¥ 9ol koo 0SS

S5 dlw,
F ool g 5lome ol S

ng.’o.c
o 3y (AL jo (U0 2 (2L g silw e

= .

oS
bl ime Juols

M‘) QLA.N‘
BECH P QRUSWE JUVH RS I

WAR 0



|..\.$ roU c\.:
o i Sriuo oLl
2 gaaolS i 0aSiilD

o 2 e sBaSul jo S50 o byl g il S ipleae

255 s ol 5SS Loia!y olbiw!
i doze 50 AS 1S s Sl
P e x50 Al pien sl

s bl @QJL‘T Ay JS 1 ol yien Ll



‘sg‘a)ééj s.’...



ol

FIFO

DC-(m,k)-WFQ

i 5lg wals

! Wireless Sensor Network
2 Failure

3 Real-time

* Network Calculus



Y doddio
Y QT o 5 g b ) g pow 2 LBASL V-
D PP du)w")é&sﬂ)ﬁb)ymv—‘
s, ,Ltelo Y-
TP PS> Al w5590 ¥
e Sews asil 3l oolasw! gLl g o w5 )-Y
N P 0,5 SO 6, plecw slsydgaso Y-V
| TP PPPPPPPPPP S basil jo DLl 6 lxe Y-V
Ny Sowge F-Y
W gt S BaSul 50 (K50 1 9 Ko Gt 12 190 ¥
L S50 2 sl V-
22 &3)\3‘5? ‘Slbw &‘9)‘ Y-y
| o & e (AL jo yo o bLS,I Y-V
............................................................................................ / - - -



................................................................ (MAC) - - -
B S F-Y

Y ‘;J'y%s{ a0 )-¥F
e oedao (S50 o a0 V-F
Y K30 w2 oo aSd cawlio o b Juo Y-F
....................................................................... (C, ) B
...................................................................... (C2 ) S
........................................ K - - -
AN Gz F-F
Qe o Job 9 Sl YL Ll S dlxo g pSe S50 2 O
Qe et Lo @ 23 V-0
QF oo eeeeeeee et (M,K)-FIRM 5445 » (55950 -0
/7 3970 0310 418 ()9 dilhaie Lot Y-0
QA e oo Job g ml GYU o, dcwlxo F-0



=<
Z
&
=
—
r
=

Y Giw a9 (2 Hl dcwlxo B-0
) G o> F-0
Y ‘53’-"‘5&)[59‘5”)‘4%239
Y Gios pl o ygliws V-F
L} 1 (PP PP P PP PPPPPPPPPP S, Y-#
VY B 4 S aoliolg
| PP JPEWON L] [P VRRWIN WY 151 I



IS Conw b

................. [88]
....................................................................... 8]
.................................................................... [88]
........................................... SPEED
............................ SPEED
...................................................... M/M/1/K
.............................................................. Z, C,
.......... (k=2 ) K
...................... k






Jalae Cow pd



Jol Jad

' Ad-hoc

doddo )



O 63 1,5 9 Colu ) (9o oo ot SBASE 1)

- [88]

Income
A

WIRELESS
INTERNE

. P Year
1990 2000

[88] - S

! Cellular Networks



o &y AUl sy dguxe 1-)-)

6UL~J) QQJ)O LSM)J'? é)s.oﬂ\ljawuo Y—‘

"' Class
? Smart Spaces



Wy ylisle Y-



FIFO M/M/1/K

FIFO

FIFO

FIFO

DC-(m,K)-WFQ

" Quality of Information (Qol)
? Weighted Fair Queuing (WFQ)
3 Network Calculus



9S> Juad

P LAl 4 5y90 ¥

s aslll jl ooliiw! gLl g Lo w5 V-Y

Ko woleo -

:009)T sledauo sl o



o § duxo g ool -

(St by candg Juloxi g o)y -

! Monitoring



iowigd ol S5 g b ools -

é—*"f’ Ao j0 liko o w5 -

/



N-Y Jgus

Qﬁ)ls

oégm

[40] (LR-WPAN)
[102]
[103]

[102]

[28]
[103]

[7]

([40] Bluetooth LR-WPAN )
[103]

[40]

[17]

[18] [40]

[18] [40]
[95]
[102] ( )

[18] [40]
[40]
[95]

[18] [40]  PH

[40]
[28]
[7]

' Active Mobility
* Passive Mobility




aﬁ)lS 09940

[40] ( )

[28]

[71 [103]

[103]
[46]
[7]

[103]

P 0,5 SO 6yl e v dguaxo Y-V

ol Aoy -

WSS px> -

1ol (Bpan plg -




ol S E 5 -

09 HliSesgs -

SNy Gk colils -

"Hop by Hop



Data-Layer

Physical-Layer

Information

Data

Cluster Heads ‘

Children Nodes \

Query

Sinks

J9he-20In10g

Services

T poa

wisllsg g

[8]

Sink

Sink

N-Y S

j,l 2 Sdgdsna

Y-V S






pow Juas

o a0 (Ko 9 Ky s » sy90 ¥
o

&J)a‘sg ‘_gl.bw \-Y

! Reliability



1104]

[104]

E. [53]

! Timeliness requirement
? Deadline

3 Utility function

* Miss

A.Gs.o J..\.o \-\-¥

QLO)’ o> 3 (GO0 guw égU Y-\-v

Douglas Jensen



Utility

A
|
' * Time
d D
N s
1 tcompletion -
. 1
utlllty = D——d(D _t) d< tcampletion <D
0 D< tcompletion

132]



Utility

(a)

