When developing games, we often run into questions such as: How can AI characters
get information from the world and how can they use that information to make
informed decisions?
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A real-world example: we have an AI character that needs to find a good location for
engaging an enemy. That location should come with certain qualities, such as:
1. Provide visibility of the enemy (otherwise firing a gun might have projectiles just
hit obstacles).
2. The new location should be close to where the AI is currently located (it doesn’t
want to move far away).
3. The new location should be close to covers in case the enemy fights back.
We need a system that can express these wishes in the form of “queries”.
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For our new query system, we need the following features:
1. It should be able to operate on any data type (e.g. not just 3D locations in the
world, but maybe also 2D locations; areas for finding spawn locations; entities
that represent a threat; etc.).
2. It must be fully customizable by the game – the game knows best what it can
feed into the system and what it wants to get out of it.
3. Debugging: it must be easy to see not only what is going on while the game is
running, but also after a game play session has ended.
4. Runtime parameters: some of the parameters that we would like to feed into the
system might only be known at runtime (e.g. the current location of an AI
character that starts a query).
5. Complex situations: one query might not be enough to solve a problem, and
maybe we need to try multiple ones.
6. Multiple queries should run (conceptually) in parallel, as multiple AI characters or
external systems may need to run queries at the same time.
7. Data-driven: queries should not only be authored by coders, but primarily by
technical designers.
8. Validation: we need some sort of “post-validation” to ensure all the data have
been valid throughout a full query run.
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Elements of a query:
1.
2.
3.
4.
5.

Generator: produce items
Items: the list of objects to reason about
Evaluators: process all items
Functions: feed parameters into generators and evaluators
Resulting items
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Items can be any kind of objects the game wants to reason about in a query, e.g.:
• Vec3 (for finding the best location to move to during combat)
• Area (for deciding which area to populate next with zombies)
• EntityID (for finding the most dangerous enemy to attack next)
The game can register any data type it wants the system to reason about.
Example from beginning: locations in the 3D world represented as Vec3.
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A Generator is responsible for producing items that the system needs to reason
about.
Instead of generating, it can also just gather already existing items from the world
(e.g. annotated areas that a level-designer has placed).
Example from beginning: produce 3D positions on the NavMesh within a certain
range.
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Evaluators can have 2 purposes:
(1) Tell how good or bad an item is by providing a score between [0.0 .. 1.0].
(2) Decide to discard the item completely if that item violates a certain condition
(e.g. if a raycast is supposed to succeed but doesn’t then reject the location it’s
testing for).
Example from the beginning about fitness: the closer the location to the AI
character’s current location, the better the score.
Example from the beginning about filtering: location must have a line-of-sight to the
enemy (otherwise discard that location).
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Instant Evaluators: one-shot, immediately tells how good the item is (or whether to
discard it); can be marked as either cheap or expensive.
Example from beginning: score the distance between 2 locations.
Deferred Evaluators: can run over time (multiple frames); implicitly counts as being
expensive.
Example from beginning: do an asynchronous raycast request (serviced by an
external system), and wait until we get a response from that external system.
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Functions have multiple purposes:
(1) Give access to the current item the system is iterating on in the main loop.
(2) Provide values of parameters for Generators, Evaluators and Functions
themselves (in a nested way).
(3) Give access to one of the global parameters (that have been passed in from the
outside of the query).
(4) Represent a literal value (e.g. for quick tweaking purposes).
(5) Do some conversion/computation (e.g. add 2 vectors, return the resulting vector;
or: given an entity as an item, return its position in the world).
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Here, we have functions that are being called in a graph…
… and a Generator and Evaluator that receive their parameter values from these
calls.
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An example for how an evaluator can get parameters passed in:
The Distance evaluator receives the values of all of its 3 parameters (pos1, pos2,
referenceDistance) via function calls – which in turn can have parameters, being
serviced by yet further function calls.
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The query system comprises all the elements registered by the game code.
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Abstract interfaces: used for implementing specific elements by game code.
Abstract factories: for allowing the system to instantiate those elements at runtime.
C++ templates live in between the core interfaces and the game code; they are
meant to make it more convenient for programmers to register game-specific
elements.
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A code example of how a custom Function can be implemented and registered in the
query system via a factory.
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The query editor allows technical designers to use functional building blocks for
authoring a query from all available elements that have been registered by the
system.
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The execution of a query basically consists of these steps:
1. Generate some items.
2. Evaluate all of them (while at the same time ensuring that nothing bad happens
to them).
3. Return the best ‘N’ items.
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A generator is responsible for producing the initial set of items.
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All cheap Instant Evaluators will run on the set of initial items. Some may filter items
out, thus ending up with a reduced intermediate set of items.
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We then sort this intermediate set by the scores individual items have so far.
The most promising items (highest scores) will then appear at the beginning, the
least promising ones (lowest scores) at the end of the list.
This is so that in the next step we only need to consider up to as many items as
desired, until we are confident that none of the remaining items can get better than
what we have fully evaluated already.
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This is the expensive phase.
First, the expensive Instant Evaluators are run on a single item.
If the item survives, then all Deferred Evaluators will be scheduled. They will run over
multiple frames.
This is repeated for as many items as we want in the final result set and until none of
the remaining items can improve the result set anymore.
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Each evaluator must return a score ranging from [0.0 .. 1.0] telling how good the
item is...
... then runs through an optional transformation (e.g. to say that we prefer points in
the mid-range rather than in the close- and far-range)...
... and finally gets multiplied by a weight to put more emphasis on specific
evaluators.
The final score is then: finalScore = transform1(score1) * weight1 +
transform2(score2) * weight2 + ... transformN(scoreN) * weightN
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Errors can be handled in any element (e.g. to detect a division-by-zero in a Function).
The error will then have different effects depending on where it occurred:
(1) Generator => whole query quits with an exception and the caller needs to deal
with it
(2) Evaluator => only that particular item will be discarded from further evaluation
and will get marked as having encountered an exception
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Item Monitors allow for detecting when something bad happens to the items that
the query is reasoning about.
They can get installed by the Generator and will run in “parallel” (conceptually)
alongside the query.
If an Item Monitor fails, then the whole query will fail.
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Works on a global time budget.
Starts and runs all queries, and notifies the caller (e.g. game code) of finished
queries.
Time-slices queries and interrupts them whenever a query runs out of its granted
time and resumes them on the next update cycle.
Unused time of a single query will get distributed to all the remaining ones.

