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Abstract 2 In this paper, we investigate the influence ofcontrol [7] have been proposed. In the local lag control,
network delay on weight perception in networked virtualeach source terminal buffers local information for a
environment by experimentn the experiment, each of two constant time called the local lag, which is denotediby
users manipulates a haptic interface device, and the use(ri 0) and equal tche network delay. Thereforeaall the

collaboratively lift up a stick by holding two ends of the stick in inak he inf . imul vTh
a 3D virtual space. A weighd ball is placed on the stick, if one terminas output the information simultaneously.There

end of the stick is lower than the other end, the ball moves 8¢ mainly three schemes (mastave destination
the lower end. The users try to keep the htihe center of the Scheme [6], synchronization maestro schejf and
stick while lifting up the stick. We also implement the local lagdistributed control scheni®]) for groupsynchronization
control as Quality of Service (QoS) control and compare resultsontrol. In the masteslave destination scheme, the
with the control and those without it. Experiment resultsterminals are grouped into a master terminal and slave
demqnstrate that the local lag control is effective, and it i$ayminals. The masteterminal determineshe target
gg:'bilsest;;f;ﬂ;gi Zzg;rgg”rgsat the center when the netwogf,i ¢ time[10], which denotes an instant at which each
Y : terminal should output information der the group
Index Terms? Haptic sense, network delay, weight perception,synchronization, and notifies all the slave termingich
QoS slave terminal gradually adjusts its output timilegthe
output timing of the master terminalln the
synchronization maestro scheme, a synchronization
maestro determines theference output timing8] based
Recently, a number of studies focus on networke@n information about the output timings from all the
virtual environments with haptic sense,[[J]. By using terminals and multicasts the reference output timing to all
haptic sense, we can largely improve the efficiency ofhe terminals. The main difference between the
collaborative work in networked virtual environmentsdistributed control scheme and the synchronization
where it is necessary for multiple users to domaestro scheme is how to determine the reference
collaborative work while watching the same displayedoutput timing. In the distributed control scheme, each
images simultaneously. However, when the informatiortlestination determinethie reference output timing based
is transmitted oven Quality of Service (QoS) [3] non- on information about theutput timing from the other
guaranteed network like the Internet, the receiving timeterminals.In the (rcausalitycontrol [8], each packehas
at different terminals may be different from each othea time limit which is equal to the generation time of the
owing to network delays and delay jitters.i§imeans packet plus( seconds for preservation of the réate
that some terminals may have already receivegroperty, and the packet is output at the time lifite
information while the other terminals may have notadaptive G-causalitycontrol [7] dynamically adjusts the
received the information. Then, users at differenvalue of 0 among all he terminals according to the
terminals may watch different displayed images at th@etwork delag.
same time, and the efficiency of collaborative work may To absorb delay differences among different terminals,
deteriorate. we can use either of the three types of the control. In this
In order to solve the problem, QoS control such apaper, we can employ the local lag control since the
simultaneous output-timing control [4] is needed tocontrol is the most simple.
absorb delay differences among different terminals. On the other hand, it is important to transmit
Several types of simultaneous output-timing control sucinformation about weights and shapes of objects, and
as local lag control [5], group (or inter-destination) REMHFW{V PRYHPHQW G@lcdllaberatitecRQ DPR
synchronization control [6], and adaptivécausality —work using haptic sense [11[[12]. In [11], the authors
handle collaborative work in which two users move an
Manuscript received August 28018; revised April 262019. object together to eliminate a target in a 3-D virtual space.
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I.  INTRODUCTION
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movement direction of the object to each other by haptiby weight perception, we deal with three cases of
sense and by haptic and visual sen3é®y investigate collaborative work and compare results among the cases.
the influence of neERUN GHOD\ RQ ZLI Qne REB&UEEESWIH he collaborative work while
movement direction) transmissiom [12], the authors watching the virtual space and perceiving the weight of
deal with collaborative haptic play with building blocks. the ball. h another case, the users do collaborative work
In the play, by manipulating haptic interface devices, twavhile perceiving the weight of the ball, but cannot watch
users pile up building blocks collaboratively to build athe virtual space.nithe other case, they do collaborative
dollhouse in a 3-D virtual spacén order to do the work while watching the virtual space but cannot
collaborative haptic play precisely, they proposed a grouperceive the weight of the ball.
synchronization control scheme with prediction and The remainder of this paper is organized as follows.
investigate the effects by experiment. However, thé&ection Il describes the networked balance system with
influences of network delay on human perception ohaptic sense. SectidH explains the experiment method,
weight are not clarified sufficiently. Furthermore, theand SectionlV presents experimental results. Finally,
effect of the local lag control in human perception ofSection V concludes the paper.
weight has not been investigated.

