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ABSTRACT

We present Bursted Behavior Trees (BBT) for Unity,
which makes use of Unity’s Job system, Burst com-
piler, and is complemented with a node-based visual ed-
itor. BBT is currently the only behavior tree solution
for Unity capable of execution on Unity worker threads
while being Burst compiler compatible and featuring a
node-based visual editor. A user can easily create not
only custom leaf nodes (sensors and actions) but also
inner nodes (composites and decorators) implementing
custom behavior selection strategies. We discuss tech-
nical challenges implementing such a solution and com-
pare its core features and performance with two popular
behavior tree Unity assets. We show that BBT allows
for the execution of more trees per frame while being
more extendable than its selected competitors.

INTRODUCTION

Games are prevalent not only to human species (Bekoff
and Byers 1998) and there is no wonder that they found
their way to computers as soon as they could (Rus-
sell et al. 1962) followed by other digital devices con-
sequently (Hurley and Wald 2020). As computers grew
stronger, more complex games were produced some pro-
viding players with large open-worlds to roam in. To
make these worlds alive, creators populates them with
human-like characters, referred to in the literature as
non-player characters (NPCs), intelligent virtual agents
(IVAs) (De et al. 2001) or animats (Wilson 1991). There
are many ways how to encode behaviors of these charac-
ters, for which symbolic techniques are prevalent many
of which are falling under the umbrella of dynamic or re-
active planning. Reactive planning has roots in robotics
in the eighties (Georgeff and Lansky 1987) where it
was pit against classical planning. Classical planning

was under-performing at that time as computational
resources of computers were modest compared to con-
temporary machines. One of the advantages of reac-
tive planning wrt. classical was its fast execution. In-
stead of computing a whole plan how to achieve sought
goal, a reactive plan looks for ”the next action to ex-
ecute”, which is done in ”timely fashion” (Bryson and
Stein 2000). This property appeals also to game de-
velopers as games are soft real-time systems (Buttazzo
et al. 2005) and NPC behaviors must execute fast even
today (AI has about 10perc. CPU budget in games; for
illustration, simulating 10 NPCs 10x per second means
each NPC has at max 1ms to output its action, which
may even require path-finding and spatial awareness).
Out of the various approaches, e.g., scripting, ad-hoc
goal-oriented architectures, different variations of finite
state machines, etc., behavior trees (BT) (Isla 2005) are
frequently used today. They are part of various main-
stream game engines such as Unity, Unreal Engine 4
(UE4), Godot, and others; they are either built-in (UE4)
or available as plugins (Godot) or downloadable assets
(Unity).

Contribution

In this paper, we present Bursted Behavior Trees
(BBTs). BBT is a behavior tree solution tailored specif-
ically for the Unity engine. It features time-efficient im-
plementation utilizing Unity’s worker threads and Burst
compiler (Unity Technologies 2021a) while still being
easy to work with. It allows for simple behavior tree
creations via the visual editor and allows for creating
custom behavior tree nodes via clutter-free C# node im-
plementation. The (time) performance is compared to
the most popular paid and free behavior tree solution
assets obtainable through Unity Asset Store, Behavior
Designer (Opsive 2014), and Panda Behaviour Free (Be-
gue 2016).

Our contribution is three-fold. First, our solution is the
only solution that executes on the Unity job threads,
thus allowing to run N-times more behavior trees than



popular solutions as it scales with the number of pro-
cessor cores available. Second, our solution supports the
simple creation of custom behavior tree nodes allowing
developers to customize the BT solution easily; a fea-
ture popular BT assets are lacking. Third, our techni-
cal solution is uncommon among BT implementations
as we are using code generators for transpiling behavior
tree definition into C# code. It allows us both to mask
the complexity of running behavior trees on Unity job
threads and to speed up their execution (both behavior
tree initialization and execution) at the same time.

Structure

The rest of the paper is organized as follows. First, we
review the definition of behavior trees (BT) and present
related work listing requirements on modern BT solu-
tions. Second, we discuss the Unity technical back-
ground required for the description and evaluation of
our solution. Third, given the technical consideration
of the previous section, we describe challenges we had
to overcome during the implementation of our solution.
Fourth, we compare our solution with selected competi-
tors and present and discuss the results of performance
tests. Finally, we conclude the paper by summarizing
the key strengths of BBT.

