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ABSTRACT

This retrospective revisits our 2015 PVLDB paper How Good Are
Query Optimizers, Really?, which challenged the prevailing notion
that query optimization was a solved problem. By designing the
Join Order Benchmark (JOB) and conducting a series of system-
atic experiments, we empirically disentangled the contributions of
plan enumeration, cost modeling, and cardinality estimation. Our
findings showed that cardinality estimation errors are widespread
and often the dominant factor behind poor query plans, while cost
models and enumeration strategies matter comparatively less. The
benchmark and methodology helped refocus the community’s at-
tention on cardinality estimation and led to a resurgence of research
in this area, including learned and Al-based approaches. We reflect
on the role of experiments and benchmarking in database research,
survey developments in query optimization over the past decade,
and discuss open challenges around robustness, adaptive execution,
and realistic workloads.
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1 INTRODUCTION

Is query optimization magic? Compared to other critical internal
components — such as the query executor, storage manager, and
transaction manager — the query optimizer is often seen as mysteri-
ous, even esoteric. It has a reputation as a kind of black art, typically
mastered only by those who have spent decades working on it. The
optimizer’s primary goal is to select an efficient execution plan for
a query expressed in a declarative language like SQL. While the
basic ideas behind cost-based, Selinger-style [4, 32] optimizers are
easy enough to understand, real-world optimizers rely on a broad
range of techniques, including advanced plan enumeration and
optimization algorithms, rule-based transformations, sophisticated
cost models, statistical information about the data, and even crude
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heuristics. The complex interplay among these techniques makes
it difficult to predict the impact of any single change on the overall
behavior of the optimizer.

Query optimization solved? Our goal with the 2015 PVLDB pa-
per How Good Are Query Optimizers, Really? was to try to demystify
query optimization and to empirically disentangle the interactions
among plan enumeration, cost models, and cardinality estimation.
At that time, query optimization research had become somewhat
of a niche area within the database research community. While
interesting papers were still being published, the area as a whole
appeared somewhat stagnant — and from the prevailing topics at
the time one might have (incorrectly) inferred that in its core, query
optimization was a solved problem. The few new papers that did
appear focused primarily on optimization algorithms for very large
join queries. Most of these sophisticated algorithms guarantee opti-
mality in the sense that, if the cost model and cardinality estimates
were correct, the algorithm will find the cheapest plan. However,
this raises a more practical question: how large is the benefit of
fully exploring the plan space, and how accurate are the cost model
and cardinality estimates in practice?

The Achilles Heel. In 2014, toward the end of his long and suc-
cessful career in query optimization at IBM, Guy Lohman wrote:

“The root of all evil, the Achilles Heel of query opti-
mization, is the estimation of the size of intermediate
results, known as cardinalities. Everything in cost
estimation depends upon how many rows will be pro-
cessed, so the entire cost model is predicated upon the
cardinality model. In my experience, the cost model
may introduce errors of at most 30% for a given car-
dinality, but the cardinality model can quite easily
introduce errors of many orders of magnitude!” [20]

So there seemed to be a disconnect between the academic commu-
nity and industry on the state of query optimization, and specifically,
cardinality estimation. In industry, DBMS development teams get
confronted with a continuous stream of bugs and issues filed by
users, often the result of sub-optimal optimization of SQL queries
running on real-life customer datasets. In contrast, in academia,
before the JOB paper, workloads would be evaluated on the TPC
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benchmarks, which use data that is synthetically-generated and de-
void of correlation or heavy skew. On these synthetic benchmarks,
query optimization is a much less pressing problem.

Join Order Benchmark. The biggest hurdle in our study there-
fore was designing a suitable workload. We realized that standard
benchmarks such as TPC-H and TPC-DS - though highly successful
for evaluating query execution — are not well-suited for assessing
query optimization. Ideally, we would have had access to a real-
world dataset paired with real-world queries. Instead, we settled
for a real-world dataset (IMDB) and 113 manually crafted queries.
We intentionally kept the query structure very simple: each query
consisted of a single Select-Project-Join block, such as to focus on
the join ordering problem, which we considered the core problem
for query optimization. The resulting workload is called the Join
Order Benchmark (JOB).

