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In general, state machines represent the base of the game AI pyramid and are frequently used by engineers and designers alike. As such, they are nearly ubiquitous in game AI! This can be attested to how conceptually intuitive they are. The ability to be easily programmed, read, and debugged enables a vast range of people to encounter a state machine sometime in their careers. 

This article provides an in depth view on how using the open source scripting language Lua can enhance the state machine experience for your entire team. By the end of this article, you should gain a general knowledge of Lua as a language and how applying it to state machines can yield flexibility (and usability!) that other languages cannot compare to. It will also give a brief engine structure to show you how all of the parts fit together, and how you can apply this system to your game. Finally, it will show some drawbacks to this system to allow you as a reader to decide whether this is or isn’t right for you. The code samples in the article are standard to Lua 5.1. 

A Look into Lua
Lua is an open source scripting language developed in Brazil by Roberto Ierusalimschy, Luiz Henrique de Figueiredo, and Waldemar Celes. It can be run independently as a standalone language or bound to a high level language such as (but not limited to) C or C++ to allow these languages to take any CPU intensive work off of Lua [Ierusalimschy06]. Similar to other scripting languages, Lua does not need to be compiled per change to the code.

A defining feature of Lua is tables. Tables are arrays of data that can be keyed by string or number (defaulted in Lua as a double) and can store data of any Lua type or combination of types. These types defined in Lua are numbers (floating point or otherwise), strings, Booleans, tables, and even functions [Ierusalimschy06]! In addition, tables allow for an object oriented design pattern, that Lua provides additional support for, using something called metatables [Ierusalimschy06]. 

Metatables are tables bound implicitly to every existing table, and allow us to overload operations that are undefined, such as behaviors for addition, subtraction, and indexing. This is similar to overloading operators in many object oriented languages and is very important for instancing objects. In order to instance an object (or table) we need to do the following: 

1. Define a New function in the object.

2. Create a table inside the new function

3. Set the created table’s metatable to the object’s metatable
4. Set the created table’s metatable index operator to itself.

5. Return the object.

Steps 1, 2, and 5 simply create a new object and return it. Steps 3 and 4 are undoubtedly trickier. Step 3 sets the metatable of the new instance (an empty table) equal to the object. This allows us to use our object’s overloads. This links directly to step 4, which overloads the index operator of the new instance to itself. What this is really doing is going into the object table and setting it to index into the object itself. This lets the instance access any member that the object contained. The following is a code example of these steps, where Table is the object we are instancing:

StateMachine = {


--Step 1

New = function(self) 



--Step 2



local object = {}



--other data setting, such as getting a



--unique ID from the engine can go after Step 

--2.


--Step 3


setmetatable(object,self)



--Step 4



self.__index = self




--Step 5




return object; 



end

}

So using this function we can call StateMachine.New(self) or StateMachine:New() which wraps the self parameter into the call automatically. As you can see, by using the colon operator, our self passed in is actually the StateMachine table itself. We are simply creating another table inside of this function, coupling it with the state machine and returning it. 

For more information on Lua, you can go to www.lua.org for the reference book online, or purchase the text Programming in Lua 2nd Edition by Roberto Ierusalimschy that goes over all aspects of the language. Now that we’ve gone over some of the grittier details, let’s get into the fun part: Applying Lua to a state machine!

The Lua Driven Machine
Engine Structure

Overview
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Let’s look at an overview of how all of the pieces will fit together. First, we need an engine back-end; typically, this is written in C or C++ and is partially exposed to Lua. Having the Game Engine in C++ (or any high level language) as stated above will allow the game to maintain a solid speed as Lua does not handle any of the CPU intensive work, but rather the data and game logic. We will then supply a State Machine Manager that handles the updating of all active state machines in the game. We then provide a state machine that handles messages and state updates, and finally a state itself that contains our behavioral information. Below is a diagram of this engine structure:

Game Engine

For the purposes of making the state machines, we need two systems from our engine architecture: A system of mapping Lua Tables to reference ID numbers and a system of delivering event messages from a broadcaster sending an event to a receiver listening to said event. In this article, we’ll represent this functionality by the following engine calls:

RegisterObject(table)

ListenForCue(uniqueID,eventName,functionName)

RegisterObject takes a table from Lua and stores a reference to it. We suggest using the LUA_REGISTRY. When registering a table with this registry, it generates a unique ID for us. Once we have this ID, we can then embed it into the table, and give it a name such as iLuaID for anyone to reference when using the registered table for any engine calls. 

