizes properties of sub-exponential random variables, a class of random variables with
heavier tails than the Gaussian distribution.

Lemma 2 (Moment bounds for sub-exponential random variables [46, Proposition 2.7.1(b)]). If
X is a sub-exponential random variable, then there exists some constant c (only dependent on the
distribution of the random variable X ) such that for all integers p > 1,

EIX)7" < cp.
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D.3 Bernstein’s inequality

In our proofs, we use Bernstein’s inequality to bound the sums of independent sub-exponential
random variables.

Lemma 3 (Bernstein’s inequality, adapted from [47, Theorem 2.10]). Let X1, ..., X,, be independent
real-valued random variables. Assume there exist positive numbers uy and ug such that

|
E [Xf] <wu; and E[X;|F] < %u1u§72for all integers p > 2,

2uqt t
]P’( z\/'“lﬂ‘?) < 2exp(—t).
n n

D.4 Moments of the ratios of quadratic forms

Then for all t > 0,

n

% Z (X —E[Xi])

i=1

The quadratic term a ' X*a appears in the denominator of our sensing matrices, so we use the
following result to quantify the moments of the ratios of quadratic forms.

Lemma 4. There exists an absolute constant ¢ > 0 such that the following is true. Let a ~ N (0, 1),
* € R4 be any PSD matrix with rank r, and U € R**? be an arbitrary symmetric matrix.

(a) Suppose that r > 8. Then we have

o 1 * < ¢
a’>*a) — okt

(b) Suppose that r > 2. Then we have
a'Ua c
E{ —=—)< Ul|..
(aTE*a> - O'TTH |

The proof of Lemma 4 is presented in Appendix D.6.2.

D.5 A fourth moment bound for 52

Recall from Equation (6) that the averaged measurement 5 takes the form

21 i y+n Yyt
a!¥*a;, a/T*a;

Throughout our analysis, we utilize the fact that '72 has a bounded fourth moment, as characterized in
the following lemma.

Lemma 5. Assume r > 8. Then there exists a universal constant ¢ > 0, such that
4 +nt !
E (%) <c (M) 7
orr
where o,. is the smallest non-zero singular value of 3*.
The proof of Lemma 5 is presented in Appendix D.6.3. For notational simplicity of the proofs, we

4
denote M = ¢ (M) .

orr

D.6 Proofs of preliminary lemmas

In this section, we present proofs for preliminary lemmas from Appendices D.1, D.4, and D.5.
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D.6.1 Proof of Lemma 1

Using the independence of the noise 1 and the sensing vector a, and the assumption that 7 is zero
mean, we have

inv +
E [nA ] =K [Muaq

_ 1 T
=Eny+n)]-E [aTE*aaa }
aaT} ) (17)

T

The expectation in (17) is non-zero, because the random matrix aa' is symmetric positive

__1
al>*a

definite almost surely. Therefore, we have E [nA™] 5 0, as desired.

D.6.2 Proof of Lemma 4

Since * is symmetric positive semidefinite, it be decomposed as QXQ T, where Q is a square
orthonormal matrix and X is a diagonal matrix with non-negative entries. Multiplying a by any
square orthonormal matrix does not change its distribution. Therefore, without loss of generality, we
assume that 32* is diagonal with all non-negative diagonal entries. We first note that the moments of

the ratios in both parts of Lemma 4 exist, because by [48, Proposition 1], for non-negative integers
T p

p and ¢, the quantity E% exists if § > ¢. Furthermore, we use the following expression
from [48, Proposition 2]:

a'Ua)’ 1 T
((aTE*a))q = F(Q) /tq_1 ’ |At| E (aTAtUAta)pdt’ (18)
0

where A; = (I; + 2tX*)~"/* and |A| is the determinant of A,. To characterize the determinant
|A;|, we note that A is a diagonal matrix whose d diagonal entries are

1 1

—_— ey, 7, L, ., L
(1+2tey)"2” 7777 (14 2ta,)2” 7777

Hence, the determinant is the product [A;| =[] Furthermore, this product can be

roo_ 1
i=1 (1+2t0,3)1/2 .
bounded as:

1

A< —
A < (1+ 2ta,)/?

19)
We now prove parts (a) and (b) separately.
Part (a). Using the integral expression (18) with p = 0 and ¢ = 4, and the upper bound (19) on the

determinant, we have

o0

E(—1 41/t3 |A,|dt
aT>*a)  T(4) !

