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1 Introduction

This guide describes the internal architecture of the OpenMM library.  It is targeted at developers who want to add features to OpenMM, either by modifying the core library directly or by writing plugins.  If you just want to write applications that use OpenMM, you do not need to read this guide; the Users Manual tells you everything you need to know.  This guide is only for people who want to contribute to OpenMM itself.

It is organized as follows:

· Chapter 2 describes the architecture of the core OpenMM library.  It discusses how the high level and low level APIs relate to each other, and the flow of execution between them.

· Chapter 3 describes in detail how to write a plugin.  It focuses on the two most common types of plugins: those which define new forces, and those which implement new platforms.

· Chapter 4 discusses the architecture of the reference platform, providing information relevant to writing reference implementations of new features.

· Chapter 5 discusses the architecture of the OpenCL platform, providing information relevant to writing OpenCL implementations of new features.

This guide assumes you are already familiar with the public API and how to use OpenMM in applications.  If that is not the case, you should first read the Users Manual and work through some of the example programs.

2 The Core Library

OpenMM is based on a layered architecture, as shown in the following diagram:
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Figure 2.1:  OpenMM architecture
The public API layer consists of the classes you access when using OpenMM in an application: System; Force and its subclasses; Integrator and its subclasses; and Context.  These classes define a public interface but do no computation.

The next layer down consists of “implementation” classes that mirror the public API classes: ContextImpl, ForceImpl, and a subclass of ForceImpl for each subclass of Force (HarmonicBondForceImpl, NonbondedForceImpl, etc.).  These objects are created automatically when you create a Context.  They store information related to a particular simulation, and define methods for performing calculations.

Note that, whereas a Force is logically “part of” a System, a ForceImpl is logically “part of” a Context.  If you create many Contexts for simulating the same System, there is still only one System and only one copy of each Force in it.  But there will be separate ForceImpls for each Context, and those ForceImpls store information related to that particular Context.

Also note that there is no “IntegratorImpl” class, because it is not needed.  Integrator is already specific to one Context.  Many Contexts can all simulate the same System, but each of them must have its own Integrator, so information specific to one simulation can be stored directly in the Integrator.

The next layer down is the OpenMM Low Level API (OLLA).  The important classes in this layer are: Platform; Kernel; KernelImpl and its subclasses; and KernelFactory.  A Kernel is just a reference counted pointer to a KernelImpl; the real work is done by KernelImpl objects (or more precisely, by instances of its subclasses).  A KernelFactory creates KernelImpl objects, and a Platform ties together a set of KernelFactories, as well as defining information that applies generally to performing computations with that Platform.

All of these classes (except Kernel) are abstract.  A particular Platform provides concrete subclasses of all of them.  For example, the reference platform defines a Platform subclass called ReferencePlatform, a KernelFactory subclass called ReferenceKernelFactory, and a concrete subclass of each abstract KernelImpl type: ReferenceCalcNonbondedForceKernel extends CalcNonbondedForceKernel (which in turn extends KernelImpl), ReferenceIntegrateVerletStepKernel extends IntegrateVerletStepKernel, and so on.

We can understand this better by walking through the entire sequence of events that take place when you create a Context.  As an example, suppose you create a System; add a NonbondedForce to it; create a VerletIntegrator; and then create a Context for them using the reference Platform.  Here is what happens.

1. The Context constructor creates a ContextImpl.

2. The ContextImpl calls createImpl() on each Force in the System, which creates an instance of the appropriate ForceImpl subclass.
3. The ContextImpl calls contextCreated() on the Platform(), which in turn calls setPlatformData() on the ContextImpl.  This allows Platform-specific information to be stored in a ContextImpl.  Every Platform has its own mechanism for storing particle masses, constraint definitions, particle positions, and so on.  ContextImpl therefore allows the Platform to create an arbitrary block of data and store it where it can be accessed by that Platform’s kernels.

