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Actual Concurrency Patterns: An Initial Collection

A. V. Prutzkow

Concurrency has become a key performance tool in programming. Programmers write concurrent programs faster when use
patterns. Concurrency patterns are collected in books of the 2000s and reflect the state of the art of that time. Actual issues
explore the concurrency patterns, but do not systematized them like object-oriented design patterns. The purpose of the study is
to stimulate discussion of concurrency patterns in programming by their classifying and initial collecting. Patterns fall into six
types: (1) Synchronized Data Processing, (2) Task Decomposition, (3) Data Decomposition, (4) Class/Method Structural Pat-
terns, (5) Thread Control, and (6) Architectural Patterns. Instances of the types are: (1) Shared/Atomic Method, Resource Pool,
Copy on Write Collection, Lock Striping, (2) Pipeline, (3) Data Item Enumeration, Divide and Conquer (Fork/Join), (4) Be-
fore/After, Condition with Volatile, (5) Invoke All, Invoke Any, (6) Producer—Consumer, Readers—Writers, Publisher—Sub-
scriber. These patterns are collected because they are (1) basic, or (2) actual, or (3) typical instances of the pattern types. The
patterns don not depend on the programming language, but we used the Java programming language in the listings.

concurrency, patterns; threads, synchronization; task decomposition, data decomposition; Java

INTRODUCTION

Design patterns simplify program development by providing ready-made structures for program
elements, reducing development time and increasing reusability [Tho25]. At the same time, the clas-
ses used in patterns are more coupled and less cohesive [Moh16]. Patterns constitute a new level of
abstraction [San97]. Object-oriented design patterns are systematized in [Gam95]. In [Bugl7], it is
suggested to read this book with a good amount of skepticism. Currently, concurrency is a way to
improve program performance. One of the first publications on concurrency patterns is [San97].
[Mat05, Sch00] are devoted to concurrency patterns. Patterns of programs are collected in [Sanl 1,
Sot09]. However, these books present the state of the art of the 2000s. Concurrency has evolved
significantly since then, especially in the Java programming language. In what follows, we will con-
sider concurrency in this language. Fundamental principles of concurrency are explored in [ Goe06],
book of the 2000s as well. Actual concurrent patterns are listed in [Zap21] and are inspired by
[Goe06], but do not form a system. [Ast17, Bob24] discuss the patterns but do not focus on them.

MOTIVATION

While writing a monograph on concurrency in Java [Pru26], we discovered that there is no system
of concurrency patterns similar to [Gam95]. This forced us to collect concurrency patterns from var-
ious sources.

THE PURPOSE OF THE STUDY

The purpose of the study is to stimulate discussion of concurrency patterns in programming
by their classifying and initial collecting, as in [San97].
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TERMINOLOGY
Thread or Task?

During the evolution of concurrency in Java, the task, not the thread, became its fundamental
element. A thread is a tool for executing tasks. However, we will continue to consider the thread
the fundamental element of concurrency.

Concurrency vs Parallelism

Concurrency and parallelism are not the same thing.

Concurrency is the simultaneous execution of threads using shared resources.

Parallelism is the simultaneous execution of threads that exclusively (under the problem condi-
tions) use resources. Parallelism is difficult to implement in practice. If threads execute on uncon-
nected computers, these computers may be connected to the same power supply system. Then,
the power supply system becomes a shared resource. Under the problem conditions, the power supply
may be insignificant, so this caveat is included in the definition of “parallelism”.

TYPES OF CONCURRENCY PATTERNS

Concurrency patterns fall into the following types:
Patterns of Synchronized Data Processing are for thread-safe data modifying;
Patterns of Task Decomposition are for breaking down tasks into parts;
Patterns of Data Decomposition are for breaking down data into parts for parallel processing;
Class/Method Structural Patterns are structures of class or method;
Thread Control Patterns;
e Architectural Patterns are structures of program; the solution to the problem is reduced to
the architecture determined by the pattern.