RELATED WORKS

Behavior trees emerged from the video game industry
during the talk on artificial intelligence in Halo 2 in 2005
(Isla 2005). They were then popularized in 2007 (Cham-
pandard 2007) and went the mainstream in the indus-
try since. In 2012, the Behavior Tree Starter Kit for
C++ was published (Champandard and Dunstan 2012),
whose implementation was revisited in 2019 (Champan-
dard and Dunstan 2019).
Behavior trees (BTs) as a term refer more to a general
idea than a standardized computational model Here we
understand BT as a directed tree consisting of inner
nodes and leaves. Leaves are either boolean sensors
used for context checks or durative actions to be exe-
cuted by an agent within the environment. Inner nodes
arbitrate the execution of their children, which are ei-
ther decorators (single child only) or composites (one or
more children). During execution (tick), BT is traversed
from the root. Each node either selects a child for ex-
ecution or returns its execution result (success, failure,
or running). This continues until the execution result
of the root is determined. For efficiency, behavior tree
execution can skip evaluation of certain nodes if their
state has not changed since the last tick; such behavior
trees are called event-driven behavior trees (Champan-
dard and Dunstan 2019).
BTs are used predominantly by the video game industry
for modeling NPC behaviors (Sekhavat 2017), but they
found their way to other fields as well. BTs are used

in many robotic projects today (Ghzouli et al. 2020)
as, e.g., a replacement for state charts and activity di-
agrams, or as tools for modeling behaviors of soldiers
(Francillette et al. 2020), bicycle riders (Ding et al. 2020)
or seniors for the purpose of smart home simulations
(Bouchard et al. 2018).
Another advantage of behavior trees is their openness
and adaptability. There are quite a few behavior tree ex-
tension proposals including new types of nodes improv-
ing cooperation between agents (Agis et al. 2020), real-
izing contextual late-binding of sub-trees (Flórez-Puga
et al. 2009) or prioritizing behaviors according to an
emotional state of an NPC (Johansson and Dell’Acqua
2012) and others.
However, papers detailing concrete implementations,
apart from (Champandard and Dunstan 2019), are
rather scarce. Zielinski provides insights into the im-
plementation of bots for the Paragon game (Zieliński
2019) mentioning new node types and extreme param-
eterization. In the ORION framework, (Buche et al.
2018) authors are detailing the implementation of the
system for creating BTs for NPCs based on imitation of
human players (Buche et al. 2018). In AIPaint (Becroft
et al. 2011), authors describe an authoring tool for BTs
designed for non-programmers, though from the high-
level perspective only.

Solution requirements

According to the landscape of both existing BT solu-
tions in modern game engines and research articles, we
identify two categories of requirements on a BT solution:
usability and performance. Usability features are exten-
sibility (allows to create custom BT nodes, i.e., sensors,
actions, and inner nodes), BT nodes parameterization,
and visual editor for their design. Performance features
required are fast instance initialization, fast and zero-
garbage execution, scalability with CPU cores.

TECHNICAL BACKGROUND

The main performance limitation of solutions developed
for Unity stems from its design. Initially, Unity was im-
plemented as a thread-per-subsystem engine (Gregory
2018). Rendering, physics, audio have their threads but
all the game code is executed on the single (so-called
main) thread. It is possible to spawn custom threads but
most Unity systems are not thread-safe. This requires
a user to use Unity APIs from the main thread only,
which is shared with critical Unity engine code. Time-
demanding game code can limit the game frame rate.
Unity Software Inc. (developer of Unity) is well aware
of this problem. As a response, they introduced Data-
Oriented Technology Stack (DOTS) in 2018, which is
being incrementally developed since.
Data-Oriented Technology Stack (DOTS) is a set of
tools for writing high-performance, multi-threaded, race



condition-free, data-oriented code in Unity. (Unity
Technologies 2021b) This allows for utilization of ad-
ditional CPU cores. However, developing games with
DOTS is more technical than writing single-(main-
)threaded code, and existing (both native and 3rd party)
features and assets are ported to DOTS slowly.
We now summarize technical challenges connected with
developing for DOTS focusing on limitations of develop-
ing for Unity job system and Burst compiler we utilize
in BBT.