Utility

-

* Time

Hard Real-time Systems
Soft Real-time Systems

Firm Real-time Systems
Critical

Utility

u b= = = = = =

_ * Time
. (b)
Utility
I
[
|
|
|
. + Time
o, Dy
(d)
Y-¥ JSSS

o &J)o‘sg ‘_.;LQ‘W’ o \-Y-Y



[71]

Py tj})a‘sg ‘_gl.bw Y-y-v

MPEG

168]

' Automatic Air Traffic Control
2 Tardiness
3 Decoder



o &.3)0‘5.3 S ¥-Y-Y

[67]

et )f.«n& ‘SLQM )ob &j.;)é‘s.} bLJ)' ‘ﬂ—‘ﬂ



(RTDBS)

! Energy-rich
? Real-Time DataBase Systems



[21] [92]

G.o,.o.‘: leaw.o \—Y‘—Y‘

' Mobile computing

? Sensor data management
3 Stream data processing

* Embedded



' Ad-hoc
? Data-centric
3 Application-oriented

Y
D ygxo—03ld

A JCRRYUN T4
/
( )
(Paradigm shift)
(Resource constraints)
(Unpredictability)
(High density/Scale) /

(Real-time)

(Security)



Nl gl V-)-Y-Y

&lwo sludguxe Y-1-Y-Y

"ID
% Noise



PNl iy Y-)-Y-Y



oL ) whdo/ 515 F-1-Y-Y

‘;;)Q@ H-)\-Y-¥

! Self-operating
? Self-maintaining
* Self-stabilized



[76] [74] [2]

Cosol F-)-Y-Y

! End-to-end
% Actuation
3 Security

* Safety



! Broadcast

2 Wake-up requests
3 Self-organizing

* Flooding

> Lightweight

[117]



laSeis Pluo Y-Y—¥

! Base station
2 Mobile interface

* Query



ID )

Directed

[51]

(ID's)

([75]RAP

((Data-centric)

[61]

'(Location-based)

(1002

[57] GPSR [51]diffusion



, [90], [105], [113]

!'Scalable

% Adaptive
3 Router

* Holes

> Clustering

[16], [27], [55], [54], [59], [77], [89], [91]



[49]

(MAC) &by 49 (ouw yiwwd J yiiS ag¥ V-Y-¥-¥
MAC

MAC

A 4y Y-v-roy

(Ad HOC) oLaisl ob yanno 315,148 )—F—F—F—F

! Self-stabilized
? Multihop



[57] GPSR

! Flat routing

? Hierarchical routing
3 Proactive routing

* Reactive routing

> Geographic routing

¢ Forwarding node

7 Location-addressed

GPSR

GPSR

GPSR



&)O < ‘SLQJM}LJ 6‘)‘& LS"L’M 6‘.@0‘&)‘)5 f-r-r-r-y

[45] SPEED Jsigy @

2
SNGF
SNGF
(K)
(D)

' Reservation
? Stateless Nondeterminstic Geographical Forwarding
3 Beacon
4 Drop

> Backpressure Packet re-Routing



SPEED Y S

SPEED -

[65] .



Speed

[33] MMspeed

! Perimeter routing

Speed

Speed

[129] FT-Speed

Speed

Speed

[75] RAP UGy @



DIFS MAC
CwW
SPEED

SPEED

[72] JITS JsSgp @

! Contention Window
? Just-In-Time Scheduling
3 Slack time



deadline-delay_, ;. o o

target-delay= distance(X,sink)

Target-delay

deadline'delaYend to end

remaining distance
D one hop distance

target-delay=

! Link



RAP

RAP

Target delay

[23] 'RPAR 555, o

d(S,D)-d(N,D)

Vpror (S, D, (N P) =4 S N )

! Real-Time Power-Aware Routing



[23]

[5] 'EA-QOS Jsigy o
% r
%(1-r)

6
cost; = I;) CF, =c,x(dist;)' +¢,x f (energy,)

+c2/Tj +c3+c4+cs+cé><f(eij)

! Energy-Aware QoS Routing Protocol



Max(

5 (0-r)u)

iepath
Subject to
Tendend < Trequired
0<r<lI
) r
(
MAC

! Delay-Constrained Energy Efficient Routing

[93] 'Pothuri Jssg, o

MAC



[44] 'DERP Jsig,

(A-threshold)

