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1 Open-Source Commitment

Our entire codebase is publicly avail-
able under an MIT license, and in-
cludes: our UE plugins; our Python
client; a sample UE project; our
collection of 36 example applica-
tions demonstrating the capabilities
of SPEAR; a collection of scripts we
use internally to assist with UE de-
velopment; and the apartment scene
shown throughout the paper. The
apartment scene is released under a
Creative Commons license. All exam-
ple applications shown in this paper
and supplementary material are avail-
able on our public code repository.

2 Example Applications

We demonstrate several additional ex-
ample applications in Figures 1, 2, 3,
4, and 5. We include videos in our sup-
plementary ZIP file. Unless otherwise
noted, we recorded all of our videos on
a Windows 11 laptop with an NVIDIA
GeForce RTX 4090 laptop GPU, a 2.3
GHz Intel Ultra 9 processor with 16
physical cores, and 32 GB of memory.
We recorded our agentic scene editing

Fig. 1: In this application, we control UE’s
default offroad vehicle using SPEAR.

Fig.2: In this application, we import
meshes from the Stanford 3D Scan-
ning Repository [13] into UE, and we
spawn them dynamically at runtime using
SPEAR.
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Fig. 3: In this application, we import a human character animation from the Humoto
dataset [7] into UE, and we spawn it dynamically at runtime using SPEAR.

and CITYGENERATOR videos on a macOS Sequoia laptop with an Apple M3
Max integrated GPU and CPU with 40 physical cores and 128 GB of memory.

In Tables 1 and 2, we summarize the unique functionality in each of our
example applications that would not be possible to implement in any existing
UE-based simulator. We consider our implementations of find_actor_by_class
and find_actors_by_class to be unique because they respect the UE type
hierarchy; inject_input_for_actor because it supports injecting continuous
vector-valued input actions, and it supports routing input actions to specific ac-
tors; load_class and spawn_actor because they support loading and spawning
Blueprint types; and read_pixels because the SPEAR camera sensor supports
image modalities that aren’t available in any existing UE-based simulator (e.g.,
a non-diffuse intrinsic image decomposition, physically-based shading parameter
images, and material ID images).

3 The SPEAR Camera Sensor

Implementing our Camera Sensor as an Unreal Component Perhaps
surprisingly, our default camera sensor is not a fundamental primitive in our
system. Instead, it is implemented as a lightweight UE component [2] that de-
rives from UE’s default render-to-texture component, and defines an SPFUNC-
TION named read_pixels for returning rendered image data from the GPU. We
demonstrate some additional ground truth image modalities provided by our
camera sensor in Fig. 6.

Implementing our camera sensor as a lightweight UE component has three
distinct advantages over existing UE-based simulators (e.g., [5, 8-10, 12, 14]).
First, our cameras can be created, manipulated, and destroyed using the same
code path as any other UE object, and therefore the rest of our system ar-
chitecture can remain completely decoupled from our camera implementation
(e.g., we do not need to implement any hand-crafted server entry points specif-
ically for cameras). Second, multiple cameras can be attached to multiple UE
objects in any spatial configuration, either dynamically at runtime using the
general-purpose functionality we expose through our programming model, or of-
fline using any of the Unreal Editor’s existing visual editing tools and scripting
functionality. In our implementation, we include several pre-configured camera
rigs for convenience (including several multi-view rigs), but it is straightforward
to create new ones or customize our existing ones using any of the aforementioned
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Fig. 4: In this application, we render images using UE’s real-time deferred rasterizer
(left) and offline reference path tracer (right).

methods. Third, over 600 camera parameters and rendering settings are already
exposed as reflection-visible variables in UE’s render-to-texture component, are
inherited implicitly by our camera sensor component, and can be configured
through our programming model as though they were native Python attributes,
again without requiring any hand-crafted code in the rest of our system.
Rendering Fine-Grained IDs In standalone applications, UE only supports
rendering 8-bit integer IDs by default [4], which is insufficient for representing
fine-grained IDs in complex environments. To address this limitation, we im-
plement a custom proxy geometry system that supports rendering fine-grained
24-bit integer IDs.

