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Abstract: Traditional approaches tangle the error handling concerns with the primary functional code, which
inevitably increase the degree of coupling and decreases the understandability and the maintainability of programs.
This paper presents an empirical study of a real-world Satellite Orbit Forecasting system by refactoring error
handling policies as methods of classes and aspects, respectively. A set of experiments are constructed to evaluate
the original version with the two refactored versions. Based on the results of experiments from the refactoring
process, it can be concluded that the modularity and maintainability of the program have been improved without a
noticeable compromise in performance by encapsulating computational error handling polices as aspects.

Key words:  aspect-oriented programming; refactoring; computational error handling; scientific computing
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T8 5 B A 2 BT 0 5 v SR B 20 W DG T IR T 1K U7 UK SR Al R 22 AR AIE 5T b T I8 B W R AR
i) U B A v R R T BRI VLT SR8 ) AN T 38 i, B 22 1 53 2 IR B0 20 B O VR
Tz N T AWE B2 THEANE . MR BT RARE BT B A T R S AT A Ax 2 1 R P Ak
Ao 25 B b AR B TE BT 5 IO AR 22, U 6 0 — /N TE V[l 1 e R DR, e SR A KR 3 SR AR T SRR 22 B
hy N FH 00 SRR 27 T SRR PR T e N B 3 () S ) 3 22 )

BH T 5501 22 TR 50 W 380 U B 5 SR (R0 B T R ) v R 22 Ak B S 1 R R S B ) S R R 2R
By, THEREXREASE T ENZORZELZ — FHEHEREP P E D J e RS 5 AT H IR E
AE SRR 52 B 7 305 R I AE mT g 5 LN 22 (V8 A i Ji 4 N 08 2 A BRAR AL 1 B 11 7 =Xk A B3R 223X 4 S B L )
—IRZE AL PR R S R B S IR P I 2 A B, 5 SRR AR T e AR A AT — X I B
K454 28 (code tangling) i) 811, G BUR e afl LU FRAR 55 2 4. 7] I, 358 2 A B 46 W6 300 % 75 B0 A i 4 R
A, DAIE AN B AR A4 1) v S5 B R SR AN E B 6 0 PR3 SIS A0 1 75 SRk A8 ) 5 i 22 A A QD A A i e 4B o £
A 21 2 ji AR 45 B Ay 71 o, AT B K T A% HH S8 7 e B TR A 2.

BV KR M —RBAA T REF ZMIE . 5 RN Z NI REB BT A — & 145k R 58 75 =K .1 7 J7 T
(I 35 ¥ 1 7 725 (aspect-oriented  programming, i #% AOP)A 5| X\ T Jy T (aspect) i F 9 1ML FF 45 1 34 B ) o6 v
S A Bl N ) 5 TR TG, I SCRFR IR U7 T 2 e v ) R AR 5 SR T (W 28) 2 TR R B BOR R A RR JE T RN IR
A DATE 5 {5 1 Ak A D) DG 1 AL AOP Hh T 5 TN D D) DG v A it 77— AN v AR (R A o 8 AR e A A
P3R5 RN 5 T AR

TR G OUF, A — 2 2 1 Ak B SR R AR L, HLS ) 2 AN S AR Dy Re i g 2 S R R U) e o T
PR R E TH R AR P A R RO R 24 1k A SO A R T ) O IR R v O Bk T SR 2 AR SR A DG I
RV RN T A AT Aspectd SREER T — N FLSE ) TLA BUIE T &R 4t (satellite orbit forecasting, i #
SOF) 1[4 22 Ab B h B8 FRATT &7 S 45 % FE 7 v 5 45 22 A AR 9 (A A 330 47 W P o 2K 1) TR A — SR 4 A AR P
PP A 25 A B ARE B A g 288 TP IR v, O TR LR oK1 i A B U R by T AR S R S R R
FRIFREAT — R AU FL A 5250, LA PPAk 448 T 17 5 T AR R D B335 2 A 4038 1) P A7 4 R A A0 1

