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Timing Analysis of Mixed Time/Event-Triggered Multi-Mode Systems

Abstract

Many embedded systems operate in multiple modes, where mode switches can be both time- as well as event-
triggered. While timing and schedulability analysis of the system when it is operating in a single mode has
been well studied, it is always difficult to piece together the results from different modes in order to deduce the
timing properties of a multi-mode system. As a result, often certain restrictive assumptions are made, e.g,,
restricting the time instants at which mode changes might occur. The problem becomes more complex when
both time- and event-triggered mode changes are allowed. Further, for complex systems that cannot be
described by traditional periodic/sporadic event models (i.e., where event streams are more complex/bursty)
modeling multiple modes is largely an open problem. In this paper we propose a model and associated
analysis techniques to describe embedded systems that process multiple bursty/complex event/data streams
and in which mode changes are both timeand event-triggered. Compared to previous studies, our model is
very general and can capture a wide variety of real-life systems. Our analysis techniques can be used to
determine different performance metrics, such as the maximum fill-levels of different buffers and the delays
suffered by the streams being processed by the system. The main novelty in our analysis lies in how we piece
together results from the different modes in order to obtain performance metrics for the full system. Towards
this, we propose both — exact, but computationally expensive, as well as safe approximation techniques. The
utility of our model and analysis has been illustrated using a detailed smart-phone case study.
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Abstract—Many embedded systems operate in multiple modes,
where mode switches can be both time- as well as event-triggel.
While timing and schedulability analysis of the system wherit
is operating in a single mode has been well studied, it is alwa
difficult to piece together the results from different modesin
order to deduce the timing properties of amulti-mode system.
As a result, often certain restrictive assumptions are made
e.g., restricting the time instants at which mode changes rght
occur. The problem becomes more complex when both time- and
event-triggered mode changes are allowed. Further, for coplex
systems that cannot be described by traditional periodicfsoradic
event models (i.e., where event streams are more complexfisty)
modeling multiple modes is largely an open problem. In this
paper we propose a model and associated analysis techniques
describe embedded systems that process multiple bursty/cgplex
event/data streams and in which mode changes are both time-
and event-triggered. Compared to previous studies, our mael is
very general and can capture a wide variety of real-life sysms.
Our analysis techniques can be used to determine different
performance metrics, such as the maximum fill-levels of difrent
buffers and the delays suffered by the streams being procesd
by the system. The main novelty in our analysis lies in how
we piece together results from the different modes in order d@
obtain performance metrics for the full system. Towards ths,
we propose both — exact, but computationally expensive, aselv
as safe approximation techniques. The utility of our model ad
analysis has been illustrated using a detailed smart-phonease
study.

|. INTRODUCTION

as the target modes. A result of this restriction is thatrgni
constraints of the overall system are guaranteed if theesgyst

is feasible while operating in the individual modes. Hence,
it is sufficient to verify feasibility of the individual mode—
which is a much easier and well-studied problem — and modes
changes need not be explicitly accounted for while perfagmi
timing analysis.

The analysis becomes substantially more complex if
both time- and event-triggered mode changes are allowed.
Further, if the system in question is to be described using
complex event/data models — i.e., those beyond classical
periodic/sporadic event models — then modeling and
analyzing mode changes for such systems is currently a
largely unexplored problem.

Our contributions: In this paper we propose a model for
describing multi-mode systems which process multiple com-
plex/bursty event/data streams, and in which mode changes
may be both time- as well as event-triggered. A wide variety
of embedded devices have such characteristics. For example
consider a smart-phone which can be used to play streaming
audio/video, as well as make and receive phone calls. De-
pending on the operating mode of the system — i.e., whether
an incoming call was received while a video application was
running — the priorities of the different tasks may be chahge
or certain tasks might be put to sleep or even terminated.

The increasing complexity and costs of modern embeddedGiven the burstiness in the arrival patterns of audio/video

systems require them to operate in multipfeodes where

data, as well as the high variability in their execution re-

each mode — among other things — may be characterizpdrements, it is often overly pessimistic to use standard

by a different set of tasks, different data arrival rates] an

periodic/sporadic event models. Hence, mode changes im suc

different scheduling policy. Mode switches may be both tim&ystems need to be modeled in conjunction with more general
as well as event-triggered. Examples of the former condist @vent models that are better suited to capture bursty elatat/

servicing time-triggered interrupts, while the latter hmide

streams. Towards this, we rely on the Real-Time Calculus

mode switches triggered by events like an incoming call in(®TC) framework to describe — in a flexible manner — the

mobile phone, or a buffer in the system filling up beyond
certain level.

arrival pattern and processing requirements of the differe
streams to be processed by the system. The RTC framework

Modeling and analyzing such systems have therefore begas introduced in [2], [3] and subsequently extended in a
a topic of great interest within the real-time and embeddedimber of other papers (e.g., see [4], [5]). It relies aoant-
systems community. Here, the main challenge is to compdsased abstractiomno model the timing properties of the input

timing/performance analysis results from individual medte
order to derive the properties of the overall system. In otde
simplify this problem, often some restrictive assumptians

streams, as well as the availability of the resources, and is
more general than classical event/service models.
The systems we study are assumed to consist of multiple

made. For example, in the time-triggered language Giofto [Tasks which get triggered by incoming data/event streains. T

it is required that tasks which are interrupted by mode d$weisc

arrival patterns of these streams, as well as their praogssi

should have the same activation rates in both the sourcelbs wequirements — as mentioned above — are described using the



