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Abstract 
In the application of mixed reality (MR) headsets where virtual 

and real environments are integrated, the Photon-to-Photon 

(PTP) latency in the Video See-Through (VST) segment is 

inevitable. This latency causes sensory discomfort and motion 

mismatch, reducing the immersive experience during use. 

Therefore, achieving stable and low PTP latency is a critical 

challenge in the development of MR headsets. This study is 

based on the implementation of VST technology and analyzes 

the impacts of frequency and phase changes in camera shooting, 

image processing, and image rendering on PTP latency through 

simulation. The findings are validated by empirical 

measurements on popular MR headsets such as Apple Vision 

Pro, Pico4, and Meta Quest3. The results indicate that to 

optimize the latency performance of VST, it is essential to ensure 

the consistency of frequency and stability of phases across 

different processing stages. Furthermore, this paper proposes a 

set of monitoring and adaptive tuning methods and 

demonstrates the process of tuning PTP latency through case 

studies. 
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1. Introduction
As mixed reality (MR) technology advances, the interactive

fusion of real and virtual environments has captivated increasing

interest. Most current MR headsets employ Video See-Through

(VST) display technology. In this setup, cameras capture real-

world scenes within the user's field of view. These video streams

are then seamlessly integrated with computer-generated virtual

imagery. The resulting composite images are displayed on the

MR headset's screen, facilitating an immersive mixed reality

experience. (1-3)

To mitigate motion feedback lag resulting from delays, mixed 

reality devices necessitate robust low-latency capabilities to 

ensure an effective mixed reality experience. (4) (5)The 

permissible limit for image transmission delay is determined by 

the system's response rate, which is crucial for maintaining 

stable gaze. According to human perception assessments, 

despite complexity in visual content and individual differences 

in cognitive processing, response times vary from 13 to 80 ms. 

The perception threshold for delays can differ by several tens of 

milliseconds among different subjects. (6, 7). Ideally, latency 

should be low enough so that users are not able to perceive 

scene motion.It is widely regarded that an image delay under 20 

ms does not evoke any abnormal sensations or discomfort.(8-10)  

In mixed reality (MR) applications, virtual imagery produced by 

computer systems can be rendered and presented in designated 

timeframes and spatial contexts through real-time tracking of 

user posture and algorithms that anticipate future movements, 

thereby reducing latency. A critical metric governing the mixed 

reality experience is the "Photon-to-Photon" (PTP) latency 

within the VST functionality of MR technology, which is the 

interval needed for an actual event to be displayed on the MR 

headset's screen(11, 12), as illustrated in Figure 1.  

Figure 1.The Correspondence Between PTP and VST 

Presently, established Photon-to-Photon (PTP) measurement 

methods are employed to evaluate the VST latency performance 

of MR headsets. Test data reveals that the PTP latency for 

mainstream MR headsets usually lies between 30 to 60 ms, with 

high-end models reporting an average latency of 14.7 ms and a 

minimum recorded PTP latency of 9.43 ms. (11) 

However, while existing measurement techniques are capable of 

assessing VST delay performance, they fall short in pinpointing 

the exact sources of PTP discrepancies. A more detailed 

examination of the relationship between VST components and 

latency outcomes, coupled with the development of more 

precise PTP measurement and optimization techniques, is 

crucial for improving the MR user experience. 

2. Internal Link Decomposition Analysis of VST
To better understand VST delay, both end-to-end system delay

and sub-component delays should be measured. (13)The PTP

distribution in MR headsets is strongly influenced by the design

logic of their VST latency performance and their operational

conditions. Therefore, each VST latency link must be analyzed

step by step. The camera uses a Rolling Shutter mechanism to

capture and display the scene, with its exposure-to-readout

sequence shown in Figure 2.

Figure 2.Rolling Shutter Camera Timing Diagram 

It is controlled by the clock source syncf , where each row on the 

sensor is sequentially exposed and read out within the duration 

of a single frame. Taking the middle line of the sensor as a case 

study, this extracted process is illustrated in the schematic 

diagram presented in Figure 3. 
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Figure 3.VST Link: From Camera Middle Line to Display 

This is a three-clock source system, where the test event is 

triggered by 
test f . The camera operates at a frequency of syncf , 

with a phase 
camera  relative to 

test f . After exposure, the real 

scene is captured and read out according to syncf . After 

undergoing intermediate processes such as ISP processing, 

graphic rendering, and other pre-display processing, the display 

retrieves and exhibits the screen imagery at a specified 

frequency Vsync , with a phase display  relative to test f . 

This system involves the coupling of three clock sources, which 

ultimately affects the final PTP results. 

