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Abstract:  As Internet provides an open and dynamic runtime environment for distributed applications, one of the
most important challenges to the next generation of middleware is how to allow the observation and manipulation of
the runtime states and behaviors internal of middleware platform. Reflective middleware is able to open up the
platform implementation to meet such requirements. There are three limitations in current research and experiments
on reflective middleware: they focus on parts or individual entity of a system, lacking a global view; they only
address the reflection of the underlying platform, ignoring the reflection of the application; they mostly experiment
on CORBA with less work on J2EE. The design and implementation of a reflective component operating platform,
called PKUAS, is presented. Based on its componentized structure, PKUAS introduces software architecture as the
global view of the whole reflective system. As a J2EE-compliant application server, PKUAS can reflect both the
underlying platform and EJB components. Moreover, this paper demonstrates the usage of reflection with the
PKUAS management tool and evaluates PKUAS through comparison with other reflective middlewares. The work
presented in this paper addresses the aforementioned limitations and improves the applicability of reflective
middleware.
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BATRT A FFRAEF 6 NEREFAT A, bk Z A T AR T E B AT B R T RS ERAE 3R
EE RGBIREA FR A sk 2 A BALE 2 F P AT & N33 R 69 B, Rt BB R 6 BAT R
F CORBA 4, I2EE & 49 RS WA AR Y AB T — A BA K89 12EE & F Ik 4-25 PKUAS L T #4104
& W EAR & LM, PKUAS 5| NIRIHAR R 1R A 2 B AL E VA R ILE AR & 3t A e R R A= 455 4E 5 J12EE
JL A IR 42 PKUAS T RA & E-F &6 A B L+ B EIB #4F. B B, vh PKUAS 50 345 T B4 4 3543 7 4ofT A A L F
AR R M BIHR R B IREN A% H 4 T PRKUAS & E b JURE RS X P A 69 o4 3% AR S fif ik 7
I BRI R P B AR5 64 SRR 3 T RAT A P 184464 52 A 4.

KGR MBS T R R SRR A 45 A;J2EBE

hEXSES: TP31] SCERARIRED: A

8 23 A N T R 50847 1 LW 6, 730 A v 50 T4 57 e 1768 )2 P15 1 S 4 R AN S 2% 8, Fe v 0 A N H
LRy 3R 3L v a2 1 SCHE LA AEUZ  Internet PR A JR& g A8 2 FH A58 ME P S22 T TR, Bl X
WK AT R SR A L 1 RS L, UG N TS S AR AT IR TT IO a6 P i a0 45, S vF L2 B
g ae P X R R K D RE, 2 T PR A2 B = B R E P BRI g R 2 — e AR T

“ S PE (reflection)” (R ABE & 1 5 76 N 1780 RE AT H B0, 4R ) 4 51 N T SEML IR JL A AR 70 o4 S5 S 51 N e i)
P REE LU AT 42 1) 77 XOF O & 0 S0, T4 i 77 0 T804 1) s 6 e g R AT i) 1R 2 B e e o = )
Bt — M IE T 5 RAEEITIRASRT B A R 5B (causal-connected) ] & 4t H & (self-representation) >k
T3 V4 4 R GOIRAS AT o 1 rp L R 2000, E iy, S o TR (5T 45 52 36 K 2 450 T CORBA, 222 Ky
CORBA 4t T V8 £ (¥ T ST UL S 5 1 1 Ve i, a3 D 9t . 7R R 28258 OpenCorba 2 — Rl 3t T I S Ui =
NeoClasstalk [f] 2 5 30 CORBA, 1l it} G2 (meta-classes) ¥ ORB P FEEAE 43 85 I RS0, N TT SR VF RAAEIBAT
Tk R v ) S R I e py R T i R G, R U o R SR AT N R R4S B AT R R A L
dynamicTAO 72 S ORB # 4 TAO 4 &, H S R J1 AR TIAE X JR e IRk 45 1O TC 3 5 AR pe b, R oo i v 4 2
PP S () SR (22 A SR U SRS ) L S GG E Sk P4 mChaRM & —Ff S S X 1) RMIT 4317 i
FHAL, &K T7 050 B G B 8 — AN 38 A5 0 A i )9 ., 7 108 A5 T B ST — AN G IRt &, BA M A 1
A0 O JEL I 50 A 18 I — SR A (1 4 JE A T 2h gD,