Real systems have large cardinality errors. Answering our
research questions required not only a suitable benchmark, but
also several methodological innovations. To compare the quality
of cardinality estimation across different systems, we developed a
setup to extract cardinality estimates from several relational data-
base systems. By obtaining estimates for all intermediate results in
JOB, and comparing them to the true cardinalities obtained through
execution, we showed that estimation errors are large and grow
rapidly with query complexity. Significant errors — often one or-
der of magnitude or more for larger expressions — occur routinely
across all systems.

Cardinality errors cause large slowdowns. The next step was to
determine the impact of these estimation errors on query execution
times. To do this, we modified PostgreSQL to allow the injection
of cardinalities into its optimizer. We found that, while true car-
dinalities do not significantly affect runtimes for most queries, a
substantial fraction benefit dramatically. In fact, in PostgreSQL 9.4,
roughly 10% of the JOB queries failed to complete in any reason-
able time frame due to cardinality estimation errors. Our results
also showed that the performance degradation caused by misesti-
mation is more pronounced when more indexes are available — a
finding confirmed in a recent experimental study using Microsoft
SQL Server [17].

The cost model does not matter much. To investigate the impact
of the cost model, we compared PostgreSQL’s default cost model
with both a tuned version and a trivial one. Overall, we found that
the impact of the cost model is dwarfed by errors in cardinality
estimation.

Join enumeration space size matters (somewhat). Finally, we
investigated the impact of join enumeration space size on query per-
formance. Unsurprisingly, we found that a larger search space (e.g.,
including bushy trees) improves performance compared to more
restricted spaces (e.g., only left-deep trees), and that full enumera-
tion via dynamic programming outperforms heuristic approaches
such as greedy operator ordering. However, we again observed
that these benefits are much smaller than the improvements gained
from more accurate cardinality estimates. Note that the results
reported in the conference version of the paper were incorrect
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due to a data-handling issue; they were corrected in the journal
version [19].

Impact. We are pleased that our paper has contributed to the
growth of research in query optimization and cardinality estima-
tion. Anecdotally, junior researchers have told us that the paper
served as their introduction to the area and motivated them to pur-
sue research in query optimization. According to Google Scholar,
the yearly number of citations for the conference version of the pa-
per increased from 35 in 2017 to 176 in 2024. This humbling number
reflects a growing interest in query optimization, particularly in
learned and Al-based approaches. Today, the conference paper [18]
and its extended journal version [19] are usually cited either to
motivate the need for better cardinality estimates and robust query
execution strategies, or because JOB is used as a benchmark. The
paper and JOB helped operationalize the problem of cardinality es-
timation — transforming it from a vague concern into a measurable
and actionable optimization target.

Outline. In this retrospective, we first reflect on the role of experi-
ments and benchmarking in the database research community. We
then survey key developments in query optimization over the past
decade. Finally, we conclude with a discussion of open questions
and promising research directions.

2 THE STORY OF THE JOIN ORDER
BENCHMARK

A happy accident. Much of the impact of our paper stems from the
wide adoption of the Join Order Benchmark — despite the fact that
we did not initially set out to propose a new benchmark. Instead,
designing a custom workload was simply a necessity to answer
the research questions we had posed. It was only relatively late
in the project that we realized that packaging and promoting our
workload as a benchmark could benefit other researchers. This
turned out to be a fortunate decision: the paper provided both a
compelling motivation (via experimental evidence) and a practical
tool (via the JOB artifact) for advancing research in cardinality
estimation.

