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ABSTRACT

We propose Partitioned Learned Count-Min Sketch (PL-CMS), a new approach
to learning augmented frequent item identification in data streams. Our method
builds on the learned Count-Min Sketch (LCMS) algorithm of Hsu et al. (ICLR
2019), which combines a standard Count-Min Sketch frequency estimation data
structure with a learned model, by partitioning items in the input stream into two
sets. Items with sufficiently high predicted frequencies have their frequencies
tracked exactly, while the remaining items, with low predicted frequencies, are
placed into the Count-Min Sketch data structure.

Inspired by an approach of Vaidya et al. for learning augmented Bloom filters
(ICLR 2021), our PL-CMS algorithm partitions items into different sets, based on
multiple predicted frequency thresholds. Each set is handled by a separate Count-
Min Sketch data structure. Unlike classic LCMS, this allows our algorithm to
take advantage of the full prediction space of the learned model. We demonstrate
that, given fixed partitioning thresholds, the parameters of our data structure can
be efficiently optimized using a convex program. Empirically, we show that, on
a variety of benchmarks, PL-CMS obtains a lower false positive rate for frequent
item identification as compared to LCMS and standard Count-Min Sketch.

1 INTRODUCTION

Frequent item identification in massive data streams is a fundamental problem, with applications
across machine learning (Medini et al.| [2019), networking (Tang et al.l 2020; (Chabchoub et al.,
2009)), data mining, and databases (Beyer & Ramakrishnan, |1999; |[Fang et al.,[1998)). The goal is to
identify all items that appear sufficiently often in the data stream, while using a just small amount of
processing space — i.e., significantly less than is required to store an exact frequencies of every item.

Commonly, this task is formalized as the (e, k)-frequent items (or ‘heavy-hitters’) problem
(Woodruff] [2016). Given a data stream of length n, a frequency parameter k, and an error toler-
ance € € (0,1), to solve this problem, an algorithm should identify as heavy-hitters all items with
frequency > 7, but no items with frequency < (1 — €) 7. We can relax this problem, allowing the
algorithm to have a small false positive rate (FPR). L.e., a small fraction of items with frequency
< (1 — €)% that are misidentified as heavy-hitters.

A wide variety of algorithms for the (e, k)-frequent items problem and its variants have been pro-
posed. These include Misra-Gries summaries (Misra & Gries| [1982)), Lossy Counting (Manku &
Motwani, 2002), multi-stage Bloom filters (Estan & Varghese}[2002)), Space-Saving (Metwally et al.}
2005)), Count-Sketch (Charikar et al., [ 2002)) and CountSieve (Braverman et al.,[2015)).

One of the most popular approaches is the Count-Min Sketch (CMS) data structure (Cormode &
Muthukrishnan, 2005). CMS maintains a set of ¢ tables with m ‘buckets’ each. Each time an item
appears, it is hashed using ¢ random hash functions, into one bucket in each table. Each bucket stores
a counter of the total frequency of the items that have been hashed into it. In this way, the ¢ buckets
that an item x is hashed into (one in each table) have counters at least as large as the frequency of
x, but potentially larger, due to hash collisions. An approximate frequency of x can be obtained by
taking the minimum value across the tables of the buckets that = hashes into. This value is always
higher than the true frequency of z, but ideally by only a small amount if m and ¢ are large enough.

CMS yields a natural approach to solving (e, k)-frequent items: we simply output all elements of the
stream whose approximate frequency is at least 7. Since the CMS frequency estimates are always
overestimates, we thus identify all true frequent items with frequency > 7. Further, one can show
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that, for any €, € (0,1), CMS with ¢t = O(log(1/9)) tables and m = O(k/¢) buckets in each table
misidentifies an item with frequency < (1 —€) 7 as a heavy hitter with probability at most d. That s,
the algorithm achieves expected FPR ¢ (Cormode & Muthukrishnan| 2005). This space complexity
is optimal up to logarithmic factors for worst-case input streams (Bhattacharyya et al.| |2018).

1.1 LEARNING AUGMENTED FREQUENT ITEM IDENTIFICATION

In recent years, significant work has focused on learning augmented algorithms, which use machine
learning models to improve the performance of classical algorithms by adjusting their behavior with
respect to the learned, underlying input distribution. (Kraska et al.l|2018;|Mitzenmacher, 2018}; Lyk-
ouris & Vassilvitskiil 2021} [Purohit et al.l 2018} |Roughgarden, 2021). Several works have focused
in particular on learning augmented approaches to frequent item estimation (Aamand et al., 2019
Du et al., 2021} [Dolera et al.| 2022; L1 et al., [2023)).

Hsu et al.| (2019) propose a Learned Count-Min Sketch (LCMS) algorithm, which improves the
performance of CMS using a learned model. In particular, their model uses the features of an item
to produce a score for that item — with higher scores meant to correspond to more frequent items. The
algorithm fixes a single score threshold, and for any item in the data stream whose score is above that
threshold, tracks its frequency exactly. That is, an array of ‘unique buckets’ is maintained, where
each item with score above the threshold is assigned its own counter. Items that receive a score
below the threshold (i.e., that are predicted to have low frequency) are placed in a classic Count-Min
Sketch data structure, which returns frequency estimates for these items.

Hsu et al.|(2019) demonstrate that on several benchmarks, their LCMS data structure can output
frequency estimates with much smaller error than classic CMS, for a given space budget. Intuitively,
the learned model is able to identify many of the most frequent items and avoid putting them in the
CMS, leading to fewer instances of infrequent items appearing frequent due to hash collisions.

Despite the success of this approach, it leaves open a natural question: the LCMS algorithm only
makes very limited use of the learned model, thresholding its output at a single value. Items with
very low scores (i.e., that are very unlikely to be heavy-hitters) are treated no-differently from items
with scores just below the threshold. It is natural to ask if even further performance gains can be had
by using the output of the learned model in a less coarse manner.

Recently, |[Zhang et al.|(2020) propose two other learning-based variants of CMS. The first is similar
to LCMS, but instead of tracking the frequencies of predicted heavy items exactly, directly returns
frequency predictions from the learned model as estimates. The second splits the input items into
three classes based on the model predictions. For the items with the highest predicted frequencies,
the algorithm exactly tracks frequencies. For the items in next highest group, the algorithm uses
the learned model frequency estimates directly. For the items with the lowest predicted frequencies,
the algorithm employs a CMS data structure. Zhang et al.| (2020)) show favorable performance as
compared to non-learning-based variants of CMS, however their approach hinges on the ability to
train a highly accurate learned model, that can be used directly for frequency estimation.