For test events with trigger counts of 1, 2, ..., N, the following 

can be obtained: 
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3. Simulation of Principles 

A. Measured PTP Standard Definition 

PTP Definition and Testing Method: The measurement starts 

with a real-world triggering event, recorded as the initial time t0. 

When the MR headset's camera captures this event, after passing 

through the intermediate links, the time t1 is noted. The 

calculated PTP is given by 
1 0   t -tPTP Latency = . 

The device used for testing PTP is illustrated in Figure 4. This 

testing apparatus is designed to achieve a measurement accuracy 

of 0.08 ms(11), ensuring precise evaluation of the PTP latency 

in various scenarios. 

 

Figure 4.PTP Latency Measurement Device 

B Internal Link Decomposition Analysis 

A simulation system is established based on the decomposed 

VST link, with the system parameters shown in Table 1. 

Table 1.VST Link Simulation System Parameters 

Parameter ftest 
 

syncf
 

syncV
 

Tinter
 

camera
 

display
 

Unit HZ HZ HZ ms
 

ms
 

ms
 

1) Consistency of Frequency Within the MR Headset 

In an ideal scenario, the frequencies of the camera capturing the 

real scene, processing, and displaying in the VST link of the MR 

headset #1 are consistent, with a constant phase. For the VST 

internal frequency-consistent MR headset #1, its syvcf = Vsync  

=90 Hz, while interT , camera  and display  remain constant. 

By setting different test event frequencies, we obtain the 

distribution of its PTP. Additionally,a simulation model 

is used for validation. The parameters are set as shown in Table 

2. 

Table 2.Test Event and MR headset Simulation 

Parameters: syncf = syncV  

Case ftest 
 

syncf
 

syncV
 

Tinter
 

camera
 

display
 

0 0.5 90 90 0 1 0.5 

1 0.499722 90 90 0 2 0.5 

In case 0, the frequency of the test event is set to a common 

divisor of the device frequency , with test f  set to 0.5 Hz. At this 

point, each test event corresponds to a fixed position cameraT  

within one frame of the VST camera. In case 1, the frequency of 

the test event is set to a common divisor of the device frequency 

with a slight beat frequency,, with test f  set to (90 - 0.05) / 180 = 

0.499722 Hz. In this case, each test event will move within one 

frame of the VST camera. 

A simulation model is established, and after obtaining the 

simulation results, the measured latency distribution aligns with 

the simulation results, as shown in Figure 5. 

 

(a)Simulated PTP                    (b)Measured PTP 

Figure 5． Test Event and MR headset Parameters 

case0： syvc sync testf V m f= =   case1： syvc sync testf V m f=    

2)Frequency mismatch within the MR headset.  

When there is a frequency mismatch between the camera and the 

display in the VST link, parameters syncf  and Vsync   have a 

frequency difference, syncf ≠ Vsync . A simulation analysis is 

conducted to examine the impact of this frequency mismatch on 

PTP within the MR headset's VST link. The parameters are set 

as shown in Table 3: 
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Table 3. Test Event and MR headset Simulation 

Parameters: syncf ≠ syncV  

Case ftest 
 

syncf
 

syncV
 

Tinter
 

camera
 

display
 

2 0.5 89.95 90 52 2 0.5 

3 0.5 90 90.05 3 2 0.5 

A simulation model is established, and after obtaining the 

simulation results, the measured latency distribution aligns with 

the simulation results, as shown in Figure 6. 

To validate the simulation results of case 2, a MR headset #2 

with an unstable VST link is used. During testing, the frequency 

of the test light source is controlled to ensure that the display 

frequency of the MR headset meets sync test= V m f , where m is 

an integer. During the testing process, a slight frequency 

difference exists between syvcf  and Vsync , and the measured PTP 

in this case is consistent with the simulation scenario of case 2. 

For validating the simulation results of case 3, the camera's 

parameter syvcf of the MR headset #3 is introduced. The 

frequency of the test light source
testf  is controlled to ensure that 

the display frequency of the MR headset meets sync test= f m f , 

where m is an integer. During the testing process, a slight 

frequency difference exists between syvcf  and Vsync , and the 

measured PTP in this case is consistent with the simulation 

scenario of case 3.  

 

(a)Simulated PTP                    (b)Measured PTP 

Figure 6. MR headset VST Link Frequency Mismatch 

3) Other Frequency Mismatch Scenarios in MR Headsets 

In the previous analysis, we simulated MR headsets with 

frequency mismatches and aligned the frequency of the test 

events with the frequency of the camera or display in the link. 