! Delay-Minimum Energy-Aware Routing Protocol
? Root



A-threshold

CH AU
RN
(RN CH CH CN
CN
TDMA
CH
CH
CH CH
CH
RN

! Energy-Efficient Real-Time Communication Framework
* Clustering

3 Aggregated unit

* Cluster head

> Relay node

¢ Cluster node

7 Periodic

[114] 'EERTC JSigp ®

CN
)
CH
RN
(RN )
CH

CH



RAP SPEED (RN

[4] 'RTLD JsGg, o

GPS
GPS
GPS
)
(
( Vbatt ) ( PRR)
FP
Jp=AXPRR+A,xv, [V, +AXV/V

A+ + A4 =1

! Real-Time with Load Distribution



(1, 14}L
L
(&, 8) (15, 8)
T E (21, )
F . K
. 4 . (27, 3)
D]
s e M/.
=10 =5 . 5 10 .N
-, .B
"0
DY S
FP
RTR
RTR

b e B 5 o5 A lio 9 (gody aiwd F-Y-Y-Y-¥

! Request To Route



N-Y Jous

paseq £1onQ SOA SOA SO SOA ON ON SO SO SOX
yrednny SOK SOX ON ON ON ON ON ON ON
Annqereos 1 1 3 " D 1 1 1 "
Arxordwo)
- MOT MOT MO MO MOT MOT MO MO MO
[9POIN UQALIP UQALIP J1q®) K100 K1onb UQALIP
A19A119( ®BIRQ UOALIP JUOAY puewdg puewog JUSIPEID Sunnoy SNONURLoD ‘19pea] xo[dwo) puewag
(Koudye)
e PON PON PON Mo PON MO PON PON PON
°d
S0 ON ON ON ON ON ON ON ON ON
UONRZI[B0] ON SO ON ON ON ON ON ON ON
uone3a133y
g SO SO SO SOA ON SO SO SO ON
31q|
based SO Sox ON ON ON ON ON ON ON
uonenoIoN
ades() 10mod I I V/IN V/IN V/N I I V/IN V/IN
sseuaIEMy 0 0 0 0 0 0 0 0 0
uonIsoq N N N N N N N N N
AnnqoN d 1 1A 1 ON ON ON 1 1
UCTIESTIISSET) el el ¥eld 1eld 1eld el ¥eld Feld 1eld
“ ) =
: = = 5 g
— S — N — < — 2 b~
% z3 £ % = a, vl o )
- €= 3 ~ < X < = o
= 58 z 3 5 < = 5 5
= 2 25
i g g = - S 2
£ &




paseq A1ond) ON ON ON ON ON ON ON d d ON
yrednp ON ON ON ON ON ON SOA ON d ON
Apiqeeos D D ) Mo Mo D D ) Mo D
e s s MO MO MO MO s MO 0 MO
g HO HO 1 1 1 1 HO 1 PON 1
[9POIN J1981 Sunnor
CPATEQ BIRG peay 1oisn[) | USALIP JUOAH surey)) oryder3oan Sunnoy oandepy puS [enaIA peay Josn[) | uoAup A1on) | PpuS [emuIA
Kouaje
A fupo a& MOT PO U31H Mo Mo PO U3IH PO U3IH PO
NYe) ON ON ON ON ON ON ON ON ON ON
UONBZI[BO0] SO Sox SOA ON ON ON SOA ON ON ON
uone3a133y
ere SO SO ON ON ON ON SO SOA ON ON
a
bosed ON ON ON ON ON ON Sox ON ON ON
uonenosaN
oges() 1omoq XeN XeN XeN XeN V/N V/N V/IN V/IN T 'l
SsoudIEMY 0 0 0 0 0 0 0 0 s 0
uonIsoq N N N N N N N N A N
Aipiqon SR g4 g4 ON ON ON ON "1 SOA T
LCTIESILSSET) H H H H H H H H H 1
> 3 =
=, f<al o,
gy Z N zZ —_ Q —
o~ —_ =1 — —
5, 2 > 2 = 2 2 o = =
S =2 Z 72 = m § 3 = =z
5 3 3 2 = = s < s $
H z e Z @ 2 5 =~
£ Q g
o8} =) 5]
= p= v




paseq A1ond) ON ON ON ON SOA SOA SO SO SOA
pednmy ON ON ON ON SOA ON ON SOA ON
Apiqeeos T T T 1) T T T T T
Krxordwo)
3 MO Moq M0 M0 PON PON PON H H
1015
[9POIN UQALIP
CPATEQ BIRG puEmaq snonunuo)) oyderdoan oryder3oan UDALIP J[qR [, oryder3oan orydei3oon oyderdoan oryder3oan
(Aouoge)
Aa PON PON PON PON M0 PON PON PON PON
[°d
S0 ON ON ON ON SOA SO SO SOA SOA
UONBZI[BO0] ON ON ON ON ON ON ON ON ON
uone3a133y
: ON ON ON ON SOA ON ON ON ON
eeq
bosed 0 R 0 0 s 0 0 0 0
uonenoSoN N A N N A N N N N
oges() 1omoq 'l V/IN VIN V/N V/N V/N V/IN V/IN V/N
SsoudIEMY 0 0 0 0 0 0 0 0 0
uonIsoq N N N N N N N N N
Aipiqon T "1 ON ON ON ON ON ON ON
LCTIESILSSET) 1 1 1 1 So0 NYe) S0 S0 So0
= —
< e
— bl ~ — — o0, —
m o & W = _<7JJ W o) S
— M a) 22 it — o) m ~
= < 2 % o A = > <
& & A S S = & Z &
© -2 o “ 7! p= R~
S =

Fixed BS,

Very Limited, FB=

Possible, Li= Limited, VL

Location, P=

Flat, H= Hierarchical, L=

F=

Good, CH= Cluster Head

Moderate, G=

Mod



[6]
RAP
API .
RAP
virusFound virus.count

(10,10,100,100)

registerEvent{

virusFound(0,0,100,100),
query{
virus.count,
area=(Xe-1,Ye-1,Xe+1,Yevent+1),
period=1.5, deadline=5,

base=(100,100),

b

! Transport layer
? Application Programming Interface

U [FEH PVRVARE i S

Ky o bl ,l gyloxe J-F-F-F-F

[75]RAP

API

(Xe Ye)



) LAP RAP

n [57] (
[1] MAC (VMS) "
VMS .  Velocity Monotonic Scheduling (VMS) RAP
VMS .
VMS .
D (Xd,Yd) (Xo, YO)
V=dis(x¢,y0,X4,yq)/D VMS
(Xa.yYa)  (X0,¥o0) dis(X0,Y0.X4,Ya)
VMS
(Xd>Yd) (Xi,Yi)
D
(Xi,Yi) Vi T;

Vi=dis(Xi,yi,Xd,Ya)/(D-Ti)

( )

! Location-Addressed Protocol
? Velocity Monotonic Scheduling



17%

90%

RAP .