A SR RS SR 3 AN A 1) T R SR B A SR S A, e = A SR A 38 I T A
F AN BRI ST 2 1) (0 5 2 52) v B o B4R F & P9 D R 0 SO 6 B R N IR RO NS 53) AR AR T
CORBA - 3,5 /07% 18 J2EE V- 3 1 S PE AT 4 T — A SCRp IRGEHLEI ) J2EE B ik 95 # PKUAS 2T 14
PRI 6 N A RS589, PKUAS 5N BATAR 3 G5 WA 2 JRi AR e LA SR IS S A4 28 0T 38 498 2 AR 1) 7 4= o
[, 78 73 I H EIB RSB R RF S ig aiony b )2 0 9 S i

1 PKUAS #tiR

PKUAS /&4 J2BE #LG WA HRIZ AT S8 6,378 3 Fibrift EJB A9, AR LES AN, 84
TS PN S AR 0 3 S e R VR A 332 11 2 41 TIOP,JRMP,SOAP LA & ETBLocal L H:VE LI, P9 & i 4 Ik
Sov ARG TS HEMS . Bi a4k T 12EE 3B R JPS vi.1 ikl

O B A AR TR U7 T RS A R 0 T 1R A 0 A, S o i e 0 200 L 6 R A P Rt 342 it o R 1O A ) 1
JiR, T Java EFUNLPKUAS K1 & H G ISR 43 5 anF 4 Fpae .,

P RGN AS A IS AT I T AR ) 25 1), G A P 0 2 iy TR DA B (2 3 4 sEplfb . A7 B
CLE A IS AT F B R SO BNy A R4 B 30, ol B AR). AF PKUAS R 3 Bl EIB & 88, — 4
FEA8 B A BIB WA SEBL I — AR T BIB R 1 1 25 8% S 4 il — A 9 R AT X P AL )
AR A ) S TR s SR D P R A B A AN () S AR AR IR (R34 o s DA UE LT e A k.
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T H B P AE AT 3 PKUAS T B4,

TEAERE TR, BE TS TR I, Container system cOmpone
5B T LB T B A b T A 2 A 1,
’ ’ i O~ L

T S5 L P B 2R 1 TR AV i g | Serviee ol
AR S5 4% B AN R T S i R ARV 7 S Naming 4 N Deployment
Communication Configuration

MEER G WIS AT IRGS T HAH R R . —— Micro v
PR IR 3 SRR b R GoH P B 4 5 Security p— b
XS RGN Red . A WAL LR 4510,
R SRS B PKUAS N 1 & Java “F & & #bx
#f IMX(Java Management eXtensions),4kz& T IMX A
ol RaetEom. 5 THRRHARE 77 % A8
AT Java HAR . TP AR AU S AR R G
% L HARE PN KRG R 8 2, 8 MBean 22 L6 AMREAL 5% BILAH OC 1 J8 MR ERAT 47 D33 A 9t U5
) MBeanServer Fl & %5 I (1) 47 11 41 55 B2 JZ . MBeanServer 5 742 A BT A % U5 10 5 3482 1, A0 1 8 UK 2 25 b 44
DB B B A A ) AT I AR BE ) BB MBean, Wl PKUAS 5 iF I 4445 B T LI k0 Dh e it Ji o 4 2
HAFSEBL.

2 PKUAS REHKZF

RAARIBEH BA 3 ANEATTHE IO T ot TR TR E IR E X T RGP SN
Z TR S 3 56 2 B b 2 SR S S T 2 SE AR L P B I R R O R 2 (base-level), 2 2 TR ARSI T RS
M 45 T fig . AR JE IR A 70 )2 (meta-level), 7o 2 W I THSL SR ST T 2R 40 (1) IS D fie. 0 J2 SR A4 ) 2% 1) 25040 R
J3 TGP (meta-data), #i3& T RAEMIE TR 54T 4.1 6 Fr i (meta-protocol) I 2 1 i) R4 G\ o 204 (1) — 41
W), B AR R BN 76 2 S MR AL 3R A A D SO R R AR L, e B T RS I N A T TR A E LT
KAL) A TCB0E X T AR I 2.