A ) A B TTIRTE T

o AR I U7 TR IR SR A0, DU de v 55 22 A B 3 S5 B0 AR 24 4 i)

o GRXF—ANESZ DR BUIE NS RS 5ER T SRS, BT T — R A B S0 K YEAG B AR (% 7 2

AILE LA AOP FHF B0 2 I8 5e AN LA 2 1/ 2848 F O ke B in 22 b D) e (i 3 A 5 K56 3
TS WK SOF R4 r (1158 2 Kb B S T A4 g J7 101565 4 5 PPAl 6 B 240k SRR b 4l FHl AOP fy I AT ME AN A
RS B T A RAH I AR B 6 T A5 ARSI TAE IR AT R B,

1 B=N4

1.1 HEFHEEFIRIT R Aspect]

BEYT) GV FUX IR Rk 22 45 77 SR 0 BT RN S BT ¥ — T WM 1 O R el R e T G R S ) B —
5 55 (1977 32, T TH] ) % % R 6 ¥ 1 7 V5 (object-oriented  programming, fiFk OOP), i3 -2 5] b 4 i 1 ) 25 56 v
RLR G VE LG HAT T R G A LA D) BEAC L P (B 1) 560 p5 Jh 2 o Bl (R R P B B 1997 4 Kiczales $2
1T AOP [ AOP AN S OOP [RIHUAR, 1M1 A2 15 5 OOP 1AM b 78, AOP LL— il s AR B 4 1) 7 X e ek

X LI AR D7) DG ) S B S A A 4 v R G SRR A B T LIS e 45 4 g N B Oy K i e
A5 XA B B B A R A A T 4R 5 2R 05 I AN A Ak 11 75 SR K i ) T 4E R B Aspectd®], AspectCH ¢
AspectC-++PIETT [i Jy T FL 5 Ve 71 5 A2 Hh 55 AS I B A, AOP 7331 1 2 AR A Tl R 22 16 G
Aspect] 2 H Ji #5502 () AOP i 5 ,AJDT(Aspect] development tools: http://www.eclipse.org/ajdt/)
J& Eclipse “F- 5 Aspectd i) TT & Fl 4w B PR 8. Aspectd &% Java 15 5 1M [ 77 1M FI 4 8, Aspectd T /5 4 4 1% J5 7k
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JRZE A RT BA B AT Java UL 40T Aspectd B9 £ B L S (join point). Y) s (pointcut). 3 1
(advice). 5 [w] 7 B (introduction) Ry . 3% 2 fU 48 F2 o B AT I RE A i S, o v A TR FHARR R AT 8 1 s B
FUGAE 78 I BAT S5 DN S 2 T 3ok 9828, P T 328 PR e 4 o 0 v i 2 L300 10 328 38 o, D e oA i 2 45
T 560 ) e s SCAE LS R V)N BT T BT M ) AR B A0 0T AR IR A 0T S SR BT 2R A ) 7R
Sk A FoAh 2 i S A B vt e T 7 B 2 A 2R 2 ) 4R A O AR T TR U — P AR, TR AR R A
JG T B A S BR AT N sy T 1 R 2K 20 i) s .
12 HHIRE

Al AR 25 1 S 1R 7 1000 A B2 1) 50 4 AN R TR 5 | N8 22 RE 2R I B R IR 35 2 T DLy AR R iR 2 L SR
I AR R 22 L e N 2 L o A PR 2 T Ay 9 A e B S 1) B g v A AR e S et i o i)
TEAT $th 5 R0 TR] Ak 0 75 21 0, DRI T 3T SR HE 0 A 2 0 AL PR 4t 5 00 250 25 A5E 20 5 502 o i) R 2 T 4D o 2 30 R g A 28 5%
ZE ARG (A I B A B 0, A R A SR 1 A L A 2 o ARG B L IR PR B Y A A S — SU R
I T U0 SR BRI R A B G P R A ) ST L 1 A I K e PR A 2 g N R 2 X R 2 AR
A LR 22 M A 24 B 2 A5 T S R4S S8 16 il T, 300 5 20 FH 000y ¥ o0 S R A AR At 0 ALt 5 09 1 ik 2 ) T
R 25 A A 2 BB TR 2 e S A AR U S SR A P N I B R A B el T LR TR RO 1 K
AR, JRUG B 7RV L B HEAT R I S 7 AR ZE U SR UAR A VT SR R e A b R 4 LI R R e T A
NP 2R 45 28GRI ZEFR A i N1 22

