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Abstract—In this paper, we investigate the influence of 

network delay on weight perception in networked virtual 

environment by experiment. In the experiment, each of two 

users manipulates a haptic interface device, and the users 

collaboratively lift up a stick by holding two ends of the stick in 

a 3D virtual space. A weighted ball is placed on the stick, if one 

end of the stick is lower than the other end, the ball moves to 

the lower end. The users try to keep the ball at the center of the 

stick while lifting up the stick. We also implement the local lag 

control as Quality of Service (QoS) control and compare results 

with the control and those without it. Experiment results 

demonstrate that the local lag control is effective, and it is 

possible to keep the ball around at the center when the network 

delay is smaller than about 50 ms. 
 
Index Terms—Haptic sense, network delay, weight perception, 

QoS 

 

I. INTRODUCTION 

Recently, a number of studies focus on networked 

virtual environments with haptic sense [1], [2]. By using 

haptic sense, we can largely improve the efficiency of 

collaborative work in networked virtual environments 

where it is necessary for multiple users to do 

collaborative work while watching the same displayed 

images simultaneously. However, when the information 

is transmitted over a Quality of Service (QoS) [3] non-

guaranteed network like the Internet, the receiving times 

at different terminals may be different from each other 

owing to network delays and delay jitters. This means 

that some terminals may have already received 

information while the other terminals may have not 

received the information. Then, users at different 

terminals may watch different displayed images at the 

same time, and the efficiency of collaborative work may 

deteriorate. 

In order to solve the problem, QoS control such as 

simultaneous output-timing control [4] is needed to 

absorb delay differences among different terminals. 

Several types of simultaneous output-timing control such 

as local lag control [5], group (or inter-destination) 

synchronization control [6], and adaptive Δ-causality 
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control [7] have been proposed. In the local lag control, 

each source terminal buffers local information for a 

constant time called the local lag, which is denoted by Δ 

(≧0) and equal to the network delay. Therefore, all the 

terminals output the information simultaneously. There 

are mainly three schemes (master-slave destination 

scheme [6], synchronization maestro scheme [8], and 

distributed control scheme [9]) for group synchronization 

control. In the master-slave destination scheme, the 

terminals are grouped into a master terminal and slave 

terminals. The master terminal determines the target 

output time [10], which denotes an instant at which each 

terminal should output information under the group 

synchronization, and notifies all the slave terminals. Each 

slave terminal gradually adjusts its output timing to the 

output timing of the master terminal. In the 

synchronization maestro scheme, a synchronization 

maestro determines the reference output timing [8] based 

on information about the output timings from all the 

terminals and multicasts the reference output timing to all 

the terminals. The main difference between the 

distributed control scheme and the synchronization 

maestro scheme is in how to determine the reference 

output timing. In the distributed control scheme, each 

destination determines the reference output timing based 

on information about the output timings from the other 

terminals. In the Δ-causality control [8], each packet has 

a time limit which is equal to the generation time of the 

packet plus Δ seconds for preservation of the real-time 

property, and the packet is output at the time limit. The 

adaptive Δ-causality control [7] dynamically adjusts the 

value of Δ among all the terminals according to the 

network delays. 

To absorb delay differences among different terminals, 

we can use either of the three types of the control. In this 

paper, we can employ the local lag control since the 

control is the most simple. 

On the other hand, it is important to transmit 

information about weights and shapes of objects, and 

object’s movement direction among users in collaborative 

work using haptic sense [11], [12]. In [11], the authors 

handle collaborative work in which two users move an 

object together to eliminate a target in a 3-D virtual space. 

In the work, the users transmit their wills about 
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movement direction of the object to each other by haptic 

sense and by haptic and visual senses. They investigate 

the influence of network delay on will (object’s 

movement direction) transmission. In [12], the authors 

deal with collaborative haptic play with building blocks. 

In the play, by manipulating haptic interface devices, two 

users pile up building blocks collaboratively to build a 

dollhouse in a 3-D virtual space. In order to do the 

collaborative haptic play precisely, they proposed a group 

synchronization control scheme with prediction and 

investigate the effects by experiment. However, the 

influences of network delay on human perception of 

weight are not clarified sufficiently. Furthermore, the 

effect of the local lag control in human perception of 

weight has not been investigated. 

In this paper, we deal with collaborative work called a 

networked balance system with haptic sense in which two 

users collaboratively lift a weighted ball, and we 

investigate the influence of network delay (including 

symmetric and asymmetric network delay). We also 

examine the effect of local lag control by experiment. In 

order to clarify how efficiently the work can be done only 

by weight perception, we deal with three cases of 

collaborative work and compare results among the cases. 

In one case, users do the collaborative work while 

watching the virtual space and perceiving the weight of 

the ball. In another case, the users do collaborative work 

while perceiving the weight of the ball, but cannot watch 

the virtual space. In the other case, they do collaborative 

work while watching the virtual space but cannot 

perceive the weight of the ball. 