MAC

RAP

802.11b

MAC
[75]
DSR

[75]



ek Juas

oobao (K02 a0 g (SNy0 4y ¥

[100]

[38] [3] [101]

FIFO M/M/1/K



“;.;)wb‘s.} 4> 4o \-¥

[80]

sl ©ldg pio V-1-F

1-F S

p . 2 [22]

! Real-time Degree
? Buffer



{a,b,c,d}

di,j<tr

dik >tr

di,j>tr.

M/M/1/K

{LLo,h} {m,h} C

0Sj<N  I<i<N)j i

[39]

tr joi (
(-)

k (
(-)

I (



CSMA/CA

MAC

E[N]

[12]

N

[22]
MAC

[56] MACAW MACA

] 1

LF

tr



pL,, =1-(1-PL)""

‘path =

PL

oy 700

B+l 1—(}’)B+2

PLpath

N0 4y (b, Y-)-F

PL
(-)
(-)
(-)
S
) G



s=G(1-rL,,,) (-)

T
i-1 (i=0,1,2,... E[N]) i
(1-PL) i
(.6 \{F , Gll-(1-PL)™] _
r_(mj Zo“ (1=PL) = PL*E[N] (-)
v (-) (-)
PL r
[116] [58]
t, W
N-1
Delay,, =E[ZN:]W+(E[N]—1)E[tJ=E[N]W+E[LZ’lpmh] (-)
o _(BJrZ)r'BJr2 ]
L_l_,,| 1— 1B+ ( )

! Circuit-Switched Networks
? Erlang fixed-point



> | b~ mlﬁ

W:

[
x=2(1-7,,) /1[1 o J

(1 (B ) (B 2)r ]
i(l—r')(l—r'B“)

Lenyink

- - % total interferer

---------- » partial interferer

om

K

! Time Slot
2 Channel Contention



{AF.H} -

Y X (X,Y)

( - ) (H,C) (D:E)

A
(E,A) A
(-) (-) HD FOG)
A
A (F,G) (H,C) (E,A) (D.E)
[22]'
(A,Q) A (H,I)
[22] ' - (A,B)
i B
I'(n) I'(n) (1<n<N)n
n
i
Tym M n
[22]
OB YRS W IA (-)

! Total Interferers
2 Partial Interferers



1 £ m=0

V()

A 1 3keH :d,, <r,n#i
V'(n)= ’
0 otherwise

B - i

! Indicator Function

(-)
(-)
H

[22]
(-)
( -)



NACK

T(2(E[N]—1)E[tp]+K2+1)

Delay,, = EZN: - E[Lenpa,h] . T[zE[LénpmJ K : 1]

E[N] 2T+1)E| L
Delaypath = z W+( . ) C[ enpath] +(K-;1)T
i=1

I-P

path_ failure

1+ Max ((Delaypmh T ety )/TDe,ay , 0)
+P x P

path_ failure existence _of _backup _ path

Real —time degree=

x Real —time degree

= Real — time degree =

1 path Sailure

Delay
path
(1 + Max L - X path fatlure existenceiofibackupi path )

Delay




Ppathifailure

—1-(1-LF)""" (-)

F;aath_failure

Pexistence_of_backup _path

R-1

1P (-)
existence _of _backup _patht — path _ failure

Let:P =P

path_ failure > PZ = Qxistenceiofibackupipath

0<P<1,0<P <l = R>PP,
-7

<1 (-)
1-FPF,
1+ Max(( Delay, ,y,~ Tpy, ) /Ty -0) 2 1

= 1-R<1-PP

1
- <1 (-)
1+Max((Delaypm T etay )/TDe,ay ,0)
-7 X ! <1 ( -)
I_R% 1+Max((Delaypath _TDelay )/TDelay ’0)
= Real —time degree <1 ( -)
0 < Real —time degree <1 ( -)

N0t 420 blgy (i Ll Y-)-F



GloMoSim . [128] GloMoSim
UCLA

MAC

[49] Berkeley Mote

A-F Jgazr
MAC Layer MACA [56]
Radio Layer RADIO-ACCNOISE
Propagation model | TWO-RAY
Bandwidth 200Kb/s
Payload size 32 Byte
Terrain (200m, 200m)
Node number 100
Node placement Uniform
Radio Range 40m

( ) % [109]



340 4

290 -

240 -

Delay (ms)
o
(=]
|

140

90 1

—— Simulation —#- Formula

40

100%

90%

80%

70%

60%

50%

40%

Real-time degree

30%

20%

10%

0%

0 10 20 30 40 50 60 70 80 90 100
Rate (p/s)
: %
—— Simulation —=-Formula
0 10 20 30 40 50 60 70 80 920 100
Rate (p/s)



'oredao K5y o 4y Y-F

PL,, :1—((1—PLWer ) xRW,h) (-)
Rpath
[81] [82]
[82]
RRT _degree=(1-PL,;, )" x (1~ MissRatio)x (1~ P,,,,,.) ( -)

1

- T,
. . Dela Delay
MissRatio = e Y Path ( -)

! Reliable Real-time Degree
% Miss Ratio



Delaypath

R
RTotal =1- Pfailure =1- (1 - Rpath)
(TDalay)
_(%)XT
R —e Path Lifetime’™ "~ Delay
path —

_ () (rx)
E,,=E"% +E

(£0)
(E77)

TDelay

Pfailure

1
“Path Lifetime

(rx)
(E)



(ele) ()
() B!