THE STRUCTURE OF PATTERN DESCRIPTION

We provide the following structure of the pattern description (similar to [Mat05]):

Name: pattern name;

Uses: used patterns or an elementary pattern;

Problem: the problem that the pattern is used to solve;

Solution: a solution to the problem using Java tools or an abstract description of the solution.
Discussion: discussion of the pattern and solution.

PATTERNS OF SYNCHRONIZED DATA PROCESSING

Shared/Atomic Method

Name: Shared/Atomic Method (Atomic Compound Actions [Zap21]).

Uses: It’s an elementary pattern.

Problem: Executing a method with a non-atomic sequence of actions over an object results in
an inconsistent state of that object.

Solution: Use synchronization: low-level (the synchronized statement, the synchronized block),
or high-level (ReentrantLock), or classes with atomic methods (AtomicLong, etc., LongAdder, etc.).

Discussion: An object’s state becomes inconsistent due to a prohibited sequence of changes.
To maintain a consistent state, it is necessary to restrict actions that change it. This restriction is
achieved by converting the sequence of actions into an atomic command.

Resource Pool

Name: Resource Pool [Zap21] (Shared-Resource [San97]).
Uses: Shared/Atomic Method.
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Problem: Threads use objects to process data. The number of threads is significantly greater than
the number of objects. How is to organize the getting and returning of objects?

Solution: Getting and returning of objects is a duty of the dispatcher (listing 1). There are two
methods of the dispatcher: get() (lines 8—17) and return() (lines 19—22). Threads call the methods.
Use low-level synchronization with the wait() and notify()/notifyAll() methods (listing 1), or
the ReentrantLock and Condition classes, or the Semaphore class [Zap21], or tread-safe collections.

Discussion: We use the pattern in our practice, but it’s rarely mentioned in the literature.

Listing 1
The ObjectDispatcher class

001 public class ObjectDispatcher<T> {

002 private Queue<T> objects;

003

004 public ObjectDispatcher (Queue<T> objects) {
005 this.objects = objects;

006 }

007

008 public synchronized T get() {

009 if (this.objects.size() == 0) {

010 try {

011 this.wait();

012 } catch (InterruptedException e) {
013 Thread.currentThread() .interrupt();
014 }

015 }

016 return this.objects.poll();

017 }

018

019 public synchronized void return(T object) {
020 this.objects.add (object);

021 this.notify();

022 }

023 }

Copy-on-Write Collection

Name: Copy on Write Collection [Goe06, Eva22].

Uses: Shared/Atomic Method.

Problem: Threads share a data collection. Threads iterate over the collection more often than they
modify it. What data structure for the collection will provide the best performance?

Solution: If a copy of the collection is created each time it is modified, then traversal of the col-
lection does not need to be synchronized, since the iterators will go over the original collection.
The pattern is implemented in the CopyOnWriteArrayList and CopyOnWriteArraySet classes.
Shared/Atomic Method is used when copying a set when it is modified.

Discussion: The collection is traversed more often than it is modified — this condition narrows the
scope of the pattern, but makes the CopyOnWriteArrayList class thread-safe and linearizable
[Haw12]. Actions over an object are linearizable if every action is atomic in a moment between its
call and return [Sco24].

Lock Striping

Name: Lock Striping [Eva22, Goe06].
Uses: Shared/Atomic Method.
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Problem: Threads modify a data collection. It is necessary to improve performance while main-
taining synchronization.

Solution: To improve performance, it’s necessary to split the synchronization of the entire collec-
tion into parts. If one thread accesses one part of the collection, another thread can access another
part of the collection in parallel. Such data collection are non-blocking. Use non-blocking collections
such as ConcurrentHashMap, ConcurrentSkipListMap, ConcurrentSkipListSet, Concurrent-
LinkedDeque, or ConcurrentLinkedQueue. These collections never throw ConcurrentModification-
Exception. The Shared/Atomic Method pattern is used to synchronize access to a part of the collec-
tion.