Synthetic data generators are too easy. Standard benchmarks
such as TPC-H, TPC-DS, and the Star Schema Benchmark include
synthetic data generators. To enable scalability without altering
query behavior, these generators rely on relatively simple data
distributions and assumptions. For example, in TPC-H, each or-
der contains between 1 and 7 lineitems, with the number chosen
uniformly at random. In contrast, real-world data often exhibits
skewed distributions, long tails, and is dominated by strings [37]. In
real-world datasets one observes value, frequency and join-hit-rate
skew, as well as correlations between values in different columns
and even tables. For instance, the amount of tuples selected by a
(column=constant) can differ by orders of magnitude, depending on
the constant. A conjunction of predicates can even be completely
correlated, e.g., in model="accord” AND make="honda’ the second
predicate adds nothing [24]. Correlations also span connected ta-
bles, e.g., the join hit ratio between movies produced in France
and actors born in Paris is much higher than on average. Overall,
synthetic data generators are overly sanitized and tend to “bake in”



many of the assumptions - such as uniformity, independence, and
the principle of inclusion — that cardinality estimators themselves
rely on. This makes synthetic benchmarks significantly easier than
real-world workloads.

Dataset. To make cardinality estimation a challenging and mean-
ingful task, we needed a real-world dataset. Although many inter-
esting datasets are available online, most are denormalized. Because
our goal was to study join ordering, we required a relational, nor-
malized schema with multiple tables that would yield non-trivial
join queries. We also wanted the dataset to be of reasonable size to
support meaningful runtime experiments. Eventually, we settled on
the IMDB database. After transforming it using the imdbpy package,
we obtained a schema with 21 relations.

Queries. In addition to the dataset, we needed queries — which
proved even more challenging to obtain. One of the authors, then
an undergraduate student, was tasked with manually creating them.
The final workload consists of 113 queries based on 33 query tem-
plates that differ in their base table predicates. A small number of
queries are intentionally designed to return empty results, reflecting
a common occurrence in real workloads but one rarely seen in syn-
thetic benchmarks. All attributes in the SELECT clause are wrapped
in a MIN aggregate to avoid copying large result sets to the client,
which could otherwise become a performance bottleneck [30].

Is JOB realistic? Given the origins of the JOB queries, we do not
claim that the benchmark is “realistic” or representative of real-
world workloads. However, we would argue that the workload
is reasonable, and there is no compelling reason why a database
system should perform poorly on it.

Why JOB was widely adopted. JOB was explicitly designed to
evaluate cardinality estimation, cost models, and join enumeration.
Its query structure is deliberately simple, consisting solely of inner
joins and base table selections. All joins are on PK/FK or FK/FK
integer attributes. This simplicity — combined with its manageable
size — makes JOB easy to implement in prototype systems and
well-suited for exploring and comparing different optimization
approaches.

Limitations of JOB. The very features that make JOB appeal-
ing - its basis in a real-world dataset and the structural simplicity
of its queries — also constitute its primary limitations. Unlike syn-
thetic benchmarks, which can be scaled to arbitrary sizes, the IMDB
dataset is simply too small to serve as a meaningful benchmark
for large-scale, distributed query processing systems. Moreover,
JOB lacks many common and challenging SQL features, such as
GROUP BY, outer joins, subqueries, and complex expressions!. Fi-
nally, the specific way in which the JOB queries were constructed
may also influence some of the findings reported in our paper. For
example, we recently observed that while query optimizers tend
to underestimate cardinalities as the number of joins increases on
JOB, the opposite trend (overestimation) occurs on the SQLStorm
benchmark [31].

We were fortunate that one of the VLDB reviewers rightly criticized the name we
had originally chosen, Query Optimizer Benchmark, which prompted us to adopt the
more appropriate name Join Order Benchmark.
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3 ON EXPERIMENTS, ANALYSES, AND
BENCHMARKS

We submitted our paper to the Experiments and Analyses (E&A)
track of PVLDB 2015. A Test of Time Award for an E&A paper is
a fitting opportunity to reflect on the history and future of experi-
mental science in the database community.