Unity Job system and jobs

Unity Job system manages (so-called) worker threads,
which can be used through its API only. A new job is
created by declaring a new structure implementing one
of the provided job interfaces. To schedule a job for ex-
ecution, a new instance has to be created, its member
fields initialized, and its Schedule method called provid-
ing job dependencies. The Job system then creates a
copy of the job and adds it to a job scheduler for execu-
tion when appropriate. Since the execution is done on
a copy, all persistent data has to be stored on a native
heap via Unity-provided native collections. A job can
contain either managed code or unmanaged code. The
latter has a key advantage that the job can be com-
piled by Burst compiler into a native code for targeted
hardware for achieving higher performance (Unity Tech-
nologies 2021c).

Burst compiler

Burst compiler is Unity’s custom compiler that trans-
lates IL/.NET bytecode to native code using LLVM
performing various optimization in the process (e.g.
method inlining, SSE instructions, and others). How-
ever, code produced by the Burst compiler uses only
the memory stored in the native (non-garbage collected)
heap or stack and works only over the subset of the C#
language. Implied limitations wrt. this paper are: 1.
Burst does not support any methods related to managed
objects, which prevents the use of non-static classes in-
cluding managed arrays and collections (all data and
the code are organized around structures); 2. C# does
not support inheritance of structures; 3. interfaces can
be used as long as they do not require boxing (C# 8.0
comes with Interfaces with default implementation, but
it should not be used with structures, because it causes
hidden boxing). 4. delegates can be used with Burst
indirectly only via the use of a custom FunctionPointer
structure.
All these points prevent the implementation of many
design patterns used in object-oriented programming
(Johnson and Vlissides 1995) as these rely on inheri-
tance and a virtual function calls. For instance, a BT
node class from the Behavior Tree Starter Kit (Cham-
pandard and Dunstan 2019) is declaring virtual method

that implements the node’s execution. This method is
then overridden in subclasses to provide custom behav-
ior selection strategies. An approach we cannot use be-
cause of Burst.

Native collections and allocations

Unity provides so-called Native variants to many regular
C# collections. The main difference is that Native col-
lections are allocated on an unmanaged heap and can
hold only unmanaged data. Unfortunately, Unity Na-
tive collections are not unmanaged, as the result, e.g. a
Native array of Native arrays cannot be declared. More-
over, Native collections can be allocated only on the
main thread, before the job execution, and there can be
no other dynamic allocation during job execution.

Fortunately, since the collections operate with unman-
aged memory, we can safely store pointers to them. A
feature our solution relies heavily on to make up for lim-
itations imposed by Burst.

Function pointers

To make up for the missing support of delegates in
Burst, Unity provides a FunctionPointer structure (FP)
as a realization of function pointers. They can be used
to make up for missing virtual calls in Burst-compiled
code though there are a few limitations. 1) They can
hold a pointer onto static methods only, 2) an FP must
always be compiled from a managed code, 3) a function
wrapped with an FP cannot return a value, 4) Burst ver-
sion we use (1.5.3) does not support FPs parametrized
by a generic delegate, but version 1.6.0 preview 2 brings
support for this type of delegates. As a result data and
functions operating over them must be declared sepa-
rately in the spirit of the old C approach.

Instability

Burst compiler is still in development. We have encoun-
tered problems with compiling FunctionPointers from
generic static methods or compiling FPs from static
methods of generic structs inside a generic method.

IMPLEMENTATION

We now detail several design decisions we have to make
in order to reach our solution requirements. 1) How to
represent node types with limitation to structures with-
out inheritance with the respect to extensibility. 2) How
to allocate and initialize tree data that have to be stored
in the native heap. 3) How to allow for parameteriza-
tion of nodes. 4) How to allow for user-writable generic
blackboard for storing intermediate values during BT
execution.