RTC framework (details of which follow later in the paper)that no deadlines are violated during the transition period
The arriving streams (which are waiting to be processe8lich techniques consist of suitable mode chapig¢ocols
are stored in input buffers and processed streams in outpely., to restrict mode changes only at pre-specified time
buffers that are read out by output devices. Eaadein the instants, or allow only synchronous mode changes), as well
system is defined by the set of active tasks, the arrival Gftesas analysis techniques terify the feasibility of the system in
the streams triggering these tasks, and the schedulingypolihe different modes and during the transition periods.
according to which these tasks are served. Mode changedn contrast to the above approaches, we make the simplistic
as already mentioned, can be both time- as well as eveassumption of instantaneous mode changes. However, we have
triggered. For example, certain tasks are activated after pa richer model for specifying task activation patterns a th
defined time periods, while the task priorities might changsifferent modes (using the RTC framework). Moreover, —
(hence a mode change) depending on the fill-levels of thelike the above studies — we also accommodate mixed time-
different buffers in the system. In this setting, we ask tjoes and event-triggered mode changes and our analysis semless
of the form: what is the maximum fill level of a given bufferhandles both. While mixed time- and event-triggered embed-
what is the delay suffered by an individual stream, what & tlled systems have been studied in the past (see, e.g., [11] and
delay suffered by a stream in a particular mode, etc. [12]) they have either been in the context of bus protocols
While such questions have been answered before withike FlexRay or in the context of synchronous programming
the RTC framework (e.qg., see [2]) for unimodal systems, thenguages (integrating urgent events that require préemit
known techniques do not extend to the case of multi-modesynchronous programming environment). We, on the other
systems. The main novelty of the analysis techniques thaind, focus on timing and performance analysis of multi-
we propose in this paper lies in how we piece together theode systems where mode changes can be time- and event-
results from individual modes to derive timing/performanctriggered (rather than formulating the mode change prdsoco
properties of the entire system. Towards this we combitieemselves).
analysis techniques from the RTC framework with state-spac Finally, it may be noted that we recently proposed a
exploration methods that are used to analyze state-bas@alti-modeextension to the RTC framework [13], which is a
models such as timed automata. Besides computing detifferent model compared to what we study in this paper. In
and buffer fill-level metrics exactly — which turn out tomulti-mode RTC, arrival patterns of streams and availgbili
be computationally expensive — we also propose sgbatterns of resources are modeled as automata, whose states
approximations of these metrics in out setting. Finally, ware annotated with functions denoting arrival/serviceesat
illustrate our model and analysis techniques using a t&alisThe arrival and service automata in [13] aim at modeling
smart-phone case study, where we show that explicifindependently) complex arrival patterns of event streams
modeling the multiple modes (rather than approximating th#hd resource availability patterns; however, they follow a
system behavior as a unimodal system) results in tightelatively simple processing semantics. Here, we areésted
estimates of the different performance metrics. in the system as a whole, thereby having a single model for
Related work: There has been a number of previous attemptise system does not only reduce the analysis complexity but
to extend models and timing analysis techniques from tlaéso provides a better intuition to the system’s behavite T
real-time systems literature to accommodate more complexncept of “mode” in this current paper is a more natural one,
behaviors. For example, the framework presented in [6}allo viz. operating modes of a system. While the arrival/service
certain tasks to intentionally change their executionqusj patterns considered here are simpler than the ones studied i
which is a type of mode change. The associated schedulia@], we allow a richer processing semantics with different
technique then adapts the periods of the other tasks withésks and scheduling policies explicitly captured and sethp
allowable limits in order to maintain a schedulable systerto the dynamic characteristics of event streams and ressurc

Similarly, the model proposed in [7] allows a system to be i anization of the paper: In the next section we describe
multiple modes, where each mode consists of a set of tagy model, followed by our analysis techniques in Sectiohs |
possibly overlapping with other modes. The system uses Rgjgy |y Finally, we present a smart-phone case study in Sec-

Monotonic s_cheduling for all the modes. The problem is thep,, \/ and conclude with a discussion on possible extensions
to select suitable parameters for all the tasks, such treat i ihis work. Due to space restrictions, the proofs for all

system is schedulable in all modes. lemmas may be found in [14].
Different mode change protocolsave been studied in [8],

[9] and have been classified in [10]. Here, again, a system
consists of multiple modes, where each mode consists of\a Basic models

set of tasks. A mode change is triggered by a mode changd&he system consists of a finite set of tagks= {Ty,...,Tn}
request (MCR), and transitions from an old to a new modbat are mapped on the same processor, wheréN, n > 1.
take non-zero time. During this transition, the system haks Each taskT, processes an input data streamitem by item,
from both the old and the new modes, which might produde a first-come first-served basis. Upon arriving at the syste
a temporal overload. However, MCRs cannot arrive duringiacoming data items frong are stored at an input buffds;
transition period. The goal is to develop techniques thatiem before being processed by, and the processed data items

Il. THE SYSTEM DESCRIPTIONS



are then written to an output buffd. Fig. 1(a) shows a «
system consisting of three tasks= {T1,T,, T3}, with each

Ti associated with an input buff@; and an output buffeB. o
The backlog (fill-level) of a buffelB; at timet, denoted by .
Bi(t), is the number of items in the buffer at tirheWe shall
refer to B; as the name of the buffer as well as the variable
whose value gives the current fill-level of the buffer.

a service functiorg that bounds the total resource avail-
able when the system is in this mode;

a set of taskg C 7 that are executed at the mode;

a scheduling policysPthat is used to schedule the tasks
in . When 1t contains only one task anfiP is Fixed
Priority, we omit SP since the system allocates all its
available resource to this task.

a lengthc for each TDMA cycle whenSP= TDMA,

(a). Atask set (b). The corresponding TET automaton °
- - wherec > > 1, ¢ (and if SP# TDMA, c is unused);
di e « a pair (aj,c) for eachT; € 1, where a; is the arrival
51—23”1@_’]31] function of the input streans; and ¢; denotes either (i)
‘ de k the length of the slot allocated ® in each TDMA cycle
SHC[I]@Z—ZI]] if SP=TDMA, or (i) the priority of T; if SP=FP.
B, B, Note that the specification of the scheduling parameters in a
ds,e; mode can be adapted to the scheduling policy used. In our
s— [J @—»]]] i T T Ts) model, arrival and service functions remain constant when t
7 2= 2 4 . .
B3 B3 B,< 15 By<2 system is in a mode. Howeverhen the system moves to a

. J

new mode, they are reset to the new values associated with the

M = (b, 71, TOMA. 5, {(011,3), (012, 2)) new mode Before formally defining TET automata, we first

My = (B2, 72,-,0, {(022, )}

M3 = (B3, 13,FP, 0, {(032,2), (0133, 1)})

Fig. 1: Example of a task set and its TET automaton. .