History of the E&A track. The E&A track has its roots in a “special
topic” experiment at VLDB 2008, which aimed to “meet needs for
consolidation of a maturing research area by providing a prestigious
forum for in-depth analytical or empirical studies and comparisons
of existing techniques” [1]. The driving force behind this initiative —
and chair of the first two iterations — was Volker Markl. Originally,
E&A papers were reviewed by a separate program committee and
presented in a dedicated session of the conference. Today, they are
reviewed by the general VLDB program committee and integrated
into the main conference program. During the review process, E&A
papers are marked, and program committee members are instructed
to evaluate them using appropriate, special criteria.

E&A impact. We believe the E&A initiative has been highly suc-
cessful and has significantly enriched the database literature. Similar
initiatives have been adopted by EDBT (since 2022) and SIGMOD
(2026). While experimental papers were occasionally published at
prestigious database venues even before the introduction of explicit
E&A categories, it is likely that many influential papers — including
our own — would not have been written without this dedicated
paper type. This success has also been supported by making E&A
papers as visible and prestigious as regular VLDB papers. Compar-
ing existing algorithms, designing meaningful benchmarks, and
carefully analyzing experimental results often requires an inordi-
nate amount of effort — but this work benefits the entire community.
It is encouraging that the database community has found a way to
properly incentivize this kind of contribution. Other community-
wide efforts, such as vision papers, reproducibility initiatives, and a
stronger emphasis on encouraging authors to publish source code,
are also promising.

EA&B. It is altogether fitting and proper that, starting with VLDB
2021, the E&A category was renamed to Experiments, Analysis
& Benchmarks (EA&B). After all, good experiments require well-
designed and meaningful benchmarks, and many E&A papers begin
with the design of such benchmarks. For better or worse, bench-
marks shape the research landscape. Good benchmarks can drive
progress by providing objective targets and can thus contribute
to the development of better systems. Unrealistic benchmarks, on
the other hand, can hinder progress by misleading researchers
and encouraging work on irrelevant aspects of a problem. While
there is value in having a small number of established and well-
understood benchmarks such as TPC-C and TPC-H these should
not be the sole gold standard for determining whether a research
idea is worthwhile. After all, benchmarks are never perfect — JOB
certainly has many weaknesses — and should therefore be updated,
revised, or superseded, based on lessons learned from their adoption
and emerging real-world challenges.



4 2015-2025: A DECADE OF QUERY
OPTIMIZATION RESEARCH

Over the past ten years, we have witnessed a resurgence in query
optimization research. Notably, two monographs on query opti-
mizer implementation have been published: one by Ding et al. [7],
and another by Moerkotte [26]. While not exhaustive, this section
provides a brief overview of the major research themes, highlight-
ing representative papers.

4.1 Learning-Based Approaches

Since 2015, deep learning has disrupted an increasing number of
areas within Computer Science. Unsurprisingly, learning-based
techniques have also played a prominent role in recent query opti-
mization research.

Learning cardinalities. Cardinality estimation is a natural fit
for statistical learning methods: it is a data-driven, inherently un-
certain problem with a clear optimization objective — yet one for
which we still lack a robust solution. Two main approaches can
be distinguished: query-driven cardinality estimation (supervised
learning) and data-driven techniques (unsupervised learning). As
the names suggest, the former learns a statistical mapping from
queries observed in a particular workload to cardinality estimates,
while the latter models the data distribution directly. MSCN [16] is
an example of a query-driven approach. In contrast, DeepDB [12]
and NeuroCard [46] exemplify data-driven approaches, modeling
the joint probability distribution of a relation or database. There
are also hybrid methods, such as UAE [42].

Learning to find better plans. Rather than merely improving car-
dinality estimation through statistical methods and feeding these
estimates into traditional optimizers, one can also learn query plans
directly. Neo [22] uses an existing optimizer to bootstrap a model
that generates full-fledged execution plans. Bao [21] and FAST-
gres [41] steer an existing optimizer through optimizer hints by
learning how these affect the performance of specific queries. Skin-
nerDB [35] employs reinforcement learning during query execution
to explore different join orders.