0
00

1
t3 dt.
I'(4) / (1+ 2to,.)"?
0

IN
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Denoting s := 1 + 2to,., we have

4 3
1 1 s—1 1
E < —d
(aTZ*a) ~ 2I'(4)o, /( 20, ) s
1

A
sq%‘ =
\8

—
»
e
oy
T
(oW

IN

as desired.

Part (b). Using the integral expression (18) p = ¢ = 1 and the upper bound (19) on the determinant,
we have

oo

a'Ua 1 T
. (aTE*a> ) /'At| Ela’AUAa)dt
0
< ! /Oo L Ela"AUAa]dt (20)
= T1) ) (1+2t0,)7 At
0

We now bound the expectation term in (20). Note that for a ~ N(0,1;), we have E [a” Ba| =
tr (B) for any symmetric matrix B. Therefore, we have

Ela"AUAa] = tr (AUA,)
®
(ii)
< U, 2D
where (i) the fact that tr (B) < ||B]|« for any symmetric matrix B. Furthermore, (ii) follows
from Holder’s inequality for Schatten-p norms, where we have that | AU Ay < | A ||(2)p U]«

Because A, is diagonal and the entries of A, are bounded between 0 and 1, we bound the operator
norm as ||AtHOp < 1. Substituting (21) to (20), we obtain

(oo}

a'Ua 1
E({ ——— ) <||U|ls- | —————dt
(aTE*a>_” | /(1—|—2t07ﬁ)’"/2
0
1
SO_T'||U||*7

as desired.
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D.6.3 Proof of Lemma 5

By the assumption that the noise is upper bounded by 7', we have y + 77 < y + n'. Therefore, we
have
N}
_on4 y+n
E((¥)" =E
) - ( Lpt)
1 4
<@+n)"E < )

a'X*a
@) 4
< 1 ,
~ \o,r

where step (i) applies part (a) of Lemma 4.

E Proof of Theorem 1

Recall that we assume we collect N measurements under the inverted measurements sensing model
presented in Algorithm 1 with standard Gaussian sensing vectors and bounded noise, mean-zero
noise (Assumption 1).

We first introduce a restricted strong convexity (RSC) condition that our proof relies on. Since the
matrix 3* is assumed to be symmetric positive semidefinite matrices and of rank r, we follow [24]
and consider a restricted set on which we analyze the behavior of the sensing matrices A;. We call
this set the “error set”, defined by:

&= {UeSdXd:HUH* g4\/§uU||F}, (22)

where recall that S?*¢ denotes the set of symmetric d x d matrices. We say that our shrunken sensing

matrices {Avi}?zl satisfy a restricted strong convexity (RSC) condition over the error set £, if there
exists some positive constant £ > 0 such that
1 n .
> (AL U > kU7 forallU € . (23)
i=1
The following proposition shows that the estimation error, when the sensing matrices satisfy the RSC
condition and the regularization parameter is sufficiently large.
Proposition 1 ([39, Theorem 1] with ¢ = 0). Suppose that 3* has rank r and the shrunken sensing
matrices satisfy the restricted strong convexity condition (23) with positive constant k > 0. Then if
the regularization parameter satisfies

n

n

% Zygi - % Z@Zz‘, T4 A;
i=1

i=1

An 22 ) (24)

op
any optimal solution X of the optimization program (8) satisfies

IS - 2 < 2V

This theorem is a special case of Theorem 1 in [39], which is in turn adapted from Theorem 1 in [24]
(see [24] or [39] for the proof). Proposition 1 is a deterministic and nonasymptotic result and provides
a roadmap for proving our desired upper bound. First, we show that the operator norm (24) can be
upper bounded with high probability, allowing us to set the regularization parameter \,, accordingly.
Second, we show that the RSC condition (23) is satisfied with high probability. We begin by bounding
the operator norm (24) in the following proposition.

Proposition 2. Let y" = y+n'. Suppose that =* has rank r, with r > 8. Then there exists a positive

absolute constant Cy such that
tfd d T\ 1 1 V2
yT (y\/7 + =7+ ( Y ) — |+ _n
o.rVyn n o.r) T o.rm

(25)

R
> AZ-—EZ(AZ-,E VA,

n
i=1 i=1

<

op

with probability at least 1 — 4 exp (—d).
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The proof of Proposition 2 is provided in Appendix E.1. Next, we show that the RSC condition (23)
is satisfied with high probability, as is done in the following proposition.

Proposmon 3. Let iy be the median of y + 7). Suppose that the truncation threshold T satisfies
T> o (2*) Then there exist positive absolute constants k., ¢, and C such that if the number of

sensing vectors satisfy
n > Crd

then we have

l n ,‘,' 5 /.ty 2 5
DA 2 e (s ) 0T 26)

simultaneously for all matrices U € & with probability at least 1 — exp(—cn), where & is the error
set defined in Equation (22).

