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PC Router

- Network emulator (delay, jiter, and loss)

a0 - FreeBSD, dummynet (Reliable for the high /0
|| H| frequency of haptic interface)

Master

- Virtuel object managementand
Send object update massage

<> Actual flow
<> Logical flow

Slave

~Recaive object update massage

Rl teok: cusol g - Receive sleve hapfc cursor data

~Send ifs hapfic cursor position and send ifs hapfic cursor data
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Data

- Haptic cursor posttion and
orientation

- Object information

Software
- PHANToM driver, OpenHaptic, CHAISD
-0DE

Hardware

~Dell Precision 380 (Window XP,
Pentiumé 3.8GHz, 168 Memory)

-SensAble Phantom Omni devices

- QUANTA
- Delay and jiter compensation scheme
(playout control and data prediction)

a3 1 429 ENT Y H2EHE.

2 gAEdcE a8 1 3 o] vAH &
k52|

ol FxE TEY viaE =Es= UM ¥4
a3kl e S A P =AES dre d
2ot e dRE FeolH o dAddtt
ZYoln mEE niaE =R BY Addd s
=24 Axol) 7|utst W7

ol
AMAAM wtaE et AAAS AT vhaE
Z#ols w=Eoli= 7}7t Phantom Omni 37t
Hpo]~7F AZAH I o] & s
P o485 A (9]
ntaE 9l LHolH =58 pC HSHE B
A ME ST

steh. PC 2}
a #4E A

of
=°L_',
X
2
tt
Jpe
o
N

o O o

3 UEY



o
i

ol
o
ot

toh &9 A A =2 FreeBSD & AFE-3FaL
AeJst7] flaiA Ad Aol Dummynet
shtl [10]. Dummynet & Ad¢] Y EL
A, oy
=

o

tio

i
RO

Mo I

o
)

Al

Al

B EAES AT 5

Hu

[

1z
of & N
Mo X X

rlr I

)
i

%0
fr
~

ZgzA o], A

o g Qe

ke
SE
e
2
v
oo ot
ofo
mlo ‘l)“
oft
:(’)g
>

o,
i
.

214 A [11, 12].

Dummynet & 74 g
&3t7] S s e 22 Aol
WA dummynet o] =37+ Fx|e
(1000Hz ©]4) & A Y3l7] YalA= FreeBSD <
Ui ctick 7HEEHE 23l BHAl 2] Fofof
stk Dummynet < FreeBSD 9] Ul ‘tick’ 7}-2-F
of gtEo] HESA d=8S AYstes Hold
t}. AN, c‘tick’ 7FEE]7F 71 EAH o2 100Hz =
A o] =ojgly] wiol 1000Hz & A3t AY
< AR TSl of g

H2EHZ &

2 a8ttt

Ipfw add prob 0.33 pipe 1 ip from Ato B

PC Router
Ipfw pipe 1 config delay 10 ms

Ipfw add prob Q.5 pipe 2 ip from Ato B 1
Ipfw pipe 1 config delay 20 ms

—— ¥

Ipfw add prob pipe 3 ip from Ato B

Ipfw pipe 1 config delay 30 ms

HELYI Ad AHY
Multipath A|E# o] A.

a9, 2,

o202 dummynet = A A3 E=48 935 7]
T2 EFsta Jdov vEA AHE A% 7w
o geoh wEbd 2y 2 ¢
multipath & T+/d3te] 38k A E 2AS A3
ofgtth. 719 2+ 10~30ms o Ad AHE A4

S 9la A 50%E 20 ms A|AS wEA

2ol

246

i
2
o
to
4
X2
o

ay o I
i
—_>‘4-l',
oft
(o]
_)L
~
b

N
N
=)
=
[6)]
N
O
<
3
O,
H
0]
=)
4o
)
=
[
o

o

=

=

3

w

L < R Rl [

4

D)
o
(o

B
o

¢

ot owtxy EYolH BE TP
A Ag-elrt 7alE dHeolgE A
L5 SN Hd HdEES 805 packets/sec
< stk wEkd R dely A7)=
P& Eo] FokA 4Mbps o]
o] ®AgEojol drh F WUL S HASiA
CHAID = AR&sI3lar 7Hd EA419 #2dS Al
ol 37] 984 ODE (open dynamic engine)=
ARE-8FA T [13, 14].

o oM
o
rE
b
N
N

18 DL ogo
NSNS

l-'lj

i)

