


estimated location and the ground truth location, which is

different from the location drift of the virtual object (as shown

in Section II). Secondly, computing ATE requires knowledge

of the ground truth device location, which requires special

equipment such as a 3D scanner or motion capture system that

only works in a designated testing area, or offline datasets [10]

that may not exemplify typical AR use cases. Thirdly, factors

such as latency or graphical effects that can affect the final

rendered AR object take place after the estimated device

trajectory has been recorded, and thus are not accounted for

by ATE. Finally, ATE is designed to measure performance of

SLAM for an individual user, and does not provide information

in the multi-user scenario. Such requirements pose great

inconvenience to researchers who wish to experiment with

and evaluate AR.

To address these issues, in this paper we propose an

evaluation tool, called RealityCheck, for SLAM-based AR

to directly and conveniently measure the drift of virtual

objects in both single-user and multi-user cases. We propose

a methodology that does not require specialized hardware

or special lab testing environments, making AR evaluation

easier and more accessible to general engineers and computer

scientists. Our key idea is to temporarily replace the virtual

object in the AR app with a virtual marker (e.g., an ArUco

marker), and use more accurate computer vision techniques

(i.e., PnP) to localize the virtual object/marker in 3D space.

By recording the location of the virtual object over time and

across users, RealityCheck can compute the spatial drift seen

by a single user, or the spatial inconsistency of a virtual object

seen by multiple users. We envision such a tool being used

by researchers and developers to receive feedback from their

AR apps on spatial drift, paving the way for corrections to

be made. We focus on SLAM-based AR because it is the

foundation of commercial off-the-shelf AR systems, such

as Google ARCore, Apple ARKit, and Microsoft Hololens,

although the methodology can be extended to other types

of AR. We also focus on positioning errors as opposed to

rotation errors because they tend to be larger in SLAM-based

systems [11].

Overall, RealityCheck makes the following contribu-

tions:

• RealityCheck directly measures the spatial drift/inconsistency

of a virtual object through a lightweight software-based

approach that does not require specialized hardware or testing

environments. It only needs a printed marker board, the

device camera calibration parameters, and minimal changes

to the AR app. This is contrast to measuring the ATE of

the device, as typically done in SLAM evaluation, which

cannot directly measure a virtual object’s position.

• RealityCheck works in both single-user and multi-user

scenarios. In a single-user scenario, RealityCheck evaluates

the spatial drift of a virtual object over time. In a multi-user

scenario, RealityCheck evaluates the spatial inconsistency

of a virtual object when viewed by multiple users with

different FoVs. The key idea in our methodology is to

temporarily replace a virtual object with a virtual marker,

and use computer vision techniques to accurately track the

position of virtual object with respect to the real world.

• RealityCheck achieves 1.5 cm estimation error on average

across 22 total trials, compared to the ground truth position

of a virtual object. We perform these trials under various

experimental conditions: indoor and outdoor environments,

changing visibility of the virtual object, different user

mobility patterns, and app usage length ranging from 30

seconds to 2.5 minutes.

The open-source code of RealityCheck and a video demonstra-

tion of its operation are provided through a website [12]. In the

remainder of this paper, we discuss motivation (Section II), the

design of RealityCheck (Section III), quantitative evaluations

(Section IV), discussion (Section V), related work (Section VI),

and finally conclude (Section VII).

II. MOTIVATION: ISSUES WITH MANUAL LABELING AND

ABSOLUTE TRAJECTORY ERROR

In this section, we provide insight into why manual labeling

or ATE are insufficient for measuring drift of an AR virtual

object. Note that neither manual labeling nor ATE measure-

ments are needed for casual users of RealityCheck, but are

only needed to evaluate RealityCheck in this paper.

Manual Labeling: In the case of manual labeling, in our

experience, it took approximately 10-30 seconds to hand-

annotate the position of a virtual object in each frame. For an

AR app updating its display at 30 frames per second (FPS)

running for 5 minutes, this could take up to 1.25 hours to

measure a virtual object’s drift for the duration of a user’s

experience. Clearly, this is infeasible and unwieldy, particularly

if multiple users are participating in the AR experience and

each of their frames need to be annotated.

Absolute Trajectory Error: In the case of ATE, as men-

tioned in Section I, ATE does not provide sufficient information

about the position of the virtual object, since the device

trajectory and ATE only have information about the position

of the device. The device position is insufficient knowledge

about the virtual object, because rendering the virtual object

involves projecting the virtual object onto the AR display,

which requires both device position and rotation provided by

SLAM. Therefore, ATE alone cannot tell the AR device where

the virtual object is rendered on the display, and hence what

its spatial drift is.