The proof of Proposition 3 is provided in Appendix E.2. We now utilize the results of Propositions 1, 2
and 3 to derive our final error bound. By Proposition 2, the operator norm (24) can be upper bounded
with high probability. We set the regularization parameter \,, to satisfy

tfd d T\ 1 1 2
T<y\/+7+<y ) o Y
orVn n o.r) T o.rm

where 1 is the constant in Proposition 2. Furthermore, by Proposition 3, we have that there exist
universal constant C5 > 0 such that if the number of sensing vectors satisfies n > Csrd, the

)\nZC1

2
RSC condition (23) holds for constant k = Kz (tréiTy*)) with high probability. Taking a union

bound, we have that Proposition 2 and Proposition 3 hold simultaneously with probability at least
1 —4exp(—d) — exp(—cn). Invoking Proposition 1, we have

An
w )’
e (it )

< <“(E*>> Vs

Hy
with probability at least 1 — 4 exp(—d) — exp(—cn), as desired.

IS - =*||p < 32V7

E.1 Proof of Proposition 2

In the proof, we decompose the operator norm ‘ from (25) into

n ~ n ~ ~
Sl YA =5 Y (ALENA;
i=1 i=1 op B
individual terms and bound them separately. Recall the definitions of random matrices A from
Equation 15 and A from Equation 16.

Step 1: decompose the error into five terms. We begin by adding and subtracting multiple
quantities as follows:

7ZyA——ZAZ,Z* = zn:yA E[yA}ﬁLE{yA} E [yA]

i=1

+E[;,A]-]E[<AV72*>A] [<A ) ] %zn:Al,E*

%Zw =[y4] +£ 1] -2 4]
E[(4,=")A] - E (4, =9A] - E[74]
CE[(A5)A] - LY A w4, @7
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where step (i) is true by substituting y = (A, £*) — 7j to the term of E [y A], and the fact that the
noise term 7] is zero-mean. By triangle inequality, we group the terms in (27) and bound the operator
norm by

<y

LS yA- Y (AL S A,
1=1 1=1

e
Term 1

+y|E[4] -E[4]

op op

op

Term 2

+ HE [(A,Z")A] - F [(A,E*pﬂ

op

Term 3

+|=[d 94 - D3 (A, 34,
i=1 op
Term 4
+||E [74]]],, - (28)
Term 5

In the remaining proof, we bound the five terms in (28) individually. We first discuss the nature of
these five terms.

* Terms 1 and 4: These two terms characterize the difference between the empirical mean of

quantities involving A and their true expectation (see Lemma 6 and Lemma 9). In the proof,
we show that the empirical mean concentrates around the expectation with high probability,
as a function of the number of sensing vectors n.

e Terms 2 and 3: These two terms characterize the difference in expectation introduced by
truncating A to A (see Lemma 7 and Lemma 8). Hence, these two terms characterize biases
that arise from truncation. They diminish as 7 — oo, because setting 7 to co is equivalent
to no thresholding, and hence A becomes identical to A. Since expectations are considered,
these two terms depend on the threshold 7, but not the number of sensing vectors n or the
averaging parameter m.

e Term S: Term 5 is a bias term that arises from the fact that the mean of the noise 7,
conditioned on sensing matrix A is non-zero. We show that this bias scales like % (see
Lemma 10) in terms of the averaging parameter m.

Putting these terms together, Terms 1 and 4 depend on n, Terms 2 and 3 depend on 7, and Term 5
depends on m. In Corollary 1, we set the values of 7, n and m to balance these terms.

Step 2: bound the five terms individually. In what follows, we provide five lemmas to bound each
of the five terms individually. In the proofs of the five lemmas, we rely on an upper bound on the
fourth moment of the m-sample averaged measurements 5. As shown in Lemma 5 in Appendix D.5,
for some absolute constant ¢, this fourth moment can be upper bounded by a quantity that we denote
M:

E[(7)) <M =c ( y! )4. (29)

oy

We also rely heavily on the following truncation properties relating the m-sample averaged measure-
ments 52 and truncated measurements 52

A2 < (TP1)
q2 < A2 (TP2)
V-3t = -4 17 >} (TP3)

The following lemma provides a bound for Term 1.
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Lemma 6. Let Avl, ey Avn be i.i.d copies of a random matrix A as defined in Equation (16). There
exists an absolute constant ¢ > 0 such that for any t > 0, we have

1 e ~ ~ MYt Tt
i as[a]| <oy T)
1= op

with probability at least 1 — 2 - 9% - exp (—t).
The proof of Lemma 6 is provided in Appendix E.1.1. The next lemma provides an upper bound for
Term 2.
Lemma 7. Let A and A be the random matrices defined in Equation (15) and Equation (16),
respectively. Then there exists an absolute constant ¢ > 0 such that

cM'/?
< )

op T

(4] =i

The proof of Lemma 7 is provided in Appendix E.1.2. The following lemma provides an upper bound
for Term 3. Recall that the quantity y' denotes y + 1.

