Oogn 200200 (00O 1400)

MaCC: WPAND OOOOOODOOOoOoOO
oo

gooo
goooobooooon

oo og
g o
g od
ood o
O od

Jooboogodgboood
0o o



00000000 200200 (00 1400)

MaCC: WPANDOUOUOOOOOoOooooooooo

00000 WPANs(Wireless Personal Area Networks) 000000000000
OO0O00O0OWPANsOODODODODODOODODODODOOOODOODOOODOODO
O0000D000O000OWPANSsOOOOOOODODOODOOOODDODOOOODOOOO
gogdooobooobbbboooooooouoboobbbbbuoooooooo
googooog

gooooooooobobbbboooooooooobobobbbbboooog
goobboobbooboboobboobbooboboobbooobuoobuo
000000000000 000D0000000000DOD0OD0OOWPANsODOD
gogdooooobboobboooooooouoboobbbboooooooooo
guooooooooobbbbbooooooooog

gogdooooooobbbbuoooooooouoooboobobobbouoooo
00000000000000000000 IP(Internet Protocol) OO O0OOOO
000000000000 00000000000000000000 WPANsODO
guooooooobobbbbboooooooooobbbbbooooa

OOOWPANsOOODODOO 1000000000000 O0O0O0O0O0O0O0O0OO
goodooobooobbbbtboooooooouoboobbbbbuoooooooo
goodooooobbobbooooooououobobobbbbbouoooooooo
000000000000 0D00DbO00000 WPANsODOODODODODODOD
gooooobobboboobobbbbuooooouobbbboooooooo
guooooooooobbbbbobogo

O0O0000000000000DbO00bO0o0oDbO0onO WPANsOOOODOODO
OO0 MaCCOODODODDOMaCCO WPANsODOODODODOOODDODOODODD
O00000000000MaCCOOODOOODODOOOD WPANsOODODOODO
obobboobooboobooboobon

O0O000 MaCCOOODODODOODODOODODDODOOODDODOOODODOOODOOOOO
000000000 MaCCOODODDODODO BluetoothO OO OO OO OO OBluetooth
gobbobdogbboogoboboooobboooobbbuooonbboooo
oboboboobooboobgooboobobooboobd

gboboboooobbodd
go O



Abstract of Bachelor’s Thesis

MaCC: The Design and Implementation of WPAN

Configuration

In this thesis, we present a configuration mechanism for Wireless Personal Area
Networks(WPANS), which includes formation and routing protocol.

WPANSs address short range wireless networks, formed in a space about a person
that typically extends to 10m in all directions easily and flexibly.

A routing protocol is necessary for WPANs as for Internet, providing access trans-
parency for users. Internet Protocol(IP) provides access transparency, but IP assumes
IP addresses are under control authoritatively. WPANs do not assume node identifiers
are under control, because WPANSs is not fixed. Thus, existing protocol can not be
applied to WPANs. WPANs are formed dynamically. Hence, Formation Protocol is
required to form WPANSs effectively.

And WPANS have a characteristic of being Master-driven networks. So, Data traffic
may concentrate to Master if WPANSs use existing routing mechanism. That leads to
throughput degradation of networks.

There, we present Master-driven Connection Control(MaCC), which provides the
minimum hop-count routes for each communication dynamically when communications
occur between nodes. MaCC has several features: autonomous distributed process,
symmetric protocol, and simple mechanism.

We have implemented MaCC as prototype version and measured performance of it.
We show that delay of MaCC and the delay to complete connection using Bluetooth.
At last, we conclude this thesis and describe future work.

Makoto Takizawa

Faculty of Environmental Information
Keio University
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00000 (Breadth-first search)

gbobbobood sggobbbbouooogbobbobbooooanob sbbo
gbobobuoooobbbuoobobbboodb sbgoobbboooobod

Dboooboobobobooboob3gbboboboobobboobobbo
gbobobuoogobbbuoobobobbooogobobuoooobbbooooboo
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goboboogobbbuoooobobbooobobobuoooobbbooooboo
gbbbuoooobbbouoobobboooobbobuoooobbbuooaooboo
goboboooobbbooobboboog 3200b0b0000bbobuoogooo

BFS(G, s)
1: for u € V[G] — {s}
2: color[u] < WHITE
3 dlu] « oo
4: 7[u] «— NIL
5: color[s] « GRAY

6: d[s] — 0

7: m[s] « NIL

8: Q= {s}

9: while @ # ¢
10: u «— head[Q)]
11: for each v € Adj[u]
12: if color[v] = WHITE
13: color[v] «— GRAY
14: d[v] « d[u] +1
15: m[v] — u

16: ENQUEUE(Q, v)

17: DEQUEUE(Q®)
18: color[u] «— BLACK

0 3.2: 00000 (BFS)

du000s0000«00000 (000)0xu0«00000 (0000000
0000000000)0000000000000000 0000000000
000000000000000QO00000000 FIFOOOOO0000O

BFSO0OOO0OO0O0O0D0O001400000000000000000000000
00s000000000000000000000000000NILO0O0O0O000
00s00000s00000000008000Q0s0000000001000
Q0 s00000000s00000000000QO00000000000000
00000 Q000000000000 00000000000000000000
00000QO00000000000QO0000000000000000000
0oooooooo

00000000000000000000000000000000000000
000000000000000000000000000000000000 O(E)
00000000000000000O0(V)DOO00BFSOOO0OO0OO OV + E)O
0oo
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Dijkstra0 000000

gbbbuoooobobboooobbobuoooobbboooobbobooooboo
OO000O00oobO0o0b0o0oboobo0oboboobobo0oobbo0obooogooDijkstra
gbobobooggbbbouoobobbbooooboobobuoooobobobooaooboo
OO0000000000000000000000O0Djjkkstra00000OOODOODO
gboboboogobobuoooobbobodao

DijkstraD OO UOOOO0O0OO0OO0ODOOOO0OODOOO0OO0ODOODO sO000000
O000000dp|0000000000000000000000OOdp 0000
obg 33000000000

RELAX(u, v, w)

1: if d[v] > d[u] + w(u,v)

2: d[v] « d[u] + w(u,v)
3: m[v] — u

033 0000

wk,)00 (k) 00000000000000000000000djp] 0 w0 v
0000000000000000000000000000000000
000 340 DijkstraD 0000000000

DUKSTRA(G, w, $)