Roughly speaking, our system works by duplicating every mesh in a scene
dynamically at runtime, and assigning a custom emissive material whose color
encodes a unique ID to each duplicated mesh. We refer to these duplicated
meshes as prory meshes. We route each proxy mesh through a custom ID ren-
dering pass that disables UE’s many lighting and post-processing effects, and
we take care to ensure the final rendered pixels exactly match the previously
assigned emissive materials. We also take care to disable our proxy meshes in
all other rendering passes. We assign a unique ID to every component-material
pair, and therefore our rendered IDs can used for instance segmentation tasks
(e.g., by grouping all IDs that refer to the same UE object), as well as material
segmentation tasks (e.g., by grouping all IDs that refer to the same material).
We assign each proxy mesh to be a child of its non-proxy counterpart, which
guarantees that the poses of corresponding proxy and non-proxy meshes remain
synchronized, even during complex skeletal animations. Additionally, we assign
each proxy mesh to be owned by a single manager object, which simplifies the
task of routing the proxy meshes to our custom ID rendering pass and disabling
them in our other passes.

Creating and rendering proxy meshes is relatively lightweight, since each set
of mesh vertices only needs to be stored on the GPU once and can be referenced
by both a proxy and its non-proxy counterpart. However, since there is no global
callback mechanism in UE for tracking spawned or destroyed objects, our system
must instead keep track of scene geometry by iterating over every object every
frame. Our system is disabled by default, and a user only needs to enable it if
they want to render fine-grained ID images. For the scene in Figure 6, enabling
our system increases overall frame time by 1-2 milliseconds per frame.



4 M. Roberts et al.

We implement our proxy geome-
try system as a spawnable UE object
with a public interface of reflection-
visible functions. Therefore, our sys-
tem can be controlled using the same
code path as any other UE object, and
the rest of our system architecture can
remain completely decoupled from it.
Rendering a Non-Diffuse Intrin-
sic Image Decomposition We pro-
vide a non-diffuse intrinsic image de-
composition similar to the one found

Fig.5: In this application, we program-
matically manipulate the CITYGENERATOR
sample map from Epic Games, which was

0 the H . o . newly released in UE 5.8. We control the
in the Hypersim dataset [11] (see Fig- shape of the main procedural content gen-

ure 2 in the main paper) by leveraging ¢ ation (PCQ) entity in the scene to spell
two custom rendering passes. In our SPEAR. We include this application to
first custom pass, we globally replace demonstrates SPEAR’s compatibility with
every material with a perfectly diffuse UE 5.8, which is the latest UE version at
grey material, and we use the output the time of publication.

from this pass to estimate a diffuse il-

lumination image. In our second cus-

tom pass, we globally disable the specular component of every material to obtain
a diffuse-only approximation of the final image. By subtracting our true final im-
age from this diffuse-only approximation, we obtain the specular-only residual
image in our intrinsic decomposition. We take care to perform all of these oper-
ations using 16-bit linear high-dynamic range images before UE has applied any
tone-mapping or post-processing.

Exchanging Latency for Throughput Our camera sensor supports user-
configurable rendering latencies of {0, 1, 2} frames, and in exchange for increased
latency, our implementation can provide increased rendering throughput (see
Table 2 in the main paper). The default behavior of our camera sensor is to
incur 0 frames of latency, meaning that if the user visually modifies the scene
in a begin_frame context, then the modifications are guaranteed to be visi-
ble in the pixel data returned by read_pixels in the immediately following
end_frame context. Internally, we invoke separate subroutines that guarantee
{0, 1, 2} frames of rendering latency by {single, double, triple} buffering the
various intermediate steps involved in GPU-to-CPU data copying. See the im-
plementation of our camera sensor component in our code repository for details.

4 Programming Model Details

Controlling the Unreal Editor In the Unreal Editor, there are effectively
two UE worlds that exist side-by-side: a persistent editor world that is an ed-
itable representation of the currently loaded environment; and an ephemeral
game world that is intended for previewing gameplay when the user launches a
live simulation within the editor [1]. In our programming model, it is possible to
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Fig. 6: From left to right: The SPEAR camera sensor can render material IDs, as
well as various parameters from UE’s physically-based shading model, e.g., material
ambient occlusion (sometimes referred to as cavity), roughness, and metallic (see [0]).

control both worlds in the same Python program at the same time. For exam-
ple, in Figure 3 in the main paper, we call get_game to obtain an object that
represents the game world, but we can also call get_editor to obtain an object
with an identical interface, except it represents the editor world and has some
extensions for controlling the editor itself. When our Python client is connected
to a standalone application, it is only possible to call get_game, and attempting
to call get_editor results in an error.

Controlling the Unreal Path Tracer UE’s offline path tracer [3] can be
accessed via the reflection system, and can therefore be invoked using our pro-
gramming model, both in standalone applications and in the editor (see Fig. 4).