Task models. We assume a data-driven dispatch model °

for the tasks, where an instance of a task is immediately

triggered when a data item arrives at the corresponding inpu
buffer. Each taskT; € 7 has a fixedrelative deadlineof
di time units and a fixed maximunexecution demanaf
g processor cycles. In Fig. 1(a) and g are the relative
deadline and execution demandTpfrespectivelyy1 <i < 3.

Data streams modeled as arrival functions.An arrival
pattern of a data stream is specified as a cumulative function
A(t) which gives the number of items arrived in the interv
[0,t) The set of all arrival patterns of a stream is captur
by anarrival function a = (aY,a'), wherea'(A) anda'(A)
specify the maximum and minimunmumber of data itemthat
can arrive from the stream in any time interval of lengthin
other wordsA(t) is an arrival pattern of a data stream modele
by a (or simply, of a) iff .
a'(B) < AA+1) —At) < aY(A), vA, t > 0.
Resource availability modeled as service functionsA
service pattern of the processor is captured by a cumulative
function C(t), with C(t) denoting the number of processor
cycles available in the time intervil,t). The set of all service
patterns of the processor is modeled byexrvice function
B = (B",B"), wherepY(A) and ' (A) give the maximum and
minimum number of processor cycles availalile any time
interval of lengthA. Thus,C(t) is a service pattern gf iff
B'(b) <C(A+1) —C(t) < BY(B), VA, t > 0. .
Execution semantics modeled as TET automatalhe ex-
ecution semantics of a system is described by a multi-mode
mixed time- and event-triggered (TET) automaton. A TET au-
tomaton is a finite automaton whose states represent differe
operating modes of the system and transitions represen¢ mod
changes. Each mode (state) of the automaton is of the form
(B,7,SPc,{(ai,c) | T € 1}), which comprises

S:
buffersB’ = {B, ..., B}, }. The multi-mode TET automaton that
(axecutesT is a tupleA = (M, Min,Inv,Z,R) where

state some relevant notations:

INT = {[as,ap] | 0<a; <a A a,a € N}.

®5: the set of all buffer guard¢ of the form
p=a1<Bi<a [|B>a | g1/ 2

whereB; € B, [a;,ay] € INT, and @1, ¢, € Pi. SinceB;

only takes integer valuesy < B; < ap and B; € [a;, a]

are equivalent and thus used interchangeably.

o ¢;: the guard on the buffeB; that appears inp.
o ¢" the maximum value oB; that satisfiesp. (If @

contains no guards of the form < Bj < ap, ¢"** = o).

¢max:{¢jr:nax’”'7 rr]naX}

efinition 1 (TET Automata) Given a finite set of tasks

{T1,...,Ta} and its associated sets of input streams
{s1,...,S}, input buffersB = {B;,...,By}, and output

M = {My,...,Mn} is the set of modes, With_jMZ
(Bj,1j,SP,ci, {(aji,cii) | Ter}), €T, j=Lm.

o« Min € M is the initial mode ofA.
e Inv: M — INT is the mode invariant function, where

Inv(M;) = [Lj,U;] specifies the interval during whicAd
can stay at M (i.e., it must stay at ) for at least
L; and for no more than Ytime units). After | time
units staying at N, the automaton must take an enabled
transition to another mode, or it will go to deadlock.

« 2 is the set of signals that trigger the mode changes,

which can be controlled by an external controller.

RC M x X x ®p x N x M is the transition relation. Each
transition in R is of the formM,a, ¢,D,M’) where (i)

M is an origin mode and Mis a destination mode, (ii)

a is an external signal that triggers the transition, (iii)
¢ is a guard on the fill-levels of the input buffers, which
must be satisfied for the transition to be enabled, and (iv)
D € Inv(M) is the time at which the transition is enabled
(relative to the instant the automaton enters M).



We assume that if there are more than one enabled out-goingl The maximum backlog of a buff& € 5.
transitions from a mode at the same time, the automaton norP2 The maximum delay experienced by a stream S,
deterministically selects one. All transitions amet urgent P3 The maximum delay of any data item arriving at a mode.
unless otherwise specified. When there is a transition #hatSchedulabiliy of a task set can be derived from the computed
enabled, we say there ismode change request maximum delays, i.eJ; meets its deadline iff the maximum
As an example, Fig. 1(b) sketches a TET automaton cafelay ofs is always less than or equal th.
responding to the task set given in Fig. 1(a). In the figare, In this paper, we consider specifically Fixed Priority (FP)
and b denote the external signals that trigger the transitiogdid Time Division Multiple Access (TDMA); however, the
of the automaton. Table | details the service function, theame technique can be applied to other scheduling policies.
scheduling policy, the active tasks and their correspandifhe main difference would be in the computation of the

arrival functions in each mode of the automaton. execution demand at each node with respect to the chosen
Mode My Mode M, Mode M3 scheduling policy. The details of FP and TDMA scheduling
Service B B Bs are explained in [14].
Scheduling TDMA - FP
T a1y slot =3 _ [1l. EXACT TIMING ANALYSIS
Ty a2 slot=2 Qs 32 prio = 2
T3 az3 prio =1 We first define the concept of execution tracesloObserve

TABLE I: Mode characteristics for the system in Fig. 1. that when the automaton is in a mode, each stream arrives at a

Mode change semanticsAt the instant when there is a modedifferent rate which is controlled by the correspondingvair
change request, the processor may be executing some tigpction. We callA= (Ay, ..., Ay) anarrival pattern of a mode
There may also be pending data items in the input buffedé= ( B, 7,SP, c,{(ai,ci) | Tie r} iff A is an arrival pattern
which are waiting to be processed. In general, there arewsri of a; If T; € T, andA; = 0, otherwise. Since there is only one
ways how a system could response. In this paper, we assuseevice function associated witl, C is a service pattern of
that when there is a mode change request to a new ilgde mode Miff it is a service pattern of.