1: INITIALIZE-SINGLE-SOURCE(G, s)

2: 8«9

3: Q — VG|

4: while Q # ¢

u «— EXTRACT-MIN(Q)

S — Su{u}

for each v € Adj[ul
RELAX(u, v, w)

0 3.4: Dijkstra0 OO0 OO0

INITIALIZE-SINGLE-SOURCEO 00 s 00 0ODDO0O00D0DOO0O0O0OD0DOO0O0DO oo
0000000000000 00NILOOOODOOO0O0O0O000so00Od[sj0o0
000000 Jd00000000000DO0DOO000D0ODOO0d

OO0 Dijkstra0 0000000000 OOOOOOOOOOOOODOOOOOO
000 QQUODOD0OD00000K000 QULOIODOODDODODOOOODDDODOwODOO
0078000 «00000000DO0DOODODODOOO00000O00000O0 QOO0
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0000000000000 00000000000000000 -O0000000
ooo0

Dijkstra0 0000000004000 whileODOOD |V|O0OO0OO0D0100 EXTRACT-
MINOOOOOOO(MV)DOO0OO0OO000D00 ExTrRaACT-MINODO O(V3H) OODOOO
D0000000while 00000000 70000000000000 10000
0000000000000 |F|00000000 Dikstra00000000000
O0OD0D0O(V*+E)DDDOO

Bellman-FordO OO OOOO

Bellman-Ford O OO0 0O0OO0O DijkstraD 0D 0 O000O0O0OODODOOOOO0OO
OO00000000b0obOooboobDDjkstral D00 ODO0OO0OOOOOODOODO
OO00O0Djkstral D0 0O0O0O0OOOODODOOOOOOOODOOOOOOOOODOOD
Bellman-Ford OO DO OOOODOOODOODOOODOOODOODODOOOOODOOOOO
gboboboggobobooood

0000 350 Bellman-Ford OO O OO0 OO ODODO Bellman-Ford 0 OO0 OO0
gbobobuooggbbbugoobobbooogoobuoooobobbooaooboo
gbobboooobbbuoooobbobdo

BELLMAN-FORD(G, w, s)

1: INITIALIZE-SINGLE-SOURCE(G, s)

2: fori=1to |[V[G]| -1

3: for each (u,v) € F[G]
RELAX(u, v, w)

for each (u,v) € E[G]

if d[v] > d[u] + w(u,v)

return FALSE

return TRUE

O 3.5: Bellman-FordOOOOOOO

10000000 Dijkstra0 00 00000000000000000000O0O24
000000000000000000000 |V|-1000000000 5700
0000000000000000000000 FALSEOOOOOOOOOOO0O00
TRUEDDDOOOOOOOOOOOOOO

Bellman-Ford 0000000000000 O(VE)DDOOOOOO O(V)O00OO
00000 OFE)DOO |V|-10000000000570000000 O(E)D0
0000
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040 MaCCUOO [

O0O000OWPANOODOOOUODODOOOOODOOOODOOOODOOOODDOO
O0000000 MaCCOOOOOODOOOOMaCCOOOODODOOOOOODO
OO000C0000D0OWPANOOOOOODOODOOODOODOODOOMaCCDODO

obobobooboobooboobooboobo
O000 MaCCOOODODOO WPANODOOOODOMaCCOOODOOOODOOOO

OMaCCOOOOODOOOOD

4.1 00 WPANOO

I _ - 2& I
It -

MaCCOODOOODOODOOO WPANOODOODOOODOOODOOD PCOODODO

0 4.1: 00 WPANDO O
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OOoOO0bO pCOOOOO0O0OOODOODOODOODOODOOODOODOODODOODO
OOoooobooooooboooboboboobooooooo MaCCODODODooO
gbgoboboooboobobboobuodboobobobobuoobobobo
gbobobooogbbobooogbon

gbobbooooboboogobbobuoooobbbooobbobooooboo
gbobboooobobobbouooobbbooooboobobobbuooogbobooo
goboboooobbbuoooobbbooobobobuoooobobbooooboo
gbbbuoogobbbuoobobboooobbbuoooobbbooaoobobo
goboboooobbbuoooobbbooobobobuoooobobbooooboo
O000000000000oooOooOoOoOoOODODODDODOO00OOOODODOOO/OOO
gboboboggobbobuoooobobbooogoooo

00000000000 WPANDO MaCCOODOOOO

4.2 MaCCOODDOO

MaCCOOOOOOOOOOODODOD 100000000000 00O000(DDOO
0000000)0000000000000O0O000D0O00OOOO0OODODOODOOO
gboboboooobbbuooobobobboooggboobuoooobobobooaooboo
obobobobooboobooboobobbobooboobooboobob
gbbbuoooobbbooogbbobuoooobbbuooobbobooooboo

MaCCO 300000000000 30000000O0

1. ogbbooboogbbd:gbboboobobuobboooboogbbon
gdddddddddoooooodddoooodooduuoob B
MaCCOOOOOODOODOODODOO 431000000000

2.00000b00b00:-0b0boobobooobbooobo20bbbo0oabobo
goboobobbooo2000guoboobboooooooboobobbooooon
gbbbooooboboboooobbodoodgd

. 0uogobuoobbo:-gobbuoobbooobbuooboboobobobobo
goo

gbbbooobobobboooobbbuoooobbbooobbbuooooboo
gobobooogobobbouoooobobobooooobobboobboooooooo
gbbbuoooobbbouoobobboooobbobuoooobbbuooaooboo
goboboogobbbuoooobobbooobobobuoooobbbooooboo
gooo
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4.3 MaCCO 300

OO00 MaCCODOODO30OOODODOO

4.3.1 O000O0O0OO0OO0OOOOO

00000000000 00000000000000000000000000
00000000 ’200000000000000000000000000000
000000000000 00000000000000000000000700
0000000000000000/0000000000000000000000
00000000000 000000000000000000000000000
00000000000000 RLLMASTERORLSLAVED OO OOOOO0OOOOOO
00000000000 000000000000000000000000000
oooo