(m

(A

H

139.3 434 A 47 S8Z=

M
o

b mEelAE H4 destee] adde
SAste =R MY =AE 2ded =A% 7t
e ow HH W= 3] 9= (force feedback)
& ARSsigith @ dEwme YES 9=



o] W FeolB mrolX AL 742t T
T ApolE mlaLskgitt,

= UEHT Al Wl w2 3] 7
Aolt}, 1o A H o] UDP ¢ TCP ¢
HES A Xloﬂo} 718 5 AR
el o] dgdS & F Atk ims A
d V] EWMT 1 ms Xloi*u 3 IE 79
FE gk 3 UDP 2 7% 1y = 0.9204, 1y
= 0.8513, rg = 0.8315, rg = 0.7857 = el &
ATt wbdel] TCP o] A9-ol= Aol &
|5=¢] Wstr o AlskA vEbdS &
(rio = 0.9249, 150 = 0.8919, r5o = 0.8862, ry = 0.7134). ©|
= TCP 7} UDP Xt} HESA A A wE 39
gf=ro] o] AFE HoAFTh

ox ox M o |
oo do =
=

o o &

e

Xl

N

Force Feedback (M.

Simulaticin Time [ms).

)
14
—ims
f | =2
2 ms i
¢ '] —am (‘ | 'u;“
%0.8 |” |‘ Jl“‘q . “.
7| N WY
Pl L i l
u:: ’*]l "l Wi, " L
’ i 1DIEIJ 19I99 EBIQB SQIQ'.-' 49I96 EQIQS 65:34
Simulation Time [ms).
(b)

29, 4 MEYI Ae) B2 Q v=9e) wah
(a) UDP 1)1 (b) TCP.

=R

?51

YES S Aol mebd g d=ue] wsks
AAE 7] skl MELA Ade] e
geweo] B IMS 8 Bt 13 5 =

rr

WES A #de] W3}l (1~120ms) o wE U

=
+F4
.,
T

4] (Kernel density estimation) =Ao]t} (AHY &
Gaussian, bandwidth: rule-of-thumb). TCP £} UDP
A Aol AAHA Hit 3] ey o B4k

l:l‘
S7heth TCP 9] A 1 S7kel AAM 30 ~
ms

AL AT Erh ol AHHd HES 9
@ TCP o Y WAUZel WE A%5S a7
= = [e) =) =] [e}ie)

t A7 AEAES s AR 22 %

Eia=s
07
1 ms
f — 0 ms
06 i = 40 ms
I — B0 ms
80 ms
0s 100 ms
120 ms
. 04
g
k|
02
01
DD 15 2 25
Force Feedback (N)
(a)
07 T T T
1 ms
10ms
06 X seee 20ms
i — 30 ms
1] 40 ms
05F [ S0ms |1
} ) vy B0 ms
?0.4
w0
5
©o3r
02f
0.1
] B | 1 e L M a1 1 L
0 02 0.4 06 08 1 1.2 14 1.6

Force Feedback (M),

)

a9, 5 MEND A Be g J=ug R
(a) UDP 18] 3L (b) TCP.



(60 ms <} 30 ms) &
Ag e o]gh jﬂi‘

H A F72 2
oA Azhek A7 Aats =4 = Asdeh 53,

Force Feedback (N).
=
=)

021

351
| |[—20~30ms

251

Force Feedback {(N).
b

a9,

(a) UDP 18]1

=
9 AUE wstes A4
daaE e 2718 S A

Aol ¢+

H] A UDP &= 10 ms ~ 20 ms ¢] A1 3}

——F060 ms
——FA0 s
—— 00 s
260 ms
60 ms

P"!ﬂ .-\‘ ' Wn

1 1000 1999 A% EEin %
Simulation Time (ms.

@

|y J Wl

—29~30 ms
— 2530 ms

10~30 ms

1UDD 1999 2%

Simulation Time (ms).

0

=93 AYd g g H=ge Wk
(b) TCP.

97

6. U

248

aH 7 & UESA A e 9 v=we
o MR 4 SAE BT g Adue 2
T oAAstER A ofg Hat 3 v=jo] H]
S8 e & F sdvh AT Ade] HEt F
7t 5 3 = Bxe] Bike] AMA Ad
o] Wg7h & A= Adel fle Aol e
F ole § F=EdA A e P d=us
e S 9tk 53] TCP 9 Ag RE A $olA
Ayt P A=W 05~ 1IN AlololA #4 H8 &
ootk aga Ade] wsh AR A