(E(Proc)) (E(ele)) Ez(,t;) (E(proc))
E, = [2( ) | E(proc>) + df,- E(amp):| ( -)
j 1 di’j E(ump)

E[N]-1

p(path) = z (ﬂXEi,m) ( - )
i=0
p(path)
d =T oA -
p(node) E[N] ( )
[20]

Path Lifetime = min {B,, i € (0, E[N]-D} ( -)

p(node)
i B:

Codoo (S50 2 4z y0 bulgy o jlael g gjlw Al V-Y-F
[128] GloMoSim



Y-Fgue

MAC Layer MACA [56]
Routing Layer DSR [55]
Propagation Model TWO-RAY
Bandwidth 200Kb/s
Payload Size 32 Byte
Terrain (200m, 200m)
Node Number 100

Node Placement Uniform
Radio Range 40m

R (Number of backup paths) |2

Transmit Power Consumption | 26.7 mw
Receive Power Consumption | 22.6 mw

—&— Simulation —#— Formula

Delay (ms)
[\ ] W - W N
5 s 3 5 ES

N
(=
I

N
=1

10 20 30 40 50 60

Rate (p/s)

70 80 90 100

Hae) L O



Miss Ratio

100% +

90% -

80% -

70% -

60% -

50% +

40% -

30% -

20% -

10% +

—— Simulation —=— Formula

TDelay

0%

10

20

30

40

Rate(p/s)

50

70 90

V-F Jsei



Average Node Energy Consumption Rate

100% -

Reliable Real-time Degree

(m/s)

90% -

80% -

70% +

60% -

50% -

40% -

30% -

20% -

10% +

—— Simulation —=- Formula

0%

0.9 4

0.8 4

0.7 4

0.6

0.5 4

0.4 1

0.3 4

0.2 4

0.1 4

50

Rate (p/s)

—— Simulation —=— Formula




S.?).b‘s.g o) S Al b o b Juo Y-¥
FIFO

FIFO

FIFO

FIFO

FIFO

"Cuglgl b o Jow 1-Y-F
FIFO

! Priority Queuing (PQ)
? Scheduler



Realtime

":r[....ll ..

) CoLLE
®

'.l’. EmmnE . W Packet

MNon Realdtime W High pri Packet
] nggrbugghckut

L.
A

(C) Qv

(C) (Q2)
C2 ﬂ‘l Ll C1

! Class



(C1 g i) YU cusglsl b o V-1-F—F

Ci
[87]
Ci
Qi
C,
Qi G
E[W |=E[T,]J+E[T]
p ( )
P = ﬂ”lE[Sl:'

87] S

' Second Moment

> PASTA (Poisson Arrivals See Time Averages)
3 Poisson arrival streams

# Utilization

[87]
C

Qi

1
H
C
(
E[Tg]
G

Ci

Ci



2E[S,] “
c, C
& B[S _
E[TR}—;psz[Sk} (-)
C] ( _)
G
E[N;] C
o E[N]=AEW]
L Q 70]
Hy
E[N, E[w
E[T] Eﬁl]:% J‘PIE[WJ (-)
E[W/] ( -) E[T,] E[Tg]
[43] M/G/1
2 E[Skz}
Zpk
E[w]== I_ZZ[S"J ()
L
?" R Cx

" PASTA property
? Little’s Law



G
Ci P1
G G
Zzlpkl% O ~L+p, 2
E[w =28 2R 2R
1 I=p 1-p
C (

E|W,|=E[Z/|+E|Z,|+E[ Z;]+....

&)

1 L,
- ="k Cy
He R
Cx
(-)
M/D/1
(-)
L
2R
( -)
(-)
P2 P1
L2 Ll C2

(C2 s diw) oly cuglgl o Y-)-Y-F

G,



E[Z]

E[Z/] C, Q O G G
E[Z]=E[T,]+E[T;] (-)
E[Tr]
Qi
Q Q E [T,]
E[T2]. C,
E[N,|=4E[W,]C, . C;
C2
E[T.] €
Hy
2 E[N,] 2. AE[w | 2
E[TZJZZ [ k}zz - k]=ZpkE[Wk]=p1E[Wl]+p2E[W2]( -)
= M = My =1
E[T,] E[Tg]
2 L
E[ZJ=;Pkﬁ+PlE[WJ+PzE[WJ C-)
E [Z1] E [Z,]
E [Z;] C
G E[Z,]

G,

[50]



E|W,|=E|Z |+E|Z,|+E|Z, |+ E| Z,]
E|W,|=E|Z |+E[S, |E[M,|+E[S |E[M,]+..

E[MJ}:E[E[MJ. |Zjﬂ =E[Cz;]=GE[Z,]
Ql

Ci Qi

Hy



— C Q C LE[W, ]
H
Sl
Hy [ 2]

E\W.
AEL% e (-)

H

(-)
2
E[Wz]=kZ_;,Okﬁ*—plE[Wl]+p2E[W2]+p1E[WJ (-)
E[W, ]
2 L
_;szj]}"‘plE[Wl]
E[WZJ_ 1_:01_:02 ( ')
Lilgy g,laSaxe g 2bj,l Y-)-F-F
*
kbps
kbps
/
/ /
)C2 ( )Cl



1.2 4

0.8 4

0.6 1

Delay (ms)

0.4 4

0.2 4

Utilizatio

n of System (sensor node)

0.1

Q:

0.2 o 0.3 0.4
Utilization

={=Queuel
=—dr—Queue?2

=—O *Queuel (Simulation)
—X *Queue?2 (Simulation)