Discussion: The principles of non-blocking collections are explored in [Sco24].

PATTERNS OF TASK DECOMPOSITION

Pipeline

Name: Pipeline [Bob24, Mat05, Sot09].

Uses: Resource Pool (in some implementations).

Problem: It is necessary to perform the stages of solving the problem in parallel.

Solution: To solve a problem, a pipeline of problem-solving stages is formed. Each stage pro-
cesses a unit of data and passes it to the next stage (fig. 1). The next stage processes another unit of
data in parallel. Java does not provide tools for implementing this pattern.

Waiting Stage 1 Stage 2 Stage 3 | Complete
C||B| A
C B A
C B A
C B A
C B A

Fig. 1. The pipeline processes data units A, B, and C processed in 3 stages [Sot09].

Discussion: This pattern implemented in [Chol5] and in a generic and reusable parallel pattern
interface (GRPPI) for the C++ language [Ast17], and has no tools in Java yet. The reason is the dif-
ficulty of its implementation, despite its clarity. The Pipeline pattern is the only task decomposition
pattern that we found.

PATTERNS OF DATA DECOMPOSITION

Data Item Enumeration

Name: Data Item Enumeration.

Uses: Shared/Atomic Method.

Problem: Data needs to be processed in parallel.

Solution: Data can be processed in parallel if the data is sequential collection and is divided into
independent ranges (fig. 2). The processing results are aggregated using the Shared/Atomic Method
pattern.

If the data is not sequential, it can be enumerated. Let’s assume there is a tree (fig. 3) with folders
and files. The file paths are pre-stored in a list. The Data Item Enumeration pattern is then applied.
The way for transforming the data and enumerating it depends on the structure of the data and
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the problem. Java provides an iterator for part of a collection — an object of the Spliterator interface.
Streams are transformed into parallel ones by the parallel() method.

Fig. 2. Data decomposition into parts, their parallel processing, and aggregation of the results.

LR R P U N N .
A B C D E F G H 1

Fig. 3. Transforming a tree into an list for parallel processing.

Discussion: Decomposing data into independent parts and processing them in parallel makes the
problem embarrassingly parallel [Bob24, Sot09]. An embarrassingly parallel problem is that:

P>»S,

where P are the stages of problem solving that can be performed in parallel; S are the stages of prob-
lem solving performed sequentially.

Embarrassingly parallel problems have the following properties [Bob24, Eva24]:

e 1o or minimal synchronization;

e use of data decomposition rather than task decomposition;

e o or weak dependency between subtasks;

e infinite time acceleration due to parallel processing.
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Divide and Conquer (Fork/Join)

Name: Divide and Conquer (Fork/Join) [Bob24, Far03, Mat05].

Uses: Depending on implementation.

Problem: It’s impossible to immediately split the data into independent parts, but for each part,
it’s known whether it can be split or processed. How can data be processed in parallel?

Decision: At each step, a decision is made whether to compute the data or to divide it (fork)
(fig. 4). In the first case, the data parts are computed and results are waited (join), obtained results are
aggregated.

./

'
N

Fig. 4. The Divide and Conquer pattern of task solution [Urm19].
Rectangles represent the task and subtasks, circles represent results.

Use the ForkJoinPool class. The RecursiveTask and RecursiveAction classes have a compute()
method that implements the Divide and Conquer pattern. The compute() method has a general struc-
ture (listing 2) [Shal8, Urm19].

Discussion: The size of the data to be processed is determined by the overall processing perfor-
mance.

