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Abstract: Cloud rendering has been widely used as a new computing architecture for the industries of film, television and animation.
However, it is different from traditional methods, such as the render farm and rental market, which can provide a variety of rendering
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software in the cloud to recede workloads based on cloud infrastructures. In general, task executions and resource operations of task
scheduling are transparent to the user. This requires that the cloud rendering system should have the intelligent ability to perform the
optimal resources scheduling and multi-terminal tasks management. Thus, the reliability of the cloud rendering system is a core research
problem. To this end, the probabilistic model checking technology is employed to carry out the quantitative verification and performance
evaluation of the cloud rendering process focusing on task scheduling. First, the rendering service failure will cause stochastic exceptions
and instruction errors when cloud rendering is working, i.e., damaged files and task timeout. To this end, the DTMC-based probabilistic
model is proposed to formalize the file preparation module, resource request module, and rendering task execution module. Second,
considering QoS attributes, nine types of reliability property are introduced to quantitatively verify the cloud rendering system, based on
which PCTL is used to describe the verification formula to execute the supporting tool PRISM. Finally, the feasibility and effectiveness of
proposed method are demonstrated by case study and experiments, especially the performance of task scheduling can be guaranteed by
system recovery and task switching according to the quantitative result generated from formal verifications. Therefore, the proposed
method can improve the reliability of the cloud rendering system.

Key words: cloud rendering system; task scheduling; probabilistic model checking; PRISM based quantitative verification; reliability
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Fig.1 Topology of general cloud rendering system
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Fig.2 Flow chart of task scheduling in cloud rendering system
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Table 1 State definition for cloud rendering system
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Fig.6 An example of probabilistic model for cloud rendering system
K6 zVE g FR G0 1ML Y S 4

W 7 s 6 B A TE Yl SRR, L AR U0 SO 8 R RME ST AR 1 SO A A AN AT
A BRRT—AN YR, 73 O RS 8(1,1),8(1,2),8(1,3) AL 56 STAF IR AT fiE 2 Hh I SO0 5, 7 AT 12 523
PEBR AR LUK S BIE 5K 0 B8 & B VE BT I, 238 U R G I 4k S AT AT 45, Dk N S BOHR 25 I ik, 2 Bk
B R WOIRZ sean BTN — N5 BOIRAS 5(2,3), FH TR REIEAT RWOZ B T30 k8 B S BN IR A s(1,2)
B s(1,1) BRI T Al iR T R,

WK 8 Frm 2 & 6 BERL (137 oK 2 I8 Ye B YRR B A T35 K I Y R L ST U e W IR R RS 2 e W U

AN T8 3 550 o) AR AR AR IR 2 8(2,1),5(2,2),5(2,3). 8 17 SR 25 TE Y HE IS, AT A DR 8 e HUA iR YT 5%

g=y



1846 Journal of Software ##F34% Vol.31, No.6, June 2020

b T VAR A 73 e A A5 AR G0 2 HE N S5 AR 2V G BRI S RS 22 28 A5 I 1) ) BRI ) I, R B8 0 [ 5 0
e BHIRAN AL O BA TR 55 RIS AT IR DR, £ RIBCIR S sain BTS20 5 BE YA AL [ B AR 25719 R AR,
SRR 20 VE G BRI SR 2 e DR U AR IN 4 B LUIRZS 8(2,2) Rl s(2,3)#74E EL I 3F.

Pre step
v

{Repair file}

KA

Next step Next step {FAIL}

(a) B 04T 2 3% (O S S

Fig.7 Module of rendering file preparation

7 MERIE QBRG]

Pre step
- Pre step {Wait for
[k st S e l resources}
:9
{Request!
resources} 1-D2rPas
1pa @ @
{Lake of
o lresources} resources}
<t IR?
4 Next step
{FAIL}
(a) BELR21 AT D B (b) BEHR2 1 R A ALY

Fig.8 Module of rendering resource request
K8 il sk 2 JE gL ot YRR H i B

WP 9 o it P 6 A RN AT 5 PIAT BEb, AR MBI Qe AR 55 . BATIE R AT TRAF P I S50
e P 4550 FR O BOR S8 TR B ARG B OFIE R A R A, 0 xR A 8(3,1),5(3,2),5(3,3),5(3,4),
$(3,5),5(3,6). AT VE G 1A 55 I, T 5 DA S it P U ) sl SE AP i A 3 B30V A 55 AT 2RI T RAAE R BCIR S St HIT
ININIE e AT RIMCIPIRZS 8(3,7). 4R 1M B 3 G 1 A 25 AT ) 17, AN BE ORI 7™ 245 18 o [l 45 R TR Aff 19, 463X
PO T AR G0 o 2 N HDHT 0 S B9 5 AT 55 25 TR A1 AT 0 2R S O H A8V R 5 R 3, DL AR
& 8(3,6) & s G I I 1 o 1) 45 SR SRAE B 1A 55 A A 58 ;G S 0 788 23 Hh 1) 4 SR A D AT 2R i, B
WA s@6) 1A — E BRI B RS s(3,7). 1 P A TE e AR5 #07 E IE M 45 R, WAL R Geia AT e, BIR
25 8(3,6)iL % BNRIPIRE squce.