Lemma 8. Let A and A be the random matrices defined in Equation (15) and Equation (16),
respectively. Then there exists an absolute constant ¢ > 0 such that

<y M

op T

HIE [(A,5)A] - [<2L 2*)21“}

The proof of Lemma 8 is provided in Appendix E.1.3. The following lemma provides an upper bound
for Term 4.

Lemma 9. Let Avl, ey Avn be i.i.d copies of a random matrix A defined in Equation (16). There
exists an absolute constant ¢ > 0 such that for any t > 0, we have

1 M2t Tt
<cy +—
n n
op

The proof of Lemma 9 is provided in Appendix E.1.4. We note that Terms 2 and 3 are bias that result
from shrinkage, but crucially are inversely dependent on the shrinkage threshold 7. This fact allows
us to set 7 so that the order of Terms 2 and 3 match the order of Terms 1 and 4.

n

E|(4,%)4] - %Z@, >*) A,
i=1

with probability at least 1 — 2 - 9% - exp (—t).

The final lemma bounds Term 5, which is a bias that arises from the dependence of the sensing matrix
A on the noise 7).

Lemma 10. Let A be the random matrix defined in Equation (15). Suppose that $* has rank r with
r > 2. Then there exists an absolute constant ¢ > 0 such that

B[l74),,] < =22

orrm

The proof of Lemma 10 is provided in Appendix E.1.5. We note that the bias scales with the variance
of the m-sample averaged noise 7, which scales inversely with m.

Step 3: combine the five terms. We set ¢ = (log 9+ 1)d. Substituting the bounds from Lemmas 6—
10 back to (28) and taking a union bound, we have that with probability at least 1 — 4 exp(—d),

[Md d MY 1 v

SW+1) ( +-T+ +—=
n n T orrm

(i) tfdd t\21 1 2
SyT<y\/>+r+<y) +—-1,
orV¥n n opr T o, m

where step (i) is true by substituting in the expression (29) for M.

n

% ZyAvl — % Z(Avi, E*>AVZ
i=1

i=1

op
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E.1.1 Proof of Lemma 6.

Let Ay C §%! be a j-covering of the d-dimensional unit sphere S~ := {z € R : [|z[|, = 1}.

ded

By a covering argument [46, Exercise 4.4.3], for any symmetric matrix U € , its operator norm

is bounded by |U||,, < 2supyca, |vTUw|. Hence, we have
4

iiﬁiE{fq _simp oT (iiﬁiE[ﬁDv
:21}23% ;éngiv—E[vTﬁv] . (30)

We invoke Bernstein’s inequality. We first show that the Bernstein condition holds. Namely, we show
that for each integer p > 2, we have that for any unit vector v € R4,

’P p!

E "UTAV’U < Eulu’;?, (31)

where u1 = 1 M 3 and ug = coT for some universal positive constants ¢; and co. Given the Bernstein
condition (31), we then apply Bernstein’s inequality to bound (30).

Proving the Bernstein condition (31). We fix any unit vector v € RY. Since A = 32aa’, we

have v T Av = 32(v T a)2. Recall that the random vector a is distributed as a ~ N(0, I). Since v

is a unit vector, it follows that v "a ~ N(0, 1). Denote by G ~ A(0, 1) a standard normal random
variable. For any integer p > 2, we have

£ Ao| = E (7°6?)" £ B ()" 67|
(igi) 2| [(’72>2 GQ;{)i|
<2 (]2 £ o))

oz (B [6) (32)

where steps (i) and (ii) follow from (TP1) and (TP2), respectively; step (iii) follows from Cauchy—
Schwarz inequality; and step (iv) follows upper bounding the fourth moment of 42 with the quantity
M from Equation (29).

Note that since G is standard normal, by definition G follows a Chi-Square distribution with 1 degree
of freedom, and hence sub-exponential. By Lemma 2 in Appendix D.2, there exists some constant

¢ > 0 such that we have (E [(Gz)p})l/p < cp forall p > 1. Hence, we have (E [G4p])l/2p < 2cp
and
P
(E[67)" < ap = (£)"- ey

©)

< pl- (2ec)? (33)
where step (i) is true by Stirling’s inequality that for all p > 1,

P P
pl > +/2mp (E) eTIHTT > (2) .
e e

Substituting (33) back to (32) and rearranging terms completes the proof of the Bernstein condi-
tion (31).

