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In the early days of computing, all programming was single-threaded. Computers ran a single job at a time. When a program was running, it had exclusive use of the computer's time. The modern multitasking operating system came into life when programmers became overly frustrated with these batch-oriented systems.

Multithreading is an extension of the multitasking paradigm. But rather than multiple programs, it involves multiple threads of control within a single program. Not only is the operating system running multiple programs, each program can run multiple threads of control at the same time.

What Is a Thread? 


All programmers are familiar with writing sequential programs. A program that displays a "Hello World!" message to the screen, or sorts a list of names, or calculates a list of prime numbers is a sequential program. It has a beginning, an execution sequence, and an end. There is a single point of execution at any given time during the runtime of the program. 


A thread is similar to a sequential program described above. It is a single sequential flow of control within a program. A thread also has a beginning, an execution sequence, and an end. Furthermore, at any given time during the runtime of the thread, there is a single point of execution.  However, a thread itself is not a program; it cannot run on its own. Rather, it runs within a program. This relationship is shown in the following figure.
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Threads were developed to enable applications to perform groups of actions in a loosely time-ordered fashion, possibly several actions at once. In situations where some actions would cause a considerable delay in one thread of execution (e.g. waiting for user input), it was desirable to have the program perform other actions concurrently (e.g. background spell checking, or processing incoming network messages). It is too much of an overhead to create a whole new process for each concurrent action, and then have the processes communicate with each other. Multiple threads of execution within a single program that run simultaneously but perform different tasks, is a perfect solution for this type of situation. This relationship is shown in the following figure.
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The web browser is an example of a multithreaded application. Within the browser the user can scroll a page while downloading an image or a Java applet, play animation and sound concurrently, and print a page in the background - all at the same time.

 
Sometimes a thread is referred to as a lightweight process. A process is a program that runs on the computer, coexisting and sharing CPU, disk and memory resources with other processes/programs. A process is an invocation of executable code, such that the code has a unique existence, and the instructions executed by that process are executed in an ordered manner. On the whole, processes execute in isolation. Every process has its own set of virtual resources (memory, disk, I/O, CPU time) that is untouched by other processes. A thread is similar to a real process in that a thread and a running program are both a single sequential flow of control. However, a thread is considered lightweight because it runs within the context of a full-blown program and takes advantage of the resources allocated for that program and the program's environment. In a multithreaded program, all threads have to share the memory and resources allocated for that same program. 

As a sequential flow of control, a thread must carve out some of its own resources within a running program. A thread remembers its execution state (blocked, runnable, etc.), and it has some static storage for its local variables, an execution stack and program counter. The code running within the thread works only within that context. Therefore threads are sometimes referred to as execution context as well.

Thread support in Java 
One of the characteristics that make Java a powerful programming language is its support for multithreading as an integrated part of the language. This provision is unique because most other modern programming languages such as C and C++ either do not offer multithreading or provide multithreading as a nonintegrated package. Furthermore, thread implementations in these languages are highly platform-dependent. Namely, different thread packages are used for different platforms, each package having a different Application Programming Interface (API).

Java on the other hand, presents the programmer with a unified multithreading API that is supported by all Java virtual machines on all platforms. When using Java threads, programmers do not have to worry about which threading packages are available on the underlying platform or the mechanism by which the operating system supports threads. The virtual machine isolates the programmer from the platform-specific threading details.

Two ways to create new threads


There are two ways through which a Java thread can be created: either extend the Thread class (defined in the java.lang package) or write a class to implement the runnable interface (also defined in the java.lang package) and use it in the Thread constructor. The main logic of a thread is a method named run() that has the following signature:

public void run();


The first word, public, is an access modifier meaning that the method can be called anywhere (i.e. there is no restriction in its access). The second word, void, means that the method does not produce any return value. The run() method also accepts no parameters. It is the programmer’s job to provide the implementation (i.e., body) of this method. 


The first way to create a thread, i.e., extending the Thread class and override the run() method, can be used only if a class does not extend any other class, since Java disallows multiple inheritance. The following code demonstrates how this inheritance is achieved:

public class Mythread extends Thread {

public void run() {


doWork(); //you can do any work in here


}

}

Mythread  aThread = new Mythread(); //this creates a thread

aThread.start(); //this starts the thread


The “extends” keyword is used in Java to specify the inheritance relationship. “new” is another keyword that invokes the constructor of a class to create an object instance of that class. However, just creating a thread does not get it running. To do so, one has to call the start() method of the parent class (Thread). This method is already implemented by the Java language in the Thread class and it calls the run() method in its body.
 