0000000000000 4200000000000002000000000
00000000000000000000000000000000000000
00000000 FREEDDOOOND (000)00000000ROOTOOOOOO
0 LEAFOOO00O0O0C0OO0O0 BRANCHOOODOD 4200 JO FREEDOOOAD
ROOTOC.E.F,.G,I0 LEAFOB,D.HO BRANCHO OO OO ODOOOOOOODOO
ROOTD 10000000000000000000000000000 ROOTOO
00000000000 0000000000000000 PARENTOOOOOOO
000000000 ROOTOOOOOCOOOOOOO 100 PARENTOOOOD 4.2
O0FOBOOGODOPARENTOOOAD B,C.DO PARENTOOODO

ROOT

BRANC LEAF BRANCH

LEAF LEAF LEAF BRANCH

——: Relation LQF

042 000000000000

OO0 MaCCOOUODDOOOOOOOOOODOO0OOooDooooobooodgMacC
000000000 TSFOOOOOOOOOOO 4100000000 (FREEDROOTO
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LEAFOBRANCH) OO OOODOOOOOOODOOOOOONon-ROOTO LEAFO OO
BRANCHOOOOO 410000000D0O0O000O0DOOOOODOODOOOOOO
gooo

HRN

O700000000000000000 41000Non-ROOTOOOOO
ODoOooooooooooboogooobooRrROOTO 1DOoOOOOOO T
oboooobooobg

MaCCOODODOOOOOO0O0O000000000000 n(>1)000 7,0
0000000 n(>1)000 ,0000707,000000000000
00000n —10n,— 1000000007, 0 7,000000000
0000000000n =n=100000000000000000
000n, >200 n,>200000 41000000 ROOTOOOOO
0000000000000 T7,07,0000000000000000
000007000000

00000000MaCCOOO0O0000000000000000000
0oo@ooo)

0 4.1: 0000000000 (1:000:00)

State | ROOT | Non-ROOT | FREE |

ROOT 1 0 0
Non-ROOT 0 0 1
FREE 0 1 1

0 431000004000000000000000000O0O00DOOODOO
OO0o000oDOobooobOobo0obDOobboobDOoobooO0DOob0O RLLMASTERD
RLSLAVEOOOOOOOOODOOOOOOOOOOODOOOOOOOObDbOOODOo
oboboboobooboobooboobobbobooboobooboobon
OO0b0Db0o0 MaCCODOOODOODOODOODOODODOODODODOODOOOOD
MaCCODOOODOOOODOOODOOO

O000000000000D0O0OC0000DOOoOo00DOooOO0O0O0 WPANOOO
oboboboboobooboobobbobobooboobod
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State transition

current
state

FREE current state | FREE current state |
< ROOT < LEAF
LEAF current state | | ROOT current state | |
< BRANCH < BRANCH
OTHER . OTHER .
not transit m not transit m

Configuration

043: 0000000000

4.3.2 00O0O0OOOOO

OOobDO0bo0ooboobobobooooboboboOMaCCODODOOODOoDOoonOO
oboobobboobboboboobobob200b0b00b0b00obboOobbOobbon
gboboboogoobbobuoooobbboooooobooo

gobobooboboboobobobooboboboobboooooabo
obobooboboobooboboobobooboboo 440000000
oboobooboboologboobobobbobobobbobbobbobbob
oooobuooboobo 4400000000 DOODO0ODOODLOODDOD
00000000000000O000 (1000000 0)00Do0ooooooOoOoO
OO0O00O0b0o0Do0oonD PARENTOODOODOD 44000000E0OEDDOODO
PARENTOOO BOODOOOBOOOOODOODOODODODOOODOODODADODO
OOO0OAOPARENTOOOODOOROOTOOOODOODOOOOODOODODOODO
O00000000 PARENTODOOODOODODDOODODOOROOTOOOODOO
gbobbuoooobbobuoobobbbooogbbbuoooobbbooaooboo
goboboooobbboooobobbooooboboboooobobboooobobo
gbobobuoooobbboooobbbuooooboo

gooboooobbooog20b0b0bbbooddoolioooooboboooboon
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000000000000000000001000000(00)00000000
00000000000000000000000000000000000000
(00)0000000

(A[HB[ ]+
AL 1(a) [BLHA [ HE[HFL
[Clep{A[ B[]\
Sl
E B F
[Fl =B =P{E[ G\ N
(G e{Clep{D[ P{F {1 [N
[H[ D] P 1 [\
[[ecl stHIN  granei RANCH
[B] «P{A] ep{c P E[ P F[\] - \
AL 5(p) [e[Bl=F I Lg%
[Flp{B[+H{E[F{G]\| \
EN \\ BRANCH
Alageos o &SR
FEN oS
e (g L 1oprace) | AP
= = = ! 1-hop range i

044 0000((@0DO0O00)0000OOO0OO

gbobobouoooon

MaCCUOOOODOOOOODODOOODODOODOOOODOO Dijkstra0 000000
OO0O00O0Djkstrad 00000000 OO0ODOO0ODOOODODOOODOOOOOO
OO00000MaCCOODOUODOODODOUODOOOODOODOODIkstralO0ODOOO
gboboboooobbbuooobbboooon

0000 (0o)oo

gboboboogobobboogobbobuoooobbbooobobobooooboo
gbbbuoogoobbboodobbboooobbbuooobbboooan

gooobboooobbooooobooooobbbooobobboogn
gbobbooogbobbouoooobbbobbboooobbboooobobobo
PARENTOOOUODOODOOOOODOOOODODODOOOODOObDOObOODOoOO
O0bo0oobooooobooobooboooooboooOon0 PARENTOODODOOD
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goboboogobbbuoooobobbooobobobuoooobbbooooboo
000000000000 00000DOO0O0OCO0O0ODOFREEDDOO ROOTOHODO
goboboooobbbuoooobbbooobobobuoooobobbooooboo
gbbbuoooobbbouoobobboooobbobuoooobbbuooaooboo
goboboooobbbuoooobbbooobobobuoooobobbooooboo
gbbbooggbbbuoooobbbuooooboouoon

MaCCOODOOOO (OO)0O0O0OD0OOO0O0DOOOOO0ODOODOOOOOOOOOO
gbbodgbbuogougobobobooobbuobuoobobobboi1gbbdl
goboboooobbbuoooobbbooobobobuoooobobbooooboo
gbobobouoogon

Ooob0 440000 EODOODO0OOODLOODOODOODOOOOOD EDODO
OALmpyOOODOO0OODOO00O0O0O000000100000000BOOOOOOO
O00ooooooooodoo BOALpUOOODOO0O0OO0O0O0OO0O0O0O0O0O00O0O
ooboooooooobodooo AdODOOO0OO00O0O0AO ALhyOOOOO
OO000oobOobOobOobobob ADBOOOODODODOODODODODO BOE
OoooboboooooboobobooooEO DOODObOOOOOOGg

0 43200 460000000000 00O000ODOOOODO

DIJKSTRA

Route
exists?

