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Model-Based Performance Analysis Framework for Embedded Systems

ZHU Xue-Yang

(State Key Laboratory of Computer Science (Institute of Software, The Chinese Academy of Sciences), Beijing 100190, China)

Abstract: System performance becomes more and more important in modern embedded systems. Traditionally, system performance is
measured after the system has been implemented. When it fails to meet the requirement due to the design of the application at this stage,
the cost of fixing them would be high. This paper presents a framework of formal method-based performance analysis (FMPA), whose
goal is to detect potential performance problems at the early stage of the model-based procedure of system development. FMPA is aimed
to analyse multiple performance criteria. It provides unified input models (UML-MARTE) and various formal models as analysis models.
The feasibility of FMPA is illustrated by throughput and response time analysis with real-time model checking, by system reliability
prediction using probabilistic model checking, and is further confirmed by the implementation of its support tool FMPAer.

Key words: UML; MARTE; model checking; response time; throughput; system reliability
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Fig.2 Components of a MARTE model in this paper
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Fig.3 A UML-MARTE model for the starting procedure of a pulse oximeter
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Fig.4 Ranges of achievable throughput and response time
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Fig.5 An example for the results ofmodeling and reliability analysis of a system

EX IR i See S e N

EW 5(a)T s3I ClientWorkstation,Web_Server,DB_Server K1 NetWork 0]

K s

94 95 96 97
AT AR (%)

(b) 73 HTEER

98 99 100

[13]

SEME BN 96%,98%,99%F1

95%I DL T, BA Tl I ZR G ] SV (K s AR AT I IME 2255000 82%A0 77%. BATTIN 5 Bk T R LAAESS 5 B AT
FEVETG DU R0 R GEHEAT 73 A 4k, 30 AT LI iod 8] 48 B 5 ) 5 R (B RO SIS BT SRR E T 2R 4 14 5 w451 e ]

© P EBEEG T

http:// Www. jos. org. cn



334 Journal of Software ¥4 34R Vol.27, Supplement (2), December 2016

5(2) TN B o & BRI AT SE PR 90%8 — AR 4L F 100%(24 — > B YR A A I, LAt B YR R ASAR), R G2 mT
SEPEARA AN 5(0) T H b HAT AN [R] TR B ik 1) 52 46k die R AHL, M2 2 2k g5 /IMEL BT 5(0)Hh AT 7T LA 31, 98 IR
Web_Server [ R] 5 AR A0 X 22 8¢ v] A M B KA R B AMIE I 52 0 B /D, R NetWork Rl ClientWorkstation H W] 5P
AT ZR G0 AT S B AR (VT R W K, WE UL Client Workstation 1) T 5EVEAR Ak X 2R 45 T Sk fe /M I FE LK.

T 130 L4 MARTE A5 20 54 0 i 1y R 7] % v 5% 33 B2 (Markov decision process, fii#% MDP)! VR A8 I A
AR T PRISMUER 43 M 28 45 ) 5 Y A1) o KRR B /ML L AR FR) e 8 0 B v J 24 s L SR 11].

5 FMPAer TERIKEIHAZE

AT Eclipse/Java SCHL T 138 FMPA J51%, 370 46 e B FMPAer T 2PV FMPAer 405 B gt T
R, BRGNS OEA ST TR 46 8 2R EITE TR ST L UML-MARTE ##5, BA ., K2
TR IETERE M B3R 9123 7 45 SR A 4 B AR L35 o UML-MARTE 58 6t i 45 b T AR RS TR (135
UG A T SURET 1) 5 FARJE 2 T XA 0 B T8 5 108 1 e A S Pk RE SRR A 3h % e 0 2 T sk 40 0 T
LI A O 35 J5 K8 2 L 23 BT 4 B IR [ 7 s FMPAer i A BV HHEZE Wi B 6 TR,

o ; ? s Wi S I /45
3t o/ Wt Ll SHBE B AT
— U JFBUPPAAL
L/ k[ mep Faed
) st /| KRR el iy
UML-MARTE| 7" UMLYE /[ e o -
ﬁl%ﬁ*ﬁlﬁ 7w [ 'if“g*ﬁ‘ﬂ
JF-JiPapyrus Qfﬂﬁ a /‘f ... L . N -
FHATL. . | / /| .
——
Yy ArTERE
/ vk : e
FMPAer 7 bk / A [ Mﬁiﬁi_»\
S ———
Eclipse Modeling Tool/Java
Linux

Fig.6  Architecture of FMPAer
6 FMPAer SRS THHESE

FMPAer () B & s A5 1 5L, 358K T IR 5 1 Papyrust'®)  HI 7 $2 (i UML-MARTE B 7 (1) B A4 S #5090 55
FMPAer 15 & % e 4% £0. 45 N UML-MARTE 2 % 78 XA TE 5 #3124 TR K G SCRTE V0 )2 43 25 10 i 4t
A0 V8 S J2 R P UGS R % 3 R IR 26+ ATL B e i 35 2000 b B8 4 9 78 10 U7 ¥4, % UML-
MARTE JOA5 T 38 g 45 o 2 A0 AR 2 110 SO AR 2R s 4 T8 K e 450 J22 85 LA FMPAer % A7l 110 45 ol 12 3 A ABE 20 S 4
e 38 N JE 2 AR N T 2 Ak 43 W T L BN 1 SO J2 T XAk TR H i S I 5 S B R AG  TH. UPPAALM IR
T 5 Wk 256 B R A 0 T 5 PRISMUSL B 25 BF 9% AR N, B ATT 300 K 8 36 I W i 3k o 2 )6 J2 0 X4k T L DA
FMPAer [¥1 35 68 A 203 A0 G, AT 0028 S A PR 45 T SR 0 AR ST A 48 1 R 456 W 0 1 4 ) T L D R P &4 3R
sk TR Z30pt2 BT 44