BEAR BRI RS AR S 20 T U SERR E B R 0P G0k 08 AR B KRS IT B LR AR P
AT BN G RS 20 e R G S RS S b py RoRE T IER BPIRAS | AOMER L W0 R P LI 6 =
MERCSERANINY R SRR R NPT BRRE 21 RS P S VI



Bt FATHMERALR T B RIS AL TRIE 1847
(o 1 0 0 0 0 0 0 O 0 0 0 0 0 0 0 0]
0 0 Py 0 0 0 0 0 O 0 0 0 1-p, 0 0 0 0
0 0 0 1-py Pu 0 0 0 O 0 0 0 0 0 0 0 0
0 0 0 Pas Py 0 0 0 O 0 0 0 0 1-py—py 0 0 0
0 0 0 0 1-p;, py, O O © 0 0 0 o0 0 0 0 0
0 0 0 0 0 0 1 0 O 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 p, O 0 0 0 0 0 1-p;, 0 0
0 0 0 0 0 0 0 0 py 0 1-py; O 0 0 0 0 0

P=|0 0 0 0 0 0 0 0 O 1 0 0 0 0 0 0 0
0 0 0 0 0 0 p, O 0O 1-p, O 0 0 0 0 0 0
0 0 0 0 0 0 0 0 O 0 0 Pas 0 0 1-ps 0 O
0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0 0
0 1-p, O 0 0 0 0 0 O 0 0 0 0 0 0 0 pp,
0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 O 0 0 0 0 0 0 1 0|

Pre step Pre step
{Execution 1 FAILY  py, fsuces
TSRS -
{Merge
results}
Save
intermediate
Results}

Subtask
Subtasks}  Pas ubtasks}  py,

{Delete invalid
results}

(a) BEHRIIHAT IR (b) LRI ALY

{Reassign subtasks}

Fig.9 Module of rendering task execution

B9 PATIE QAL S5 Lh RERL R Ui ]
2 AR A

Y VR IR 55 AN A A T D b e AR 1) T BB R 75 SR T LA 52 B R (UM B A R R A s
LR IRBE B W) I, AT 3 S PR AR Y IR 45 O B 0 A4 BT P 85 SR A AR ISR AT g AR T 2% 18 25 v e TR 45 T
JE k3T PCTL MR N RGBT A . RIS MR . 535 W MK 3 ANy T s S nT etk
o A
2.1 BRITERIBEPCTL

MR 5 PCTL FME RIS H AT Pop B S & T R 4R (CTL) 1 % 4% & 1] Aall) Rl E(exists).
BEF PCTL B 52 Bl IR R 481 LA A 2 425

EX 4. B4 PCTL MR VA 48 2 2 b S i 70 B 4RI S04 L MR8 B4 LA B I 2838 S 4% gy L8 29,
i BLF 2 U i 3R



1848 Journal of Software ##F34% Vol.31, No.6, June 2020

1) U E{true, false R R 7y A p /& PCTL AR

2) WGt PCTL P55, Mg, grg, dv 0, 6— 0,X 4, F 6,G 6, JU ol U~ it PCTL 4K

3) Wik PCTL ¥, Py(@) /& PCTL 22 Bk AR AR 20

4)  WRe PCTL LN Poy(p) /2t PCTL 225 FR 4 1524 5

MR EWIZE PCTL AU BERE HAT B2 A U4 R b AR AE FF AL 45 X(next), F(future),
G(globally),Uuntil)ix 4 Ff i Zeia 5577 4 A 2.

o 1 RREAICERAIMMER ~e{<,< > =}, M & VBN B AR MRS AT S M 1R 2 AR

BAE R ~p R T IAMEAR b pe[[0, 112 45 & 1 FRUE (AR BR)YME A ke Voo RARER AR 2K, <k KIRTE K
AT ZN;

o U3 2 KA EE BBUST T =2, v S L R TR R AR A

MERBIRUAG K TR PRISM L SZEIN 7 48 20 A (1 R GEAT 0 AT BERURI S0 AE, S FF X PCTL, PCTL*48 ¢ &
TR FRAT S B8 P 3 P < 75(trueU = login) o 2 /D78 5 YRR A 3 R I 8 S A k3 e K AE A 0.75,
T T2 2K Poo(true U fail) 2755 2 4 H 3 Bt (R AL 22 G 14 it 23 20 Poo(F TaskFailed )78 v 50 Sk L BT 45 2%
T 1R M 3 Sk 5 3 2 Po(F(RequestResources—F GetResources)) 2 7 i 55 & H 7 SR 28 U5 5 345 HE U5 (K Al .
22 RGFEBITHERER

BV Y R ATV G AT 55 0y I 2 i Ve G 45 R T 2R T2 P R s 00— 2 AT U A 55 T H A, 5 BUE:
FRRATZ 1l R PATE A E R T AT S A, T BRGSO E AR R IE R R RS AT RSN
TE YA &5 T PCTL 8y 8 LA S AR 0 1 k.