In this paper, we deal with collaborative work called all. NETWORKEDBALANCE SYSTEM WITH HAPTIC SENSE
networked balance system with haptic sense in which two Fig. 1 shows the system configuration of the

USers coIIaborat?ver lift a weighted ball gnWe_ networked balance system and a displayed image of the
investigate the influence of network delay (including,,a space. The system consists of two FRIEs(L and

symmetric and asymmetric network delay). We alsoy ang a haptic interface device (Geomagic Touch [13])
examine the effect of local lag control by experiment. Ing connected to each PC.

order to clarify how efficiently the work can be done only

Cursors

Center between
two cursors

Weighted ball
PC1 Virtual space
= ..-:G]— Network
ek

Haptic interface device Haptic interface device

u{l

I

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

By manipulating the haptic interface device, each ofpplied to the red curséruser is calculated by.(L k)
two users can operate a cursor (denotes the position Bf and that applied to the green cur§arser is calculated
Geomagic Touch styk$ tip) in the virtual space which by k F. The ball moves to the side of lower cursor (end)
is surrounded bw floor, a ceiling, and walls. The cursors along the stick if there exists altitude difference between
are connected to two ends of a stick (weight: 0 gf) whichhe two cursors. The users try to keep the ball at the
can be stretched or shrunk freely between the two endeenter of the stick (as shown in Fig. 1, the right side of
Between the two cursors (i.e., the two ends of the stick), the center is green, and the left side of the center is red)
ball (weight: 270 gf) is placed on the stick. The feedbackvhile piling up the stick.
force applied to a user is proportional to the distance from

k 0—k
the uselV FXUVRU MYR2 gheine tiez@aDlation
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 b#l:is F=mg F=iF

F.=(10-kKF
(2.0 £Kk); m is the mass of the weighted ball, an@.8 1= ( g
m/<) is the gravitational acceleration. The feedback forcéig. 2. Calculation method of reaction force.
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Ill. EXPERIMENT METHOD but cannot perceive the weight of the ball. Then, we

In our experiment systemwe employ a network compare results with the local lag control and those

emulator (NIST Net [14]insteadof the networlof Fig. 1 Without the control in the three modes.

The network emulator generates a constant delay (called we c_arrled out the .experlment in the cases of
the additional network delayin this paper) for each symmetric and asymmetric network delays. In the case of

packet transmitted between the two PCs. The users st Mmmetric network delgy, the round-trip delay i.s changed
to do collaborative work from the initial state in which "o 0 ms to 300 ms; in the case of asymmetric network

the weighted ball is placeat the center of the stick and de\l/zi\/)g t:qigssufzgng]id ;?sr::ignmc?ft?h?aoggﬂsén d operation
two cursors are placed on the floor (see Fig. 3). They arteme in the experiment. The position of ball is defined as

asked to lift the ball to a height of 16.7 (we here assum : .
that the diameter of cursor is 1) collaboratively whilet e distance between the ball and the center of the stick,

trying to keep the balat the center of the stick and and IF:JOSSI\t/l;)ITJS(‘-:-sna;Ze tﬂggé s!)?]e tﬁLtT:ﬂc;zfra?;ei;]loted
move at a constant speed (see Fig. 4). The movemetﬁ)f b

distance of 16.7 correspontts 10 cm in the real space minus ones.

when they lift the stylus of the haptic interface device In the expenmgnt, the mgdp was selected in random
vertically, 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 Fig6 plot the average of average position, and
Fig. 7 andFig. 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
Fig. 3. Displayed image of initial state 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 shownhig. 11 andrig. 12
The experiment results of symmetric network delay are
shown in Fig. 5Fig. 7, Fig. 9, andFig. 11, and those of
asymmetric network delay are shown in FigF®). 8 Fig.

10 andFig. 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

2.5

20 == Miode 1 without local lag control ]
= <= Mipde 1 with local lag control |
.- Mode 2 without local lag conttol |

I: 95% confidence interval 1

Fig. 4. Displayed image of end state

If the ball is not locatedt the center, each user tries to
adjust the place of the ball by moving up his/her cursor ¢
stop moving. In the experiment, we handle three mode : !
(modes 12, and3). In model, the users do collaborative Miode 2 with local lag control
work while watching the virtual space and perceiving the = -1.0 =~ Mode 3 without local lag control
weight of the ballln mode 2, they do collaborative work L5

Average of average |

-+= Node 3 with local lag confrol

while perceiving the weight of the ball but cannot watck T 0 50 100 150 200 750 300
the virtual space. In this mode, after displaying the initia
image of virtual space, the virtual space becomes blac..
and they cannot watch the virtual spacemode 3, they Fig. 5 Average of average position versus round-trip network delay in
do collaborative work while watching the virtual spacec"’lse of symmetric network delay.

Found-trip network delay [m g
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From Fig. 5 and Fig. 6, we find that in the modesalmost always kept at the center of the stick while lifting
without the local lag control, the averages of averagep.