ListenForCue is a call to our event system. This event system is based on the “Observer Pattern,” a common programming pattern found in a few languages, including C#. This pattern is an event system that calls a function when a particular event happens. The most important feature of our system is the ability to map any ID to an event that it is listening for. When an event is fired for an ID, the system will call the message handler function that was prescribed for that event. ListenForCue takes an ID, the name of the event the ID is listening for, and the message handler function to be called by the system. Since we are using the LUA_REGISTRY, we don’t need to store actual objects in the event system because we can simply retrieve a table by its reference ID from the registry itself. One thing to note is if all other references to this table are deleted in Lua and the table is not removed from the registry, the table will still exist, thus the event system will be able to call the table’s message handler. This means that if there are systems in the engine that require this table, the game will not crash if all references in Lua are cleared without being properly cleaned up in the engine.
State Machine Manager

As mentioned above, the State Machine Manager is implemented in Lua and handles the updating of all of the state machines inside of its queue. It handles state changes, adding machines, and removing machines at the top of each update. The purpose of this component is to wrap up all of the game’s active state machines together in a nice and neat fashion that is easily updatable. Whenever a state machine in an object is created, it is registered in the State Machine Manager to be updated as necessary.

State Machines

State machines are wrappers for states and are stored inside of objects. The state machine handles any received messages and delivers them to the appropriate active state if the state should support it. It also updates the current active state when the state machine manager tells it to and handles the adding and removal of states. As a note, these need to be instanced so multiple objects can use them using a New function described above.
State

A state is a table that contains the following: An OnEnter function that is called when the state machine transitions to the given state, an OnExit function that is called when the state machine transitions away from the given state, and an OnUpdate function that is called by the state machine per update. In addition, the state can store any local data to the state above or below these functions. Make sure you have a method to instance states to so you can use them in any state machine you wish. Our recommendation is an AddState function in the state machine that will instance a state when it wants to be added to an instanced machine. Here is a sample of a state in Lua code:

State1 = {

--Data local to State1 could go here
--Event Handlers to State1 could go here
OnEnter = function() -–[[do stuff]]–- end,

OnUpdate = function(fTime) -–[[do stuff]]–- end,

OnExit = function() –-[[do stuff]]–- end

}

Here we start to see some benefits of Lua in action. The above state shows a crisp definition of OnEnter, OnUpdate, and OnExit. In addition, it packs the data nicely treating every state as its own object. Furthermore, note how the state itself is a table. Rather than erring into the common pitfall of state duplication, we can simply set any state we want equal to State1 and it will reference State1 in a new state machine! So, if State1 was a commonly used state, it would be represented once in code in the entire game but instanced everywhere necessary. This also allows us to change a given state in any state machine simply by setting a state equal to the desired state.

Messaging System

Messaging is important in state machines to allow intercommunication with other game components and agents. The state machine registers for a message when RegisterMessage is called with an event name to listen for, as follows:

StateMachine = {

-- local data here

RegisterMessage = function(eventName)


--When event is received call “MSG_Handler”
ListenForCue(self.iLuaID,eventName,"MSG_Handler")
end,
--other functions here


}

MSG_Handler is called when the message is delivered prescribed by eventName above. This function simply appends the data to the end of tMessageQueue to be called on the next Update for the state machine. The #, or the length operator, returns an integer for the size of a table that follows it. This allows us to push back the event data, as seen in the following:

StateMachine = {

--local data here 

MSG_Handler = function(self,eventData)







self.tMessageQueue[#self.tMessageQueue+1] 
= eventData



End,
--Other functions here

}

For the sent messaging data, we can pass as much as we want by wrapping it inside of a Lua table (called eventData here). This allows a very clean and flexible passing of any amount of data from sender to receiver. 