1) The automaton enters jMnstantaneously. . Definition 2 (Buffer Mapping) A buffer mapping function Buf

2) The arrival functions of the input streams, the servicé

function of the resource, and the scheduling policy ar%f A is a function that computes the fill-levels of the buffers

reset (to the ones associated with)Nmmediately. at time t+ A based on the fill-levels of the buffers at time t

3) New items of the streams processed by the tasks inwhen the system stays put at a mode. Specifically, defitie B

can arrive immediately after mode switching and theitro be the fill-level of Bafter t time units the automaton spent

arrival patterns follow the updated arrival functions. at M € M. Denote Bt) = {Bl(t)""’B”(t)}' Suppose A Is

4) The system will continue executing the unfinished ta8R arrival pattern of M, C 'Sd§ service pattern of M, and

(if any) before scheduling the tasks ip Note that this [ T24€ Inv(M;). Then, Bt +A) = Buf(B(t),A,.C,SPA)
unfinished task may or may not appeartin When t = 0, B(A) = Buf(B(0),A,.C,SPA,0), or simply
5) All pending data items in the input buffer of a taskfT Buf(B(0),A,C,SPA). The function Buf varies with the
7j will be delayed until the system moves to a mode thg¢heduling policySP, however, it is always deterministic.
contains . Given below areBuf function for FP and TDMA scheduling.
6) No new data items arrive from the data streams that are def
not processed by;. « Buf(B(t),AC,FRAt) = (b17"-p_7bn) SUC_h that b =
The rationale behind the above assumptions is that in a max{o, At+8) = A +Bi(t) - EJ} vl<i<n where,
streaming environment, the currently processed streams ar p =C(t+A4)—C(t) — > ¢ {q.[Ak(tJrA)—Ak(t)Jer(t)}}.
often paused as the. system services more critical task_s qng Buf(B(O),A7C,TDMA,A) d:ef( .- ,b) where
resumed at some point later. It is hence important to maintai
the buffer state when the system moves to a new mode. , _ _ pi
Further, our protocols are more general than the ones where br = max{O, AB) +Bi(0) - {EJ}
all pending data of a task in the old mode but not in the ! —C(c A clminfec A—c A o
new mode will also be processed. This can be achieved in B ( ')'{CJ N ( { v {CJ XKX:. k})
our model by including the task into the new mode while
setting its arrival function to be zero. Protocols whererghe assumingyy is the index of slotcy in a TDMA cycle.

is some delayD betyveen the arrival of a new_task Cabefinition 3 (Mode Execution) A tuple (A,C,B,A) is an
also be represented in our model by adding an intermediate

mode between the two modes and associating with it tfE€cution of a mode M <B,r,SP,c,{(ai,ci) [Tie T}> iff
same set of tasks as that of the old mode besides a delay « A is an arrival pattern of M,

on the transition from this intermediate mode to the new mode « C is a service pattern of M,

Analysis problems.Given a systenSys= (7, 58,8,S,A). We  * B(X) = Buf(B(0),A,C,SPx) for all 0 <x <A, and
would like to compute: « Acnv(M).

Xi



Definition 4 (TET Execution) A sequence of the Reg.A) automaton will then beO(N"||M]|). More
. efficient abstraction approach such as the zone automatia use
tr = (Mg, tr1) — (Mg tr2) — - (M trn) in rectangular hybrid automata can be applied. However, we
is an execution trace ofl iff My, =Mi, and forall1 < j <h: still require a known upper bound on the size of the buffers
o |\/|kj e M, for the automaton to be finite.
o trj=(A},Cj,Bj,4j) is an execution of I,
o (My,a,¢j,My,) € R for some & % and ¢; € @3,
« Bj(4j) satisfiesp; and Bj(Aj) = Bj11(0). The analysis approach presented in the previous section,
though being exact, can be computationally expensive as the
size of the region automaton is exponential in the size of
the buffer and the number of tasks. Further, it is only finite
assuming an upper bound on the size of the buffer, which must
be specified a priori. The exact method can verify if a buffer
fill-level exceeds the specified maximum size, however in the
case the fill-level of the buffer is unbounded, the analysissg
on forever in searching for the largest backlog value.
In general, there could be scenarios where the maximum
backlog of a buffer is unbounded — in which case the system
. o is said to beunstable While stability is often assumed for
. There is a tranS|_t|0n froniM,b,A,C.t) to (M, b/, A,C't') single-mode systems, the same might not hold for the case of
if one of the following holds. multi-mode systems, unless being verified. As a result ofenod
o« M'=M, t'=t+1, A(A) = A(L) andC'(A) = C(A) for  switching, the backlog of a buffer can get accumulated when
all 0 <A<t, andb’ = Buf(b,A,C,SP.1,t) whereSPis  executing along a sequence of modes. If the system does not
the scheduling policy oM. have enough resource to clear the backlog and/or does not put
« M"#M, b =b, Aj(0)=0forall 1<i<n, C'(0)=0, any constraint on when the mode switching can take place,
=0 and there is a transitiotM,a,¢,M’) in A such thjs backlog may potentially become infinite. As a result, we
that (i) b satisfiesp or ¢ =0, and (ii)t =D if there is a cannot simply assume that the system is stable. In fact, it is
time D associated with the transition. important for the analysis to be able to detect the instgbili
From the reachable states BENA), we can derive the exact of the system quickly and provide diagnosis feedbacks fer th
maximum backlogs of the buffers. Specifically, the maximursystem designer to improve the system.
backlog ofB; is the maximum value offj(t) for all reachable  The above observations have motivated us to develop
states(M,b,A,C,t) in Beh(A). an alternative method that is much more efficient, capable

Maximum delay analysis. The maximum delay experienced®f identifying system instability as well as computing safe
by a stream can be done similarly by introducing addition§ftimations on the system performance properties.

variables into the behavioral automaton of the system. é_he(gverview of TET approximate analysis: The key idea of
variables are used to keep track of the waiting time of thleET approximate analysis is that — instead of enumerating