Learned approaches have not yet been widely adopted. Sev-
eral independent experimental studies [11, 15, 38] confirm that
learning-based methods can improve estimation quality (e.g., q-
error) over traditional approaches on benchmarks such as JOB.
However, these methods also present notable drawbacks, including
high training and inference costs, difficulty adapting to dynamic en-
vironments, challenges in obtaining high-quality training data, and
unpredictability due to their black-box nature [38]. For a Bao-style
plan-based approach, Microsoft reported limited performance gains
in production and cited challenges such as noisy and expensive
performance measurements [13]. Thus, despite promising experi-
mental results in academic settings, learning-based techniques have
yet to see widespread adoption in industry.

4.2 Theory to the Rescue?

Worst-case bounds. An alternative paradigm in cardinality esti-
mation relies on theoretical worst-case bounds derived from data
statistics, as exemplified by SafeBound [5] and LpBound [48]. A
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key challenge, however, is that practical heuristics often yield esti-
mates that are closer to the true cardinality than these worst-case
bounds. Despite this, recent theoretical work is making progress
toward significantly tightening such bounds. Looking ahead, these
approaches could inspire new sketching techniques or be combined
with traditional or learned estimators — for example, to limit the
impact of large estimation errors (outliers) when other methods
fail.

Worst-case optimal joins. The theory community successfully
developed Worst-Case Optimal Join (WCOQJ) algorithms [28, 29],
and these have also been adopted in some systems [9, 36]. WCQO]J
algorithms achieve run-time complexity superior to traditional bi-
nary joins (that join two relations at-a-time) on “diamond shaped
join” plans [3]. In such plans, the inputs and final query result are
much smaller than the intermediate results generated by traditional
joins. Examples of such query plans are cyclic join patterns over
many-to-many (n:m) relationships, as found in graph exploration,
e.g., triangle queries. An advantage of WCOJs is that it makes de-
termining a join order less relevant, since they execute multiple
joins at once. However, the cost of constructing the — typically
- trie-shaped data structures needed for WCOJs, which requires
materialization of all inputs, mean that such algorithms can be
slower when the query does not have strong diamond character-
istics, which is the case in JOB, and when the inputs do not fit in
memory [39]. Therefore, a query optimizer still needs to decide
when to use a WCOJ or not [25], but estimating the cost of such
explosive/graph joins is an area where cardinality estimation is still

weak.

4.3 Better Benchmarks

While many of the papers discussed above use JOB for evaluation,
several new benchmark proposals have also emerged.

Synthetic benchmarks. LDBC created the Social Network Bench-
mark (SNB) with two workloads: Interactive [8] and Business In-
telligence [34]. Both operate on a synthetically generated graph
dataset, which, when represented relationally, features “growing”
many-to-many (n:m) joins. The dataset is further enriched with
structural and value correlations, and the benchmark queries are
parameterized to explicitly exploit these correlations [10].

Manually-crafted workloads. Despite the relatively simple struc-
ture of the JOB benchmark, many early learning-based approaches
used JOB-light, an even more simplified variant introduced in
the MSCN paper [16]. At the opposite end of the spectrum, JOB-
complex [40] was recently proposed to increase the benchmark’s
difficulty, for example, by introducing joins on non-PK/FK and
string attributes. The Cardinality Estimation Benchmark (CEB),
introduced in the Flow-Loss [27] paper, programmatically gener-
ates a large number of queries on the IMDB and Stack Exchange
datasets. Another benchmark based on the Stack Exchange dataset
is STATS-CEB [11], which consists of 146 hand-curated queries.

4.4 Runtime Approaches

Runtime feedback. Since decades of work on cardinality esti-
mation failed to result in a decisive breakthrough, an alternative



avenue is to learn cardinalities during run-time, e.g., by observing
the intermediate result sizes of queries as they get executed. This
had been proposed long before JOB, specifically in IBM’s Learn-
ing Optimizer (LEO) project [33]. An important lesson from this
approach was that having exact knowledge on the cost of some
query plans does not necessary lead to improved decision making.
Specifically, if the cost model underestimates the size of alternative
(not yet executed) plans, these will appear to be very attractive
compared to the real cardinality of the executed plan. This can
lead to poor decisions and is called “fleeing from knowledge to
ignorance” [24]. The discovery of this phenomenon led to the iden-
tification of the wider problem of how to combine estimates that
come from different estimators, in a probabilistically consistent way.
Maximum Entropy [23] is a solution to this problem, but it is com-
putationally very expensive and difficult to apply to arbitrary join
queries, limiting its practical use. We suspect that issues similar to
“fleeing from knowledge to ignorance” haunt many learning-based
approaches as well.

