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ABSTRACT

Online video has become the mainstream industrial system on the Internet, oc-
cupying most of the network traffic. In this industrial system, content providers rent
bandwidth and cache resources from the internet service provider to provide video
content to end-users. Content providers’ revenue consists of the users’ subscrip-
tion fee and advertising revenue by inserting video advertisements. To maximize
the overall revenue, how to rent cache and bandwidth, and how to insert video
advertisements are important issues that content providers focus on.

Based on the existing research, in this paper, we study the network resource
renting strategy and the video advertisement insertion strategy from the above two
perspectives respectively. First, we study the optimal budget allocation problem of
content providers. According to the different contributions of cache and bandwidth
to user experience, the strategy of budget allocation to rent cache and bandwidth
is optimized. The objective is to maximize the user subscription revenue of content
providers with the consideration of user watching experience. Secondly, we optimize
the video advertisement insertion problem. According to the different effects of ad
insertion proportion and position on the probability of users leaving, we analyze
the impact of ad insertion strategy on the overall advertising revenue of content
providers, to determine the best advertisement insertion strategy.

In this paper, we model the above two problems as corresponding optimization
problems. Then we find out the impact of various factors in the system on the
revenue of content providers. We analyze and solve the problems and find the
optimal budget allocation strategy and the optimal advertisement insertion strategy.
Specifically, the main contributions of the dissertation include the following two
aspects:

(1) Aiming at the problem of budget allocation, we establish a budget-constrained
resource optimization allocation model. The model is based on two correlations in
the system. One is the non-linear negative correlation between network resources
(bandwidth and cache capacity, respectively) and video transmission delay. The
other one is the negative correlation between user required video data volume and
the transmission delay. The objective of the model is to find out the best bandwidth
and cache resource deployment strategy to maximize the overall revenue of content
providers. In this paper, based on the positive correlation between the optimal
cache and the optimal bandwidth, we design the feasible-plane algorithm to find

out the best allocation strategy. The numerical results verify the effectiveness of

v
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the algorithm under different system parameter settings.

(2) Aiming at the problem of ad insertion, we establish an ad insertion model
to find the best ad insertion proportion and position. This model is based on the
natural departure probability of the user watching behavior and combined with
the influence of the ad on the users’ departure probability. The objective of this
model is to maximize the advertising revenue of content providers. In this paper,
we derive the theoretical optimal solution for the advertising proportion under a
given insertion position, and analyze the trend of advertising revenue under the
combined effect of the two factors: insertion proportion and position. Numerical
analysis shows the best ads insertion strategy under combined effect of the given
user’ s natural departure probability and the probability of users leaving due to ads
insertion.

KEYWORDS: Cache; Bandwidth; Video Delivery System; Network Resources

Allocation; Advertisement Insertion
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PN ) 5 SR B 265 WA 28 TRTCEAR I 98 D A IR 55 BB T 2 IR B 2747 Y e e
PSR SR G 2 TR R AR AT, de 20k 3P I 25 S A TR 5 2 2 8

17



JERAGE KRR 2E A S PR LY AR ) I 45 B T

= (3-2),

T =n-f(do+ M(c) D®b,T)) (3-2)

MR A (3-2) T, RGN R RIERREEAT DAIC ) WA TR IR (b, ¢) 17
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(@v—(k4-U-pM®-AJ@)+LJQQZg%Q

(0 (1) - pult) - 210) + 158) 70 1, 1)y (8) - M) - T, )

{ FUs+1)-plc)- e+ (Is+1) - pelc) + 12 =0,
lib=0, loc=0, I3(B — (pp(b) - M(c)-T(b,c) + pec)-c)) =0,
b>0, ¢c>0, B— (pp(b)-M(c)-T(b,c)+pelc)-c)>0,

\1120, lp >0, 135>0

(3-10)
Y1 =0,1=0,ls=0 8, WIEEAMAGBAAERTAL, SKASIY S UC ARG 2 00 Ak i) &t
=AM, AREATAT R B N, B ES a0 . 243
B S sE AR, ARIEEAMARAEE AT 13 # 0, W KKT SR %A
ARG R S PR . R SRAFRAL 0] S DA, 75 350 P S A R s LA 1
HARREE AT IR, dEmoRAR 2 R LA