data items. all possible values of the buffer backlog during executisn a
Discussions.Observe that if there is no upper bound on thdone in the exact method — we keep track of only the execution
invariant of a modeA may stay put at at a mode forever (i.e.paths that lead to the maximum backlogs of the buffers and
the value ot in each configuration dBehA) is not bounded). the maximum backlog values at each mode along the paths.
As a result, the behavioral automaton.fmay potentially be While the exploration of the path is based on the structure
infinite. To address this, we construct a regional automafonof the input TET automatomd, the maximum backlog of a
A, denoted afRked.A), which is a time abstract representatiotuffer at each mode in an explored path is “computed” diyectl
of Beh.A). Each state ofRed.4) corresponds to a set offrom the arrival and service functions of the mode using RTC
reachable configurations &@eh(.4) that have the same TET technique, without having to consider every TET executmn t
mode and the same values of buffer fill-level (i.e.,thesctor). search for the value. This exploration results in an abistrac
There is a transition from a stat,b) to a state(M’,b’) in treeG = (V,E) which captures all execution traces.ihthat
Red A) if there is a transition from a statgM,b,A,C,t) to will lead to a maximum buffer backlogi can be viewed as an
a state(M’,b', A',C’,t") in Beh(A). The analysis can then beabstraction of the region automaton used in the exact method
done based oRRed A). and it is used to compute the timing properties of the system.
Although the size ofRed.A) is significantly smaller than In the two coming sections, we detail the construction of
that of Beh.A), it might still be infinite since the valuesgG. Section IV-C and IV-D show how maximum backlog and
of the buffer fill-level at the state may not be bounded. Tmaximum delay can be computed based Gnlt is worth
allow feasible computation dRed.4), we assume that therenoting that, since the RTC method is not tight in general, the
is an upper boundN on the size of the buffers. The sizemethod presented here is inherently an approximate asalysi

IV. APPROXIMATE TIMING ANALYSIS

Maximum backlog analysis.To analyze the maximum back-
logs of the buffers, we construct an underlyibghavioral
automatorof 4, denoted byBel(A). Beh(A) is a state machine
whose states are configurations of the fo(M,b,A Ct),
whereM is a mode ofA, b is a vector ofn integers denoting
the fill-levels of the buffers i3 aftert time units the system
staying put atMj, A is an arrival pattern an@ is a service
pattern ofM defined to timet, andt € Inv(M). The initial
state is the configuratiofMin, bin, Ain,Cin,0), whereM;, is the
initial mode of A andbj,, A, Cin are all zero functions.



A. The key idea and basic results for the constructiog of

G is formed by a set of node¥ and a set of edges
E. Each nodev € V consists of a modeM € M and a
tupleinB = (inBy,...,inBy) whereinB; specifies the maximum
initial backlog of B; when the system enters In addition,v l
is associated with an n-tupBL, whereBLy; is the maximum
backlog ofB; when the system is at Each edge € E from a
nodev = (M,inB) to a nodeu = (M’,inB') is associated with
a tuplek = (Ky,...,Kn) where

« ki =1if the value ofinB{ is always upper bounded by the

buffer guard associated with the transition frénto M’
in A, or by the values of the arrival and service functions
associated withM;

o Ki =0, otherwise.

The attributes associated with a node and a transitign afe l
summarized in Fig. 2.

Add (M,-,,, 0> into G and unVisited

A 4

unVisited =

Finite Tree
G=(VE)

Take a node v = <M, inB> from unVisited
|
Remove all <M, inB’> with inB’< inB from unVisited
|
Compute maximum backlogs BL, at v “GJ—(S1,52)

Computation at M

BLy BLy 3 (M, ¢, M) : BL, satisfies ¢ > g
a « ® inB = (inBy,...,inBp)
- BLy= (BLy1,---,BLyn)
nodev nodeu k= (K1 oK ) Compute maximum initial backlog inB’of M’ G- (S3)
inB; = maximum initial backlog of B; when the system enters M
BLy,i = maximum backlog of Bj when the system stays putat M

K; = 1, if inBy” is always bounded due to the buffer guard associated with 3<II\ZB'ZBI”>§ G

transition M —M'’ or values of the arrival and service functions at M.
Kj = 0, otherwise.

Fig. 2: Attributes of a node and a transitiongn Add u= (M, ing") into unVisited and G

1 NOT

Fig. 3 gives an overview on the construction @f As high- FOUND

lighted in the figure (by the pointing fingers), at each reaéda
nodev = (M,inB), we need to comput®L,. Further, for

Find an infinite backlog cycle containing u

Computation at a reachable mode M’ from M

each modeV’ reachable fronM (by taking an enabled out- JFOUND

going transition), we need to compute the maximum initial {SYSTEM UNSTABLE/

backlogs when the system entels. Below we describe

the computation of these attributes, which will serve as the Fig. 3: Overview on the construction ¢f.
building blocks for the construction @ detailed in the next

section.

SupposeM = (B,7,SP.c,{(ai,c) | T € T}> To obtain function of the resource allocated to each task=Tr when
the maximum buffer backlogs & and the maximum initial the system is at M is given by Sérdf, a,3,SP).

backlogs upon enteriniyl, we compute: Lemma IV.1 and IV.2 definServfor FP and TDMA. The
(S1) The service functiofi; of the resource allocated to eactproofs for the lemmas are available in [14].

taskT; € T based orf, SP, a;, and the initial maximum | o\ (v Let df= (dfy,...,df,) with df denoting the

buffer backlogs whemd entersM. : i
X execution demand of; Bvhen the system enters M. L@tC 1
(S2) The maximum buffer backlogs whe stays put aM. be the set of tasks in that have higher priority than;Ti.e.,

based ong; andInv(M). ,
(S3) The maximum buffer backlogs wheh moves toM’, T = {Tk €T | &< Ci}-

for every transition fromM to M" in A that is enabled. The Jower service function that bounds the amount of resourc

Computing (S1). The service functionB; that bounds the allocated to a taskTe T when SP=FPis given by
portion of resource given to streagnwhen the system is afl def

is given by a function calle®erv Typically, Servis defined Seni,df,a,B,FP) = (B' -> {dfk+a<0ﬂ?})
based o3, ai, SP, and the execution demand aff B; (i.e., Teet
the number of processor cycles required to process the dgtsere f.(x) = max{ f(x),0} for all f :N — N and x> 0.

items currently inB;). When SPis TDMA, in each TDMA cycle,Ti may not be
Definition 5. Suppose dfis execution demand of; Bvhen allocated resource during a time interval of lengtk- c—¢;,
the system enters M and let €f(df;,...,df,). The service however it is granted full access to the resource during a tim

-+



interval of lengthc;. As a result, one can compute the servicis a transition in4 such thaBL, satisfiesp. Then,r is enabled
function of the resource given f§ using Lemma IV.2 below. and the maximum backlog & when the system entekd’ is
given byinB{ =inBL(v,¢,i) ( Lemma IV.5). We create a new

Lemma IV.2. The lower service function that bounds théodeu= <M’,inB’>._ P
amount of resource allocated to a task't when SP= Case 1:If there is a nodew = (M’,inB") in G such that

L . def inB” > inB', there is no need to explote Hence, we delete
TDMA is given by Ser, df,a, 3, TDMA) = 8, where = ’ . - ’
9 y Seri, df,a. B, ) =B u and continue with the next transition from.