Limited runtime adaptivity. There also exist more limited, but
practical, forms of runtime feedback. One is to dynamically reorder
certain kinds of joins in a query pipeline based on observed runtime
behavior [14, 51]. Another approach is to dynamically adapt the
distributed joins between broadcasting and shuffling [43]. These
techniques operate at the level of physical operators and have
become increasingly widespread, improving system robustness
without relying on cardinality estimates.

5 LESSONS, CHALLENGES, AND FUTURE
DIRECTIONS

Overfitting. JOB has been used in a wide array of (mostly) learning-
based inspired approaches to query optimization. While of lot of
these research efforts have reported positive results, we note that
learned query optimization is vulnerable to overfitting. This cer-
tainly is a danger in JOB, because of its small dataset and lim-
ited query workload. To guard against this, benchmarks on large
real-life datasets and diverse query workloads are needed. In this
VLDB conference, we introduce the SQLStorm benchmark [31],
which leverages LLMs to generate large and complex workloads. Its
methodology enables workload scales far beyond JOB and improves
robustness against overfitting. We believe that there is significant
opportunity for further research in this space, e.g., into targeted
benchmark development that model real-world query logs [6]. It
could also be the case that such large-scale benchmarking efforts
eventually will show limits of learned query optimization. As men-
tioned, in real-world systems learned methods have not replaced
classical methods yet.

Regressions can prevent innovation. We should acknowledge
that even traditional query optimizers in many cases already work
so well that even limited overheads become show-stoppers. Per-
formance regressions are the bane of industry efforts in query
optimization: even if a particular technique noticeably improves
the average performance of a large workload, the presence of re-
gressions can prevent its adoption. In practice, users rarely notice
queries that become faster, but are quick to report regressions when
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queries slow down. As a result, a central challenge in query opti-
mization is to identify and improve the negative outliers without
degrading performance for queries that are already well-optimized.

Yannakakis revival. In recent years, there has been a revival of
run-time techniques for executing complex queries. Specifically,
the idea to make the Yannakakis algorithm [47] practical, is now
spurring a lot of research, in which JOB and other query optimiza-
tion benchmarks get used. The Yannakakis join processing algo-
rithm has complexity that is linear in the input tables and query
result, and hence is optimal. It uses semi-joins to first reduce all
input tables to those subsets of rows that actually participate in the
query result. However, in doing so it reads the input twice, which
in practice makes it slower on many queries than a traditional join
plan with correct join order. The new approaches [2, 44, 45, 49, 50]
optimize its semi-join reduction strategy using cost models, heuris-
tics, or run-time feedback, and enhance its raw speed by replacing
semi-joins with probabilistic filters and adaptive query execution.
This wave of work could be seen as an alternative path forward,
partially by-passing the limitations of cardinality estimation errors.

Data lake challenges. While run-time techniques can dampen
the effects of wrong join orders [50], they still obtain best results if
the join order is optimal. We note that the availability of meta-data
has become scarcer — even just key constraints, let alone statistics
or sketches — in modern cloud-based environments, compared to
classical on-premise data warehouses, common at the start of the
millennium. Run-time techniques rely less on models and statistics,
and thus are at an advantage in such environments. But, efforts to
enhance Data Lakes by introducing semantic layers/views, which
add meta-data beyond the realm of traditional database schemata,
could also start playing a role in enhancing query optimization.

Conclusion. Overall, we foresee a future where combination of
static and run-time optimization is used, enhanced by novel kinds
of metadata and where robust benchmarking will remain a crucial
technique to evaluate the progress of this field.
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