4. The ContextImpl  calls createKernel() on the Platform several times to get instances of various kernels that it needs: CalcKineticEnergyKernel, ApplyConstraintsKernel, etc.

a. For each kernel, the Platform looks up which KernelFactory has been registered for that particular kernel.  In this case, it will be a ReferenceKernelFactory.

b. It calls createKernelImpl()  on the KernelFactory, which creates and returns an instance of an appropriate KernelImpl subclass: ReferenceCalcKineticEnergyKernel, ReferenceApplyConstraintsKernel, etc.

5. The ContextImpl loops over all of its ForceImpls and calls initialize() on each one.

a. Each ForceImpl asks the Platform to create whatever kernels it needs.  In this example, NonbondedForceImpl will request a CalcNonbondedForceKernel, and get back a ReferenceCalcNonbondedForceKernel.

6. The ContextImpl calls initialize() on the Integrator which, like the other objects, requests kernels from the Platform.  In this example, VerletIntegrator requests an IntegrateVerletStepKernel and gets back a ReferenceIntegrateVerletStepKernel.

At this point, the Context is fully initialized and ready for doing computation.  Reference implementations of various KernelImpls have been created, but they are always referenced through abstract superclasses.  Similarly, data structures specific to the reference Platform have been created and stored in the ContextImpl, but the format and content of these structures is opaque to the ContextImpl.  Whenever it needs to access them (for example, to get or set particle positions), it does so through a kernel (UpdateStateDataKernel in this case).

Now suppose that you call step() on the VerletIntegrator.  Here is what happens to execute each time step.

1. The VerletIntegrator calls updateContextState() on the ContextImpl.  This gives each Force an opportunity to modify the state of the Context at the start of each time step.

a. The ContextImpl loops over its ForceImpls and calls updateContextState() on each one.  In this case, our only ForceImpl is a NonbondedForceImpl, which returns without doing anything.  On the other hand, if we had an AndersenThermostat in our System, its ForceImpl would invoke a kernel to modify particle velocities.

2. The VerletIntegrator calls calcForcesAndEnergy() on the ContextImpl to request that the forces be computed.

a. The ContextImpl calls beginComputation() on its CalcForcesAndEnergyKernel.  This initializes all the forces to zero and does any other initialization the Platform requires before forces can be computed.  For example, some Platforms construct their nonbonded neighbor lists at this point.

b. The ContextImpl loops over its ForceImpls and calls calcForcesAndEnergy() on each one.  In this case, we have a NonbondedForceImpl which invokes its CalcNonbondedForceKernel to compute forces.

c. Finally, the ContextImpl calls finishComputation() on its CalcForcesAndEnergyKernel.  This does any additional work needed to determine the final forces, such as summing the values from intermediate buffers.

3. Finally, the VerletIntegrator invokes its IntegrateVerletStepKernel.  This takes takes the forces, positions, and velocities that are stored in a Platform-specific format in the ContextImpl, uses them to compute new positions and velocities, and stores them in the ContextImpl.

3 Writing Plugins

A plugin is a dynamic library that adds new features to OpenMM.  It is typically stored in the lib/plugins directory inside your OpenMM installation, and gets loaded along with all other plugins when the user calls

Platform::loadPluginsFromDirectory(

Platform::getDefaultPluginsDirectory());

It is also possible to load plugins from a different directory, or to load them individually by calling Platform::loadPluginLibrary().

Every plugin must implement two functions that are described in the PluginInitializer.h header file:

extern "C" void registerPlatforms();

extern "C" void registerKernelFactories();

When a plugin is loaded, these two functions are invoked to register any Platforms and KernelFactories defined by the plugin.  When many plugins are loaded at once by calling Platform::loadPluginsFromDirectory(), registerPlatforms() is first called on all of them, then registerKernelFactories() is called on all of them.  This allows one plugin to define a Platform, and a different plugin to add KernelFactories to it; the Platform is guaranteed to be registered by the first plugin before the second plugin tries to add its KernelFactories, regardless of what order the plugins happen to be loaded in.