Memory allocation

Problem. Tree nodes may contain their inner state
that has to be persisted between ticks, different node
types require storage of different states. Jobs are exe-
cuted on a copy of a job structure, we need to limit the
amount of data that is necessary to copy.
Solution. We rely on the fact the behavior tree is con-
structed during design time and thus we know the exact
structure of the tree. As the result, each BT node may
preallocate a space required to store its internal state.
All such states can be then kept in a single NativeAr-
ray<byte> we call UniversalNativeArray (UNA). UNA
allocates the memory in one call and, since the memory
is allocated on an unmanaged heap, the position of the
memory is preserved until deallocation. Each node can
therefore receive a pointer to a memory where its data
is stored.

Node representation

Problem. Since behavior tree nodes may be of different
types with different logic, tree execution code cannot re-
alize nodes’ logic directly. Inheritance (and thus virtual
functions) cannot be used with structures in C# and we
cannot use interfaces as it leads to boxing.
Solution. We designed a NodeHandle, which binds to-
gether data with a function that operates upon them.
NodeHandles can be assembled according to the needs
of the respective trees during runtime. As we already
have nodes data stored in UNA we can declare static
methods that operate over those data and therefore we
can use FunctionPointer to make up for missing virtual
calls. NodeHandle then combines a pointer onto node’s
data and node type specific FunctionPointer that is to
be invoked upon them BT tick.

Code generators

Problem. BT solution needs to be extensible; a user
must be able to define custom sensors, effectors, and
inner nodes with custom behavior selection logic. How-
ever, a custom node implementation requires code du-
plication as inheritance cannot be used.
Solution. We implemented a code generator that,
given the node description in the form of C# class, gen-
erates both structures required for node execution as
well as classes required for visual editor realization.
We use the Text Template Transformation Toolkit
(shortly T4). T4 is a toolkit for text generation, that
is using text templates. Text templates are composed
of text blocks and control logic.(Partlow et al. 2016) We
created a few code generators: a NodeGenerator, an Ed-
itorGenerator, and a TreeGenerator. Fig. 1 shows how
the user input in the form of a NodeDeclaration, a C#
class (partial example in the Listing 1.), is transformed
down to a TreeJob.

NodeGenerator is used to generate node structures
(BBT Nodes), which declare node execution methods.
Everything the user has to do is to write an implemen-
tation of the behavior selection logic along with the re-
quired node state.

EditorGenerator takes the same input as NodeGenera-
tor and produces a representation of the node for the
visual editor.

Given the tree assembled visually via the TreeEditor,
TreeGenerator generates a code that is initializing BT
as a struct using BBT Nodes of nodes used within the
tree. Apart from node execution, this code also allocates
the memory for the tree, initializes nodes, sets up a tree
blackboard (BB), and initializes the input parameters
of nodes as per design by the user.

Figure 1: The architecture of trees and nodes.

Context and blackboard

Problem. BT sensors are frequently accessing game-
specific values to control the execution of behavior trees.
Moreover, it is advantageous to be able to declare,
read and write variables that are private for every tree
instance executed (similarly to private object fields).
However, only unmanaged data apriori bound to a Unity
job can be queried from within the job.

Solution. A user specifies a BT context upfront and
is given a hook within the code to pass data from the
main thread to UNA of the tree, which can be accessed
by BT nodes from within the job. A similar approach
is used for blackboard that can allocate enough memory
in UNA to store its content during tree instance initial-
ization.



Table 1: Usability features overview.

BBT PB BD
Custom node any leaves leaves
Visual editor yes no yes
Node params yes no yes
Input params any constant constant, BB value

Input parameters and Sensors

Problem. BT nodes may require input parameters,
which are frequently specified via the visual editor and
can have a form of C# function calls. However, the
exact locations of these functions must be known during
compile time.
Solution. A user is allowed to define custom static
methods, which the visual editor will automatically pro-
vide code completion for. Our solution then automat-
ically compiles FunctionPointers to all such functions
used. The inability of FunctionPointers to return values
is circumvented by passing a pointer to return value re-
served within UNA, which the sensory function is ought
to fill instead of returning the value. Additionally, we
allow these sensory methods to interact with BT context
and BT blackboard.

COMPARISON - USABILITY

In this chapter, we discuss the usability features of our
solution, Panda Behaviour (PD) and Behavior Designer
(BD) wrt. to categories identified in the RELATED
WORKS section.

