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Abstract:

Traditional multi-core CPU architectures integrate a set of homogeneous cores, where all cores are
of exactly the same type. With the release of Intel’s 12th generation Core x86_64 processors, this
setup has finally changed in the realm of commodity hardware: Apart from so-called performance
cores, which provide a high clock frequency, hyper-threading, and large caches, the architecture also
integrates so-called efficient cores, which are less performant but rather energy efficient. Obviously,
such a performance-heterogeneous architecture complicates task-to-resource scheduling and should
be actively considered by the application that schedules the tasks. In this experience report, we
discuss our first steps with this new architecture in the context of parallel query processing. We
focus on inter-query-parallelism, where whole transactions/queries are the unit of schedule, and
investigate which type of core fits to which type of workload best. To do so, we first perform a
set of micro-benchmarks on the cores to analyze their different performance characteristics. Based
on that, we propose two scheduling strategies that actively schedule tasks to different core types,
depending on their characteristics. Our initial findings suggest that the awareness of heterogeneous
CPU architectures must indeed be actively incorporated by the task scheduler within a DBMS to
efficiently utilize this new type of hardware.
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1 Introduction
For many years, multi-core architectures used to be homogeneous in that they consist of
a set of compute cores that all have exactly the same characteristics. This simplified the
scheduling problem, as the choice to schedule a task to a specific core was solely determined
by the current load and the locality of work to the core.

This situation drastically changed with the advent of heterogeneous multi-core architectures,
a development largely driven by the so-called dark silicon effect [Ha11]. This effect describes
that thermal and energetic limitations force the CPUs developers to tune down compute
units, if they want to increase the overall core count. Initially, heterogeneous designs added
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specialized cores with vastly different feature sets. For instance, the Sparc M7 [Co23]
combines general-purpose x86_64 cores with ASIC data analytics accelerators that support
only scans, selections, and semi-joins. Such feature-heterogeneous designs require a careful
rethinking of the scheduling mechanism [Du19] as it has to factor in which tasks can
actually be carried out by which core. Last year, even mainstream CPUs started to implement
heterogeneous multi-core architectures in form of the AlderLake architecture, which
resembles Intel’s 12th generation Core consumer processor. Therein, while all cores are
general-purpose x86_64 chips, the architecture separates them into performance cores and
efficiency cores. While the faster performance cores are meant to take over highly demanding
compute tasks, the efficiency cores should save energy when executing less demanding or
less performance-critical tasks. In this sense, they implement a performance-heterogeneity
instead of a feature-heterogeneity, on which we will focus in the following report.

As shown in Figure 1, the two core types of an AlderLake i9-12900K highly differ in
clock-speed range, cache hierarchy/cache sizes, and whether hyper-threading is available or
not, potentially resulting in very different performance characteristics.
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Fig. 1: A modern heterogeneous multi-core architecture (Intel AlderLake i9-12900K).

Therefore, we advocate that even though all cores implement the same instruction set, a
scheduler should still be aware of the performance difference of both types of cores and
assign tasks actively to the most fitting core type, as we visualize it in Figure 2. Note that
operating systems such as Windows 11 and Linux (since kernel 5.18) recently became
aware of the heterogeneous design and try to schedule tasks based on classification (a
concept marketed as Thread Director [SP22]). In recent years, alternative general-purpose
OS-level task scheduling mechanisms tailored to heterogeneous CPU architecture have been
proposed [Fa21, SNN22, Ni22, THW02, CJ09, Cr12, AA17]. Typically, they are designed
to optimize arbitrary heterogeneous architectures outside the database context and focus on
limiting energy consumption, the amount of thread migration, and the runtime of a batch of
tasks. We also want to point out that Intel’s new architecture is not the first performance-
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heterogeneous CPU: The ARM big.LITTLE, released several years ago, followed a similar
principle. In this regard, [Mü14] analyzed how to schedule DBMS-pipelines efficiently to
the different core types to optimize for energy-efficiency. With the concept now arriving on
commodity x86_64 CPUs, we see the topic worth to be revisited.

The question remains whether multi-threaded applications such as DBMSs should ad-
ditionally actively schedule threads on specific performance-heterogeneous cores based
on their available domain knowledge on these new processors. As queries have vastly
different characteristics, e.g., being compute-bound, bandwidth-bound, short/long-running,
or read/write-heavy, it is likely that certain query types will utilize a certain type of core
best.

