SCHEDULING AND ADMISSION TESTING FORJITTER CONSTRAINED PERIODIC THREADSAndreas Mauthe and Geoff CoulsonComputing Department,Lancaster University,Lancaster LA1 4YR, UKe.mail: [andreas, geoff]@comp.lancs.ac.uk1 IntroductionIn this short paper, we address the issue of real-time CPU scheduling in operatingsystems. Our approach is to design new admission tests for periodic real-time threadswhich guarantee that a run time scheduler, say an earliest deadline first (EDF) or afixed priority scheduler, will be able to honour all specified deadlines where thespecified deadlines may be earlier than the end of the current period. We refer tothreads whose deadlines and periods may differ as jitter constrained threads becausethey exhibit less jitter (i.e. variation in periodicity) than conventional periodicthreads. In the extreme case, where the deadline is specified to be identical to theexecution time, a jitter constrained thread executes perfectly isochronously. Jitterconstrained threads are particularly appropriate for high quality continuous mediaapplications such as video and animation playouts as the display jitter of high qualityvideo or animation can be reduced to an arbitrary degree without relying on a hardwareclocked display device.p1p1start generating framedeliver frame to networkdeliver frame to networkt1t2t1t2start generating framep1p1delaydelayFig. 1. Reducing delay with jitter constrained threadsThe provision of jitter constrained threads also helps end-systems to honour delay andjitter-related QoS parameters. To see how delay and buffering requirements areaffected, consider an application that sends large video frames over a network using arate based transport protocol. This scenario may be realised as a periodic thread t1which executes application code to generate video frames, and another periodic threadt2 which performs fragmentation and rate control. With conventional real-timeperiodic threads, the delay incurred by this two thread system would be the sum of theperiod of t1 plus three times the period of t2 (assuming three packets per frame as illustrated in figure 1). However, if we are able to specify an earlier deadline for t1, thedelay (and hence buffering requirement) can be significantly reduced. The top part offigure 1 shows the timing of the scenario in the normal case. In the bottom part offigure 1, t1 is a jitter constrained thread which completes the generation of a framewithin one time unit of the start of a frame period. It can be seen that significantdelay reductions are achieved.The scheduling work introduced in this paper is part of a broader resourcemanagement framework carried out within SUMO, a collaborative project involvingLancaster University and CNET, France Telecom [1]. The aim of this project is thedesign and implementation of a Chorus microkernel based operating systeminfrastructure for supporting distributed multimedia applications.2 Admission Testing of Jitter Constrained ThreadsOur scheduling approach is principally based on the dynamic earliest deadline first(EDF) algorithm [2]. The algorithm can be simply expressed as follows:Every time a thread becomes runnable, or a periodic thread invocationfinishes, select the runnable thread with the earliest deadline to run next.EDF is an attractive policy as it is an optimal, dynamic algorithm, i.e. it isguaranteed to find a valid schedule (i.e. one that honours the deadlines of all threads) ifsuch a schedule exists [3]. In addition, it fully utilises the CPU resource. For periodicthreads with deadlines equal to periods a simple admission test exists: it only has tobe checked if the processor utilisation of all threads is less or equal than 100%. Moreformally, the admission test is expressed as follows [2]:

ei pi

i=1#t∑ ≤ 1 ei =executiontime pi = period of thread i2.1 Extension Utilising Deadlines and PeriodsA straightforward extension of the above admission test is to consider explicitdeadlines smaller than the period, i.e. to replace pi with di in the above formula. Theproblem with this test is that it will often refuse to admit thread sets for which EDFcould find a valid schedule. Consider the following thread set:t1 : p = 3, d = 1, e = 1t2 : p = 5, d = 4, e = 2This set will not pass the above admission test even though a valid schedule caneasily be found that will honour the deadlines of both threads: in figure 2, it can beseen that every time the scheduling time of t1 is reached, it is scheduled immediatelybecause either it has a closer deadline than t2, or t2 has already finished processingwhen t1 becomes ready.We can use the above example to extract the following general insight:A candidate thread can be accepted if, in the period length of each of itsinvocations, there is sufficient spare resource to schedule the required numberof invocations of all other threads with an earlier or equal deadline, evenwhen the scheduling times of all threads concerned coincide.Relating this to figure 2, we can see that, in a system currently supporting only t1, itshould also be possible to support t2. This is because in each instance of t2 it ispossible to fit the required number of invocations of t1 (i.e. 2 invocations of 1 time unit each) plus the per-period invocation execution time of t2 itself (i.e. 2 time units)within the deadline of t2 (i.e. 4 time units).p1p1p1p2p2d2d2d2d2p1p1=t1t2p1p2Fig. 2: Deadline scheduling of jitter constrained threadsThis argument is more formally captured in the following admission test:

∀ c in cmin, ..., cmax etime(j, dc) + eii=1l∑ j=1k∑ dc ≤ 1 where etime(j, t) = ej t pj + ej, if t ≥ pj t pj + dj ejdj (t − pj t pj ), otherwise Ιν τηε αβοϖε, τηε ινεθυαλιτψ ισ αππλιεδ ιτερατιϖελψ οϖερ αν ορδερεδ σεθυενχε οϕ δεαδλινεεθυιϖαλενχε χλασσεσ ανδ μυστ ηολδ ϕορ αλλ τηεσε χλασσεσ. Εαχη δεαδλινε εθυιϖαλενχε χλασσχ χονταινσ αλλ τηρεαδσ ιν τηε σψστεμ τηατ ηαϖε α δεαδλινε δχ, ανδ τηε σεθυενχε οϕ χλασσεσασ α ωηολε ισ ορδερεδ σμαλλεστ δεαδλινε ϕιρστ το λαργεστ δεαδλινε λαστ.Τηε ϕυνχτιον ετιμε(φ, τ) γιϖεσ τηε μαξιμυμ προχεσσινγ τιμε ρεθυιρεδ βψ α τηρεαδφ ιν σομε τιμε σπαν τ. Γιϖεν τηισ δεϕινιτιον οϕ ετιμε, ιτ χαν βε σεεν τηατ τηε ϕιρστ τερμιν τηε νυμερατορ οϕ τηε τοπ εθυατιον συμσ τηε ρεθυιρεδ εξεχυτιον τιμεσ οϕ σομενυμβερ οϕ τηρεαδσ ωιτηιν τηε περιοδ δχ. Ιν ϕαχτ, τηε συμματιον ρανγεσ οϖερ (1..κ)ωηιχη ισ δεϕινεδ το χονταιν αλλ τηρεαδσ ιν δεαδλινε χλασσεσ λοωερ ιν τηε ορδερεδ σεθυενχετηαν τηε χυρρεντ χλασσ χ. Τηε σεχονδ τερμ, ρανγινγ οϖερ (1..λ), συμσ τηε εξεχυτιοντιμε ρεθυιρεδ βψ αλλ τηρεαδσ ιν τηε χυρρεντ δεαδλινε χλασσ χ ωιτηιν τηε ιντερϖαλ δχ. Τηενυμερατορ ασ α ωηολε τηυσ εϖαλυατεσ το τηε τοταλ ΧΠΥ τιμε ρεθυιρεδ, ιν τηε ωορστ χασε,ιν τηε τιμε ιντερϖαλ δχ βψ αλλ τηρεαδσ ωιτη α δεαδλινε ≤ δχ.2.2 Εξτενσιον Υτιλισινγ Πρεδιχταβλε Σχηεδυλινγ ΤιμεσΑ λιμιτατιον οϕ τηε αβοϖε τεστ ισ τηατ ιτ πεσσιμιστιχαλλψ ασσυμεσ τηατ αλλ τηρεαδσ χανβεχομε ρεαδψ ατ τηε σαμε τιμε. Ωηερε ιτ χαν βε δεμονστρατεδ τηατ τηισ χαννοτ οχχυρ, αϕυρτηερ δεγρεε οϕ ϕρεεδομ ιν αδμισσιον τεστινγ ισ ποσσιβλε. Φορ εξαμπλε, δυε το τηειμπλιχιτ τιμινγ ρελατιονσηιπ βετωεεν τηρεαδσ τ1 ανδ τ2 ιν ϕιγυρε 1, ιτ ισ ονλψ ποσσιβλεϕορ τηειρ ινϖοχατιονσ το χοινχιδε ατ χερταιν ϕιξεδ ινσταντσ. Τηισ ισ σο βεχαυσε τηεσχηεδυλινγ τιμεσ οϕ ινϖοχατιονσ οϕ τ2 αρε αλωαψσ λοχατεδ ατ α ϕιξεδ οϕϕσετ ϕρομ τηεδεαδλινεσ οϕ ινϖοχατιονσ οϕ τ2.Ονε σιτυατιον ωηερε ιτ ισ ποσσιβλε το ασσυμε ϕιξεδ τιμινγ ρελατιονσηιπσ ισ ιν τηεχοντεξτ οϕ σο χαλλεδ ηαρμονιχ σετσ. Α ηαρμονιχ σετ [4] ισ α τηρεαδ σετ ιν ωηιχη τηε χονστιτυεντ τηρεαδσ χαν βε ορδερεδ συχη τηατ τηε περιοδ οϕ εαχη τηρεαδ διϖιδεσ ιτσσυχχεσσορ; ε.γ. 3 διϖιδεσ 6 διϖιδεσ 12. Ηαρμονιχ σετσ χαν, ιν πρινχιπλε, βε ρεχογνισεδαυτοματιχαλλψ βψ τηε ινϕραστρυχτυρε ωιτηουτ ρεθυιρινγ τηε υσερ το εξπλιχιτλψ σπεχιϕψσχηεδυλινγ τιμε ρελατιονσηιπσ. Τηε σπεχιαλ χασε οϕ ηαρμονιχ σετσ χονταινινγ μυλτιπλετηρεαδσ ωιτη τηε σαμε περιοδ ισ λικελψ το βε θυιτε χομμον ασ αππλιχατιονσ ϕρεθυεντλψοπεν μυλτιπλε ινστανχεσ οϕ α γιϖεν χοννεχτιον τιμε (ε.γ. μυλτιπλε ϖιδεο χοννεχτιονσ).Ιν τηε ρεϖισεδ αδμισσιον τεστ (σηοων βελοω) ωε ρεχογνισε ηαρμονιχ σετσ ωιτη πρε−δεϕινεδ τιμινγ ρελατιονσηιπσ ασ δεσχριβεδ αβοϖε; τηε τεστ ισ α ρελατιϖελψ στραιγητϕορωαρδεξτενσιον οϕ ουρ ϕιρστ τεστ:

∀ c in cmin, ..., cmax etime(j, dc) + eii=1l∑ j=1k∑ + EHH=1#H∑

dc ≤ 1 The differences are, first, that the original two terms now only consider those threadsthat are not placed in a harmonic set, and, second, that a new term is added to expressthe maximum required processing time of any harmonic sets in the thread set. Theexpression EH represents the maximum processing time requirement over any intervaldc for the subset of threads in a harmonic set H whose deadlines are £ dc.Due to lack of space we are not able to present the derivation and the full formulafor EH. Basically, we use an iterative function over scheduling times and deadlines todetermine the required maximum processing time.3 Summary and ConclusionsIn conclusion, we have briefly presented admission tests that ensure that a run timeEDF algorithm will be able to maintain the required semantics of jitter constrainedthreads. The second test involves more admission time overhead, but is able to admita wider range of candidate thread sets. In the full version of this paper [5], the tests arederived fully and proofs are given. In addition, the (minimal) necessary adaptations tothe run time scheduler are discussed. We also generalise our tests to accommodatefixed priority scheduling schemes.References1Coulson, G., Campbell, A., Robin, P., Blair, G. S., Papathomas, M. and D.Shepherd, �The Design of a QoS Controlled ATM Based Communications Systemin Chorus�, To be published in IEEE JSAC, Special Issue on ATM Local AreaNetworks, 1994.2Liu, C. L. and Layland, J. W., �Scheduling Algorithms for Multiprogramming ina Hard Real-time Environment�, Journal of the Association for ComputingMachinery, Vol. 20, No. 1, pp 46-61, February 1973.3Mauthe, A., Schultz, W. and Steinmetz, R., �Inside the Heidelberg MultimediaOperating System Support: Real-Time Processing of Continuous Media in OS/2,Technical Report No. 43.9214, IBM European Networking Center,Tiergartenstrasse 8, D-6900 Heidelberg 1, 1992.4Kuo, T. W. and Mokthe, A. K., Load Adjustment in Adaptive Real-TimeSystems", Proc. 12th IEEE Real Time System Symposium, 1991.5Mauthe, A and G. Coulson, �Scheduling and Admission Testing for JitterConstrained Periodic Threads�, Internal Report MPG-95-04, DistributedMultimedia Research Group, Department of Computing, Lancaster University,Lancaster LA1 4YR, UK, January 1995.