1.2 OUR CONTRIBUTIONS

Our main contribution is Partitioned Learned Count-Min Sketch (PL-CMS), an extension of LCMS
that takes advantage of the full model output space, does not require a highly accurate model, and is
able to achieve significantly better frequent item identification performance on several benchmarks.

The idea of PL-CMS is simple: we partition the input items into several classes, based on multiple
thresholds for the learned model output score. As in LCMS, those items with the highest predicted
frequencies are placed into unique buckets, with exact frequency counts. Each other class of items
is placed into its own Count-Min Sketch data structure. For a schematic, see Figure[T] By separating
the input items in this way, we can separately optimize the parameters of the CMS data structure
for each class, allowing us to achieve a lower false positive rate given a fixed space budget for the
(e, k)-frequent items problem. For example, for items with fairly high predicted frequencies, we
may be able to use relatively small tables in the CMS data structure, without risking a large number
of false positives, despite the high number of hash collisions.
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Figure 1: Partitioned Learned Count-Min Sketch (PL-CMS). Observe that items are partitioned
based on scores returned by the learned model, with score thresholds denoted by 1, ...,1.. t;, m;
denote the number of tables and buckets for each Count-Min Sketch CMS;. Our approach takes
advantage of the learned model output space more extensively than the standard LCMS algorithm,
which uses just a single score threshold.

PL-CMS is inspired by the work of |Dai & Shrivastaval (2020) and [Vaidya et al.| (2020) on learning
augmented Bloom filters. Both papers enhance a simple learned Bloom filter by separating the
output score space of a learned model into multiple regions according to different threshold values,
and assigning the items in each region to a separate Bloom filter. They demonstrate that this approach
leads to space savings over several Bloom filter variants, including standard, learning augmented
with a single score threshold, and the sandwiched learned Bloom filter (Mitzenmacher} [2018)).

Parameter Optimization. As with the partitioned learned Bloom filters of|Dai & Shrivastaval(2020)
and|Vaidya et al.|(2020)), a key challenge with PL-CMS is optimizing the multiple algorithm param-
eters, including the number of regions and the associated threshold values, and the space budget
allocated to each CMS data structure. In the Bloom filter setting, |[Vaidya et al.| (2020) demonstrate
how to optimize these parameters via dynamic programming, given a fixed number of regions.

In the case of PL-CMS, parameter optimization is more difficult. Nevertheless, we show that given
a fixed set of thresholds that partition the learned model output space, we can efficiently optimize
the space allocations for each region’s CMS data structure, as well as the parameters of these data
structures, in order to minimize the false positive rate for frequent items detection. Specifically, we
show how to optimize the number and size of the tables for each CMS data structure, assuming
a fixed space allocation. We then apply an adjusted upper-bound formula for the theoretical false
positive rate of CMS to optimize the space allocations themselves via a convex program.

Empirical Performance. We evaluate our algorithm on four datasets: Macbeth, Bible, Beijing
PM2.5 concentration, and AOL search queries. We show that PL-CMS obtains a significantly lower
false positive rate for frequent item detection, as compared to standard CMS and LCMS on datasets
with heavy-tailed (Zipfian) frequency distributions. This is a commonly assumed input distribution
in prior work (Hsu et al.,|2019;|Aamand et al.| 2019;Zhang et al.,|2020;|Du et al.,|2021). On datasets
with very skewed, non-heavy-tailed frequency distributions, PL-CMS does not offer significant ad-
vantages, as there is not much to gain from further partitioning of the learned model ouput space.
However, we demonstrate that PL-CMS still matches the performance of LCMS in these cases.

We remark that, while prior work focuses on various error metrics, such as the mean-squared fre-
quency estimation error over all items in the stream (Zhang et al.| 2020) or the average absolute
estimation error (Hsu et al., [2019), we focus specifically on FPR for frequent item identification.
In many applications, performance on this task is the key goal. An interesting direction for future
research would be to develop algorithms that take advantage of the full learned model output space
in order to improve performance on other frequency estimation error metrics.

2  PARTITIONED LEARNED COUNT-MIN SKETCH

In this section, we formally describe the design of the Partitioned Learned Count-Min Sketch (Sec-
tion[2.T)), and derive a theoretical upper bound for its expected false positive rate (Section [2.2). We
will later use this upper bound in Section [3]to optimize the parameters of the algorithm in order to
achieve a minimal false positive rate given a fixed space budget.
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2.1 DESIGN

As discussed, the PL-CMS data structure assumes access to a learned model that is trained to predict
frequencies of items in the input stream. We also assume a fixed set of score thresholds I; > Iy >
... > l., which partition the learned model output space into c¢ + 1 regions: all inputs with score
> Iy, all inputs with scores in [l;41,1;) for 1 < ¢ < ¢ — 1, and all inputs with score < [.. Except
for the first region with scores > [y, each score region, which we number from 1 to ¢, is associated
with a CMS data structure, denoted C'M S;. This data structure uses ¢; tables (associated with ¢;
2-universal hash functions), each with m,; buckets.

When an item arrives in the stream, it is passed to the learned model, which determines which region
it falls in. If its score is > [, then its frequency is tabulated in a ‘unique bucket’. That is, when
the item first arrives, a counter is allocated for it. On future arrivals, this counter is incremented
in order to record the exact frequency of the item. Alternatively, if the item falls in score region
i €{l,...,c},itis inserted into C M S;.

Assume that our algorithm is allocated a space budget of .S counters. Let m denote the number of
counters allocated to unique buckets, i.e., the number of unique items in the stream with predicted
score > [;. We will always assume that /; is set large enough such that m < S.

Let 8" = S — m denote the space remaining to allocate to our ¢ different CMS data structures. For
simplicity, we will denote the space allocated to CM S; as r; - S’ where r; € [0,1] and >_5_, 7, = 1.