2.1 TR

K2 B0 3 A () G B0 A B 1 SR A SE AR IR IR, 200 T 2 4 1) 4 A4 R T X b 3 A B0 4
BEAN AL R G0y D) B 44 & 45 4 (software  architecture, fRiFR SA) & % 28 48 B 45 My 3 1 19 2 1, B 45 4
YRR AARSTE A6 A i I A ST G = 12 77 S A€ 1 B 1N 7 39V O > 0 o= 1 N ) = s LW 7/ B L3 7 FI > g =
B MREEERIEEGE . BT B AR R SA R S P IR G G R, Y BE RN H AT SO R
[F] 4 #E AR e AN L. R G, PKUAS R G302 th i vk B Be i) SAL B By Be i &8 8 15 5 L AGS AT B
RO I SRR R, W 2 .

AR R A SCHR12)0 B T R KR LT R . B T AR R ALY IX 4 Bl 29 K 3k A4 &
Sl HIRTE T ABC/ADL. A 28 45 0 MM 2 — AR AR FIE H AR FIARIC 36 . — 210 S8 1 R 2 AR ]
TE B I 20 R DA B R T8 5 0 A A D e V0 SCASE TR P B 5 A Pt R 450 v 1 Ty e e AR U ARSI T A 1 R 4
A, F5 R A AR AR R 240 (R A A0 2002 366 T 2R 65 1) IXURES P A AR AR )« B ML CRER A A (R AR | 2 4 T 7 3 55
BUAMRF ) 4 R (R #4111 4 1045 B AN P 3 4l A R 2 (oK e UG R A B |R 22 AN A R R 7 4
S AL ) T R R T AR TR RS R R T AN A R S A R AR R A AR T A%
1 ELARTC &, A LS . 3 2 S RITC & 75 IH 20 ABC/ADL {5 45 i B R 5 6 % 1k R X 4 T H

N Z

Java virtual machine

Fig.1 Componentized platform structure
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Fig.2 Aggregation and transformation of metadata in PKUAS
K2 PKUAS JoHdi i) S0 5 e i
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HISCA AR B MIPF IR AR N 10 L R PO Al by 1 P 5 | 45 ) I, 12 3 18 3 T LA 9245 6 v
PRSI E o 22 o S SRS AE R 75 W 22 A C 5 T IR SR IBE . 22 A bl (i 3 T 7 4
AR AL B 1 2 A AR MAFITIERIVE R . MRS R R AME I R 55 R & g5 B
S ARSI R Ss ddim  % B R S0 A JE A5 LIRS T DR AL (SR At A N ] AR B R S 1 B
Z AR E B SE (1) BB M55 4 o, DR I A6 0 22 nT ARG ETB i 55 4% H A S B R AL A2 e sk 78 #8845 6,
WG ERBTARIE S A R BT AR

BAT E NP E MR EREBQZ 4, 3%, &9 EESMRS B E G 5 50U 1046 5 Bl B e
TR ) R A BRI T L AR SO T B 1 SRR T A . MRS AT R b RIS B (o 1 52
Bl 4355 BN SCHPIRAS . MR Us il IR G vk« M AE e AR B AN Ge vt . RS RO AR Ik is ATl R
FRBE B 7RSI A K2 P HE R E R THE B IR AR AN ST L A R S5 R
SE Sy I N A E SR B v 4L T R GEis AT 1R 3L

B3k 3 AN B AR R T B (R A AR TUAR R T TU AR B SR O I e i B A AR R o AR B
PP 2 % AR RUE T I AT B BUR JC B REW I rT RESE 8 . RSB R IR 12 4T AR G KPR A AT 24 S8 it B B84
KA AT BRSO ) RS W BNz A7 By B BB BE SA RS 4L, AL PKUAS 1 Je s A it 2 1847 &
GERAT A R G FORS B A, T PKUAS ¥ SCARE ARG PSR v vt BLIE 5 3P 1 22 45 460 4 ZE1E, DR 1t PKUAS
IR TR AR AR R SR 1R S 3 ) £