1.2 Die hybride Prozessorarchitektur

Wenn eine hybride Struktur vorliegt, dann ist vor dem Hintergrund der eben be-
schriebenen Anfragearten umso wichtiger, eine gute Entscheidung bei der Wahl
der zu belastenden Struktur zu treffen. Bei modernen, hybriden CPUs können sich
unterschiedliche Ausführungszeiten allein durch die Wahl der ausführenden Kernart
ergeben. Intels zwölfte Core-i Prozessorgeneration mit dem Codenamen Alder Lake
führt einige neue Prozessoren mit hybrider Architektur ein. Das bedeutet, dass solche
CPUs zwei Kernarten mit unterschiedlichen Eigenschaften haben. Diese sind zum
Beispiel bei der maximalen Taktfrequenz oder bei der Cachestruktur vorzufinden. In
Kapitel 2 wird auf die hybride Struktur eingegangen, insbesondere die Turbotakt-
frequenzen sind in diesem Projekt relevant. Für die folgende Motivation reicht es
zunächst zu wissen, dass zwei verschiedene Kernarten existieren.

1.3 Motivation und Problemstellung

Die Abbildung 1.1 zeigt zunächst eine CPU mit einer gewöhnlichen Architektur.

Abbildung 1.1: Verteilen von Anfragen auf einer homogenen CPU Architektur

2 Kapitel 1 Einführung
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(a) Homogeneous multi-core architecture.

In Abbildung 1.1 ist ein Quadcore Prozessor erkennbar, der in dieser Form bereits
seit einigen Jahren erhältlich ist. Es sind zwei Anfragepools abgebildet, welche die
beiden erwähnten Arten von Anfragen darstellen sollen (ein Pool für analytische, der
andere für transaktionale Anfragen). Hierbei ist eine Untersuchung der CPU nicht
notwendig, weil alle zur Verfügung stehenden Kerne homogen sind, wodurch die
Ausführungszeit nicht allein durch die Wahl des konkreten Kerns reduziert werden
kann. Somit ist eine prozessororientierte Optimierung kaum möglich.

Anders ist dies hingegen bei einem Prozessor mit hybrider Architektur. Prinzipiell
sind zwei Ansätze für die Verteilung der Anfragen an die einzelnen Kerne denkbar.
Abbildung 1.2 zeigt vereinfacht einen Ansatz, bei dem nur eine Verteilerfunktion
über den direkten Zugriff auf die beiden Anfragepools verfügt. Die Funktion geht
die Anfragen durch und weist diese den Kernen zu. Es handelt sich hier um einen
Push-Ansatz. Die Verteilerfunktion arbeitet vergleichbar mit einem Vorarbeiter, der
die einzelnen Anfragen an die Kerne (Mitarbeiter) weitergibt.

Abbildung 1.2: Skizzierung zum Push-Ansatz mit hybrider CPU Architektur

Bisher ist jedoch vollkommen unklar, wie die Zuweisung im Detail funktionieren
soll. Aufgrund der unterschiedlichen Anfrage- und Kernarten beeinflusst die Wahl
des konkreten Kerns bereits die Ausführungszeit. Folglich kann pauschal keine zu-
verlässige Aussage darüber getroffen werden, wie dieser Ansatz am besten realisiert
werden kann.

1.3 Motivation und Problemstellung 3

P-Cores

heterogeneity-aware scheduling

E-Cores

(b) Heterogeneous multi-core architecture.

Fig. 2: Task scheduling on uniform architectures (2a) vs heterogeneous architectures (2b).

1.1 Contributions and Structure

Therefore, in the following, we would like to investigate the following questions, which also
mark the contributions of this experience report:

(1) Is there a sufficient performance difference between performance cores and efficiency
cores that would justify a manual core-type-aware scheduling within a DBMS?
(2) Which type of tasks perform well on which type of core? For which type of tasks is the
core choice irrelevant?
(3) Do core-type-aware scheduling strategies (push-based vs pull-based) perform better
than a completely unaware strategy?