20



JERAGE KRR 2E A S PR LY AR ) I 45 B T

BEIRAE (0, c) HiEmS, RITRFNEFE T(b, ), ZAranhH M(c), M4
GV SA BT T, AT DASRAS AL 4 B I8 PN AT BTy R R, ot
AT DAFIMTAE 25 5 WA, FEA R SR & T et i A2 AL T 2R o

HISCHR (21] RTR1, FEPVARRATEE 200 . 2% TR BA I A2 — s 1) XTI
AR GAT SR IR AN A AR SO PR B AR O, R I w2 (4 3K ) A5 RGN ik
B FA I R R N . AT RER AT, SRR S EO R LR
ARSI IA] - BRI R 2 B PRI IS > 45 WA R R e 3R T, TR
P Z AR IRBE 4 H C AR

3.3.3 Feasible-plane B %1%t

M A B MR, AT ALV R Y, [BE 2RI, 5 — e BT
Z, WRARMIGRZE o ARG R 25 BTSRRI X — PRI, FESRME N A R ) fe (2 ¢
PRI, T DA S SR AR LR E I, SR KRR EE 00530 (4 T 47 A i |45 BT
A FTRESE R B KRG (L, HX R R BT 5 BIOA Bk i e s 4l 5, B
(ENCRGS 1N

BA LGRS, MR EMTE . ZAAAT SRR KRR RS, H
R (5 3-11 47) , RIXFFR— @il 5e, SHREr=nm
IR AATAE, RGN IIATAR it 2 B A, IR S R i ke e K
R S HR I R RaR (. (56 12-18 47), B Bext AR B A Bk H AR{E

3.4 HEFRE

FEATT T SOARTE PIZE I 25 B DRI A e s 0 L s i b AT (i, AL
PN AR AT B AT A 28 Ul A O L AR R R Zear-am b R (k. SR JE %t
AR B W 1) foe A AR S L R 1) AL R W s B A T A

3.41 Mri8EE

T RE GEURRME IF , P2IEIR0 285 B UL B0 S L2 S ) D 25 T ) W S e S LR
ARG R, PR U 3 B A AR R B e T ) B R, AR AL
AT AR

(1) Hs9Ehiis

2 PN AT -5 0 45 T S W S B A, DU EESR ) 298 R PRAIE g P R B M 55 14
f, BIPRIEREE AL M 2 s K 7, AR o KRS I seht . FERRIE A fa o
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Algorithm 1 Feasible-plane Algorithm

Input: Budget, max cache, max bandwidth
1: Initialization: feasible plane = {}, step_size = 1, py(b), p.(c), bo, pu, M(c)
2. ¢c=0
3: repeat
4: Find maximum feasible b:
5. for b = max_bandwidth; b > 0; b = b — step_ size do
6:  if expenditure based on Equation (3-6) < Budget

T: feasible plane < (b, c)
8: break

9: end for

10: ¢ = c + step_ size

11: until ¢ > max_cache

12: tmp_ solution = (b, ¢), max_ profit = 0
13: for sol in feasible plane do

14: tmp_ profit based on Equation (3-7)
15: if tmp_ profit > max_profit

16: max_ profit = tmp_ profit
17: tmp_ solution = sol
18: end for

19: The best feasible solution (b, ¢) = tmp_ solution

Output: The best feasible solution (b, ¢), maximum profit max_ profit

t

MEORT, FEE AR BT, MR OURST R BT, RS
PR R S A, SURSER A FRAR T SR A TR

&

pmm g

py(b) = p1 - b7 (3-11)

ot py FREHBL, 7> 0.

L YR R, RGN R NI BT, R e A S
31T 0 P 10 B B A2 ) R I A P, A5 303 1 D 24
T 24 o F PSR, TR MG R S, R R

op =p1-b"-T(b,c)- M(c) (3-12)
(2) ZArhivks

TEATSCH, B ZAT B 5 W KB G A7 2SR RN TE R T 370 3K G A 118 s
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- SWR AR Z MR R R BRIREF I
pe(c) = p2 (3-13)
B po ZORIEHEL . GATI YA W S5 2 R (R S T e s

0.(c) =po - c (3-14)

342 ZHEGPRER

TENA T SK AR BN, G S At H R E AR, H
e iy PRI AR AR R A R MR T T PO AR R N ARG IR
YOI, T A B SR AT B O 1) EL AT BE A2 BRI TR) A2 AL i, AU SRR AT
JEMAFE Zipf 435 MO RSO A A N AU, Zipf 4 g T30
PGPS @ WATI TR SRR .