2.2  FALSE POSITIVE RATE UPPER BOUND

Determining the fraction of space r; allocated to each CMS data structure within PL-CMS, along
with the parameters m; and t; of these data structures is crucial to the performance of the algorithm.
Our aim is to optimize these parameters to obtain a low false positive rate for the (¢, k)-frequent
items identification problem. To do so, we first derive a closed form upper bound for the false
positive rate of PL-CMS given a fixed space budget S’. This upper bound depends on the parameters
r;,m;, and t; fori € {1,...c}. Italso depends on several statistics of the input dataset. In particular:

1. The fraction of infrequent elements assigned to each region (i.e., the number of unique
items assigned to that region with frequency < (1 — €)% divided by the total number of
unique items with frequency < (1 — €) ), which we denote by F;

2. The total frequency of all items assigned to the region, which we denote by F;.

As we will see in Section [3] exactly optimizing the parameters of PL-CMS requires knowledge of
these statistics. However, in our empirical evaluation, we show that these quantities can be effec-
tively approximated from historical or other training data, allowing for approximate optimization.

2.2.1 PER ITEM FALSE POSITIVE PROBABILITY

Consider an infrequent item in the data stream z with true frequency f, < (1 — ¢) - n/k, which is
placed in C'M S; based on its learned model output score. We start by calculating an upper bound
on the probability that z is a false positive. Let f“ ; be the estimated frequency of x in table j of
CMS;. Let h; ;(-) be the random hash function employed by this table, which maps input items to
indices {1,...,m;}. Asis standard in the literature (Cormode & Muthukrishnan,|2005), we assume
that h; ; is 2-universal —i.e., for any x # y, Pr[h; j(y) = hi j(x)|] < 1/m;. We have:

. 1
Elfois—f] =E|f+| Y f|-f| <— B (M
YFT s.t.
hi j(y)=hi,;(z)

where F; denotes the sum of frequencies of items whose predictions place them in the region .
Applying Markov’s inequality, we then have:
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Since we take a minimum counter over ¢ tables to obtain an element’s frequency estimate in C'M S,
which we denote by f;; = JmiJn;"’:1 fa,i,j» we can upper bound the probability of having error at

least <* in this estimate by upper bounding the probability that all individual independent counters
have large estimation error. That is:

R R k b
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where we substitute the inequality from equation 2] to obtain the final bound.

Observe that since x has frequency < (1—¢) %, it can only be a false positive if fx,i > 7> fote T
Thus, equation [3|upper bounds the false positive probability for z when assigned to C' M S;.

2.2.2 EXPECTED TOTAL FALSE POSITIVE RATE UPPER BOUND

We next compute an upper bound on the expected total false positive rate of PL-CMS by summing
the false positive probabilities over all non-frequent elements and dividing the result by the number
of unique infrequent elements M in the data stream. For ¢ € [c], let B; denote the set of infrequent
items with frequency < (1 — €)% assigned to C'M S;. Applying equation we obtain:
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where we recall that F; denotes the fraction of infrequent items falling into bucket 7.

3 PARAMETER OPTIMIZATION

We next show how to optimize the parameters of PL-CMS using the FPR upper bound derived in
Section[2.2.2] Recall that, throughout, we assume a fixed set of thresholds defining c regions. These
thresholds in turn fix values for the statistics F; and F;, which we assume knowledge of throughout.
In Section [d we demonstrate that in practice, sufficiently accurate approximations to these statistics
can be obtained from training data, allowing effective optimization of PL-CMS.

We first optimize the parameters of each CMS while keeping space allocations for each region fixed
(Sec. [3.1). We then show how to optimally allocate the space budget across regions (Sec. [3.2]

3.1 OPTIMIZING CMS PARAMETERS FOR EACH REGION

For each Count-Min Sketch CM S;, given a fixed space allocation, we first show to to find the
optimal number tables ¢; and buckets m; that minimize the bound on the total expected false positive
rate given in equation Le., that minimize F; - (m’fn - E;)*. Suppose we allocate s; = r; - S” units

of space to CM S;. Then we can write s; = m; - t;. We substitute m; = 7* and take the derivative

of our probability upper bound with respect to ¢;, finding a root at ¢; = . Thus, we set:

€s;n S; el k
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In the Appendix [A.1] we conduct a series of experiments to verify that our theoretical optimization
of m; and ¢; works well in practice.

3.2 OPTIMIZING SPACE ALLOCATIONS

We next show how the optimize the space allocations for each CMS data structure within PL-CMS,
assuming a fixed total space budget S’. By plugging in the optimal ¢} and m} values from equation
into equation[d] we obtain the following bound for the expected total FPR of PL-CMS:
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Observe that the only parameters that the above bound depends on are rq, ..., 7. — the fraction of
space allocated to each C'M S;. Thus, it only remains to optimize these fractions. Our problem
formulation becomes:

c c
X 1 er; s'n . .
min E F; - (=) ¢&F subjectto: r; > 0,fori =1,...,cand E r; = 1.
T1s.-5Tc &
! i=1 i
One can observe that the above function is convex in r1, ..., 7. and that the constraints are convex.

In particular, we can formulate the problem as a conic exponential optimization instance, and solve
it using e.g., the Mosek convex solver (ApS} 2022).

In practice, we find the bound of equation [6]is somewhat loose. Specifically, optimizing the space
allocation using this theoretical upper bound does not necessarily optimize the FPR in practice. To
fix this issue, we adjust the FPR bound by introducing a small constant p > 1 as follows:
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Figure 2: Comparison of the actual (equation [6) vs. adjusted (equation [7) FPR bound with the
purpose of optimizing space allocation values for 2-CMS using the Macbeth dataset with total space
= 750 (excluding the space reserved for unique buckets) where /1, /2 denote the first and second
threshold respectively. The x-axis represents the fraction of space ro reserved for C' M S;. Note,
r1 is determined by r». The red and blue lines represent the theoretical and adjusted (with p = 3)
FPR bounds, respectively. The green line represents the lowest FPR obtained for a single learned
Count-Min Sketch in practice. The blue data points are FPR values obtained in practice by varying
the value of 73.

In Figure 2| we observe that using the adjusted FPR bound of equation [/| with a value of p = 3 to
optimize the space allocations best approximates the optimal FPR values obtained in practice for the
Macbeth dataset. We will later see that this constant works well across different datasets. Future
research studying this adjustment from a theoretical standpoint could yield valuable insight.

4 EXPERIMENTS

We next evaluate the performance of our PL-CMS algorithm on several datasets, comparing the
false positive rate in the task of identifying (e, k)-frequent items to standard CMS and the learned
CMS approach of Hsu et al.| (2019), which we denote as LCMS. Note, LCMS is equivalent to PL-
CMS with a single Count-Min Sketch data structure. We show that in many cases, PL-CMS can
obtain significantly lower false positive rates with the same space usage, as compared to existing
approaches.