R 1. RGISIT ) IR

P-,[F<step(exception<upper & all_complete=true)].

P AR T RGREITH step £ A, BIFEPATIE FeAF 55l RE S HOR  H B o HL 58 e T 42 B0
B TAL S5 RGN 2 R GRS AT ) IR 1 0 KT~ 95%, TN I LA AT 45 AL 15 95915t E = 45 1.

YR 2. RGISAT R

P-,[F<step(exception<<upper & s=15 & part_complete=false)].

PR AR LR RGURESITH step 20 A, RIZESRATVE G AT 55 1 R v, 5 OCRIOR it BRI L HL R 5 Je AT A Vi
e TAE 55 BIE R MCRAS LR Hh 5215 R R RBOIRA, HANAH G I iG WL )5 SCK 4 s LI 45 R G 18 AT 2R
YOI MR 56 158 D /N 1%, IE o LRSS AT 45 S 1%45 8 e 4G L.

IR 3. RGEARETE A HE G AR S5 M

P-,[F< step(exception<<upper & part_complete=true)].

PR A XK IR RGURESITH step 2D A, BIZESATVE B AT 55 b Rt v 53 5 RBSOAS et BRI (EL L 5 Jl 8 v
YL AT 55 MR 26 LN R 0 AN BB 50 1 0TS e 1 A1 25 IR 28 U Dk /N T 959%, U I LL BB AT 45 R 5 95% 45 Hh
4k,

R 1~ 3 A, step R RGURSITH I K exception F7n R G H IR H RS B IR L,
upper E 78 YRR SE I LS H i RS AT RS B all_complete 7R R 402 A 52 T (TR Y T4 45 A R A8
part_complete 7R Z 4 & 15 H 58 o iE A AT 55
23 RGEHMREHER

BIHPE RGN HIRS TEI N 3 FE (1) BB TR AT o 18 AT 55 FIATA A T 4 SO i el B v
B WA SO AUIR, A A5 G SO AN W] 48 5 S0 SR e, T AV AT 55 TRk AT 5(2) 1K miE Bt
YSINS, T e 2 1 B T SR U AN AL R L, B A 2 VE AT 25 K T A5 A5 20 IIC o Y G W U B ANVE AT 55 TEVR IE
WHEAT;(3) BT RS S R A AN ) TR D R ZE S, A R ORIE RN TE B AR S5 R I D AT IR A B IE A
G5 AT PAE S5 25 RGOK SR o FC AN AT R 58 1 IR T8 25 B AT g R AR 2 IR S5 19 8R R IR 1
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BLEE N ZE RGN Bk WG O 2T PCTL 1 LA 8 A 50 1

TR 4. H7 AL R SO BUR TR R

P_,[F<step(repair_file>0 & exception>0)].

PN NEIRRGORS TR step 5 W BILEHATIE GAT 55 B b L B 3 HLAS S0l SR AR 4 e I
F P EAR SO M2 B /N T 1%, W I LE S AT 45 R S 1% 13 H 4 ik

PERR 5. FRGLSFAT I C 25 TE S U U5 I R R 2R

P-,[F<step(wait_resources>0 & exception>0)].

P A KR RGORB TR step 2 W, BITEATIE G55 1 RS b B0 I e HL A i 2 T e W R I A 46
BEIN 7 2R G0 55 5 43 0 2 % B U I (R M Bk /N T 1%, I I B A AT 85 S S 1% 75 Hh &5k

TERR 6. 19 RUBAT I B T AE 55 7 A AN IE A 45 R it 22

P_,[F<step(rerendering>0 & exception>0)].

PN LR RGOURSITR step B W, AIZEPATEZAT S W b, B 5 8 H 38T 20l A8 4 1T
G5 IR IRy 9 RAT IR 5 AR 25 77 A AN IE A 45 R B BB 0 /N T 19%, WG B AT 45 2R 5 1%45 1L
4hig.

LadPERR 4~ 6 A step BRRGRST R NID K exception KR R H I 7 HIRE M B IKE,
repair_file %/~ R G156 5 SO I X $, wait_resources 378 F 40 1E N S5 AR5 VI A BEUR 1R ZS 1 L rerendering R R
FGEEFARAT RO TE e TAT 55 1 8L
24 RB{REREMIE

X T2 VE Y R GEIX TN 45 1 S 1K) R G0, 38 AT IR L B0 e 5 o A 3 4 ) AL ] S 0 Bk AN RS v
SIEES A s E R R R W E AT PCTL 58 X BL R @ Bk i P i

TR 7. 7 AL ARE G SCPERUIR N, R G R B SR

P_,[F < step(file_ok =true & repair _ file > 0)]
P_,[F(repair _ file>0 & exception > 0)]