Listing 2
The Structure of the compute() Method

001 if (task is small enough or no longer divisible) {

002 compute the task

003 } else {

004 divide the task into subtasks

005 launch the subtasks asynchronously (the fork stage)

006 wait for the completion of all subtasks (the join stage)
007 combine the results of all subtasks

008 }

CLASS/METHOD STRUCTURAL PATTERNS

Before/After

Name: Before/After (Layering Policy Control, Before/After Control [Lea99]).
Uses: It’s an elementary pattern.
Problem: Before and after an action, the preceding and following actions must be completed.
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Solution: Action before() (listing 3, line 1) is executed before the action. The after() action (line 5)
is executed after the action in the finally part in case an exception occurs.
Discussion: The pattern is used for synchronization by the ReentrantLock class.

Listing 3
An implementation of the Before/After pattern
001 before();
002 try {
003 action();
004 } finally {
005 after();
006 }

Condition with Volatile

Name: Condition with Volatile (Shutdown with Volatile [Eva22]).

Uses: It’s an elementary pattern.

Problem: A thread executes actions in a loop. The loop can be terminated externally. What struc-
ture should the thread class have to ensure that terminating the loop is thread-safe?

Solution: Introduce a boolean field with the volatile modifier (listing 4, line 2), add it as a loop
termination condition (lines 9—11), and a method to set the value that terminates the loop (lines 4-6).

Discussion: The pattern is used for thread impact: stopping, suspending, resuming.

Listing 4
Typical implementation of the Condition with Volatile pattern

001 public class TaskExecutor implements Runnable {

002 private volatile boolean condition = false;
003

004 public void setConditionToTrue() {
005 this.condition = true;

006 }

007

008 public void run() {

009 while (!this.condition) {

010 // commands

011 }

012 }

013 }

THREAD CONTROL PATTERNS
Invoke All

Name: Invoke All [Vee24] (Task Convergence [Zap21]).

Uses: Depending on implementation.

Problem: Threads need to be started to get results from them.

Solution: Java has several tools for solving this problem. Use the ExecutorService, or Comple-
tionService, or CompletableFuture, or CyclicBarrier, or CountDownLatch, or StructuredTaskScope
classes/interfaces.

Discussion: This pattern is used when solving embarrassingly parallel problems.

Invoke Any

Name: Invoke Any [Vee24].
Uses: Depending on implementation.
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Problem: Threads need to be started to produce the first result. The results of the other threads are
irrelevant.

Solution: Use the ExecutorService, CompletionService, CompletableFuture, or Struc-
turedTaskScope classes/interfaces. When the result is obtained, the other threads are terminated.

Discussion: This pattern is used for solving embarrassingly parallel problems as well.

ARCHITECTURAL PATTERNS
Producer—Consumer

Name: Producer—Consumer [Abr99, Bob24].

Uses: Resource Pool (in some implementations).

Problem: Producers create objects, and consumers process them. How can producers and con-
sumers be connected?

Solution: Use a thread-safe queue with a dispatcher for adding and obtaining data [ Goe06]. Pro-
ducers push objects onto the queue, and consumers pull them. There is general implementation in
[Mal19].

Discussion: The pattern decouples producers and consumers “in time, space, and synchroniza-
tion” [Eug03] in full. The pattern implemented and in hardware [Pral3].

Readers—Writers

Name: Readers—Writers [Bob24, Dow(09].

Uses: Depending on implementation.

Problem: Readers and writers work with the same data collection. Readers only read data, while
writers modify data. How is to provide high performance in their work?

Solution: Use the ReentrantReadWriteLock class [Mat05].

Discussion: A parameter of this pattern is the priorities of readers and writers. Possible approaches
are discussed in [Car05, Sco24]. The final decision is made after performance measurements.

Publisher—Subscriber

Name: Publisher—Subscriber [Sch00, Urm19].

Uses: Depending on implementation.

Problem: Publisher creates objects. The subscriber requests them from the publisher. How is to
organize their interaction?

Solution: Use the Flow class, its nested interfaces Processor, Publisher, Subscriber, Subscription,
and the implementation class SubmissionPublisher [Ferl7].