We next describe an experiment we conducted to illustrate

why ATE cannot be used to evaluate the spatial drift of an AR

virtual object; i.e., why ATE or the device trajectory does not

accurately capture the spatial drift of an AR virtual object. This

experiment is illustrated in Fig. 2. We use ARCore as the AR

platform. We started the experiment by creating a virtual object

(the tower of shapes) on the floor, and then move backward

(in the y direction), without any left/right movement (in the

x direction). The height of the device is also fixed so there is

also no up and down movement (z direction). In the 3D plot

of Fig. 2, we plot the SLAM-estimated device trajectory (blue













of the observer. Lehman et al. [29] and Bork et al. [30] evaluate

AR performance by asking users to give feedback or fill out

questionnaires. Such methods can provide direct feedback from

users, which is complementary to our approach, but can be

time-consuming.

VII. CONCLUSIONS

Tools to measure spatial inconsistency and other metrics of

interest are necessary for AR to improve. RealityCheck is an

accurate, fast, and cheap way to check the spatial inconsistency

of an AR system. Our evaluation of RealityCheck showed that

it can measure the spatial drift of a virtual object with 1.5 cm

error on average, compared to the ground truth. We release the

code as open-source in the hope that it will be useful to other

researchers and developers. In the future, RealityCheck could

be extended into a suite of tools to measure additional AR-

relevant metrics such as appropriate rendering of virtual objects

in different real world lighting conditions, appropriate shadow

placement, and proper occlusion of virtual objects.
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up detection of squared fiducial markers,” in Image and Vision Computing,
vol. 76, 2018, pp. 38–47.

[14] Blender, “Blender overview,” https://www.blender.org/.
[15] I. Inc., “Xrecorder,” https://play.google.com/store/apps/details?id=

videoeditor.videorecorder.screenrecorder&hl=en US&gl=US.
[16] D. F. Abawi, J. Bienwald, and R. Dorner, “Accuracy in optical tracking

with fiducial markers: an accuracy function for artoolkit,” in IEEE ISMAR,
2004.

[17] “Opencv aruco marker board,” https://docs.opencv.org/master/db/da9/
tutorial aruco board detection.html.

[18] R. Yagfarov, M. Ivanou, and I. Afanasyev, “Map comparison of lidar-
based 2d slam algorithms using precise ground truth,” in International

Conference on Control, Automation, Robotics and Vision, 2018.
[19] F. Zheng, D. Schmalstieg, and G. Welch, “Pixel-wise closed-loop

registration in video-based augmented reality,” in IEEE ISMAR, 2014.
[20] W. A. Weliamto, H. S. Seah, T. Feng, and L. Li, “Enhancement of aligning

accuracy on zooming camera for augmented reality,” in International

Conference on Advances in Computer Entertainment Technology, 2005.
[21] F. Zheng, R. Schubert, and G. Welch, “A general approach for closed-loop

registration in ar,” in IEEE Virtual Reality, 2013.
[22] S. Petrangeli, G. Simon, H. Wang, and V. Swaminathan, “Dynamic

adaptive streaming for augmented reality applications,” in IEEE ISM,
2019, pp. 56–567.

[23] F. Faion, A. Zea, B. Noack, J. Steinbring, and U. D. Hanebeck, “Camera-
and imu-based pose tracking for augmented reality,” in IEEE International

Conference on Multisensor Fusion and Integration, 2016.
[24] B. MacIntyre, E. M. Coelho, and S. J. Julier, “Estimating and adapting

to registration errors in augmented reality systems,” in IEEE Virtual

Reality, 2002.
[25] X. Ran, C. Slocum, Y.-Z. Tsai, K. Apicharttrisorn, M. Gorlatova, and

J. Chen, “Multi-user augmented reality with communication efficient and
spatially consistent virtual objects,” in ACM CoNEXT, 2020.

[26] T. Scargill, J. Chen, and M. Gorlatova, “Here to stay: Measuring hologram
stability in markerless smartphone augmented reality,” arXiv preprint

arXiv:2109.14757, 2021.
[27] E. Peillard, F. Argelaguet, J. Normand, A. Lécuyer, and G. Moreau,

“Studying exocentric distance perception in optical see-through augmented
reality,” in IEEE ISMAR, 2019.

[28] C. S. Rosales, G. Pointon, H. Adams, J. Stefanucci, S. Creem-Regehr,
W. B. Thompson, and B. Bodenheimer, “Distance judgments to on- and
off-ground objects in augmented reality,” in 2019 IEEE VR.

[29] S. M. Lehman, H. Ling, and C. C. Tan, “Archie: A user-focused
framework for testing augmented reality applications in the wild,” in
IEEE Virtual Reality, 2020.

[30] F. Bork, R. Barmaki, U. Eck, K. Yu, C. Sandor, and N. Navab, “Empirical
study of non-reversing magic mirrors for augmented reality anatomy
learning,” in IEEE ISMAR, 2017.