TEAZNE LA 2 E 43 Lo BE R GEHRAT IR ot I SCAR IR I %, 20 T oh REGURES T step 2N 1E
5O HAG SCAHE 558 17 MR A AN 2 RO RGEAE HEN SCAFA5UA St 15 I 08 5 SC A B T (R AR % b I 345 R
FLRENS SIS E WA 15 Bk KT 95%, W@ I L 04T 45 5 95%75 H 4518

TR 8. RGAFEAFINAC 2 TE Yy BV IN i, B Ak B U S0 T S, 48 1 A BR KPR S AT 8 5 3k A5 2 0% B IR N
M

P_,[F < step(wait _resources >1 & resources_ok = true)]
P_,[F(wait _resources >1 & exception > 0)]

A2 20 E 43 B b g BE D B GE AT Rl R v L B N 18] 48 4 2 3 B BRI LIRS 20 1 o R G0IR
ST step W, 554 2 TE G BEUR H DR 19 25 V8 e 0t YR A A A4 3UROR RGEAERE N AC I ) 45 45 2578
G YR S5 N, B B2 SRR 2 08 G U IO ME A B I 7 225 A B RPIRAS IE 8 5 A5 L 08 DR IR I R A 1 K
T 95%, W3 i LR AT 45 R 5 95% 75t &5 18

TER 9. M E G AT ST AT RGN, 3R G830 5 58 20 lC 1A 55 45 v S0 R AT VE e TR AT O, 159 B IE
1iff 45 2R M A

P_,[F < step(rerendering >0 & all _complete = true)]
P_,[F(rerendering >0 & exception > 0)]

FEAZNE T I 1 23 B 2 B O RGeS AT R R AR G AR 55 AT R IR 70 70 RGUIREAIERS step
AW HOFT AT 1V G AR 55 HoAm A S8 T A TE e TR 55 ML AN 2 3UAROR R GEAE B G 57t 4 I e TR
I3 I 50 I A AT 45 IO MR 6 Iy 7 2R 0 3 o 0 20 C 74T 55 4 oF 5000 U AT T G O R BAT B 2, 49 B 1E Al 45 2R
(AL 28 BB KT 950, WS it EL AT 45 R 5 95% 15 HH 45 1t
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IR 7~PET 9 AT step Kom RGVIRBITH (125K exception Fom RS H I IRAS 102 R4,
repair_file &8 R G016 & SCHE IV H, wait_resources 7R 5 4888 S5 A5 TS W Y50IR A 19 T B rerendering s R
G TR IAT RIS Y AT 55 (KR B A /R AR i file_ok o F P SO & A5 56 B To45, AT /R A8 & resources_ok %
TN ARG IRAT AN (1 2 Ve e R U, A K AR i all_complete 267 B B8 15 58 IO AT R e AT 45

3 KR5S

AR LI TR R T PRISM TR AT & SR E, SE9 0 00 18] 2 Biros RE S ). o 17 64T 0 BC S, A S AE
H1 20 BUFEHUEE TN ZUE G R GEROAE Al AN Th 597 R0 SE IR PR B8 B AL B R 2.
Table 2 Computer configuration of experiment
2 IIAEUHHLCE

45 BAERY CPU BF NAE fifiE BoE
1 CentOS 7 Intel i5-4590  #&fji GTX750 2G 500G 3
2 CentOS7  Intel i5-6500  #&fijii GTX750 4G 256G 4
3 CentOS7  Intel i3-6100 #Hi GTX750  2G 1T 3
4 CentOS 7  Intel i3-4160 %% GTX760 2G 500G 3
5 CentOS 7 Intel i5-4460 443 GTX760 2G 1T 4
6 CentOS 7 Intel i3-4160 3% GTX760 4G 1T 3

GRIER RGBT — B, RS H & A BLRAS IR AR P rp (K 2 002 SO A H. 3% 3 & PRISM A
fith i Mg 2% 148 A SR RIAR DI B4 4. 2% 4 T/ PRISM AR T 3R AR i A 1 55 RS A4 R B 6 R R =
TG R G A RIRTE WL I 5% 1 9 ACRD,.

Table 3 Probability of parameters from system running log Table 4 Mapping between state and value
%3 RATHENSEM M F 4 RELIRX AR
const double p;1;=0.985 8; IRE LT AR
const double p»;=0.989 2; So 0
const double p»3=0.953 7; s(1,1) 1
const double p,=0.017 3; s(1,2) 12
const double p3;=0.977 6; s(1,3) 16
const double p3,=0.985 8; s(2,1) 2
const double p33=0.014 3; 5(2,2) 3
const double p3,=0.988 9; s(2,3) 4
const double p3s=0.982 9; s(2,4) 13
const double p;,=0.018 9; s(3,1) 5
5(3,2) 6
5(3,3) 7
s(3.4) 8
s(3,5) 9
5(3.6) 10
s(3.,7) 14
Stail 15
Ssucc 11

3.1 EFPRISMA A E LTI

3B B TE S RGAT 55 VR FE AR AR 5 AR 36 2 79 103 1) m S M A 56 1 T, $AAT MR B AR A 56 T8 L 40 BT
AT 285 SR 1) o B, VP A 25 T G 2R G0 2 15 W A2 0000 T ek 7 Kk