The experience report is structured as follows: In Section 2, we first perform an initial
benchmarking of the AlderLake architecture, in which we identify how different workloads
map to the available cores. In Section 3, we present and evaluate two heterogeneity-aware
scheduling strategies and compare them against an unaware strategy. In Section 4, we outline
possible next steps in this topic and conclude with our early findings.
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2 Benchmarking the Architecture
We start by performing a set of micro benchmarks on our performance-heterogeneous
AlderLake CPU to identify which workload fits to which type of core. For all upcoming
experiments, we use an Intel i9-12900K with 8 performance cores of up to 5.2GHz (with
SMT aka hyper-threading) and 8 efficiency cores of up to 3.9GHz (without SMT). This
results in a total of 16 physical and 24 logical cores. The machine is equipped with 128GB
of DDR4-3200 RAM. As operating system, we use Arch Linux running kernel 5.17.5. Note
that in this kernel version, the scheduler was not yet aware of the heterogeneous architecture
– for our experiments, this does not matter as we manually perform all thread assignment in
our code. A comparison with a heterogeneity-aware scheduler on a newer kernel is left for
future work.

Figure 3 shows the results for executing four different workloads on each available logical
core individually. Note that logical cores 0-15 resemble the (logical) performance cores,
whereas cores 16-23 are the efficiency cores. No parallelism is happening here as only one
core is active during each measurement. To get an intuition for the architecture, we perform
the following set of micro-benchmarks on 300M integers in total: In Figure 3a, we schedule
the sorting of an array with integers using std::sort. In Figure 3b, we copy randomly
selected integers from one array into a second array. In Figure 3c, we copy the entire array
of sequentially into another array using memcpy. In Figure 3d, we read the entire array
sequentially to compute the sum of all integers. As we can see, the tasks have a different
runtime on the individual logical cores, where some tasks are highly affected by the type of
core while other tasks hardly show a performance difference at all. The sorting task, being
compute heavy and containing random access clearly benefits from being executed on a
performance core (core 0-15). Also, random copies perform better on performance cores,
although the difference being less prominent. When looking at the sequential tasks, we
interestingly hardly notice any difference between the core types anymore, as these tasks
are rather bandwidth bound than compute bound.

Overall, this gives us a first recommendation on how to utilize the cores: Compute-bound
tasks or tasks that contain random access should preferably go to performance cores, while
sequential tasks, that are mostly bandwidth-bound, could also be scheduled on efficiency
cores.

3 Heterogeneity-aware Scheduling
With the gained knowledge, in the following, we build and evaluate a simple scheduling
mechanism for parallel query processing using two different scheduling strategies.

3.1 Setup and Task Types

We set up a table of 𝑛 integers columns in row-layout represented by a two-dimensional
vector and support two types of tasks on this table: (a) Updating transactions that modify
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Fig. 3: Executing different types of workloads of each available logical core.
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a certain number of rows of the table. These resemble a task from a traditional transactional
workload. (b) Read-only queries that select a specific value of a specific column and
count how often this value has been seen. These could represent a typical query from an
analytical workload. When creating a test workload, we specify the ratio of tasks of type (a)
in relation to tasks of type (b) and fill two pools of pending tasks of each type accordingly.
Our scheduler then executes these tasks using a specific scheduling strategy.

3.2 Scheduling Strategies

We compare three different strategies in the following. The first strategy is push-based and
simply ignores the heterogeneous architecture, as it uniformly distributed tasks of both types
to available cores. It will serve as our baseline. Figure 4 visualizes the setup for a batch of
100 tasks. Each core maintains a pool for update transactions and read-only queries.

4.6 Anfrageoptimierung auf hybrider CPU Architektur

Dank der vorherigen Experimente liegt nun die Vermutung nahe, dass eine op-
timale Verteilungsmethode Reads auf E-Kerne und Updates auf P-Kerne verteilt.
Reads haben sequentiellen lesenden Zugriff, deswegen sind diese Anfragen gut
vergleichbar mit den Aufgaben aus den Experimenten in Abbildung 4.3 und 4.4.
Updates hingegen ähneln aufgrund der zufälligen Zugriffe den Experimenten aus
Abbildung 4.1 und 4.2. Bei den folgenden drei Strategien verwenden zwei Strategien
diese Schlussfolgerungen, um die Ausführungszeiten zu verbessern, während eine
Strategie keinen Gebrauch von den Erkenntnissen macht.