Discussion: The Publisher-Subscriber pattern differs from Producer—Consumer pattern as fol-
lows:

e the publisher and subscriber interact directly without a communication channel;

e the subscriber interacts with a specific publisher, the publisher knows about subscribers only
in general, for example, through the interface.

Various programs based on the Publisher — Subscriber pattern have been developed [Laz22].

CONCLUSION

The patterns above are (1) basic, or (2) actual, or (3) typical instances of pattern types. There are
other patterns, but they do not meet the conditions.

We hope this article will become the beginning of a discussion of concurrency patterns, their
collection, and the discovering of new patterns.
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3MPYIOT UX, KaK WabaoHbl MPOEKTUPOBaHMA 06BEKTHO-0PUEHTHU-
poBaHHbIX Nporpamm. Llenb paboTbl — aKTMBM3MPOBaTL 06CYXK-
AeHue WabaoHOB MHOTOMNOTOYHbIX MPOrPaMM 3a CYET Knaccudu-
Kauuu M HavyanbHoro c6opa akTyanbHbIX WabaoHos. LLabnoHbl
pasgeneHbl Ha cnepytowme Tunbl: (1) Synchronized Data
Processing, (2) Task Decomposition, (3) Data Decomposition, (4)
Class/Method Structural Patterns, (5) Thread Control, (6)
Architectural Patterns. NpeactaButenammn 3TUX TMNOB ABAAIOTCA
cneayouwme wabnousl: (1) Shared/Atomic Method, Resource
Pool, Copy on Write Collection, Lock Striping, (2) Pipeline, (3)
Data Item Enumeration, Divide and Conquer (Fork/Join), (4)
Before/After, Condition with Volatile, (5) Invoke All, Invoke Any,
(6) Producer—Consumer, Readers—Writers, Publisher—Subscriber.
371 WwabnoHbl cobpaHbl, NOTOMY YTO OHM ABAAIOTCA: 6a30BbIMY,
WU aKTyasbHbIMM, WU TUNWYHbIE NPeaCTaBUTENN TUMOB LWab-
NIoHOB. LLIa6/10HbI He 3aBUCAT OT A3blKa NPOrPamMMMUPOBAHUA, HO
B IMCTMHTIaX UCNO/b30BaCA A3bIK MPOrpaMMUpoBaHnA Java.

KnioueBble €0Ba: MHOrOMNOTOYHOCTb; LWAGAOHbI; NMOTOKU BbI-
NONHEHWUA; CUHXPOHMU3ALMA; Pa3/IoKEHNEe 3ajad; Pas/oXKeHue
AaHHbIX; Java.
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Title: Actual Concurrency Patterns: An Initial Collection.
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Abstract: Concurrency has become a key performance tool in
programming. Programmers write concurrent programs faster
when use patterns. Concurrency patterns are collected in books
of the 2000s and reflect the state of the art of that time. Actual
issues explore the concurrency patterns, but do not systematized
them like object-oriented design patterns. The purpose of the
study is to stimulate discussion of concurrency patterns in pro-
gramming by their classifying and initial collecting. Patterns fall
into six types: (1) Synchronized Data Processing, (2) Task Decom-
position, (3) Data Decomposition, (4) Class/Method Structural
Patterns, (5) Thread Control, and (6) Architectural Patterns. In-
stances of the types are: (1) Shared/Atomic Method, Resource
Pool, Copy on Write Collection, Lock Striping, (2) Pipeline, (3)
Data Item Enumeration, Divide and Conquer (Fork/Join), (4) Be-
fore/After, Condition with Volatile, (5) Invoke All, Invoke Any, (6)
Producer—-Consumer, Readers—Writers, Publisher—Subscriber.
These patterns are collected because they are (1) basic, or (2) ac-
tual, or (3) typical instances of the pattern types. The patterns
don not depend on the programming language, but we used the
Java programming language in the listings.
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