3 Creating New Platforms

One common type of plugin defines a new Platform.  There are two such plugins that come with OpenMM: one for the CUDA Platform and one for the OpenCL Platform.

To define a new Platform, you must create subclasses of the various abstract classes in the OpenMM Low Level API: a subclass of Platform, one or more subclasses of KernelFactory, and a subclass of each KernelImpl.  That is easy to say, but a huge amount of work to actually do.  There are many different algorithms involved in computing forces, enforcing constraints, performing integration, and so on, all of which together make up a Platform.  Of course, there is no requirement that every Platform must implement every possible feature.  If you do not provide an implementation of a particular kernel, it simply means your Platform cannot be used for any simulation that requires that kernel; if a user tries to do so, an exception will be thrown.

Your plugin’s registerPlatforms() function should create an instance of your Platform subclass, then register it by calling Platform::registerPlatform().  You also must register the KernelFactory for each kernel your Platform supports.  This can be done in the registerKernelFactories() function, or more simply, directly in the Platform’s constructor.  You can use as many different KernelFactories as you want for different kernels, but usually it is simplest to use a single KernelFactory for all of them.  The support for multiple KernelFactories exists primarily to let plugins add new features to existing Platforms, as described in the next section.

3 Creating New Forces

Another common type of plugin defines new Forces and provides implementations of them for existing Platforms.  (Defining new Integrators is not specifically discussed here, but the process is very similar.)  There are two such plugins that come with OpenMM: one for the AMOEBA force field, and one that provides various forces useful in free energy calculations.

As an example, suppose you want to create a new Force subclass called StringForce that uses the equations of String Theory to compute the interactions between particles.  You want to provide implementations of it for all three standard platforms: reference, CUDA, and OpenCL.

The first thing to realize is that this cannot be done with only a plugin.  Plugins are loaded dynamically at runtime, and they relate to the low level API; but you must also provide a public API.  Users of your class need to create StringForce objects and call methods on them.  That means providing a header file with the class declaration, and a (non-plugin) library with the class definition to link their code against.  The implementations for particular Platforms can be in plugins, but the public API class itself cannot.

The AMOEBA and FreeEnergy plugins go a step further: they also include their reference implementations in the non-plugin libraries, while using plugins for their CUDA implementations.  This is consistent with OpenMM itself, which defines the reference Platform directly in the main library.  You can do this for your own Force, or you can put the reference implementation in a plugin.  Either approach is reasonable.

In any case, you will need to create the following classes:

1. StringForce.  This is the public API for your force, and users will directly link against the library containing it.

2. StringForceImpl.  This is the ForceImpl subclass corresponding to StringForce.  It should be defined in the same library as StringForce, and StringForce’s createImpl() method should create an instance of it.

3. CalcStringForceKernel.  This is an abstract class that extends KernelImpl, and defines the API by which StringForceImpl invokes its kernel.  You only need to provide a header file for it, not an implementation; those will be provided by Platforms.

Now suppose you are writing the OpenCL implementation of StringForce.  Here are the classes you need to write:

1. OpenCLCalcStringForceKernel.  This extends CalcStringForceKernel and provides implementations of its virtual methods.  The code for this class will probably be very complicated (and if it actually works, worth a Nobel Prize), but those details are entirely internal to your own code.

2. OpenCLStringForceKernelFactory.  This is a KernelFactory subclass that knows how to create instances of OpenCLCalcStringForceKernel.

Both of these classes should be packaged into a dynamic library (.so on Linux, .dylib on Mac, .dll on Windows) that can be loaded as a plugin.  This library must also implement the two functions from PluginInitializer.h. registerPlatforms() will do nothing, since this plugin does not implement any new Platforms.  registerKernelFactories() should call Platform::getPlatformByName("OpenCL") to get the OpenCL Platform, then create a new OpenCLStringForceKernelFactory and call registerKernelFactory() on the Platform to register it.  If the OpenCL Platform is not available, you should catch the exception then return without doing anything.  Most likely this means there is no OpenCL runtime on the computer your code is running on.