The second way of creating threads, implementing the runnable interface, is provided for the situation when a class must extend another class. Applets for instance, extend class java.applet.Applet by definition, therefore threads in applets must always use the second way. 


The code below exhibits how to create a thread by implementing the runnable interface and then start it running. The “implements” keyword is used in Java to announce to the world that a class fulfills an interface. An interface in Java is just a collection of method signatures (without implementation). To fulfill the interface, the class must implement each and every method in the interface. The runnable interface is a simple interface that has only one method – public void run().


public class MyRunner implements runnable{

public void run() {

doWork(); //you can do any work in here 

}

}

//pass an instance of class MyRunner to the constructor of Thread and create 

// a thread object 
Thread aThread = new Thread(new MyRunner()); 





aThread.start(); //start the thread 

Some Useful Thread methods

The following table lists some of the methods defined in the java.lang.Thread class (except those in the last row, which belong to the java.lang.Object class) that are commonly used to manipulate a Java thread. These methods will be frequently referred to in the discussion that follows.

Method Description
Method signature

constructors
public Thread();

public Thread(Runnable target);

start or stop a thread
public void start();

public final void stop();

public void destroy();

symbolic constants and methods related to thread priority
public final static int MAX_PRIORITY = 10;

public final static int MIN_PRIORITY = 1;

public final static int NORM_PRIORITY = 5;

public final int getPriority();

public final void setPriority(int newPriority);

put a thread to sleep
public static void sleep(long millisecond);

make a thread yield control to other runnable threads
public static void yield();

communicate with other threads (inherited from the java.lang.Object class, the parent of all Java classes)
void wait();

void notify();

void notifyAll();

Thread states

A Java thread traverses a fixed set of states during its lifetime – the new, runnable, blocked and dead states. (The Java platform documentation does not specify a “running” thread state. A running thread is considered to be still in the runnable state.) These states are summarized in the following figure:
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When a Thread object is first created, it is in the new state. At this point, the thread is not executing. When you invoke the Thread's start() method, the thread changes to the runnable state.

When a Java thread is runnable, it is eligible for execution. However, a thread that is runnable is not necessarily running. Runnable implies that the thread is alive and that it can be allocated CPU time by the operating system when the CPU is available - but the CPU may not always be available. When the CPU is available, the thread starts running.  


When certain events happen to a runnable thread, the thread may enter the blocked state. When a thread is blocked, it is still alive, but it is not eligible for execution. The thread is ignored by the thread scheduler and not allocated time on the CPU. Some of the events that may cause a thread to become blocked include the following: 

· The thread is waiting for an I/O operation to complete.

· The thread has been put to sleep for a certain period of time using the sleep() method.

· The thread’s wait() method has been called.

· The thread has been suspended using the suspend() method. 


A blocked thread becomes runnable again when the condition that caused it to become blocked terminates (I/O has completed, the thread has ended its sleep() period, and so on). During the lifetime of a thread, the thread may frequently move between the runnable and blocked states.

When a thread terminates, it is said to be dead. Threads can become dead in a variety of ways. Usually, a thread dies when its run() method returns. A thread may also die when its destroy() method is called or an uncaught exception happens in its run() method. A thread that is dead is permanently dead --there is no way to resurrect a dead thread. 

Thread priority

Every Java thread has a priority. The priority values range from 1 to 10, in increasing priority. There are three symbolic constants defined in the Thread class that represent the range of priority values: MIN_PRIORITY = 1, NORM_PRIORITY = 5, and MAX_PRIORITY = 10. When a thread is created, it inherits the priority of the thread that created it. The priority can be adjusted and queried using the setPriority() and getPriority() methods respectively. An exception is thrown if one attempts to set priority values outside this range. 

Thread scheduling


Thread scheduling is the mechanism used to determine how runnable threads are allocated CPU time (i.e., when they actually get to execute for a period of time on the computer's CPU). In general, scheduling is a complex subject that uses terms such as pre-emptive, round-robin scheduling, priority-based scheduling, time-slicing, and so on.


A thread-scheduling mechanism is either preemptive or nonpreemptive. With preemptive scheduling (e.g., Windows NT, 95, 98), the thread scheduler preempts (pauses) a running thread to allow a different thread to execute. A nonpreemptive scheduler (in Windows 3.1) never interrupts a running thread; instead, it relies on the running thread to yield control of the CPU so that other threads can execute. Under nonpreemptive scheduling, other threads may starve (never get CPU time) if the running thread fails to yield.