No

requesting
oute ?

Yes

return Sending

response
PARENT NOTFOUND NOTFOUND

. Sending route
X Sending route
Connection request to

response
;

045 00000000

000000000000000000 MANET(Mobile Ad-hoc Networks) [7] O
0000000000000000 (DSR [3J0AODV [§)000000000000
000000000 RVM(Routing Vector Method) 00 0000000000000
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Receive route
response

requesting
oute?

Forwarding
Connection response to
Lower

0 46: 00000000

OoOo0oDOo0o0obo0oooooOooooOooDboOoOobDboOoooooOoMaCcCcOD
gboboboboooogbbbbouooobbbouooobbbbooooobon
gooboooobboooobboboo

4.3.3 UO00O0OOOOOOOO

gboboboooobobboooobbobuoogobbbooobobooooboo
oboooboboboobooobooboobobobooboobo10b0obbon
gboboboogobbbuoobobobbooogobbobuoooobobbooaooboo
gbbboooobbbuoobbbooodgbbboood
MaCCOOOODOODOOOOODODODOOOODODOOUODObOOODODOOO
gbobbooodgbobbouabbuoooobobbbooobobbboooabbooo
gboboboooobbbouoobobobboooobobuoooobbobooooboo
gbbboogobboduodobbbooodobbbuoooobbbooaobobo
gbobboogoobobuoooouoooobbbuoooobbobooogboooo
obboobgobobbobbobooboobg
WPANOOODOOOOOODOODOOOODOODOOODOODOOOODODOOO
obobboobooboobooboobobbobooboobooboobon
gboboboooobbbouoobobobboooobobuoooobbobooooboo
obobboobooboobooboobobbobooboobooboobon
gbobobooggbbbouoobobbbooooboobobuoooobobobooaooboo
obobboobooboobooboobobbobooboobooboobon
gbobobuoooobbbuoooobbbuoooobood
O0O00OO0O[E-F-G-D|O00O0O0O0O0O0O0O0O0O0O0O0O0OOO 470000000 E
Oobooool1ogboogobobobooob 1200000000 robooooGO
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gbobodll120dbbogdboboogdbooobbooobobobooobobooonoo
gbobobboogboooooobbbuoooooobbbbooooooboobo
goo

0000000000000 DO0O0O0000000000/00000oogoooo
0000000000000 00000000000000/000oo0ooooooo
gbbbuoogobbbuoobobboooobbbuoooobbbooaoobobo

OO0 MaCCOOODOODOOOOMaCCODOO3OO0OOODOODOODDOO
gbobobooggbbbuooobobobbooogobooboooobobobooooboo
O0b0oooOobbooobo0obooob0ooooobOo0 PARENTOOODODODOODO
gbobobooogbbbuooobobobbooooboobuoooobobbooooboo
OOobo0o0booooobobogbooboo MaCCOODOOOODOODODDODOOOODO
OOobOO0oROOTUOOOOOODOOOOODOODDOODOODOOOOODOODOD
OoOO000DOoO0o00oooDo0oooooOo0oooboo0oooooDowWPANODOD
gboboboogogbbouogobobobboogoboobuoooobobobooaoboo
OO00O00O0OMaCCOOODODOOOODODOODOODODOOOOOODOD

1:SLAVE 1:MASTER

O 47 EDOODOODOOOOOOODO
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(1 50 Bluetoothll I [ MaCCL [J
OOooooog

O000 BluetoothOOO MaCCOOUOOOOOOOOOODOODO DO Bluetooth O
O000 BluetoothOOOOODO BluetoothOOOODOOOODOOOOO WPANOD
O0O0000000DoO00ooDoO00DOO0 WPANOOODDO OO Bluetooth
OO00O00bO00oO0ooo0obobOo0obooooboooboOo MaCCODoooonD
gbuodbudgbbogbuogbobobobobobbooboobbobboboobo
gboboboogoboboooobbooodan

5.1 00O0O0O0O0O0OMaCCOUOUOOOO

O0D00 MaCCOODDOODOOMaCCODDOOOOOOODODDODOMaCCO
O0000000ODO Redhat7.3(kernel-2.4.x) 0000000 OO Linux O Bluetooth O
00000000000 BlueZ[9)O0O0O0OBlueZzOODOOO APIDODOODOODODOO
O O Bluetooth 0 0 O O O O Brain Boxes BL-554 USBO OO OOOOOOO

O0000 MaCCODOODOOOOOOOOOODODDODOOOOODODODOOO
0000000000000 Bluetooth L2CAP(Logical Link Control and Adaptation
Protocol) D0 D000 00O0O0OO0ODO0OO0OOOODODODOODO HCI(Host Controller In-
terface) 000 0000000000000 O0OOOOOOODOOBluetooth OO0
MaCCOOOODOOOODOOODOIEEER2O0 0D OODOOODOO 48 00O Bluetooth
gooooogoo

00000000000 000O0000O0O000b000 MaCCOOOODOOOoOoO
UNIXOOOOOOoOooooOoooooooooooooo MaCCOOOODO UNIX
000000000000 bOO0DOo0oOMaCCOODOODOOODODOODODOOOO
goooooooon

5.2 U0OUOOOOOOOOOOOO

gbobboooobobbooogbbobuoooobbbooobobooooboo
OO0O0000000000 BluetoothODODODOODOODODOODOODOODOODODODO
OO0O00bO0bbO0b0O0OO0n BluetoothUDODOOOo4oood

BluetoothDO OO OOOOO0OOO0 /0000000000 0ODOOOOOOOOOO
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gobobbouogoobobobboooouobbbooooo 20bbboooooooon
0000 (Inquiry) 00000 (Page) UOOO0O 5100 52000000000
gbooboooobbboooonoo

Master Slave

|
Inquiry %?é Inquiry-

Scan

%&é Random back off

X : Packet not received §: gé
because of different \

frequencies between Random backoff
Master from Slave

U 5.1: 00000 (Inquiry) DODOOOOOOO

M aster Slave

1D
Page §§§ Page-
T2  saan

1D
44 e Relation completed

\ Connection State
because of different | __——" |
frequencies between
Master from Slave \