FEHRUE /3 A b 5 T 7 LA 5 AT g B SIE ) 750 9 ST 3 1) B SE B DL A I T 2 R e A R A 4 R IR
ZE A A TE RGBT SR 3K B A 15 7 Ak B ) L BB 23 A R R DG SR AR A A R T R v B 7 AR ) A T
7 XA R AR SR IR 22

2 REAESTE

P T T A0 15 2 2 A8 P 00 43 BT D7 925 R A 002 i D Jo R P AR T IR S I P, 0 M s R 2 A R L TR
AR TR N P R SR R I AN 28 T o 2 M e R R 2 T SRR el A T SR AT R ZE A B (HAE R R
VIR BE T X AS TR 199 B A AT 32 S ) T B8 5 2 25 AN AH R IR0 T 3 5 5 T U R 5 75 SR TP LI S B 22 R0
S A KR S AR A R AR A R 2 T SRR e v R 2 Ak B ) A M TR T R 2 A AR B N R R
RUIBE S0 EUE 2 A RGBT X 5 80505 22 A0 B G IO AR A T4 R 4o b, 5 SRR AR Th e AR E AL
GLE . B 2 17 K (1) [n) A2, 1 7 S 1R A0 2 A T R ST, R o DL A RE o, AR A TR B AN R AR
it oK i A7 5 1235 26 Kb B SR W8 A DG (1) AR AL, I 43 S % R v 22 A7 B TR AR 1 AT 08 0. B bk 158 2 Ak L 55 s 1 1
ST VEAAN AT 6 2 5 I N TBAE DB B, T L 4 A 6 F P 11 I A A AR K 1) e 0 A 45 4 oA R AL ) i 22 Ak
RS LR SR A R ZE AT SR e .
2.1 EEifik

S TP R A T B ) R R AR e ) K RIS A % ) R, T LA A X A 2 T A T A 1) R i A T R
WS 3 R R e M B AN WAL ) A AN BB T A BB 5 N T B 0 S S S F B S S R —
Al AR R ZE 1B RO 1R A IR 2 A A g e — S TT 50 1) )i 02, mT DU G 3 28 0 R v o o, i A
PRI 1577 L Jed 0 e /M e 14D YR 9 AR VR R B DL K VR A5 X AR A ARV 5 SIE s ) DG 2R O AN 2% 1 IV 5 S B ) RBAS
S — R IAT S, AR X AL SR R A T TSR SE . I 1 (W38 1 AT~36 11 ATHE IR T kAR e =k
X=g(X) (177 R B0, B 12 47 ~58 32 4T i BVL AT 1HI 7] J7 TR SE AW J5 1 45 TR 38 12 47~58 16 AT W ELHR 32 x i
() IE, 56 17 AT~35 32 47 MR e TR 3 rh i 22 Ak B3AH G 1) 308 4 0 A4 1T 10 J T AE A S0P 36 54T 3 64T
SEBR AT A Aitken V26 AR K )RR HEAT B0, 2 IR ARVE AR T FE G AL AE SR 19 1T~3F 22 AT b A
ErrorProcess J7 T[] Aitken i %0 7, i% 38 405 £ SolveEquation J5 V49 1) 14 17184745 o 5 A 3h i 1.
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1 double Xq, X1, X2, €; 12 double Xq, X1, X2, €;
2 double SolveEquation(double x¢){ 13  double SolveEquation(double xq){
3 /Mnput initial value xo, return solutionx; 14 X1=¢(Xo);
4 X1=¢(Xo); 15 return x;
5 Xo=@(X1); 16 }
6 xlzxz—(xz—xl)2/(x2—2x1+x0); 17  public aspect ErrorProcess{ //Error handling policy aspect
7 e=[X1—Xol; 18 pointcut Aitken execution SolveEquation(...) && set x;
8 if (e>¢) 19 after: Aitken(){ //Advice
9 SolveEquation(x1); 20 X2=p(X1);
10 else return xy; 21 x1=x2—(x2—x1)2/(x2—2x1+x0);
1 3} 22
23 pointcut Estimate execution Aitken(...)
24 after : Estimate(){ //Advice
25 e=[X1—Xol;
26
27 pointcut Control execution Estimate(...)
28  after: Control(){ //Advice
29 if (e>¢)
30 SolveEquation(xy);
31 }
32 }