Among thread schedulers classified as preemptive, there is a further classification. A pre-emptive scheduler can be either time-sliced or non-time-sliced. With time-sliced scheduling (Windows NT, 95, 98), the scheduler allocates a slice of time (~55 milliseconds on PCs) for which each thread can use the CPU; when that amount of time has elapsed, the scheduler preempts the thread and switches to a different thread. A non-time-sliced scheduler does not use elapsed time to determine when to preempt a thread; it uses other criteria such as priority or I/O status.

Java threads are guaranteed to be preemptive, but not time sliced. If a higher priority thread (higher than the current running thread) becomes runnable, the scheduler preempts the current thread. The highest priority runnable thread is always selected for execution above lower priority threads. However, if an equal or lower priority thread becomes runnable, there is no guarantee that the new thread will ever be allocated CPU time until it becomes the highest priority runnable thread. When multiple threads have equally high priorities, it is completely up to the scheduler how to arbitrate between threads of the same priority. The Java language makes no guarantee that all threads are treated fairly. This is a weakness of the Java programming language, and it is difficult to write multithreaded programs that are guaranteed to work identically on all platforms.

Even though Java threads are not guaranteed to be time sliced, this should not be a problem for the majority of Java applications and applets. Java threads release control of the CPU when they become blocked. If a thread is blocked, the thread scheduler will select a different thread for execution. Generally, only threads that perform intensive numerical analysis (without I/O) will be a problem. A thread would have to be coded like the following example to prevent other threads from running (and such a thread would starve other threads only on some platforms - on Windows NT, for example, other threads would still be allowed to run because of its time-slicing feature):

int i = 0;
while (true) {
i++;
}


There are a variety of techniques one can implement to prevent one thread from consuming too much CPU time:

· Do not write code such as: while (true) { }. It is acceptable to have infinite loops - as long as what takes place inside the loop involves I/O, sleep(), or inter-thread coordination (using the wait() and notify() methods, discussed later). 

· Occasionally call Thread.yield() when performing operations that are CPU intensive. The yield() method allows the scheduler to spend time executing other threads. 

· Lower the priority of CPU-intensive threads. Threads with a lower priority run only when the higher priority threads have nothing to do. For example, the Java garbage collector thread is a low priority thread. Garbage collection takes place when there are no higher priority threads that need the CPU; this way, garbage collection does not needlessly stall the system. 


By implementing these techniques, applications and applets will be well behaved on any Java platform. 

Four types of thread programming


The coordination between different threads is known as synchronization. Programs that use threads can be divided into the following four levels of difficulty, depending on the kind of synchronization needed between the different threads:

1. Unrelated threads

2. Related but unsynchronized threads

3. Mutually-exclusive threads

4. Communicating mutually-exclusive threads

Unrelated threads: The simplest threads program involves two or more threads that perform different logic on separate data. These threads do not interact with each other and there is no need for synchronization between them. These types of threads are illustrated in the following figure.
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Related but unsynchronized threads: This type of thread programming use two or more threads to partition a problem, by having each of the threads working on a separate part of the same data structure that belongs to the overall program. The threads do not share data and do not interact with each other. There is not need for synchronization among them. These types of threads are illustrated in the following figure.
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Mutually-exclusive threads: Here two or more threads need to share access to the same data. They need to make sure that only one thread can access the data at a time so that the data is kept in a consistent state. These types of threads are illustrated in the following figure.

Threads that belong to a single Java program run in the same memory space. They can share access to variables and methods in objects. As an example, when one thread stores data into a shared object and another thread reads that data, there can be problems of synchronization if the first thread has not finished storing the data before the second one starts to read it. To avoid concurrent access of shared data, the threads need to mutually exclude each other. For this purpose, the Java language provides the “synchronized” keyword, which assures that only one thread can access the data at a time. Any code or block of code that accesses shared data should be preceded with this keyword. When a thread calls a “synchronized” method, it is guaranteed that the method will finish before another thread can execute any synchronized method on the same object. 


Over the years, many solutions have been proposed and implemented to gain uninterrupted access to a resource, including the following:

· Semaphores 

· Mutexes 

· Database record locking 

· Monitors 


Java implements the monitor approach to achieve synchronization. A monitor is a special-purpose object that applies the principle of mutual exclusion to groups of procedures. (A procedure is called a “method” in Java). Each group of procedures requiring mutual exclusion is placed under the control of a single monitor. At run time, the monitor allows only one thread at a time to execute a procedure controlled by the monitor. If another thread tries to invoke a procedure controlled by the monitor, that thread is suspended until the first thread completes its call.