5 System Architecture Details

An Ergonomic Interface for Unreal Objects In order to provide an
ergonomic high-level interface to represent UE objects in Python, we implement
a lightweight wrapper type that builds on our low-level interfaces for accessing
the UE reflection system and calling SPFUNCTIONS. In our wrapper type, we
override Python’s default attribute resolution mechanism, which enables us to
identify when a user’s Python code is attempting to access a function or attribute
that doesn’t exist natively on the wrapper object, and dispatch to our own server
entry points. This approach enables user Python code to call any reflection-
visible UE function and any SPFUNCTION as though it was a native Python
function, and to access any reflection-visible UE variable as though it was a
native Python attribute.

Implementing SPFUNCTIONS In Figure 8, we provide a complete code
example showing how to implement a simple SPFUNCTION, and how to call it
from Python. Our code repository includes the complete implementation of our
camera sensor component, which defines a more complex SPFUNCTION that uses
shared memory to transfer pixel data from the GPU to user Python code.

6 Evaluation Details

Programmability Comparison The UnrealCV+ [10, 141] code repository
describes functionality to “call any Blueprint function from Python” using their
vbp command, which is conceptually similar to our approach for calling UE
functions from Python. However, we tried using the vbp command to get and
set the location of a known object, and we got error messages in all of our
attempts. We used the exact command formulation provided in the UnrealCV+
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Fig. 7: Screenshots from the Unreal Editor with global illumination disabled (left)
and enabled (right). By comparing these screenshots to Table 2 in the main paper,
we can see that the SPEAR camera enables global illumination by default, whereas
UnrealCV+ [10, 14] disables it by default.

documentation, and we tried with several different objects, using each object’s
name exactly as it was reported by UnrealCV+ in our command strings. Based
on these findings, we concluded that exposing Blueprint functions remains a
work-in-progress in UnrealCV+-, and therefore we excluded Blueprint functions
in our count of UE functions that are accessible in UnrealCV+.
Photorealism Comparison In Figure 7, we show screenshots of the Unreal
Editor with global illumination disabled and enabled via the editor GUI. When
comparing these screenshots to Table 2 in the main paper, we find that SPEAR
supports more photorealistic rendering than UnrealCV+ [10,14], which disables
global illumination by default and offers no documented way to re-enable it.
Benchmarking our MuJoCo Co-Simulation Application To evaluate
system performance in a setting that is more representative of typical embod-
ied AI workloads, we benchmark our MuJoCo co-simulation application, imple-
mented using SPEAR and UnrealCV+, while varying the number of dynamic
objects and rendered views (see Table 3). During each simulation step, we apply
a fixed set of forces to every dynamic object, and we render 1 or 2 RGB views at
1920x 1080 resolution from a moving camera rig on a fixed path. To ensure fair
comparisons, we use batched commands where possible in UnrealCV+, we use
the asynchronous API in SPEAR, and we configure the SPEAR camera sensor
to render with 0 frames of latency. We measure the total end-to-end frame time
required to obtain rendered images in a user NumPy array, including all MuJoCo
simulation time, averaged across 1000 frames.

7 Limitations

Our programming model allows users to execute custom work at the beginning
and end of a UE frame, but it does not allow users to execute custom work in
the middle of a UE frame (e.g., after physics has been simulated but before ren-
dering has begun). Including mid-frame extension points in our programming
model would occasionally be useful, and could be implemented in our system
architecture, but we have intentionally omitted them to keep the common case
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as simple as possible. The workaround is to implement mid-frame workloads in
C++, enable them from Python at the beginning of a frame, and collect their
results from Python at the end of a frame.

Additionally, our choice to directly expose the Unreal Engine’s entire re-
flectable interface has some costs, in addition to its unique benefits. One such
cost is that users must express their programs directly in terms of UE abstrac-
tions, and therefore user code must be aware of and respect the subtle invariants
that govern the behavior of the engine. For example, in a SPEAR program, a
user must ensure that a component’s mobility is set to Movable in order for sub-
sequent calls to SetRelativeLocation to have any effect. In other simulators,
this kind of detail would likely be handled in a hand-crafted function provided by
the simulator. Although SPEAR removes the need to write C++ code in most
situations, it does not remove the need to understand the engine. The power to
call any function is also the responsibility to call it correctly.
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Example application Appears in  Unique functionality
control_car Fig. 1 supp find_actor_by_class
Supp. video inject_input_for_actor
control_city_generator Fig. 5 supp AddSplinePoint
Supp. video ClearSplinePoints
Generate
SetControlRotation
SetMobility
control_city_sample Fig. 1 FindNearestLaneLocationByName
Supp. video GetPlayerController
K2_GetPawn
Possess
control_cropout Fig. 1 call (Blueprint-defined functions)