4.1 METHODOLOGY

We focus on evaluating PL-CMS with two or three learned model output score thresholds, and in turn
two or three CMS data structures. We call these variants 2-CMS and 3-CMS, respectively. We find
that using a larger number of score thresholds typically does not significantly improve performance.

To establish a baseline, we first test the partitioned variants assuming exact knowledge of the total
frequency E; and fraction of infrequent items F;; for each bucket, along with the exact number of
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unique buckets m. This allows us to exactly optimize the parameters of PL-CMS using the approach
of Section[3] We denote the resulting idealized algorithms as 2-CMS-A and 3-CMS-A.

In Section @ we show how to estimate F;, F;, and m effectively from training data. We then
perform parameter optimization using these estimated values. We refer to the resulting algorithms
as 2-CMS-E and 3-CMS-E, and demonstrate that they perform similarly to the idealized variants.

We compare all algorithms (PL-CMS, LCMS, and CMS) using various fixed space budgets of s
counters. This includes counters for both the CMS data structures and the unique buckets for the
learned variants. We ignore the space of the learned model itself, which is lower order in our settings.

For each dataset, we pick two different values of %, the cut-off for defining a ‘frequent item’. We
set these cutoffs to the 95-th and 99-th percentiles in the dataset’s frequency distribution. We test the
algorithms under a wide range of space budgets, which yield a wide range of false positive rates. For
PL-CMS and LCMS, we perform a grid search to pick learned model output threshold values that
work well in practice. For LCMS we compare three values for the first threshold [y by scaling three
relatively high frequencies in the training dataset’s distribution which would likely yield good results
for identifying n’/k frequent items with n’ denoting the length of the training set. For 2-CMS, we
use the same set of [y values as LCMS and add a second cutoff value /; by targeting the middle-
frequency values of the training dataset. In the case of 3-CMS, we maintain the same two thresholds
as 2-CMS and pick a relatively small frequency for l5. For each variant, we report the false positive
rates in the task of identifying (e, k)-frequent items returned by threshold settings which return the
lowest average FPR across different space settings. For 2-CMS-E and 3-CMS-E we use the same
sets of thresholds as 2-CMS-A and 3-CMS-A, respectively..

4.2 DATASETS

We conduct our experiments on several datasets. The first two, Macbeth and Bible are text datasets
with Zipfian-like heavy-tailed frequency distributions, obtained from the NLTK Python library (Bird
et al., [2009).Macbeth contains 3,446 unique tokens with 18,292 total occurrences. Bible contains
12, 567 unique tokens, with 792, 026 total occurrences. For our training data for the learned oracle
and estimation of E; and Fj;, we employ several other text datasets from the NLTK library. In
particular, Jane Austen’s Emma, a collection of poems by William Blake, and children’s stories by
Sarah Cone Bryant, totaling 215, 783 words and 9, 502 unique word tokens.

Our third data set is Beijing PM2.5 (Chenl |2017), which was previously used by Zhang et al.|(2020)
to evaluate learning-augmented CMS. This dataset covers a 4-year period and includes PM2.5 con-
centration values (treated as frequencies) for each day, along with other features like temperature,
pressure, and wind speed. After preprocessing, the dataset comprises 41, 757 observations (i.e.,
unique items), with a cumulative PM2.5 concentration (i.e., total frequency) of 4, 117, 792.

Our final dataset is an AOL search query dataset, as employed by [Hsu et al.|(2019), which comprises
search queries collected over 90 days, accompanied by their respective frequencies (Huang| 2000).
Due to space constraints, we relegate further details and results on this dataset to Appendix [A.3.2]

4.3 LEARNED MODELS

Our evaluation focuses on the relative performance of our PL-CMS algorithm as compared to the ex-
isting LCMS approach of Hsu et al.| (2019). As such, we employ relatively simple learned frequency
estimation models within these algorithms.

For the Zipfian datasets (Macbeth and Bible), we simply predict the frequencies of words in the
literary text datasets by utilizing Zipf’s Law and assuming that we know the length of the datasets
n. In particular, we utilize a training dataset to predict the word ranking of an incoming item and
use it to obtain a frequency estimate resulting from Zipf’s Law. We describe our predictor in more
detail in the Appendix [A.2] The Zipfian oracle obtains a mean absolute prediction error (MAE) of
3.79 and 44.77 on the Macbeth and Bible datasets, respectively.

For the PM2.5 dataset, we choose several key features including date, dew point, temperature, pres-
sure, combined wind direction, and cumulative wind speed to input into our learned model. We
divide the dataset into 20% training and 80% test sets and use Scikir-learn (Pedregosa et al., 2011)
to train a straightforward neural network with three hidden layers of sizes 100,100 and 20 to make
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predictions of the PM2.5 values (i.e., the frequencies) using the other parameters. We use the Adam
optimizer (Kingma & Ba,|2017) and ReLU as the activation function. The resulting model achieves
a regression score of 0.488 and an MAE of 43.50.

4.4 ESTIMATING E;, F;, ANDmM

Recall, that the exact algorithms 2-CMS-A and 3-CMS-A require that we know the proportion of
infrequent items F;, and the total frequency of items F; within each region ¢ as well as the value
of m for the process of parameter optimization. To estimate the first two quantities we make an
assumption that we have prior knowledge of the total stream length, denoted as n. In practice, one
could approximate n using past data.

Here we focus on the estimation process for Zipfian datasets (Macbeth and Bible) — a similar ap-
proach can be applied to the remaining datasets. Unlike the text corpora, the latter datasets do not
require approximating the number of unique items u of the testing dataset in order to estimate m.

Specifically, for the Zipfian datasets, we first use Heap’s law (Herdan, |1960) which approximates
the true number of unique words by D(n) ~ K - n®, where n represents the dataset length, and K
and §3 are free parameters. Typically, £ falls in [0.4, 0.6]. We use the training dataset to fit these two
parameters and then apply the parameters to estimate the number of unique words in the test dataset,
given the total number of items n.

We next approximate F; and F; for each region of the testing dataset. To do so, we scan the training
dataset and record E; and F/ values using adjusted values for the score thresholds as well as the
heavy-hitter cut-off (1 — €) - n/k (which is relevant to computing F;). In particular, we scale all of
these values by a factor of n’ /n, where n' is the length of the training dataset, so that they represent
the same relative frequency in the testing and training datasets. We also record a unique bucket count
m/ for the training dataset, using the same adjusted thresholds.