Fig.1 Solve linear equation with iteration method
Bl 1 A8 R AL AR Lt 7 72

2.2 REMIT

A5 BT R B T IR TR ) R S50 A I BEIE 5 U A L TR 2 R T T ARG T SR I i ZE A
iri] 250 5 KA 2 AT 77 v SR () 7R A A A %) — A JEALMEU A AL, R 22 A T TR R o SRS B ik 22 1 — N A AR AT
1 75 A1k U1 o T T 11 D DR 9 N U0 43 AT SR e ) A AL ) A DX DAL REAT Al T A R ZE A TE A T o b 4y
UGBS TSI AS B AR 20K 2 BRSO b AR BEEAT U ZE A UF IR R O A B A X R R A 2
USRI 25 Rk ] DU TR R E A RS R A — M RE BT A S . R ZE AT
ZRTHEAT I 6 R R ZE S IR AR T R ZE AN T B v B AR BV A K R ZE A T ) v e 2R D U T ke S
B LB 7 AT AR B AR R ARG R B UGER S J W 22 B AE R IEAGE RS TR 22 7556 24
1T~%8 26 47 45 B4 ErrorProcess J [ 1) Estimate 3 401 1576 Aitken B Z030AT 45505 E 3hiH .
2.3 REEH

TRV RS2 U S FFAS N 5 38 1R 2 O S50 1 2 A B 23 A vk P s b 8 e A2 P 5 T S0 2 1 7 1 it 2
LR R T 55 AR A AR 45 A AN IR A0 P TR 2 1100 2 H50FH SRV SR SR A 2 B 180 011 23 A 1) A AN 5 B L B
WL AE— AR FR P R AR i e B AR 2T 58 ORR 43 BT AR S0 1), A 28 BN ) Sk sg T SR AR 43 SRR
B PR AEX MG DL S HOM S W 3 2 R 3 B A3 00 B R — R MR iR A it 2 e . B TR
ZE Ak T R 2 SREAT IR % 22 45 i 1) T 32 B AT AR AR, I 24 1 22 438 Tl 1) g ik s 3 S D7 T ok SR 81 1 vh 36 8 AT
559 AT h R ZE ) B ik R 22 DK TORG B K el 4k SR kAR, AN T4 BETE 5K el 45 AR AL AR5 28 17~% 3L AT+
H# H 34 5 7F ErrorProcess /7 T 1) Control il 411+ 7 Estimate i@ &I1H0AT 45 305 B ).

3 SRR

BIE W B 2R B0 (SOF) A — A Hb 0 00 3000 3 4 R P00 s Bk 13 L 0 0 50 R e, P DA S 1 L h i, AT ff o 5 38
A9 A U A 5 3o B N TR PRI D 4 A B R AH S 1 2 4, SOF K5 A H 12 T3 s 48— B T P 1790 I e 500 0 AR
BRI 3 50 AR A 5 SOF R 48R Java AP BEHHE 55 T R AZFEIF I & AR5 B A 34T (R4S 2 006 1T,
Horpr 288 47 RS 5 158 2 A B AR 5% X S AR 43 LR R P 1 1 15 A0 L% R 8 (A% OO BRI — A1 RBLA) 38, 40 Tl 52
LT RKFA4(5),RKF5(6),RK6(7) 5 RKF7(8)E1 75 k. 3 41 A1 43 % 1 Ty i A2 SR Al T A2 B0 1) e 29 5 A JL TR Xk
y' (6)=f(t,y (), Hr,y & B R PUE WA AR ) 2t AR 8] S50 A% 07 FE R R T ELEARE i I 8] (1 AL A 1) 2.

25 € — B [H] [, b] F — IR E y(@)=Ya, K AR LA 23 77 F2 1) 5 502 K [a,b] 0 m B (a=to<ty<tp<...<t,<...<
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tn=b), SR 5 Dy o AR y(ta). KA yo, B AR 20 85 O K g U 0=ty g +ho o TR LT y () BIA y,
F1R3 3 ABMAR 1 S AN [ 18y TR 200 3 o 5 4 2R 11 PR o AN [ I, SR PR AR 43 2 SORID O AN — R 11, 15 2 1R Ak B 5
A 7 L 2 R A, B S BORURR 7 85 MRS V1 505 FSE R P RE 75 S PR AN [ T A4 AR I S 1 2.
3.1 HEMERFHRYIRZELE