1
i - Zz]\il zi"
Hrp 0 <k <1, IEXBEARGET £ FBELE 0.7-0.9 Z A,

PN AT DA 2o ) A (] B A R SR, R AT R 28 T i SO, DA
g e R, WSR2 W i PRI . A SO RIRNES
FIRHEALH M (Least Frequently Used, LFU) ZeAF s gsfim, RIEAEH -
ORI, U E RN, BRI RAFEROT RS HNAR
WK A 2S8R ¢ IF, W PSSR i e AU S WU RE S IR 55 4
Fr, B AR

P(i) = (3-15)

)= (3-16)

S SRR

) (3-17)

3.43 {HhHRERSH

RS b/ N1 ) I 8 SR AR pR R S G Ay R 2R R, AN
FET ) B PR IR SR AT O B . B ES E A DR B A S, TEfE
AN [l BTSRRI 0 T 1) i SR ) S B S5 EA T 0, R T o S M1 1R 25 Ty SR 114
R IEAT AR, RIS . AT, MEAEA RO T R tER
WAL A AL AR DL -
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(1) Sikkadsonbr

MRAEEAL TR (3-9), FZEBEEMME (3-11). (3-13), ZArarhR (3-16) fE
HINTF S8 E: p,=1, p1=001, v=0.9, po =1, k=0.75, N =1000. X#&
Ge A7 =3 (AR S ) fe R W KA 73 3R 200, NS RTRYTIETE R [0,600], AR
#fi Feasible-plane 555, AIDMSEIEAR TR IE T, WAR SRR TR
Wiy KSR A B 3- LT 7R

2001 @ cache 300
bandwidth —
7!] 150 250 g
gl &
z B
B 00 200 —
— b
g =
?‘l? 50 L 150 %
= K
T’
0 profit [ 100
0 100 200 300 400 500 600
E (BNNE)
Kl 3-1 NAETR R
Fig 3-1 Profit of content provider
1.0 4 Cache
Bandwidth
0.8 1
= 061
A
jry
&
R 0.4+
0.2 1
0.0 1
0 100 200 300 400 500 600

ME (B ALNE)
K 3-2 FEA G
Fig 3-2 Rate of budget allocation
MIES-VRIPE3-2rp TR, BEE T LIS, 2S00 28 YR ) e (A oK 52
R, HHSS OB B R . FE TR RGN, AT DA o O R 4
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ISR AR, I HLRR SN S AR, RV R 1] 10 SRR BE 22 1 AT
GEIRN L ] PAE M 28 D SR AL B I 55 . U A7 KRR oK (E, BilE
GRS TN, , PN A T A i D10 S DU 4 52 W 5K B 22 a9 9 50 T P R
el g5, dt—itmARGilat, B2 E S 9 28 B PR A AR LEAH B A m] 5 A
DRTE] AR, DA R f 1) Dl SR n] BE 22 B M 46 B Wt AR R A5 e 55, AR BBUE
Z AN

AT SR AR B ISR = 52 1 M 45 N A A RIS, 35 TR i AT
JEERI ) 45 G PR T T AN [ TS e e IR S B P T A P 52 D

(2) WRFRATEm)

PN T AU T E R S A7 A E G A I 55 s o ) DA 28 ] AR o 2 i 03 2K
AR, N LAT BE A1 A A A BRI AT SCOERS BRI P SR Y A AR 4
S, GRAT IR S5 A T A PR T DAY B OB SR, AT AR A A R
2 i .

200 A

® cache L 700
A bandwidth —

- 600
Il 150 <
ﬁl 500 d

=

B
B N
— 100 400 ;m
i1 =
Fid 300
B 50 =

£§ 200
profit (k=0.75) %

oA === profit (k=0.85) | ;o9

0 100 200 300 400 500 600

e (BUNE)

Bl 3-3  JiATRERT A AR 52 )
Fig 3-3 Affect of content popularity on the best strategy