To obtain estimates for F;, F};, and the number of unique buckets m for the testing dataset, we then
scale back our estimates: E; ~ E!/n'-nand m ~ m’/u’-D(n), where v’ denotes the true number of
unique words in the training dataset. Since F7 is a fraction, we expect that F roughly approximates
F;, so F; = F!. Note, for the PM2.5 and AOL datasets, we can simply use m ~ m//n’ - n
as an estimate of m since the ratio of unique items in the training and testing datasets is roughly
proportional to their respective lengths (which is not true for the Zipfian datasets). It is also worth
mentioning that, in case these procedures underestimate the true count m of the most heavy items,
we store the remaining elements in C'M S;.

4.5 RESULTS

Macbeth. For this dataset, we set % = 16 and % = 80. For % = 16, we use the following set of
thresholds for 2-CMS-A and 3-CMS-A, respectively: (I; = 200, I = 100) and (I; = 300, I> = 200,
I3 = 100). We demonstrate that both actual and estimated 2-CMS outperform the standard and
learned CMS in terms of the FPR by more than 5% on average (Figure[3). In addition, both 3-CMS
variants achieve a roughly 10% lower false positive rate as compared to CMS and LCMS. We note
that 3-CMS assigns most of its space to C'M S5 and sets both m and mq to 1. Although it accrues
a lot of error in the first two regions, the true fraction of infrequent items in C'M S; and CM Sy is
relatively low and the total frequencies falling into these regions is relatively high. Thus, by filtering
the heavy items from C'M S5 we are able to obtain a lower overall FPR. We include results for
setting 2 = 80 in the Appendix in which we show that the 3-CMS variants outperform the
rest by 10% on average.

Bible. For our experiments, we set 7 = 118 and 3 = 879. For the first setting we set the thresholds
for 2-CMS-A and 3-CMS-A as: (I; = 3000, l; = 250) and (I; = 2000, l; = 300, I3 = 250).
Figure [3| shows that for 2 = 118, all partitioned heuristics outperform CMS and LCMS by about
10% in terms of the false positive rate. When we set % = 879, given thresholds (I; = 3000,
lo = 250) and (I; = 2000, Iy = 400, I3 = 250) for 2-CMS-A and 3-CMS-A, respectively, PL-CMS
gives a substantial advantage in FPR in comparison to the baseline algorithms — from a 10% to over
20% reduction in FPR as we decrease the total space. We observe that in both these settings 3-CMS
performs similarly to 2-CMS. This is due to the dataset being larger and hence having a more skewed

distribution, where adding another partition to PL-CMS to separate middle-frequent elements does
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not offer any advantages in identifying heavy hitters with much higher relative frequencies. In
particular, both 2-CMS and 3-CMS allocate almost all of the space budget for the items in the
last region with predicted frequency less than [, since it exhibits the largest predicted fraction of
infrequent items. At the same time, 3-CMS’ second Count-Min Sketch C'M S5 does not contain
a sufficiently large amount of frequencies in order to lower the FPR in C'M S3, yielding a similar
performance to 2-CMS.

Macbeth: n/k=16 Bible: n/k=118 Bible: n/k=879
0.5 —— CMs —e— CMs —e— cMs
LcMs LeMs 0.4 LcMs
Y —+— 2-CMS-A 0.4 —— 2CMS-A ! —— 2:CMSA
0.4 N —=— 2-CMS-E —=— 2CMSE —=— 2.CMSE
I —e 3CMSA — 3CMS-A 0.3 = 3CMS-A
x 0.3 B —— 3-CMSE x 03 —— 3CMSE o —4— 3.CMSE
& ~| & ® o2
0.2 0.2 .
0.1 0.1 0.1
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550 650 750 850 950 1050 1500 2000 2500 3000 3500 400 600 800 1000

space space space
Figure 3: False positive rate vs. space for Macbeth and Bible datasets with different 7: values.

PM2.5. In Figure 4| we notice that PL-CMS substantially outperforms the baseline algorithms for
smaller space allocations and lower values of 7. We observe that for 77 = 284, with thresholds
(I3 = 300, I = 200, I3 = 100), 3-CMS obtains a 22% lower FPR using 2000 units of space. Since
CMS exhibits a large amount of collisions in a limited space setting, separating the elements into
different Count-Min Sketch data structures yields a lower FPR. For larger space allocations, 3-CMS
yields a similar amount of infrequent items in C M S, and C'M S5 with relatively large amounts of
total frequencies in each, in which case it is cheaper to store all the elements in a single CMS.

PM2.5: n/k=284 PM2.5: n/k=420
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Figure 4: False positive rate vs. space for the PM2.5 dataset with different 7 values.

5 CONCLUSION

We have introduced the Partitioned Learned Count-Min Sketch (PL-CMS) variant, which leverages
the comprehensive output space score of a learned oracle to enhance the performance of a standard
CMS. We have proposed a theoretically motivated heuristic, which given a fixed set of thresholds
defining the partitions of PL-CMS, optimizes space allocation for each backup data structure and
its parameters. Our empirical results demonstrate that it significantly outperforms the baseline algo-
rithms in the task of identifying (e, k)-frequent items on datasets with a Zipfian distribution using
very simple learned models.

Future research is needed to tighten the analysis for the upper bound on the false positive rate re-
turned by PL-CMS as well as to find a way to optimize the threshold values with respect to the
parameter k. Furthermore, it’s important to note that our experiments with PL-CMS are limited to
3-CMS. Determining the optimal number of partitions is a crucial next step that can significantly
enhance its performance. It is also worth mentioning that the approach of partitioning the learned
model’s output score space can be extended to any frequent item estimation algorithm, including
Count-Sketch. Nevertheless, future study is needed to fine-tune the parameters of such a learned
variant.



Under review as a conference paper at ICLR 2024

REFERENCES

Anders Aamand, Piotr Indyk, and Ali Vakilian. (learned) frequency estimation algorithms under zip-
fian distribution. ArXiv, abs/1908.05198, 2019. URL https://api.semanticscholar.
org/CorpusID:199577470.

