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Let P., denote the set of paths that traverse e;, that is:

Pet = {p|et€p} (1)

Then we get the bandwidth of e; as follows:

W (es) := Sum_of _Simultaneous_Measurements_of (P.,) (2)
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Receivers:
. Calculate and tell bandwidths.

Senders:
Send streams to their oppositions.

start H#(Pe:) streams.

032.00000000000000000O

gooooO0OOoO0o0oO0UoOoUUoOoooOoOOoOOO0OO0UOUODOOOOODODO “D00Oboo”O0OO
oooooooooooooooOoOoOoOoOoOOOoooooooooooooOooobOoOoOogo
00o0ddooooooooooooooo0oOoOoUoooooooooooooooOogogg
gooopoooopoooooooo

000000000000oo0o00o0 3100000000 W(e,)OOUOO e, 0O0OODOOOODO
goooopoooslipoooo0oooo 3200000oo0ooooooOo 8100 P, 00000
O0pl0O00O0O0O0ODOOODODOODOOOOOOOCOOOOOOOOOOOUOOUOOOOOOOO
00000 ROODODOOOODODODODOO

0000000000000 00000O0O00000O 3.1(2) 00 Sum of Simultaneous Mea-
surements of 00 000000000000 3210000000000000000000000
0000000 322000 naiveO0O0O0O00O0O0OODO323000000000000000000O
000 moderate DO ODOODOOOO

3.2.2 naive 0 OO

32100000000000000000000000000000000000000000
000000000 naive 00000000000000000O0000 Algorithm 3.10000

00000000000000 Algorithm 3.1 0000000000 00000000000
000000010 P, 00006 000000000000000 Source 0000 Destination
000000000 {(so,do), (s1,d1),...,(sn,dy)} 00000 1000 600000 ROOOOO
0000000 P, 0000000000000006000000003.10000000000

P., ={(s,d) | e; € R(s,d)} (3.1)

t

13



03 0obooo 3.2 000000

Algorithm 3.1 naive 0000000 OCOCOOO
Require: Routing table R.

: P, =

1

2: for (src, dst), path in items of R do

3. if e; € path then

4 P, — P., U{(src, dst)};

5. end if

6: end for

7. parallel for (sre, dst) in P,, do

8wy := EndtoEnd_bandwidth_-measurement_between(src, dst);
9

: join and end for
10: Wiet) := > wy;

ooorooo90g P, 00000O00O0CDOOO End-to-EndO000O0O0O0O0O0O0O0C0DOOOOO
0000000000000 0Algorithm 3.1 000000000 FEndtoEnd bandwidth measurement
between 0O 000 Iperf 0000 sre 0000 dst 000000 DOO0ODOOODOOOODOOODOO
000000 1000000000 000000 W(e,) DOOODODDOOODOOODOOODOOOOO
000000000000 00O00oO0DoOO0DOO00oDOoooOoDogdAlgerithm 3.1 00000
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naive 00 0000000000000 0OD0O0OOOODO0ODOO0ODOODOODOOOOOOOOOO
goooo0oDOo0ooOoooooOo0ooU0ooO00ooDo0ooOooooooooOooooon
000o0oo0oo00o0oooo0ooooooooDoooooDooooooon

3.2.3 moderate OO O

j22000000000000000000O000O000DOOO0DOOOOOOOOOODOODO

gooobo32100ooboooooooobooobooboooobooooboooooboboooDo
oo0ooDoOOo0o000DOOo0o000ooDOO0000oDOO0000D0OC0b0O000n0DO moderate
gboooopoobooog

Algorithm 3.2 naive 0000000
Require: Routing table R.

1. P, :={(s,d) | e: € R(s,d)};
2: W(et) := Simultaneous_EndtoEnd_bandwidth-measurement( ¥(s,d) € P., );
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0000000000 moderate 0000000000 O0OOO0OODDODO Algorithm 3.3000
oooo

00000000000o0onO Algerithm 3.30000000000 ¢, 000D0000OOOO
ooooooo 10 P, 0000« 0000000000000O00O00O Source 0000 Destination
0000O0oooo {(so,do), (s1,d1),...,(sn,d,,)} 00000 1000 600000 ROOOOO
gooooooo P, O00D00D0D0D0DO0O0O00O000O0 600 Algorithm 3.100000003.1000
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070 MODODOOOODOODOOOODOODODOOOO Source 000 O Destination O O
000000000OOmoderate 0000000000000 O0ODODOOOOOODOODOOOOOO
0000000 00000DO0OOOO0 90 whileOOOOOO P, \M #2000 600000
oo pP,00000000000000000000O0O000O0O0O0OOOOOOOOOO0O0OO
000o00oDoo00oDoo00oooU0Do00ooDo0ooo00Dooo0oooooDooooon
00oo0o0o0oooooooooooooo0dd0 M:=P, 00000000 nalve 0000
oooooooooon