AT H i SOF ARSI AL R FE A AT 44 8, AT A SR 4 A 55957 22 A BRI AH OG 10 G TE =3, 73 ol
ik ARz T DA BN 7 4% B R S TR A P T R ) 2k A% T Ak BE SR AT R 3R
TR 4 ADRZEALBEORTE RSG5 BEAT T WA 5 2 AR A — 2 R WA 1 158 22 Ak BEAR SC AR B 2 R I 73, —
FEAE R — 7 AR HE A _EoRg 8 22 A PR 0 S JL T BB T . B 2 il T i A 7 o F R O 2R 1 5 1
R A 5 28 48 v T A2 (10 AR b 3 DAy PRI 0 5 3 R 1 DR AT A ) b L )t 8 75 v Y T A Oy U i
VU5 7 b EE A 5 R A, 30— 2 T vk A s e O L SR, O R AR T P PR S DN A T AR
DIRAE 1 F 2 BRI 5 TR R

e\

Refactor to methods

Method body—#
\/Iethod caII/s -
\ Duplicate\

code

Refactor to aspects

Yl

Join points — W [

Pointcu
Aspect [0 —

Fig.2 Comparison of two different kinds of refactoring

2 PIRPEE R 5 S R

3y SOF R4t Java FE)y HER A P A 7 sBEAT S A 5 AORE P, 5 4 AR 22 A0 PR SRS AH DR O AU 7E A
J F (K 2 A 17 0 AE A 18 2 K0 BT e FE R by T R AR P R R P IR AT P T B (EL S 2 P ) R A 24
2 1r) B A A5 B AU JER A R AR R 22 A B G s A D0 U5 T PR R P b 3 R 22 Ak L SRS A 23 D e kT Al
ST I T AR RE I8 47 B Bosy A S AT DO 1 22 BEAT AR B Ak A vF R il 34 0 — T A J7 A ok
TR A 28 1) 7 A Aspectd (R SZHF T E4 By BOAR5 X 1R 22 74 1 SR 30 A7 8, U L5 50 b S 1) T 24T AT Y,
1B ORIV RT TG AN S W P (0 R AR Ty E A .

|__Other code |
Refactor to aspects [I Qiercode

| ] ‘ Refactor to methods ‘ Integrator adaption

| | \

Fig.3 Scattering of error handling code (scaling by lines of code)
3 BRZEACBACHD 73 A1 (06 E H AR AT K oy EE A 22 7))

Original Java code ‘

311 Rk

FEAS S G rf SR SR AR« BR R A A2 UV 28 X T 3% 380 05 72, B X E-M—exsinE=0.7E ©. %11
e A1 M FIRTEE T, A fik ol SR i 7 B2 A 1 AR 40 A% B B AR SIE iR 05 FE 10 32 B R ] LR 7R AR5 Xpae=
Xn—F (X )/ (%), B B £ (%) /I T 46 58 6 B £ 78 % 2 2 F (Xo) 2 715 77 P20 B L X TR T (Xo) 28 715 7 R 20 0 (1) S B A
Xn HIAE.
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R0 R T R A SR R A PR SR AR A 23 T R R ik AEL A S A ) S S P B A el
BT 80 A\ TR U0 (855 05 B0 it L AE R N A B CRAUE S AR D — AN 3G T BE R LR AR GRAUE H A e 8RR
IRARR HY (4B E 05 08 MBI R AR 2 F(Xne) >IN, I LERS XS Xy HEAT P A X0 = 0Xnan + (L= A) 0 H 15
AR 13 BE PRAUESEVA RS A5 — AN KR40 4k iy A\ S0 Wil 3 mp R e 21 7 A - kSR it 23 7
RERIAE T KR 55 SRAR A 2> 7 R I FEA ST 23 5 RE AR e 5 5 T B O A 45 d 5 1O (LB e AR O —
AN DA ok S 4 R TR Ly o 2 T ik, 1 A A T i R R A

void OrbitEphemeris(){
/[Calculate orbit ephemeris

do{
/ICalculate x,.; by Newton’s method
Xn=Xn+1
ffte)
= ()

Xoe1=Xn~ f /!
//Adjust x,.; by Descend method
if (If(xn-) > (xn)])
Xoss= A Xs1+(L-2) g
} while (Ifi[>¢)
void SunEphemeris(){