P10 20T 1 A0 5 SR v RS AR AR R AR AT 2P 1 AR R R R WE R A T2 36 43 1) 82 upper A 0~5. 411 5%
SER AT R G A L5 8 RS e BUE AT 5 MR T 95%; R I 1 IR 578 A 58 A YT 45 A R K
T 95%; RGN 2 IR B LA b RS 58 T J AT 55 IR AR 3230 97%. Su v (M 5 IR IR BB 22 T e R 18 AT
BRI 2R v X T 2iE R R G B R RAE SR ) B, R E YT L ENHZ 2 E G R G UV

Pl 11 R o 2 PR AR 6 5 R, L v B AR AR R R I T 25 I AR R B AL S 6 73 Jall BEE upper 29 1~5. 0
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) BLAE

AE AL SO 57 1 R 2 Y e U

T &5 ORI RGUIREFAE BT 6 IR T RAE 55 RIS A AR 7/ LR A T g 2

AN AR T i R 2 e IR AN T B, 2R e AT I G A 55 R M A W] 8 LT 0 Ak B ARV R B SR HOIR
A BB B, R GESAT R R MR 2 THe 3208 1.5%. R 2 IE R R AT 2,0 RGORES

TR 6 20 20 PATIEGAT 55 AR R KT 1%.

0.90 0.0150
097
—* 0.0125
0.96 /_
-
0.0100
a= 0.45 s ~S-upper=0 - upper=1
-1
0.04 Zl " e 0.0075 = upper=2
) - upper=2
-“F-upper=3
093 = Upper=3 0.0050 = upper=4
—— upper=-4
" upper=5
ooz upper=5 0.0025
0.91
0.0000 L =
8 9 10 1" 12 13 1 2 2 4 5 & 7 8 9 10 N
Hitistep)

i (step)

Fig.11 \rification result of property 2

Fig.10 \erification result of property 1
K11 PR 2 ke A

10 HEIR 1 R%% R

P 12 SLPEIR 3 IR 4 001 BRAS bR R BAT 5K AR B 1L 56 30 4 31 B2 upper S 15,1052

£ R T 0B IR AL T VS, 8 07 A RS e T 5 O MESR R I 15,24 SR LRV 1 Y,

FBO RS MR AN T 1675%; 5 R4 1K SLVE S A UCBOE 2 YO BRI 8226 S ML REA . 1.675%.

T AUV N 6 T 5 R L 2 T AT 2 0 SRR e T2 5 D, 14 2 e R
A I 3, B0 R A 036 5 TR 5 00 L K T 196,

P 13 R TR A~ 6 K Yo 0 LS 0 R SCPHSR 6 570 th 304 L . R DR Ay AT S

IR R B I 1.25%. PRI, 1% 25 VR G AR e AL PR 0T 5, E AN AL PE T 4 AN JTT 6. B R Ggis A7 fe vh e AR S0 A
PR S A G S W LR KT 1%, T R 2B A I 85 45 2 T B B U AR St 4 R/ T 1%,

: ey
DA 0.0125 | |
III
0.01650 | 0.0100 7 [
—& ypper=1 |
" = uppor=2 ﬁi[] novs | | o Ea
0.01625 | |
- upper=3 | - EES
— upper=a 0 nnsn | || o 5
0.01600 { 5 |
et 0.0025 || |
| [P —
0.01575 | - 0.0000 2 1 "
3 9 10 1 12 13 14 15 25 50 75 100 125 150
I (step)

BEstep)

Fig.13 \erification result of property 4~6

Fig.12 \erification result of property 3
K12 PR 3 kg as R Kl 13 st 4~ 6 K & R

14 JEoR TR F 7~PEJE 9 FROAS 6 45 R L 58 5 SR ml R SCA St LT
LT R RGN SRR AT S5 AT R A S I K Vi Qe R GRS 3 Pl IR Wk 52 e 0 AH R A e, P A 8 IE RS 1 R
FIJKT 95% 3 S5 e B B AGS B Sk I KT 97%. Rk, iz = iE R ARG AL PR 7 =00 9,

,,,,,

SR A BB R X A A

TR0 E IR S5 25 R A e vk iz iE R R SRR IR 45 R, LK 6.
FEARIIH, AERE ARG T 5 R MPE AR 1 P AK 5. MER A 7~ it 3 9.7% & 51
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PERTA N 2~ A 4 PEBTA K 6 ANl AL, i 0 g EEUE BE— 20 0, 45 th T G G5 e Al

1) MREPATERIAEE R G BARES (F 57 1 ) P HIATIERAT 55 R0 94%. 8L 4 Ik
B2 R ARG HRGE B T ZE R R GRS o H RSB ERE T, 4 RV I
G0, R GERIEAT LA B 2 4R R SOV R REOR T 2 I, R GRS AT I A4 97%;