MOSEK ApS. MOSEK Optimizer API for Python 9.3.21,2022. URL https://docs.mosek.
com/9.3/pythonapi/tutorial-ceo—shared.htmll

Kevin S. Beyer and Raghu Ramakrishnan. Bottom-up computation of sparse and iceberg cube.
In ACM SIGMOD Conference, 1999. URL https://api.semanticscholar.org/
CorpusID:5170568.

Arnab Bhattacharyya, Palash Dey, and David P. Woodruff. An optimal algorithm for 1-heavy hitters
in insertion streams and related problems. ACM Trans. Algorithms, 15(1), oct 2018. ISSN 1549-
6325. doi: 10.1145/3264427. URL https://doi.org/10.1145/3264427.

Steven Bird, Ewan Klein, and Edward Loper. Natural language processing with Python: analyzing
text with the natural language toolkit.  O’Reilly Media, Inc.”, 2009.

Vladimir Braverman, Stephen R. Chestnut, Nikita Ivkin, and David P. Woodruff. Beating counts-
ketch for heavy hitters in insertion streams, 2015.

Yousra Chabchoub, Christine Fricker, and Hanene Mohamed. Analysis of a bloom filter algorithm
via the supermarket model. 04 2009.

Moses Charikar, Kevin Chen, and Martin Farach-Colton. Finding frequent items in data streams. In
Proceedings of the 29th International Colloquium on Automata, Languages and Programming,
ICALP °02, pp. 693-703, Berlin, Heidelberg, 2002. Springer-Verlag. ISBN 3540438645.

Song Chen.  Beijing PM2.5 Data.  UCI Machine Learning Repository, 2017.  DOL:
https://doi.org/10.24432/C5JS49.

Graham Cormode and S. Muthukrishnan. An improved data stream summary: the count-min sketch
and its applications. Journal of Algorithms, 55(1):58-75, 2005. ISSN 0196-6774. doi: https://doi.
org/10.1016/j.jalgor.2003.12.001. URL https://www.sciencedirect.com/science/
article/pii/S0196677403001913.

Zhenwei Dai and Anshumali Shrivastava. Adaptive learned bloom filter (ada-bf): Efficient utiliza-
tion of the classifier. ArXiv, abs/1910.09131, 2020.

Emanuele Dolera, Stefano Favaro, and Stefano Peluchetti. Learning-augmented count-min sketches
via bayesian nonparametrics, 2022.

Elbert Du, Franklyn Wang, and Michael Mitzenmacher. Putting the “learning” into learning-
augmented algorithms for frequency estimation. In International Conference on Machine Learn-
ing,2021. URL https://api.semanticscholar.org/CorpusID:235826125.

Cristian Estan and George Varghese. New directions in traffic measurement and accounting. In
Proceedings of the 2002 Conference on Applications, Technologies, Architectures, and Protocols
for Computer Communications, SIGCOMM ’02, pp. 323-336, New York, NY, USA, 2002. As-
sociation for Computing Machinery. ISBN 158113570X. doi: 10.1145/633025.633056. URL
https://doi.org/10.1145/633025.633056.

Min Fang, Narayanan Shivakumar, Hector Garcia-Molina, Rajeev Motwani, and Jeffrey D. Ullman.
Computing iceberg queries efficiently. In Proceedings of the 24rd International Conference on
Very Large Data Bases, VLDB 98, pp. 299-310, San Francisco, CA, USA, 1998. Morgan Kauf-
mann Publishers Inc. ISBN 1558605665.

Gustav Herdan. Type-token mathematics. A textbook of mathematical linguistics. Moulton Co,
’S-Gravenhage, 1960.

Chen-Yu Hsu, Piotr Indyk, Dina Katabi, and Ali Vakilian. Learning-based frequency estimation
algorithms. In International Conference on Learning Representations, 2019. URL https:
//openreview.net/forum?id=rllohoCqgY7l

10


https://api.semanticscholar.org/CorpusID:199577470
https://api.semanticscholar.org/CorpusID:199577470
https://docs.mosek.com/9.3/pythonapi/tutorial-ceo-shared.html
https://docs.mosek.com/9.3/pythonapi/tutorial-ceo-shared.html
https://api.semanticscholar.org/CorpusID:5170568
https://api.semanticscholar.org/CorpusID:5170568
https://doi.org/10.1145/3264427
https://www.sciencedirect.com/science/article/pii/S0196677403001913
https://www.sciencedirect.com/science/article/pii/S0196677403001913
https://api.semanticscholar.org/CorpusID:235826125
https://doi.org/10.1145/633025.633056
https://openreview.net/forum?id=r1lohoCqY7
https://openreview.net/forum?id=r1lohoCqY7

Under review as a conference paper at ICLR 2024

Jeff Huang. Aol search log dataset, 2006. URL https://jeffhuang.com/search_query_
logs.html.

Diederik P. Kingma and Jimmy Ba. Adam: A method for stochastic optimization, 2017.

Tim Kraska, Alex Beutel, Ed H. Chi, Jeffrey Dean, and Neoklis Polyzotis. The case for learned
index structures. In Proceedings of the 2018 International Conference on Management of Data,
SIGMOD 18, pp. 489-504, New York, NY, USA, 2018. Association for Computing Machin-
ery. ISBN 9781450347037. doi: 10.1145/3183713.3196909. URL https://doi.org/10.
1145/3183713.31969009.

Yi Li, Honghao Lin, Simin Liu, Ali Vakilian, and David P. Woodruff. Learning the positions in
countsketch, 2023.

Thodoris Lykouris and Sergei Vassilvitskii. Competitive caching with machine learned advice. J.
ACM, 68(4), jul 2021. ISSN 0004-5411. doi: 10.1145/3447579. URL https://doi.org/
10.1145/3447579.

Gurmeet Singh Manku and Rajeev Motwani. Approximate frequency counts over data streams.
In Proceedings of the 28th International Conference on Very Large Data Bases, VLDB 02, pp.
346-357. VLDB Endowment, 2002.

Tharun Kumar Reddy Medini, Qixuan Huang, Yiqiu Wang, Vijai Mohan, and Anshumali Shrivas-
tava. Extreme classification in log memory using count-min sketch: A case study of amazon
search with 50m products. In H. Wallach, H. Larochelle, A. Beygelzimer, F. d'Alché-Buc, E. Fox,
and R. Garnett (eds.), Advances in Neural Information Processing Systems, volume 32. Cur-
ran Associates, Inc., 2019. URL https://proceedings.neurips.cc/paper/2019/
file/69cd21a0e0b7d5f05dc88al0bel36950c7/-Paper.pdf.