FEMTE A, WU R AT A R AU 28, Bl & = 0.75 Al k = 0.85 Hiff
feoL, M B e TR R AL Ak, WA i S ORI B 22 I O, N TEI3-3Ff
N E3-30 k= 0.85 IRy B PRI AL AT 2K, RS k= 0.75 I Bk
FTHCE, ATDAF th A DU PN 2 SN 36 v B B AT B S I, AR TR PRI
AT B et TSR 2 I R AT SR, 8 A I 263 G e A 7 BE A v 14 S
ARG ST o WK A A R IR B I A, BEE TR RGN, AR 4k
S0 S S IR AR B A R OB . B3-3 L THE £ BURFMERY, FrmfE
M AR A FE TR A A AR O, MR RILAE S, BEE R RIS, A
FERIWE T 2 I M A SO PR AR ST, AR R AN . 4 AR T
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JEGT SR Py, W SK G Ay 8] ] DAYE L G [ 5 22 i oK, TR e 3 2 A5 1)
FOANTSEAIN , PR e A e 8 Rl AR b, LAt v T AT B A A A 0 B AR 4

(3) P BTG RS S

ERLRL ) 268 BE IR ) B A 2 5 I N A R Y R R 2 — A Al SE A I 3K
BACGEN A 3R AR 55 I RE ST, [ Pk AR IT 500 Y B B A BT A
Wi S AR AR ALY, NSRRI SRR S B2 30 FE3E T RO A, 70l FLAg
T RAT AT D EL X i 2 S SR B HOX R A A Y 521

[l 3-A40 5 21 BLAL R AE AR o = 1.5 BYBRAEVT IR RIS TR AR A L, K
HRX WS pe = 1 WAHN A Tt XS EE, B 0Ar BR A7 G A7 5 8] F) 4 BE A
SRR Ol . MEIB-A 5 E3-1RXT LRI AR, TSR ietl, SEUR
GAFGTI R BN e AR, BEE TR AIEIN, S s 1a) e K8 i A Ak S fi 2%
Tl SEW KB R AR T, BITE TR BRI, feHERIE 15 S 10 T SRR 2 Al
TEGEV. BEE RIS, R W 0 T W SR A7, AT eIk 2 W K&
WROKAE, SRR WU A RFEIE N, A7 SER W S5 B Wk 2 i K AH B P 45
GRA BRI, N NA R R AR B EEAR R, A 1 O B
Wi T TE BT, PR AR AR I SRS S Tl SE W PR B e KA. MIEI3-4RT AR
H, BT RAZAT RIS, AR PR B IR S5 i A, it LA
PR R BEA R, REEE T RIS, AR 3 K R AT R L
RIS B A A 2 R R

2001 @ cache 300
A bandwidth —
—~ fm
ug| 150 %0 &
K =
= L
:mi 100 - [0 :Eq?
Ny .
————— 150 &
E; 50 4 ﬁi
= profit (p2=1) g
0 --- profit (p2=1.5) [ 100

0 100 200 300 400 500 600

ME (RMNE)

B 3-4  ZBAFANASR S AR SRS 1) 52 i)
Fig 3-4 Affect of cache price on the best strategy

A13-50 15 1 B AT BRI A S 2L v = 0.75 I 1) die (2 9 Y0 SRS Pt 9 5 )
AR OL, EHAERS v = 0.9 AR BRN il X Ee Ao, R A ER s 9
YA BE I KAty 58 B R AL A AR — LR DL . MR35I AR, il T Bl
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TERINTFE AR T AL 5%, AERRERIPURAR OLR , AR n] DA 3K B 2 f)y 5 ¢
P, i e o Y PSR AR 55 B RE Ty, BRI 3-5 7ty S ey S 2 I FoU 8 1 o v
A R P 3- 1 o PI3-B I WARBE T v = 0.9 B T A ek B P 7 R Wi Fry B
B gk, T SE MR ACN BEELN PR T DAL B T A A 0L R W SR 22 1
M2 BT, PR RS REST, PRTHME R IUIR R R m e, PR e e it 2
ROH BB T8 BADL A R AR SR

2001 @ cache "
A bandwidth R
] 400 1
gl 150 =
Eg 350 ﬁf
* L300 _
100 :
mm 250
: 2
g ” 200 {E
I} _
profit (gzamma=0.9) 150 %
] -== profit (gamma=0.75) | 100

0 100 200 300 400 500 600

e (BUMNE)

Bl 3-5 7 SRR R AR SR ) 5
Fig 3-5 Affect of bandwidth price on best strategy

3.5 AXTJ/ING

ARFE RSP AP R TN g, HEEN =4S
SE T NAERMRT. AR BRI L i 1] S TR o R AT AR AR
oo A2 R A R A Rk 0 0 Sy S R At e KA DR A T R A A
Wt J MR B AT S LB R SR, it B BT S SRR Ak, i
APTEIIIHEA R TS, B A RA T X M 48 SR AR RO 284k, A RTIY fi
A e K SRS K Lok R A Wit ) AE AR B 5o
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4 BT EAERAEZmMAIEL L