! Polling model

AV-F JSSS

Q:

o e sasiul gl “S.wS).w Joe Y-Y-¥
FIFO



[115]

[14] [112]

k
Qi
G Qi
G G
! Cyclic order
? Exhaustive
* Gated

4 Limited service

Q:

L,

C,

Q:

1

A

L



w2 o> Al gl ) Codgamo b LS pw Jow V-T-T-F

Q Q
Q Qi
C, C
Qi
C Qi
E[s¢] B[S )=
[87]
E[W,] Qi Ci
Q Q
Ci
E[W,|=E[R,]+E[T, ]+ E[T, ] (-)
B[R]
E[R,] C E[R)] C
Qi E[T,]
E[T,] . E[N/] : C
Ci Q:

! Round-robin
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(m,k)- [34] [29] [26] [10] "

DC-(m,K)-WFQ

! Firm Real-time

? Delay and Queue Bounds

3 Quality of Information (Qol)

* Weighted Fair Queuing (WFQ)
> Network Calculus

[13] * !

[110] [73] [42]Firm

[63] " "



(m,k)-Firm

DC-(m,K)-WFQ

[13]

[126] [127]

' Burst
? Quality of Service (QoS)
3 Jitter
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[11]
N—pV'—py—t pV
SO
D’ D D
N N>V D
- V*
(R")
(D)
N>V ->V->D
S=(Si....... . So)
V= (Vy,..., Vy) 1<i<s V, -
D R

! Sensor Streams
% Space-temporal domain
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DC-(m,K)-WFQ

S=(Si..... Sn)

C=L"*L A A=L*L

(0,0)
DC-(m,k)-WFQ . [86]
S; Vi

! Multi-hop shortest-path tree
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(m,k)-Firm
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k-m . (m,k)-Firm
k k-pattern (m,k)-Firm
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! Pattern

2 Mandatory
* Optional

* Flow
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S.,8,,..Sx) N

[26]

k

Ek = max {F;k"l,v(t)} +%

V(t).

! Static
? Dynamic

WFQ

3 Data Centric-(m,k)-Weighted Fair Queuing

* Flow service share
3 Virtual finish time
¢ Virtual finish tag

WFQ

" gm0 0318 15 139 diliaie sldo Y-0

DC-(m,k)-WFQ

WFQ

(mi,ki)—Firm
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DC-(m,k)-WFQ
WFQ (m,k)-Firm
DC-(m,k)-WFQ
)
E* (
DC-(m,k)-WFQ
(m,k)-Firm

(mi,ki)-Firm (Di

; DC-(m,k)-WFQ

! Temporal constraint



Input
Streams S;= (Rate, Deadline requirement, (m,k), Burst, Packet-Size)
Priority Assignment
Ata™ packet arrival time of stream [i] {
if (@ <m)then {
Tag the packet as Mandatory ‘M’;
}
else {
Tag the packet as Optional ‘O’;
}
Compute Virtual Finish Time Fik;
Tag The packet with Fik;
Put the packet in the corresponding queue;
}
Service Discipline
server = idle;
while (buffer not empty) do {
if (server # busy) then {
if (there is at least one mandatory packet at the head of queue)then
select mandatory packet with lowest finish tag;
else select optional packet with lowest finish tag;
if (packet is mandatory) then {
send the packet;
server=busy;
}
else { // optional packet
if (deadline would be missed) {
drop the packet;
server = idle;
}
else {
send the packet;
server = busy;
}
Y/end else ‘optional packet’
Y/end if server # busy
if (server = busy) {
wait until packet is transmitted;
server=idle;
}
Y/end while

DC-(m,k)-WFQ N0 S
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max-plus [63]

[63] min-plus

! Packet Switch Networks



d(t) < Dmax

R(t)~ a(t) ( B(t) R (t)~ a (t)
q(t) < Qma
Y-8 g
R()
R'(t) . [0,t]
[0,t]
[63]
R(t) a(t) R(t)

Vs,0<s<t,R(t)-R(s)<a(t-s)

o(t-s) [5.1]
R(t) ~ a(t) a(t) R(t)
R(t) B(®)
A0 R(t + 4)=R 1)= f(4) BA) [t tFA]

" Busy period



Dmax

Qumax

A Amount of Data (bits)

RV
RO\

D"iax

SUR NP, S

>
Time (s)
Yoo s
B(H) o(t) D,
B(H) a(t)
Dy = h(at, )= ssgop{inf(f >0lar(s)< B(s +r))} >d(1),Vt
o) Quiax
B at)
Qmax = V(O(,ﬂ) = Ssg(l))(a(s)_ﬂ(s)) 2> Q(t) , V't
o(t) R(t) R(t)

o (t) B(t)



g f min-plus deconvolution O]
(fog)()= s;gg( f(t+s)- g(s)) f(0)=g(0)=0
- (-)
a(t)=b+rt
Brr(t)=R(t-T)" FIFO
a (t)=a(t)+rT (-)
S, § R(t) b o)f &5”9"
S i)  Bi(V)
S S, S
B(t)=(8®B)1) (-)
: min-plus convolution ®

(f®g)(t): inf (f(t—s)+g(s))

0<s<t

(M,K)-FILTER pggd0 1-1-F-0
(m,k)-firm R(t)

(m,k)-Firm (m,k)-filtering

[60]

! Rate-latency service curve



R(t) {(m,k)-Filter D -
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(m,k)-Filter
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(m,k)-Filter r b
-( ) -
R(t) S L -
(m,k)-Filter a(t)=b+r-t
a(t)= b+7-t (m,k)-Filter
b="lob
k
F="1
k
NK i te T={ tO,tk,tzk,---,tnka---}
o )ima sasll Joo Y-Y-0
[97]
N N