2.2 JTIRE

AT S S 2 A ) DK 22 K T2 I D (0 5 S AL DA 5 J S TR i T8) P15 8 5 (0 7 5 S R (5 o
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25 T RE, 955 IS A MRS TBAS ThREAE M5 2 32 IR 2 SR 19 58 X, P A7 & P9 38 SE 44 B N IR
B2 NAFAA R GO R4S RV 2N B BIB #1240 1, 045 5 45 4 A3 F 5 il £ D v U i 2 1,
Wm AT A VSIS S FE W 3 IR PKUAS Jo Y

BE T2 H e AN R 55 4 B OK B B SR S T 5E T PKUAS B & Se (0 lk 45 T g

TCJZ A T 25 45 R I 4 MBean & B /= 5 55 22 SE 44 1 70 )2 S5 44 B B 5 RIS AT R SC S oo
B, I di X Lo o E 5 5L 2 SR A FIAT Dy 1 B R ST G 7% 4 S B AA 1 B A A 2 i B D P DR AR OG
6,4 7% MBean SVFF 30U 4 7 R 45 A7 0 B 6 15 8, B0 B 45 8 A5 B I 2 ML Cn A B0
J A BB ORI R A5 U2 10 38 15 IR 45 MBean M ] {78 22 48 2 5 A0 H 4 7 B 3L (W1 JRMP. TIOP. SOAP),f& it
(4 TCP/IP. HTTP. SSL), H i P48 B IR L (i o B o JBLAE 2847 e 0 R AT FH 1) 2 R 40 B n A il
R IEF OIS TR I 4 R U A A4 R GE MBean 5157 R AT - I AY, T B IR AR AR R G50 5 B K o0 in il
25 7% MBean J2 U 25 %% 2 45 MBean FilJI 25 MBean [ T2 70 /2 S0 H 5 PRUAS 254 &R 35 245 T 34N I
55 $RABAT SEH, R Ik, IR 45 2% MBean 1 AE A #> PKUAS R SA R I FLLEA JG 2 8 2 AN 5 Eis T 2 AR
2% 28 S B 4% %% MBean [ ZhRE &7 T am.

ServerMBean

Meta-Entity

Reflect
Security

. < ContainerSystem > <C0mmumcat10n > <Transaction>
Base-Entity MBean MBean MBean MBean

Meta Entity Stateless Stateful
level container container container
Base .

level EntityBean StatelessBean StatefulBean

Fig.3 Meta model of PKUAS
K3 PKUAS JGHEH

2.3 JTHY
PKUAS [ 5§ TG B3] EA IR J2 524 (9 S BRI DR SR 50 28 ) S B 20 J 4 e 62 LK 1.
Table 1 Types of meta-protocol in PKUAS
F 1 PKUAS Tl o8

Reflection of service Reflection of component
Structural reflection Enumeration, addition, removal and replacement ~Enumeration, addition, removal and replacement
Behavioral reflection Dynamic configuration Change of status for a given instance

2.3.1 g5 I BN Je bl

JIk %% MBean 1 37 I 55 o 5008 1 U7 0 AME U0 IR AT 2838 B3, 1210, B, B, shamc s S5k

M55 1 5 My bk I - B e e . S 3 B ¥ — A MBean, il IMX & X ARHERE T javax.management.
MbeanServer $24LH] registerMBean( )l unregisterMBean( )SZF .

AR 25 04T o S B IR 45 TE B A S I SR BRI 24 P Jd i MBean $2 4L (1) getMetadata( )Fll setMetadata( )i Ff
b 1E 58 . W1 setMetadata(“state”, “start|stop|release”) 5 i B 1% 1L BB U EE 52 MBean S 8 H9 R 45 ;
getMetadata(“whole_metadata”)iR [1]¥5 5 /It 55 H T A JC#3i ; getMetadata(*“implementation_class”) 2% & Ik 45 H 3£
2k ;setMetadata(“implementation_class”,“pku.as.naming. NamingService”) %% % 5 52 ) 4 - Mk 25, W1 R B Jim 5= i
AH/RPAT ZEAEHE 2 A8 m 0 — ALK, L F RS MBean Ht & & #5805 1 4 7 Ik
%% ;NamingMBean.getMetadata(“whole_bindings”) i% [1] 4 7 ik 45 0 it f5 vE M ) 4 - K& H: i ;NamingMBean.
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SetMetadata(*“authentication”,“true[false”) % & % - R 55 & 75 77 2o b % P AT IAIE.