TEIA TN AR AR, R A + Rl ARz
FITEBMARSE 2 o ) S B ] BOCAE 3 22 0 WL AR TR 30 1 1l — e 7
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WA RO, T He rp T (R O e 2 BRI, PRI SR X
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SERUATRUA DT HIRAE, fJEHE 4.5 WXIARTE N AT RS

4.1 WHRIH=

LA AT N T, B9 Gt + Rl 5 <o
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B LB Rl 25 DA™ 25 RIS G 28 0BT 4 25 B 0 M ST o B
AT DANEE LA P2 R IS0, AE WU B o 8 2 o ) o P A2
B TTDASAR 4RI , REA 2 T ph 4 e VAR A
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4.2 ZGIRBRMILER
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B AT S SO R G R BT A i B AR R A . RGN
9 PR — AN AR GEA T Ay, T DA P R A A TR AT . B
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R 1: A& Loy bob, AP R RE T BmELLR B, KRBl b
I, mH&BHAET 1, B U(T) €[0,1], I'(T) > 0,

i 1 2R, UARGH) T ERIHEIZET LT, T PRI BT R
KRR, HOAHWE & Eraiicaa i m ., RIWE) &5 WA /AN
FRROK MRS b RS OE, P SR B R AR AR i
AT 1, RPREE ) S BOR S LBk, PSS IAE ISR R 06 BT
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SO RE B B S H PHE RGN R U R R &, B AEA Y,
AIBTIERIE (b, c) T, RGENAEIRIRENPERE T o) FESEEE) S
T AT ASAL AT TR AR G S S AU B Pl % FE R Y 8 o B T
=, FHICH T(b.c,7)o

ST N A BRI N BT UG8 B, 1 R DU A 2 5 2 2
AGRAE XN T RESR AL M 28 IR 55 R R, ELOR PR AR R S B o
FRSITILE R GE, RIMBS R R IR 55 o s B N A1 5 RO R E N A BT R 48
WiE Z BT . PRI SRS, A IR n(d) - (1—1(7)). Rk
PR JR R P TR AR r(d), WRSE P38 P AU K Wk
fld,7)=n(d)- (1 —1U7)) r(d). WIEAK (3-1)-(3-5) AIFEA R 5 R
BEPHI ) RGN SRR A (4-1) FiR:
pn - (1 —1(7)) - (bo +b)
(1+pn- (1=1(r))) - M(c)

T(b,c,7) = (4-1)

(2) Wz R

FECRIENE + Tl BB, NARTIELADR BT A A
U, O A BT R R P S TR I B RS SR R . R
AR SN CHN po, WU N SO0 LER B RSB 24 1Y)
SN 225 (4-2) B

I(b,e,7) =pa-7-T(b,c,T) (4-2)

(3) TRALI I B

MNA R PRNE (b, o) gEnS, MIEHAGER AL, TR TR &%
JRCEE By e RS A A A, AR H AR e KA A R, LAk AS &)
wb b, Hep R PR S TP IUOILRE R REBWR . RS
SE GRS (b, ©) I AT ARG A T A I SR BRI SO e s
(4-1)-(4-2) AI4%, HXPMARaa ) SmA LS w BeRE, sl (4-3) Bros.

Ub,c,7) =pa-7-T(b,c,7) — (pp(b) - M(c) - T(b,c,7) + pe(c) - ¢) (4-3)
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BTARR G AR A, XTI K AT — 2 0. RE ARG A K
(4-3). RENRRERAT (4-1) W AN EARRETE TR (4-5):

Ub,c,7) = (pa -7 —pu(b) - M(c))-T(b,c,7) — pe(c) - ¢
Bn-(1=1(r) (bo+b) (@) c (4-5)
(It pn-(1—1Ur)- M)

A NE TGO C 24y, U, e, 7) TSN 7 WYBEEL, B9 U(7). A
(4-5) W5 by o MRS KRBT BRI (4-5) MEANT LR, &
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PR AT (4-4) FRIAFRAZ B ARSI ETS, 5IA L, b JeRIET AR
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