24

Hierarchical queries are similar to a Behavior Tree with composite nodes (queries)
running their children in a nested way.
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Regular queries can be compared to the “Action” nodes in a Behavior Tree. They do
the actual work of generating items, evaluating them and then coming up with a
result set.
The example from the beginning pretty much describes what a Regular query does:
First, it generated potential locations on the NavMesh, then determined what the
best location is by running evaluators on each of them and then returned the result.
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Fallback queries can be compared to the “Selector” nodes in a Behavior Tree.
They run one child after another. When one comes up with at least 1 item in its
result set, this will be the overall result of the query and no further child queries will
get executed.
Fallback queries can be used to relax some constraints in further child queries that
would otherwise not be able to find items.
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Chained queries can be compared to the “Sequence” node in a Behavior Tree.
They will run one child after another, not matter what the outcome of each child is.
Chained queries can be used, e.g., to do some expensive computation in the first
child, and then re-use the outcome in all remaining child queries.
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In our example from the beginning, we might be interested to find out where
locations in the world have been generated and which of them was considered the
best one.
Also, we might be interested to know why certain locations have been discarded (or
even encountered an error).
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Upon registration of Item types, it’s not only possible to specify their data type, but
also what such objects should look like when being rendered for debugging
purposes.
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Here, we visualize points with directions as opposed to just points (for which spheres
might be the representation of choice).
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A scene from a system that figures out potential spawn locations for enemies
dynamically.
Given the player’s position, several qualities are being considered:
(1) Spawn locations must have a minimum distance.
(2) Player must not have a Line-of-Sight to them.
(3) Prefer spawn locations furthest away from the player.
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Same scene from a different angle:
At the top, we see the location of the player.
At the bottom, we have potential spawn locations of enemies, with color gradients
indicating how good these locations are:
Green = good, red = bad, purple = these items couldn’t improve anymore and got
discarded prematurely before remaining evaluators had to run on them.
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Same scene from a different angle.
The purple locations indicate that they couldn’t improve anymore after the limit of
50 locations had been reached.
This means that not all of the remaining evaluators had to run on them – in
particular doing raycasts for visibility checks was no longer needed as these items
were already too bad.
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Whenever a query starts running, it will also start recording a history with all
relevant data and debug render primitives.
Histories can be saved to an XML file at any point in time.
This makes debugging on a server quite feasible – data can be recorded while the
game is running and inspected at a later time on a different machine.
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The History Inspector is an offline tool that can read the recorded history and
reconstruct all the debug rendering on a per-item basis.
It allows the user to get detailed information about individual items (e.g. how good
an item scored, why it was discarded, what errors occurred, etc.)
This is also great for QA, since they can play the game, record all queries and later on
hand the history to a programmer for tweaking and fixing individual queries.
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History Inspector showing a list of past queries on the left side...
... and detailed information of a particular query on the right side.
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Sandbox editing mode:
Having loaded the history and pointing the camera at a specific item in the
reconstructed debug rendering world will then reveal in-depth details about the
outcome of that particular item.
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To wrap it up: we’ve learnt about the processing pipeline of a query, in particular
about the 4 important elements: Items, Generator, Evaluators and Functions.
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Considering the initial features that the query system was supposed to implement:
(1) The system can be fully customized by the game for all 4 element types.
(2) Complex problems can be solved by hierarchical queries.
(3) The centralized Query Manager runs multiple queries at the same time and
balances the available time among them.
(4) The query system is generic enough to be usable by different systems as well
rather than only by AI characters.
(5) With its extensive debugging support, queries can be run and recorded on, e.g.,
dedicated servers and then debugged on a different machine at a later time.
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