! Burst size
2 Minimal arrival curve of stream
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! Maximum Sensing Rate
? Average Sensing Rate
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bwgio by S Y-Y-F-0
DC-(m,k)-WFQ

R(t) S
a(t)=b+r-t
DC-(m,k)-Firm
( )
R'(H)
a (1)=b"+r"-t
DC-(m,k)-WFQ

(m,k)-Filter

! Effective flow
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filter
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-0 JSub
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o (t) =b+r.t (Qmax) (Dmax)
( - ) Brr (t)=R.(t-T)" FIFO
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D... by (-)
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Qmax:b+r'T ( - )
a(t):b+r-t
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WFQ
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Dmax_7+6_k r+ k r+C ( )



[63] WFQ

b L
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max r + C
WFQ DC-(m,k)-WFQ
T
Dreq
__k _mb_L
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b,
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' Beacon
? Sensing activity
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! Packet forwarding



B, = (0{10,,8):50pl

34pl
f

Dy, :h(&m:ﬂ) [+~

13p!

Dyy = h(&,, B)=1+—= 7

20_h( 20918) [+——

3pl
o

D =Dy +Dyy+ Dy + Dy = 4H +——

» Dy :h(&w:ﬂ):l

50pl
f

S}LW A g gs‘..b's dwlxo O-0O

[130] DC-(m,k)-WFQ
OMNet++
MAC
Berkeley Mote -
[49]
10 Jgux

Propagation model Two-Ray

Bandwidth 19.2Kb/s

Payload size 40 Byte

Terrain (80m, 80m)

Node number 200

Node placement Uniform

Radio Range 38.3m

Routing Shortest-path tree

! Castalia



DC-(m,k)-WFQ

: WFQ

Number of Received Packets

1800

1600 -

1400

1200 -

(Mk)-WFQ == =WwrFQ

1000

800 -

600 -

400 -

200

10 20 25 40 50

Generated Packet Rate

%



DC-(m,k)-WFQ

DC-(m,k)-WFQ

WEFQ

(mk)-WFQ — =—WrFQ

8
7
—_———
/
. /
7/
/
zs ——
E -~
3 7
5 4 -
% -
&
@ 7
&
3 -
7~
Ve
. s
Ve
Ve
d
1
0
2 5 10 20 25 40 50
Generated Packet Rate
(m,k)-WFQ — — WFQ
0.04
0.035
/T ——
/
0.03 /
/
/
= 0.025 - _ -
-1 -—
o -—
E e
2 7
S 002 e
&
5 7
5
0.015 +
7
Ve
0.01 s
Ve
Ve
7
0.005
0
2 5 10 20 25 40 50

Generated Packet Rate

8-6
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Generated Packet Rate
Ne-l) S
(m,k)-Firm
Y-8 Jgus
Flow (m,k) Rate Traffic Model Required Deadline
Flow 1 (4,5 0.2 Kb/s Poisson 0.5 p/s s
Flow 2 (3,9 3.8 Kb/s Poisson 5 p/s 400 ms
Flow 3 0,1) 15.2 Kb/s Poisson 40 p/s Infinite

| kbps




| kbps
| kbps

(. )-Firm
( )-Firm
| kbps
( )-Firm
DC-(m,k)-WFQ
¥-0 Jouo
Flow DC-(m,k)-WFQ WFQ
Flow] 0.98 20.42
Flow2 0.38 5.61
Flow3 0.97 3.43
WFQ DC-(m,k)-WFQ
DC-(m,k)-WFQ WFQ
( (m,k)-Firm )

DC-(m,k)-WFQ

WFQ
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" Overload
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[81]

FIFO

FIFO

) DC-(m,k)-Firm

[41] . [83]
XTC
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DC-(m,k)-WFQ
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[41] XTC

k
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' Self Similar
? Queues with Impatient Customers

FIFO

FIFO

[123]

[124] [122]

ST eyls Y-8

b g dwlxe V-Y-F



! Aggregation

m

oSon Siyd e Y-Y-F
DC-(m,k)-WFQ

250 YL (), dwlxe ¥-Y-F

MAC

S o s I F-Y-F



o )i.w.: Al ).ig‘é Jolae 9 Gis)o‘sg o axdlao B-Y-F



Active Mobility
Actuation
Adaptive
Ad-hoc

Aggregated unit
Aggregation

Application Programming Interface
(API)
Application-oriented

Automatic Air Traffic Control

Average Sensing Rate
Backpressure Packet re-Routing

Base station
Beacon

Broadcast

Buffer

Burst size

Busy period

Cellular Networks

Channel Contention
Circuit-Switched Networks
Class

Cluster head

Cluster node

Clustering

Contention Window (CW)
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Cyclic order

Data Centric-Weighted Fair Queue

Data-centric
Deadline

Delay and Queue Bounds
Drop

Dynamic

Effective flow
Embedded

End-to-end
Energy-rich

Erlang fixed-point
Exhaustive

Failure

Firm

Firm Real-time Systems
Flat routing

Flooding

Flow
Flow service share

Forwarding node

Gated

Geographic routing
Hard Real-time Systems
Hierarchical routing
Holes

Hop by Hop

ID

Impatient

Indicator Function
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Jitter

Lightweight

Limited service

Link

Little’s Law
Location-addressed
Location-Addressed Protocol (LAP)
Mandatory

Maximum Sensing Rate
Medium Access Control (MAC)
Minimal arrival curve of stream
Miss