/ICalculate Sun ephemeris
do {

/ICalculate x,.; by Newton’s method
/IAdjust x,.; by Descend method

" Ywhile (...)

void OrbitEphemeris(){
/[Calculate orbit ephemeris

do{
/ICalculate x,.; by Newton’s method
Xn=Xn+1
fv=f(xa)
i/ =F(x)
oo =X~ £,/ !
Descend(); //Call Descend method

} while (f,[>&)

void SunEphemeris(){
/ICalculate Sun ephemeris
do{
/ICalculate x,., by Newton’s method

Descen(.i. k)? /ICall Descend method
} while (f,[>&)

void MoonEphemeris(){
/ICalculate Moon ephemeris
do {

void OrbitEphemeris(){
/[Calculate orbit ephemeris
do {

Refactor to aspects

/ICalculate x,.; by Newton’s method
Xn=Xn+1

fr=f(x,)

£ =F(x,)

Knst =Ko £,/ £

3 while (ff,}>2)

void SunEphemeris(){
/ICalculate Sun ephemeris
do {

/ICalculate x,.; by Newton’s method

¥ while (ffy>2)

void MoonEphemeris(){
/[Calculate Moon ephemeris
do {

/ICalculate x,.; by Newton’s method

/ICalculate x,., by Newton’s method } Whiié (Ifal>e)
void MoonEphemeris(){
//Calculate Moon ephemeris Descend (); //Call Descend method

do { } while (f[>&)
}

public aspect DescendAspect{//Descend aspect
pointcut Descend execution *Ephemeris(...)

/ICalculate x,.; by Newton’s method && set Xpi1
void Descend(){//Descend method after: Descend(){//Advice
/IAdjust .., by Descend method if (Jf(Xne2) [P [FX0)]) it (If(Xn2) > 1F(x0)])
Xna1=AX X1+ (1=2) xXn Xns1=AxXXns1+(1=A)XXn
} while (...) } 3}
} }

Fig.4 Encapsulating descend method as an aspect
Kl 4 KT vk ds ey

312 AR ZEM
R G i 1% Z2 B T A0 65 4 JR 1R 22 A0 T R B U 2 Al v R B IR 22 S A B B T AR IR 2 A SRR
SRR B ik R 1) BAF a5 22 AE A SE I 53 b A T % 42 1) Runge-Kutta 23 38R SR i LS 08 1 S i 4 07 72
FUREAS AR M it 1) A7 Runge-Kutta A0 BT p B ok 50 £ ()N RISk p+1 B A i
£ (%) JUIIE ™ (xa) —F (k) [BI A X5 (xo) £ J3 3358 25 it v B L ik #2149 Runge-Kutta 23 3041 763511 p B A IR,
HFFZEDRWASMTEIFA IR SR p+1 Fr 2 R fig

T IR 4 JR 5 ZE A v ik A T A AN R IR AR 43 2 2R TR — R 43 IR AT R A p I A
A T DA (b)), ) ot 45 Y B 2 s Bt 53— AN BB £ (), 2L+, p”™>p, JUIIF () —F(bo) [ 4 S f(b) Ay 4 Jol i 2 Al
V53— R v A R 2 K 5 02 A P R A AN [ £ 28 R () — AR 23 X T 1) — 2 A 20 28 Qb AT B0y A
FGAK b A U AR £ (b), [ I AE P 55— 25K BT 53— AN £ 7 (), 2L h < JUIE T (b)—f(b)[RIY f(b)
B4 SRR ZE Al vt I8 5 IR T KAk A R R 22 B SR S d B O U v, T 2 D O i e
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void RKF45(){ //RKF45 integrator void RKF45(){ //RKF45 integrator void RKF45(){ //RKF45 integrator

//Estimate error with step size h/2 EstimateError(); //Call error estimation method
Ily, y" are vectors of orbit elements