232 HPERBOR TCEY

B TR R TG EE (1 V7 1) RVE 25 I HE 4 0 R 55 M PR A AN AT D (K DA SR DG IEK PRUAS . 44 1F S 3 G B
WCH IR T 2 i AN A A AL A e 48 B Jir DU < TE A A2 AT 0 R FR) S ) AN BE 0 4, B S ) Ak 1 PR 2
IS AT A — R R 55 v R A S A B8 R e (— IR R S5 AR A A 5 0 ) — AN R A S B P — AR A3 1T 45 R T 46
T SRS Pl A 92 I 2 42 ), B2 52091 1) 2.5 00 5k 2 il DURR L) A 4 o o — T S S A Y

TE AL AL LA SRR AR AL 5 2 B B A 28 #E 3) setMetadata(“implementation_class”,*...”) ]
Reot e TN PP R N S P 2 R R AL B X S
cplace i ) Instance manager AU oetTnst R BT ) AS 834 AT ] 25
component _ | Reflective ] Replacin, - B getlnstance( )7 5 v nl
T | o 5 A1 45 0 0 7 2 A 1 2 R 56
start() end() 151 BN B A = 45 0] 53 A 25 TR AR Ao S 461 5 ke s
Business . SIS 1 546 ; I B 7T A BH %€ 1) getInstance( )

. Serving instances
Invoke t interface —Getlnstance() VAP IR 3 A 45 1) SE B AE free( )t G 2E 5¢
NG Container /" pfg, I /5 S 1 N8 AT 26 A6y 25 DR A e 542 5 1
Fig.4 Online replacement of a stateful EJB i L 4B L2 55 0 B Ay 2, WU 8 S L 1
K4 HA2E BIB TS S 5 N2 IR SE A BA A TR, BT AT THA P S5 49 19 2 55 4

0 4 S b R 3 7 R AL I 58 A
3 XHIFAR

Kl 5 o4 PKUAS 92 IR i 428 BT 03 B i St L2 1 Hl i — AN 912 MBean 2 1H) F145 ) PKUAS St
AR ST R A 3R 7 e 55 s T AR O L AR E IO L NS5 AE I IR E T AN B

S - Microsolt Internet Explorer SR T=T)E|
IEEE)  dREER(E)  FA(Y)  WEEWA) O THEUI) #EENHD ‘
R - o - D[N | Qem Giwmr Gms BB S - B (oo e @3
HhE(D) [@] hetp: filocalhost:5080/manage/indesx.htm =] owm | wsm
» \ PekinglUniversity - Bell Labhs
a t ? Jf‘ . § Console of PKUAS Software Technologies Jointlabh
S L L3 visit us

v

Home Confi Assemble  Deplo: Rum Fvnlve Fxit
= PKUAS = s

@ijps.jar
Feshop _jar

KProduct
K=OrderLinelterm

KsShoppingCartlinelterm

IMSecurityServiceService

=

&=

Fig.5 Representation of software architecture of eShop
Bl s LR B A R S R

.4k eShop F i 5L FR) 104 b R I G A0 4 65 2R G840 28 2 L7 BA0 T B S TR 4R 2, 10 Home (IR [W]457 BE
T HET). Config(Fo & N HSZHF M I FAEYMN . 4 14F). Assemble(413E M ). Deploy(ii# ). Run(¥%
I H A R, i S 3 H L R E L 45 1055) . Evolve(B AL SN 1) ExitCRE S % & I v IR % V),
ARy N7 7R T eShop HYEAAR F Ak H i HURE LLAL B B8 8 R ] ABC/ADL T H B0 SA AL
VFIE AT A3 P 10 51 3% I 5 AN R 4 PKUAS 55 ABC/ADL (82 B T AR IR AE 04T H K S B B0 SA (K1 5% Fl
KITCHEAT A A 6 hidksE T 4 7 IR S5 LR ANME B RE4 7IR S I SE LR . #4755 URL. 447 IRss it
A8 22 A AERL] SR B AT 22 4 Bl (U TIOP-SSL) SR FH AT R UAEAL 16 LA S 4“7 M 45 vh A7 A (4 BT 46 5
(¥4 7 M IAE AL ETB 1 755 | & TOR,JDBC 45 WY1 5 | U2 Java A 51 ).
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4 Console of PKUAS - Microsoft Internet Explorer =10 x|
ZEtRE)  dRIREY  EE wrEgEny TR FERh(H ‘
HEE - = - D [F 4| Seew awms dme | B S s - B [ oor e EA