Custom BT Nodes

Panda Behavior supports the definition of custom sen-
sors and actions only called ”tasks” by PD. Users are not
allowed to create custom composites and decorators.
Behavior Designer supports the definition of custom sen-
sors and actions called Conditional tasks resp. Action
tasks by PD. Users are not allowed to create custom
composites and decorators.
Our solution supports the definition of custom nodes
of any category (composites, decorators, sensors, and
actions).
To create a new node, a user defines a new structure
type and uses provided C# attributes to describe node
category and input parameters. Composites can option-
ally specify the fixed amount of children nodes. Node-
Generator then generates a partial structure with the
same name, which has solved complicated initialization,
data mapping, and properties for easier access of Node-
Handle’s data, and resolving input parameters. A user
provides only the body of event methods without knowl-
edge of internal functionality. An example of such a
custom node is given in the List. 1 that is describing

”if-then-else” node (for illustratory purposes).

[ BBT Node(” Composite ” ) ]
[ Act ive ]
pub l i c s t r u c t I f E l s e
{

[ InputParameter ]
pub l i c bool Pred i cate ;

pub l i c Child I f C h i l d ;
pub l i c Child ElseChi ld ;

}
Listing 1: Custom node example

Node parameterization

Panda Behaviour allows only for constant values as ar-
guments to nodes, i.e., not supporting parameterization
at all.
Behavior Designer allows for constant values and black-
board item references to be passed as arguments to
nodes. The use of blackboard items allows for parame-
terization. However, it does not allow the use of custom
functions for computing the arguments on the fly.
Our solution allows parameterizing nodes using even
custom C# function calls. Moreover, custom functions
may require their own parameters, which can be recur-
sively specified.

Visual editor

Panda Behaviour trees are defined as the text files with
structure defined by the text indentation. These files
are parsed in the run-time during the tree initialization.
Behavior Designer has an integrated visual editor and
the trees are stored in asset files and parsed in run-time.
Our solution contains the integrated visual editor, which
generates C# code implementing the tree directly. As
the result, we do not have to read files or use reflection
to initialize a tree in run-time. This approach is much
faster because we only allocate the data and connect the
children with parents. FunctionPointers required by the
tree are compiled only once per node type.

COMPARISON - PERFORMANCE

To compare the performance of our solution with se-
lected Unity assets, we designed tests to measure BT
time and memory efficiency. We measured: build times,
dynamic memory footprints, execution time (for both
small and large trees).
We constructed a few trees of different sizes for all three
compared solutions respectively. Trees were built out
of the following nodes: Sequence, Repeat, Succeed, and
SucceedNext. A Sequence node is a composite node that
executes its children in sequence. Repeat node is a dec-
orator node that keeps executing its child regardless of



its result. Succeed node is an action node that always
returns the success result upon execution. SucceedNext
node returns the running result during the first execu-
tion and the success result on consecutive executions.

Large and Small (Succeed) Trees

For execution time and memory footprint tests, we have
created full quaternary trees with Sequence nodes as in-
ner nodes and Succeed nodes as leaves . To measure
multiple ticks we have placed this tree as a child of the
Repeat node. The performance was measured on two
trees of two sizes: 342 nodes for a small tree and 5462
nodes for a large tree. Those trees are having the prop-
erty that they are fully traversed in a depth-first manner
during BT tick simulating the high workload of the tree.

Binary (SucceedNext) Tree

For performance stability tests, we have constructed
similar trees but of different proportions. Each Sequence
node had only two children and we used SucceedNext
nodes as leaves. The size of the tree was 2048 nodes.
These trees mimic more realistic BT executions as their
evaluation finishes as soon as the running result of the
hit SuceedNext node is propagated back to the root.
The SucceedNext node is meant to simulate the execu-
tion of a short durative action as it returns a running
result during its first tick and succeeds in the second.