) P .
y =Integration(y”,h/2) void RKF56(){ //RKF56 integrator void RKFS6({  //RKFS6 integrator
y'=Integration(y",h/2) [Refactor to methods)... }
double E=0 //Estimation error fsnmateError(); /ICall error estimatron memod void RKF670{ //RKF67 integrator

for each y'[i] iny

E+=ly Til-yI[ill void RKF67(){ //RKF67 integrator }
void RKF56(){ //RKF56 integrator EstimateError(); //Call error estimation method VOId RKF78({  //RKF78 integrator
//Estimate error with step size h/2 void RKF78(){ //RKF78 integrator J/Error estimation aspect
- . R public aspect ErrorEstimateAspect{
3oid RKEST0{ IRKFS7 integrator fstlmateError()y /ICall error estimation method pointcut GlobalErrorEstimate() call RKF*()

after (): GlobalErrorEstimate(){ //Advice
/IEstimate error with step size h/2
y'=Integration(y",h/2)
y=Integration(y",h/2)
double E=0 //Estimation error
foreach y'[i] iny”

//Estimate error with step size h/2 void EstimateError(){ //Error estimation method
/[Estimate error with step size h/2
} y'=Integration(y",h/2)
void RKF78(){ //RKF78 integrator y'=Integration(y",h/2)
double E=0 //Estimation error EaelyTi1—vTi
//Estimate error with step size h/2 foreach y[i] iny }—|y [-ylil
b E+=ly Ti]-[i]l )

Fig.5 Encapsulating global error estimation as an aspect
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void RKF45(){ //RKF45 integrator

I[Error control code segment ControlError();
if (E<MInET) Refactor to methodsy}
/IEstimation error less than Tower  /7/bound void RKF56(){

h=hx2 //Increase step size
else if (E>MaxET)
//Estimation error greater than //upper bound
h=h/2  //Decrease step size
}
void RKF56(){ //RKF56 integrator
/ﬁError control code segment
}
void RKF67(){ //RKF67 integrator
/-/.I.Error control code segment

}
void RKF78(){ //RKF78 integrator

I/IError control code segment

Fig.6

4 TR R
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void RKF45(){ //RKF45 integrator

ControlError(); //Call error control method

}
void RKF67(){ //RKF67 integrator

ControlError(); //Call error control method

}
void RKF78(){ //RKF78 integrator

ControlError(); //Call error control method
void ControlError(){ //Error control method
if (E<MInET)
/[Estimation error less than lower bound
h=hx2 //Increase step size
else if (E>MaxET)
//Estimation error greater than upper bound
h=h/2 //Decrease step size

}

R 224 i SR e 2 Dy 7 T

/ICall error control method }
Refactor to aspects
/IRKF56 iMegrato

void RKF45(){ //RKF45 integrator
void RKF56(){ //RKF56 integrator
}
void RKF67(){ //RKF67 integrator
}
void RKF78(){ //RKF78 integrator

IIError control aspect
public aspect ErrorControlAspect{
pointcut ErrorControl() call RKF*()/
after (): ErrorControl(){ //Advice
if (E<MInET)
//Estimation error less than lower bound
h=hx2 //Increase step size
else if (E>MaxET)
/IEstimation error greater than upper bound
h=h/2 //Decrease step size
}

}

Encapsulating error control polices as an aspect

K6
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Table 1 Evaluation metrics

x1 EEYgE

Attributes Definitions
The number of operations (methods and advices) which are used to implement

error handling polices.

Metrics

Separation of Implementation operations

concerns Implementation variables | The number of variables which are used to implement error handling polices.
Coupling Dependent operations The number of operations which are invoked in error handling operations.
Dependent variables The number of external variables which are used in error handling operations.
Size Lines of code The lines of code which is related to error handling polices.

Lines of modified code
Modified operations

The lines of code which is modified to complete a maintenance task.
The number of operations which are modified to complete a maintenance task.

FEIE 7~ B 9 rf BATTS 3 ANRRAS IR RE F 5 S BIL R £ 8 2 A0 B SRS IS R 1 RO B AL R P REAT T PLAR Ly,
B 7 068 S 0 5 B REHEAT T LE AR Aspectd AR F S BIL U e A B A DG SRS P A P 281 6 48 11 ORI A B S0 /D,

Maintainability
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= Original program
LA — 2 Refactor to methods
3 151 = Refactor to aspects
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Fig.7 Comparison on separation of concern
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10 40 =QOriginal program

30 Refactor to methods

8 =Refactor to aspects
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Fig.8 Comparison on coupling
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Fig.9 Comparison on program size
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Fig.10 Comparison on maintenance cost
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