while0OOOOOO 1000P,\MOOOOOO 6000000000000000OOOOOOO
0000ooooooooooooooo0o000oooooooooooooooooooooon
0000000000000 000000000Algorithm3.3000000000 Start streaming
between 00000000 s,d0d0 socket 0000sO00 dO0000DO0O0O0O0OO0OOOODOODOO
gboooooOOobOO0o oooooobOdbooooobO0obOoUobOOob0 11D MOODOODOOO
012000000000000000000 Wy, 00000000 Algorithm 3.3000000
O00d Sum of observed bandwidth now 00D O0D0OODODOODODOODODODODODODOO
00oooooooooooooooooOooooo0oooooooooooOoOOoOoOoOooooon
00000ooooooooooooo0oo0oD0ooooooDoooOo0oO0oooooogooooon
0000000000000 0oo0o0odb00e 0 0000000000000 0ODO0O0DO0O 140
00260000000000000000 130000 Wprev < Wheo 00000 Wppeo O Whew
0000000 whileOOODODODOO0OOOOODOOODODOOODODOODODODODOO
O000o0D00000000 WyeOO 8O 000000000000

e, 00 0000000000000 0D0O0OD0OO0 400026000000000000 14010
gobooobooodOobOoOooooOOo0oboobOOooOogoobOoO0oooOoOoD0 Yobo oo™
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(s,d)EM
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goooaoo

Algorithm 3.3 moderate 00000000 OOOO0O

Require: Routing table R.

1:
2:

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:

3
4
5:
6

P, =
for (src,dst), path in items of R do
if e; € path then
P, — P., U{(src,dst)};
end if

: end for

M = g;
Whreo 1= 0.0;
while P, \ M # & do
Start_streaming_-between(s,d); (s,d) € P., \ M
M — MU{(s,d)}:
Whew := Sum_of _observed_bandwidth_now();
if Wprey == Whpew then
l:=F;
for (s,d)in M do
l—1NnR(sd);
end for
for (s,d)in P., do
if R(s,d) 21 then
M MU {(s.d)};
end if
end for
if 1 =={e;} then
W(et) := Whew;
return true
end if
end if
Worev <~ Whew;
end while
W (et) := Whew; {or more.}

return false
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0000000000000 00000000000Wpey 0 Whye,, 1000000 whileDOOO
000000000 DO0000o0oD0oo0o0oooDO0ooo0ooooooooo9Ioon 29
OwhileJODODODOOOOODDOODOO P, 000000O0DOOO0OOODDODOOOOO e 00O
00000000000000000D0 30,3100000000000000000 3000 W(e)
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false 0000000000000 O0O0OO W(ey) OODOODOOOUDOOODOOODOOODODOO
000000o0o0000000o0oo0000oDooo0o000o0oooo0OOOonAlgorithm
33000000000000000 Algorithm 3400000000 Algorithm 3.4 00 30 Pick
one pair from the remains of P,, and start streaming 0 0O Algorithm 3.3 00 10, 11000000
000 40 Algorithm 3.300 12,13000000 5 O Virtual streams emerged, if any 0O 0O 14
00021000000Algorithm 3400 600000000 2300260000000
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Algorithm 3.4 moderate 0000000

Require: Routing table R.
P, :={(s,d) | e: € R(s,d)};
while Not all pairs in P,, start streaming do
Pick one pair from the remains of P., and start streaming;
if Additional stream has no impact to sum of bandwidths then
Virtual streams emerged, if any;
if e; is saturated then
W (er) is Whew;
return true
end if
10: end if
11: end while

12: W(et) is Wiew or more;

13: return false

3.3 UoQ
3.3.1 00O

gbobooooboobobobooobooobobOo s2000000b00bO0ODObDObDODbDOn
gbobobobobobobobobobooboobooboooooOooboooboobooobooobooooobo
goboboooboobboobboooboobbooboooboobboobooobooono
gbobobobobobobobobobooobooooooobooooooboobobobOobo
gobooobooboobboobboobooboooboooboobboobboooono
OO0000ooooooOooO0O00OooooODoO0oO0OoOoOooO Algerithm 3.5 000000000
Measurement 00000 3200000000 naive 0000 moderate 000 O00O0OO0O0OODO
gboboboboboboboboobooooooOooOooobooooboobOobOobOOobOobo
gobbooobuoobbobbooboobobuooboboobboobooboboobboooono
gboboooobooooobobooooooboooboooboooobooooboOoooboooobooa
ggbogooboaobood

Algorithm 3.5 00 0000000000000

Require: Network topology G(E, V'), routing table R.
1: for edge in E do
2:  Wi(edge) = Measurement(edge, &R);

3: end for
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: Dividing edge

033 0000000000000

gboobooboboboboboboboboobooboobooooooobooboobooboOooboOoono
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3.3.2 00000000000

000000000000 000O00D0000DOO00D00O Betweenness Centrality 0 0 0 O
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Cpy = Y 2y (3.4

g
s;év;étEV st
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: Dividing edge
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Require: Network topology G(E, V), routing table R.
1: g := divide_graph(G);

2: parallel_proc(g.rootGraph, & R);
. parallel _proc(graph, xroutes) :
parallel for subGraph in graph.children do

parallel_proc(subGraph, routes);

4

5

6

7 join and end for
8 building _bandwidth_map(graph, routes);
9

. exit
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