Supp. video GetNavDataForAgentName
GetNavigationSystem
GetOverlappingActors

control_electric_dreams Fig. 6 FlushCache
Supp. video Generate

control_game_animation Fig. 1 Possess
Supp. video
control_game_animation_58 Fig. 1 GetGameMode
Supp. video GetPlayerController
Possess

SwapPlayerControllers

control_hillside_sample Tab. 3 GetPlayerController
Supp. video K2_GetPawn
LoadStreamLevel
SetControlRotation

Table 1: Non-exhaustive summary of unique functionality used in our example appli-
cations that is not available in any existing UE-based simulator.



SPEAR: A Simulator for Photorealistic Embodied AI Research Supp. 9

Example application Appears in  Unique functionality
control_metahumans Fig. 8 get_components_by_class_as_dict
load_class
spawn_actor
control_stackobot Fig. 1 GetPlayerController
Supp. video K2_GetPawn
getting_started Fig. 3 K2_GetComponentLocation
import_humoto_dataset Fig. 3 supp 1load_class
spawn_actor
import_stanford_dataset Fig. 2 supp 1load_class
spawn_actor
movie_render_queue Fig. 4 supp AllocateJob
IsRendering
RenderJob
SetConfiguration
mujoco_interop Fig. 7 GetPlayerController
Supp. video K2_GetPawn
SetControlRotation
render_image_hypersim Fig. 2 get_component_by_name
Fig. 6 supp 1load_class
read_pixels
spawn_actor
run_mcp_server Fig. 9 get_component_by_name
Supp. video load_class

read_pixels
spawn_actor

Table 2: Non-exhaustive summary of unique functionality used in our example appli-
cations that is not available in any existing UE-based simulator (continued).

Simulator Num. dynamic objects Num. dynamic objects
(1 view) (2 views)
4 16 64 4 16 64
UnrealCV+ 279.4 293.7 288.8 528.5 521.4 541.6

SPEAR (ours) 19.2 20.2 30.9 30.8 31.7 34.7

Table 3: End-to-end frame times (milliseconds, lower is better) in our MuJoCo co-
simulation application. SPEAR is between 9x and 17x faster than UnrealCV+ in all

experimental conditions.
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Implementing an SPFUNCTION in C++

UCLASS ()
class AMyActor : public AActor {
GENERATED_BODY ()
public:
AMyActor () {
// create USpFuncComponent and attach to this actor
SpFuncComponent = SpUtils::createComponent<USpFuncComponent>(this, "my_sp_func_component");
}

UFUNCTION (BlueprintCallable)
void Initialize() {
SpFuncComponent->registerFunc ("my_sp_func", [this] (SpFuncDataBundle& args) -> SpFuncDataBundle {

// unpack argument
SpArray<double> input ("input");
SpUtils::moveFromPackedArrays ({input.getPtr ()}, std::move(args.packed_arrays_));

// process argument
const std::span<double>& view = input.getView();
SP_LOG("Input is [", view[O], ", ", view([1l], ", ", view[2], "I");

// prepare return value
SpArray<double> output ("output");
output.setDataSource({4.0, 5.0, 6.0});

// pack return value
SpFuncDataBundle return values;
return_values.packed arrays_ = SpUtils::moveToPackedArrays ({output.getPtr()});
return return_values;
12N
}

UFUNCTION (BlueprintCallable)
void Terminate () {
SpFuncComponent->unregisterFunc ("my_sp_£func");

}

UPROPERTY (VisibleAnywhere)
USpFuncComponent* SpFuncComponent = nullptr;
Yi

Calling an SPFUNCTION from Python

my_actor = game.spawn_actor (uclass="AMyActor")
my_actor.Initialize ()

# returns [4.0, 6.0] as a numpy array named "output"
return_values = my_actor.my_sp_func(arrays={"input": np.array([1.0, 2.0, 3.0], dtype=np.floaté4)})
output = return_values["arrays"] ["output"]

my_actor.Terminate ()
game.destroy_actor (actor=my_actor)

Fig. 8: Code example demonstrating how to implement an SPFUNCTION in C+-+, and
how to call it from Python. We highlight the boilerplate code required to define an
SPFUNCTION in green, and we highlight the names of the function and its arguments
and return values in purple. Defining an SPFUNCTION requires a similar amount of
effort as exposing a function to UE’s reflection system, but with the added benefit that
NumPy arrays can be passed back and forth efficiently from Python as arguments and
return values.
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