0 5.2: 0000 (Page)DODODODOOOOO

Bluetooth 0 000 000000000000 OO0O0O0O00OOOOOO0OOO0
000000000000000000000000000000000000000
0000000000000000000000000 (FHS(Frequency Hop Synchro-
nization) J000)000000000OFHS 00000 BluetoothDOO0 0000
O0000000000000 BluetoothJOOOODO0O0OO0OO0OO0OO0OO0O0OOOO0O
00000000000000000000000000000000000000
0 BluetoothD 0000000

00000000000000000000000000000000000 FHS
00000000000 000000000000000000000000000
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O000o0ooooooo0obOoO0OobOFHSODOOODOOOOOOOUODOOOObOOOD
OO0O0000 BluetoothDODODDODODOODOODOODODODODODODODODO
OD0000D0000 BluetoothDOODODODOOOOOODO BluetoothO OO DOOOO
OO000D0000OOBluetoothO ODODOOO 43.1000000000000000O
gooboboodgo booobobuoooobbbooooobobooog

gobbobbbouooobbbbbouooooobobbobobbooooog 5.21
OMaCCOODOOODOODOODOODODOUODOODODOO 5220000000000
gbbobuoobobbbooogbbbuoogbobbbooobbboo

5.2.1 MaCCUOOOOOODOO

MaCCOODOOODODODOOODOOODOODOODOODODO ODbDbOOoOOoOobOO
00000000 0000000boo0o00ggoooooDoCOboOO RLLMASTER
OO0O0ORLSLAVEOOODOOOOODDODOD 5300000000000D00 MaCC
gboboboogobbbooogbo

/* MaCC main loop */

1: for (5;) {

2: FD_SET(12cap_socket, &readfds);

3: FD_SET(timer, &readfds);

4:

5: select (FD_SETSIZE, &readfds, NULL,NULL,NULL);
6:

7: if (FD_ISSET(12cap_socket, &readfds)) {
8: /* receive 1l2cap packet */

9: receive(12cap_socket, buffer);
10: packet_handler (buffer);
11: }
12:
13: if (FD_ISSET(timer, &readfds)) {
14: discard(timer, trash);
15: start_inquiry();
16: }
17: }

O 5.3 MaCCUODOOODOODO

gbobboogobobboogobobuoogobbbuoobobobuooooboo
gbbbuoogobbbuoobobboooobbbuoooobbbooaoobobo
gboboboooobobooooooon
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U s4000popobbooooobobbooooooboobbooooobooobo
gbobobuooobo1bbodo

1: packet_handler (buffer)
2: {
3 struct message *msg;
4: msg = (struct message *)buffer;
5:
6 switch (msg->type) {
7 AL_REQ:
8 state_transition(RL_SLAVE, msg->src_bdaddr);
9: send_al (parent, AL_RES);
10: break;
11: AL_RES:
12: state_transition(RL_MASTER, msg->src_bdaddr);
13: merge_al (msg->al) ;
14: disconnect (msg->src_bdaddr) ;
15: if (parent)
16: send_al (parent, AL_RES);
17: break;
————— ooog -----

g s4: 000000000

OOob0oooboobooboooobooboobobooboobooooogDOBlue
toothOODDODOUOODODOO0OODDOOO0OODOOODODbOOO0ODObObOOooobLbOoOon
OO00O0D0OO0bDO0bOobOOMaCCODOODODOOO PARENTDODODOOODOODOO
0000000000000 000000000000OD000 (ALREQ)UOODOOO
000 (ALRES)0D0000O0OCOOODO0O0OOOODDOOOCOOOOOOOOOOO
0000000 ALREQUUDOODOOD ALRESUOOUOODODOOUALREQD OO
O00OC0OOO0O0O0OOORLSLAVEODOOOOOOOOODOOOOOOOOOoOooooDO
O000000000D000 ALRESOODODOO RLLMASTERODOOODOODODOODO
O0OOALRESOODODOOOO0ODOOOOORLMASTEROOODOOODOOOOOODO
gobobobooodoooobobbooooobobbooooboboboooooooo
OO0O0OOOOALRESODOOOODOUODOODOOO PARENTOODOODOO PARENT
UALRESOOOOO0ODOOO0ODOODOOOOOObLDbOObLbOobbOoobbOoonDn
0000000000000 00C0O0OALRESOODOOOODO RLLMASTEROOOODO
gobobooogon

ALREQUUOOUODODOODODO BlueZOOD OO hediinquiryODOODOOOODOOO
gobdboobobuogbobodgbobogbuobooobooboboobonoo
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U000 ALREQUUODODODOOOOO

OO0 ALREQUUOUUOOOO0O ALRESOUODODODOOUOO0O0OOODOOO0O0 550
god

L2CAP Header Payload
: / \\
| i N
|1 6 6 L
AL_REQ type | source lestination \\\
type=0x01 bdaddr | bdaddr \\\
| | AN
| | 2 1 N
| - - - -=- -~ - - - - =
AL_RES | |
type=0x02 | | | length ﬂag AL
| I I
:_ _______________
! MaCC Header

0 5.5: ALREQUOU DD ALRESUUOUODDOOOOOODO

MaCCOUOODODODODOOOOO L2CAPOOODODOOOOOODODODOOO
MaCC O L2CAPOOUODO0ODOODOOOOODOODOOOOODOOCO MaCcCODOO
OO0O0O0OMaCCOODODOUODODOOODOOODOOypeOOODOOODOODOOODO
O BluetoothODOOODOOOOMaCCOOODO MaCCOUODOOOOODOOODOODO
gooooog

ALREQUOUODODD typeODDOUODODODO ALREQUDUOOOODODDODDOOOOOOO
OO0 MaCCOOUODOOOOODODOODOOALRESOOODOO MaCCOODOODDOO
lengthUflaghALODUOUODOUOODOOIenght U ALOUDODODOOO0OOOOALODODO
gboogbobodboobbdaoobobuoobbooboobbodibd flagbidn
gboooogn