Testing Environment

We have performed all tests on a laptop with the Intel
Core i7-9750H (6 cores, 12 threads) processor and 16 GB
RAM. Unity has reserved 11 worker threads. Unity ver-
sion 2021.1.0f1, Burst version 1.5.1, Entity Component
System version 0.17.0, Panda Behaviour version 1.4.3,
Behavior Designer version 1.6.7, Windows 10 - version
20H2, OS build 19042.870 were used. Burst compiler
was enabled to perform synchronous compilation.

Build Time Test
Aim. In this test, we measure the time that is required
to initialize trees. High initialization times may cre-
ate CPU spikes negatively affecting certain simulation
frames causing, e.g., a drop in the framerate and thus
tearing in visualization. Our solution does not use any
reflection or tree parsing during tree initialization, there-
fore we expect significant performance improvement in
contrast with PB and BD.
Procedure. We use large trees with 5462 nodes in
batches of several sizes from 10 up to 5000 instances.
The Y-axis represents the total running time.
Results. The Panda Behaviour builds trees in the first
tick. Behavior Designer has two options. It can ei-
ther build trees in their first tick or build them asyn-
chronously in a separate thread. However, we can’t

Figure 2: Build time with large trees.

check if a tree is still loading. Because of this reason, we
measure the building time of the trees, together with the
first tick and we subtract the average tick time. Since
our solution builds the tree in the code, it is substan-
tially less power consuming as can be seen in Fig. 2.

Memory Footprint Test

Aim. This test aimed to compare the amount of mem-
ory that is allocated for trees.

Procedure. We use large trees with 5462 nodes in
batches of several sizes from 10 up to 5000 instances.
The Y-axis represents the amount of used dynamic
memory in MB. The measurement was taken after the
tree building and after the forced garbage collection. For
our solution, we have summed up the amount of man-
aged and unmanaged memory.

Results. Looking at Fig. 3, our solution requires much
less memory.

Figure 3: Allocated memory measured for trees.



Execution Time Test

Aim. This test aimed to compare the time that is re-
quired to execute trees.

Procedure. We use large trees with 5462 nodes and
small trees with 342 in batches of several sizes from 10
up to 5000 instances. The Y-axis represents the total
time that is required to tick all trees from the batch. In
our solution, we measure separately the time required to
schedule jobs on the main thread and the time that is re-
quired to process all trees in parallel on worker threads.
For scheduling, we tested two strategies. The batched
schedule prepared all jobs and schedules them on worker
threads in one call while the ordinal schedule prepares a
job and schedule it on a worker thread right after which
is repeated for all trees in a given batch.

Results. Looking at Fig. 4, the Behavior Designer has
serious performance problems even with lower tens of
trees. Users can optionally limit the number of ticked
nodes per frame, nevertheless, it can be hard to balance
when different trees are ticked per frame. The Behavior
Designer has event-driven execution, which can bring
unwanted overhead. That is because in this case dur-
ing each tick we have to go through all of the nodes.
The Panda Behaviour is approximately 5x faster. Our
solution is even 5x faster than Panda Behaviour. If we
look at the scheduled time, we can see, that schedul-
ing an even higher number of trees takes a negligible
amount of computation power, in comparison to the
single-threaded solutions.

Figure 4: Tick performance on big trees.

When we look at the test with small trees (Fig. 5),
we can see, that the scheduling time is getting closer to
the actual execution. The difference between the Panda
Behaviour and our solution is smaller for the low number
of trees, but we can still get a much lower workload for
the main thread. If we look at scheduling strategies, we
see that batched scheduling is faster if the workload is
higher but more unstable with a lower workload.

Figure 5: Tick performance on small trees.

CONCLUSION

In this paper, we presented Bursted Behavior Trees
(BBTs) for Unity. It’s the only BT solution that makes
use of the Unity Job system and Burst compiler while
being extendable, featuring a visual editor, and allowing
for node parameterization. We compared BBT with two
popular BT Unity assets: Panda Behaviour Free and
Behavior Designer. We showed our solution has lower
BT initialization times, scales with CPU cores, is overall
faster in certain scenarios while being more extendable
than competitors.

FUTURE WORKS

Scheduling brings significant overhead; it might be use-
ful to tick more trees in one job. Blackboard and
node input parameters support custom unmanaged data
types, but the user can not use native collections, be-
cause the TreeGenerator does not allocate them.
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