But what happens when all three clock sources in the system 

have frequency mismatches? The simulation parameters are 

shown in Table 4. Under the condition of constant phase, 

simulations are conducted for the following cases of frequency 

mismatch. 

Table 4．Test Event and MR headset Simulation 

Parameters: syncf ≠ syncV ≠ ftest  

Case ftest 
 

syncf
 

syncV
 

Tinter
 

camera
 

display
 

4 0.500277 50 90 37 1 1 

5 0.499722 50 89.98 37 1 1 

6 0.499722 50 90.02 37 1 1 

While obtaining the simulation results, the actual PTP 

measurements from the MR headsets were also correlated, as 

shown in Figure 7. The selected MR headset #4 has a significant 

frequency difference between the camera frequency and the 

display frequency from the design stage. Additionally, during 

operation, the frequencies and phases of the clock sources may 

experience slight drifts. 

In the tests, we accumulated a substantial amount of PTP test 

results under conditions of complete frequency mismatch, which 

align well with the simulation results. The various forms of PTP 

variations observed indicate that if the latency performance of 

VST is not carefully considered during the design phase and if 

the design guidelines are not followed, the MR headset will not 

provide users with a satisfactory mixed reality experience. 

 

(a)Simulated PTP                    (b)Measured PTP 

Figure 7. PTP Performance Under Complete Frequency 
Mismatch (Left: Simulation, Right: Measurement) Case4-

6： f V m f  sync sync test  

4. VST Overall Debugging  
At present, numerous MR headsets implement Monado, an 

open-source runtime tailored to facilitate the functioning of 

virtual reality (VR) and augmented reality (AR) technologies. In 

the VST link, Monado collects data from various sensors, 

processes the images, and submits the VST frames to the 

synthesizer. After the synthesis and rendering are complete, it 

waits for the display. Several moments affect the final time 

interT : 

1.The time from Camera to entering image algorithm 

processing. 

2.The time taken to submit the VST frame to the synthesizer 

after ISP processing is complete. 

3. The time from the completion of synthesis rendering to the 

presentation at Vsync . 

By optimizing the characteristic time points of the key processes 

mentioned above, we can ensure the stability of the VST 

functionality under different loads and environments, effectively 

avoiding issues such as frame loss and abnormal delays. 
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An optimization example is provided for an MR headset with a 

design frequency of 90 Hz. In its VST link, monitoring functions 

are set up, allowing for the analysis of Trace data after VST 

operation. This analysis yields the frame time (i.e., frequency 

and phase stability) for each clock source per frame, as well as 

the phase information at key time points within the
interT . 

The expected PTP results are as follows: cameraT  varies 

according to the frequency of the test event, with a range of 

1
(0, )

syncf
 =0~11.1ms; displayT  is a fixed value of 5.5ms; and interT  

is 23 ms. The total expected PTP is 28.5~39.6ms.The PTP 

testing result before optimization are shown in Figure 8 (a). At 

this point, the result does not meet the expectations. 

 

(a) Pre-Optimization                   (b) Post-Optimization 

Figure 8.PTP Test Results Before and After Optimization 

By adjusting the parameters of each moments through the tuning 

system, ensuring that all component times are within ideal 

values, a subsequent test yields the PTP distribution shown in 

Figure 8 (b), which now aligns with expectations. 

5. Conclusions 
This paper combines simulations of the VST link with measured 

PTP results from typical MR headsets to propose guidelines for 

the design of VST latency functions in MR headsets. 

Measurements have shown that currently, average-performing 

MR headsets have the interT  exceeding 30ms, and there is a 

frequency mismatch between the camera and display, making it 

difficult to meet the demands for a satisfactory mixed reality 

experience. During the design and performance tuning of MR 

headsets, developers should adhere to the VST latency 

performance design guidelines proposed in this paper and utilize 

an adaptive monitoring system for tuning. 

The design guidelines are as follows: 

1.Stability Requirement: The design frequencies of the camera 

syvcf  and display Vsync  must be consistent, and there should be 

no frame fluctuations during operation that would cause phase 

changes. 

2.As the formula (4),to keep the PTP latency within the 

acceptable threshold for humans (20ms), the frequencies of the 

camera and display need to be greater than 1/(20- interT ) Hz, 

considering that the best commercial MR headsets currently 

have the interT  around 9ms, The minimum allowable frequency 

for MR headsets can be calculated as 1/(20-9)ms = 90Hz under 

ideal conditions. At this point, the range of PTP variation for the 

device would be 9-20ms. If the interT  increases, the frequencies 

of the camera and display must be further increased to ensure 

PTP < 20ms. 
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