MaCCODOOOOODO 2000000000030 0000D0D0DbDObDOOO
ooobooboog s300 54000000

5.2.2 00000

gooooooooobobbbbobooooooooooobbbbooooa
OO0 TSFOOODOODODOOOOoono

MaCCO TSFOOOOODOOROOTODOODOODODODODODODODOD
O00000000000BluetoothDOOODOODOO0OOOO 200 (GIAC(General
Inquiry Access Code) 0 DIAC(Dedicaded Inquiry Access Code)) D O OGIACO O OO
O0000000D0O0O0ODIACO0ODDO0DOO0O0OoOoOoDoDoOOoobOooooon
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OO0O0ODIACODOOD0OO0O0O0OODO DIACODODODODODOODODODOD
O0(@00)00000000MaCCO ROOTOOOOOOOOO DIACOOOOOOO
OOROOTOODOODOOOODODOODODODODODObOOODOO
O000000DO0O0O0ROOTUHUOO FREECOOCOOOODOOOOOOOOOO
0000000000000 MaCCO TSFOODOOOTSKFOODOLEAF O BRANCH
gbbbuoogogbbbuoobbbbooodobbbuoooobbbooaoobobo
OOO0TSFOOOOOOODOODOO0OOO0ODOO0OO0OOO0OOo2000b0000000O
OO0ooooooTSsFOooooooobooobooobodOMaCCO MaCCODOOODO
OO0D00000D0O0OMaCCO ALREQODOODOODOALRESOOODOODOOODOODO
gbbbuoogobbbuoobobboooobbbuoooobbbooaoobobo
OO0b0o0oboOMaCCODOODODODOODODOOODODODOODOOODOODOODOD
gbbbuoogobbboooobbbooooboo

5.3 UOUOOooooond

gboboboooobobboogobbobuoooobbboooobobuoogooboo
obobboobooboobooboobobbobooboobooboobon
gbobobooggbbbouoobobbbooooboobobuoooobobobooaooboo
obooobo

5.3.1 UOUOOOOOOO

gboodoobgogbogboobb sebug200bugbooboonobn
gbbobooobboboooobn

struct adjacent { struct adjacent_list {
bdaddr_t bdaddr; struct adjacent *adjct;
struct adjacent *next; struct adjacent_list *next;
}; ¥

g s6: 000000000

adjacent U000 100000000000 Oadjacent0 0000000000
OO0o0oo0ooobOoboooooobooboobooboOnd BluetoothODODOODOODO
O0000ooo0oooo0oboo0o0o0ob0o0o00DDn adjacent listd 000
OO00O00adjacnet DU UODODO adjacent list U OO0 OOOO0O0OOOO0DOOOO
Ooooooobooooood
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5.3.2 UUOUOOUOOOOOOO

MaCCOOOOOODODODOOOOOOODODOOODOOODODOOOO 100
OO0 DikstraUODOODO0ODO0ODOODODOODOOODOOODOOODOO sOOO
gbobbouooobbbuoooobobb20bb0oobbbbuooogoboo
goboboooobbbooooobobon

5.3.3 UUUOUUooooood

goggoouoobbobooooobbbbibobbbbbibodoooooaoon
00000000 (RREQ)UOODOODOOOOODO (RRES)DOOOOOODOOODOO
ooobooOs70000

13 6 6
R REQ |L2CAH MaCC| 4.0 to
type=0x03 | Header Header
|
1 6 6 1
|- - - - -~
R_RES : : flag from to weight route
type=0x04 | |

O 5.7 RREQUUUOUORRESODODDOODOOODOOO

RREQUUDOOO MaCCOUDODUDODOOODOUDODOOO (from)000 00O (to)
O Bluetooth OO UOODOOOORRESOUOODOOOflagO OO0 OOoonooooon
UbObO0O000bORREQUDDUOODLDODOOOO0DDLDODUOO0ODDOOweightdOO
gboogbooobodbuodbobdudibdlrouted 000000 fromU OO to
OO000D0000 BluetoothOU O OOOOOODOOOOOOODOO

U s58000000000gag s9bbobobboougooooooboobbo
gbbbobO0dRREQUUUDOODOOOOO0ODOOODOO0O0O00 RRESODODOO
gboooooogoood

gbbbuodgbobbboooobbbuooobobbbooobbbooooboo
OO0000booboobobobobOob PARENTOODOORREQUOODDODODODO
RREQUUDOODOOUOODODOOOOLOODOODLOODODOODDOOU child:l
ODOOORREQUIUOUODOODOOOOfromdO000OO0OOO BluetoothO OO OO
to:0 00000000 BluetoothOO OO OODOOOOODOOOODOODLOOODOODO
gboogbobobodb RrRREQUODODOOODDO0OOOO0OObLOOObOOOnDn
ORRESODOOUOODOOOOOOODORRESOODOOOROOTOHOOOOOOOODO
UO0000 flagl NOROUTEL D D OO OOOODOOO
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1: route_request (child, from, to)

2: {

3: if (Dijkstra != NULL) {

4: if (child == from)

5: return GOTROUTE;

6: else {

7: route_response(child, from, to, route, flag);
8: return RESROUTE;

10: +

11: }

12: else {

13: cache_route_request(child, from, to);
14: send_route_request(parent, from, to);
15: }

16: return REQESTING;

17: }

g 58 000000

gbobobooogbobbbouooooboboboooobbobbouoooobb RRESO
00000000000000 10000 RREQUODOOODODDODODO (child)OO
gopobobobbooddooooooooobobbooboobbobbobobboo
odbooboobuoobooboobooboobobobobbobbobbob
gboboboobboogobobbooonboon

54 UOUOOOOOOOOOO

OO00O00O000O0b0oo0obO0boobooboooobooMaCcCODODboonoO
oobgboobobobobbobbooboboboboboobobooboon
obooboboobooobooboobuoobobbobooboobooboobon
oboooboboboobboboobooboboobobobobbobbobbon
000000 MaCCOOODOOODO(sbuf) 000000 DODOOODOOOOODODOO
oboobooboobuooboobbobobooboobooboboobboobo
ooooobon

O 5100 MaCCOOOOODOOODODODOODOOOOOODODODOOO

MaCCODOUODO typeDOOODOODOOOOODODOODODOODOODODODO
Joddbb0dweight UODOUOOODOOOO0OOOOOpointerJU 0 U OO route
OO0000O0DbO0b0b00O0 BluetoothOOODODOOOODOODOOOUOD Bluetooth
DooOoObOO00000oobbobbbi0o0oobobDbD peinterJ0O0O0OOMO
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1: route_response (child, from, to, route, flag)
2: {