Applying Bernstein’s inequality to bound (30). By Bernstein’s inequality (see Lemma 3), given
condition (31), we have that for any unit vector v € R and any ¢ > 0,

]P’( 22<\/W+0m>> <2exp(—t). (34
n n
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By [46, Corollary 4.2.13], the cardinality of the covering set Ai is bounded above by 9. Therefore,
taking a union bound on (34), we have

% é vTﬁiv —E [vTﬁv}

P sup
‘UE.A&

+ ) <2-9%. exp(—t). (35)
n n

>2< MYt cott

Substituting in (30) to (35), for any ¢ > 0, we have

1 e ~ o M2t Tt
o A,»—IE{A} < ) >1-2.9% exp(—
nz < - +n >1—2-9% exp(—t),
i=1 op
as desired.
E.1.2 Proof of Lemma 7
By definition of the operator norm, we have
|E[4] -E[4]| = sw |o" (E[4] -E|4])0]

op ’UESd71
We fix any v € 891 and bound v " (E [A] —-E [ﬁ] ) v. Similar to the proof of Lemma 6, we note
that v "a ~ N(0, 1) and denote the random variable G’ ~ N(0, 1). Substituting in the expression

for sensing matrices A and A, we have

o7 (E[A] ~E [4])v

RE

= ”UTE [ﬁgaa—r —3%aa
2 52) Gﬂ

(
(7* =77 G* - 1{7* = 7}]
VG 1Y = Y

E [(,—YQGQ)Q] .E []1{7}/2 2 T}] )1/2

(el -Ele) (ke =) e

where where step (i) is true because 42 > J2 from to (TP2), step (ii) is true due to (TP3), and
steps (iii) and (iv) follow from Cauchy—Schwarz inequality. We proceed by bounding each of the
terms in (36) separately. First, we can upper bound the fourth moment E [\f‘yQ \4] by the quantity M
from Equation (29). Second, G? is a sub-exponential random variable. By Lemma 2 in Appendix D.2,

1 /2
we have that £ [|G2 \4] e < ¢ for some constant c. It remains to bound the term (IP’ (’72 > 7‘) )

We have

where step (i) follows from Markov’s inequality, step (ii) follows from Cauchy—Schwarz inequality,
and step (iii) follows from the fourth moment bound on the averaged scaling 42. Putting everything
together back to (36), we have

_ ~ M*Y?
(02 )
-
for any vector v € S, Therefore,

H]E [A] —E[A4]

as desired.
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E.1.3 Proof of Lemma 8

T we have

Substituting in the definitions A = ¥2aa ' and A= Yaa
(A, SHA - (A, A = (¥ -7 (aTZ*a) aa’.
Therefore, our goal is to bound the operator norm

1(7* =73") (a"=*a)aa’| = sup [v" (7' —7") (a"="a)aa .
veSd—1

Similar to the proof of Lemma 7, we fix any vector v € S?~!. Again, note that v "a ~ N(0, 1) and
denote G ~ N (0, 1). We have

vE[(5 -7 (a0 aa Jo| LE[(5" -7 (a' Sa) O]
=E[(¥’ +7) (7" = 7°) (a7 5"a) &’]
SE[R? (3 -7 (o' %) 67

2R [(y+7) (7 - 7°) G2
Lo+ aNE[(5 - 77) G*1{r? > 7}]

where steps (i) and (ii) are true because A% > 32 from (TP2), step (iii) follows from the definition
~? = a%’;ﬁa, and step (iv) follows from (TP3) and the definition of " as the upper bound on the
noise 7.

The rest of the proof follows the exact steps of the proof of Lemma 7 in Appendix E.1.2. Therefore,
we have the bound

WRE
Yy
[E[( - 7) (a"5"a) aa"]],, 5 L2

as desired.