6 B %

ASCHE TR TR A A B () P B8 23 BT 7 1R AESE FMPA, A5 515 2R 48 T K (1 530, R RSB0 1 e JEAT 43
BT, LA A T - 9t e o8 A6 R 8 E 7] 8L FMPA. 595 HA 48— X434 11 (UML-MARTE) 2 - 2 it 2 SUAL ALY,

© HFBIERAIEIFIDN  hipsswww. jos. org. en



RE A TG BAX LGS ITIESR 335

Al 2 Fp R G e R bR BEAT AT e IE TR TR B T R, B AE N SEHR N S R AR BT T KR 2 1
PEREFRAR IS AT A SE TN T WP Jr 0% 1) ) SIZ T AR R A 00 52 A 43 AT Wi 7 B (1] 5 5 I i, 7)Y R 46 A 2 A6 )
TR RG AT FEME, IF 2B T FMPA J7 0 30 4% T 5 FMPAer, X 7847 i ] 7 FMPA J7 2 HE 48 (1 vl 47

References:

[1] Smith CU, Williams LG. Performance engineering of software systems. In: Lavagno L, Martin G, Selic B, eds. UML for Real:
Design of Embedded Real-Time Systems. Dordrecht: Kluwer Academic Publishers, 2003. 343-365.

[2] Balsamo S, Marco AD, Inverardi P, Simeoni M. Model-Based performance prediction in software development: A survey. IEEE
Trans. on Software Engineering, 2004,30(5):295-310.

[3] Becker S, Koziolek H, Reussner R. Model-Based performance prediction with the palladio component model. In: Proc. of the 6th
Int’l Workshop on Software and Performance. ACM, 2007. 54-65.

[4] Balsamo S, Personé¢ VDN, Inverardi P. A review on queueing network models with finite capacity queues for software architectures
performance prediction. Performance Evaluation, 2003,51(2—4):269-288.

[5] UML Profile for MARTE: Modeling and analysis of real-time embedded systems. OMG Adopted Specification ptc/2010-08-33,
ptc/2010-08-34.

[6] Selic B, Gerard S. Modeling and Analysis of Real-Time and Embedded Systems with UML and MARTE: Developing
Cyber-Physical Systems. New York: Elsevier, 2013.

[7] Lopez-Grao JP, Merseguer J, Campos J. From UML activity diagrams to stochastic Petri nets: Application to software performance
engineering. In: Proc. of the 4th Int’1 Workshop on Software and Performance (WOSP 2004). 2004. 25-36.

[8] Petriu DC, Woodside CM. Performance analysis with UML. In: Lavagno L, Martin G, Selic B, eds. UML for Real: Design of
Embedded Real-Time Systems. Dordrecht: Kluwer Academic Publishers, 2003. 241-270.

[91] FMPAer. http://Ics.ios.ac.cn/~zxy/tools/fmpaer.htm

[10] Yan G, Zhu XY, Yan R, Li G. Formal throughput and response time analysis of MARTE models. In: Proc. of the 16th Int’l Conf.
on Formal Engineering Methods (ICFEM 2014). LNCS 8829, 2014. 430-445.

[11] Chai YS, Zhu XY, Yan RJ, Zhang GQ. MARTE models based system reliability prediction. Computer Science, 2015,42(12):82—
86,91 (in Chinese with English abstract).

[12] Alur R, Dill DL. A theory of timed automata. Theoretical Computer Science, 1994,126(2):183-235.

[13] Clarke EM, Emerson EA, Sistla AP. Automatic verification of finite-state concurrent systems using temporal logic specifications.
ACM Trans. on Programming Languages and Systems, 1986,8(2):244-263.

[14] Larsen KG, Pettersson P, Wang Y. UPPAAL in a nutshell. Int’l Journal on Software Tools for Technology Transfer, 1997,1(1):
134-152.

[15] Gokhale SS, Trivedi KS. Analytical models for architecture-based software reliability prediction: A unification framework. IEEE
Trans. on Reliability, 2006,55(4):578—590

[16] Cortellessa V, Singh H, Cukic B. Early reliability assessment of UML based software models. In: Proc. of the 3rd Int’l Workshop
on Software and Performance. 2002. 302-309.

[17] Forejt V, Kwiatkowska M, Norman G, Parker D. Automated verification techniques for probabilistic systems. In: Proc. of the 11th
Int’l School on Formal Methods for the Design of Computer, Communication and Software Systems. Springer-Verlag, 2011.
53-113.

[18] Kwiatkowska M, Norman G, Parker D. PRISM 4.0: Verification of probabilistic realtime systems. In: Proc. of the 23rd Int’l Conf.
on Computer Aided Verification. Berlin: Springer-Verlag, 2011. 585-591.

[19] http://www.eclipse.org/papyrus/

[20]  http://www.eclipse.org/atl/

[21]  Z3Opt. http://rise4fun.com/z3opt/tutorialcontent/guide

M & 325 2% STk
[11]  Semb AR A TT BH, 22 22 28, 5K ) 2R 5T MARTE A8 (1) 32 46 ] S 1l oF ML} 4%,2015,42(12):82-86,91.

REFA971—), L AR T A, 8 4 BIF ST 51, CCF kg 0, 2 R SU A 0k i N U R e vl P e 20 i 5 40
e T A T7 i

© TEBREEEEIEDT  htp/ www. jos. org. cn




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [3600 3600]
  /PageSize [612.000 792.000]
>> setpagedevice