3: if (route_req = exist_rreq_cache())

4: delete(route_req);

5: if (child == mybdaddr) {

6: cache_route(route);

7: return GOTROUTE;

8: }

10: else {

11: send_route_response(child, route);
12: return RESROUTE;

13: }

14: }

g 59 0000gn

13 1 1 2

DATA |L2CAP MaCC
type=0x05 | Headent Header

weightpointerl data_length route data

0 5.10: 0000000 0b000O0

goodooobobiloooooobbbooooooobbobbboooooooo
BluetoothOD OO OODOO0OO0O0O0O0O0O0O routed 000000 ODO pointer x 6(byte)
O0O00Odatalength JUOODOO0O0 dataU 00D UO0O0D0O0OOroutedgggnon
O0000 Bluetooth OO ODOODDODOODODOOOOODODDOOODDOODOOODDODO
0000000 BluetoothOOOOO MaCCOOODODODOOOODOOMaCCODODO
goddooooobbbbboooooooooobbbbobbuooooo
00000 00oodobbibD pointer weight DO OUOO0OO0OOODOO
gddddodddouduouddud peinterddgggooooooooog
gdd
guodobogoouoobbuooobobbtbooobobboooobobbbooa
gbbboogbbbogoobbboooobbibddidldatalength 0000
gogooooooooooooobbbbbbibbbdddd routed oo
goobobbobobobbobboddudoooooobbbbobibtdddddata-length
gboogogubbgoobbbooobbbooooooobbbboooboobo
goggg
guoooobbtoooobobbboooobobbboobbbboooobbbooa
O00Db0000oobobboooouobb 4000000000000 0OBluezO
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O L2CAp0000000DO0ODODODODOODOOOOOOOOOODOOODOD
OO0000D0o0b0o0ooboo0obboobOod BluetoothD OO OOOooooooO
goboboobobboooooooobbobboooooooboboboobobboooaoo
OO000D00D000 BluetoothDOODOOOO MaCCOODOOOODODOODOODO

0000000000000 00O000O0bO00oDO0bO0OOoooOobOoboOg MaCCO
gbbbuodgbobboooobbbuoogbbboooobbodag 5110000
000 X:LEAFOY:BRANCHO Z:ROOT DO 3000 XO ZOOODOODOOO MaCC
obooobobobooboobooboobuoyboobuooboobbzoobon
goboboooobbboooobobbooobobobuoooobobbooooboo
gbobobuoooobbbodoognbo

X:LEAF Y:BRANCH Z:ROOT_____
Applicatio

- copy EaTa_to_sBuﬂ ____________

y
Dijkstra lL
Y__Goute_repuesh TaeE

Dijkstra |

cache route_request § @
O L Dijkstra
discard associated Qute_respon

route_request cach ¢
discard associated eJ

route_request cache < w

cache route |
send sbuf §
{

write route to packet ¢ @
» Data received

decide next hop @
Ltransfer to Applicaton

cache route_request

O 5.11: MaCCODOOODO
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el OO

OOoboOdO0OMaCCOOODODOOODOODODOODOODOOOODODOODOOD
O BluetoothDOO OO 10000 RTT(OCOOOOOO0OO)000O0O0OO0O0OO0OO
gbobooboboogbboooooobbobbouoooobobboooooobon
obobboobooboobooboobooboobob

6.1 O0OOO

O0000000000000PC30ABCOOOOOOOOOO ROOTOBRANCHO
LEAFOODOOOO0OOO0 6100000 PCOOOODODOOO 6200000000
O BluetoothOOOOOOOOOO 6.2000 Bluetooth O OO OO Bluetooth O O
000000000000 000000O0000000O000000oooooooon
CF O Bluetooth OO OO USBOOOOODOOOOOOODOOOOOOOOOOODO
0000000000000 0000000000D00000o0oOo000ooooon
0 0 0 Brain Boxes BL-554 Bluetooth USB OO OO OO OO0O

0 o6.1: 00000

oodno A B C
CPU Pentium 3 866MHz | Celeron 750MHz | Pentium 4500MHz
oono 380MB 128MB 192 MB
OS RedHat Linux 7.3 | RedHat Linux 7.3 | RedHat Linux 7.3
O000000on 2.4.18-17 2.4.18-3 2.4.18-3
Bluetooth stack bluez-kernel-2.3 bluez-kernel-2.3 bluez-kernel-2.3

6.1.1 Bluetooth OO RTT U

0 6.10 Bluetooth OO OOOOODOODOO RTTOOOOORTTOO BlueZzO O
O00 12ping0 0003000000000 000O012ping 00000 RTTOODO

*0ogboogoooobooobooooboooooooboboobooboooooobDoobooobooOoo
ubooboaoogoooboab

34



O 6.2: Bluetooth O OO0

Ooon BL-554 | 3CREB96 | Bluetooth Starter Kit | BL4508-309 | IbCARD
Bluetooth O O 0O 0O 1.1 1.1 1.1 1.1 1.1

oooooo CSR CSR Ericsson CSR Ericsson
O00o00Ooooood o o o o o
oo o o o o o
o00/000000 o o o o x
O00o00n o o o X x
scoOooono o e 0 X o
Oo00o00oooo o o o X x
oooooooo X X O* X x

goooooo
30
25 — —— — _
EZO ] —
§15 —
=10 *
5 |
0]
DM1 DH1 DM3 DH3 DM5 DH5
Packet type
O061: 0000000000 RTTO
6.2 00O

OO0D0O0MaCCOODOODOODOOOOODODOOODOOOODOOOOOO
OO0 MaCCOODODOOODOOOOODOOODOOOOOODDOO BluetoothO OO0
OO00O0D00O MaCCOOUODODOOOODOODODO
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6.2.1 0000

ODOO0OoobobooooooMaCCOOOOODOOOODOODODOOO Pentium
Counter DO DOODOODOODOODOODOODOODOOOOODODODODODODO
OO00O0000000 6.20 Pentium Counter U0 OO O0OOO0OOO0OOOOOODOO
Oo0O0o0ob0o0oooboboooOobboobooobooocecpUvbDbODOOoOOobbOODDO
gbobobouoogon

#define RDTSC(x) asm("rdtsc" : "=A" (x))
unsigned long long int countl, count2;

RDTSC(countl);