E.1.4 Proof of Lemma 9

The proof follows the steps as in the proof of Lemma 6, and we describe the difference of the two
proofs. We again apply Bernstein’s inequality.
Proving a Bernstein condition. We prove a Bernstein condition with u; = ¢;(y + n")? and
us = co(y + n')7. Namely, for every integer p > 2, we have (cf. (31) in Lemma 6)
~ ~ P ! -

E HvT<A,E*>Av‘ } < %ulug 2, 37)
To show (37), we plug in A = 32aa " and have

~ ~ P ~ P

E "UT<A,2*>A’U’ =E (ﬁQGTE*a)p . ’vTAv‘

2 E (WZaTZ*a)p . "UTAV'U‘T)

.. —~ P
QE (y+)7 o7 Av
(111)

< (y+qh)?-E ’vT}iv " (38)

where step (i) follows from (TP2), step (ii) follows from the definition 5? = —¥—, and step (iii)
follows from the definition of 1" as the upper bound on the noise 7. Substituting in (31) from

~ P
Lemma 6 to bound the term E "UTA’U‘ in (38) completes the proof of the Bernstein condition (37).
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Applying Bernstein’s inequality. The rest of the proof follows in the same manner as the proof of
Lemma 6 in Appendix E.1.1, with an additional factor of (y + n'). We have

MYttt
n n
op

with probability at least 1 — 2 - 9¢ - exp (—t), as desired.

n

E [<A,z*>j} _ %Z@, SA;

E.1.5 Proof of Lemma 10

Recall that by definition A = 72aa’ = a}#‘glaaaT. We have
- aa’
E |nA =||E |7 ) —=—=—
& [74]],, [n(yﬂ)am*a} .
T
aa
=|E[n n)]-E
H [y +1)] [GTE*G] .

3|

aaT
' HE era] (39)

To bound the operator norm term in (39), we apply Lemma 4(b) in Appendix D.4. For any matrix U,
we have

op

a'Ua 1
E < . 4
LTEW} S -Ivl (40)

.
Note that —T5-— is symmetric positive semidefinite, so we have

T T
e sl - e el

op veESI-1 aTE*a
T T
a' (vv')a
= sup E 75_ )
vesSd—1 a'¥*a
()
T
S sup [lvv |,
OrT pesd—1
Gy 1
= ) 41
o

where step (i) is true by substituting in (40) with U = vuT, and step (ii) is true because v is unit
norm, and hence ||vv ||, = 1. Substituting (41) back to (39), we have

2

- 1

1l < _ - .n
HE [ﬂA] ||op ~ o m’
as desired.

E.2 Proof of Proposition 3

We analyze the term + >° (A;,U)? from (26). Recall from the definition of A that for any i =
i=1

1,...,n,
- + i
A; =7la;a] = /N a;a;,
,V’L 1 (a;rE*a,L T 1
so we have
- y+ i ? 2
(A;,U)* = (aTE*;i /\T> (ajUa;)”. (42)
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n ~
From (42), we have that for any matrix U, the term Y (A;, U)? is nondecreasing in 7 when 7 > 0.
i=1
Defining a random matrix

T y+n / T
AT = (aTE*a AT > aa ', (43)
for any 7/ € (0, 7], we have
J RN I~ o
- A U2 > = T 2
- Z< nUP > — Z<Az U2, (44)
i=1 i=1
where for every ¢ = 1,...,n, matrix ﬁ[/ is formed with the same realizations of random quantities

a; and 7; as A,. The two matrices only differ in choice of truncation threshold: 7’ instead of 7. As a
result, for the rest of the proof, we lower bound £ Z ( ", U)? for an appropriate choice of 7/ to be

specified later. To proceed, we use a small-ball argument [49, 50] based on the following lemma.

Lemma 11 ([50, Proposition 5.1], adapted to our notation). Let X1, ..., X, € R? be i.i.d. copies
of a random matrix X € R, Let E C R4*? be a subset of matrices. Let ¢ > 0 and Q > 0 be
real values such that for every matrix U € E, the marginal tail condition holds:

P((X,U)| = 26) = Q. (45)
Define the Rademacher width as

1 n
W .=E |sup — e(X;,U) |,
2 5 0
where €1, ..., &, are i.i.d. Rademacher random variables independent of { X }ic[,,). Then for any

t > 0, we have

" 1/2
inf (i > (X, U>2> > E(Q—1t) —2W.

UcE ,
i=1
with probability at least 1 — exp ( ot )
Recall the error set £ defined in Equation (22). Because the claim (26) is invariant to scaling, it
suffices to prove it for | U || = 1. Correspondingly, we define the set F as
E=n{UcR™ . |U|r =1}
={U e sS™ . |U||r=1,||U|. < 4V2r}. (46)

We invoke Lemma 11 with set E defined above, X; = A7 , £ = < <tr(>:: AT ) and @ = ca,

where 1, is the median of 7 and ¢; and ¢y, are constants to be specified later. The rest of the proof is
comprised of two steps. We first verify that our choices for £ and () are valid for establishing the
marginal tail condition (45). We then bound the Rademacher width W above. The following lemma
verifies our choices for £ and Q.