7 A | A7 4 Case 2:If no such nodew exists, we addi into V and a
(D) =max |—|.B'(c), B'(A)—|—|.B'(c—ci)r VA>O. . A -

Aild) HCJ Bla), B(&) {CW B ')} - new edggv, K, u) into E. Here,k; = 0 if ¢ is infinite and

Computing (S2). Since the execution demand @fis g, the inB = inBi + max {ai(x) - Bi(x)}

following corollary holds. L<x<U

Corollary IV.3. Let df, = (dfyy,...,dfyn) with df; denoting wherep; is the service function of the resource giverstoand

the maximum execution demand ofvihen the system enters,[L’U] is the interval during which can be taken (as computed

. Then, df = &.inB; f l1<i<n. in Section _IV—A). OtherwiseK_i =1.
v. Then, df =e.inB; forall 1<i<n If there is an edgé€up,u;) in the path from the root te

Lemma IV.4. Denote[L,U] = Inv(M). The maximum backlog such thatug containsM andu; containsM’, we will check if

of B when the system stays put at M is given by this path contains a zero cycle that leads to an infinite buffe
1 2 3 h
: . backlog. Specifically, lepp = up = u1 S up S - 5wy be
B; i(A) - Bi(A fT, . . ,
BL,; % n '+021Aag)fj{a'( )=B@)}, ifTer the path fromug to u in G with ug = (M;,,inB¥), Mj; = M,
’ inB;j, otherwise Mj, =M, v=u,_1 andu= u,. Note that, there exists<i <n
where, = | Senvi, df,. . 8,SP)/a| such thatinB" > inB! (otherwise,u has been deleted earlier
1 — y Uy Y M .

in Case 1). There are two cases:

i If for all i such thatinBf > inB!, there existx = 1 for
some 1< k < h, then the fill-level ofB; is always upper
bounded. We mark as aboundednode.

i Otherwise, there is am wherekf = 0,v1 <k < h. We

Computing (S3). Supposer = (M,a,¢,M’) is a transition
in A. Let [L,U] = Iny(M) N [D,U] if there is a timeD
associated withr, and [L,U] = Inv(M) otherwise. In other
words, [L,U] is the interval during can be taken. Recall that

. 1 max ; H
B = |Seni,dfy,a,5,SP)/& | and¢™is the maximumvalue ¢\ i1 the maximum backlog @ will be infinite if

of Bi that satisfiesp. we repeat for an infinite number of times [14]. Hence,

Lemma IV.5. The maximum backlog of; Bvhen the system we report an infinite buffer backlog &, return the path

enters M by taking the transition r is given by from the root ofG to u, and terminate the construction.
. N imax We addu into the setunVisitedand continue with the next
nBL(v¢,1) = mm{outBLw, ¢ } transition fromv until all the transitions are explored. We then

4 max {ai (D) — B (A)} continue with the next node innVisitedset until it is empty.
. _ def 0<A<L
where: outBkj = max{ . . . .
' inB; —i-LmAa)l(J{ai (D) -Bi(D)} Lemma IV.6. The construction of is decidable.
<n<

For each modeM that appears in a cycle ind and
T = (M,¢,M) is an incoming transition fronM, let X[ =
max_<x<u{0i(xX) — Bi(x)}, where 3 is the service allocated
) i ] ] o to Ti assuming zero initial buffer backlogs for the buffers,
This section gives a detailed description to the tree cogpgq [L,U] is the interval during whictr can be taken. Define

struction in Fig. 3. We start with the root of the treg = k1 _ 1 dMa = o and ¢"¥/XT, otherwise. Further, leK;
(Min,inBin) whereMiy is the initial mode of.4 andinBin is  pe the maximum value € for all incoming transitionr of
ann-tuple of zeros (since buffers are initially empty). We adf;. From the construction,l we imply thég is the maximum
Vin into V- and into the set of unvisited nodes termed/isited  ymper of values for the initial maximum backlogBfwhen
BothV andunVisitedare empty initially. A entersM. Thus, the number of timeldl appears in a node
Letv= <M7ir?B> be a node inunVisited. We first remove all i ¢ s at mostk = [1,Ki. As a result, the size of the tree
nodesv’' = (M,inB') in unVisited such thatinB > inB'. This g jg O(K||M]|). Since the number of modes in the automaton

is because corresponding to each patfrom v to a nodew, g relatively small, the algorithm is highly scalable.
there is a pathp’ from V' to a nodew passing through the

same sequence of modes as thap @ind the maximum initial C. Comput.mg maximum backlog .

backlogs when the system entevss larger than or equal to  The maximum backlog of the buff@; at a modeM; is the

the maximum initial backlogs when the system entefsin maximum value oBLy; for all ve V that containM;:

other wordsBL,, > BL,y. As we are computing the maximum BL(Bi,M;j) = max{BLv,i |v= <Mj,inB> AINB € Nn}

backlog, it is sufficient to consider only paths startingnire. _ vev ) )
We next compute the maximum backlogé, when the The maximum backlog oB; experienced by the stream is:

system is aM using Lemma IV.4. Suppose= (M,a, ¢,M’) BL(Bj) = max{BL(B;,M;) | Mj € M}

if Ti € 7j, and outBly; = inB; otherwise.

B. Construction of the abstract treg



D. Computing maximum delay V. CASE STuDY

delay of an event stream at a modeM € M. Let applicability of TET automata in realistic multi-mode real

tr = (Min, trin) — -+ — (M., 1) — (M, tra) — - time systems. _In particular, we look into a smart-phpne Whic
be an execution trace of that results in the maximum dela is equipped with advanced features such as emails, Internet
of s at modeM. whereMv. = M and tre. — (A. C: B: A, Y connectivity via Wi-Fi, and media multitasking. We show how

s at ’ ke = ki = (A, 1=l i) the proposed model can be used to describe such a system and
for all j > 1. Supposesv is an event/item ofs5 which has

the | ¢ del it fthat ari hen th to derive various performance properties using our angalysi
€ longest delay among all tems gtinat arrve when e 4,45 Based on the obtained analysis results, desigreers
system is at mod&1. The maximum delay o§ at M is then

the delavdelayM.i) exoerienced bev able to tune the system design to minimize resource usage
delaydelay(M, ) exps PV - while assuring quality of service requirements.
Since we only consider systems that have finite buffer . ' .