/* 000000 =*/

RDTSC(count?2) ;

printf ("process time = %11d\n", count2-countl);

O 6.2: RDTSCOODO

6.2.2 0000

000000000 MaCCOOOOOOOODO (DO0D)00000 6.30 MaCC
000000000 0000000 AD LEAFOBO BRANCHOCO ROOTOODODO
OOoo0ob0oboboooooooboobOo3boboooboooooDobDOobADB
Oo0o0oooooooooooooooobooooooboRrROOTOOD CcOOO
ci0oUo0oUoobo0obO0o AOd0D0OOUOOUOODUOOUOOD2000D00D0D0ODODO
Oo000o000ooooo(ooo)oooo

OoOooboobobooboooolbbooboob RTTOODOODOODDO
OoO0000oOoooooooooooooDooODoOoOoO(V)DoooOoOoooooooo
OO0D0000 MaCCOODODOODOODOODODODODOODOODODODOOD
OO0oooobooboo MaCCOOOUOODOOOODODOODOODOOODOOODOO
OO0O00O0Djkstrad 00000000 OO0ODOOOODOOODO0ODOO0ODOOOO
gbbodgbobbbduooobbbuoooobobbbuooobobbbuoooobboo
gooooo

gooboooon

MaCCOODODOOOODODODOO DijkstraD00DODOOOOO0ODODODOOOOODODODO 64
oboogb esdbbbOobOOObOObD 2000200000000 0000O00O0

36



send

Dijkstra

Start . cache "—®Usend recy . r—r,essend recv. remove route
COMM ! r.req ! packet r.req Dijkstra ! packet r_res r_cache gotten
| . . . .
0.006 R 0.01
1 RN 1 o) ™
~— 00098
@\ @Z/\ \ \
recv cache send | recv remove | send
r.req borrteq r_reqgg g r.res r_cache ' packet
Dijkstra send
packet
| | | | == |
A B C B A

063 MaCCOODOODOODODOO

oboobuooboobooobbooboobooboob e4bbO0ob0DbOO0ODO
0000000'00000000 650 LEAFO0OOROOTOOOI00OOODOO
O0O0O0OBRANCHOOOOUOOOODOOOODOOOODODijkstraDDODOOOODO
000000 Oo00O00?2+000)0000000 64000000 O2x000
02)0000000000000000000000 6500(0000%2+ (000
0-1)0000000000000000O0OOO

gbobobooogon

O 630000000000 00O000DObOoObOoO0ObOoO0bOo0bOoOobDbO
gboboboooobobobolecotooobbbooogn

BluetoothO OO OOOOOODOOOOOODOOOODOOODOOODLOOOODOODOO
obooboobooboooboobuooboobobboboobooboobOoobon
oboobobobooboboboboboboboboboboobobobooon
OO00b00DOob0obooobooooboobuoboooboobOondDOBluetooth O
obobobobooboobooboobobbobooboobooboobob
obobbooboobooboobooboob

lDoooo0o0oO0O0O00O0OOoO0o000O0
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045

04
035 /

N

Milisecond
o
B

1 23 456 7 8 910111213141516 171819 20
Number of vertexes

0 6.4: Dijkstra0 000 (DOOOO)

ge63:00000000000000
oogd goog god gogd

1.6357(0) | 0.84611 | 4.4091(0) | 0.1413(0)

6.3 UOUOUOOOooooogn

D000 MaCCODOOODOODOODOODDOODOODOODDODODOOODO
oboboboobooboobooboobobbobooboobooboobon

OOoDOOo0oboOooooooo3sooooooMaCCODOOODbDOoOoonbooOoO
obobobooboobooboobon

e 10000 (DDOOODODO)
e 00 <200 (000000D0)

e 0200 (DODODODDDOO)

Jooodg
MaCC

OO00bOobooboboboooboobobooviboooo DijkstraDOO0QOOOO
00000000 D(V)DUUOOOOOOUOOoooMaCCOUOODODODDOODODOO
goboboogobbboooobbbooooboboooonboon
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0 6.5: Dijkstra0 000 (0DO00ODO:00 <2)
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gbooboboogon
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gobboooobobboogoboboooobbbooobobobooooboo
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MaCC

w

T,=rttx(w—1)+C-(w—1)+> D(i)

i=1

gboobooggn

L =it X w = rtt x (w— 1) 4 rit

coooboilebOO0ObDOODOOOOODOODOODOODOODOODOOO
Oooocbooboobogoboboooooooosobooobono MaCCOODO
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o200
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10000o0boboooobobooboboob20010000000000 2
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40



0 66: 3000000000
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T, =rtt X w
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O 6.7 MaCCOODOOODODODOODODODODOOODOODODOD
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ODO000O00ooDooD20000500000000000D00000MaCCOOOOOO
OOMaCCOOODODODOOOODOODOODODO
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41



O0O00000b0b000bOo0ob BluwetoothUDODOODOOODOOOOOODODOOO
gbobobobboboobooboo 72000000

42



070 OO

gbobboooobbbuoooobobuoooobbobuoooobobbogao

7.1 OJO0oobogd

OO0OD0OOOWPANsOOOODOOODOOODODODOODOOODDOODO WPANSs
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gbooboogobboooobbobooooboo

OO0000D00O00000D0O0 WPANsOOOOODODOOOODODDODO
MaCCODOOOOOMaCCOOODOODODOOODOODODODOODOODOODODOO
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OO0D00bO0o0boOo MaCCODOODUODDODODOODOOD3DOOOOoOooDOoD
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gboboboooobbbuooobobobbooobobobuoooobobbooooboo
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gbooooogn
gbobbooooboboogobbobuoooobbbooobbobooooboo

gbboboooobbbuoooobbobuoooobbbuoooobbogao

QoSO ODODODO

gobobooboooobboboooonboboooubbboooubbboooooo
00000000000 000000/000010000000000000000
O0100000000000000 MaCCODOOOODODDODOODODOODDOODD
goooooooobboobboooooooouoboobbbbbuoooooooo
gooddooobbobboooogoooobbboooboobobbooooooo
O00000bO0oboooboobooboooboooMaCCOODOOODOOODOooDOO
O000000000000000000BluetoothODDOODO0DOOOOOOODOO
0000 (PSM:Protocol Service Multiplexer) 0 TCP/UDPO OO OOOOOOOO
godddooooobboobboooooogouoooob bbb oooogooo
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