Lemma 12. Consider any 7' € (0, 7|. There exist absolute constants ¢y, co > 0 such that for every

U <€ E, we have
AT :U‘y /
> > co.
P(‘(A ,U)’_ (tr(z*)m»_cg

The proof of Lemma 12 is presented in Appendix E.2.1. We now turn to the second step of the proof,
which is bounding the Rademacher width 1¥. The next lemma characterizes this width.

Lemma 13. Consider any 7" € (0,7]. Let AVI/, cee jj;/ € R¥4 pe i.i.d. copies of the random

matrix A7 € RIxd defined in Equation (43). Let I be the set defined in Equation (46). Then, there
exists some absolute constants c1 and co such that if n > c1d, then we have

rd
sup — € <oty —.
[Ue% nz ’ ] =7 n
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The proof of Lemma 13 is presented in Appendix E.2.2. Lemma 12 establishes the marginal tail
condition for Lemma 11, and Lemma 13 upper bounds the Rademacher width. We now invoke
Lemma 11 and substitute in the upper bound for the Rademacher width W. For some constant ¢y, if

n > cqd, we have that with probability at least 1 — exp ( at ),

n 2 n /2
® 1 ~
> i — T,U)?
&22(HZAHU ) —&22@2 <A17U>>

where step (i) is true due to the monotonicity property (44). We set 7/ = Jizy*), where recall that 1,
is the median of the random quantity y + 7. By the assumption 7 > t(ﬂTy)’ this choice of 7/ satisfies

7/ < 7. Setting t = 2, we have that with probability at least 1 — exp ( Czn) ,

n Y2
. AT 172 €2ty Hy Td
- 7 > ) _
Ry <Z<Al ) ) 2k =) a9V

=1

Ci1cC2

2
Recall from the definition of E (46) that |U||r = 1. As aresult, if n > max { ( dcs ) ; 04} rd, we

have

1 e ~ cice W 2
inf — A, U > ==Y U|?
3 A0 = (AP )

with probability at least 1 — exp ( C2") We conclude by setting x, = (%)2, c= 683, and

C1C2

2
C = max { ( deg ) ,C4} in Proposition 3.

E.2.1 Proof of Lemma 12

We fix any U € E. Recall that 1, denotes the median of y + 7). Let G be the event that y 4 7 > p,,

which occurs with probability % For any £ > 0, because the averaged noise 7] and sensing vector a
are independent, we have

(7029 2o (1) oo 01l )
(25 e 45
(3 o124
2lp ((aﬁg*a ATI) aa™, U} > 5) , @7

where step (i) is true by plugging in the definition of ﬁTl, and step (ii) is true by the definition of the
event G. We proceed by bounding the terms in (47) separately.

Lower bound on ’(aaT, U) | We use the approach from [32, Section 4.1]. By Paley-Zygmund
inequality,

(E [‘(aaT,UHQD @)
E {|<aaT,U>|4}

NG

P <|<aaT,U>|2 > %E “(aaT,U)ﬂ) >
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We now analyze the terms in (48). As noted in [32, Section 4.1], there exists some constant ¢; > 0
such that for any matrix U with ||U||r = 1,

Eflea”, )| 21 and E[{aa”U)|']| <t (B U(aaT7U>]2D2. (49)

Note that by the definition of the set E, every matrix U € FE satisfies ||[U||p = 1. Utilizing
inequalities (48) and (49), there exists positive constant co > 0 such that

P <y<aaT,U>| > ;) > ¢o. (50)

Upper bound on a' ~*a. By Hanson-Wright inequality [51, Theorem 1.1], there exist some
positive absolute constants c3 and ¢4 such that for any £ > 0, we have

P (aTE*a <ecs3 (tr(Z*) +|=* | pVE+ 12| op t)) >1—2exp(—cqt).

Wesett = —— log( ) so that 2 exp (—c4t) = %. Since X* is symmetric positive semidefinite, we
have

2] F < tr (27)
and ||Z)*||01D <tr(X%)
As a result, we have that there exists some constant c¢5 > 0 such that
P(aTE*a < e tr(E*)) >1— %2 (51)

Substituting the two bounds back to (47). By a union bound of (50) and (51), we have
Hy / T 1 Hy ’
P A . U) > ——2Z—A
((aw*a ) taa.U)] 2 5 (C5tr<z*> ! ))
Hy / Hy / T 1
>P AT > —F __ A P U)>=-]-1
- (aTZ*a = s tr (3%) T) + (’(aa U2 2)

Hy Hy T 1 C2
> > > -] —-1> =
2P (aTE*a - cstr(E*)) +P (!(aa ’UM - 2) 12 2 (52)

Combining (52) and (47), and redefining constant co appropriately, we have
~_7 1 1%
IE”‘AT,U‘>— Y AT ) ) > o,
(0] 2 3 (g 27)) 2

E.2.2 Proof of Lemma 13

as desired.