We assume that the system consists of five main tasks

backlogsdelay M, i) is finite. Thus,evwill be fully processed . . ) '
at somely, time units after the system enters a madig with (Table 1) executing on a single processor architecturg. (#).

1< h< . DenoteA as the amount of time from the instant| Task Functionality
A entersM to the instantv arrives. Then, Teemel Kernel threads that should be running at all time, for inséar
- . erne system clocks and I/O user inputs.
delayM,i) +A =By +--- 4B 1) T Connection monitoring activities such as telemetry an@wir
Further,delayM, i) is the amount of time needed to procesg ™™ | less data collection, which is activated periodically. _
the Bj;(0) items initially in the bufferB; when the system | Ty | SYSiem updates and maintenance routines such as digplay
' . . . . P updating, which is executed periodically evedy time units.
enFerSM and the_‘ data I_temS that arrive dl.}fll’lg the“me. Taudio | Audio processing of voice data when users receive/maks. call
units the system is @fl. Since the number of items that arrive] Tgeo | Video processing when users stream video using WiFi.

from s and the amount of resource allocatedstan M are

independent of the data that arrive frarin previous modes, TABLE II: Different tasks of a smart-phone.

the delay ofevis largest implies3; ;(0) equals the maximum

) i input audio stream
backlog ofB; whenever the system entevs |£f., gmeutaudiosrean T e ID]

Bji(0) = max {inBi | <M,inB>eV} = inBp¥ Ba Ba
! ; ’ input video stream )
.M’InB>€V o . (via Internet) | :[l]]—@_»]];l]

Let v, = <M,|nBl> €V be a node containingyl at which elemet By By
. . elemetr)
inB' =inB{3X. Then(M,tr1) — -+ — (My,,try) corresponds data strearn ——':l]]]'@_’:m]
to a pathn: Vig — - — Vk, in G with ij = <Mkj,inBJ> NOTATIONS Bm Bm
for all 1 < j < h. Moreover, the amount of resource given Tasks: Ta : Taudio system —»:D]]—@—{D]]
to s when the system is avp is bounded byf,; = ; : -_Il—_mdeot updates . v
Sen\i,dfy,, ap, Bp,SRy), Where df, = (dfy,1,...,dfy,n) and Tu Tupdate | | kernel —>I|]]-®—>I|I|
dkaj i =ainB! for all 1 <i<n. Sinceevis fully processed T : Ternel routines g B,
after the system being &fl, for Ay units of time, the total '”";‘:t’g:'lff;:jsw . APPLICATION TASKS
execution demand of the data items that arrive beéwand Outout buffers.
evmust be no more than the total resource given by the system BE BB BBl iRl 91013 d 20t

along pathrr in the worst case. In other words,
h
(o i(A)+inBhe < Bkl,i(Al—/\)+ZBkj,i(AJ) (2
j=2
From Eqgs (1) and (2), we imply that
delayM,i) < max{dela;(rr,i) | My, =M A inB! = inBR%
A 7= (Mg, inBY) — - — (Mg, inB") € G }.

{omn, {2284

j=1

h
(o,(3) + nB)a < Bigg(8a-A) +> By (89} |
=2

Fig. 4: The system architecture of a smart-phone applicatio

As in many complex real-time applications, the smart-
phone has a dynamic scheduler. It is a multi-mode system,
with each operating mode executing a different subset of
the above tasks. The processor frequency is scaled to best
match with the processing requirement of each mode. The
scheduling of the tasks active at each mode is also chosen
with respect to the tasks’ execution patterns and the dveral
performance objectives. In this case study, we assume that
Fixed Priority is employed for all modes. Further, voicelgal
have higher performance requirements than that of video
streaming. However, the scheduler will allocate more resesi
then the maximum value afelay(M. i) for all M € M. to the video stream to take advantage of idle periods duheg t

Note that both the computations of backlog and delay af@!l @nd hence there is only little voice data (e.g., baclfgcb
safe approximation in that the actual maximum backlog of %iS€)- On the whole, we have seven different modes:

buffer and maximum delay of a stream will be less than or * Active: The system is idle and executes offl¢me and
equal to the Computed Values Tmonitor, W|th Tkerne| haV'ng h|gher pI’IOI‘Ity thaﬁ—monitor.

min
Aj elnv(Mkj )

max

where:delaym,i) =
)( ’) Aelnv(M)

The overall maximum delay experienced by a stresns



TET MODEL OF THE SMARTPHONE MULTI-MODE SYSTEM

o Call: The system enters this mode when the user
makes/receives a call. Here, three taBkse, Tmonitor and
Taudio are executed, withTeme having highest priority
and Tmonitor having the lowest priority.

« Video:The system is in this mode when the user watches
streaming video. In this mode, three taSksmel, Tmonitor
and Tyigeo are executed, withTeme having the highest
priority and Tyigeo having the lowest priority.

o Full-A: The system is in this full-on mode when the user
watches video while taking/making a phone call. Thus,
four tasksTkemen Tmonitor » Taudio» @Ndlideo g€t EXECUtEd,
in decreasing order of priority.

o Full-V: The system enters this mode if the fill-level of
the audio stream is below a certain threshold and it has
spent at leadD, time units inFull-A. This happens when
there is an idle period during the conversation and the
audio traffic contains mainly background noise. Hence,

we assign a higher priority to the video stream. The Tactive = {Tk.Tm}  Tsleep= 1Tk}  Tupdate = {Tu Tk}
system will switch back td=ull-A mode if the fill-level Teat ={TTm.Ta} Traa = {Tk.Tm TaTu }
of the audio buffer exceeds a val@g (i.e., the end of Tvideo = { Tk-Tm Tv} Trav = {Tk-Tm T Ta
the idle periOd)- Processor frequency: fo < f; <f,
« Update: In this mode, only two taskSkemer and Typdate fo: Sleep;  fy: Active;  f,: Call,Video, Full-A, Full-v
are executed, witfTypgate having higher priority. Fig. 5: The TET model of the multimode scheduler (cf. Fig. 4).