position increases as the round-trip network delar £2.0 .
- .2 == Model 1 without local lag control
becomes larger. On the other hand, the averages & ‘7 1.8 == yjpdal T with Tocallaz control
hardly affected by the round-trip network delay, and the =1_5 Model 2 withoutlocallag control
averages are small. This means that the local lag contr - = 1.4 4
is effective for the work. _1 5 Model 2 with local lag control
z 1.2 --- Model 3 without local lag contral I
T - - 1o Model 3 wathoutlocaldae control -
—ao— Mode 1 without local lag control E 1.0 - / P
= 6 q---e--- Mode 1 with local lag control . =08 ~ —
R Mode 2 without local lag control E 0.6 N ),ﬁv‘[ —
Z ° |---=--- Mode 2 with local lag control _.~' .;.- ) yd
= 4 J—&— Mode 3 without local lag contrel -: 04 P — &
= ---#--- Mode 3 with local lag control . 202 A e T em
E 3 A . o e L e
o 5
2 2 <0.0 . . . . :
] 100 150 200 250 300
N 1 4 Round-trip network delay [ms]
] P
5 0 ‘! Fig. 7. Average of standard deviation of position versus round-trip
- [
= 1A network delay in case of symmetric network delay.
-2 T T T T T T T T T T T 1 o 8 1 —o— Mode 1 without local Iag control
0 30 100 150 200 250 300 350 400 450 300 550 600 2 _ | ---&-- Mode 1 with local lag control —
. 'z { 1 —=— Mode 2 without local 1ag control
Round-trip network delay [ms] = 6 1 -=--- Mode 2 with local lag control
) . . .= 1 —+— Mode 3 without local lag control- ]
Fig. 6 Average of average position versus round-trip network delay ir = = | __
case of asymmetric network delay. = 5 s Mode 3 with local ??E E Onm_l o
= ’ —
. . . - Iy
From Fig. 5, we notice that the averages in mode 1 a1 5 4 - P
similar to those in mode 3. This means that in mode E ; T
(users do collaborative work while watching virtual space 5 s R
and perceiving the weight of the ball), the visual sense i = 2 4/ "¢ -
mainly used in the collaborative work. Additionally, from &% 1 1/ ot ,a—-*‘-'ﬁ'-_ ; 6.0
Fig. 5, we see that the averages hardly depend on tl 5 = $=gees 2 0 AR Gl
. . . - g
round-trip network delay in the three modes with the = 0 — T —

local lag control. We also find that the averages of mod 0 50 100 13&’?%?&%%;&8 gg z;gg 500550 600
2 are slightly larger than those of modes 1 and 3. This .. P

because the users cannot watch the virtual space in mode & Average of standard deviation of position versus round-trip
2. However, even though the users cannot watch thaFWork delayin case of asymmetric network defay.

virtual space, it is possible to do the collaborative work -5

with certain accuracy. On the other hand, from Fig. 5, we -~ Mode | withoutlocal lag control

find that the averages in the case without the local la¢— }figi“‘f‘:lﬂff}‘la%gﬂtﬂlw .
control are larger than those with the local control. This is E‘O 1 Mode 2 with local Iag control

because in the case without the local lag control, the 2 ~ Mode 3 without local lag conty —
consistency of weight perception becomes worse as th =15 | .- Mode 3 with local lag conrel ___——
round-trip network delay increases. Furthermore, from .2 —‘:/'

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

local lag control is the largest. Especially when the g10 .

round-trip network delay is larger than about 50 ms, the & = P — »
average rises largely. However, when the round- trlp{E 5 R = e ]

network delay is smaller than approximatéy ms, the

averages are smaller than about 0.5; therefore, it i

possmle. to keep thg bgll arpund at the center by usin 0 50 100 150 200 250 300

only weight perception in this range. We can also find

similar tendencyn Fig. 6. Fig. 9. Average operation time versus round-trip network delay in case
From Fig. 7 andrig. 8, we find that the average of i mmetric network delay.

standard deviation of position is smaller than about 1.5 in

modes 1 and 3 with the local lag control. This means that FromFig. 9 andFig. 10, we notice that in modes 1 and

the ball is almost fixedat the center. Considering the 3 without the local lag control, the average operation time

results shown in Fig. 5 anBlig. 6, we can say that in increases as the round-trip network delay becomes larger.

modes 1 and 3 with the local lag control, the ball isThis is because the users cannot get consistency of the

Round-trip network delay |ms]
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position from vision in order to keep the ball at the center In Fig. 11 and Fig. 12, we notice that the standard
of the stick, and they try to adjust the ball many timesdeviations of operation time become larger as the round-
We also notice in the figure that the average operatiotrip network delay becomes larger than abb@® ms in
time in mode 2 without the local lag control is almost thenmodes 1 and 3 without local lag contrdhis also means
same as that in mode 2 with the local lag control.

14

12

10

Average operationtime [sec. |
(=)

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

7 —=&— Mode 1| without loca lag control
---&--- Mode 1 with local lag control

4 —&— Mode 2 without local lag control
Mode 2 with local lag control
Mode 3 without local lag

0 50 1001502002503003504004503500550600
Round-trip network delay [ms]

of asymmetric network delay.
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= Model 2 with IOE@ ldg contral
c 25 ~—Nodel 3 Wl:'lﬁlou'tldjcal lag control =~
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2 2.0 e —
g 15 / 7
= |
= o
_;3 1.0 / a
2 05 p ?4 g T -
= - o e
= = - R - A
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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 resulte found that the local
Tag control can improve the efficiency of the
collaborative work. Also, without carrying out the local
lag control, it is difficult to keep the ball placireg the
center of stick as the network delay increases. However,
when the network delay is smaller than approxima®ély
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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