The remainder of this paper is organized as follows. 

Section II describes the networked balance system with 

haptic sense. Section III explains the experiment method, 

and Section IV presents experimental results. Finally, 

Section V concludes the paper. 

II. NETWORKED BALANCE SYSTEM WITH HAPTIC SENSE 

Fig. 1 shows the system configuration of the 

networked balance system and a displayed image of the 

virtual space. The system consists of two PCs (PCs 1 and 

2), and a haptic interface device (Geomagic Touch [13]) 

is connected to each PC.  

 
Fig. 1. System configuration of networked balance system with haptic sense. 

By manipulating the haptic interface device, each of 

two users can operate a cursor (denotes the position of 

Geomagic Touch stylus’s tip) in the virtual space which 

is surrounded by a floor, a ceiling, and walls. The cursors 

are connected to two ends of a stick (weight: 0 gf) which 

can be stretched or shrunk freely between the two ends. 

Between the two cursors (i.e., the two ends of the stick), a 

ball (weight: 270 gf) is placed on the stick. The feedback 

force applied to a user is proportional to the distance from 

the user’s cursor to the ball. Fig. 2 shows the calculation 

method of reaction force. In Fig. 2, the proportion of the 

distance from the red cursor to the weighted ball to the 

distance from the green cursor to the weighted ball is k : 

(1.0 – k); m is the mass of the weighted ball, and g (9.8 

m/s
2
) is the gravitational acceleration. The feedback force 

applied to the red cursor’s user is calculated by (1.0 – k) 

F, and that applied to the green cursor’s user is calculated 

by k F. The ball moves to the side of lower cursor (end) 

along the stick if there exists altitude difference between 

the two cursors. The users try to keep the ball at the 

center of the stick (as shown in Fig. 1, the right side of 

the center is green, and the left side of the center is red) 

while piling up the stick.  

 
Fig. 2. Calculation method of reaction force. 
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III. EXPERIMENT METHOD 

In our experiment system, we employ a network 

emulator (NIST Net [14]) instead of the network of Fig. 1. 

The network emulator generates a constant delay (called 

the additional network delay in this paper) for each 

packet transmitted between the two PCs. The users start 

to do collaborative work from the initial state in which 

the weighted ball is placed at the center of the stick and 

two cursors are placed on the floor (see Fig. 3). They are 

asked to lift the ball to a height of 16.7 (we here assume 

that the diameter of cursor is 1) collaboratively while 

trying to keep the ball at the center of the stick and to 

move at a constant speed (see Fig. 4). The movement 

distance of 16.7 corresponds to 10 cm in the real space 

when they lift the stylus of the haptic interface device 

vertically. 

 
Fig. 3. Displayed image of initial state 

 
Fig. 4. Displayed image of end state 

If the ball is not located at the center, each user tries to 

adjust the place of the ball by moving up his/her cursor or 

stop moving. In the experiment, we handle three modes 

(modes 1, 2, and 3). In mode 1, the users do collaborative 

work while watching the virtual space and perceiving the 

weight of the ball. In mode 2, they do collaborative work 

while perceiving the weight of the ball but cannot watch 

the virtual space. In this mode, after displaying the initial 

image of virtual space, the virtual space becomes black 

and they cannot watch the virtual space. In mode 3, they 

do collaborative work while watching the virtual space 

but cannot perceive the weight of the ball. Then, we 

compare results with the local lag control and those 

without the control in the three modes. 

We carried out the experiment in the cases of 

symmetric and asymmetric network delays. In the case of 

symmetric network delay, the round-trip delay is changed 

from 0 ms to 300 ms; in the case of asymmetric network 

delay, that is changed from 0 ms to 600 ms. 

We measured the position of the ball and operation 

time in the experiment. The position of ball is defined as 

the distance between the ball and the center of the stick, 

and positions on the right side of the center are denoted 

by plus values and those on the left side are done by 

minus ones. 

In the experiment, the mode was selected in random 

order for each pair of users; in each selected mode, the 

conditions (with/without the local lag control) and 

additional network delays were also selected in random 

order for each pair of users. 

IV. EXPERIMENT RESULTS 

We show experiment results from Figs. 5 through 12. 

Fig. 5 and Fig. 6 plot the average of average position, and 

Fig. 7 and Fig. 8 do the average of standard deviation of 

position versus the round-trip network delay between the 

two terminals. The reason why we select the round-trip 

network delay as the abscissa axis is because we carried 

out regression analysis and found that the experiment 

results hardly depend on the delay difference between the 

two terminals and depend on the round-trip network 

delay. Figures 9 and 10 show the average operation time 

and the standard deviation of operation time versus the 

round-trip network delay are shown in Fig. 11 and Fig. 12. 