] =7 A2 H2hsk Ad3 AstE
ukghu}
07
—— 89~B0 ms
== A0~B0 ms
0EF 40~60 ms |
fr\ 30~60 ms
x A
20 fi \ ]
.
= osr l'J 1 1
02 | \\.\I 4
f
01t A A .
\t,
0 -—.’fl‘},’nu-‘f. . .Kk ey .
0 0.2 0.4 06 08 1 1.2 1.4 16
Force Feedback (M).
(a)
0.45 T T
-- 28~30 ms
— 25~30ms (|
20~30 ms
— 10~30 ms
- 4
=
2
5 .
' 2.I5 3I 35 4
Force Feedback (M)
(b)
a4 7. MEYA Agd ©E 3] v=we] E¥:

(a) UDP L83 (b) TCP.



o
A4 wre BA9E FAAAnE

E1°ﬂ vl £33 dazge] dddS

| AsAZd = Atk 29" 8@t o] UDP &

= Am AAFd Aol Aoz WAy

R

A s S daA s 2

shz &

Jo| = ¢F A st

dlo] e 5]

TCP o Aol & 1 % o £4o] Advjgte A
A5E 7] Mol £ 4548e FAs] o
==
09
—noloss
0.8
— 0% randam loss
. 0.7 9 [—burst loss
205
4
ED.S- I ‘
|.|.U'4 I
gm_ ik ||| “} | v i) ”‘L w | I 1
"'n.z I|Ii T | e M |
01
1 T T T T T 1

1 1000 1959 picith] 2897 4495
Simulation Time (ms).

@

5995 6994

Force Feedback {N).
o

I WO W e

—niloss
— 1% loss
—10% loss

1 1000 1999 2998 3097 4996

Simulation Time (ns).

b)

9995 5594

9. 8 HENZ &4d A% 3] v=e] sk

(a) UDP 183 (b) TCP.

249

SIEJ Y 7Fo] best effort U E A Aol x
S a7] YA e daE UMEY=

£ =
|9 dAHEE FHs= 2o Hasit
5 7]

6. FAEF

[1] M. O. Alhalabi, S. Horiguchi, and S. Kunifuji, “An
experimental study on the effects of network delay in
cooperative shared haptic virtual environment,”
Computers and Graphics, vol. 27, pp. 205-213, 2003.

[2] T. Hudson, M. C. Weigle, K. Jeffay, and R.M. Taylor
I, “Experiments in Best-Effort Multimedia
Networking for a Distributed Virtual Environment,”
In Proc. SPIE Multimedia Computing and
Networking, vol. 4312, pp. 88-98, 2001.



[3] I. Belghit, B. Hennion, and A. Guerraz, “Predictive

algorithms  for  distant Proc.
EuroHaptics’02, 2002.

[4] J. P. Wilson, R. J. Kline-Schoder, M. A. Kenton, and

touching,” in

N. Hogan, “Algorithms for network-based force
feedback,” in Proc. the Fourth PHANToM Users
Group Workshop, Nov. 1999.

[5] M. Fujimoto and Y. Ishibashi, “A compensation
scheme for network delay jitter of haptic media in
networked virtual environments,” in Proc. SCI’04,
vol. 3, pp. 30-34, Jul. 2004.

[6] K. Hikichi, H. Morino, Y. Yasuda, I. Arimoto, and K.
Sezaki, “The evaluation of adaptive control for
haptics collaboration over the Internet,” in Proc.
CQR’02, pp. 218-222, May 2002.

[7] K. Hikichi, H. Morino, I. Arimoto, I. Fukuda, S.
Matsumoto, M. lijima, K. Sezaki, and Y. Yasuda,
“Architecture of Haptics Communication System for
adaptation to network environments,” in Proc. IEEE
ICME’01, Aug. 2001.

250

[8] S. Dodeller and N. D. Georganas, “Transport Layer
Protocols for Telehaptics Update Messages,” in Proc.
BiennealSymp. On Communic., Kingston, 2004.

[9] SensAble technologies http://www.sensable.com/

[10] L. Rizzo, “Dummynet: a simple approach to the
evaluation of network protocols”, ACM Computer
Communication Review, vol. 27, no.1, pp.31-41, Jan.
1997.

[11] G. Armitage and L. Stewart, “Some Thoughts on
Emulating Jitter for User Experience Trials,” In Proc.
ACM NETGAMES, pp. 157-160, 2004.

[12] W. A. Vanhonacker, “Evaluation of the FreeBSD
dummynet network performance simulation tool on a
Pentium 4-based Ethernet Bridge”, Technical Report
CAIA-TR-031202A, Centre for Advanced Internet
Architectures, Swinburne University of Technology,
2003.

[13] CHAI 3D, http://www.chai3d.org.

[14] Open Dynamics Engine http://www.ode.org/