2) MG AR A SCIE A A S TR B A L e, 1 W ST A i S A O TR PR P e A A T
A AT 2 D R A7 PR R A O ) R Rl A A S AN A b T B0 9 SO S T S o
(K170 1 % I A SCPEA SR A7 IR P 5 e S 5 A SO S 11 5 A MR (DA oo 3 T 2 e
SRR R SR B CPU AT GPU 55 1 Jy 3k K S 8500 1 7 e e e, 7 S0 A e Sk oy
JE& 3k P S 6 70 S A T SEHLAE D VT S . 2 S TR OAN AL (K S AR B, U W AE A SR A T 1%
TR ARG 0L WV ST RO R BE S A TE AT 55 K BE U A 0K

3) MWK R A L A IR SO B A AR vy, Ui W] SO 6 4 AN T 4B SR D) RE R A2
UL AT 5 RN W) 485 A1 2V 4 % AN, 4 B I 7 T 77 SR 8 U8 A RBE 4 5 i, 0 1) 2z ¥ 4 R U ) 2 PR A 8 T
SR I T 2 VE S R G0 T T ST AT 55 R I A R K IR 5 O B 2 T 1A 45, R W)
Z3TE G FR G AT 55 1) 3 IO AT U B2 A8 2 5 e PAOR B, AR B HE N S IR A RE MO B IE RIS
(L 2 PP A T 55 P 1) T AR A

1.000 -

0.975 -

0.650 1
i / v

B g5 T/ / ~ 5
0.900 1 { - #E8
0.875 | ‘ | =

0850 4

5.0 7.5 100 125 150 175 200
HH (step)

Fig.14 \Verification result of property 7~9
K14 PR 7~ 5T 9 HORL G £ 2R

Table 5 \erification result of all given properties

RS mERERZGWEERRER

i) £ 45
1 RGPATIHGAE 55 1T I KT 95% A2
2 RGBT RATHER AT 1% AN AL
3 RGEARAESEHR A BIE R TSR N T 1% AN AL
4 H P AR ST BOA I AN T 1% A AL
5 ARG 0 L 2 G SR I TR N T 1% il A2
6 TORPATIE G AR AR LR A R RN T 1% AN AL
7 FRE e SCIF AR I, 3R SE RE W% S I8 S HTMEA K T 95% A
8 RGO W 2 e G B U I i RE A — 5 0 B YA 40 T SRS, R
2R AT IR IRPIR AT AL A AL 05 PR K% K T 95%
9 A E e AL S AT RGN, R el o 8 0 I AL 55 4 W
S AT T SOF AT ) B B A R AR KT 95%

3.2 ETHBERABHLE

LRty Lk 3 ANTT IR 23 A ) e SR v v G AR G W) S 0 SO A DR G AT B D AT
AT T AR T A 6 4 RO 2V S AR G P T Uy 5 AR R AR 4 T SR, R P IR A T R SR A R e 6 0 T
PRSI A ST EAT RS 56, LA RE £ et AT OGS A
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4G, SR 2 RS H S AT A6 SO R 52 SO S5 48T i LA ST (R 47k 7 sCRIAE A 9% 0 P 1 7 2200
HPRTE AEA LIV 6N A8 SCEAF A 2071 A0, 28 G815 0 B (47 ik e 1 {8, B AR 415 BLOCK _SIZE (I {H K
TRE AT 3 T ST A R ST R AN I T RN, WS 03 1 i T 8055 T+ BLOCK _SIZE K/ # s D
FRAFAl B0 i A0 B B o5 2 AN BUAAF A AEAN [R5 b H2 ol T S50 R G A0 T 5 AL s A A i B
AL, A i 200 152 MR S0 10 R AR 2 SR AT B ) A 50 2 8, m A i A i R 8 F) A R, AT 32 s A7
fitg P EX AT S 3R 6 ARAB 2 N 2 iE Y R4 HDFS R A% i

Table 6 Copy parameter setting of HDFS in cloud rendering system
£6 LiEY HDFS @A Kt i

{property)
(name) dfs.replication (/name)

(value)y 4 (value) (1--%4is Bk Fil A H o 1 3 Ay 4--)
(Iproperty)

FEUR T G AT BT 32 B R v ST AR SORI AT VE G T 55, SR AT T8 AR 45 10 v BT A AR A8 2 HE v it
S I R IR T AR AR S5 IR AT A SE58 R 40 IR 45N B4 1) CPU F GPU 1 g AL, 2
5 G BATE Y FAT 55 I 0 T 3% I 19 S 36 2 A B A P 1 L3 7 AR A T LG H:CPU B 8 j D 2R 17 T 5 Ak
AR ALl 8G AR, AN TE 4 T PR AR B (M B B ARSI R GE R PR T 5, B I 2 vE G RN L IR
R R AT LA A 2410 R G o T B R R A0 A AN 7 S 080 N vk SV 46 B0k 36 7 2 BB i (0 S B e i, v
WHENEE SR 2 R 3
Table 7 Updated computer configuration for experiment