The experiment results of symmetric network delay are 

shown in Fig. 5, Fig. 7, Fig. 9, and Fig. 11, and those of 

asymmetric network delay are shown in Fig. 6, Fig. 8, Fig. 

10 and Fig. 12. Since it is hard to see these figures clearly 

if we plot the 95% confidence intervals, we plot the 

intervals only in Fig. 5.  

 

Fig. 5. Average of average position versus round-trip network delay in 

case of symmetric network delay. 
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From Fig. 5 and Fig. 6, we find that in the modes 

without the local lag control, the averages of average 

position increases as the round-trip network delay 

becomes larger. On the other hand, the averages are 

hardly affected by the round-trip network delay, and the 

averages are small. This means that the local lag control 

is effective for the work.  

 

Fig. 6. Average of average position versus round-trip network delay in 

case of asymmetric network delay. 

From Fig. 5, we notice that the averages in mode 1 are 

similar to those in mode 3. This means that in mode 1 

(users do collaborative work while watching virtual space 

and perceiving the weight of the ball), the visual sense is 

mainly used in the collaborative work. Additionally, from 

Fig. 5, we see that the averages hardly depend on the 

round-trip network delay in the three modes with the 

local lag control. We also find that the averages of mode 

2 are slightly larger than those of modes 1 and 3. This is 

because the users cannot watch the virtual space in mode 

2. However, even though the users cannot watch the 

virtual space, it is possible to do the collaborative work 

with certain accuracy. On the other hand, from Fig. 5, we 

find that the averages in the case without the local lag 

control are larger than those with the local control. This is 

because in the case without the local lag control, the 

consistency of weight perception becomes worse as the 

round-trip network delay increases. Furthermore, from 

Fig. 5, we notice that the average in mode 2 without the 

local lag control is the largest. Especially when the 

round-trip network delay is larger than about 50 ms, the 

average rises largely. However, when the round-trip 

network delay is smaller than approximately 50 ms, the 

averages are smaller than about 0.5; therefore, it is 

possible to keep the ball around at the center by using 

only weight perception in this range. We can also find 

similar tendency in Fig. 6.  

From Fig. 7 and Fig. 8, we find that the average of 

standard deviation of position is smaller than about 1.5 in 

modes 1 and 3 with the local lag control. This means that 

the ball is almost fixed at the center. Considering the 

results shown in Fig. 5 and Fig. 6, we can say that in 

modes 1 and 3 with the local lag control, the ball is 

almost always kept at the center of the stick while lifting 

up. 

 

Fig. 7. Average of standard deviation of position versus round-trip 

network delay in case of symmetric network delay. 

 
Fig. 8. Average of standard deviation of position versus round-trip 

network delay in case of asymmetric network delay. 

 

Fig. 9. Average operation time versus round-trip network delay in case 

of symmetric network delay. 

From Fig. 9 and Fig. 10, we notice that in modes 1 and 

3 without the local lag control, the average operation time 

increases as the round-trip network delay becomes larger. 

This is because the users cannot get consistency of the 
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position from vision in order to keep the ball at the center 

of the stick, and they try to adjust the ball many times. 

We also notice in the figure that the average operation 

time in mode 2 without the local lag control is almost the 

same as that in mode 2 with the local lag control. 

 

Fig. 10. Average operation time versus round-trip network delay in case 

of asymmetric network delay. 

 
Fig. 11. Standard deviation of operation time versus round-trip network 

delay in case of symmetric network delay. 

 
Fig. 12. Standard deviation of operation time versus round-trip network 

delay in case of asymmetric network delay. 

In Fig. 11 and Fig. 12, we notice that the standard 

deviations of operation time become larger as the round-

trip network delay becomes larger than about 100 ms in 

modes 1 and 3 without local lag control. This also means 

that the local lag control is needed.  

V. CONCLUSIONS  

In this paper, we investigated the influences of network 

delay on human perception of weight in a networked 

balance game where two users collaboratively lift a 

weighted ball in virtual environment. We dealt with three 

modes of collaborative work (mode 1: users do the 

collaborative work while watching the virtual space and 

perceiving the weight of the ball; mode 2: the users do 

collaborative work while perceiving the weight of ball 

but cannot watch the virtual space; mode 3: they do 

collaborative work while watching the virtual space but 

cannot perceive the weight of the ball), and we handled 

two cases of symmetric and asymmetric network delays 

in the three modes. As a result, we found that the local 

lag control can improve the efficiency of the 

collaborative work. Also, without carrying out the local 

lag control, it is difficult to keep the ball placing at the 

center of stick as the network delay increases. However, 

when the network delay is smaller than approximately 50 

ms, it is possible to keep the ball around at the center. 

As the next step of our research, we need to carry out 

the experiment with different weights and movement 

speeds of the ball when the stick is lifted.  
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