« Sleep:The system enters this power saving mode if there
is no activity after a duration oDs time units. It will
execute onlyTerme @and periodically wakes up to perform

in the dashed box. In the figure, the tasks at each mode are
system update and returns back to sleep.

listed from the highest priority to the lowest prioriti, is
When the system is iSleepmode, the processor runs athe period ofTypdate Da is the minimum duration the system
the smallest frequencfp. When it is in Active mode, it runs must stay at mod€&ull-A, andDs is the amount of inactivity
at the normal frequency;. When there are computationallytime for the system to go t6leepmode. In the figureB, and
expensive tasks such as audio and/or video processing, Baedenote the input buffer of the audio (voice) stream and the
processor operates at the maximum frequeficy stream of update jobs, respectively. Furtl@;C, € N are the
In designing such a system, an important question tHafte-specified thresholds of the buffer fill-level for whidtet
must be addressed is to decide how much buffer spacesystem switches between the two full-on modes. We assume
required to ensure there will be no buffer overflows. A typicghat when the system is in thepdate mode, it keeps the
way of doing this is to compute the maximum backloggame processor frequency as the previous mode it came'from.

of the different buffers in the system; these computegkperimental setup and results.Since Teemeh Tmonitor and
values can then be used as the minimum buffer capacitigs,,.are periodic tasks, their arrival functions are computed
that need to be allocated to each task to avoid buffer ovesflowirectly from the chosen periods. We assume that the arrival
TET model of the smart-phone multi-mode systemWe functions for these tasks remain constant for all the modes.

now demonstrate how TET automata can easily capture thelhe input audio and video streams in general can be bursty

dynamic behavior of the given multi-mode system. Based @&fd hence, their arrival functions take arbitrary forms. To

the resulting model, we compute the maximum backlogs 6ptain the arrival functions of the video stream, we use a

the buffers using our proposed analysis methods. Note ti§&t of representative video clips and simulate their execsit

it m|ght be possib|e to represent the system using a moddl a customized version of the SimpleScaIar instruction set

that has no mode modeling capability by viewing the systefimulator [15]. From the execution traces, we measured the

as having a single mode (with the worst combination of tHexecution demands of the decoding tasks for each macroblock

properties of the original modes). However, this approdtégmo and derived a functionA(t) which gives the number of

leads to overly pessimistic results as we will demonstwter] Mmacroblocks arriving at the input buff@, during the time

In this case Study, we are Speciﬁca”y focus on the inputdnaff interval [O,t]. This function is then used to compute the arrival

of the voice and video streams (due to space restrictions). functionay(4) of the video input stream. The arrival function
Fig. 5 depicts the TET automaton for the smart-phorf@r the audio stream is obtained in a similar fashion.

system. For ease of presentation, the maimate is not | o _ _

shown in the automaton. There should be a transition to aglq;‘;;’;‘,ﬁ“Lie“;';;”(fﬁ?‘io;;pﬁgggf;’P 'ga‘c’ﬂemi?;;ﬁm?ﬁ tﬁg%ﬂ%ﬂ;{:}i

from each mode of the automaton to mddpdate as shown that is shown in Fig. 5 and set the frequency to be the sameaaftiv.



In our experiment, the arrival function of the video stream VI. CONCLUDING REMARKS
is chosen to be the same for both the moBEal-A andFull- We have proposed a model called TET automata and a set
V. The arrival function of the audio stream at mdedl-V is of associated techniques for analyzing multi-mode systems
smaller than at modEull-A. This is because the system willwhere mode changes are both time- and event-triggered. Our
only give higher priority to the audio stream when there sslefirst approach uses automata verification techniques tbldeta
input data from the audio stream (to maintain a high level sfringent cases requiring an exact timing analysis. A sgécon
service for voice calls at all time). techniqgue was developed - incorporating both Real-Time
The service function of the system is computed based E@lculus and automata state exploration — to provide approx
the frequency of the processor. We assume that the procesgmte performance metrics for the whole system based on the
does not run any other tasks besides the given task set. Hefiegults derived from the individual modes. This combinatio
its service function is given b} (A) = B¥(A) = f.A, where  of techniques from two different domains produced a sofutio
f is the frequency of the processor. In our experiment, we sghich is more efficient and at the same time is guaranteed
f1 =200MHz, f, = 400MHz, andf; = 600MHz The threshold to give safe estimates. The applicability and benefits of our
at which the system moves to moBall-V is set toC, = 500. proposed model have been demonstrated in a smart-phone
For the analysis, we implemented the approximation metflulti-mode system, where mode changes are driven by both
ods outlined in Section IV. Additionally, we performed arfime and fill-level of various buffers in the system. It wolie
analysis without mode modeling using the original RTC modéteresting to explore how the TET model can be lifted to an

where we computed the maximum backlog of the video bufféiterface-theoretic setting to enable more efficientfligight

for each mode individually and took the worst value.

SINGLE MODE APPROXIMATION
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Fig. 6: The maximum of the video input buff8 (cf. Fig. 4).
(6]

Fig. 6 plots the resulting maximum backlog of the input
video bufferBy for different values ofC; (see Fig. 5) using
TET model, and using the single-mode RTC approximation.
The bar graphs represent the results of TET analysis, wherel
the horizontal line represents the result from the singteten
approximation. When comparing the TET results with thgg)
single-mode approximation, it may be seen that explicitly
modeling the dynamic behavior of the system results in Siﬁ'o]
nificantly tighter estimates, thereby leading to betteouese
dimensioning (which, here, is the on-chip buffer memory).

Further, it may be observed that the maximum backlog [)111]
By given by the TET analysis does not remain constant bag]
increases witlC,. Based on these computed results, one may
easily determine the amount of buffer memory that should
provisioned for the video stream, for any chosen threshold
value ofC,. Alternatively, this information can also help thel4l
system developer in tuning the scheduler to minimize resour
usage (e.g., by selecting the best valu€gpthat minimizes the [15]
total memory requirement of the system). Such tuning would
not be possible with the simplistic single-mode model.

compositional analysis and correct by construction design
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