Ahmed Metwally, Divyakant Agrawal, and Amr Abbadi. Efficient computation of frequent and
top-k elements in data streams. pp. 398—412, 01 2005. ISBN 978-3-540-24288-8. doi: 10.1007/
978-3-540-30570-5_27.

J. Misra and David Gries. Finding repeated elements. Science of Computer Programming, 2(2):143—
152, 1982. ISSN 0167-6423. doi: https://doi.org/10.1016/0167-6423(82)90012-0. URL https:
//www.sciencedirect.com/science/article/pii1/0167642382900120.

Michael Mitzenmacher. A model for learned bloom filters and optimizing by sandwich-
ing. In S. Bengio, H. Wallach, H. Larochelle, K. Grauman, N. Cesa-Bianchi, and R. Gar-
nett (eds.), Advances in Neural Information Processing Systems, volume 31. Curran Asso-
ciates, Inc., 2018. URL https://proceedings.neurips.cc/paper/2018/file/
0£49c89d1e7298bb9930789c8ed59d48-Paper.pdf.

F. Pedregosa, G. Varoquaux, A. Gramfort, V. Michel, B. Thirion, O. Grisel, M. Blondel, P. Pretten-
hofer, R. Weiss, V. Dubourg, J. Vanderplas, A. Passos, D. Cournapeau, M. Brucher, M. Perrot, and
E. Duchesnay. Scikit-learn: Machine learning in Python. Journal of Machine Learning Research,
12:2825-2830, 2011.

Manish Purohit, Zoya Svitkina, and Ravi Kumar. Improving online algorithms via ml predic-
tions. In S. Bengio, H. Wallach, H. Larochelle, K. Grauman, N. Cesa-Bianchi, and R. Gar-
nett (eds.), Advances in Neural Information Processing Systems, volume 31. Curran Asso-
ciates, Inc., 2018. URL https://proceedings.neurips.cc/paper/2018/file/
73a42/badebele32caaz2elfc/530b7f3-Paper.pdf.

Tim Roughgarden. Beyond the worst-case analysis of algorithms. Cambridge University Press,
2021.

Lu Tang, Qun Huang, and Patrick P. C. Lee. Spreadsketch: Toward invertible and network-wide
detection of superspreaders. [EEE INFOCOM 2020 - IEEE Conference on Computer Communi-
cations, pp. 1608-1617, 2020.

Kapil Vaidya, Eric Knorr, Tim Kraska, and Michael Mitzenmacher. Partitioned learned bloom filter.
CoRR, abs/2006.03176, 2020. URL https://arxiv.org/abs/2006.03176.

11


https://jeffhuang.com/search_query_logs.html
https://jeffhuang.com/search_query_logs.html
https://doi.org/10.1145/3183713.3196909
https://doi.org/10.1145/3183713.3196909
https://doi.org/10.1145/3447579
https://doi.org/10.1145/3447579
https://proceedings.neurips.cc/paper/2019/file/69cd21a0e0b7d5f05dc88a0be36950c7-Paper.pdf
https://proceedings.neurips.cc/paper/2019/file/69cd21a0e0b7d5f05dc88a0be36950c7-Paper.pdf
https://www.sciencedirect.com/science/article/pii/0167642382900120
https://www.sciencedirect.com/science/article/pii/0167642382900120
https://proceedings.neurips.cc/paper/2018/file/0f49c89d1e7298bb9930789c8ed59d48-Paper.pdf
https://proceedings.neurips.cc/paper/2018/file/0f49c89d1e7298bb9930789c8ed59d48-Paper.pdf
https://proceedings.neurips.cc/paper/2018/file/73a427badebe0e32caa2e1fc7530b7f3-Paper.pdf
https://proceedings.neurips.cc/paper/2018/file/73a427badebe0e32caa2e1fc7530b7f3-Paper.pdf
https://arxiv.org/abs/2006.03176

Under review as a conference paper at ICLR 2024

David P Woodruff. New algorithms for heavy hitters in data streams (invited talk). In /9th Inter-
national Conference on Database Theory (ICDT 2016). Schloss Dagstuhl-Leibniz-Zentrum fuer
Informatik, 2016.

Meifan Zhang, Hongzhi Wang, Jianzhong Li, and Hong Gao. Learned sketches for frequency
estimation. Information Sciences, 507:365-385, 2020. ISSN 0020-0255. doi: https://doi.
org/10.1016/5.ins.2019.08.045. URL https://www.sciencedirect.com/science/
article/pii/S0020025519307856.

A APPENDIX

A.1 OPTIMIZING CMS PARAMETERS FOR EACH REGION IN PRACTICE

In this section, we verify the formulas for setting m, and ¢; (equation 3] for each Count-Min Sketch
1 from Section To do that, we run a series of experiments using the LCMS algorithm of |Hsu
et al.| (2019). LCMS is equivalent to PL-CMS with a single threshold at /; and thus a single Count-
Min Sketch C'M S with parameters ¢; and my, that is allocated s; units of space. We conduct the
experiments on the Macbeth dataset, which is a text corpus dataset of Shakespeare’s work containing
n = 18,292 words (Bird et al., 2009).

Using different settings for the C'M S space usage s; and the single learned model output threshold
11, we compute ¢}, the optimal ¢; value given by the formula in equation [5] using exact values
of F} and E;. We then range ¢; from 1 to 10 and calculate the FPR in the task of identifying
(e, k)-frequent words from Macbeth with n/k = 26 and ¢ = 0.5. We run the experiment with 10
repetitions and report the average FPR values for each ¢;. In Table we observe that rounding
up the ¢] values computed by optimizing the FPR upper bound for space allocations 750 and 2000
achieves the optimal false positive rate in practice. With 5000 units of space, we get near-optimal
results — ¢] achieves a slightly larger FPR than the actual optimal ¢; value. These findings indicate
that setting ¢; and m; using equation [5] generally works well in practice.