4.6.1 Strategie Push_01: Gleichmäßiges Verteilen

Als erste Strategie (PS_01) wird eine gleichmäßige Push-Funktion verwendet. Diese
eignet sich zu Beginn am besten, da sie leicht zu implementieren ist und wichtige
Referenzzeiten bietet. Diese Strategie entspricht dem Ignorieren der hybriden Ar-
chitektur, da jeder Kern unabhängig von seiner Art möglichst gleich viele Anfragen
erhalten soll. Ist die Anzahl der zu verteilenden Anfragen nicht ganzzahlig durch 24
teilbar, dann beträgt der Unterschied der zu verarbeitenden Anfragen bei je zwei
Kernen 0 oder 1. Die Abbildung 4.11 visualisiert diese Strategie.

Abbildung 4.11: Funktionsweise von Strategie PS_01 bei einem Batch mit 100 Anfragen

4.6 Anfrageoptimierung auf hybrider CPU Architektur 39

Batch with 100 tasks

Logical Cores

Distribution 
Strategy

Pools for K14 Pools for K15 Pools for K16 Pools for K17

Fig. 4: Architecture of the push-based scheduler. As distribution strategy, we test both a non-aware
strategy, which uniformly distributes tasks to all cores and an aware strategy, which tries to schedule
update transactions to performance cores and read-only queries to efficiency cores.

The second strategy is also push-based and resembles the architecture of Figure 4, but does
not uniformly distribute tasks across cores. Instead, it is aware of the heterogeneity and tries
to assign update transactions to performance-cores and read-only queries to efficiency cores.
Only if no core of the respective type is currently available, the task is scheduled on the
other type of core. The availability of cores is recorded in status flags that are accessed by
the scheduler and updated by the threads running on the cores.

The third strategy is also heterogeneity-aware, but follows a pull-based approach as visualized
in Figure 5. Here, the performance cores preferably pull from the pool containing update
transactions, while the efficiency cores pull from the pool containing read-only queries.
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Only if no work is left in a pool, the other pool is considered. A mutex protects each pool to
avoid races during the pulling of tasks.Abbildung 4.13: Funktionsweise von Strategie PL_01 inkl. geschütztem Poolzugriff

Bevor nun in Abschnitt 4.7 alle drei Strategien evaluiert und miteinander verglichen
werden, zeigt diese Auflistung nochmal alle drei Strategien in Kürze:

Gleichmäßiges Verteilen (PS_01):

Erstellt zuerst möglichst gleich große Subpools, die den logischen Kernen zugeordnet
werden. Alle Kerne werden wie in einer homogenen Struktur behandelt.

Verteilende Funktion (PS_02):

Verteilt die Anfragen aus den Pools an die verschiedenen Kerne, wobei Updates
bevorzugt an P-Kerne und Reads bevorzugt an E-Kerne zugewiesen werden. Dabei
wird live überwacht, ob die jeweiligen Kerne derzeit beschäftigt sind oder nicht.

Selbstständiges Einholen (PL_01):

Lässt alle Kerne selbstständig arbeiten und verwendet keine verteilende Funktion.
Dabei versuchen P-Kerne zuerst Anfragen aus dem Update-Pool und E-Kerne zuerst
Anfragen aus dem Read-Pool einzuholen.

42 Kapitel 4 Experimente und Ergebnisse

Logical Cores

for Updates for Reads

Fig. 5: Pull-based scheduler that is aware of the heterogeneous architecture.

Let us now see how the three scheduling strategies perform in comparison. We fire a batch
of 180 tasks and vary the mixture between update transactions and read-only queries in
steps of 25%. We use a table with 60M rows and 150 columns. Every update transaction
updates 12M randomly selected rows. We observe that the strategy indeed has a significant
impact on the runtime. The more update transactions we have in our batch, the more the
strategy matters and the heterogeneity-aware strategies win. This makes sense, as update
transactions must be actively scheduled to performance cores to yield the best runtime.Abbildung 4.17: Direkter Vergleich der Strategien bei unterschiedlichen Batches

Aus dieser Abbildung 4.17 lassen sich einige wichtige Interpretationen ableiten.
Zu Beginn kann festgehalten werden, dass bei Datenbanksystemen, die meistens
analytische Anfragen verarbeiten müssen und damit sequentielle Zugriffe brauchen,
keine besondere Strategie für eine hybride CPU Architektur verwenden müssen. Ein
gewöhnliche Push-Strategie kann hierbei sogar bei bestimmten Parametern bessere
Leistungen erbringen als komplexere Strategien (siehe Abbildung 4.17). Der klare
Vorteil liegt dabei darin, dass eine gleichmäßige Push-Verteilung vollkommen ohne
Mutexe arbeitet, wodurch die verschiedenen logischen Kerne sich nicht gegenseitig
behindern können.