RTOHEHIEK AL E

4 BIERSZ CPU BF WAF il e
CentOS 7  Intel i5-7600 %3 GTX960 8G 500G
CentOS 7  Intel i7-6700  §%5h GTX960 8G 256G
CentOS 7  Intel i5-6500 %4 GTX960  8G 1T
CentOS7 Intel i7-6700 %4 GTX960 8G 500G
CentOS 7  Intel i5-7600  5£4lt GTX960  8G 1T
CentOS 7  Intel i5-7500 ¥4 GTX960  8G 1T

o OB WN P
W s wWwWwkrow

AR T P AR SR S ) AR G P A RN R B R MR L e AT 55 R R RIS T B 2 5 HN ARG HEE
ST R SRIBCET % S 5 (8. 3K 8 J& it 5 miE S R G M A B S HON B
Table 8 Probability of parameters after improvement
x8 S AR RS HM AR S

const double p;;=0.994 6;
const double p»;=0.990 3;
const double p3=0.952 1;
const double p2,=0.028 6;
const double p3;=0.983 1;
const double p3,=0.987 9;
const double p33=0.008 5;
const double p3,=0.993 6;
const double p35=0.992 9;
const double p;,=0.004 3;

A AT MR B R 6, 45 21 161 15~ 18 1) S 56 Hodle.

Pl 15 SRR o 1 ARG 6 45 R X P O R R SR T TR AR S Ia AT ) (R 4 B AR B AS e A8 0 B A2
AL, (E 2 502t i K AR SEIa AT BB AR 3 W) A 388 e DAk 2 i AR B A AT RS IR R 30 97 %, 5t 2 ) IO Mk
FGBLL T 97.5%. A M, ZR 48 Ak I AT AL PR BT 1, B R SEAE AT B (R KT 95%
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16 X JT 2 (KL 56 45 R0 IRUET 10 AT AN R SR SR ICELAE 6 LAWY, Y BUAE 45 R IR B Al
Bt IR A A2 OB AN T 1 0, AR S8 AT R SO SR DL 5 5 24 e F 1A 5 RS OB T e, R s AT 2RI
(KA 2 /I8 i T S0 T ) SR ORI 1.59%, St Je (1 R IR S5 6 o 430 19%. ik I 1 = i e R 4 AR AT
ANl AR BT 2, (L T S AT /DN R R e AL 2% St S T 1) IR, RAT B IS 5 I

1.000

0.0100
0.975
p— 0.0075
—&—upper=1
&_EU.QSU - uppert B 00050 = upper=2
T upper=2 - upper=3
0.925 - -
Hpper j 0.0025 —=—upper=4
- dpper= —— upper=3
0.900 -
upper=5 0.0000
8 9 10 11 12 13 25 5.0 75 10.0
FiE(step) Fis(step)
Fig.15 \erification result of property 1 Fig.16 \erification result of property 2
Kl 15 ek fa g T 1R R e 45 R Kl 16 ook o a1 T 2 IR g 45 2R

Bl 17 JEXIPE T 3 (G645 SR R I 10 vl g B AR SUIR AT BRI G0, R SEAN BE S8 A B G AR
55 IR AN T e E I 2 R G Fe V2 TR LAY 7 I B A 55 SR BRI A< /N T 0.7%; 4 R LK) 7t 3 ICHK
5 2 R VA LI A 48 3 58 B8 70V e TAT 55 (KBRS B 1 1T 0.79%, (H I 5 T 1%. Rk, Bt 5 (1 = E R &
SR AL ML 3, /I 2R G AN RE 58 L4 T VR B 1A 55 IR N T 1%.

Kl 18 o 1 0PI 4~k )3T 6 PR30 4% SR xS B 12 WA AR G ST e i R G e R AR TR B R
SO SR R AL BRI 5 T 0.8%, 1EAIR T 1%;7E B 1AE 55 $UAT 5 1 R AR IR AE 0.5%~0.6% - [H]; T R 481K
BETT SBATIE R mE R B i, = I G BRI AL 10 5 A AR LT O AN A2 D0t I (1 250 e AR 1) I i
AEVE T A~ TR 6,81 ZVE B R4 3 A DD RERHUR S H M BER AN T 1%.

0.0072 0.008 ]
0.0071 0.007 I.'
0.0070 e upper=0 0.006 f
0.0089 = upper=1 0.005 [ e
0.0068 wupper=2 | 0.004 l
' 0.003 ' - HEs
0 0nA7 = upper=3 ( -~ W
- upper=4 0.002 |
0.0066 = 0001 |
0.0065 UPpET= 0000 P
8 ] 10 11 12 13 01 2 3 4 5 6 7 & 9 101
H(step) FE(step)
Fig.17 \erification result of property 3 Fig.18 \erification result of property 4~6
K17 ot fa o PR 3 R I 4 R K18 g JE w4~k 6 R 45 R

Bl 19 JoR TR BT 7~ 5T 9 AR AR A5 SR LIS 13 T R R G SO T S %A D B AR R e R A v
T 95%. Ak I (1 57 WK S A /Nl B v T T et T G R I T B DI AR, SO SR R R S I
98%. f£ = IH AL VR AL M DL, b T et Uy S 3271 7o S k0 CPU PR B, 5 W MR B R M B AT 5 AT

SEH RS TR T 97.5% LA L IRk, ok )T B B ST AR L R 7~ 9,B0 3 AN Ih sk H i R Ik B
LK 95%.