We begin by noting that for any matrix U € E,

(l)
sup — g sup EIAT U
LJGE nZ ] sup Z 1o
(ii) 1 <& ~
<4V2r B |= AT (53)
n
i=1 op

where step (i) follows from Holder’s inequality, and step (ii) follows from the fact that [|U ||, < 4v/2r
from the definition of the set F. It remains to bound the expectation of the operator norm in (53).
We follow the standard covering arguments in [52, Section 5.4.1], [50, Section 8.6], [32, Section

4.1], with a slight modification to accommodate the bounded term (a?#‘gza AT ) that appears in

each of the matrices AVZ/ As a result, there exist universal constants ¢; and ¢ such that if n satisfies

n > c1d, then we have
, |d
< coT —.
n

1o~ ~
n
i=1

We conclude by re-defining co appropriately.

op
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F Proof of Corollary 1

We proceed by considering two cases. For each case, the proof consists of two steps. We first verify
that the choices of the averaging parameter m and truncation threshold 7,

1/2 2]\/' "
| (w) i

F.1 Case 1: high-noise regime

y' [N

and T = —
oV md

(54)

( )

In this case, we have (yT)2 > 4 / , which means by setting m according to Equation (54), we have
m > 2. As aresult, the bound

) 2N 1/3 ) 2N 1/3
v, U
() 5 =2 (k) & 9
holds in the high-noise regime.

Verifying the condition on n. Recall that n = £, We have

~1/3

3
I
3=
(VS
N
/N
NS
\jstw
(V]
~_—
()
al=z

|
DN | =
2
M
S8
Y
<
Stw\__}
S
N——
V)
N——
—
~
w

1/3

2
i [ ()2 ) A7 \
2 CS < n T3d3
\ (y")?

= CQTd,
where step (i) is true by plugging in the choice of m from (54) and applying the bound (55), and

N
step (ii) is true by substituting in the assumption N > 202/ ’ ((;%)2) r*2d. Thus the condition
n > Cqyrd of Theorem 1 is satisfied.

Verifying the condition on 7. For the term 4/ % in the expression of 7 in (54), note that, by

the previous pomt, peuy

= n 2 rd (with a constant that is greater than 1). Thus 1/% > r > 1.

Therefore, to verify the condition 7 > it suffices to verify that

tr (2*)9

y! > My '
r T otr(X¥)

(56)

By definition, we have yT > py. Furthermore, since ¥* is symmetric positive semidefinite, its
eigenvalues are all non-negative and are identical to its singular values, and hence tr (X*) > o,.r,
verifying the condition (56).

N

Invoking Theorem 1. By setting A, to its lower bound in (9) and substituting in n = -~ and our
choice of 7 from (54), we have
)2 d 1/2
A= Cy (3 W), jmd "> (57)
o,r N m
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Substituting this expression of A, to the error bound (10), then substituting in our choice of m
from (54) to (57) and defining ¢’ = 3C' - C, we have

R el (tr(E*)2> A (d>1/3.

orr I N

Using the fact that tr (3*) < o7, we have

4 1/3

IZ - =*||p < C' ot W )" 2 ( d) /3
- o, n2

as desired.

F.2 Case 2: low-noise regime

2
In this case, we have (;%)2 < %, which means by setting m according to Equation (54), we have

m = 1. As aresult, no averaging occurs.

Verifying the condition on n. Because m = 1 in this case, we have that n = N. By assumption,
we have that N > Cord, satisfying the condition n > Cord in Theorem 1.

Verifying the condition on 7. By the same analysis as in Case 1, we have that the condition

T > & in Theorem 1.

Invoking Theorem 1. By setting ), to its lower bound in (9), substituting in our choice of 7
from (54) and noting m = 1, we have

2
A =G (3 l i \/EJr 1TV§> . (58)
oy oy

We define C’ = 3C'- C and note that n = N under Case 2. Substituting this expression of A, in (58)
to the error bound (10), then using the fact that under Case 2, the bound uﬁ < (yh)?%/ % holds, we

have
2 2
||§;_E*H <’ tr (27)° yi rd
= o, Hy N’

Using the fact that tr (3*) < o7, we have

. 2 /0™N\? [13d
IE-le<er (L)
or \ Hy N

as desired.
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