Huhb(DY [ hittp:yflocalhost: 5080 manage/index.htm =l owrEl | ‘

Console of PKUAS

Goeit ¥

Pekinglniversity - Bell Labs
Software Technologies Jointlab

wisit us

Home Config Exit
PKUAS Naming Service
N N java. naming. factory. initial: plu. as. naming. SmartCtxFactory
Hjps.jar java. naming. provider. url: corbaloc:iiop:l. 28andy: 2002/ SmartCtx

Java. naming. authoritative: true
Jjava. naming. security. protocol: iiop—ssl
Java. naming. security. authentication: simple

Heshop . jar

MwebContainerService Bindings:

. . Java:comp /e Se jbACustomer (IOR)
[TransactionService Java:comp/env/e ik Order (IOR)
. . java:comp/env/ejb/OrderLineltem (IOR)
MNamingService Java:compSenv/e ik /Produst (IOR)
Java:comp/env/e jb/ShoppingCart CIOR)
[ SecurityServiceService Java:comp/envy/e jb/ShoppingCartLinel tem (IOR)
Java:comp/env/ jdbe/customers (Object)
Java:compSenv/jdkc/products (Okject)

& [ [ [EE e miranet

Fig.6 Management of naming service based on reflection

Bl 6 TS5 Pk 1 6y 4 R 25 5 B
4 FMxI{E

SCHR[O1HR T N B S 3 B A R AEAE SR B AT B0 3 rb (1 6 20 ME N LA T PKUAS 5 Mo Ath S S5 e 1] £,
WA 2.

Table 2 Comparison results between PKUAS and other reflective middlewares

&2 PKUAS 55 LR BN 3P AR L AL

Benchmark OpenCORBA dynamicTAO mChaRM PKUAS

Componentized Not explicitly Micro kernel Independent communication Micro kernel
platform structure defined module

L(_)catlon of Meta-Level Meta-Level Meta-Level Base-Level

middleware

Granularity Service Service Communication channel Component and service
Pervasiveness Several aspects Any aspects Communication aspect Any aspects

Safety and ORB Consistency Consistency related to Architectural consistency

. Not defined management and L
security communication channel and access control
access control
Meta-Level Separated reflection Separated reflection of ; Architectural reflection
. Not defined
complexity of aspects aspects of all aspects

Horpro 1) MR SRR 1 6 A5 MR 55 A PHAE IS AT I T Bn RO S B R A S S ) ik 2) e
T ORI 93 a0 2 AT < P ) 23 TR 1R 22 U, R PR O B R ) £ b T T 2 B S 3) I SR B 1 RE S S
SPRIPE S g5 sAEAS R GE;4) WG vE R A W] A R A AL (g i (72D ARSI, L ARE)S) KR
SRR 22 AP A ) S P S5 S T R 2 5 I S AR T R LE AR P — SO L T A S S 7 AT U 1A 4 o
SEORYE I 6) TOBLRL I 2% LA B0 2 S JLSEARIE I 1 S R GRS R S, 7 B R AT R BT
JriE T PKUAS TR G AR G4, 5N AR R S5 K O 4 JR LI AT SEE B0 T A7 530 - 0t B o
AP RE RS R RS T R OE S TR . RBPRIRE R A Wad R, A, JUBER R g 04 B4R

5 HRIE

Hh e R R R T R T A B R AR R G WS iR S I SRR, A T 0 A R
TERAGE B B L ERAS IOAL LIS AT R EEAR L Internet WA RGARHE T —NIFIL. DS M0 AT H8E . ] 2
PR IR RE L LUE DX AT sh A RE AT B 2 T AU 5 0 5 H bRz — T & 01
B A [ A2 U S AT K iR AR AR T — A A IS 4T 3K & PKUAS B SETHE 1Tl &
WD BE MR I VE N T B TN XK PKUAS P & 1R LU A 2R 45 0 B 2 (45 5 ok A0 9 S o
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