Mit steigendem Anteil rechenintensiver Transaktionen muss aber von der gewöhnli-
chen Push-Strategie abgeraten werden. Dies liegt daran, dass das dabei zu häufig
Aufgaben mit zufälligem Zugriff an E-Kerne verteilt werden, wogegen P-Kerne solche
Aufgaben wesentlich besser bearbeiten. Folglich müssen in solchen Fällen Strategien
verwendet werden, bei denen ein Bewusstsein über die vorliegende hybride CPU
Architektur implementiert ist. Bei der hier modellierten Datenbanktabelle mit 60
Mio. Zeilen und 150 Spalten ist klar zu erkennen, dass die Verwendung einer Pull-
Strategie unter Berücksichtigung der Architektur um bis zu 30% schneller arbeitet
als eine gewöhnliche Strategie ohne Berücksichtigung der konkreten CPU.

46 Kapitel 4 Experimente und Ergebnisse
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Fig. 6: Comparison of scheduling strategies under a varying mixture of update transactions and
read-only queries.

To get a deeper insight in the behavior of the task scheduling, in Figure 7 we additionally plot
heatmaps for the cases of 25% update transactions and 75% read-only queries (Figure 7a)
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respectively 75% update transactions and 25% read-only queries (Figure 7b) that show
the assignment from task (type) to logical core. Additionally to the total latency of batch,
we plot the time the first task of the batch finishes as well as the average task time. We

(a) Workload Mixture: 25% update transactions, 75% read-only queries

(b) Workload Mixture: 75% update transactions, 25% read-only queries

Fig. 7: Comparison of scheduling strategies under different workloads.

observe that the strategy indeed makes a significant impact on the scheduling behavior. Both
heterogeneity-aware strategies indeed try to assign update transactions to the performance
cores and read-only queries to the efficiency cores. However, we also see differences between
the strategies. In Figure 7a, we observe that the push-based strategy primarily distributes
update transactions to performance cores, while it also assigns read-only queries to both
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types of cores. The reason for this is that due to the low number of update transactions, the
performance cores are soon unused and can be used to answer read-only queries as well.
This behavior is different for the pull-strategy, where read-only queries are pulled only by
efficiency cores in the run. In Figure 7b, we see a similar picture, however, more compute-
intensive update transactions must be handled. These are indeed primarily scheduled to the
performance cores by both strategies. When analyzing the whole batch, we also observe
that using heterogeneity-aware strategies homogenizes the latency of individual tasks in a
batch. For the naive strategy, the minimum and maximum latency differs highly, while this
difference is much smaller for the aware strategies, showing that the hardware resources are
efficiently utilized.

4 Outlook and Conclusion

In this experience report, we presented our initial steps in understanding the impact of
a performance-heterogeneous CPU design on parallel query processing. To simplify the
analysis, we focused on inter-query parallelism, i.e., we scheduled whole transactions/queries
to individual cores and evaluated two strategies that try to cleverly assign fitting tasks to
a specific core type. We tested two simple heterogeneity-aware scheduling strategies and
showed that even on this coarse-grained level, a measurable performance boost can be
observed over an unaware strategy.

Of course, this report marks only the very first step towards query parallelism on this type
of hardware. As modern DBMS schedulers typically break down a transactions/query into
more fine-granular compiled pipelines and schedule these individually [Le14, NF20, Ne21],
a next step is to extend such a pipeline scheduler with heterogeneity-awareness. This
involves on-the-fly classification of (arbitrary) pipelines, finding a suitable mapping between
pipelines and core types, handling dependencies between pipelines, and ensuring a constant
utilizations of all cores. Also, an important baseline for any fine-grained approach will be the
new OS-level heterogeneity-aware scheduler. Here, we see a major advantage of a manual
approach by being able to include domain knowledge, such as detailed transaction/query
behavior, into the scheduling process. However, such a comparison is left for future work.
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