Updating a State Machine

When the State Machine Manager updates, it iterates through all of the state machines and calls update on them (assuming an update function has been defined for a given machine). In the state machine update code, all unresolved messages are delivered if relevant, and then the update function for the active state is called. This is shown below:

StateMachine = {

--local data here

Update = function(tSeconds)

--Resolve Messages by calling respective functions

for k,v in pairs(self.tMessageQueue) do



self[self.tMessageQueue.eventName](tSeconds)

end


--Garbage Collect message queue



self.tMessageQueue = {}


--if Update exists


if(self[self.sCurrentState]:OnUpdate) then


--Update Active State



self[self.sCurrentState]:OnUpdate(tSeconds)


end

end

--other functions here

}

Design Considerations

As with any state machine design, we needed to maintain the following principles [Rabin02]: 

1. Easy to Read

2. Easy to Program

3. Easy to Debug

To achieve the first of these, ease of reading, we need to support clearly defined states. Our states are concise tables that store OnEnter, OnExit, OnUpdate, and any data relevant to those functions as prescribed by the programmer. 

The second of which, ease of programming, is achieved through the nature of Lua. Beyond understanding arrays, anyone can work in this structure. The state is where all of the designer tweaking occurs. The designer needs no understanding of the state machine, state machine manager components to work in this system. Furthermore, without needing to compile between code changes allows for fast balance testing and error checking. On the engineer side, only a message pump and the appropriate Lua bindings are necessary to get the system up and running. 

The third, the ability to easily debug, sounds like it would be a weakness of a scripting language versus a language such as C++. Admittedly, by itself Lua cannot match C++’s debugging potential as it has very few facilities in comparison to Microsoft’s IDE debugger, Visual Studio. However, there is an IDE debugger by Unknown Worlds Entertainment called Decoda. This debugger allows the user to step through code, access the call stack, syntax highlighting, and more [UnknownWorlds07]. This tool provides quite an advantage when caught up in the woes of scripting errors. You can find it online here: http://www.unknownworlds.com/decoda/.

Drawbacks?

Now you might be thinking, “Lua sounds great, but where does this fantasy end?” Well, one problem with Lua is speed. While Lua is a very fast scripting language, it is still a scripting language and interpretation is necessary. This interpretation takes time. However, this speed decrease is not substantial, and Lua has currently been used in many professionally developed games including: World of Warcraft (Blizzard Entertainment), Supreme Commander (Gas Powered Games), and FarCry (Crytek/Ubisoft) [Ierusalimschy07].  

Another problem alluded to earlier is the debugging mechanisms in Lua. While Decoda is a great improvement over the facilities Lua provides, there are still debugging issues. Namely, you can only go into Lua code; engine calls cannot be stepped through using Decoda. This is still not very significant as you can still use an IDE and debug each language section independently. All in all, we have found Lua to be a worthy investment of time.

Extensions to the Lua State Machine

This project can be extended in several ways: 

1. Load balancing can be added using the state machine manager since all of the state machines are updated in one loop.

2. Substate handling can be done using recursion of tables. By embedding a table in a state table, you can create a substate and use it for more complex behaviors.
3. Message handling can be made more robust to handle global message responses. Using a method similar to substates above, you can recurse to find the function to call, and if it is not found, check to see if the state machine handles it globally.

Conclusion

Lua is a very solid scripting language that we have found great success with over our past projects. Applying it to state machines allows for not only enhancements from programming aspects such as clean design and substantial code reuse, but also allows designers to easily understand how to make and alter states while providing an easy way to balance test. Despite some minor debugging issues, Decoda solves most of the woes of scripting debugging in a nice little package. In the end, Lua, and Lua based state machines, can provide the advantage for a development team to easily get everyone involved in the code, designers and programmers alike, to increase the overall efficiency of the team while increasing the quality of the product.  
References

[Ierusalimschy06] Ierusalimschy, Roberto. Programming in Lua 2nd Edition. Rio De Janeiro, 2006.

[Ierusalimschy07] Ierusalimschy, Roberto. “Lua: User Projects.” available online at http://www.lua.org/uses.html, November 26, 2007.
[Rabin02] Rabin, Steve. AI Game Programming Wisdom. Charles River Media Inc., 2002.

[UnknownWorlds07] Unknown Worlds Entertainment. “Decoda: A Powerful Lua IDE and Debugger.” available online at http://www.unknownworlds.com/decoda/, November 26, 2007.