LCMS s; =750,0; =100 s; =2000,7; =200 s; = 5000,!; =400

£1=0.4868 t1=1.2305 £1=2.8760

Avg FPR Avg FPR Avg FPR
=1 0.2172 0.0663 0.0259
=2 0.3085 0.0546 0.0175
=3 0.5421 0.0669 0.0150
=4 0.7816 0.0678 0.0143
=5 0.9289 0.1100 0.0138
=6 0.9852 0.1670 0.0143
=7 0.9997 0.2431 0.0139

Table 1: Comparison of ¢; values optimized using the FPR bound (equation [5), denoted as ¢}, and
t1 values found in practice for Macbeth dataset using LCMS with space s; and threshold /;. The
bolded FPR values represent the lowest FPR values for a given space and cutoff setting. The boxed
values represent the FPR values achieved by ¢] rounded up to the closest integer. Notice, the boxes
coincide with the bolded values in the first two columns.

A.2 ZIPF’S LAW AND THE LEARNED MODEL FOR THE ZIPFIAN DATASETS

We leverage Zipf’s law to predict the frequencies of words in the Macbeth and Bible datasets. The
law states that given a large sample of words, the frequency of any word is inversely proportional to
its rank in the frequency table. Specifically, we have that for any element = from a distribution, the
fraction of times it occurs is given by:

1

T’;HN’S

fz) =

where 7, is the rank of z, s is the value of the exponent characterizing the distribution and /N the
number of elements in this distribution. The value H y , represents the N-th generalized harmonic
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number. As for human languages, word frequencies can be modeled well by a Zipfian distribution
with s = 1. Thus, we predict the frequency of a word using the following formula:

1

®)
where n is the total length of the dataset and N = 171,476 is the approximate number of words in
the English language given by the Oxford English Dictionary. Using the literary works chosen for
our training dataset, we compute a word ranking by tracking the number of times each word appears.
Then, we calculate frequency predictions for items in our testing dataset according to equation|8|with
adjusted n values. In Figure[5| we observe that the model roughly approximates the true frequencies
of words in the two text corpora.

Macbeth: Actual (x-axis) vs. predicted frequency (y-axis) Bible: Actual (x-axis) vs. predicted frequency (y-axis)
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Figure 5: Predicted versus actual frequencies of words in the text corpora.

A.3 ADDITIONAL RESULTS

In this section, we include additional results for the Macbeth dataset as well as another real-world
dataset, AOL.

A.3.1 Macbeth

For setting with 7+ = 80, we use the following set of thresholds for 2-CMS and 3-CMS, respectively:
(I1 = 400, I = 80) and (I; = 400, I, = 80, I3 = 20). In Figure [f] we observe that, although 2-
CMS-A and 2-CMS-E perform similarly to 1-CMS and LCMS, both 3-CMS variants outperform
the former by over 10% across different space settings.

Macbeth: n/k=80
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0.5 \ LcMs
—— 2CMS-A
° —=— 2-CMS-E
0.4 —»— 3-CMS-A
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0.1
0.0
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space

Figure 6: False positive rate vs. space for the Macbeth dataset with 7 = 80.

A.3.2 AOL

Dataset. We include results for the AOL search query data, as employed by Hsu et al.|(2019). This
dataset comprises search queries collected over 90 days, accompanied by their respective lookup
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frequencies (Huang| [2006). We utilize the data collected on the first day consisting of 204,431
unique items with a combined frequency of 372, 763 to predict the frequencies of 185, 296 queries
made on the second day, which collectively amounted to a total length of 339, 199.

Learned Model. Regarding our AOL model, we opted not to employ the model introduced by Hsu
et al. (2019)) due to its high accuracy, which resulted in PL-CMS not surpassing LCMS that correctly
identifies all frequent items via an oracle. Instead, we adopted a different approach by leveraging
the fasttext library for search query vectorization, along with the Scikit-learn toolkit. We trained a
simple classifier using data from the initial day to predict query frequencies on the following day.
The classifier uses a single hidden layer with 100 neurons, the ReLU activation function and the
Adam optimizer, yielding a classification score of 0.69.
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Figure 7: False positive rate vs. space for AOL dataset with different 7 values.

Results. In Figure [7| we observe that PL-CMS does not outperform the baseline algorithms, but
reports similar false positive rates as the standard CMS for larger space allocations. In the case of
small space budgets, the standard CMS obtains a significantly lower FPR than PL-CMS in the task
of identifying very frequent items with n/k = 500. This is due to the data set being very skewed
since roughly 95% of the queries appear only once in the stream and, as a result, it is easy to identify
elements with high frequency using just the standard CMS variant.

A.3.3 ROBUSTNESS

In this section, we study the empirical performance of PLCMS under random predictions. Specifi-
cally, fixing the number of unique buckets, we let the oracle assign the elements of the data stream
uniformly into different regions. As previously, we use the training dataset to predict E; and F;
values. In Figure (8] we observe that PLCMS matches the performance of CMS and LCMS except
for 3-CMS on the Macbeth dataset with the n/k = 16 setting.

A.3.4 COMPARISON TO COUNT-SKETCH

In this section, we provide a comparison of PL-CMS to PL-CS, where the latter uses the Count-
Sketch algorithm instead of Count-Min Sketch. In all the experiments we use the same parameters
for PL-CS as for PL-CMS using the actual E; and F; values, since we do not know how to optimize
its parameters to minimize the FPR. We also apply the same best cutoff thresholds.

In Figure E] we observe that the standard and learned CS of [Hsu et al.| (2019) (denoted as CS and
LCS, respectively) perform similarly to basic CMS and LCMS. For the Macbeth dataset with n/k =
16, PL-CS with 3 Count-Sketches (denoted as 3CS-A) achieves a worse FPR than the baseline
algorithms and 3-CMS-A. For Bible with n/k = 879, 2CS-A also underperforms and yields a much
higher FPR than the baseline algorithms and 2CMS-A. It is also important to mention that using
Count-Sketch induces a small false negative rate in the task of identifying the frequent elements
which is not present for Count-Min Sketch variants. While we do not expect the optimal PL-CS to
provide significant advantages as compared to PL-CMS, optimizing its parameters is an interesting
future research direction.
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Figure 8: Comparison of the false positive rates obtained from 2CMS and 3CMS with random ora-
cles denoted at 2CMS-R and 3CMS-R, respectively with the baseline CMS and LCMS algorithms.
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Figure 9: Comparison of the false positive rates obtained from Partitioned Learned Count-Sketch
(PL-CS) and PL-CMS using the same parameters and threshold values as well as the exact E; and F;;
values. CS denotes standard Count-Sketch, LCS denotes learned Count-Sketch of (2019),
2CS-A and 3CS-A denote PL-CS with two and three Count-Sketch data structures, respectively.
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