LR EPTIR, AR 9 AR 4RI

TR OR A, O 5 TR 2 R R R AL 8 A% R E MR SO AT T SOt i, Dt )i 1) 2 v e R G 1A AT R R KA
Pt T iR SO0 B 2R GE R IR AL T R 3 T 4 AT 6, U B eI I ) 2V B AR B8 B SO A R RSO TE AL
(K9 57 R B, A L ATV e 1A 55 RN R R tha AT P I~ o K S8 A 1 1 il DR e A M B Al AT
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1.000
—a
- - s |
0.975 - // /,_4/
r
B ,"' - T
0.950 1 / -
/ - o
0925 4 T
L] TR inn 124 1510 175

e (step)
Fig.19 \Verification result of property 7~9
Bl 19 oSk o v 7~ i 9 I I 4 R

Table 9 \erification result of all given properties after improvement

RO SUH)E M ARG SR R g 45 R B

%i 5 R a3
1 RGBT RAE 55 D B K T 95% i A
2 RGBT RHITHER AT 1% AN A2
3 RGEARAE A TIER TS BE DT 1% i A2
4 T AR B SO 0RO /N T 1% A
5 ARG Bl i R B I BN T 1% A
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1 module CloudRenderingSystem

s:[0..16] init O;
repair_file:[0..max_repair_file] init O;
wait_resources:[0..max_wait_resources] init O;
rerendering:[0..max_rerendering] init O;
exception:[0..max_exception] init 0;
all_complete:bool init false;
part_complete:bool init false;

file_ok:bool init false;
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resources_ok:bool init false;
[Begin]s=0—(s'=1);
[DealFile]s=1 & repair_file<max_repair_file & exception<max_exception—pi;:(s'=2) & (file_ok’=true)+

= e
N

1-p11:(s'=12) & (repair_file’=repair_file+1) & (exception’=exception+1);

13 [RequestResources]s=2 & wait_resources<max_wait_resources & exception<max_exception—1-py;:
(s'=3) & (wait_resources'=wait_resources+1)+p,;:(s'=4);

14 [WaitResources]s=3 & wait_resources<max_wait_resources & exception<max_exception—pys:(s'=4)+
p22:(s'=3) & (wait_resources'=wait_resources+1) & (exception'=exception+1)+1—p,3—py,:(s'=13);

15 [GetResources]s=4—>1—ps;:(s'=4)+p3;1:(s'=5) & (resources_ok'=true);

16 [Distribution]s=5—(s'=6);

17  [StartRendering]s=6—pz,:(s'=7)+1-ps,:(s'=14);

18 [EndRendering]s=7 & rerendering<max_rerendering & exception<max_exception—1—ps3:(s'=10)+pas:
(s'=8) & (rerendering’=rerendering+1) & (exception’=exception+1);

19 [Delete]s=8 & exception<max_exception—(s'=9) & (exception'=exception+1);

20 [Redistribution]s=9 & exception<max_exception—1—ps4:(s'=9) & (exception’=exception+1)+pz,:(s'=6);

21 [Complete]s=10 & exception<max_exception—pzs:(s'=11) & (all_complete’=true)+1-pzs:(s'=14) &
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(part_complete’=true);

22 [RepaireFile]s=12 &

(exception'=exception+1)+1-p;,:(s'=1);

repair_file<max_repair_file

&

1859

exception<max_exception—py,:(s'=16)

23 [ResourcesException]s=13 & exception<max_exception—(s'=15) & (exception’=exception+1);
24 [FileException]s=16 & exception<max_exception—(s'=15) & (exception’=exception+1);

25 [RenderingException]s=14 & exception<max_exception—(s'=15) & (exception’=exception+1);
26  [FileError]s=12 & repair_file=max_repair_file—(s'=15);

27  [ResourcesError]s=3 & wait_resources=max_wait_resources—(s'=15);

28 [RenderingError]s=8 & rerendering=max_rerendering—(s'=15);

29 [Error]exception=max_exception—(s'=15);
30 endmodule
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Table 10 Parameters introduction for CloudRenderingSystem model
% 10 CloudRenderingSystem i /1) 2 #4811 5 X

L4 AR RSTEl
s int B PR S AR RRE )T 5
repair_file int RGME S IR
wait_resources int RGN GRS SRS
rerendering int FR G0 T AT I G T AT 55 S
exception int RGP HOIRAS I SR
all_complete bool ST 5 TR VR B AT 55
part_complete bool T HU5E B e e 1A 55
file_ok bool FHT SO A5 S8 3 oA
resources_ok bool R IE IR R 1) 2 TE G R
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