Miss Ratio

Mobile interface

Monitoring

Multihop

Multihop shortest-path tree
Network Calculus

Network Life Time

Noise

Optional

Overload

Packet forwarding

Packet Switch Networks

Partial Interferers
Passive Mobility

Pattern

Perimeter routing
Periodic

Poisson arrival streams

Polling model
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Priority Queue (PQ)

Proactive routing Wliws i ol s

Quality of Information (Qol) Sl kS o
Quality of Service (QoS)

Query (Olows o ) el 54
Rate-latency service curve -

Reactive routing iS1s ol s
Real-time K3
Real-time Degree 3 g o

Real-Time Power-Aware Routing
Real-Time with Load Distribution

Relay node

Reliability Olaadsl LB
Reliable Real-time Degree

Request To Route (RTR)

Reservation sl
Root oy
Round-robin

Router Ol s
Safety o]
Scalable sl el
Scheduler

Second Moment

Security Cin
Self Similar

Self-maintaining SIS 55
Self-operating BLgrye
Self-organizing oilejlus 3 45
Self-stabilized SIb 3

Sensing activity



Sensor streams
Sink node

Slack time
Smart Spaces
Soft Real-time Systems

Space-temporal domain
Static
Tardiness

Temporal constraint
Time Slot
Timeliness requirement

Topology

Total Interferers
Transport layer

Utility function

Utilization

Velocity Monotonic Scheduling

(VMS)
Virtual finish tag

Virtual finish time
Wake-up requests

Weighted Fair Queue (WFQ)

Wireless Sensor Network
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Mandatory

Noise

Optional

Periodic

Packet forwarding
Erlang fixed-point
Miss

Ad-hoc

Security
End-to-end

Base station
Safety

Critical

Virtual finish tag
Time Slot
Utilization
Impatient
Real-time
Real-Time with Load Distribution
Monitoring
Energy-rich
Contention Window (CW)
Dynamic
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Utility function
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Passive Mobility
Active Mobility
Cyclic order
Channel Contention
Static

Flooding

Exhaustive
Flow
Effective flow
Round-robin
Multihop

Maximum Sensing Rate

Drop
Network Calculus
Holes

Flow service share
Limited service

Failure
Self-stabilized
Self-organizing
Self-operating
Self-maintaining

Self Similar

Clustering
Data-centric

Space-temporal domain
Real-time Degree

Reliable Real-time Degree
Multihop shortest-path tree
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Request To Route (RTR)
Wake-up requests

Gated
Medium Access Control (MAC)
Busy period

Tardiness

Application Programming Interface
(API)
Mobile interface

Actuation
Beacon
Class
Reservation

Poisson arrival streams
Sensor streams
Root

Slack time

Virtual finish time
Scheduler

Velocity Monotonic Scheduling
(VMS)
Lightweight

Cluster head

Overload
Quality of Information (Qol)

Quality of Service (QoS)
Hard Real-time Systems

Firm Real-time Systems
Soft Real-time Systems
Wireless Sensor Network

Packet Switch Networks
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Cellular Networks

Circuit-Switched Networks

ID

Priority Queue (PQ)

Data Centric-Weighted Fair Queue
Weighted Fair Queue (WFQ)

Burst size
Network Life Time

Smart Spaces

Sensing activity

Reliability

Little’s Law

Location-Addressed Protocol (LAP)

Temporal constraint

Application-oriented

Delay and Queue Bounds
Automatic Air Traffic Control

Hop by Hop
Relay node

Forwarding node

Sink node

Cluster node

Second Moment
Pattern

Transport layer

Jitter

Average Sensing Rate
Firm

Partial Interferers
Total Interferers

Polling model
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Router

Real-Time Power-Aware Routing

Perimeter routing

Proactive routing

Flat routing

Geographic routing
Hierarchical routing
Backpressure Packet re-Routing
Reactive routing

Scalable

Rate-latency service curve
Minimal arrival curve of stream
Deadline

Location-addressed
Buffer

Miss Ratio

Embedded

Timeliness requirement
Topology

Broadcast

Aggregated unit
Adaptive
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Abstract

Nowadays, information gathering based on wireless sensor network
(WSN) has formed various applications and it also seems to be spreading more
in future. Wireless sensor network, is a network composed of multiple nodes,
without any infrastructure, each having one or more sensors, wireless
communications unit, processing unit, memory, and power supply. Memory
capacity, computation power, and power supply are usually considered as
valuable resources and limited in nodes. Most of sensor nodes are located in a
dense mode and they are susceptible to failure. Therefore network topology may
vary dynamically.

A sensor network can support real-time communications independent of
its type of structure or applications. Therefore, from the point of view of a
designer or an analyst of WSNs, investigation of important factors is so essential
in correct and on-time recognition of events in real-time applications. According
to many reasons discussed in this thesis, this issue is an interesting but
challenging one and it fundamentally needs specific solutions and models.

To achieve this goal in this research, a series of analytical relations have
been developed and presented to model and evaluate the real-time process in
WSNs more accurately. These relations have been derived with respect to two
approaches: First, calculation of network average delay and life time so that they
be reliable and effective in network analysis prior to implementation and second,
the ability to estimate the upper bound of delay and queue length using network
calculus. Relations for the first part have been derived for soft real-time process,
FIFO, and priority queue models. For the second part, we have presented DC-
(m,k)-WFQ algorithm which is suitable for firm real-time process, then we have
attained the upper bound of delay and queue length using network calculus.
Finally, all these relations have been evaluated and validated using simulation.
Keywords: wireless sensor networks, real-time process, queuing theory, upper

bound, analytical model, network calculus.
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