Monitors in Java enforce mutually exclusive access to synchronized methods. Every Java object has an associated monitor. Synchronized methods that are invoked on an object use that object's monitor to limit concurrent access to that object. When a synchronized method is invoked on an object, the object's monitor is consulted to determine whether any other thread is currently executing a synchronized method on the object. If not, the current thread is allowed to enter the monitor. (Entering a monitor is also referred to as locking the monitor, or acquiring ownership of the monitor.) If a different thread has already entered the monitor, the current thread must wait until the other thread leaves the monitor.


Metaphorically, a Java monitor acts as an object's gatekeeper. When a synchronized method is called, the gatekeeper allows the calling thread to pass and then closes the gate. While the thread is still in the synchronized method, subsequent synchronized method calls to that object from other threads are blocked. Those threads line up outside the gate, waiting for the first thread to leave. When the first thread exits the synchronized method, the gatekeeper opens the gate, allowing a single waiting thread to proceed with its synchronized method call. The process then repeats itself.


In plain English, a Java monitor enforces a one-at-a-time approach to concurrency, also known as serialization.

Communicating mutually-exclusive threads: This is the most interesting and most challenging type of thread programming. Here, separate, concurrently running threads in the same class share the same data and must consider the state and activities of other threads. A common example is a producer/consumer situation – one thread is producing data irregularly and another thread is consuming (processing) it. 


There are two concepts that are central to thread coordination: wait and notify. A thread must wait for some condition or event to occur in order to continue, and a waiting thread must be notified when a condition or event has occurred in order to restart execution. Naturally enough, the words “wait” and “notify” are used in Java as the names of the methods for coordinating threads: wait(), notify(), and notifyAll(),  defined in class Object and inherited by every Java class. 
To coordinate threads, a thread need to examine whether the desired condition for it to continue is true. If it is true, there is no need to wait. If it is false, the thread must call its wait() method. When wait() ends, the thread must recheck the condition to make sure that it is true to continue running.

Invoking wait() on a running thread pauses it and adds it to the wait queue for the condition variable. This queue contains a list of all the threads that are currently blocked inside wait(). The thread is not removed from the wait queue until notify() or notifyAll() is called from a different thread. A call to notify() wakes a single waiting thread, notifying it that the condition has changed. A call to notifyAll() however, wakes up all the threads waiting for a specific condition. The highest priority thread that wakes up will run first. The wait(), notify(), and notifyAll() methods must be invoked from within a synchronized method or from within a synchronized statement. The wait/notify mechanism is shown in the following figure.

A. The executing thread notices that the condition it needs to
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 continue is false, and calls wait() for it. It goes to the wait list.

B. The monitor is released, allowing another thread to 
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proceed from the blocked list.
C. Eventually that thread will produce some data, then it will call notify() 
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to wake a thread from the wait list, moving it to the blocked list

[image: image10.png]start ur() exits
— —
stop()

wait for event done sleep
deepQ) otify)



D. When the thread that just called notify() leaves the method, it gives 

another thread from the blocked list a chance to run.
Pitfalls in thread programming
Thread programming brings efficiency and elegance to our code. However, it can also bring us serious problems and headaches if the threads are not carefully managed. Erroneous conditions such as deadlock and race condition are the common symptoms that a multithreaded program may suffer from. These problems usually occur at random times and do not reproduce predictably to show a clear pattern, making it difficult to track them down. 

A race condition occurs when multiple threads try to access a shared resource simultaneously. To avoid this condition, every piece of data in a program that may be shared by several threads should be proceeded with the “synchronized” keyword. 

A deadlock is one of the worst situations that can happen in a multithreaded environment. Java programs are not immune to deadlocks and the Java language does not provide any means to avoid or break deadlocks. It is the programmer’s job to design the threads to avoid a deadlock situation, by ensuring that every blocked thread will eventually be notified, and that at least one of them can always proceed. 

When to use threads


Here are some situations where threads may be used: 

· Lengthy processing: A separate thread should be spawned for CPU-intensive calculations, so that the main thread of the program can remain responsive for other tasks.

· Background processing: Some tasks may not be time critical, but need to execute continuously. An example is the Java garbage collection thread, which is implemented by the language to recollect unreferenced memory spaces. Such threads usually have low priorities. 

· Lengthy I/O: I/O to disk, database or network can have unpredictable delays. Threads allow you to ensure that I/O latency does not delay unrelated parts of your application. 

· Graphical user interface display


Since threads simply change the timing of operations, they are almost always used as an elegant solution to performance-related problems. The wise use of threads can simplify the logic of programs and keep the computer system fully utilized. Threads can turn slow-reacting programs into fast-responsive, efficient programs. Since events in our everyday life do not happen in a synchronized way, it is just natural that events in our programs are handled in separate, carefully designed threads.
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